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Preface to the sixth edition



It has been a great pleasure to be involved in the writing of the sixth edition of Wheater's Functional Histology. For the new edition, we have again kept the layout that has proved popular and successful in the past. Short bursts of introductory text are followed by a wealth of illustration, light micrographs, electron micrographs and line drawings, designed to elucidate the key points of histology without drowning the student in unnecessary detail.


This text and atlas is designed to be accessible to the absolute beginner and, with that in mind, we have provided appendices at the back outlining the basics of microscopy and histological staining techniques, as well as a basic glossary. In addition to updating the text where required, we have extensively improved and added to the micrographs. Many of the students using this text and atlas will be involved in medicine and, accordingly, we have increased the clinical correlations in this edition, in the hope of making apparently arcane histological details easier to remember. We have also added a brief review section at the end of each chapter, useful for that last minute examination preparation!


It was a great loss to the authorship team that James Lowe, Alan Stevens, John Heath and Phil Deakin decided, for various reasons, not to take part in the production of this new edition. We wish them good luck in their new endeavours and assure them that their input has been very much missed. The resulting gap has been filled by Geraldine O'Dowd and Phillip Woodford, who have laboured mightily to bring forth this book. Geraldine is the first author on the team who had used an earlier edition of this work during her own student days and she brings along the memory of her own perspective as an undergraduate, helping us to augment those features which help, as well as aiming to eliminate any sources of confusion or unnecessary complexity.


We hope that students in all areas of science and medicine will find this revised and updated edition useful in their studies.





Barbara Young








Geraldine O'Dowd,     Phillip Woodford
Newcastle, Australia
Glasgow, Scotland
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Preface to the first edition



Histology has bored generations of students. This is almost certainly because it has been regarded as the study of structure in isolation from function; yet few would dispute that structure and function are intimately related. Thus, the aim of this book is to present histology in relation to the principles of physiology, biochemistry and molecular biology.


Within the limits imposed by any book format, we have attempted to create the environment of the lecture room and microscope laboratory by basing the discussion of histology upon appropriate micrographs and diagrams. Consequently, colour photography has been used since it reproduces the actual images seen in light microscopy and allows a variety of common staining methods to be employed in highlighting different aspects of tissue structure. In addition, some less common techniques such as immunohistochemistry have been introduced where such methods best illustrate a particular point.


Since electron microscopy is a relatively new technique, a myth has arisen amongst many students that light and electron microscopy are poles apart. We have tried to show that electron microscopy is merely an extension of light microscopy. In order to demonstrate this continuity, we have included resin-embedded thin sections photographed around the limit of resolution of the light microscope; this technique is being applied increasingly in routine histological and histopathological practice. Where such less conventional techniques have been adopted, their rationale has been outlined at the appropriate place rather than in a formal chapter devoted to techniques.


The content and pictorial design of the book have been chosen to make it easy to use both as a textbook and as a laboratory guide. Wherever possible, the subject matter has been condensed into units of illustration plus relevant text; each unit is designed to have a degree of autonomy whilst at the same time remaining integrated into the subject as a whole. Short sections of non-illustrated text have been used by way of introduction, to outline general principles and to consider the subject matter in broader perspective.


Human tissues were mainly selected in order to maintain consistency, but when suitable human specimens were not available, primate tissues were generally substituted. Since this book stresses the understanding of principles rather than extensive detail, some tissues have been omitted deliberately, for example the regional variations of the central nervous system and the vestibulo-auditory apparatus.


This book should adequately encompass the requirements of undergraduate courses in medicine, dentistry, veterinary science, pharmacy, mammalian biology and allied fields. Further, it offers a pictorial reference for use in histology and histopathology laboratories. Finally, we envisage that the book will also find application as a teaching manual in schools and colleges of further education.





Paul R. Wheater








H. George Burkitt








Victor G. Daniels,     Nottingham 1979
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Part I


The Cell






1


Cell structure and function






Introduction to the Cell


Histology is the study of normal cells and tissues, mainly using microscopes. This book describes the histology of normal human tissues, although much of the material applies to other mammals and, indeed, non-mammals. Structure and function are interdependent. Histological structure determines and is determined by the functions of different organs and tissues; the study of one has enriched the understanding and study of the other. When diseases such as cancer or inflammation affect a tissue, there are often specific changes in the microscopic structure of the tissue. The microscopic study of these changes is known as histopathology, anatomical pathology or sometimes just pathology. Obviously a sound knowledge of normal structure is essential for an understanding of pathology.


The cell is the functional unit of all living organisms. The simplest organisms, such as bacteria and algae, consist of a single cell. More complex organisms consist of many cells as well as extracellular matrix (e.g. the matrix of bone). The term eukaryote refers to organisms whose cells consist of cytoplasm and a defined nucleus bounded by a nuclear membrane; this includes plants, fungi and animals, both unicellular and multicellular. The cytoplasm contains variable numbers of several different recognisable structures called organelles, each with a defined function. The nucleus may be considered to be the largest organelle. Prokaryote refers to bacteria and archaea, whose cells do not have a membrane-bound nucleus; they also have other major structural differences and will not be discussed further here.


The cells of multicellular organisms, such as humans, show a great variety of functional and morphological specialisation, with amplification of one or another of the basic functions common to all living cells. The process by which cells adopt a specialised structure and function is known as differentiation. Despite an extraordinary range of morphological forms, all eukaryotic cells conform to a basic structural model, which is the subject of this chapter.


The major tool in the study of histology is the microscope, and students will find a brief description of how microscopes work in Appendix 1 at the back of this book. Various staining procedures are used to prepare tissues to make them visible through the microscope and these are described in Appendix 2. The student is strongly urged to read these appendices first; it really will make all that follows more comprehensible. Appendix 3 is a glossary of common histological terms and, like the other appendices, can be dipped into at any time.
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FIG. 1.1 The cell (illustration opposite)
(a) EM ×16 500 (b) Schematic diagram
The basic structural features common to all eukaryotic cells are illustrated in this electron micrograph (a) of a fibroblast and diagram (b). All cells are bounded by an external lipid membrane, called the plasma membrane or plasmalemma PM, which serves as a dynamic interface with the external environment. Most cells interact with two types of external environment: adjacent cells C and extracellular matrix as represented by collagen fibrils F. The space between cells is designated the intercellular space IS. The functions of the plasma membrane include transfer of nutrients and metabolites, attachment of the cell to adjacent cells and extracellular matrix, and communication with the external environment.
The nucleus N is the largest organelle and its substance is bounded by a membrane system called the nuclear envelope or membrane NE. The nucleus contains the genetic material of the cell in the form of deoxyribonucleic acid (DNA). The cytoplasm contains a variety of other organelles, many of which are also bounded by membranes. An extensive system of flattened membrane-bound tubules, saccules and flattened cisterns, collectively known as the endoplasmic reticulum ER, is widely distributed throughout the cytoplasm. A second discrete system of membrane-bound saccules, the Golgi apparatus G, is typically located close to the nucleus (best seen in the adjacent cell). Scattered free in the cytoplasm are a number of relatively large, elongated organelles called mitochondria M, which have a smooth outer membrane and a convoluted inner membrane system. In addition to these major organelles, the cell contains a variety of other membrane-bound structures, including intracellular transport vesicles V and lysosomes L. The cytoplasmic organelles are suspended in a gel-like medium called the cytosol, in which many metabolic reactions take place. Within the cytosol, there is a network of minute tubules and filaments, collectively known as the cytoskeleton, which provides structural support for the cell and its organelles, as well as providing a mechanism for transfer of materials within the cell and movement of the cell itself.
Thus the cell is divided into a number of membrane-bound compartments, each of which has its own particular biochemical environment. Membranes therefore serve to separate incompatible biochemical and physiological processes. In addition, enzyme systems are found anchored in membranes so that membranes are themselves the site of many specific biochemical reactions. Membrane-enclosed compartments occupy approximately half the volume of the cell.








C adjacent cell ER endoplasmic reticulum F collagen fibrils G Golgi apparatus IS intercellular space L lysosome M mitochondrion N nucleus NE nuclear envelope PM plasma membrane V transport vesicles













Membrane Structure


Cell membranes, including the outer plasma membrane and the internal membranes, are composed of approximately equal amounts (by weight) of lipids and proteins. The unique properties of cell membranes allow them to separate the interior of the cell from the external milieu and the internal compartments of the cell from each other. Most of the chemical reactions of cells take place in aqueous polarised solution. The immiscibility of lipids with water leads them to form lipid bilayers, which effectively prevent passage of polarised ions and molecules; thus the contents of different compartments are kept separate and ion gradients between different compartments are maintained. Proteins embedded within the lipid bilayer act as channels to allow selective passage of particular ions and molecules. Some types of cell signalling are also mediated by membrane proteins.
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FIG. 1.2 Membrane structure (illustrations opposite)
(a) EM ×210 000 (b) Phospholipid structure (c) Membrane structure
The phospholipid molecules that make up the lipid bilayers are amphiphilic, i.e. they consist of a polar, hydrophilic (water-loving) head and a non-polar, hydrophobic (water-hating) tail. Most often, the polar heads consist of glycerol conjugated to a nitrogenous compound such as choline, ethanolamine or serine via a phosphate bridge as shown in (b). The phosphate group is negatively charged, whereas the nitrogenous group is positively charged. The non-polar tail of the phospholipid molecule consists of two long-chain fatty acids, each covalently linked to the glycerol component of the polar head. In most mammalian cell membranes, one of the fatty acids is a straight-chain saturated fatty acid, while the other is an unsaturated fatty acid which is ‘kinked’ at the position of the unsaturated bond. Sphingomyelin is another important and plentiful phospholipid in cell membranes.
Phospholipids in aqueous solution will spontaneously form a bilayer with the hydrophilic (polar) heads directed outwards and the hydrophobic (non-polar) tails forced together inwards. The weak intermolecular (non-covalent) forces that hold the bilayer together allow individual phospholipid molecules to move freely within each layer, but exchange of lipids between the two layers is uncommon. The two lipid layers of the plasma membrane have different lipid composition and the lipid composition of the cell membrane is different in different cell types. The lipid structure of membranes is not homogeneous; certain lipids, glycolipids and proteins may be transiently enriched to form a membrane or lipid ‘raft’ which is involved in various membrane functions, including the formation of caveola (see Fig. 1.11).
The fluidity and flexibility of the membrane is increased by the presence of unsaturated fatty acids, which prevent close packing of the hydrophobic tails. Cholesterol molecules are also present in the bilayer in an almost 1 : 1 ratio with phospholipids. Cholesterol molecules themselves are amphiphilic and have a kinked conformation, thus preventing overly dense packing of the phospholipid fatty acid tails while at the same time filling the gaps between the ‘kinks’ of the unsaturated fatty acid tails. Cholesterol molecules thus stabilise and regulate the fluidity of the phospholipid bilayer.
As shown in diagram (c), protein molecules are embedded within the lipid bilayer (intrinsic or integral proteins). Some of these proteins span the entire thickness of the membrane (transmembrane proteins) to be exposed to each surface, while others are embedded within the inner or outer lipid leaflet. Membrane proteins are held within the membrane by a hydrophobic zone which allows the protein to move in the plane of the membrane. The parts of these proteins protruding beyond the lipid bilayer are hydrophilic. Some membrane proteins are anchored to cytoplasmic structures by the cytoskeleton. Peripheral membrane proteins are attached to the inner or outer membrane leaflet by weak non-covalent bonds to other proteins or lipids. Membrane proteins are important in cell-cell adhesion, cell-matrix adhesion, intercellular signalling and for the formation of transmembrane channels for transport of materials into and out of the cell. In many cases, the transmembrane proteins assemble into complexes of two or more protein molecules to form a transmembrane channel or signalling complex; one example is the aquaporins which transport water molecules across the cell membrane.
On the external surface of the plasma membranes of animal cells, most of the membrane proteins and some of the membrane lipids are conjugated with short chains of polysaccharide (carbohydrate); these glycoproteins (surface mucins) and glycolipids project from the surface of the bilayer forming an outer coating, the glycocalyx, which varies in thickness in different cell types. The glycocalyx is involved in cell recognition phenomena, in the formation of intercellular adhesions and in the adsorption of molecules to the cell surface; the glycocalyx also provides mechanical and chemical protection for the plasma membrane.
The electron micrograph in (a) provides a high-magnification view of the plasma membrane PM of the minute surface projections (microvilli) MV of a lining cell from the small intestine. The characteristic trilaminar appearance is made up of two outer electron-dense layers separated by an electron-lucent layer. The outer dense layers correspond to the hydrophilic heads of phospholipid molecules, while the electron-lucent layer represents the intermediate hydrophobic layer, mainly consisting of fatty acids and cholesterol. On the external surface of the plasma membrane, the glycocalyx G is seen as a fuzzy edge to the cell membrane. This is an unusually prominent feature of small intestinal lining cells where it incorporates a variety of digestive enzymes.
Plasma membranes mediate the flow of both materials and information into and out of the cell, a function of vital importance to the cell. This topic is dealt with in detail in the section ‘Import, export and intracellular transport’ later in this chapter.








G glycocalyx MV microvilli PM plasma membrane













The Nucleus


The nucleus is the largest organelle in the cell and is usually the most obvious feature of the cell seen by light microscopy. The nucleus contains the genetic material of the cell, deoxyribonucleic acid (DNA), arranged in the form of chromosomes. Each chromosome contains a number of genes joined end to end, with each gene encoding the structure of a single protein according to the sequence of nucleotides along the length of the gene (see Fig. 1.6). Thus the genetic blueprint for all proteins, whether structural or enzymes, is contained within the nucleus of every cell in the body except for red blood cells, which have no nucleus (see Ch. 3). The substance of the nucleus is known as the nucleoplasm and it is surrounded by the nuclear membrane. The first step in cell division is replication of the DNA so that a copy of the genome goes to each of the daughter cells. Cell division is the subject of Ch. 2.
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FIG. 1.3 Nucleus (illustrations opposite)
(a) EM ×15 000 (b) H&E (HP)
Micrograph (a) illustrates the nucleus of a plasma cell, a type of cell that secretes large amounts of a protein called antibody. Typical of protein-secreting cells, the cytoplasm contains plentiful ribosome-studded (rough) endoplasmic reticulum ER as well as mitochondria M, which produce the energy required for such a metabolically active cell.
The nucleus contains DNA (making up less than 20% of its mass), protein called nucleoprotein and some ribonucleic acid (RNA). Nucleoprotein is of two major types: low molecular weight, positively charged histone proteins and non-histone proteins. Histone proteins form a protein core around which the chromosome is coiled to form nucleosomes and control the uncoiling and expression of the genes encoded by the DNA strand. Non-histone proteins include all the enzymes for the synthesis of DNA and RNA and other regulatory proteins. All nucleoproteins are synthesised in the cytoplasm and imported into the nucleus. Nuclear RNA includes newly synthesised messenger, transfer and ribosomal RNA (mRNA, tRNA and rRNA, respectively) that has not yet passed into the cytoplasm. Control of DNA transcription is mediated by a variety of small RNA molecules including micro RNA (miRNA), small nuclear RNA (snRNA) and small interfering RNA (siRNA).
Except during cell division, the chromosomes, each a discrete length of DNA with bound histone proteins, exist as coiled and supercoiled strands that cannot be visualised individually. Nuclei are heterogeneous structures with electron-dense (dark, see App. 1) and electron-lucent (light) areas. The dense areas, called heterochromatin H, consist of tightly coiled inactive chromatin found in irregular clumps, often around the periphery of the nucleus. In females, the inactivated X-chromosome may form a small discrete mass, the Barr body. Barr bodies are occasionally seen at the edge of the nucleus in female cells when cut in a favourable plane of section. The electron-lucent nuclear material, called euchromatin E, represents that part of the DNA that is active in RNA synthesis. The nucleolus Nu is also evident (see Fig. 1.5). The name chromatin is derived from the strong colour of nuclei when stained for light microscopy. The chromatin is a highly organised but dynamic structure, with individual chromosomes tending to clump in particular areas of the nucleus, known as chromosome territories. Segments of the chromosome are coiled and uncoiled as different genes are brought into contact with the enzymes that make the RNA copy of the DNA, i.e. transcription. Histone proteins also exist as variant forms or can be chemically modified in ways that promote or suppress expression of a particular gene. Permanent switching on or off of a particular set of genes leads to differentiation of the cell.
The shape, appearance and position of cell nuclei can be very helpful in identifying particular cell types. Micrograph (b) shows part of the wall of the colon (see also Fig. 14.29), which has been stained with haematoxylin and eosin (H&E, see Appendix 2), the ‘standard’ histological staining method. Haematoxylin is blue in colour and eosin is pink. Haematoxylin, a basic dye which binds to negatively charged DNA and RNA, stains nuclei dark blue. Eosin, an acidic dye, has affinity for positively charged structures such as mitochondria and many other cytoplasmic constituents and so the cytoplasm is stained pink. This micrograph shows the characteristic appearances of the nuclei of various cell types. At the top of the image, the bases of the colonic crypts C can be seen. The epithelial cells forming the crypts have round to ovoid nuclei N, typical of epithelial cells. Note also that the nuclei are positioned at the bases of the cells while the superficial cytoplasm is filled with mucin; the position of the nucleus within a cell, the polarity, may also be highly characteristic. Deep to the crypts, running across the centre of the image, is the muscularis mucosae MM, which is composed of smooth muscle cells. Smooth muscle cell nuclei SN are elongated with rounded ends, often called spindle shaped. This is of course only apparent if they are cut in the right plane of section; if cut perpendicular to the long axis of the cell, they appear rounded (see also Fig. 6.15). The nuclei are typically placed in the centre of the cell, although this is not always easy to see as the cell borders are indistinct. Eosinophils scattered within the lamina propria LP have a unique bilobed nuclear form BN which, together with the prominent coral red granules in the cytoplasm, makes identification easy. Note again that if the plane of section is unfavourable, the bilobed structure of the nucleus is not apparent. A very small blood vessel, a capillary Cap, is seen in the submucosa SM and the flattened nuclei FN of the endothelial cells can be identified; the cytoplasm of these cells is so thin that it cannot be seen at this magnification.








BN bilobed eosinophil nucleus C colonic crypt Cap capillary E euchromatin ER endoplasmic reticulum FN flattened endothelial cell nucleus H heterochromatin LP lamina propria M mitochondrion MM muscularis mucosae N crypt epithelial cell nucleus Nu nucleolus SM submucosa SN smooth muscle cell nucleus
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FIG. 1.4 Nuclear envelope
(a) EM ×59 000 (b) Freeze-etched preparation, SEM ×34 000
The nuclear envelope NE, which encloses the nucleus N, consists of two lipid bilayers with the intermembranous or perinuclear space between. The inner and outer nuclear membranes have the typical phospholipid bilayer structure but contain different integral proteins. The outer lipid bilayer is continuous with the endoplasmic reticulum ER and has ribosomes R on its cytoplasmic face. The intermembranous space is continuous with the lumen of the endoplasmic reticulum. On the inner aspect of the inner nuclear membrane, there is an electron-dense layer of intermediate filaments, the nuclear lamina, consisting of intermediate filaments called lamins that link inner membrane proteins and heterochromatin H.
The nuclear envelope contains numerous nuclear pores NP, at the margins of which the inner and outer membranes become continuous. Each pore contains a nuclear pore complex, an elaborate cylindrical structure consisting of approximately 30 proteins known as nucleoporins, forming a central pore approximately 125 nm in diameter. Nuclear pores permit and regulate the exchange of metabolites, macromolecules and ribosomal subunits between nucleus and cytoplasm. Ions and small molecules diffuse freely through the nuclear pore. Larger molecules, such as mRNA moving from nucleus to cytoplasm and histones from cytoplasm to nucleus, dock to the nuclear pore complex by means of a targeting sequence and are moved through the pore by an energy-dependent process. The nuclear pore complex may also hold together the two lipid bilayers of the nuclear envelope. Note that mitochondria M are also identifiable in the cytoplasm.
Micrograph (b) shows an example of a technique called freeze-etching. Briefly, this method involves the rapid freezing of cells which are then fractured. Internal surfaces of the cell are exposed at random, the fracture lines tending to follow natural planes of weakness. Surface detail is obtained by ‘etching’ or sublimating excess water molecules from the specimen at low temperature. A thin carbon impression is then made of the surface and this mirror image is viewed by scanning electron microscopy. Freeze-etching provides a valuable tool for studying internal cell surfaces at high resolution. In this preparation, the plane of cleavage has included part of the nuclear envelope in which nuclear pores NP are clearly demonstrated. Note also the outline of the plasma membrane PM and mitochondria M.








DFC dense fibrillar component E euchromatin ECS extracellular space ER endoplasmic reticulum FC fibrillar centre GC ganglion cell G granular component H heterochromatin M mitochondrion N nucleus NE nuclear envelope NP nuclear pore PM plasma membrane R ribosome ST sustentacular cell nucleus
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FIG. 1.5 The nucleolus
(a) H&E (HP) (b) EM ×37 000
Most nuclei contain a dense structure called the nucleolus, which is the site of ribosomal RNA (rRNA) synthesis and ribosome assembly. Transfer RNA (tRNA) is also processed in the nucleolus. More recently discovered roles include control of the cell cycle and stress responses. The nucleolus may be very prominent in some cell types and quite inconspicuous in others, as shown in micrograph (a) which is a high-power photomicrograph of an autonomic ganglion (see also Figs 7.21 and 7.22). In this micrograph, the nuclei of the ganglion cells GC contain large purple nucleoli, while the smaller sustentacular cell nuclei ST have small nucleoli that are only just visible at this magnification.
Furthermore, the nucleolus may change appearance depending on the state of the cell, so that an inactive fibroblast usually has a very small nucleolus while an activated fibroblast, for instance in a healing wound, has a prominent nucleolus. Remember that this is a thin slice of the tissue and that the plane of section does not go through the nucleolus of every cell, so that some nuclei appear to lack nucleoli.
The nucleolus is not membrane bound but consists of an aggregate of ribosomal genes, newly synthesised rRNA, ribosomal proteins and ribonucleoproteins. The ribosomal genes are found on five chromosomes and are called the nucleolar organiser regions (NORs). The rRNA is transcribed from the DNA template and then modified in the nucleolus and combined with ribosomal proteins. The subunits then pass back to the cytoplasm through the nuclear pore complex (NPC) to aggregate into complete ribosomes when bound to an mRNA molecule. Micrograph (b) is a high-power electron micrograph of a typical nucleolus. Nucleoli can be variable in appearance, but most contain dense fibrillar components DFC and paler fibrillar centres FC surrounded by the granular component G. The fibrillar components are the sites of ribosomal RNA synthesis, while ribosome assembly takes place in the granular components. Note also euchromatin E and heterochromatin H within the nucleus, which is bounded by the nuclear envelope NE. A thin rim of cytoplasm containing a mitochondrion M separates the nucleus from the extracellular space ECS.












Protein Synthesis


Proteins are not only a major structural component of cells, but, as enzymes, transport and regulatory proteins, they mediate many metabolic processes. The nature and quantity of proteins within a cell determine its activity and thus the study of proteomics can be very informative about the functions of a particular cell. All cellular proteins are replaced continuously. Many cells also synthesise proteins for export, including glandular secretions and extracellular structural proteins like collagen. Protein synthesis is therefore an essential and continuous activity of all cells and the major function of some cells. The ribosome is the protein factory of the cell. Every cell contains within its DNA the code for every protein that individual could produce. Production or expression of selected proteins only is characteristic of differentiated cells.




[image: image]


FIG. 1.6 Protein synthesis and degradation
Protein synthesis occurs in several steps. First, the DNA template (the gene) of a particular protein is copied to form a complementary pre–messenger RNA (pre-mRNA) copy, a process known as transcription. Post-transcriptional processing of the mRNA results in excision of introns I (non-coding regions of the mRNA strand). This step is controlled by small nuclear RNAs (snRNA) which in combination with various proteins form the spliceosome. The messenger RNA (mRNA) then passes through the nuclear pore complex NPC into the cytoplasm. Here the mRNA binds to ribosomes R, organelles that synthesise proteins using the mRNA strand as a template to determine the specific amino acid sequence of the protein; this is known as translation. Ribosomes, which are synthesised in the nucleolus, comprise two subunits of unequal size. Each subunit consists of a strand of RNA, ribosomal RNA (rRNA) molecules, with associated ribosomal proteins forming a globular structure. Ribosomes align mRNA strands so that transfer RNA (tRNA) molecules may be brought into position and their amino acids added sequentially to the growing polypeptide chain P. Some of the RNA molecules in ribosomes catalyse peptide bond formation between amino acids and are sometimes called ribozymes to indicate this enzymatic function. Most enzymes are proteins. Thus the DNA code is converted first into RNA and then into a specific protein. Ribosomes are often found attached to mRNA molecules in small circular aggregations called polyribosomes or polysomes PR, formed by a single strand of mRNA with ribosomes attached along its length. Each ribosome in a polyribosome is making a separate molecule of the protein.
Ribosomes and polyribosomes may also be attached to the surface of endoplasmic reticulum. The ER consists of an interconnecting network of membranous tubules, vesicles and flattened sacs (cisternae) which ramifies throughout the cytoplasm. Much of its surface is studded with ribosomes, giving a ‘rough’ appearance, leading to the name rough endoplasmic reticulum rER. Proteins destined for export, as well as lysosomal proteins, are synthesised by ribosomes attached to the surface of the rER and pass through the membrane into its lumen. Integral membrane proteins are also synthesised on rER and inserted into the membrane at this point, the extracellular part of the protein protruding into the lumen of the rER and the intramembranous part held firmly in place by hydrophobic attraction. It is within the rER that many proteins are folded to form their tertiary structure, intrachain disulphide bonds are formed and the first steps of glycosylation take place. In contrast, proteins destined for the cytoplasm, nucleus and mitochondria are synthesised on free ribosomes and folding and other post-translational modifications take place there.
Proteins that are damaged or no longer required by the cell are degraded to short peptides. The first step in this process is binding of the protein ubiquitin to the damaged protein. This acts as a signal that allows the protein to be taken up by a proteasome. Proteasomes are non–membrane bound arrays of proteolytic enzymes that are plentiful in all cells. Other proteins are degraded by proteolytic enzymes within lysosomes.








DNA deoxyribonucleic acid I intron M mitochondrion mRNA messenger ribonucleic acid N nucleus NE nuclear envelope NPC nuclear pore complex Nu nucleolus P polypeptide chain PR polyribosome pre-mRNA pre–messenger RNA R ribosome rER rough endoplasmic reticulum
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FIG. 1.7 Rough endoplasmic reticulum
(a) EM ×23 000 (b) EM ×50 000 (c) Cresyl violet (HP)
These micrographs illustrate rough endoplasmic reticulum rER in a cell specialised for the synthesis and secretion of protein; in such cells, rER tends to be profuse and to form closely packed parallel laminae of flattened cisternae. In micrograph (a), the dimensions of the rER can be compared with that of mitochondria M and the nucleus N. The nucleus typically contains a prominent nucleolus Nu. Note the close association between the rER and the outer lipid bilayer of the nuclear envelope NE with which it is in continuity. The chromatin in the nucleus is mainly dispersed (euchromatin), consistent with prolific protein synthesis.
Micrograph (b) shows part of the rER at high magnification. Numerous ribosomes R stud the surface of the membrane system and there are plentiful ribosomes lying free in the intervening cytosol. Micrograph (c) shows a nerve cell at high magnification stained by the basophilic dye cresyl violet. The basophilic clumps in the cytoplasm represent areas of plentiful rER. The nuclear envelope can be distinguished due to the basophilia of the numerous ribosomes that stud its outer surface. The nucleus N contains a prominent nucleolus Nu and dispersed chromatin.
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FIG. 1.8 Smooth endoplasmic reticulum
EM ×40 000
Smooth endoplasmic reticulum sER is continuous with and similar to rER except that it lacks ribosomes. The principal functions of smooth endoplasmic reticulum are lipid biosynthesis and membrane synthesis and repair. Fatty acids and triglycerides are mostly synthesised within the cytosol, whereas cholesterol and phospholipids are synthesised in sER. In liver cells, smooth endoplasmic reticulum is rich in cytochrome P450 and plays a major role in the metabolism of glycogen and detoxification of various noxious metabolic by-products, drugs and alcohol. In most cells, sER is involved in the storage and release of Ca2+ ions, an important mechanism of cell signalling. In muscle cells, where it is called sarcoplasmic reticulum, release and reuptake of Ca2+ ions activates the contractile mechanism (see Ch. 6).
Most cells contain only scattered elements of sER interspersed with the other organelles. Cell types with prominent sER include liver cells and those cells specialised for lipid biosynthesis, such as the steroid hormone-secreting cells of the adrenal glands and the gonads. In this micrograph from the liver, most of the membranous elements are sER, but it is continuous with rough endoplasmic reticulum rER in the lower right of the field. This field also includes several mitochondria M, a peroxisome P (see Fig. 1.24), free ribosomes and polyribosomes R and a whorl of membrane in a residual body RB (see Fig. 1.11).
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Import, Export and Intracellular Transportation


Movement of materials into and out of cells and between separate compartments of a cell involves crossing lipid membranes. The plasma membrane thus controls the interaction of the cell with the external environment, mediating the exchange of nutrients and waste products, secretions and signalling mechanisms. Lipid membranes also separate different compartments within the cell, many of which contain mutually incompatible biochemical reactions. For instance, the process of protein synthesis and export which takes place in the rough endoplasmic reticulum and Golgi apparatus must be kept separate from the garbage disposal and recycling plant, the lysosome. Likewise, microorganisms phagocytosed by cells must be killed and disposed of without damage to normal structures and mechanisms.


Information must also cross membranes, telling the cell when to divide, release secretions, contract or perform many other functions. Many of the mechanisms used for transport of cargo also serve to transmit messages to the interior of the cell. There are also dedicated mechanisms for the transfer of information, such as the transient depolarisation of the plasma membrane along the length of a nerve axon in the conduction of a nerve impulse. Histologically, these transport processes can only be observed indirectly: for example, cells suspended in hypotonic solutions swell due to passive uptake of water, whereas cells placed in hypertonic solutions tend to shrink due to outflow of water. Radioisotope labelling techniques can be used to follow active transport processes. Bulk transport, however, is readily observable by microscopy (see Fig. 1.12). Both active and passive transport processes are enhanced if the area of the plasma membrane is increased by folds or projections of the cell surface, as exemplified by the absorptive cells lining the small intestine (see Fig. 1.2).


The main mechanisms by which materials and information are transported across cell membranes are:





• Passive diffusion. This type of transport is dependent on the presence of a concentration gradient across the membrane and also on the size and polarity of the molecule. Lipids and lipid-soluble molecules such as the hormones oestrogen and testosterone pass freely through lipid membranes, as do gases such as oxygen, nitrogen and carbon dioxide. Uncharged but polar small molecules such as water and urea diffuse through lipid membranes slowly, but charged molecules such as sodium (Na+) and potassium (K+) ions diffuse through very slowly indeed.


• Facilitated diffusion. This type of transport involves the movement of hydrophilic molecules such as water, ions, glucose and amino acids. This process is strictly passive, moving polar or charged substances along an electrochemical gradient, but requires the presence of protein carrier molecules. There are two types of protein carrier molecule: the first type (known as pores or channels) form a water-filled channel across the membrane through which selected molecules or ions can pass depending on concentration, size and electrical charge, while the second type binds a particular molecule or ion and then undergoes a change in conformation, moving the substrate to the other side of the membrane (a transporter or carrier). Aquaporins, which allow water to cross membranes at a much faster rate than by diffusion alone, are an important and common example of a transmembrane channel. There are many different aquaporin molecules, some of which are highly specific for water molecules, while others allow the passage of other small molecules such as urea or glycerol. Some facilitated diffusion pores are gated, which means that the pore is open or closed depending on different physiological conditions (e.g. open only at a particular pH).


• Active transport. This mode of transport is not only independent of electrochemical gradients, but also often operates against extreme electrochemical gradients. The classic example of active transport is the continuous movement of Na+ out of the cell and K+ into the cell by the Na+-K+ pump, which moves Na+ ions out of the cell and K+ ions into the cell across the plasma membrane. Adenosine triphosphate (ATP) is converted to adenosine diphosphate (ADP) in the process to generate the energy required, hence the name Na+-K+ ATPase.


• Bulk transport. Transport of large molecules or small particles into, out of or between compartments within the cell is mediated by subcellular, transient membrane-bound vesicles. These vesicles transport proteins embedded in the membrane of the vesicle (e.g. proteins destined for the plasma membrane) and soluble cargo within the lumen. Transport vesicles are formed by the assembly of a protein ‘coat,’ leading to budding of a section of membrane which is pinched off to form a vesicle. At their destination, the reverse process takes place when the transport vesicle fuses with the target membrane, incorporating into it and releasing its contents. These mechanisms are dependent on the fluidity and deformability of lipid membranes and the mobility of intrinsic membrane proteins within the plane of the membrane. Specific examples such as endocytosis, exocytosis and intracellular transport vesicles are given in Figs 1.9–1.12.


• Transmembrane signalling. There are various ways in which signals may cross a plasma membrane to deliver information to a cell. One example is lipid-soluble molecules, such as the hormone oestrogen, which diffuse through the plasma membrane to bind to an intracellular receptor. Non–lipid soluble molecules, such as the hormone insulin, bind to a protein receptor embedded in the plasma membrane, which is thus activated, and pass the signal on to an intracellular signalling pathway. Other signalling molecules, such as neurotransmitters at nerve synapses (see Ch. 7), bind to an ion channel in the postsynaptic membrane, allowing ions to enter the cell and initiating depolarisation of the membrane.









Abnormal receptors can cause disease


Drugs that modify membrane receptors can be used in the treatment of disease. One example of this is the use of trastuzumab in the treatment of some breast cancers. Normal breast epithelium expresses a signalling molecule called human epidermal growth factor type 2 (Her2, also known as Her2/neu or ErbB-2) on the plasma membrane. Her2 (along with Her1, Her3 and Her4) regulate growth and survival of normal breast epithelium cells. Her2 is a transmembrane protein with three functional domains: an extracellular receptor component, a hydrophobic transmembrane component and an intracellular enzyme, a tyrosine kinase, that passes on the received signal within the cell. When a ligand binds to Her2 it passes a signal to the cell to divide and also promotes longer survival of the cell.


In approximately 20% to 30% of breast cancers there is gene amplification of the Her2 gene, i.e. there are more than the normal number of copies of the gene in the nucleus. This results in more than the normal number of molecules of Her2 at the cell surface, i.e. overexpression, which seems to be one of the mechanisms whereby the cells undergo uncontrolled growth and survival to form a cancer. The excess Her2 expression can be detected by various techniques, and patients with cancers that overexpress Her2 are treated with trastuzumab, a monoclonal antibody that binds to the extracellular domain of Her2 and blocks its activation. Thus the effects of Her2 overexpression by the tumour cells are blocked and the patient survives for longer.
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FIG. 1.9 Golgi apparatus (illustrations (b) to (e) opposite)
(a) Schematic diagram (b) EM ×30 000 (c) H&E (HP) (d) Iron haematoxylin (HP) (e) H&E (HP)
The Golgi apparatus, complex or stack is an important site of protein and lipid glycosylation, as well as the site of synthesis of many glycosaminoglycans that form the extracellular matrix. Diagram (a) illustrates the main structural features of the Golgi apparatus and summarises the mechanism by which secretory products are packaged within membrane-bound vesicles. A cell may contain one or more Golgi stacks, and these may break up and reform during different phases of the cell cycle or in different physiological states. The Golgi apparatus consists of 4 to 6 saucer-shaped membrane-bound cisternae. The outermost cisternae take the form of a network of tubules known as the cis and trans Golgi network (CGN and TGN, respectively). Proteins synthesised in the rER are transported to the Golgi apparatus in coated vesicles (see also Fig. 1.10); the coat protein in this case is known as coat protein complex II (COP II). Soon after the coated vesicles bud off from the rER, the coat proteins disengage and are recycled. On arrival at the convex forming face or CGN, the vesicles fuse with the CGN. In the Golgi apparatus the glycosylation of proteins, begun in the rER, is completed by sequential addition of sugar residues and the proteins are packaged for transport to their final destination. Each cisterna is enriched for the specific enzyme to add a specific sugar.
There appear to be two mechanisms by which proteins pass through the Golgi apparatus. In the first, proteins are passed from cisterna to cisterna in coated vesicles (COP I in this instance). However, for very large proteins such as collagen rods, the medial cisternae mature, with specific enzymes being moved backwards to less mature cisternae by coated vesicles. On arrival at the concave maturing face or TGN, the proteins are accurately sorted into secretory vesicles destined for the extracellular space (e.g. hormones, neurotransmitters, collagen) or the plasma membrane (e.g. cell surface receptors, adhesion molecules) or intracellular organelles such as lysosomes. The sorting of cargo into secretory vesicles is dependent on binding of specific adapter molecules to the cargo, which then bind to specific coat proteins. Secretory vesicles become increasingly condensed as they migrate through the cytoplasm to form mature secretory granules, which are then liberated at the cell surface by exocytosis. A group of membrane proteins called SNAREs regulate docking and fusion of coated vesicles to their target membrane.
Micrograph (b) illustrates a particularly well-developed Golgi apparatus. Transfer vesicles T and elements of the rough endoplasmic reticulum rER are seen adjacent to the forming face. A variety of larger vesicles V can be seen in the concavity of the maturing face, some of which appear to be budding from the Golgi cisternae C; such vesicles could be either secretory granules or lysosomes. Note the proximity of the Golgi apparatus to the nucleus N. The nuclear membrane NM is particularly well demonstrated in this micrograph.
Micrograph (c) illustrates a group of plasma cells from inflamed tissue; these cells are responsible for antibody production as part of the body's immune defences (see Ch. 11). The plentiful rER is strongly basophilic and the protein is acidophilic so that there is staining with both eosin and haematoxylin, giving a purple or amphiphilic colour to the cytoplasm. The well-developed Golgi complex G consists of lipid (membranes), which is dissolved out during preparation. Thus the Golgi is unstained and appears as a pale area (negative image) adjacent to the nucleus N.
Micrograph (d) demonstrates secretory granules in the acinar cells of the pancreas, which secretes digestive enzymes. The secretory cells are grouped around a minute central duct D and the secretory granules, which are stained black, are concentrated towards the luminal aspect of the cell. The nuclei N are arranged around the periphery of the secretory unit. Micrograph (e) demonstrates a very similar secretory acinus in a salivary gland. The purple-stained secretory granules SG are seen in the superficial cytoplasm of the cells towards the central duct D. The nuclei N are pushed towards the periphery of the cells.








C Golgi cisternae D central duct G Golgi apparatus N nucleus NM nuclear membrane rER rough endoplasmic reticulum SG secretory granules T transfer vesicles V vesicles








[image: image]


[image: image]


FIG. 1.10 Exocytosis
(a) EM ×14 000 (b) EM ×41 500
Micrographs (a) and (b) illustrate typical protein-secreting cells from the pancreas, which produces digestive enzymes. All cells undergo continuous exocytosis (constitutive secretion) but, in specialised secretory cells, there is also signal-dependent exocytosis (regulated secretion), as in this case where digestive enzymes are secreted in response to food in the duodenum. In micrograph (a) the nucleus N has dispersed chromatin and a prominent nucleolus Nu. The rough endoplasmic reticulum rER and Golgi apparatus G are prominent. Mitochondria M supply energy. Small secretory vesicles leave the Golgi apparatus as coated vesicles (clathrin-coated in this case) but soon uncoat and may fuse together to form larger vesicles. Vesicles are moved towards the plasma membrane of the cell along microtubules (see Fig. 1.16). Immature secretory vesicles (or granules) SG become increasingly electron dense as they approach the glandular lumen L, due to concentration of their contents and recycling of membrane back to the Golgi apparatus. When the cell receives a signal to secrete, the secretory granules dock with the plasma membrane, forming a transient opening (porosome) through which the secretory product is discharged. The vesicle membrane is merged into the plasma membrane but is later recycled by endocytosis to maintain the normal cell size.
Micrograph (b) shows secretory granules SG approaching the apices of two pancreatic secretory cells and converging on a tiny excretory duct formed by junctional complexes JC (see Fig. 5.9) joining adjacent cells. Short microvilli MV protrude into the excretory duct.
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FIG. 1.11 Endocytosis
Cells take up particulate matter and large macromolecules by a variety of processes collectively known as endocytosis. The best known of these mechanisms is phagocytosis, which is used by specialised phagocytic cells to ingest particulate matter, usually larger than 0.5 µm, such as bacteria, fungi and apoptotic cells. Pinocytosis is used by all cells to take up fluid and solutes. Several mechanisms of pinocytosis are known, including clathrin-mediated pinocytosis, caveolae-mediated pinocytosis (see Fig. 6.19) and macropinocytosis. This diagram summarises the main steps of clathrin-mediated pinocytosis and phagocytosis.
Clathrin-mediated endocytosis
Clathrin-mediated endocytosis takes place continuously, with clathrin-coated pits CP constantly forming and pinching off to form coated vesicles. Clathrin CL binds to specialised areas of the plasma membrane and shapes them into vesicles. Thus the cell takes up extracellular fluid and molecules. In addition, specific molecules (ligands Li) that bind to cell surface receptors R are taken into the cell by this mechanism. A well-known example is the low-density lipoprotein (LDL) receptor, an intrinsic membrane protein with extracellular and cytoplasmic domains. Receptors with bound ligand concentrate into the coated pit by diffusion in the plane of the membrane. The coated pit then buds off to form a coated vesicle CV. Many different types of receptors may be found in a single clathrin-coated pit, although only one type is shown here for simplicity. The vesicles very quickly lose their coat and fuse with sorting endosomes SE, which are dynamic tubulovesicular structures, usually found close to the plasma membrane. The acid pH in the lumen of sorting endosomes encourages dissociation of receptor and ligand; these are then quickly separated so that most of the membrane and its intrinsic receptors are shuttled to recycling endosomes RE and from there back to the cell surface. Some membrane receptors may go through this cycle up to 300 times and the expression of receptors on the cell surface can be regulated by this mechanism. The remaining part of the sorting endosome, which contains the unbound LDL, converts into a multivesicular body MVB. Multivesicular bodies are moved towards the Golgi apparatus where they become late endosomes LE and fuse with lysosomes Ly. Degradative enzymes within the lysosomes, now called endolysosomes EL, digest the protein component of the LDL, freeing cholesterol for incorporation into membranes.
Vesicles leaving the sorting endosome may also migrate to another part of the cell membrane, such as the basal membrane of an epithelial cell. There, the vesicle fuses with the plasma membrane, releasing its contents to the extracellular space; this process is called transcytosis and is important, for instance, in the gastrointestinal tract for absorption of nutrients from food.
Phagocytosis
Bacteria B are taken up by specialised phagocytic cells, such as neutrophils and macrophages, by phagocytosis. The bacterium binds to cell surface receptors, triggering the formation of pseudopodia that extend around the organism until they fuse, leaving the engulfed bacterium in a membrane-bound phagosome P within the cytoplasm. At this stage, recycling of membrane and receptors back to the plasma membrane takes place. The phagosome then fuses with a lysosome Ly to become a phagolysosome PL (or secondary lysosome) and the bacterium is subjected to the toxic activities of the lysosomal enzymes. These enzymes also break down the components of the dead bacteria, which may be released into the cytoplasm, expelled from the cell by exocytosis or remain in the cytoplasm as a residual body RB.
Lysosomes are also involved in the degradation of cellular organelles, many of which have only a finite lifespan and are therefore replaced continuously; this lysosomal function is termed autophagy. Most autophagocytic degradation products accumulate and become indistinguishable from the residual bodies of phagocytosis. With advancing age, residual bodies accumulate in the cells of some tissues and appear as brown lipofuscin granules (see Fig. 1.25).
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FIG. 1.12 Phagocytosis
(a) EM ×11 750 (b) EM ×14 000 (c) H&E (HP)
Micrograph (a) illustrates a professional phagocytic white blood cell, a neutrophil polymorph (see Ch. 3), in the process of engulfing and destroying bacteria B. Note the manner in which pseudopodia Pp embrace the bacteria before engulfment. Note also phagosomes Ps containing bacteria in various stages of degradation. Several lysosomes Ly1 are also visible.
Micrograph (b) is a high-power view of phagosomes Ps in the cytoplasm of a macrophage, another professional phagocyte found in almost all tissues. The large, irregularly shaped membrane-bound phagosomes contain coiled fragments of plasma membrane and other cellular constituents derived from damaged cells. This macrophage is performing its function as a scavenger cell by phagocytosing dead and damaged cells and recycling their components. Note also the cell nucleus N with its easily identified nuclear envelope NE, as well as mitochondria M and rough endoplasmic reticulum rER.
Micrograph (c) shows a light micrograph of a similar process at a site of inflammation (a healing scar in this case). The large cell in the centre is a multinucleate giant cell GC (a modified macrophage) that has phagocytosed a fragment of suture material used to suture the wound. The fragment of suture material S is easily seen as a pale, elongated shape within the giant cell. Collections of such multinucleate giant cells are often seen at sites where foreign material has entered the tissues.








Microbial tricks in intracellular infections


Phagocytosis is a vital component of the innate immune system (see Ch. 11). Phagocytosis of bacteria in most cases results in bacterial cell death with lysis of the dead organisms within a phagolysosome. However, some pathogenic organisms have learned to use the phagocytic mechanism to their own advantage to gain entry to the cell and grow there in a protected environment, safe from other elements of the immune system. For instance, Mycobacterium tuberculosis, the agent responsible for the important worldwide infection tuberculosis, is able to grow and divide within macrophages. M. tuberculosis does this by preventing the phagosome from fusing with a lysosome and thus lives and divides safely within the phagosome. Listeria monocytogenes, a rare cause of food poisoning, is able to disrupt the phagosomal membrane and escape into the cell cytoplasm. Legionella pneumophila modifies the membrane of the phagosome so that it resembles ER and thus remains untouched. Some viruses, on the other hand, gain entry to the cell by receptor-mediated endocytosis. Both Poliovirus and Adenovirus use this mechanism, casting their protein coats inside the endosome and allowing their genome to escape into the cytoplasm.
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FIG. 1.13 Lysosomes
(a) EM ×27 000 (b) EM ×60 000 (c) Histochemical method for acid phosphatase, EM ×50 000
Lysosomes are the site of degradation of material taken up into the cells by phagocytosis or endocytosis and of old or unnecessary cellular constituents (autophagy). These micrographs show the typical features of lysosomes and residual bodies. Micrograph (a) shows part of the cytoplasm of a liver cell. Lysosomes Ly1 vary greatly in size and appearance but are recognised as membrane-bound organelles containing an amorphous granular material. Phagolysosomes or secondary lysosomes Ly2 are even more variable in appearance but are recognisable by their diverse particulate content, some of which is extremely electron-dense. The distinction between residual bodies and secondary lysosomes is often difficult. Late endosomes or multivesicular bodies MB are also seen in this micrograph. Note the size of lysosomes relative to mitochondria M.
Micrograph (b) shows two phagolysosomes at higher magnification, allowing the limiting membrane to be visualised. Both contain electron-dense particulate material and amorphous granular material.
The lysosomal enzymes comprise more than 40 different degradative enzymes including proteases, lipases and nucleases. These are collectively known as acid hydrolases because they are optimally active at a pH of about 5.0. This protects the cell should lysosomal enzymes escape into the cytosol where they would be inactive at the higher pH. Histochemical methods can be used to demonstrate sites of enzyme activity within cells and thus act as markers for organelles that contain these enzymes. Such a method has been used in micrograph (c) to demonstrate the presence of acid phosphatase, a typical lysosomal enzyme; enzyme activity is represented by the electron-dense area within a lysosome Ly1. Other organelles remain unstained, but the outline of a mitochondrion M and profiles of endoplasmic reticulum ER can nevertheless be identified.
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The Cytoskeleton and Cell Movement


Every cell has a supporting framework of minute filaments and tubules, the cytoskeleton, which maintains the shape and polarity of the cell. Nevertheless, the cell membrane and intracellular organelles are not rigid or static structures but are in a constant state of movement to accommodate processes such as endocytosis, phagocytosis and secretion. Some cells (e.g. white blood cells) propel themselves about by amoeboid movement; other cells have actively motile membrane specialisations such as cilia and flagella (see Ch. 5); while other cells (e.g. muscle cells) are highly specialised for contractility. In addition, cell division is a process that involves extensive reorganisation of cellular constituents. The cytoskeleton incorporates features that accommodate all these dynamic functions.


The cytoskeleton of each cell contains structural elements of three main types: microfilaments, microtubules and intermediate filaments. The cytoskeleton structures are made up of protein subunits (monomers) that are non-covalently bound together into filaments (polymers). Many accessory proteins link these structures to one another, to the plasma membrane and to the membranes of intracellular organelles. Other associated proteins are the motor proteins responsible for movement, the best known of which are the myosin, dynein and kinesin protein families.





• Microfilaments. Microfilaments are extremely fine strands (5 to 9 nm in diameter) of the protein actin. Each actin filament (F-actin) consists of two protofilaments twisted together to form a helix. The protofilaments are made up of multiple globular actin monomers (G-actin) joined together head to tail and associated with ATP molecules to provide energy for contraction. The actin filament is then assembled into larger filaments, networks and 3-dimensional structures. Actin filaments are best demonstrated histologically in skeletal muscle cells where they form a stable arrangement of bundles with the motor protein myosin. Contraction occurs when the actin and myosin filaments slide relative to each other due to the rearrangement of intermolecular bonds, fuelled by the release of energy from associated ATP molecules (see Ch. 6). However, all eukaryotic cells contain a dynamic actin network. Beneath the plasma membrane, actin, in association with various transmembrane and linking proteins, forms a robust supporting meshwork called the cell cortex, which protects against deformation and yet can be rearranged to accommodate changes in cell morphology. Membrane specialisations such as microvilli (see Fig. 5.14) also contain a skeleton of actin filaments. Actin plays a central role in cell movement, pinocytosis and phagocytosis. Actin may also bind to intrinsic plasma membrane proteins to anchor them in position.


• Intermediate filaments. Intermediate filaments (approximately 10 nm in diameter) are, as their name implies, intermediate in size between microfilaments and microtubules. These proteins have a purely structural function and consist of filaments that self-assemble into larger filaments and bind intracellular structures to each other and to plasma membrane proteins. In humans, there are more than 50 different types of intermediate filament, but these can be divided into different classes, with some classes characteristic of particular cell types. This feature is used in diagnostic pathology to identify different varieties of tumour. For example, the keratin (or cytokeratin) intermediate filament family is characteristic of epithelial cells, where they form a supporting network within the cytoplasm and are anchored to the plasma membrane at intercellular junctions. Specific keratin types form hair and nails. Likewise, vimentin is found in cells of mesodermal origin, desmin in muscle cells, neurofilament proteins in nerve cells and glial fibrillary acidic protein in glial cells. Lamin intermediate filaments form a structural layer on the inner side of the nuclear membrane.


• Microtubules. Microtubules (25 nm in diameter) are much larger than microfilaments but, like them, are made up of globular protein subunits which can readily be assembled and disassembled to provide for alterations in cell shape and position of organelles. The microtubule subunits are of two types, α- and β-tubulin, which polymerise to form a hollow tubule; when seen in cross-section, thirteen tubulin molecules make up a circle. Microtubules originate from a specialised microtubule organising centre, the centriole, found in the centrosome (see below), and movement may be effected by the addition or subtraction of tubulin subunits from the microtubules, making them longer or shorter. Microtubule-associated proteins (MAPs) stabilise the tubular structure and include capping proteins, which stabilise the growing ends of the tubules. The motor proteins dynein and kinesin move along the tubules towards and away from the cell centre, respectively. These motors attach to membranous organelles (e.g. mitochondria, secretory vesicles) and move them about within the cytoplasm, rather like an engine pulling cargo along a railway track. The function of the spindle during cell division is a classic example of this process on a large scale (see Fig. 2.3). The centrosome, consisting of a pair of centrioles, each of nine triplets of microtubules, organises the microtubules of the cell spindle during cell division (see Figs 1.17 and 1.18). In cilia, nine pairs of microtubules form a cylindrical structure and movement occurs by rearrangement of chemical bonds between adjacent microtubule pairs (see Fig. 5.13).









Abnormalities of the cytoskeleton can produce life-threatening diseases


A number of blistering diseases of the skin are caused by abnormalities of the cytoskeleton. In the rare congenital disorder epidermolysis bullosa simplex, mutations have been found in the genes coding for cytokeratins 5 and 15. These intermediate filaments normally provide basal epidermal cells of the skin with resistance to friction and, in this condition, clumps of abnormal intermediate filaments can be seen within the cells. The result is a loss of cohesion between the basal epithelial cells and the underlying basement membrane, causing blister formation and fluid loss. Mutations in the gene for plectin, a cross-linking protein for intermediate filaments, give rise to various syndromes of epidermolysis bullosa and muscular dystrophy or epidermolysis bullosa and pyloric atresia.
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FIG. 1.14 Cytoskeleton
Immunohistochemical method for keratin (MP)
Individual elements of the cytoskeleton are not easily visualised by routine light microscopy, but immunostaining techniques can indirectly identify cellular constituents and are commonly used to do so in research and in diagnostic histopathology. The principles of the method are explained in Appendix 2. In brief, this section of small bowel mucosa (see also Fig. 14.19) has been treated with an antibody that is specific for keratin. The antibody binds to the keratin and is then further treated with a chromogen (a colour-producing chemical) which turns areas with bound antibody a different colour. In this case, the intermediate filament keratin is present in the epithelial cells E that form the surface of the villi V and line the crypts C of the small bowel mucosa. The cytoplasm of these cells is stained a strong brown colour. Notice that the mucous vacuoles of the goblet cells G are unstained as they do not contain keratin and the nuclei can be seen as a blue area in each cell (stained by the haematoxylin counterstain), as again they do not contain keratin intermediate filaments. The stromal cells of the lamina propria LP and the smooth muscle cells of the muscularis mucosae MM are also demonstrated only by the haematoxylin counterstain that highlights their nuclei.
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FIG. 1.15 Microfilaments
EM ×76 500
In general, individual microfilaments are difficult to demonstrate due to their small diameter (approximately 7 nm) and diffuse arrangement among other cytoplasmic components. In this example from a smooth muscle cell, a cell type in which cytoplasmic microfilaments are a predominant feature, parallel arrays of microfilaments MF are readily seen. The diameter of microfilaments may be compared with the diameter of a mitochondrion M and ribosomes R.
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FIG. 1.16 Intermediate filaments and microtubules
(a) EM, TS ×53 000 (b) EM, LS ×40 000
These micrographs are taken from nerve tissue; nerve cells contain both intermediate filaments and microtubules, allowing comparison of size and morphology. Each nerve cell has an elongated cytoplasmic extension called an axon (see Ch. 7) which, in the peripheral nervous system, is ensheathed by a supporting Schwann cell. Micrograph (a) shows an axon in transverse section wrapped in the cytoplasm of a Schwann cell S. Micrograph (b) shows part of an axon in longitudinal section. The axonal microtubules provide structural support and transport along the axon.
In longitudinal section, microtubules MT appear as straight, unbranched structures and, in transverse section, they appear hollow. Their diameter can be compared with small mitochondria M and smooth endoplasmic reticulum sER.
Intermediate filaments (known as neurofilaments in this case) are a prominent feature of nerve cells, providing internal support for the cell by cross-linkage with microtubules and other organelles. The neurofilaments NF are dispersed among and in parallel with the microtubules, but are much smaller in diameter and are not hollow in cross-section. Intermediate filaments IF are also seen in the Schwann cell cytoplasm in micrograph (a), both in transverse and longitudinal view.
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FIG. 1.17 Centrosome
(a) EM ×9200 (b) EM ×48 000 (c) Schematic diagram
The centrosome includes a pair of centrioles C and the centrosome matrix or pericentriolar material. The centrosome matrix is a zone of cytoplasm distinguishable by its different texture. It is usually centrally located in the cell, adjacent to the nucleus N and often surrounded by the Golgi apparatus G. The pair of centrioles are also known as a diplosome. There are also 50 or more δ-tubulin ring complexes, which form a nucleus for the polymerisation of microtubules. Thus the centrioles, themselves composed of microtubules, act as a microtubule organising centre. Microtubules radiate outwards from the centrioles in a star-like arrangement, often called an aster.
Each centriole is cylindrical in form, consisting of nine triplets of parallel microtubules. In transverse section, as in the lower half of micrograph (b) and in diagram (c), each triplet T is seen to consist of an inner microtubule, which is circular in cross-section, and two further microtubules, which are C-shaped in cross-section. Each of the inner microtubules is connected to the outermost microtubule of the adjacent triplet by fine filaments F, thus forming a cylinder. The two centrioles of each diplosome are arranged with their long axes at right angles to each other, as can be seen in these micrographs.
Structures apparently identical to centrioles form the basal bodies of cilia and flagella (see Figs 5.13, 18.6 and 18.7), both of which are moved by microtubules. Cilia are a cell surface specialisation, each cilium comprising a minute hair-like cytoplasmic extension containing microtubules. Cilia move in a wave-like fashion for the purpose of moving secretions across a tissue surface. Flagella are the long tails responsible for the motility of sperm.
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FIG. 1.18 Centrosome and microtubules
EM ×30 000
This micrograph shows the centrosome acting as an organising centre for the microtubules of the cytoskeleton. The centrosome consists of two centrioles C (both cut somewhat obliquely in this specimen), typically located at the centre of the cell close to the nucleus N. Several microtubules MT are seen radiating from the centrosome towards the cell periphery. Centrioles appear to be necessary for microtubule function. For example, prior to cell division the pair of centrioles is duplicated, the pairs migrating towards opposite ends of the cell. Here they act as organising centres for the microtubules of the spindle that controls distribution of chromosomes to the daughter cells (see Ch. 2). Likewise, a centriole known as a basal body is found attached to the microtubules at the base of cilia.
Other features of this micrograph, which is from an antibody-secreting plasma cell, include profuse rough endoplasmic reticulum rER distended with secretory product, several saccular profiles of an extensive Golgi complex G and scattered mitochondria M.








C centriole G Golgi complex M mitochondrion MT microtubules N nucleus rER rough endoplasmic reticulum













Energy Production and Storage


All cellular functions are dependent on a continuous supply of energy, which is derived from the sequential breakdown of organic molecules during the process of cellular respiration. The energy released during this process is ultimately stored in the form of ATP molecules. In all cells, ATP forms a pool of readily available energy for all the metabolic functions of the cell. The main substrates for cellular respiration are simple sugars and lipids, particularly glucose and fatty acids. Cellular respiration of glucose (glycolysis) begins in the cytosol, where it is partially degraded to form pyruvic acid, yielding a small amount of ATP. Pyruvic acid then diffuses into specialised membranous organelles called mitochondria where, in the presence of oxygen, it is degraded to carbon dioxide and water; this process yields a large quantity of ATP. In contrast, fatty acids pass directly into mitochondria where they are also degraded to carbon dioxide and water; this also generates a large amount of ATP. Glycolysis may occur in the absence of oxygen and is then termed anaerobic respiration, whereas mitochondrial respiration is dependent on a continuous supply of oxygen and is therefore termed aerobic respiration. Mitochondria are the principal organelles involved in cellular respiration in mammals and are found in large numbers in metabolically active cells, such as those of liver and skeletal muscle.


When there is excess fuel available, most cells convert glucose and fatty acids into glycogen and triglycerides, respectively, for storage. The amounts of each vary in different cell types. For example, nerve cells contain very little of either; most of the body's limited store of glycogen is found in muscle and liver cells and triglycerides can be stored in almost unlimited amounts in fat (adipose) cells.
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FIG. 1.19 Mitochondria
Mitochondria vary considerably in size and shape and change shape over time but are most often elongated, sausage-shaped organelles. Mitochondria are very mobile, moving around the cell by means of microtubules. They tend to localise at intracellular sites of maximum energy requirement. The number of mitochondria in cells is highly variable; liver cells contain as many as 2000 mitochondria whereas inactive cells contain very few. The number of mitochondria in a cell are modified by mitochondrial division and fusion and by autophagy. In some cells, fused mitochondria may form an interconnected network throughout the cytoplasm.
Each mitochondrion consists of four compartments:








• The outer membrane is relatively permeable as it contains a pore-forming protein known as porin, which allows free passage of small molecules. The outer membrane contains enzymes that convert certain lipid substrates into forms that can be metabolised within the mitochondrion.





• The inner membrane, which is thinner than the outer, is thrown into complex folds and tubules called cristae that project into the inner cavity. In some cell types, mitochondria typically have tubular cristae (see Fig. 17.16).





• The inner cavity filled by the mitochondrial matrix. The matrix is the site of the mitochondrial DNA and ribosomes. The matrix also contains a number of dense matrix granules, the function of which is unknown.





• The intermembranous space between the two membranes also contains a variety of enzymes.


  

Aerobic respiration takes place within the matrix and on the inner membrane, a process enhanced by the large surface area provided by the cristae. The matrix contains most of the enzymes involved in oxidation of fatty acids and the Krebs cycle. The inner membrane contains the cytochromes, the carrier molecules of the electron transport chain, and the enzymes involved in ATP production.
As organelles, mitochondria have several unusual features. The mitochondrial matrix contains one or more circular strands of DNA resembling the chromosomes of bacteria. The matrix also contains ribosomes with a similar structure to bacterial ribosomes. Mitochondria synthesise 13 of their own constituent proteins, others being synthesised by the usual protein synthetic mechanisms of the cell and imported into the mitochondrion. In addition, mitochondria undergo self-replication in a manner similar to bacterial cell division. Mitochondria are thought to be derived from bacteria which formed a symbiotic relationship with eukaryotic cells during the process of evolution.







[image: image]


[image: image]


[image: image]


FIG. 1.20 Mitochondria
(a) EM ×34 000 (b) EM ×25 000 (c) Histochemical method for cytochrome oxidase, EM ×50 000
All mitochondria conform to the same general structure but vary greatly in size, shape and arrangement of cristae; these variations are often characteristic of the cell type. Mitochondria move freely within the cytosol and tend to aggregate in intracellular sites with high energy demands, where their shape often conforms to the available space.
Micrograph (a) of liver cell cytoplasm shows the typical appearance of mitochondria when cut in different planes of section; note their relatively dense matrix containing a few matrix granules G. Glycogen rosettes GR are also seen in this micrograph (see Fig. 1.22). Part of the nucleus N is seen in the bottom left corner.
Mitochondria from heart muscle cells can be seen in micrographs (b) and (c). The cristae are densely packed, reflecting the metabolic activity of the cell. In some cells the cristae have a characteristic shape, those of heart muscle being laminar. Micrograph (c) uses a histochemical technique to localise a mitochondrial enzyme, cytochrome oxidase. The electron-dense reaction product RP is located in the intermembranous space. The actin and myosin filaments F are essentially unstained in this preparation.
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FIG. 1.21 Mitochondria
(a) Iron haematoxylin (HP) (b) Succinate dehydrogenase (HP) (c) EM ×13 000
Mitochondria are, in general, not seen individually by light microscopy. However, they are acidophilic and, with the standard H&E stain, are responsible for much of the eosinophilia (pink staining) of cytoplasm. In some cells, the mitochondria are profuse and may be concentrated in one region of the cell where they can be demonstrated directly and indirectly by various staining methods.
Micrograph (a) shows a salivary gland duct made up of cells that are extremely active in secretion and reabsorption of a variety of inorganic ions. This takes place at the base of the cells (i.e. the surface away from the lumen L) and is powered by ATP produced by elongated mitochondria associated with numerous basal plasma membrane interdigitations between adjacent cells. This strategy greatly increases the plasma membrane surface area. The cells have been stained by a modified haematoxylin method which stains not only basophilic structures (i.e. DNA and RNA) but also acidophilic structures such as mitochondria that can be seen as striations S in the basal aspect of the cells.
In specimen (b), which shows skeletal muscle cells in transverse section, an enzyme histochemical method for succinate dehydrogenase has been employed. Succinate dehydrogenase is an enzyme of the citric acid cycle that is exclusive to mitochondria and therefore provides a marker for them. In skeletal muscle there are three muscle cell types, which differ from each other in mitochondrial concentration. Such a staining method can be used to demonstrate their relative proportions (see also Fig. 6.14), as shown here by the different intensity of staining for mitochondria in different cells.
Micrograph (c) shows the base of an absorptive cell from a kidney tubule where there is intense active transport of ions. The basal plasma membranes PM of adjacent cells form interdigitations that greatly increase their surface area, and elongated mitochondria M are packed into the intervening spaces. Micrographs (a) and (c) demonstrate an example of the same structure, interdigitation of a membrane, being used for the same purpose in two different situations to maximise ion transportation.








F actin and myosin filaments G matrix granules GR glycogen rosettes L lumen M mitochondrion N nucleus PM plasma membrane RP reaction product S striations
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FIG. 1.22 Glycogen
(a) EM ×47 000 (b) PAS/haematoxylin (MP)
Glycogen is found in the cytoplasm of many cell types but is most prominent in muscle cells and liver cells (hepatocytes). In micrograph (a), plentiful glycogen granules are present, appearing either as irregular single granules (called β particles) or as aggregations termed glycogen rosettes GR (also called α particles). Compare the size of the ribosomes on the rough endoplasmic reticulum rER with glycogen granules, which are slightly larger on average. A prominent Golgi apparatus G can be seen near the plasma membrane PM. Note that although the Golgi apparatus is classically found near the nucleus, it is not at all unusual to find it in other areas of the cytoplasm, especially in cells like hepatocytes which contain multiple Golgi stacks. Several mitochondria M and a peroxisome P can also be seen in this field.
Micrograph (b) has been stained by a histochemical method to demonstrate the presence of glycogen, which is stained magenta (see Appendix 2). The specimen is of liver, the cytoplasm of each liver cell being packed with glycogen which is easily identified as granules. The section has been counterstained (i.e. stained with a second dye) to demonstrate the liver cell nuclei N (blue). It also stains the nuclei of the cells lining the blood channels B (sinusoids) between the rows of liver cells; these nuclei are smaller and more condensed and hence stain more intensely.












Lipid Biosynthesis


Lipids are synthesised by all cells in order to maintain the constant turnover of cell membranes. Cells may also synthesise lipid as a means of storing excess energy as cytoplasmic droplets, for lipid transport, e.g. chylomicron production by cells of the small intestine, and in the form of steroid hormones, for sending information to other cells. The precursor molecules (fatty acids, triglycerides and cholesterol) are available to the cell from dietary sources, from mobilisation of lipid stored in other cells or can be synthesised by most cells using simple sources of carbon such as acetyl CoA and other intermediates of glucose catabolism. Fatty acids and triglycerides are mostly synthesised within the cytosol, whereas cholesterol and phospholipids are synthesised in areas of smooth endoplasmic reticulum (see Fig. 1.8).
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FIG. 1.23 Lipid
(a) H&E (HP) (b) Osmium (HP) (c) EM ×24 000
Routine processing methods for microscopy generally extract lipid from tissues. Therefore lipid droplets within cells appear as unstained vacuoles, as in micrograph (a). Lipids are therefore best demonstrated in frozen sections stained by specific lipid methods such as osmium tetroxide, as in micrograph (b), which stains lipid droplets black. Both micrographs show brown adipose tissue at similar magnifications (see also Fig. 4.17). Lipid droplets L, as seen in electron micrograph (c) of the cytoplasm of a neuroendocrine cell, can be identified as homogeneous rounded (really spherical in three dimensions) globules of lipid. The lipid forms droplets for the same reason that lipid membranes separate themselves from the cytoplasm, i.e. hydrophobic forces tend to exclude water as in the old saying ‘oil and water don’t mix’. As lipid droplets accumulate and enlarge, the same hydrophobic forces tend to make them fuse together to form larger droplets which may eventually occupy the entire cytoplasm and push the nucleus to the edge of the cell, as in adipocytes (fat cells) (see Fig. 4.15). Note also that lipid droplets do not have a limiting membrane in contrast to mitochondria M, the nucleus N and secretory granules S of the ‘dense core’ type that are characteristic of neuroendocrine cells (see Ch. 17).








B blood channels G Golgi apparatus GR glycogen rosette L lipid droplets M mitochondrion N nucleus P peroxisome PM plasma membrane rER rough endoplasmic reticulum S secretory granule
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FIG. 1.24 Peroxisomes
EM ×40 000
Peroxisomes (sometimes called microbodies) are unusual organelles: they are present in all cells but have different functions in different cell types and in the same cell type in different species. Broadly speaking, peroxisomes perform enzymatic oxidation and contain a range of oxidative enzymes. Functions include β-oxidation of certain long chain fatty acids, some steps in the synthesis of plasmalogens (lipids found in the myelin sheath of nerve axons) and some steps in the synthesis of bile acids (in the liver). Hydrogen peroxide is a by-product in some of these reactions and peroxisomes commonly contain catalase which utilises the hydrogen peroxide to detoxify other substances such as phenols and alcohol by peroxidation.
Peroxisomes appear somewhat similar to lysosomes by electron microscopy but vary greatly in size, ranging from 0.1 to 0.9 µm in different tissues. The peroxisomes in the liver and kidney are particularly large and abundant. In this micrograph, note the fine, granular, electron-dense contents of a peroxisome P, the size of which can be compared to that of adjacent mitochondria M. Like mitochondria, peroxisomes self-replicate, and the numbers of peroxisomes within a cell may change over the life-time of the cell.
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FIG. 1.25 Cellular pigments: lipofuscin and melanin
(a) H&E (HP) (b) Modified Azan (HP)
Most mammalian tissues have minimal intrinsic colour, thus the need for staining for microscopy. A few tissues, however, contain intracellular pigments such as lipofuscin, which probably represents an insoluble degradation product of organelle turnover. With increasing age, it accumulates as brown, granular material in the cytoplasm, particularly of sympathetic ganglion cells as seen in micrograph (a), other neurones and cardiac muscle cells; it is thus sometimes referred to as ‘age pigment’. Another natural pigment is melanin, which is mainly responsible for skin colour (see Ch. 9). This brown pigment is also present in nerve cells in certain brain regions such as the substantia nigra, shown in micrograph (b), where the cell cytoplasm is largely obscured by its content of brown melanin pigment. This specimen has been stained by the Azan method to pick out the nuclei N which are stained pale blue with prominent magenta nucleoli.








M mitochondrion N nucleus P peroxisome









Mutation in a single gene may have widespread effects


Lysosomal storage diseases are rare congenital disorders mainly caused by a mutation in the gene coding for one or other lysosomal enzyme. This may lead to either production of a defective enzyme or no enzyme at all. Predictably, the enzyme substrate collects in cells and in some cases can be identified in tissues submitted for a diagnostic biopsy (e.g. Tay-Sachs disease, Gaucher's disease). Some of these conditions are associated with a typical phenotype or appearance of the affected person (e.g. Hurler syndrome).













The Integrated Function of Cells in Tissues, Organs and Organ Systems


As mentioned at the outset, cells are the functional units of all living organisms; indeed the most primitive organisms merely consist of single cells. In multicellular organisms, however, individual cells become specialised (differentiated) and grouped together to perform specific functions. Multicellular organisms would obviously disintegrate if the cells were not organised into specific structures and held together by intercellular junctions (see Ch. 5) and extracellular matrix (see Ch. 4). Cells of similar morphology and function along with extracellular matrix form tissues, which are relatively homogeneous in overall structure; examples include cartilage, bone and muscle. Extracellular matrix, such as the calcified matrix of bone and the fibrous matrix of the deep layer of the skin (the dermis), can impart great strength to tissues. Other cell types, such as blood cells and tissue macrophages, migrate throughout the body either in the blood or other body fluids or through the extracellular matrix. Organs are anatomically discrete collections of tissues that together perform certain specific functions (e.g. liver, kidney, eye and ovary). Tissues and organs may constitute integrated functional systems forming major anatomical entities (e.g. central nervous system, female reproductive tract, gastrointestinal tract, urinary system) or be more diffusely arranged (e.g. immune defence system, diffuse neuroendocrine system). Despite the foregoing, the terms tissue, organ and system are not necessarily mutually exclusive and may in some cases be used interchangeably, depending on the functional implications. Part 2 of this book describes five basic tissues: blood, supporting/connective tissue, epithelia, muscle and nervous tissues. These are constituents of all organs and organ systems. In tissues and organs, the functionally specialised cells are often called the parenchyma and the less specialised supporting tissue, the stroma.


Within tissues and organs, cells interact with one another in numerous ways during embryological development and growth, maintenance of structural integrity, response to injury (inflammation and repair), integration and control of tissue and organ functions and the maintenance of overall biochemical and metabolic integrity (homeostasis). Various types of intercellular junctions also serve as conduits for information exchange in the form of electrical excitation or chemical messengers. Within tissues, cellular functions are integrated by a great variety of local chemical mediators (paracrine signalling) or by direct contact between cells and interaction between messaging molecules bound to the cell surface. At the level of systems and of the whole body, functions are coordinated via circulating chemical messengers (hormones) and/or via the nervous system (synaptic signalling). The great pleasure to be derived from the study of histology is that all structures, from the subcellular to organ systems, reflect these functional requirements and interrelationships; it really is all very cleverly arranged.









Review




TABLE 1.1


Review of cell structure and function






	Organelle

	Brief description

	Functions






	Nucleus

	Double membrane-bound large structure containing chromatin

	Chromosomes (DNA) contain the genetic blueprint for every protein in the body






	Nuclear envelope/membrane

	Double lipid bilayer with nuclear pore complexes

	Separates and mediates transport between nucleus and cytoplasm






	Nucleolus

	Dense non-membrane-bound structure in nucleus

	Ribosomal RNA synthesis and ribosome assembly






	Ribosomes

	Small structures free in cytoplasm or bound to endoplasmic reticulum. Consist of two subunits of ribosomal RNA.

	Protein synthesis—formation of peptide bonds between amino acids to make polypeptide chains using messenger RNA as template






	Endoplasmic reticulum

	Extensive membrane system within the cell; may be rough (rER) with associated ribosomes, or smooth (sER)

	Modification and folding of proteins synthesised on ribosomes (rER), synthesis of some lipids (sER)






	Golgi apparatus/stack

	Stacks of flattened membrane-bound cisternae

	Final assembly and glycosylation of proteins and dispatch to their ultimate destination






	Mitochondria

	Double membrane-bound organelles with folded inner membrane

	Energy production, mainly in the form of ATP






	Plasma membrane

	Lipid bilayer containing intrinsic proteins and with an external coat of carbohydrate

	Divides cell from external environment and mediates interactions with external environment






	Cytoskeleton

	Microfilaments, intermediate filaments and microtubules

	Maintain cell shape and orientation, cell movement, movement of organelles around the cell, movement of chromosomes during cell division






	Transport/secretory vesicles

	Membrane-bound vesicles often with a protein coat, e.g. COP I, clathrin

	Transport materials between different cell compartments and to plasma membrane for export






	Phagosomes/endosomes—including sorting and recycling endosomes

	Membrane-bound vesicles containing material imported into cell

	Phagocytosis/endocytosis and transport of cargo to intracellular destination, e.g. lysosome






	Lysosomes

	Membrane-bound vesicles containing hydrolytic enzymes

	Killing of pathogenic organisms (in phagocytic cells) and degradation of waste products






	Peroxisomes

	Membrane-bound vesicle containing oxidases and catalase

	Production of hydrogen peroxide for killing pathogens, detoxification of certain toxic materials, β-oxidation of long chain fatty acids, synthesis of bile acids (in liver)






	Lipid droplets

	Non-membrane-bound spherical aggregates of lipid of variable size

	Energy storage






	Glycogen granules

	Non-membrane-bound granules and aggregates of granules (rosettes)

	Energy storage






	Lipofuscin

	Brown pigment in cytoplasm

	Waste product






	Melanin

	Brown pigment in cytoplasm

	Skin pigmentation
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Cell cycle and replication






Introduction


The development of a single fertilised egg cell to form a complex multicellular organism involves cellular replication, growth and progressive specialisation (differentiation) for a variety of functions. The fertilised egg (zygote) divides by a process known as mitosis to produce two genetically identical daughter cells, each of which divides to produce two more daughter cells and so on. Some of these daughter cells progressively specialise and eventually produce the terminally differentiated cells of mature tissues, such as muscle or skin cells. Most tissues, however, retain a population of relatively undifferentiated cells (stem cells) that are able to divide and replace the differentiated cell population as required. The interval between mitotic divisions is known as the cell cycle. All body cells divide by mitosis except for male and female germ cells, which divide by meiosis to produce gametes (see Fig. 2.6).


In the fully developed organism, the terminally differentiated cells of some tissues, such as the neurones of the nervous system, lose the ability to undergo mitosis. In contrast, the cells of certain other tissues, such as the stem cells of gut and skin, undergo continuous cycles of mitotic division throughout the lifespan of the organism, replacing cells lost during normal wear and tear. Between these extremes are cells such as liver cells that do not normally divide but retain the capacity to undergo mitosis should the need arise (facultative dividers). Cell division is tightly controlled to meet the needs of the organism; uncontrolled cell division is one of the features of cancer.


Cell division and differentiation are balanced by cell death, both during the development and growth of the immature organism and in the mature adult. In these circumstances, cell death occurs by a mechanism known as apoptosis (see Fig. 2.7).
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FIG. 2.1 The cell cycle
Historically, only two phases of the cell cycle were recognised: a relatively short mitotic phase (M phase) and a non-dividing phase (interphase), which usually occupies most of the life cycle of the cell. However, there is a discrete period during interphase when nuclear DNA is replicated; this phase, described as the synthesis or S phase, is completed some time before the onset of mitosis. Thus interphase may be divided into three separate phases. Between the end of the M phase and the beginning of the S phase is the first gap or G1 phase; this is usually much longer than the other phases of the cell cycle. During the G1 phase, cells differentiate and perform their specialised functions as part of the whole tissue. The interval between the end of the S phase and the beginning of the M phase, the second gap or G2 phase, is relatively short and is the period in which cells prepare for mitotic division.
Stem cells in some tissues progress continually through the cell cycle to accommodate tissue growth or cell turnover, whereas terminally differentiated cells leave the cell cycle after the M phase and enter a state of continuous differentiated function designated as G0 phase. Facultative dividers enter the G0 phase but retain the capacity to re-enter the cell cycle when suitably stimulated. Liver cells are a prominent example of facultative dividers with differentiated hepatocytes acting as stem cells in cases of massive liver injury. Some liver cells appear to enter a protracted G2 phase in which they perform their normal differentiated functions despite the presence of a duplicated complement of DNA. These cells may be seen histologically as binucleate cells.
In general, the S, G and M phases of the cell cycle are relatively constant in duration, each taking up to several hours to complete, whereas the G1 phase is highly variable, in some cases lasting for several days or weeks. M phase typically lasts about 1 hour, while S phase takes 10 to 12 hours to complete. The G0 phase may last for the entire lifespan of the organism.
During mitosis, various checkpoints CP prevent progression to the next phase before the previous one is completed. For example, the metaphase checkpoint prevents progression to anaphase before all the chromosomes are properly connected to the mitotic spindle and lined up at the cell equator; this prevents unequal distribution of the chromosomes to the two daughter cells.








CP checkpoint G0 continuous differentiated function G1 gap phase 1 G2 gap phase 2 M mitotic phase S synthesis phase













Mitosis


Division of somatic cells (all body cells except for the germ cells) occurs in two phases. Firstly, the chromosomes duplicated in S phase are distributed equally between the two potential daughter cells; this process is known as mitosis. Secondly, the dividing cell is cleaved into genetically identical daughter cells by cytoplasmic division or cytokinesis. Although mitosis is always equal and symmetrical, cytokinesis may, in some situations, result in the formation of two daughter cells with grossly unequal amounts of cytoplasm or cytoplasmic organelles. In other circumstances, mitosis may occur in the absence of cytokinesis, as in the formation of binucleate and multinucleate cells.





Stem cells


In tissues with a regular turnover of cells, the dividing cells are relatively undifferentiated cells and are known as stem cells. Some of the progeny of these cells undergo further cell division and finally differentiate to become the various types of mature cells, while others remain undifferentiated to maintain the pool of stem cells.


Stem cell research is currently a very controversial area. Embryonic stem cells are theoretically totipotent, i.e. able to differentiate into any other cell type, while many stem cells found in adults are either multipotent, able to produce cells of several lineages, or unipotent, producing only a single cell type. Thus multipotent haematopoietic stem cells can produce all the formed elements of the blood, whereas unipotent epidermal stem cells of the skin can produce only epithelial cells. Recent research has hinted that, under certain circumstances, haematopoietic stem cells can produce other cell types. The advantages of such cells in the treatment of degenerative diseases are obvious—imagine being able to grow a new kidney or even a new limb to order. However, the ethical minefield created by the possible applications of such technology, especially the use of embryonic cells, is equally apparent.
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FIG. 2.2 Chromosomes during mitosis (illustrations opposite)
The nuclei of all somatic cells of an individual contain the same fixed complement of deoxyribonucleic acid (DNA), a quantity called the genome. The DNA is arranged into chromosomes, with each species having a set number. DNA is a very large molecular weight polymer consisting of many deoxyribonucleotides with a double-stranded structure. Each strand consists of a backbone of alternating deoxyribose S and phosphate P moieties. Each deoxyribose unit is covalently bound to a purine or pyrimidine base, which is in turn non-covalently linked to a complementary base on the other strand, thus linking the strands together. The bases are of four types, adenine A, cytosine C, thymine T and guanine G, with adenine only linking to thymine and cytosine only linking to guanine, thus making each strand complementary to the other, diagram (a). Linked in this way, the strands assume a double helical conformation around a common axis, the internucleotide phosphodiester bonds running in opposite directions (i.e. antiparallel) and the planes of the linked bases lying at right angles to the axis, diagram (b). The sequence of bases in either strand of the DNA molecule forms the genetic code for the individual. The bases are read in groups of three called codons, each coding for one amino acid. In human cells, there are 46 chromosomes (the diploid number) comprising 22 homologous pairs, the autosomes, and 2 sex chromosomes, either XX in the female or XY in the male. The members of each pair of autosomes have the same length of DNA and code for the same proteins.
Histologically, individual chromosomes are not visible within the cell nucleus during interphase. During S phase, each chromosome is duplicated, as shown in diagram (c). The resulting identical chromosomes, now known as sister chromatids, remain attached to one another at a point called the centromere and become even more tightly coiled and condensed when they may be visualised with the light microscope (see Figs 2.3 and 2.4). Accurate reproduction of the DNA strand is vital and multiple complex mechanisms exist to prevent mistakes (mutations) from occurring.
The extremely long DNA molecule making up each chromosome binds to a range of histone proteins that hold the chromosome in a supercoiled and folded conformation, compact enough to be accommodated within the nucleus (not illustrated). Thus the 2 nm–diameter double helix is coiled and packed through several orders of three-dimensional complexity to form an elongated structure some 300 nm in diameter and very much shorter in length than the otherwise uncoiled molecule would be. This is the form in which the chromosome is structured during the G1 and G0 phases of the cell cycle, during which gene transcription (the prerequisite for protein synthesis) occurs. Histone proteins are also reduplicated during S phase so that the sister chromatids will have their own complement of histones.
Diagram (d) shows further detail of the structure of mitotic chromosomes and their supercoiled three-dimensional structure. Note the position of the kinetochore (see Fig. 2.3) that provides attachment for the microtubules of the cell spindle during cell division and seems also to control the progression of mitosis. Examination of the chromosomes of dividing cells, karyotyping, can give diagnostic information about the chromosomal complement of an individual or of a malignant tumour (see Fig. 2.5).








A adenine C cytosine G guanine P phosphate S deoxyribose T thymine
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FIG. 2.3 Mitosis (illustration (b) opposite)
(a) Schematic diagram (b) Mitotic series Giemsa (HP)
The series of micrographs shown opposite illustrates the mitotic process in actively dividing immature blood cells from a smear preparation of human bone marrow. Mitosis is a continuous process that is traditionally divided into five phases, prophase, prometaphase, metaphase, anaphase and telophase, each stage being readily recognisable with the light microscope. Cell division requires the presence of a structure called the mitotic apparatus, which comprises a spindle of longitudinally arranged microtubules extending between a pair of centrioles (see Figs 1.17 and 1.18) at each pole of the dividing cell. The mitotic apparatus is visible within the cytoplasm only during M phase as it disaggregates shortly after completion of mitosis.








• Prophase. The beginning of this stage of mitosis is defined as the moment when the chromosomes (already duplicated during the preceding S phase) first become visible within the nucleus. As prophase continues, the chromosomes become increasingly condensed and shortened and the nucleolus disappears. During prophase, the microfilaments and microtubules of the cytoskeleton disaggregate into their protein subunits. The centrosome has already divided during the preceding interphase and, in prophase, the two pairs of centrioles migrate towards opposite poles of the cell while simultaneously a spindle of microtubules is formed between them (interpolar microtubules).





• Prometaphase. Dissolution of the nuclear envelope marks the beginning of prometaphase. The mitotic spindle then moves into the nuclear area and each duplicated chromosome becomes attached at a site called the kinetochore to another group of microtubules of the mitotic spindle (kinetochore or chromosome microtubules). The kinetochore is a DNA and protein structure on each duplicated chromosome, located at the centromere, the structure which binds the duplicated chromosomes (chromatids) together (see also diagram (d), Fig. 2.2). Other microtubules attach the chromosome arms to the spindle.





• Metaphase. The chromosomes are then dragged to the plane of the spindle equator, known as the equatorial or metaphase plate. The kinetochore also controls entry of the cell into anaphase so that the process of mitosis does not progress until all chromatid pairs are aligned at the cell equator. This is called the metaphase checkpoint and prevents the formation of daughter cells with unequal numbers of chromosomes.





• Anaphase. The splitting of the centromere marks this stage of mitosis. The mitotic spindle becomes lengthened by the action of the motor protein kinesin 5 on the interpolar microtubules; meanwhile astral microtubules, joining the centrosome to the cell cortex (the area underlying the plasma membrane), shorten. The centrioles are thus pulled apart and the chromatids of each duplicated chromosome drawn to opposite ends of the cell, thus achieving an exact division of the duplicated genetic material. By the end of anaphase, two groups of identical chromosomes are clustered at opposite poles of the cell.





• Telophase. During the final phase of mitosis, the chromosomes begin to uncoil and to regain their interphase conformation. The nuclear envelope reassembles and nucleoli again become apparent.





• Cytokinesis. The plane of cytoplasmic division is usually defined by the position of the spindle equator, thus producing two cells of equal size. The plasma membrane around the spindle equator becomes indented to form a circumferential furrow around the cell, the cleavage furrow, which progressively constricts the cell until it is cleaved into two daughter cells. A ring of microfilaments is present just beneath the surface of the cleavage furrow and cytokinesis occurs as a result of contraction of this filamentous ring. In early G1 phase, the mitotic spindle disaggregates and, in many cell types, the single pair of centrioles begins to duplicate in preparation for the next mitotic division.
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FIG. 2.4 Mitotic figures in tissue sections
(a) EM ×30 000 (b) H&E (HP) (c) H&E (HP) (d) H&E (HP)
Micrograph (a) shows an electron microscopic view of part of a dividing cell, a Schwann cell in the developing nervous system. The plasma membrane PM is evident, but the nuclear membrane has disintegrated and the chromatin C has spread out into the cytoplasm. Mitochondria M, smooth endoplasmic reticulum sER and ribosomes R are seen at the periphery. In the centre of the chromatin, there are numerous microtubules MT cut in cross-section, representing part of the spindle apparatus. These features suggest that this cell is in anaphase, with the plane of section through one end of the dividing nuclear material at right angles to the spindle axis. Micrographs (b), (c) and (d) show the typical appearance of mitotic figures in normal tissue sections at high magnification. All three are of endometrium (see Ch. 19). In contrast to smear preparations where the entire cell is visualised, the process of preparing a tissue section cuts through the cell in a random plane; thus it is more difficult to recognise mitotic figures with certainty in tissue sections. In the proliferative phase of the menstrual cycle, both the epithelial cells of the glands G and the stromal cells S of the endometrium undergo frequent cell division by mitosis. In micrograph (b), a glandular epithelial cell is seen in prometaphase P, with the duplicated chromosomes forming a roughly circular tangle and the nuclear membrane dispersed. In (c) an epithelial cell exhibits a metaphase plate MP, with the chromosomes lined up at the equator of the cell. In micrograph (d) a stromal cell is in telophase T, with the chromatids separated and moving towards the poles of the spindle.
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FIG. 2.5 Human karyotype
Leishman (HP)
This micrograph illustrates the chromosomes of a human cell grown in vitro and harvested at the onset of mitosis. The cell has been disrupted and the chromosomes stained to reveal their characteristic cross-banding pattern. This approach allows the investigator to identify chromosomes 1, 2 etc. At this stage the chromosomes are duplicated and the two chromatids (not visible at this magnification) are joined at the centromere Ce. Each member of a homologous pair of mitotic chromosomes is identical in length, centromere location and banding pattern. Study of the chromosomes in this fashion, karyotyping, can reveal structural and numerical chromosomal abnormalities, known as cytogenetic abnormalities. In this particular case there are three copies of chromosome 21, i.e. this is a trisomy 21 karyotype. All the other chromosomes are normal. There is one X and one Y chromosome demonstrating that the fetus is male.








Common cytogenetic abnormalities


The complex processes of meiotic cell division sometimes malfunction. It is unknown how many fetuses are conceived each year with genetic abnormalities so serious that the condition is lethal in utero and results in an early, perhaps even unrecognised, miscarriage. Most cytogenetic defects are thought to be lethal in this way and only a very few such as trisomy 21 (i.e. three copies of chromosome 21, also known as Down syndrome), trisomy 18 (Edward syndrome) and trisomy 13 (Patau syndrome) give rise to live births. In the two latter conditions, the infant usually dies within the first year, but individuals with Down syndrome may live to middle age or longer.


Trisomies arise usually due to failure of the homologous chromosome pairs to separate during the first meiotic division (nondisjunction) or failure of the two sister chromatids to separate during the second meiotic division (anaphase lag). Thus the resulting gamete has two copies of the relevant chromosome and, when fertilisation occurs, a third copy is added. In most cases, the extra chromosome is from the mother and there is a greatly increased incidence of Down syndrome with increasing maternal age, although the exact mechanism is as yet unclear.


Other types of chromosomal abnormalities that may be detected by karyotyping include translocation, both balanced and unbalanced, abnormal chromosome structures, such as ring chromosomes, and amplification or deletion of parts of a chromosome.


Karyotyping of fetal cells is widely available to detect cytogenetic abnormalities by the techniques of amniocentesis or chorionic villous sampling.









C chromatin Ce centromere G gland M mitochondrion MP metaphase plate MT microtubules P prometaphase PM plasma membrane R ribosomes S stroma sER smooth endoplasmic reticulum T telophase













Meiosis


In dividing somatic cells, cell division (mitosis) results in the formation of two daughter cells, each one genetically identical to the mother cell. Somatic cells contain a full complement of chromosomes (the diploid number) which function as homologous pairs, one member of each pair deriving from the father and one from the mother. The process of sexual reproduction involves the production by meiosis of specialised male and female cells called gametes; meiotic cell division is thus also called gametogenesis. Each gamete contains the haploid number of chromosomes (23 in humans), i.e. one from each homologous pair. When the male and female gametes fuse at fertilisation to form a zygote, the diploid number of chromosomes (46 in humans) is restored. The member of each chromosome pair assigned to a particular gamete is entirely random, so that a particular gamete contains a mix of chromosomes from the mother and father of the individual forming the gamete. This mixing of chromosomes contributes to the genetic diversity of the next generation. Further genetic diversity, and therefore possible evolutionary advantage, is added by the mechanism of crossing over (see below). The process of meiosis involves many of the mechanisms and control systems that regulate mitosis. The process of meiosis is outlined below and compared to mitosis in Fig. 2.6 opposite.





• Before meiosis can begin, the chromosomes are duplicated as for mitosis (meiotic S phase).


• This is immediately followed by crossing over of the chromatids, so that genetic information is exchanged between the two chromosomes of the homologous pair. As one of each pair of chromosomes is derived from the father and one from the mother, crossing over mixes up these paternally and maternally derived alleles (alternative forms of the same gene) so that the haploid gamete ends up with only one of each chromosome pair, but each individual chromosome includes alleles from each parent (see Fig. 2.5). The mechanism of crossing over is called chiasma formation. This phase is known as prophase I. As well as generating great genetic diversity, this mixing up of genes explains the conviction of many teenagers that they must be adopted.


• The first meiotic division then proceeds, involving separation of the homologous pairs of chromosomes, each one consisting of a pair of chromatids still joined together at the centromere (metaphase I and anaphase I). This separation of chromosomes is carried out by a microtubules spindle, as in mitosis. Thus at the end of the first meiotic division, each daughter cell contains a half complement of duplicated chromosomes, one from each homologous pair of chromosomes.


• The second meiotic division involves splitting of the chromatids by pulling apart the centromeres (metaphase II). The chromatids then migrate to opposite poles of the spindle (anaphase II, telophase II).






Thus, meiotic cell division of a single diploid germ cell gives rise to four haploid gametes. In the male, each of the four gametes undergoes morphological development into a mature spermatozoon. In the female, unequal distribution of the cytoplasm results in one gamete gaining almost all the cytoplasm from the mother cell, while the other three acquire almost none; the large gamete matures to form an ovum and the other three, called polar bodies, degenerate.


During both the first and second meiotic divisions, the cell passes through stages that have many similar features to prophase, metaphase, anaphase and telophase of mitosis. Unlike mitosis, however, the process of meiotic cell division can be suspended for a considerable length of time. For example, in the development of the human female gamete, the germ cells enter prophase of the first meiotic division during the fifth month of fetal life and then remain suspended until some time after sexual maturity; the first meiotic division is thus suspended for between 12 and 50 years!


The primitive germ cells of the male, the spermatogonia, are present only in small numbers in the male gonads before sexual maturity. After this, spermatogonia multiply continuously by mitosis to provide a supply of cells which then undergo meiosis to form male gametes. In contrast, the germ cells of the female, called oogonia, multiply by mitosis only during early fetal development, thereby producing a fixed complement of cells with the potential to undergo gametogenesis.


Chromosomes are not the only source of genes in the germ cells. Mitochondria also contain DNA that codes for some intrinsic mitochondrial proteins required for energy production. Because the spermatozoa shed their mitochondria at the time of fertilisation, only maternal mitochondrial genes are passed on to the offspring. A number of inherited diseases are known to be transmitted through mitochondrial DNA.




[image: image]


FIG. 2.6 Comparison of mitosis and meiosis
This diagram compares the behaviour of each homologous pair of chromosomes during mitosis and meiosis. For simplicity, the progress of only one homologous pair is represented here. The key differences between the two forms of cell division are as follows:








• Meiosis involves one reduplication of the chromosomes followed by two sequential cell divisions. Thus a diploid cell produces four haploid germ cells (gametes).





• Crossing over occurs only in meiosis, to rearrange alleles such that every gamete is genetically different. In contrast, the products of mitosis are genetically identical.
















Programmed Cell Death


Programmed cell death is an essential part of normal fetal development, growth of juveniles and control of cell numbers in adults, where it exactly balances cell division. The most common and best understood method of programmed cell death is apoptosis, which also occurs in certain pathological conditions. Apoptosis has characteristic microscopic features and is a highly controlled and ordered mechanism that removes cells in a way that causes minimal disruption to the surrounding tissue. Apoptosis is brought about by different mechanisms than those causing necrosis, a mode of cell and tissue death that occurs only in pathological conditions. A well-known example of necrosis is myocardial infarction, where heart muscle dies from lack of oxygen due to blockage of a coronary artery. Apoptosis is an active process requiring the expenditure of energy, while necrosis is characterised by the inability of cells to produce the energy (ATP) required to maintain homeostasis.


Control of apoptosis is very finely balanced and a wide variety of triggers may initiate the process. The signal for apoptosis may be the binding of an external signal molecule to a membrane receptor (the ‘death receptor’ known as Fas) or may arise from intracellular signals such as DNA damage, leading to the release of the enzyme cytochrome c from the mitochondria into the cytoplasm. Within the cell, many regulatory proteins control apoptosis, including members of the bcl-2 and inhibitors of apoptosis (IAP) families. The end result of all these various signals is a common mechanism known as the caspase cascade. The activated enzymes of the caspase cascade cleave cellular proteins such as the lamins of the nucleus and activate additional enzymes such as DNAase to cleave DNA.


Examples of apoptosis include:





• Some cell types have a preset limited lifetime and inevitably undergo apoptosis as part of their life cycle (e.g. epithelial cells in the skin or the lining of the gastrointestinal tract).


• Other cells are triggered to destroy themselves if they behave in ways which are potentially harmful; for example, developing T lymphocytes that are capable of reacting to normal body components are triggered to self-destruct in the thymus, a process known as clonal deletion (see Ch. 11). Failure of clonal deletion may lead to autoimmune disorders such as autoimmune thyroiditis or pernicious anaemia.


• During development certain cells are programmed to die by apoptosis; for example, in humans the webs between the fingers and toes disappear and the tadpole loses its tail as it matures into a frog.


• Certain tissues in adults grow and regress in a cyclical fashion, such as the growth of ovarian follicles before ovulation in females, followed by regression of the corpus luteum by apoptosis to form a corpus albicans (see Ch. 19).


• Apoptosis is a common mode of cell death of abnormal cells, such as those infected by viruses or with genetic mutations. Failure of apoptosis may be as important in cancer as unrestricted cell division.
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FIG. 2.7 Apoptosis in normal tissues
(a) H&E (HP) (b) H&E (HP)
These two micrographs illustrate the typical features of apoptotic cells in normal tissues. Micrograph (a) is a corpus luteum, formed from an ovarian follicle after discharge of an ovum (see Ch. 19). If the ovum is not fertilised, the corpus luteum will involute, a process that involves progressive death of its constituent cells, leaving a fibrotic scar known as a corpus albicans. In this micrograph several apoptotic cells AC can be identified by their condensed nuclei and eosinophilic cytoplasm.
Micrograph (b) shows a later stage of apoptosis in epithelial cells of endometrial glands at the beginning of menstruation (see Ch. 19). Several cells have undergone apoptosis and reached the stage of forming easily identified apoptotic bodies A. The apoptotic bodies have been phagocytosed by adjacent cells, which are themselves about to undergo the same process as the superficial part of the endometrium is shed.
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FIG. 2.8 The mechanism of apoptosis
Although a variety of extrinsic and intrinsic triggers may initiate apoptosis, at the molecular level the final common pathway is the activation of the caspase cascade. Caspases are a set of enzymes found in inactive form in all cells. When the first in the series is activated, by cleaving off a short peptide sequence it is then able to activate the next enzyme in the series and so on. Because each enzyme is able to activate many copies of the next enzyme, the reaction is greatly amplified. This enzyme cascade mechanism is also seen in other situations requiring a rapid but controlled response, such as the blood clotting mechanism (the coagulation cascade) and the complement cascade.
The process of apoptosis is shown in this diagram of simple columnar epithelial cells resting on a basement membrane BM. When a normal cell (a) receives a signal to initiate apoptosis, the characteristic change by light microscopy (b) is condensation of the nuclear chromatin (pyknosis) to form one or more dark-staining masses found against the nuclear membrane. At the same time, the cell shrinks away from its neighbours, with loss of cell-cell contacts and increasing eosinophilia (pink staining) of the cytoplasm. The cytoplasmic organelles are still preserved at this stage. As the process continues (c), the nuclear material breaks into fragments (karyorrhexis). This is accompanied by dissolution of the nuclear membrane. Cytoplasmic blebs B break away from the cell surface, and eventually the entire cell breaks up (karyolysis) (d) to form membrane-bound fragments. Some of the cell fragments contain nuclear material and are known as apoptotic bodies A. These apoptotic bodies may be phagocytosed by adjacent cells or by tissue macrophages M, scavenger cells derived from the bone marrow and found in virtually every tissue in the body.
In some circumstances, part of the cell remains as a normal tissue component after apoptosis. For instance, in the skin, epithelial cells undergo apoptosis as part of their normal life cycle, but for some considerable time after the nucleus has disappeared, the cell cytoplasm filled with keratin intermediate filaments remains as an anucleate ‘squame’ to form a waterproof coating on the surface of the skin (see Ch. 9).








A apoptotic bodies AC apoptotic cell B cytoplasmic blebs BM basement membrane M macrophage









Cancer


Cancers or malignant tumours are common causes of illness and death in most societies and the diagnosis of cancer is an important part of the workload of diagnostic histopathology. Cancers cause disease by growing in an uncontrolled fashion within the body and replacing or destroying normal tissues. Importantly, as well as growing at their site of origin, cancers are able to metastasise or spread to other areas of the body such as the lungs or liver. Thus a primary cancer of the breast can spread to the lungs, causing death from respiratory failure, or a cancer of the prostate may replace the bone marrow, with consequent failure of production of white blood cells, causing death from overwhelming infection.


The many features of malignant tumours are well described in standard pathological texts, but one common feature is the abnormal mitotic figure (Fig. 2.9), which is not seen in normal tissue but is frequently a feature of malignant tumours (and some premalignant conditions). Abnormal mitotic figures are a visually obvious example of the many genetic abnormalities that are found in cancer cells, where there is loss of control of cell division and of cell death (see Figs 2.7 and 2.8). These genetic abnormalities or mutations may be caused by infections (e.g. Epstein-Barr virus), toxins (e.g. cigarette smoke), radiation (e.g. sunlight) or may be inherited. Intensive research in this area continues and more causes and mechanisms of cancer are uncovered almost daily.
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FIG 2.9 Abnormal mitotic figure
H&E (HP)
This micrograph of a malignant tumour of the skin contains an abnormal mitotic figure A. The cell is in metaphase, but rather than a metaphase plate with two sets of chromatids and two spindles, the cell has produced four sets of chromatids and four spindles, a quadripolar mitosis. Such abnormalities are frequently seen in malignant tumours and are virtually never found in normal tissues and benign tumours; thus an abnormal mitotic figure can be a helpful clue in diagnostic pathology.








A abnormal mitotic figure













Review




TABLE 2.1


Review of cell cycle and replication






	Process

	Definition

	Key features






	The cell cycle

	The period of time it takes for a cell to complete one cell division

	May last a few hours in certain continuously dividing cells
May last years in stable, terminally differentiated cells
Consists of gap phase 1 (G1), synthesis phase (S), gap phase 2 (G2) and mitosis phase (M)
Some cells enter G0 phase, a prolonged non-dividing phase.






	Mitosis

	Cell division of somatic cells

	Results in two diploid daughter cells
Phases are prophase, prometaphase, metaphase, anaphase, telophase and cytokinesis






	Meiosis

	Division of germ cells to produce zygotes

	Results in four haploid cells—four spermatogonia in males and one oogonium and three polar bodies in females
Crossing over during meiosis results in greatly increased genetic diversity in offspring.






	Apoptosis

	Controlled cell death to remove unnecessary or potentially harmful cells

	Various internal or external receptors may trigger apoptosis.
Cell death occurs by activation of the caspase cascade.
Histologically, apoptotic bodies may be seen.
Cell death occurs and the cell is removed without disruption or damage to the adjacent tissue.
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Blood, haematopoiesis and bone marrow






Introduction


Blood is a suspension of cells in fluid. It is circulated around the body by the heart and, as a result of this circulation, blood serves as the transport vehicle for gases, nutrients, waste products, cells and hormones.


The fluid is known as plasma and a typical sample is composed of 90% water, 8% protein, 1% inorganic salts, 0.5% lipids, 0.1% glucose and other minor components. The proteins are numerous and diverse, including albumin, blood coagulation factors, anti-proteases, transport proteins and antibodies (immunoglobulins). Collectively, these proteins exert a water-binding effect known as colloidal osmotic pressure which helps regulate the distribution of fluid between the plasma and the extracellular space, serving to keep the fluid in the circulation.


Plasma components, including hormones, lipids, salts, water molecules and small proteins, are constantly exchanged with the extracellular fluid of body tissues in accordance with the blood's transport functions. Proteins and plasma are not demonstrated by light microscopy except as a background colour.









Blood Cell Types


The cellular components of the blood are:





• Red blood cells (erythrocytes) are specialised cells containing the red pigment haemoglobin. They provide most of the oxygen transport from the lungs and much of the return carbon dioxide carriage. They are immotile and serve their function only as the result of being passively circulated around the vascular system. The fraction of blood (by volume) occupied by erythrocytes is called the haematocrit and is in the range of 0.35 to 0.50 in adults.


• White blood cells (leucocytes) constitute an important part of the defence and immune systems of the body but undertake these functions mainly in the tissues; leucocytes in circulating blood are in transit or are simply waiting in reserve.


• Platelets (thrombocytes) are specialised cells which bind to and coat damaged vessel walls, plug small defects in blood vessel walls and help activate the blood-clotting cascade. They are essential for haemostasis, the system that controls bleeding.





In adults these cells are formed in the bone marrow, a process known as haemopoiesis or haematopoiesis.









Methods Used to Study Blood and Bone Marrow Cells


Blood cell numbers are now usually counted by sophisticated laboratory analysers. Blood cell morphology is examined by microscopy using cytological methods. A standard method is to place a drop of blood on a glass slide and spread (smear) it into a very thin layer one cell thick. This smear is then air dried, which results in the cells spreading like fried eggs, making the cells appear larger and giving a clear view into the thinned cytoplasm. These smears are alcohol fixed and stained with Romanowsky-type stains which use polychromatic dyes containing multiple molecular variants to give subtle complexity in the staining. These are the best stains for morphology of blood and bone marrow; common examples are Giemsa and Wright. Distinctive staining characteristics are easily identified and reflect the affinity of the various cellular organelles for different stain components:





• Basophilia (deep blue) - affinity for the basic dye methylene blue; DNA in nuclei and RNA in ribosomes.


• Azurophilia (purple) - affinity for azure dyes; typically lysosomes, one of the granule types in leucocytes.


• Eosinophilia (pink/red) - affinity for the acidic dye eosin, thus also described as acidophilia.


• Neutrophilia (salmon pink/lilac) - affinity for a dye once erroneously believed to be of neutral pH; characteristic of the specific cytoplasmic granules of neutrophil leucocytes.






Examination of haematopoietic bone marrow in adults involves sampling from the axial skeleton, usually the iliac crest in the pelvis, with an aspiration sample and often a bone core. Aspiration samples, but not usually bone cores, can also be obtained from the sternum. Aspirated tissue fragments are smeared and stained like blood. Larger tissue pieces and cores of bone are examined as histology preparations, often stained with haematoxylin and eosin (H&E).





Clinical use of blood tests


Laboratory analysis of many components of blood, including cells, salts, various proteins, hormones, etc., are a convenient way and are often the only way of examining many body functions. ‘Blood tests’ have a large role in diagnosis and management of disease. For example, increased enzymes in the blood, leaking from damaged heart muscle cells, can diagnose a myocardial infarct (heart attack).













White Cell Series


Five types of leucocytes are normally present in human blood and are classified into two groups:





Granulocytes





• Neutrophils


• Eosinophils


• Basophils






Mononuclear leucocytes





• Lymphocytes


• Monocytes














Granulocytes


Granulocyte types are named for the staining characteristics of their prominent type-specific cytoplasmic granules: neutrophil (lilac), eosinophil (red) and basophil (blue). Granulocytes have a single nucleus segmented into multiple lobes, assuming variable shapes that led to the use of the term polymorphonuclear leucocytes or polymorphs, mainly because early microscopists mistook the multi-lobed nuclei for multiple nuclei. The term polymorph is sometimes used as a synonym for granulocyte. To confound matters further, polymorph is often used specifically for neutrophils as they are the commonest granulocyte. Granulocytes are also referred to as myeloid cells due to their origin from bone marrow, but they are not the only white blood cells to be formed in bone marrow.


Granulocytes are important components of the innate (non-learned) defences against infection (see Ch. 11); however, this role usually takes place in the tissues, not in blood. All leucocytes carry surface proteins which can bind to receptors on the endothelial cells of blood vessels (see Ch. 8) and, via this binding, granulocytes actively adhere to vessel walls and then migrate into the tissues using pseudopodial movement.


With the exception of eosinophils entering intestinal mucosa, granulocytes do not normally enter tissues in any number; they just circulate. They enter tissues in response to chemotactic signals and due to changes in the expression of endothelial cell surface receptors, induced by mediators of acute inflammation.


Neutrophils are highly phagocytic. They engulf and kill microorganisms and ingest cell debris and particulate matter. These cells release multiple important pro-inflammatory chemical signals and regulators contributing to the overall inflammatory process. Granulocytes have a short ‘one-shot’ functional life; having left the circulation they die in the tissues and do not re-enter the blood.









Lymphocytes and monocytes


Lymphocytes and monocytes have non-lobulated nuclei and were described as mononuclear leucocytes by early microscopists to distinguish them from the polymorphs.


Lymphocytes play a key role in all immune responses, facilitating and regulating inflammation. In contrast to other leucocytes, their activity is directed toward specific foreign agents (antigens), providing a learned and targeted response, both antibody- and cell-mediated. Lymphocytes routinely traffic through tissues, then through lymphatics and lymph nodes and finally re-enter the circulation, providing routine surveillance against foreign antigens. They have an indefinite lifespan and are capable of proliferation.
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