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		 Preface

Jane Coad and Melvyn Dunstall


         


Many of the most magical aspects of physiology are associated with reproduction, from before conception, through fetal development and maternal responses to the growing fetus, to the signalling and progression of labour, continued development of the neonate, optimized by maternal behaviour and lactation and the mother's subsequent return to fertility. Reproductive physiology continues to be a fast-moving field as recent advances in fertility treatment, postnatal care of premature infants and the implications of HIV and other viral infections such as influenza make evident.


Midwives are expected to understand in depth the science underpinning midwifery practice but have often had little background in this exciting field. Midwives also often find themselves to be bombarded with questions from interested, fascinated, and increasingly well-informed prospective parents due to information availability via the Internet. This book aims to support students and practising midwives wanting more detailed scientific knowledge that can be applied within the practice setting.


The book provides a thorough review of anatomy and physiology applicable to midwifery from first principles through to current research. It acknowledges the importance of the research basis and aims to integrate theory and practice.


The chapters are organized such that learning objectives lead into the body of the chapter. Case studies provide the reader with the opportunity to reflect on the implications for practice. Wherever possible, information is provided as illustrations. At the end of each chapter, key points are provided and the applications of the scientific content to practice are summarized. Each chapter is comprehensively referenced and has a list of annotated recommendations for further reading.



Chapter 1 begins by introducing the reader to the basic unit of structure, the cell, and describes the relationship between cellular structure and function. It provides an introduction to the major tissue types and physiological systems found within the body and reviews the principles of regulation and maintenance of homeostatic systems.



Chapter 2 focuses on the reproductive and urinary systems of the human. The basic anatomy and physiology of the urinary system are explored in the first part of this chapter. The female reproductive tract and the organs associated with it are then described, relating both their structure and function specifically to childbirth. The last part of this chapter focuses on the male reproductive organs and the process of spermatogenesis.



Chapter 3 introduces the principles of endocrinology, laying the foundation for the understanding of changes that occur in pregnancy. It describes the different types of hormones, how and where they are produced, and their modes of action.



Chapter 4 covers the endocrine control and regulation of reproductive cycles. Ovarian function and follicular development lead on to gamete formation within the female and consideration is given as to why this is so dramatically different to spermatogenesis within the male. One of the essential roles of reproductive cycles is that the coordination of oogenesis and the cyclical changes within the endometrium occur to optimize fertilization and implantation. Thus the menstrual cycle is described in depth in this chapter. Some of the hormonal causes of infertility are discussed as is the endocrine manipulation to achieve contraception. The chapter concludes with a brief description of the physiological changes at puberty and menopause.



Chapter 5 integrates the concepts introduced in the first four chapters by focusing on how sexual differentiation is achieved and the biological basis for the differences in reproductive physiology and behaviour in women and men. This chapter leads on to the next two chapters. Chapter 6 describes how sexual bimorphism facilitates fertilization, very early development and implantation of the zygote and the maternal physiological responses that allow successful fertilization and implantation. The principles and techniques used in artificial fertilization are briefly described. Chapter 7 introduces the science of genetics, highlighting an essential component of the human reproductive strategy: that of how genetic mixing and thus variation within the species is achieved. An introduction to the aetiology and types of genetic disease and how these may be detected within the clinical situation are discussed. The basic concepts of genetic testing and screening are also included.



Chapter 8 presents the development and function of the placenta and its interaction with maternal physiology. It also discusses some of the causes and effects of placental pathology. Following this, Chapter 9 provides a comprehensive overview of the development of the embryo and its physiological systems. The factors that promote and influence fetal growth are also discussed in this chapter.



Chapter 10 brings the reader back to maternal physiology by introducing and giving an overview of immunological issues and principles related to pregnancy. The maternal acceptance of the fetus and its implications are discussed, as are the effects of pregnancy upon the maternal immune system. A section is included on the interaction of the maternal and fetal immune systems, using some clinical conditions as examples of these interactions. The neonate's vulnerability to infection is described in relation to midwifery care together with the principles of immunization. Finally, the specific effects of the human immunodeficiency virus (HIV) and the influenzia virus in pregnancy are considered.


One of the most striking aspects of reproductive physiology is the physiological changes that occur within the pregnant female. Chapter 11 explores why these changes occur and how they are orchestrated in order to facilitate an optimal outcome of pregnancy. These changes are related to how the woman experiences pregnancy and the signs, symptoms and discomforts she might encounter. Following on from this, Chapter 12 provides a brief overview of nutrition and nutritional requirements in pregnancy. This lays the basis for exploring how maternal nutrition and health can influence pregnancy outcomes not only for the mother but also for the fetus, both in utero and potentially throughout life.



Chapter 13 specifically explores the physiology of parturition and how the maternal physiology is altered to facilitate this. Current theories and evidence relating to the timing and initiation of labour in humans are discussed. An overview is provided of pain physiology related to labour and how this is affected by pain-relieving interventions. This chapter includes a section that explores the effects of labour upon the fetal physiology.


Following birth, the physiological changes that occur during pregnancy are dramatically and efficiently reversed and so the puerperium is the subject of Chapter 14. Alongside the maternal postnatal changes, the neonate has to quickly adapt to extrauterine life and so Chapter 15 focuses on the transition to neonatal life, including how these changes are assessed.


The final chapter, Chapter 16, highlights the physiology of lactation and how this meets the unique requirements of the neonate not only from a nutritional perspective but also from an immunological basis and a developmental basis. It is essential that midwives understand the physiological aspects of lactation in order to promote breastfeeding, as the evidence is overwhelming that successful breastfeeding can positively influence the health and well-being, both physically and mentally, of the infant for the rest of its life.


The demand for this book came primarily from our students, including preregistration students, midwives returning to practice and those following postregistration study. Enthusiastic questions, demands for explanation and an evident relish for understanding the theory related to practice stimulated the birth and continued development of the book resulting in this third edition. We hope that readers will continue to enquire about and enjoy this exciting field so that they can successfully utilize scientific knowledge in the ongoing development and promotion of effective midwifery practice.


		


  

		

     

       

     


       

		 Acknowledgements


It is now over a decade since we first began working on this book and, as in the previous editions, we would like, once again, to thank our patient families and friends who again provided us with the encouragement and support to complete the third edition of this book. We'd also like to thank all our colleagues at Massey University in New Zealand, Frimley Park Hospital NHS Foundation Trust and the Faculty of Health and Medical Sciences at the University of Surrey for their continued help, support and guidance in the development of this latest edition. Our midwifery and physiology students and other readers of the book have continued to ask questions and demand answers and their views and opinions have, once again, shaped the development of this latest edition and so we continue to be indebted to them all. Within the clinical situation, there is now an even greater need for evidence-based practice and students and practitioners demand a knowledge base that will support this. Finally, we continue to owe much to the production team at Elsevier, especially Mairi McCubbin, Fiona Conn and Cheryl Brant. We would like to thank them all for their help, guidance and continuing patience in supporting us complete the third edition.


		


  

		

     

       

     


       

		 Abbreviations


     


ABP 

androgen-binding protein






ACTH 

adrenocorticotrophic hormone (corticotrophin)






ADH 

antidiuretic hormone






AFP 

alpha-fetoprotein






AIDS 

acquired immune deficiency (immunodeficiency) syndrome






AMH 

anti Müllerian hormone, also known as Müllerian-inhibiting substance, MIS or Müllerian-inhibiting hormone, MIH






ANP 

atrial natriuretic peptide






APC 

antigen-presenting cell






ATP 

adenosine triphosphate






AV 

arteriovenous






AVN 

atrioventricular node






BAT 

brown adipose tissue






BMI 

body mass index






BMR 

basal metabolic rate






BPD 

biparietal diameter






CaH 

congenital adrenal hyperplasia






CAM 

calcium-binding protein (calmodulin)






cAMP 

cyclic adenosine monophosphate






CAP 

contraction-associated protein






CBP 

corticosteroid-binding protein






CCK 

cholecystokinin






CCT 

controlled cord traction






CD 

cluster of differentiation






CDH 

congenital dislocation of the hips






cGMP 

cyclic guanosine monophosphate






CMV 

cytomegalovirus






CNS 

central nervous system






CoA 

coenzyme A






COC 

combined oral contraceptive






COX 

cyclo-oxygenase






CRH 

corticotrophin-releasing hormone






CRH-BP 

corticotrophin-releasing hormone-binding protein






CRL 

crown–rump length






CSF 

cytostatic factor






CVS 

chorionic villus sampling






D&C 

dilatation and curettage






DHA 

docosahexaenoic acid






DHEAS 

dehydroepiandrosterone sulphate






5α-DHT 

5α-dihydrotestosterone






DIC 

disseminated intravascular coagulation






DIT 

diet-induced thermogenesis






DNA 

deoxyribonucleic acid






DVT 

deep vein thrombosis






E1 

oestrone






E2 

oestradiol-17β






E3 

oestriol






ECG 

electrocardiogram






ED 

erectile dysfunction






ED-PAF 

embryo-derived platelet-activating factor






EDRF 

endothelium-derived relaxing factor






EGF 

epidermal growth factor






ER 

endoplasmic reticulum






ERPC 

evacuation of retained products of conception






FBM 

fetal breathing movement






FGM 

female genital mutilation






FHR 

fetal heart rate






FHV 

fetal heart variability






FIL 

factor inhibitor of lactation






FISH 

fluorescent in situ hybridization






FPU 

fetal–placental unit






FSH 

follicle-stimulating hormone






GALT 

gut-associated lymphoid tissue






GFR 

glomerular filtration rate






GH 

growth hormone






GI 

glycaemic index






GIFT 

gamete intrafallopian transfer






GIP 

gastric inhibitory peptide






GL 

greatest length






GLUT 

glucose-transport protein






GM-CSF 

granulocyte–macrophage colony-stimulating factor






GnRH 

gonadotrophin-releasing hormone






GP 

general practitioner






Hb 

haemoglobin






hCG 

human chorionic gonadotrophin






HDL 

high-density lipoprotein






HDNB 

haemorrhagic disease of the newborn






HELLP 

haemolysis, elevated liver enzymes and low platelet counts






HFEA 

Human Fertilisation & Embryology Authority






HIV 

human immunodeficiency virus






HLA 

human leukocyte antigen






hMG 

human menopausal gonadotrophin






HPA 

hypothalamic–pituitary–adrenal






hPL 

human placental lactogen






HPV 

human papillomavirus






HRT 

hormone replacement therapy






ICSI 

intracytoplasmic sperm injection






IDDM 

insulin-dependent diabetes mellitus






Ig 

immunoglobulin






IGF 

insulin-like growth factor






IGF-BP 

insulin-like growth factor binding protein






IL 

interleukin






IU/i.u. 

international units






IUGR 

intrauterine growth retardation






IVF 

in vitro fertilization






kDa 

kilodalton






LBW 

low birth weight






LC-PUFA 

long-chain polyunsaturated fatty acid






LDL 

low-density lipoprotein






LH 

luteinizing hormone






LHRH 

luteinizing hormone releasing hormone






LIF 

leukaemia-inhibitory factor






LSCS 

lower-segment caesarean section






LUS 

lower uterine segment






MCV 

mean blood cell volume






MESA 

microepidermal sperm aspiration






MHC 

major histocompatibility complex






MIS 

Müllerian-inhibiting substance (also known as Müllerian-inhibiting hormone, MIH)






MLCK 

myosin light-chain kinase






mRNA 

messenger ribonucleic acid






MRSA 

methicillin-resistant Staphylococcus aureus







MSH 

melanocyte-stimulating hormone






MSU 

midstream specimen of urine






mtDNA 

mitochondrial DNA






NIDDM 

non-insulin-dependent diabetes mellitus






NK cell 

natural killer cell






NO 

nitric oxide






NPN 

non-protein nitrogen






NPU 

net protein utilization






NPY 

neuropeptide Y






NSAID 

non-steroidal anti-inflammatory drug






NSP 

non-starch polysaccharide






NST 

non-shivering thermogenesis






NT 

nuchal translucency






NTD 

neural tube defect






NVP 

nausea and vomiting in pregnancy






PE 

pulmonary embolism






PCOS 

polycystic ovary syndrome






PDE 

phosphodiesterase






PDZ 

partial zona dissection






PESA 

percutaneous epididymal sperm aspiration






PGC 

primordial germ cell






PGD 

preimplantation genetic diagnosis






PGH 

placental growth hormone






PGDH 

prostaglandin dehydrogenase






Pi 

inorganic phosphate






PID 

pelvic inflammatory disease






PKU 

phenylketonuria






PLA2 

phospholipase A2







PLC 

phospholipase C






PMDD 

premenstrual dysphoric disorder






PMS 

premenstrual syndrome






PPH 

postpartum haemorrhage






PRL 

prolactin






PROM 

premature rupture of the membranes






PSA 

prostate specific antigen






PUFA 

polyunsaturated fatty acid






RAS 

renin–angiotensin system






RDI 

recommended dietary intake






RDS 

respiratory distress syndrome






REM 

rapid eye movement






RER 

rough endoplasmic reticulum






RNA 

ribonucleic acid






rRNA 

ribosomal ribonucleic acid






RSA 

recurrent spontaneous abortion






SAN 

sinoatrial node






SER 

smooth endoplasmic reticulum






SGA 

small for gestational age






sIg 

surface immunoglobulin






SLE 

systemic lupus erythematosus






SNP 

single nucleotide polymorphism






SRY 

sex determining region on the Y chromosome






STD 

sexual transmitted disease






SUZI 

subzonal sperm injection






T3 

tri-iodothyronine






T4 

thyroxine






TB 

tuberculosis






TBG 

thyroxin-binding globulin






TBP 

thyroid-binding protein






TEF 

thermic effect of food






TENS 

transcutaneous electrical nerve stimulation






TGF 

transforming growth factor






Th cells 

T helper cells






TNF 

tumour necrosis factor






tRNA 

transfer ribonucleic acid






TSH 

thyroid-stimulating hormone






TxA2 

thromboxane A2







U-LGL 

uterine large granular leukocytes






UVR 

ultraviolet radiation






UTI 

urinary tract infection






VIP 

vasoactive intestinal peptide






VLDL 

very-low-density lipoprotein






WHI 

Women's Health Initiative (studies on HRT)






ZIFT 

zygote intrafallopian transfer






ZP 

zona pellucida








		


  

		

     

       

     


       

		 Chapter 1. Introduction to physiology

Learning objectives


• To describe the structure of a typical cell and the role of its organelles.


• To discuss how cell differentiation and organization permit physiological function.


• To recognize the features and characteristics of different tissue types that facilitate their function and characteristics.


• To describe the control of provision of oxygen and nutrients to cells and how the waste products of metabolism are excreted.


• To identify key features of physiological control mechanisms.


• To describe the principles and components of a homeostatic system.


• To review the physiological systems involved in maintaining homeostasis.


• To be able to explain basic physiology to women so that they are able to understand how pregnancy alters the way a woman's body functions in order to support her pregnancy and prepare her physiologically for nurturing her newborn infant.








  


     Introduction


Physiology is the biological science which explores how living organisms are able to function in order to survive and reproduce. Physiology investigates the relationship between the structure and function of body systems. The physiological systems are complex structures, which serve a particular function such as blood circulation or respiration. Organs are made up of cells organized into different tissue types such as nerve tissue or muscle tissue. The physiological systems communicate and interact with each other. A key concept of physiology is that life is only possible within some tightly regulated conditions such as temperature and ion concentration. Homeostasis describes an organism's ability to control its internal environment and maintain a stable condition; this allows the organisms to adjust to, and survive in, a broad range of environments. This book focuses on human reproductive function. This chapter aims to provide an illustrated introduction to, and an overview of, some of the basic physiological concepts referred to and developed in subsequent chapters, with specific references to reproduction. (For more details, readers are recommended to look at the list of further reading at the end of the chapter.)

     
Chapter case study





  

Zara is a 29-year-old primipara who presents herself at the midwife's clinic, which is held at her GP's surgery, giving a history of a positive pregnancy test.
• If Zara had accessed pre-conceptual care what advice do you think she should have been given in her preparation for pregnancy?


• What information would be available in Zara's medical records that would be useful to the midwife in her initial assessment of Zara's pregnancy?


• How could this information be used by the midwife to inform Zara of the physiological changes that have started to occur in her body?













     





     The cell


The cell is the fundamental unit of structure and function of all living organisms. The evolution of multicellular organisms has led to the differentiation of cells, which means that different cells have evolved to perform specific functions and processes that contribute to the well-being of the organism as a whole. Differentiated cells form tissues, which combine with other tissues to form organs, which are linked together in physiological systems (Fig. 1.1). However, although cells can be highly specialized, they all share common features of the single cellular organisms from which we evolved. A typical human cell is about 10 μm in diameter. The largest human cell is the oocyte (see Chapter 6); it can just be seen with the naked eye. The follicular cells surrounding the oocyte have a more typical human cell size. The sperm cell is one of the smallest human cells. Smaller cells and organelles can be visualized by light and electron microscopy.
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Fig. 1.1 
Physiological systems: levels of organization of cells, tissues, organs and physiological systems, using breast tissue as an example.











     Cell structure


Most cells contain cytoplasm and are bound by a plasma membrane. Within them are various structures, called organelles (see Table 1.1), and a specialized part of the cell, called the nucleus (Fig. 1.2). The fluid surrounding the organelles is called cytosol.



     

Table 1.1 Cell components




	Cell component
	Structure
	Function



	Cell membrane
	The cell membrane is composed of a phospholipid bilayer embedded with various protein structures such as hormone receptors, ion channels and antigen markers
	The membrane acts as a differential permeable membrane between the cell and its immediate environment



	The nucleus
	The nucleus is bound by a membrane, similar to the plasma membrane of the cell; this contains openings referred to as nuclear pores, which allow the movement of substances in and out of the nucleus
	The nucleus contains deoxyribonucleic acid (DNA), the genetic instruction for the organism. Most of the time, the DNA is organized as chromatin threads; these condense into chromosomes prior to cell division. The nucleus stores and replicates DNA, which is expressed to synthesize proteins via a second type of nucleic acid, ribonucleic acid (RNA). These proteins determine the structure and function of the cell



	Endoplasmic reticulum
	This is a system of membranes, enclosing a space, which is continuous with the nuclear membrane. Endoplasmic reticulum (ER) exists as rough (granular) endoplasmic reticulum (RER) and smooth (agranular) endoplasmic reticulum (SER)
	RER appears rough because of the attached ribosomes. RER is involved in protein packaging. SER is involved in lipid and steroid synthesis and the regulation of intracellular calcium levels



	Mitochondria
	Spherical or elongated rod-like structures surrounded by a folded inner membrane and a smooth outer membrane. There are more mitochondria in cells that are metabolically active and have a high energy requirement
	Chemical processes involved in the formation of adenosine triphosphate (ATP). The cristae (inner membrane folds) are the site of oxidative phosphorylation and the electron transfer chain of aerobic respiration. Krebs (tricarboxylic acid or TCA) cycle and the oxidation of fatty acids take place within the matrix. Mitochondria contain mitochondrial DNA, which is maternally inherited and contains the genes for mitochondrial proteins



	Golgi apparatus (complex)
	A series of flattened curved membranous sacs
	Modifies proteins from the RER and sorts them into secretory vesicles



	Lysosomes
	Spherical or oval organelles enclosed by a single membrane
	Enclose acidic fluid containing digestive enzymes which act as a ‘cellular stomach’ breaking down cellular debris



	Peroxisomes
	Similar structure to lysosomes
	Destroy reactive oxygen species and protect cell



	Cytoskeleton
	Filamentous network
	Involved in maintaining cell shape and motility
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Fig. 1.2 
A typical cell.















     Cells and tissues


Although about 200 types of cells with different structures can be identified within the body, cells can be grouped together in functional categories (Table 1.2). The study of the physical characteristics of cells is called histology (see Box 1.1). There are four types of tissue: epithelial tissue, muscle, connective tissue and neural tissue.



     

Table 1.2 Functional classification of cells




	Cell group
	Epithelial cells
	Support cells
	Contractile cells
	Nerve cells
	Germ cells
	Blood cells
	Immune cells
	Hormone-secreting cells



	Example
	Lining gut and blood vessels Covering skin
	Fibrous support tissue, cartilage, bone
	Muscle
	Brain
	Spermatozoa Ova
	Circulating 
1. red cells


2. white cells


3. platelets





	Lymphoid tissues, nodes and spleen
	Islets, thyroid adrenal



	Function
	Barrier; absorption; secretion
	Organize and maintain body structure
	Movement
	Direct cell communication
	Reproduction
	
1. Oxygen transport


2. Defence




	Defence
	Indirect cell communication



	Special features
	Tightly bound together by cell junctions
	Produce and interact with extracellular matrix material
	Contractile proteins
	Release chemical messengers directly on to other cells
	Haploid (i.e. half-normal chromosome number)
	
1. Proteins bind oxygen


2. Proteins destroy bacteria


3. Blood clotting




	Recognize and destroy foreign material
	Secrete chemical messengers into blood








     
Box 1.1 
Histology



  

The study of tissue structure is described as histology. The functions of tissues are reflected in the microscopic structure of the cells of which the tissue is composed. For example, cells that are metabolically active contain many mitochondria, whereas cells that produce hormones or enzymes, for instance, will contain a large proportion of ER. Specific tissues and cellular structures are often identified by the application of various chemicals that stain particular tissues. Histology is important in diagnosing cancer, as the cancerous tissue often has histological characteristics different from those of the tissue in which the cancer has developed. Malignant cancerous tumours have highly differentiated cells, which means they often appear different from the normal tissue cells from which they arose; they often have a simpler structure and are usually prolific in their division rate. These cells are less likely to adhere to neighbouring cells as normal cells do, so they are shed into the circulatory system and carried to other parts of the body where they seed more tumours (secondary tumours or metastases). Benign tumours usually have undifferentiated cells, which may closely resemble the cells of the tissue from which they arose and tend only to grow in the one position. Although cancers in pregnancy are rare, many cancerous cells may respond to oestrogen (sometimes referred to as oestrogen dependent); therefore, cancer growth during pregnancy can be quite rapid.









     Epithelial tissue


Epithelial cells line the internal and external surfaces of body organs (Fig. 1.3), forming the outer layer of the skin, the mucous membranes, the lining of the lungs, gut, reproductive and urinary tracts, and also the endocrine and exocrine glands. Epithelial cells are often ‘polarized’ and have different characteristics on their apical (top) surface and their basal surface (which is in contact with the basement membrane). Epithelial cells are relatively undifferentiated and tend to undergo frequent mitotic divisions (see Chapter 7). This is because they are often exposed to wear and tear and so replacement epithelial cells are generated from a basal layer where cell division takes place. Epithelial cells form a barrier, which allows secretion and absorption of substances from one compartment to another. The skin is a specialized epithelial layer. The basal layer produces cells that are enriched with the protein keratin. The outer layers of skin cells are dead and so lack cytoplasm; it is these keratinized dead cells that provide the barrier function of the skin. Epithelial cells are classified by shape (cuboidal or columnar) and the number of layers. If there is a single layer of cells, the epithelium is described as simple; if there is more than one layer of cells (such as skin), it is stratified. Pseudostratified cells are a single layer of cells that appear to consist of more than one layer. Glands are derived from epithelial tissue.
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Fig. 1.3 
Types of epithelial cell: (A) squamous epithelium provides a smooth lining of blood vessels (endothelium, alveoli of lung and glomeruli of kidney); (B) cuboidal epithelium is often found on absorptive surfaces such as in kidney tubules; (C) columnar epithelium is often associated with secretory and absorptive tissues and may have microvilli, as in the gut; it may also be ciliated, as in the upper airways.

(Reproduced with permission from Brooker, 1998.)











     Muscle tissue


Muscle cells contain contractile elements, so the cells can generate the mechanical force required for movement of the body or substances within the body (Fig. 1.4) or change shape and size. Muscle tissue is formed from the mesodermal layer of the embryo (see Chapter 9). There are three types of muscle tissue: skeletal, cardiac and smooth muscle. Skeletal muscle may be attached to bones and controls movement of the skeleton. Skeletal muscle can also be attached to the skin, for instance the muscles of the face involved with expression. Contraction of skeletal muscle is usually under voluntary or conscious control. Skeletal muscle is often described as ‘striated’ because of the striped appearance of the sarcomeres of the muscle observed under the light microscope. Skeletal muscle fibres can be subdivided into slow and fast twitch fibres. Fast twitch fibres contract more strongly but they tire easily, whereas slow twitch fibres can contract for prolonged periods.
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Fig. 1.4 
Muscle: (A) skeletal muscle; (B) smooth muscle; (C) cardiac muscle.

(Adapted with permission from Brooker, 1998.)








Cardiac muscle is only found in the heart; it has some structural similarity with skeletal muscle. Smooth muscle and cardiac muscle are usually under involuntary control (meaning there is no conscious awareness of the control). Smooth muscle surrounds many of the ‘tubes’ in the body, maintaining the function of several body systems. Smooth muscle cells are linked by gap junctions, and muscle contraction is relatively slow. Blood pressure is maintained by the contraction of a smooth muscle layer in the walls of the blood vessels. If the smooth muscle constricts, described as ‘vasoconstriction’, the internal lumen of the vessel will decrease and blood pressure will increase. ‘Vasodilatation’ is the opposite condition: the smooth muscle relaxes and the lumen diameter increases, so blood pressure falls. Organized synchronized waves of smooth muscle contraction, for instance in the gut, renal system and uterine tubes, generate peristaltic waves; these produce unidirectional movement of the contents within the lumen of the tube (Fig. 1.5).



     
	[image: B9780702034893000186/f01-05-9780702034893.jpg is missing]


	
Fig. 1.5 
Peristaltic waves: peristalsis is achieved through the interaction of both longitudinal and circular smooth muscle fibres found in vessels with patent lumen. The peristaltic waves are responsible for (usually) unidirectional movement of the contents within the lumen.

(Reproduced with permission from Brooker, 1998.)











     Connective tissue


Connective tissue functions to connect, anchor and support body structures (Fig. 1.6). Connective tissue cells often produce an extracellular matrix composed of proteins in a ground substance of sugars, proteins and minerals. Bone is a type of connective tissue, whereas collagen is an example of an extracellular matrix. Adipose tissue is composed of specialized cells that store fat for future energy requirements and have an endocrine role. Adipose tissue also acts as an insulating layer to conserve body heat loss and so contributes to the maintenance of the homeothermic status of the organism. Fibrous tissue is an example of dense connective tissue. It is a tough tissue that forms ligaments, tendons and protective membranes.
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Fig. 1.6 
Connective tissue: (A) adipose tissue; (B) fibrous tissue; (C) compact bone.

(Reproduced with permission from Brooker, 1998.)











     Neural tissue


Neurons are cells that are specialized to initiate and conduct electrical signals (Fig. 1.7). Neurons require the presence of glial cells for nourishment and support; glial cells are also involved in the propagation of the electrical impulses in the neurons. As neurons are so highly specialized, they do not usually undergo further mitotic divisions once developed. Therefore, in the fetal and early neonatal period, the number of neurons produced far exceeds the level required for normal neurological function. To survive and function, neurons need regular stimulation. Throughout life, millions of neurons become dysfunctional and die.
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Fig. 1.7 
Types of neuron: (A) bipolar; (B) unipolar; (C) multipolar.















     The structural organization of the body


The body's organization can be understood by considering each component organ system separately (see below). However, these systems all work together, as a whole. Together the systems provide nutrients and oxygen for the cells and the excretion of waste products (Fig. 1.8). Movement is controlled and the temperature is maintained. Survival until reproductive function is completed has allowed the species to multiply. Cells are bathed in extracellular fluid, which can be differentiated into the interstitial fluid surrounding the tissue cells and the plasma within the blood vessels.
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Fig. 1.8 
Organization of the body.











     Homeostasis


Homeostasis is the term used to describe the processes of the various physiological systems that maintain the constancy of the internal environment. Multicellular animals are able to maintain an internal stability that is essential for the optimal functioning of all body systems, whereas simple unicellular organisms tend to inhabit stable environments or have adapted to overcome fluctuations in the environment, for instance by forming spores during dry periods. Unicellular organisms rely on basic nutrients being present in the environment to allow cell growth and reproduction.


The evolution of multicellular organisms and the development of motility meant that these animals were able to move within the environment to seek out the conditions that suited them best and so optimize their ability to reproduce. Mammals have developed homeostasis to a high degree. Motility, together with the homeostatic challenge of counteracting fluctuations in the external environment, places a huge energy burden upon these individuals. This increased energy requirement is above the basal metabolic rate, which is the rate of energy required to maintain essential functioning only.


Homeostasis can be considered to have three main components:
• chemostasis: the maintenance of electrolytes and pH balance


• haemostasis: the maintenance of an adequate circulatory system facilitating the passage of nutrients and oxygen into and waste products out of the organism


• thermostasis: the maintenance of a constant internal temperature.







Homeostasis is regulated by the nervous system, the endocrine system and behavioural factors that are dependent on conscious or subconscious action by the organism. A homeostatic control system requires monitoring a variable, detecting changes and generating responses which will restore the composition of the internal environment (Fig. 1.9). (This type of system, involving a process called negative feedback, is dealt with in more detail under Hormonal regulation in Chapter 3, p. 64.)
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Fig. 1.9 
The principles of homeostasis.













     Thermoregulation


Temperature regulation is one example of homeostasis (Fig. 1.10). Enzymes regulating biochemical changes, and physiological and metabolic functions, have optimal activity within a narrow temperature range. Outside this physiological temperature range, the protein structure of the enzyme begins to denature, so the configuration (shape) of the enzyme distorts, which affects its functional activity. A warm-blooded (homeothermic) animal is well prepared to react quickly and efficiently to changes within the environment, unlike a cold-blooded (poikilothermic) animal, which depends upon the ambient temperature of the environment.
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Fig. 1.10 
Temperature regulation: a homeostatic system in operation.













     The nervous system


The nervous system coordinates body functions. It monitors physiological processes by processing input from the senses, integrating them and initiating responses or motor output. The nervous system is an organization of millions of neurons, or nerve cells, and glial cells, which support and regulate the composition of the nervous system. It is composed of the brain, the spinal cord (in the centre of the vertebral column) and the neurons throughout the body. The skull and the vertebral column protect the brain and the spinal cord. The brain and spinal cord form the central nervous system (CNS) and the remainder is the peripheral nervous system (Fig. 1.11). Neurons usually consist of a cell body and dendrites (extensions) and an axon or nerve fibre, which carries information from the cell body to or from the CNS. They are of different sizes; some neurons have axon projections over 1 m in length. A nerve is a collection of axons running alongside each other over the same distance. A ganglion is a collection of cell bodies of neurons within the peripheral nervous system. Ganglions are located in dorsal (back) or ventral (front) branches of the spinal cord. The spinal cord and spinal nerves are organized on a segmental basis; this corresponds to the embryonic origin of the dermatomes (see Chapter 9). Cranial nerves carry information between the brain and regions of the head. Neurons that carry information towards the brain, entering the dorsal roots of the spinal cord, are sensory or afferent neurons. Neurons carrying information from the CNS to the skeletal muscles, and leaving the spinal cord at the ventral roots, are motor or efferent neurons (Fig. 1.12). Neurons that carry information between a sensory neuron and the CNS (or between the CNS and a motor neuron) are known as interneurons.
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Fig. 1.11 
Organization of the nervous system.
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Fig. 1.12 
Afferent and efferent neurons.











     The action potential


Neurons carry information or nerve impulses by changing the electrical charge along their axon length so the transmembrane polarity changes rapidly from negative to positive and back. This change in electrical charge is termed an ‘action potential’. When the impulse reaches the axon, specific channels known as ‘sodium gates’ open, allowing the movement of extracellular sodium ions across the concentration gradient into the axon. As the sodium ions carry a positive charge, the immediate local area around the sodium gate inside of the axon becomes electrically positive compared with the immediate area outside and so the membrane becomes temporarily depolarized. At the height of the action potential (about 1 ms) the sodium channels close and the membrane becomes leaky to potassium ions; these move out of the axon down the electrochemical gradient. The result is restoration of the membrane potential, described as ‘repolarization’. That segment of the axon then enters a refractory period when no further action potential can be produced. However, depolarization in one small segment of the neuron leads to depolarization in the next segment; the rapid movement of the altered electrical activity is therefore propagated along the length of the neuron.


The action potential moves along the axon. The information detected at the periphery triggers activity at the neuron receptor and the action potential travels along the axon to the synapse, a junction with another neuron. There is a gap between two neurons at the synapse. Information transmission across this gap is by chemicals called neurotransmitters. These are released from the first neuron, travel across the synapse and trigger an action potential in the second neuron. The connection between a stimulating neuron and a muscle is called a neuromuscular junction. Action potentials move faster in axons of greater diameter, and if the axon is insulated by a myelin sheath. Myelin sheaths surround the nerve for short lengths punctuated by the nodes of Ranvier. Action potentials in myelinated nerves are not propagated as waves but move by saltatory conduction whereby they ‘hop’ along the nerve in a fast and efficient manner. Multiple sclerosis is due to breakdown of the myelin sheath, limiting the normal conduction of action potentials along nerves.





     The somatic and autonomic nervous systems


The somatic nervous system controls muscles that change position. These muscles are called skeletal or voluntary muscles as they are controlled voluntarily, whereas smooth muscle and cardiac muscle are controlled involuntarily by the autonomic nervous system (ANS). The ANS controls the internal functions of the body such as circulation, respiration, digestion and metabolism.


Traditionally, the ANS has been divided into the sympathetic and parasympathetic systems (Table 1.3); these two branches of the ANS are described as working in tandem, either synergistically or antagonistically. The sympathetic nervous system controls the responses and provision of energy required for stressful situations; it is often known as the fear–fight–flight system. Effects of the sympathetic system include increased heart rate and blood pressure, pupillary and bronchial dilation, increased skeletal muscle blood flow (at the expense of blood flow to other tissues), increased glycogenolysis and lipolysis to increase energy provision and other responses that facilitate fight or escape and heightened awareness to threatening situations. The sympathetic system operates in conjunction with the endocrine system, facilitating the release of adrenaline, which augments the manifesting fear–fight–flight reflexes. Conversely, the parasympathetic branch of the ANS is more influential in periods of rest and inactivity and favours rest, increased digestive activity and restoration. Effects of parasympathetic nervous activity include increased blood flow to the gut and skin, stimulated salivary gland secretion and peristalsis, and slowing of the heart rate. In the ANS, two neurons carry information from the CNS to the target organ; these are described as autonomic ganglia. There is a further division of the ANS called the enteric nervous system, which affects smooth muscle and secretion in the gut.



     

Table 1.3 The autonomic nervous system




	
	Sympathetic division
	Parasympathetic division



	Characteristics
	Preganglionic outflow originates in thoracolumbar portion of spinal cord
	Preganglionic outflow originates in midbrain, hindbrain and sacral portions of spinal cord



	Chain of ganglia
	Terminal ganglia near or in effector organs



	Postganglionic fibres distributed throughout body
	Postganglionic fibres mainly associated with head and viscera



	Divergence of pathways, so system as a whole is usually stimulated.
	Little divergence, so limited parts of the system are stimulated



	‘Fear, fight and flight’
	‘Resting and digesting’



	Examples of effect
	Eye: dilation of pupil
	Eye: constriction of pupil



	Cardiovascular system: increased heart rate and increased strength of myocardial contraction, vasoconstriction of peripheral vessels and increased blood pressure
	Cardiovascular system: decreased heart rate and vasodilation of peripheral vessels and decreased blood pressure



	Lungs: dilation of bronchioles
	Lungs: constriction of bronchioles



	Bladder: increased muscle tone
	Bladder: increased contraction



	Uterus: contraction in pregnant woman; relaxation in non-pregnant woman
	



	Penis: ejaculation
	Penis: vasodilation and erection











     The brain


The brain is the centre of the nervous system; it is the most complex organ and is not fully understood. The vertebrate brain develops from three anterior bulges of the neural tube (see Chapter 9), which are the brain stem, the cerebellum and the cerebrum. The brain stem is formed of the medulla oblongata (which controls autonomic functions), the pons (which relays information to and from the higher centres of the brain) and the midbrain (which integrates sensory information). The brain stem is an evolutionarily older structure which regulates essential automatic and integrative functions; it is often called the ‘lower brain’ and is particularly important in maintaining homeostasis, coordinating movement. The cerebellum coordinates and error-checks motor activities and perceptual and cognitive factors.


The most highly evolved structure of the brain is the cerebrum. The outer layer of the brain is the grey matter of the cerebral cortex, which is divided into the left and right hemisphere (Fig. 1.13). The fibres that connect these hemispheres are the corpus callosum, the largest white matter structure. Different regions of the cortex are associated with different functions; they can be illustrated in a figure known as the ‘sensory homunculus’ (Fig. 1.14). The reticular formation acts as a sensory filter and is concerned with states of waking and alertness. The hypothalamus is involved in motivation and regulation and integration of many metabolic and autonomic processes. The hypothalamus controls body temperature, hunger and thirst, and circadian cycles and links the nervous and endocrine systems. The cerebellum is mainly concerned with coordination of movement and repetitive performance of previously learned tasks.
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Fig. 1.13 
The brain: an overview of some of the functional areas.
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Fig. 1.14 
The ‘homunculus’: a representation of the (A) motor and (B) sensory areas of the brain illustrating the proportion of brain tissue dedicated to these areas.

(Reproduced with permission from Brooker, 1998.)













     The digestive system


As animals grew larger, they could not rely upon obtaining nutrients through diffusion and random contact with the environment; they became hunters and grazers. As they evolved, they became able to feed intermittently. They could do this because they had developed the ability to digest (break down) large organic macromolecules into smaller molecules through the action of digestive enzymes. They were able to store and digest food slowly. Mechanisms for food storage, such as the deposition of fat within adipose tissue, enabled periods of food shortage to be overcome. The ability to synthesize new tissue with energy expenditure is termed anabolism. When tissue is broken down there is a reverse process termed catabolism; this usually results in the production of energy and waste products, which require excretion.


The gastrointestinal tract, or gut, is a long tube that runs from mouth to anus (Table 1.4) in which food is digested and absorbed, to extract energy and nutrients; the remaining waste is expelled. Food enters the mouth; here it is masticated (mechanically broken down, thus increasing its surface area) and lubricated and enzymes are added before it is passed through the oesophagus to the stomach. The stomach is a bag-like swollen structure where the first major digestive processes occur. Hydrochloric acid secreted into the stomach maintains a pH of about 2; this has an important role in destroying microorganisms. There is some protein breakdown in the stomach and the food is mixed well. The mixed food, or chyme, then moves into the duodenum where most of the digestion and absorption take place. Digestive enzymes and bicarbonate ions (which neutralize the acidic pH) are produced from the pancreatic exocrine tissue and secreted into the duodenum. Bile salt secretion is important for the digestion of fats. The small intestine is a major site of absorption and has a very large surface area provided by finger-like projections called villi (Fig. 1.15). Tiny projections or microvilli on the surface of the individual epithelial cells further increase the surface area. The net result is a surface area of about 300 m2. The epithelial cells lining the absorptive surfaces of the gastrointestinal system have membrane-bound enzymes, for further digestion of the food molecules, and specific transport mechanisms for absorbing different molecules into the bloodstream.



     

Table 1.4 The digestive system




	Region of gastrointestinal system
	Main digestive events



	Mouth
	
• Taste


• Mechanical digestion (chewing, mastication)


• Food moistened and lubricated, to facilitate passage down oesophagus


• Starch digestion (amylase)







	Oesophagus
	
• Peristalsis enables transfer of food bolus to stomach


• Buccal amylase activity continues







	Stomach
	
• Stores, mixes, dissolves, releases food


• Hydrochloric acid (HCl)
– lowers pH to 2


– kills microbes


– denatures proteins


– converts pepsinogen to pepsin







• Mucus: protects gastric lining


• Pepsin: protein digestion







	Pancreas
	
• Enzyme production: digestion


• Bicarbonate: neutralizes pH







	Liver
	• Bile production






	Gall bladder
	• Bile concentration and coordinated release facilitating emulsification of fats






	Small intestine
	• Digestion and absorption of most nutrients






	Large intestine
	
• Passage of undigested matter


• Absorption of water and vitamins


• Provides environment for commensal symbiotic bacteria







	Rectum
	
• Storage of undigested matter


• Defecation
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Fig. 1.15 
Structure of the small intestinal villi: (A) transverse section through the intestinal wall; (B) a villus; (C) details of the epithelium.

(Reproduced with permission from Saffrey and Stewart, 1997.)








Cells of the mucosa that lines the gut have a very rapid turnover; the entire cell lining is renewed every 4 or 5 days. Therefore, agents that inhibit cell division such as radiation and chemotherapy drugs compromise the epithelium and total surface area. The absorbed nutrients pass from the capillaries of the small intestine into the hepatic portal vein and the liver. The wall of the gut is lined with smooth muscle, which undergoes synchronous contraction, generating waves of peristaltic movement propelling the food along the gut. The control of the smooth muscle is via the enteric nervous system.


The large intestine is important in the maintenance of fluid and iron balance and the absorption of vitamins. It is colonized and inhabited by bacteria, many of which synthesize vitamins, including vitamin B12, vitamin K, thiamin and riboflavin, which can be absorbed across the gut wall. Motility of food through the gut is increased if there are more undigested non-starch polysaccharides (fibre) present. Some breakdown of these polysaccharides occurs by bacterial action, which can produce gas (flatus): nitrogen, carbon dioxide, hydrogen, methane and hydrogen sulphide.


Secretion and motility of the gut are controlled by nervous stimulation (Fig. 1.16). There are three phases or stages of nervous control. The cephalic phase is stimulated by the smell, taste and sight of food, which increase motility and hydrochloric acid secretion. When food reaches the stomach it causes distension, increased acidity and increased peptide formation, which stimulate the gastric phase of control. The hormone gastrin is released, which stimulates secretion of acid and affects the lower regions of the gut. The third phase of control is the intestinal phase, which is stimulated by food within the intestine. The intestinal phase causes the reflex inhibition of gastric secretion.
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Fig. 1.16 
Phases of hormonal control of the stomach and associated organs.










The digestive system interacts with the immune system; effectively, the lining of the digestive system is an exterior surface of the body in contact with potentially pathogenic microorganisms. Most of the body's immune cells (about 70%) are located at the digestive system mucosal interface as individual cells and forming the gut-associated lymphoid tissue (GALT) which surveys and protects the digestive system. In addition, the digestive system provides the habitat for trillions of microorganisms (1013–1014 microbes, about 10–100 times the total number of human cells, with a biomass of at least 1 kg). Most of these microorganisms reside in the colon and provide a repository of functional genes that make a significant contribution to host processes such as protecting against pathogens, interacting with the immune system, promoting gut development and synthesizing essential nutrients such as vitamins.





     The respiratory system


Respiration is the exchange of gases between the environment and the body. Respiration is essential for the functioning of all living organisms. There are two types: aerobic and anaerobic. In aerobic respiration, organic molecules from ingested food are oxidized to produce energy (Fig. 1.17). Anaerobic respiration is when energy is produced in the absence of oxygen. This form of respiration is relatively inefficient compared with aerobic respiration.
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Fig. 1.17 
A summary of metabolism: substrate molecules (such as glucose from food) are oxidized (using respiratory oxygen), producing carbon dioxide (expired) and energy in the form of ATP.










Anaerobic respiration is common among single-celled organisms. Large animals, such as humans, can produce some energy anaerobically, for instance in times of acute stress and rapid muscle activity when oxygen demand exceeds oxygen provision. However, anaerobic respiration results in the rapid accumulation of toxic metabolites. In simple organisms, these may simply diffuse out of the cell into the environment, but for large animals this rapid excretion cannot be achieved and so anaerobic processes are self-limiting. Asphyxia is the term that describes irreversible damage to cells due to the build-up of these toxins (see Box 15.1 for a description of ‘Fetal asphyxia’).


Aerobic respiration is an extension of anaerobic respiration. The metabolites, produced under anaerobic processes such as glycolysis, are further broken down producing carbon dioxide, water and significantly more energy. Aerobic respiration requires the presence of oxygen and mitochondria, the sites of the enzymes involved in these biochemical pathways. Cells require a continuous source of oxygen for metabolism.


The respiratory system consists of the lungs, the branching airways, the gaseous exchange membranes, the rib cage and respiratory muscles. Ventilation is the mechanical activity that moves gases in and out of the lungs; the movements of the intercostal muscles and diaphragm allow filling and emptying of the lungs (Fig. 1.18). An adult at rest will inspire about 250 mL of oxygen and expire about 200 mL of carbon dioxide every minute. The respiratory tract provides a very large surface area that, while optimizing gas exchange, is vulnerable as it is constantly exposed to microorganisms. An important function of the respiratory system is to defend itself and prevent pathogens gaining access to the body.
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Fig. 1.18 
The respiratory system.










Gas exchange occurs across the capillary membranes of the alveoli, which are very thin and therefore have a very low diffusion distance. Oxygen from the inspired air diffuses into the capillaries where it binds temporarily to haemoglobin in the red blood cells. The binding of oxygen and haemoglobin can be described by the oxygen–haemoglobin dissociation curve (Fig. 1.19). Haemoglobin has a high affinity for oxygen at higher concentrations and its binding sites are saturated with oxygen in the alveoli. At low concentrations of oxygen, haemoglobin has a low affinity for oxygen so it releases oxygen at the tissues. Binding of oxygen to haemoglobin is altered by carbon dioxide, pH, temperature and the glycolytic intermediate 2,3-bisphosphoglycerate (also known as 2,3-diphosphoglycerate). These alter the shape of the haemoglobin molecule, which affects its oxygen-binding sites. Substances that reduce haemoglobin–oxygen affinity increase the release of oxygen (so the curve is shifted towards the right).
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Fig. 1.19 
The oxygen–haemoglobin dissociation curve.

(Reproduced with permission from Brooker, 1998.)








Carbon dioxide diffuses from the tissues into the capillaries. It is taken up by the red blood cells where it reacts with water to form carbonic acid. This reaction is catalyzed by the enzyme carbonic anhydrase in the red blood cell. Carbonic acid is unstable and dissociates to bicarbonate and hydrogen ions (Fig. 1.20); the bicarbonate diffuses out of the red blood cell into the plasma.
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Fig. 1.20 
Carbon dioxide transport.

(Reproduced with permission from Brooker, 1998.)








The respiratory control centre, in the medulla oblongata of the brain stem, affects the activity of the inspiratory and expiratory neurons that control the respiratory muscles, which contract to allow inspiration and expiration. The respiratory centre receives information from stretch receptors in the lungs and from the peripheral and central chemoreceptors that monitor the pH and oxygen content of the blood (Fig. 1.21).
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Fig. 1.21 
Chemoreceptor control of respiration: the regulation of ventilation is achieved via peripheral and central chemoreceptors, which sample the blood, and then via a neuronal pathway influencing the rate and depth of breathing. CSF, cerebrospinal fluid.










There is homeostatic regulation of acid–base balance to maintain pH within narrow parameters at around 7.3 (Fig. 1.22). This regulation involves both the respiratory and the renal systems (see Chapter 2).
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Fig. 1.22 
Acid–base balance.













     The cardiovascular system


The cardiovascular system includes the heart, the blood vessels and the blood. The blood is pumped around a network of blood vessels (Fig. 1.23). Arteries transport blood away from the heart and have thick muscular walls. Veins carry blood towards the heart; they function as a capacitance system. Capillaries link the arterial and venous systems and allow exchange of substances between the blood and the tissues.
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Fig. 1.23 
Blood vessels: the major role of arteries is in the generation of elastic recoil, which propels the blood around the body. The capillaries are involved in gas exchange and the veins act as capacitance vessels returning blood to the heart.










The heart functions as a double pump, pumping blood to the tissues of the body and the lungs (Fig. 1.24). Blood from the right side of the heart enters the pulmonary circulation to the capillaries surrounding the alveoli of the lungs where the blood is oxygenated. Oxygenated blood returns to the left side of the heart in the pulmonary veins. The oxygenated blood is then pumped from the left side of the heart around the body. The pulmonary circulation takes blood from the right side of the heart, to the lungs, and back to the left side of the heart. The systemic circulation is the circulation of blood around the body from the left side of the heart to the tissues and back to the right side of the heart. There are two circulatory routes which do not fit the general pattern of double circulation. The portal blood blow from the hypothalamus to the anterior pituitary gland (see Chapter 3) is one of these. The other is associated with the gut. The deoxygenated blood from the digestive system drains into the portal vein which goes to the liver, allowing the liver to take up absorbed nutrients (and neutralize any absorbed toxins). From the liver, blood drains to the hepatic portal veins into the inferior vena cava and from there to the heart.
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Fig. 1.24 
Interior of the heart to show layers, chambers and valves.

(Reproduced with permission from Brooker, 1998.)








The coronary circulation is the circulation of blood within the vessels of the heart. Blood flow to the brain is via a circular arrangement of vessels (the circle of Willis); this ensures that there will always be sufficient oxygen and nutrients, albeit at the expense of other parts of the body when the circulatory system is under stress. The blood–brain barrier protects the brain against the entry of some harmful substances, such as toxins.


The adult heart beats about 70 times a minute at rest, forcing blood from the ventricles into the pulmonary artery and the aorta. The increased volume of blood entering the blood system causes a fluctuating increase in blood pressure. Blood pressure can be measured using a sphygmomanometer to record pressure within an artery and a stethoscope to hear the turbulence of blood within the blood vessels (Fig. 1.25). The amount of blood that leaves the heart per minute is described as the cardiac output. This is the volume of blood ejected from the ventricles each time the heart beats multiplied by the number of beats per minute (Fig. 1.26). The amount of oxygen that reaches the cells of the tissue depends on the proportion of the cardiac output the tissue receives.
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Fig. 1.25 
Blood pressure measurement.

(Reproduced with permission from Brooker, 1998.)
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Fig. 1.26 
Cardiac output.










The heart's internal pacemaker, the sinoatrial node (SAN), sets the heart rate. The SAN spontaneously depolarizes and triggers a wave of electrical activity, which stimulates the heart muscle to contract (Fig. 1.27). The SAN is innervated by both parasympathetic and sympathetic nerves. Receptors throughout the body respond to changes in blood pressure and respiratory gas level. These baroreceptors and chemoreceptors transmit information to afferent nerves in the medulla of the brain (the brain stem) that control efferent nerves to the heart, lungs and blood vessels (Fig. 1.28).
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Fig. 1.27 
Sinoatrial node (SAN) depolarization: the conduction pathway of the heart enables the organ's coordinated and rhythmic beating.
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Fig. 1.28 
Regulation of blood pressure.










The total capacity of blood vessels in the body exceeds the volume of the blood. To maintain homeostasis and tissue requirements, the cardiovascular system is carefully regulated to ensure optimal oxygenation of the tissues. The control of blood flow is regulated by alteration of the diameter of the blood vessels, which changes peripheral resistance. The diameter of the blood vessels is altered by the activity of sympathetic nerves that innervate the smooth muscle in the vessel walls. Increased sympathetic activity, or increased adrenergic stimulation, increases vasoconstriction, reducing blood flow and increasing peripheral resistance. Decreased sympathetic activity causes vasodilation, which increases blood flow and reduces peripheral resistance. Blood vessel diameter is also controlled locally by tissue metabolites. This autoregulation increases blood flow to metabolically active tissues.



     Blood


Blood is a suspension of cells in plasma (see Table 1.2). Blood cells are all derived from stem cells in the bone marrow. The majority (>99%) of cells are red blood cells (or erythrocytes). Red blood cells contain haemoglobin, which binds to oxygen. Iron, folic acid and vitamin B12 are required for the production of erythrocytes. The kidneys produce a hormone, erythropoietin, in response to low oxygen levels, which stimulates an increase in the production of red blood cells from the bone marrow. Leukocytes, or white blood cells, include polymorphonuclear granulocytes (neutrophils, eosinophils and basophils) and the agranular monocytes and lymphocytes. The role of white blood cells is the defence of the body (see Chapter 10). Platelets are cellular fragments of megakaryocytes, which are an essential component of the blood-clotting mechanism (Fig. 1.29). Plasma contains proteins (albumin, globulins and some clotting factors, such as fibrinogen), nutrients, hormones, waste products and ions.
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Fig. 1.29 
Haemostasis: the blood coagulation cascade.













     The lymphatic system


The lymphatic system is part of the circulatory system and consists of a network of thin branching vessels, lymph nodes and lymphatic fluid (Fig. 1.30). It collects the interstitial fluid from cells and returns it to the blood. Lymph vessels have one-way valves like veins and depend on the movement of skeletal muscle to propel the fluid which moves slowly under low pressure. The lymphatic system transports lymphocytes and is important in defending the body against microorganisms (see Chapter 10). Lymph nodes in the lymphatic system are lymphocyte-filled and act as collecting filters for viruses and bacteria which are then destroyed. Lymphatic vessels are present in the lining of the digestive tract and transport digested lipids to the thoracic duct and into the venous circulation.
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Fig. 1.30 
The lymphatic system.

















     Metabolism



     Energy production and storage


Cells have a continuous requirement for energy and adenosine triphosphate (ATP). The energy from ATP drives virtually all the body processes but there is very little ATP present at any one time, just enough to provide energy requirements for only a few minutes. Every organ requires energy but some, such as muscles, have a very variable energy requirement. Meals provide fuel from food components, which are oxidized to provide ATP and heat. However, the intake of food is irregular and does not coordinate with the requirement for energy. The energy substrates from a meal are usually absorbed within 3 h; as the next meal can be hours away, animals have evolved successful methods of storing energy substrates.


The main storage forms of energy are glycogen in the liver and skeletal muscle and triacylglycerides in adipose tissue. Carbohydrates are the major fuels for the brain and nervous tissue. Oxidation of glucose occurs in several stages (Fig. 1.31). Glycolysis takes place in the cell cytosol and produces a little ATP anaerobically. If oxygen is present, there is further oxidation through the Krebs cycle and oxidative phosphorylation (the electron transfer chain). This increased efficiency of ATP production takes place in cells that have mitochondria and adequate provision of oxygen. In tissues lacking mitochondria, such as red blood cells, or those with insufficient oxygen, such as active muscle, there is a build-up of the key intermediate pyruvate. Pyruvate can be converted into lactate and oxidized by the heart and kidneys or converted to glucose by the liver and kidneys.
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Fig. 1.31 
Oxidation of glucose.










About 500 g of the glucose polymer, glycogen, is stored: 100 g in the liver, which can release the glucose when required (by glycogenolysis), and 400 g in the skeletal muscles, which is available for use by the muscle. Triacylglycerides are stored in virtually unlimited amounts, as observed in obesity. As they do not mix with water, the storage form is very calorie dense and efficient. Triacylglycerides are composed of three fatty acids bound to a glycerol backbone. The glycerol can be converted into glucose, thereby providing a substrate for the brain to oxidize for energy. Fatty acids are released with free glycerol from the adipose tissue and can be oxidized by the liver, muscles and kidneys. Fatty acids cannot cross the blood–brain barrier and cannot be converted to glucose so they provide little substrate for the brain. Ketone bodies are water-soluble derivatives of fatty acids formed by the liver during starvation or prolonged severe exercise. When sufficient concentrations of ketone bodies accumulate, the brain and kidney use them to generate ATP. Certain amino acids are also ketogenic, and can be converted into ketone bodies. Overproduction of ketone bodies, as in uncontrolled diabetes, overwhelms the buffering capacity of the body and can cause life-threatening acidosis.


There is no reserve storage form of protein independent of function. Protein can be metabolized to provide energy but at the expense of the breakdown of structural and functional components of the body. The use of protein as a fuel potentially damages the body, so it is used only as a ‘last resort’ when the protein is broken down and the amino acids are converted into components of the glycolytic pathway to produce energy. However, proteins constitute a large proportion of body structure and therefore can provide a substantial source of energy when other supplies have been exhausted. Protein in excess of requirements can be irreversibly converted into glucose or triacylglycerides.


The brain consumes about a quarter of the body's daily energy production when the body is at rest. The brain's requirement for fuel drives energy metabolism. The main fuel storage form of the body is triacylglycerides, but the brain cannot use fatty acids directly. Although the brain can oxidize ketone bodies, derived from fatty acids, for 80% of its energy requirements, 20% must come from glucose. Glucose comes from the diet or from glycogenolysis or gluconeogenesis in the liver. Other cells therefore utilize other substrates in preference to glucose. The hierarchy of fuel use means that the brain utilizes ketone bodies when they are available, or glucose. Muscle has a major reserve of protein and glycogen. Muscle spares brain fuel by preferentially oxidizing fatty acids, thus sparing ketone bodies and glucose for the brain. The glycogen stored in the muscle is specifically available for muscle use.


The external environment is continually fluctuating and energy requirements are constantly changing. However, the body maintains homeostasis or internal stability by ensuring a constant level of amino acids and glucose in the blood, despite intermittent high loads following a meal. The level of ATP within cells is kept relatively constant although the rate of usage is variable; for instance, activity increases energy requirement of a muscle by up to 20 times. Cellular energy requirement is regulated very sensitively; metabolic pathways that predominate after a meal (called the absorptive state) are different from those between meals (the postabsorptive state) (Fig. 1.32). Dominance of the pathways is via changed enzyme activity and altered uptake of substrates, controlled by hormones. Interconversion from one metabolic step to the next is regulated by substrate activation, where the substance stimulates its own use, and product inhibition, where the product prevents the reaction from continuing. Enzymes catalysing the same reaction may exist as isoenzymes in different types of tissue, having different affinities for their substrates. This means that different concentrations of substrate are required for the biochemical pathway to progress.
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Fig. 1.32 
Absorptive and postabsorptive states.













     Blood sugar regulation


When plasma glucose concentration rises after a meal, secretion of insulin from pancreatic β-cells is stimulated and plasma levels of insulin increase. Insulin triggers the translocation of vesicles containing the insulin-sensitive glucose transporter, GLUT4, from intracellular sites to the cell membrane of the insulin-sensitive tissues, skeletal and cardiac muscle and adipocytes. This increases the uptake of glucose and other substrates into the cell and promotes the anabolic (storage) biochemical pathways (Fig. 1.33). Tissues that have a constant requirement for glucose, such as brain cells, do not have insulin-sensitive glucose transport but do express the high-affinity transporter, GLUT3, as well as GLUT1. Under conditions of low glucose, pancreatic production of glucagon is increased, which acts to mobilize tissue reserves of metabolic fuels. Adrenaline, secreted from the adrenal medulla in response to sympathetic innervation, causes a rapid mobilization of fuels for ‘fight or flight’ (see p. 11). Adrenaline stimulates glucose production from muscle glycogen and increases lipolysis in adipose tissue so that levels of fatty acids increase to provide additional metabolic fuel.

     
Application to practice





  

     Physiological observations to assess maternal well-being


In order to assess well-being during pregnancy, practitioners must consider how physiological parameters are altered in pregnant women and when these altered parameters become abnormal in relation to pregnancy, but observations to assess well-being cannot be considered in isolation. It is important to monitor respiratory rate as well as blood pressure, pulse and temperature. A rising respiratory rate can be an early indicator of respiratory distress. Ideally respiratory rate should be counted without informing the woman so that she is not conscious of her breathing as being conscious of it is likely to affect the respiratory rate. Tachypnoea (rapid breathing) is a significant clinical feature which should not be dismissed as being caused by anxiety or stress, or related to pain. If tachypnoea is present with a rapid pulse and a fall in blood pressure, then the maternal condition might be deteriorating because of cardiovascular problems, such as haemorrhage or sepsis. It is common for oxygen saturation to be monitored to assess respiratory function; however, oxygen saturation is often maintained in the presence of tachypnoea (98% +) and a fall in oxygen saturation is therefore a late indicator of advanced maternal distress.


A raised temperature is a significant indicator of sepsis; however, if sepsis is severe, body temperature measured orally or in the axilla may be misleadingly low because of peripheral vascular shutdown caused by toxicity. Thus, an abnormally low temperature can also indicate sepsis. In such cases, core temperate should be measured, for example by use of a rectal probe. The greater the difference between core and peripheral temperature, the more likely it is that sepsis is severe.


If the pulse rate is higher (beats per minute) than the systolic blood pressure (measured in millimetres of mercury, mmHg) this also indicates serious deterioration in the well-being of the woman.


Blood pressure is lower and pulse rate is faster in pregnancy, so direct comparisons to non-pregnant values are not valid. Whenever possible, midwives should access pre-pregnancy observations, for example, from well women clinic records, family planning clinics, GP notes, etc., thus providing a reference point when assessing normal physiological changes in pregnancy. As computerized single patient records are developed, access to this information will be easier and faster. Women who do not have lower blood pressure in the first trimester than their pre-pregnant parameter are at greater risk of hypertensive problems in pregnancy and in later life or may have underlying renal problems.


Blood pressure must be measured using a cuff appropriate to the size of the woman's arm. If automated machines are being used to measure blood pressure, blood pressure should be measured manually at least once to confirm that the electronic measurement is valid.


Women should have direct access to midwives as soon as pregnancy is confirmed so that pregnancy care can be planned to meet their individual needs.









     

     
Key points





  


• Cells have different anatomical structures, which are related to their physiological functions.


• Cells are organized together to form tissues, which are organized into organs and the physiological systems of the body.


• The role of the physiological systems is to provide internal stability or homeostasis, which will ensure that the cells' variable but essential requirements for energy are met by an adequate supply of oxygen and nutrients.


• As the enzymes that regulate cellular activity have a protein structure, they are affected by fluctuations in pH and temperature, so homeostasis has to maintain optimum temperature and acid–base balance as well.












     

     
Application to practice





  

The basic physiology described in this chapter relates to the non-pregnant state. During pregnancy there are many physiological changes, which are explored through the rest of the book. A basic knowledge of physiology is essential so that the complexities of the physiological changes in pregnancy can be understood and explained as required. This knowledge is also essential for the midwife to be able to monitor the development of pregnancy effectively.
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Fig. 1.33 
The effects of insulin.
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		 Chapter 2. The reproductive and urinary systems

Learning objectives


• To describe the structure and function of the urinary system.


• To compare the structure of the female and male reproductive systems.


• To identify differences between the male and female reproductive tracts in relation to reproduction and adaptations to facilitate childbirth.








  


     Introduction


This chapter reviews the basic anatomy of human reproductive and urinary systems. The human urinary system differs only slightly between the male and female, mostly in relation to the structure of the external genitalia. The function of the urinary system is also essentially the same in men and women. However, the renal system can be severely stressed by pregnancy, mostly because of its close proximity to the reproductive organs and the major changes in fluid balance resulting in fluid retention during pregnancy. The midwife needs to know the basics of normal renal physiology in order to understand the changes that take place in the renal system during pregnancy and how these may affect the general condition of the woman. For example, not only are the regulation and retention of fluid altered in pregnancy but also excretion of glucose and other substances is affected by these changes. Drug excretion via the kidneys may also be affected, so long-term medication may need to be changed as pregnancy progresses. The effectiveness of medication may be reduced and altered drug dosage may also be required. (Specific changes in the renal system in pregnancy are covered in Chapter 11.)

     
Chapter case study





  

Zara, during the booking appointment, is asked by the midwife to provide a mid stream specimen of urine to screen for infection. The midwife notes that the specimen appears cloudy although Zara does not have any other signs of a urinary tract infection.
• Are there any reasons apart from infection that could explain the cloudiness of the specimen?


• If the culture of the specimen proves positive, how will this be managed and what advice should the midwife give to Zara?


• If the analysis of the specimen showed a bacteraemia of group B haemolytic streptococcus what would be the significance of this, how should it be managed and what are the possible future consequences for Zara and her baby?













     





     The urinary system


The urinary system is composed of two kidneys, which produce urine, two ureters running from the kidneys to the bladder, which collects and stores the urine, and a urethra from which urine is discharged to the exterior (Fig. 2.1). The uroepithelium which lines the renal pelvis, ureters and bladder is not just a passive impermeable barrier; it can modulate the composition of urine and also transmit information about pressure and composition of the urine to the underlying nervous and muscular tissue (Khandelwal et al., 2009).
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Fig. 2.1 
The urinary system.

(Reproduced with permission from Brooker, 1998.)









     The kidneys


The kidneys have a broad range of other functions (see Box 2.1) as well as producing urine. The kidneys are situated upon the posterior wall of the abdominal cavity, one on either side of the vertebral column at the level of the thoracic and lumbar vertebrae (just below the rib cage). The right kidney is slightly lower than the left owing to its relationship to the liver. Each kidney is about 10 cm long, 6.5 cm wide and about 3 cm thick (about the size of a clenched fist). Each kidney weighs about 100 grams (a small proportion of the total body mass), but they receive about 25% of the cardiac output (which per unit of tissue is about eight times higher than the blood flow to muscles undergoing heavy exercise). The renal blood supply arises from the aorta via the renal arteries and returns to the inferior vena cava via the renal veins. Each kidney is enclosed by a thick fibrous capsule and has two distinct layers: the reddish-brown cortex, which has a rich blood supply, and the inner medulla, within which the structural and functional units of the kidney, the nephrons, are found (Fig. 2.2).


     
Box 2.1 
Functions of the kidney



  


• Regulation of water balance


• Regulation of pH (acid-base balance) and inorganic ion balance (sodium, potassium and calcium)


• Excretion of metabolic and nitrogenous waste products (urea from protein, uric acid from nucleic acids, creatinine from muscle creatine and haemoglobin breakdown products)


• Hormone secretion (erythropoietin, renin, 1,25-dihydroxyvitamin D3 (1,25-dihydroxycholecalciferol, also called calcitriol) and prostaglandins)


• Removal of toxic chemicals (drugs, pesticides and food additives)


• Regulation of blood pressure (renin–angiotensin system)


• Control of formation of red blood cells (via erythropoietin)


• Vitamin D activation and calcium balance


• Gluconeogenesis (formation of glucose from amino acids and other precursors)
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Fig. 2.2 
The structure of the kidney (longitudinal section).

(Reproduced with permission from Brooker, 1998.)









     The nephron


Each kidney has approximately a million nephrons (though the number declines with increasing age), each of which is about 3 cm long. The nephron is a tubule that is closed at one end and opens into the collecting duct at the other. The nephron has six distinct regions, each of which is adapted to a specific function (Fig. 2.3). There are two types of nephron. Most nephrons (85–90%) are cortical nephrons; these have short loops of Henle and are mainly concerned with the control of plasma volume during normal conditions. The juxtamedullary nephrons, which have longer loops of Henle extending into the renal medulla, facilitate increased water retention (and thus the production of hyperosmotic or concentrated urine) when the availability of water is restricted.
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Fig. 2.3 
The nephron and double capillary arrangement. The panel on the right shows the functions of the regions of the nephron.










The renal corpuscle comprises the Bowman's capsule, a blind-ended tube, and the glomerulus, a coiled arrangement of capillaries around which the Bowman's capsule is invaginated. The glomerulus provides a large area of capillary vessels from which substances can leave, crossing the specialized flattened epithelial cells to enter the capsule of the nephron. There is a double capillary arrangement (see Fig. 2.3) whereby afferent arterioles supply the glomerular capillaries and efferent arterioles lead from the glomerulus to a second capillary bed supplying the rest of the nephron. Differential vasoconstriction of the afferent and efferent arterioles maintains a constant blood pressure within the glomerulus, which results in a constant rate of filtration. Urine production relies on three steps: simple filtration, selective reabsorption and secretion (Fig. 2.4).
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Fig. 2.4 
Urine production.













     Filtration


Filtration is a non-selective passive process that occurs through the semipermeable walls of the glomerulus and glomerular capsule. All substances with a molecular mass of less than 68 kilodaltons (kDa) are forced out of the glomerular capillaries into the Bowman's capsule. Therefore, water and small molecules such as glucose, amino acids and vitamins enter the nephron whereas blood cells, plasma proteins and other large molecules are usually retained in the blood. The content of the Bowman's capsule is referred to as the ‘glomerular filtrate’ and the rate at which this is formed is referred to as the ‘glomerular filtration rate’ (GFR). The kidneys form about 180 L of dilute filtrate each day (a GFR of about 125 mL/min). Most of it is selectively reabsorbed so the final volume of urine produced is about 1–1.5 L/day.



Box 2.2 describes an example of disrupted renal function in pregnancy that is detected by abnormal urine composition.


     
Box 2.2 
Hypertension in pregnancy



  

Hypertensive disorders in pregnancy can disrupt renal function. The detectable presence of protein within the urine (proteinuria) may indicate that larger molecules than normal are being forced into the Bowman's capsule. This is caused by the increased blood pressure resulting in abnormal ultrafiltration. Women who have a degree of renal damage prior to pregnancy are less likely to be able to adapt to the pregnancy-induced physiological changes as effectively as women with normal renal function. These women tend to develop high blood pressure during early pregnancy and so do not normally demonstrate such a marked physiological reduction in blood pressure parameters, putting both the mother and fetus at risk.











     Selective reabsorption


Substances from the glomerular filtrate are reabsorbed from the rest of the nephron into the surrounding capillaries. The proximal convoluted tubule (PCT in Fig. 2.6) is the widest and longest part of the whole nephron (approximately 1.4 cm long). The epithelial cells lining the nephron contain a large number of mitochondria to provide energy for facilitating active transport as most of the reabsorption of the glomerular filtrate takes place here. Some substances, such as glucose and amino acids, are completely reabsorbed and are not normally present in urine. Reabsorption of waste products is largely incomplete, so, for instance, a large proportion of urea is excreted. The reabsorption of other substances is under the regulation of several hormones. Antidiuretic hormone (ADH) controls the insertion of aquaporins, pore-forming membrane proteins, into the walls of the distal convoluted tubule (DCT in Fig. 2.6) and collecting ducts (CD in Fig. 2.6), which allows water to leave the filtrate, thus producing less urine (Fig. 2.5). The formation of concentrated urine is facilitated by the physical arrangement of the loop of Henle and its surrounding capillaries, which create and maintain the conditions for the reabsorption of water by osmosis (Fig. 2.6, Box 2.3). Calcitonin increases calcium excretion and parathyroid hormone enhances reabsorption of calcium from renal tubules. Aldosterone affects the reabsorption of sodium (Fig. 2.7). Atrial natriuretic peptide (ANP) inhibits NaCl reabsorption in the DCT and cortical collecting duct of the nephron. ANP also increases the GFR by dilating the afferent glomerular arterioles and constricting the efferent glomerular arteriole, thus increasing NaCl excretion.
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Fig. 2.5 
The action of ADH.
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Fig. 2.6 
Formation of concentrated urine.










     
Box 2.3 
Hypertonic urine



  

The evolution of the mammalian kidney has enabled mammals to become highly adapted to terrestrial living. The kidney aids water conservation by producing urine that is able to be concentrated far more than the internal body fluid environment. The scarcer water is within the environment, the longer the nephron to conserve water.
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Fig. 2.7 
Aldosterone regulation of sodium (Na) excretion.













     Secretion


Some waste products may be actively transported directly into the tubules from the surrounding blood capillaries. These include hydrogen and potassium ions, creatinine, toxins and drugs. The cells of the renal tubules synthesize some substances, such as ammonia ions and peptides, which can be secreted into the filtrate.







     The ureters


The ureters, which are tubes about 25–30 cm long and 3 mm in diameter, transport the urine from the kidneys to the bladder. From each kidney the collecting ducts open into the renal pelvis, which leads to the ureter. The walls of the renal pelvis have smooth muscle, which has intrinsic activity (i.e. not controlled by nerves), generating peristaltic waves of contraction every 10 s. These waves of contraction propel urine along the ureters to the bladder. Each ureter is also lined with smooth muscle and transitional epithelium; the lumen has a star-shaped cross-section.


The ureters lie upon the posterior abdominal wall outside the peritoneal cavity, entering the bladder at an oblique angle, one at each side of the base of the specialized muscle area called the trigone which has its apex at the urethral opening. As urine accumulates in the bladder, the ureters are compressed, effectively forming a valve (the vesicoureteral valve), which prevents urinary reflux.





     The bladder


The bladder is a distensible hollow organ, also composed of smooth muscle, which acts as a reservoir for urine. It is intermittently emptied under conscious control. Stretch receptors within the muscle and trigone provide the signals that indicate that the bladder is full. The normal capacity of the bladder is approximately 700–800 mL; however, the natural desire to void urine becomes conscious when the level of urine in the bladder reaches approximately 300 mL. Inflammation in the trigone region caused by infection and or trauma often results in a frequent and urgent desire to void urine but on voiding only small amounts of urine are passed.


As the bladder lies below the uterus, its capacity is compromised by the growing uterus in early pregnancy. Later on, once the pregnant uterus has become an abdominal organ, the pressure on the bladder is relieved. Finally, at the end of pregnancy, bladder capacity is again compromised as the presenting part of the fetus engages, occupying space within the true pelvic cavity and thus restricting the space available to the bladder.





     The urethra


Urine is voided via the urethra. The female urethra is considerably shorter and straighter than the male urethra: only 4 cm in length compared with about 20 cm. This anatomical difference predisposes women towards an increased incidence of ascending urinary tract infections (UTIs). Thus, a colony count of more than 100000 bacterial cells per millilitre of urine is considered to be pathologically significant and is often referred to as bacteraemia. There are small mucus-secreting glands in the urethra that help to protect the epithelium from the corrosive urine. The upper internal sphincter, at the exit from the bladder, is composed of smooth muscle and is under autonomic control. The external sphincter is composed of skeletal muscle and is under voluntary control. The urethra in the man has a dual role as the route for urine and the delivery of spermatozoa, via coitus. Structural differences related to the development of the external genitalia are covered in Chapter 5. Trauma to the pelvic floor during childbirth may result in neurological damage affecting the function of the internal sphincter resulting in urgency of micturition. Urgency to void is increased by the degree of weakness in the sphincter and the amount of urine held in the bladder. Treatment options range from a variety of surgical procedures to drug treatment such as anti-cholinergic drugs (NCCWCH, 2006).



     Urine


Urine has a specific gravity of 1.010–1.030 and is usually acidic. The volume and final concentration of urea and solutes depend on fluid intake. Sleep and muscular activity also inhibit urine production. The amber colour is due to urobilin, the bile pigment. Urine has a characteristic smell, which is not unpleasant when fresh. Odour or cloudiness generally indicates a bacterial infection (Box 2.4).


     
Box 2.4 
Urinary tract infections (UTIs)



  

Pregnancy further increases the risk of UTIs in pregnancy and so routine culture and sensitivity test to detect bacteraemia is a common practice. Some women with bacteraemia may be asymptomatic, for example, group B haemolytic streptococcus. If group B streptococcus is present within the urine, antibiotic therapy is recommended (Royal College of Obstetricians and Gynaecologists, 2006) as this represents a high bacterial load which could put the neonate at risk of infection following birth (see Chapter 10).











     Control of micturition


Micturition (urination) is a coordinated response that is due to the contraction of the muscular wall of the bladder, reflex relaxation of the internal sphincter of the urethra and voluntary relaxation of the external sphincter (Fig. 2.8). It is assisted by increased pressure in the pelvic cavity as the diaphragm is lowered and the abdominal muscles contract. Over-distension of the bladder is painful and can cause involuntary relaxation of the external sphincter resulting in urgency of micturition, incontinence and overflow. The tone of this sphincter is also affected by psychological stimuli (such as waking or getting ready to leave the house) and external stimuli (such as the sound of water or the feel of the lavatory seat). Any factor that raises the intraabdominal and intravesicular pressures (such as laughter or coughing) in excess of the urethral closing pressure can result in stress incontinence.
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Fig. 2.8 
Control of micturition.

(Reproduced with permission from Brooker, 1998.)








Accumulation of urine increases bladder wall tension, stimulating the stretch receptors of the bladder, which relay parasympathetic sensory impulses to the brain, generating awareness. However, there is conscious descending inhibition of the reflex bladder contraction and relaxation of the external sphincter. Entry of urine into the urethra irritates and stimulates stretch receptors, augmenting the sensory pathways as the bladder fills. Micturition is postponed until a socially acceptable time and place. This inhibition of the spinal reflex and contraction of the external sphincter is learned. Infants tend to develop bladder control when they are about 2 years old. Irritation of the bladder or urethra, for instance as a result of infection, can also initiate the desire to urinate regardless of the bladder capacity.


Normal physiological control of micturition requires an intact nerve supply to the urinary tract, normal muscle tone (of bladder, urethral sphincters and pelvic floor muscles), absence of any obstruction to flow, normal bladder capacity and, finally, the absence of psychological factors that may inhibit the micturition cycle (such as embarrassment and discomfort).









     The female reproductive tract


The main features of the female reproductive tract distinguishing it from the male are that the female reproductive organs are internal and in the non-pregnant state are situated within the true pelvic cavity. The female reproductive tract consists of two ovaries, two uterine (fallopian) tubes, the uterus and cervix, the vagina and external genitalia. The female reproductive system undergoes considerable changes throughout life from childhood through reproductive life (see Box 2.5) to the menopause. Superimposed on these changes are the effects of the menstrual cycle (see Chapter 3). Prevention of infection in the female reproductive tract is essential; the cervix, endometrium and uterine tubes all produce natural antimicrobial secretions with production peaking about the time when implantation would occur (King et al., 2007).


     
Box 2.5 
Changes to the genital tract at puberty



  


• Hair appears on mons veneris and subcutaneous fat accumulates


• Secretory glands mature and become active


• Labia majora and minora become pigmented with melanin


• Enlargement of the clitoris occurs


• Vaginal epithelium thickens and becomes responsive to oestrogen


• Vaginal pH decreases as lactobacilli metabolize glycogen from cell secretions


• Uterus grows and cervix doubles in length













     The ovaries


The ovaries are dull-white almond-shaped bodies, approximately 4 cm long. They lie posteriorly and laterally relative to the body of the uterus and below the uterine tubes. They are anchored by the ovarian ligaments and attached to the posterior layer of the broad ligament, a fold within the peritoneum that extends from the uterus (Fig. 2.9). The blood supply to the ovary is via the ovarian artery, which runs alongside the ovarian ligament, and the ovarian branch of the uterine artery (see Fig. 2.12). This dual blood supply is important in maintaining reproductive function; if the ovary becomes twisted, for instance because it is displaced by a tumour or cystic growth, the ovarian ligament may occlude the blood supply from the ovarian artery. This torsion of the ovary can cause ischaemia of the tissues and intense pain.
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Fig. 2.9 
Position of the ovary, and ovarian and broad ligaments.

(Reproduced with permission from Sweet, 1996.)








The ovaries are composed of two distinct layers: the outer layer is the cortex and the inner section is referred to as the medulla. The ovary is contained within a sheath of connective tissue, the tunica albuginea. The cortex contains the developing follicles that contain the primary oocytes and is also responsible for the production of the female steroid hormones oestrogen and progesterone (see Chapters 4 and 5). The medulla is composed primarily of connective tissue and blood vessels and provides precursors to facilitate steroid production within the cortex. The ovary has two main functions: to produce fertilizable oocytes which can undergo full development and to secrete the steroid hormones which prepare the reproductive tract for fertilization and to establish and support the pregnancy.


The long-held belief that all oocytes in adults are formed in the fetal and perinatal period (prenatal ‘total endowment’) has been challenged (Bukovsky et al., 2009) as studies of oogenesis have demonstrated that follicular renewal continues through much of female reproductive life and oocyte renewal probably only totally ceases at the onset of natural menopause. This has important clinical significance particularly for the many young women rendered infertile by chemotherapy.





     The uterine (fallopian) tubes


The uterine tubes (also known as the fallopian tubes or oviducts) are approximately 12 cm long and have walls of smooth muscle lined with ciliated epithelial and secretory cells. The uterine tubes are mobile and not fixed to the ovaries. The distal end of the uterine tube has specialized structures called fimbriae, which surround the opening into the tube. The fimbriae lie in close proximity to the ovary and, at ovulation, assist the entry of the ovum into the uterine tube by a wafting action, which facilitates movement of the interperitoneal fluid. The lining of the uterine tubes lies in many folds (called plicae) and is composed of ciliated columnar epithelial cells interspersed with goblet cells that secrete pyruvate to nourish the ovum. The cilia facilitate the movement of the ovum down the uterine tube; this is augmented by coordinated peristaltic contractions of the smooth muscle. The distal end of the uterine tube has a slightly wider area, called the ampulla, where fertilization of the ovum by the sperm usually occurs.


If both uterine tubes are completely blocked, fertilization is prevented as the sperm are unable to access the ovum. If one uterine tube is patent or only partially blocked then sperm may encounter and fertilize an ovum within the peritoneal cavity. However, if a fertilized ovum enters a partially or totally blocked uterine tube its passage to the uterus will be impeded and so the pregnancy may develop within the uterine tube or peritoneal cavity (see Case Study 2.1 and Box 2.6). Infection of the genital tract with Chlamydia trachomatis is becoming more common and can often be asymptomatic (Carey and Beagley, 2010). Undetected or multiple infections can lead to pelvic inflammatory disease which is the main cause of ectopic pregnancy and tubal infertility. Although the prime site of chlamydial infection is the columnar epithelial cells of the cervix, the infection can quickly ascend to the upper reproductive tract probably by attaching to sperm or by being transported in the flow of fluids. Infection leads to production of proinflammatory cytokines which interact with the infected woman's immune system (see Chapter 10) causing inflammation and tissue destruction. The incidence of infection is increasing because the organism is developing antibiotic resistance and the development of effective vaccines in very early stages.


     

Case study 2.1



  

Julie, during the booking appointment, informs the midwife that she had previously suffered an ectopic pregnancy with her last pregnancy, which was treated conservatively with methotrexate. What does the midwife need to do to ensure that Julie's pregnancy is progressing normally? What are the signs and symptoms of an ectopic pregnancy; and when are they most likely to become apparent?








     
Box 2.6 
Ectopic pregnancy



  

An ectopic pregnancy is one that implants in the uterine tubes or, more rarely, the cervix, ovaries or abdomen. It is relatively common as it occurs in about 1% of all pregnancies and although the fatality rate is much reduced, ectopic pregnancy still remains a significant cause of maternal morbidity and mortality (Raine-Fenning and Hopkisson, 2009). It is usually confirmed by an ultrasound scan revealing an empty uterine cavity and a positive pregnancy test. Raised human chorionic gonadotrophin (hCG) levels confirm pregnancy but levels are lower in ectopic pregnancy than in uterine pregnancy. The term ‘pregnancy of unknown location’ (PUL) is used to describe a pregnancy where there is a positive pregnancy test but no intra- or extra-uterine pregnancy can be visualized on an ultrasound scan (Kirk and Bourne, 2009). In these cases, it is recommended that serial hCG measurements be made to monitor whether the PUL is failing (the hCG ratio is used to compare initial hCG levels with those 48 h later) and also that serum progesterone measurements are made to predict the likely outcome (higher levels are associated with pregnancies subsequently demonstrated to be viable).


The usual first warning sign of an ectopic pregnancy is abdominal pain at around 8 weeks' gestation which may present with symptoms mimicking gastrointestinal disease (misdiagnosis of ectopic pregnancy as gastroenteritis is associated with maternal mortality). Ectopic pregnancy should be suspected in all women of childbearing age who present with fainting or sudden unexpected collapse (Neilson, 2007); no form of contraception is 100% effective, so pregnancy should not be excluded in women who use contraception. If the uterine tube ruptures, the woman may become clinically shocked owing to excessive bleeding into the peritoneal cavity. The growing fetus can be surgically removed together with the damaged uterine tube if necessary (this is referred to as a salpingectomy). Occasionally, an abdominal pregnancy may ensue if implantation occurs on the peritoneum. The pregnancies rarely go to term; however, delivery of live infants via abdominal surgery has been documented. This phenomenon underpins scientific interest enabling men to have babies through a process of peritoneal implantation. The main causes of tubal blockage are infection (usually due to pelvic inflammatory disease), the formation of scar tissue from surgery or trauma and congenital malformation. High levels of steroid hormones can also affect cilia movement. If a tubal pregnancy is diagnosed early before trauma occurs, it can be treated by the intramuscular administration of the drug methotrexate. Methotrexate is a chemotherapeutic drug which inhibits folic acid metabolism (by inhibiting difolate reductase so DNA synthesis ceases) thus targeting rapidly dividing tissue such as the trophoblast; the embryo is eventually reabsorbed. Methotrexate has side effects on mucosal surfaces as they also have a fast rate of cell division and can cause conjunctivitis, gastrointestinal disturbances and stomatitis (inflammation of the mucous membranes in the mouth). Women may experience some degree of abdominal pain because of tubal miscarriage; it can be difficult to distinguish this from tubal rupture. Although the uterine tube is saved, the risk of another ectopic pregnancy is high. As the rate of sexually-transmitted disease is increasing and there are more assisted conceptions, the rate of ectopic pregnancy is expected to increase (Raine-Fenning and Hopkisson, 2009).











     The uterus


The functions of the uterus are to prepare to receive the fertilized ovum, to provide a suitable environment for growth and development of the fetus and to assist in the expulsion of the fetus, placenta and membranes at delivery. In the non-pregnant state the pear-shaped uterus is situated within the true pelvic cavity. It is described as being anteverted (tilted forwards) and anteflexed (curved forward), situated in a superior position to the urinary bladder (Fig. 2.10). A uterus in an abnormal position, such as a retroverted uterus, is not in an optimal position to expand in pregnancy and surgical intervention may be required to adjust its position to allow the pregnancy to proceed. The anatomical position of the uterus is maintained by the uterine ligaments, which are important in supporting the weight of the uterus, particularly during contractions (Fig. 2.11). Its blood supply is shown in Fig. 2.12.
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Fig. 2.10 
The anteverted and anteflexed position of the non-pregnant uterus.

(Reproduced with permission from Sweet, 1996.)
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Fig. 2.11 
The uterine ligaments ((A) transverse and (B) coronal sections).

(Reproduced with permission from Sweet, 1996.)









     
	[image: B9780702034893000198/f02-12-9780702034893.jpg is missing]


	
Fig. 2.12 
The uterine and ovarian blood supply.










The non-pregnant uterus weighs approximately 50 g with a cavity of approximately 10 mL and is composed of three layers (Fig. 2.13). The inner layer of the uterus is the endometrium. This layer is markedly different in the body of the uterus compared with the cervix. The cells of the endometrium are ciliated and the entire cell layer undergoes considerable growth changes during the menstrual cycle; the superficial decidual layers are shed in menstruation at the end of the cycle (see Chapter 4). The vascular connective tissue, or stroma, contains many glands that secrete alkaline mucus into the uterine cavity.



     
	[image: B9780702034893000198/f02-13a-9780702034893.jpg is missing]


	[image: B9780702034893000198/f02-13b-9780702034893.jpg is missing]


	
Fig. 2.13 
Structure of (A) the non-pregnant uterus and (B) endometrium.

(B reproduced with permission from Brooker, 1998.)








The middle layer is composed of smooth muscle, called the myometrium, which is arranged in three muscle layers (see Box 2.7). In the non-pregnant state, these layers are not very distinctive.


     
Box 2.7 
The uterine muscle layers



  


1. Inner layer: fibres in the longitudinal plane that run from the anterior cervix, up over the fundus and back to the posterior edge of the cervix


2. Middle layer: interlaced spiral fibres concentrated in, and originating from, the fundal region of the uterus and getting less dense approaching the cervical region; the circular arrangement of the fibres is accentuated at the junctions with the uterine tubes and the cervix (internal os), thus providing closures to the expanding pregnant uterus


3. Outer layer: combination of longitudinal and circular fibres












The uterus has an outer layer of peritoneum that drapes over the uterus anteriorly to form a fold between the uterus and bladder, and over the uterine tubes to cover the myometrium. This is referred to as the perimetrium; it forms the broad ligament, thus maintaining the anatomical position of the uterus. The body of the uterus is about 5 cm in both length and width (excluding the dimensions of the cervix).


Arterial blood to the uterus is supplied by left and right uterine arteries which branch along their length giving rise to arcuate arteries which penetrate the myometrium. Branches of the arcuate arteries anastomose freely ensuring that the blood supply to the uterus is robust. Radial arteries branching from the arcuate arteries supply the tissue towards the lumen of the uterus. The radical arteries branch at the myometrial-endometrial boundary into the basal arteries that supply the myometrium and continue as spiral arteries. The spiral arteries are tightly coiled in the basal layer of the uterine lining but markedly narrow as they near the uterine lumen and divide into smaller straighter branches before terminating in capillary beds under the uterine surface and surrounding the uterine glands. The walls of the spiral and radical arteries are rich in smooth muscle and are innervated by the autonomic nervous system, so they are responsive to adrenergic stimuli, particularly the segments of the spiral arteries close to the myometrial-endometrial junction. These parts of the spiral arteries may spontaneously constrict before menstruation, and may induce menstruation (Burton et al., 2009).


The uterus is innervated by both parasympathetic nerves (arising from the second, third and fourth sacral segments) and sympathetic nerves via the presacral nerve (branching from the aortic plexus) and branches from the lumbar sympathetic chain. Both types of innervation to the uterus are via the Lee–Frankenhäuser plexus, which is situated in the lower region of the pouch of Douglas.





     The cervix


The cervix is the neck of the uterus at the top of the vagina. It has an important role in protecting the uterus from infection and undergoes important changes preceding labour (see Chapter 13). The isthmus, an indistinct layer of tissue that forms the lower uterine segment in pregnancy (see Chapter 13), separates the body of the uterus and the cervix. The cervix is about 2.5 cm in length and is composed of dense collagenous circular fibres. The cervix is spindle-shaped with an os (smooth muscle arrangement forming a constriction) at the top and bottom. The internal os forms the inner opening of the cervix at the junction with the body of the uterus. The external os is located at the bottom of the cervical canal where it projects into the vagina. Two different types of cell meet at this junction: the columnar cells of the cervical canal and the squamous epithelial cells of the outer cervix. Abnormal precancerous cells are most likely to arise at this junction. Cervical cancer is one of the more common cancers affecting women of reproductive age. One of the risk factors for cervical cancer is the presence of antibodies to certain strains of human papilloma virus (HPV). HPV itself is benign but it is thought to trigger changes in the cells of the cervix such as cervical dysplasia. HPV is one of the most common sexually transmitted diseases and is thought to infect the majority of sexually active women. Vaccination of girls and young women (usually aged 9–25 years) against certain types of high-risk HPV has recently been introduced in many countries to reduce the incidence of cervical cancer, some genital cancers and genital warts and also reduce the need for colposcopy-based surgical treatments (RCOG, 2007). The Pap smear (named after Georgios Papanikolaou) is a cervical swab which samples cells and allows checking for precancerous changes but many women who develop cervical cancer have never had a cervical smear. The shape of the spatula used to take cell samples during a cervical smear accommodates the curve of the external part of the cervix. About 5–7% of cervical smears identify abnormal results such as dysplasia indicating the need for increased vigilance and further examination. The lining of the cervix does not undergo cyclical changes in growth rate although glandular activity changes. The inner tissue lies in folds that appear branched, giving it the name arbor vitae. These folds allow dilatation during delivery.





     The vagina


The vagina is a distensible fibromuscular tube, about 8–10 cm long, situated within the true pelvic cavity, extending through the pelvic floor from the cervix to the vulva. The vagina is described as a potential tube because its walls are in contact but easily separated, but the walls of the vagina are not uniform. The distal and the proximal parts of the vagina have different embryonic origins; the distal vagina forms an integrated entity with the urethra and the clitoris (O'Connell et al., 2008). The cervix protrudes into the vagina, normally pointing to the posterior wall of the vagina because of the anteverted and anteflexed position of the uterus. The spaces between the cervix and the upper portion of the vaginal wall are referred to as the anterior, lateral and posterior fornices (singular: fornix). The vagina has three main functions: the facilitation of coitus, as a passage for the release of the menses and as the route for the baby to be born, commonly referred to as the birth canal. It also helps to support the uterus and prevent ascending infection through the release of antibacterial secretions favouring the growth of commensal bacteria.


The vagina is lined by a layer of moist epithelial cells folded into ridges (called rugae) that distend during intercourse and childbirth, thus facilitating the stretching of the vagina. There is also a lining of smooth muscle, which maintains the tone of the vagina. The opening of the vaginal canal, the introitus, is protected by the external genitalia. The introitus lies below the urethral opening, which is situated below the clitoris (see Fig. 2.14). The vagina does not have glands but is maintained in a moist state by secretions from the cervical glands and transudate of fluid from the blood vessels that lie below the vaginal lining.
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Fig. 2.14 
The (A) female external genitalia and (B) female internal reproductive organs.













     The external genitalia


The external genitalia (also known as the vulva) are those structures that can be seen (Fig. 2.14). Most of the structures are well innervated; therefore, they are very sensitive and are a source of sexual arousal responses. The external genitalia are well vascularized, which means they bleed easily if subjected to trauma but also heal rapidly.


The mons veneris (or mons pubis) is a pad of subcutaneous fat covered by skin lying over the pubic bone; it provides support to the clitoris and urethra and functions as a cushion during intercourse. At puberty it becomes covered with a triangular area of pubic hair, which is coarse and curly because of the unusually oblique hair follicles. The labia majora (singular: labium majus) are two fatty folds of tissue extending from the mons veneris in which the round ligaments terminate. The labia majora narrow where they come together between the vagina and anus. The outer surface is covered in pubic hair; the inner surface is rich in sebaceous and sweat glands. The labia majora enclose and protect the urogenital cleft. The labia minora are two smaller longitudinal fleshy folds of tissue; they are erectile and very vascular. They are pigmented, hairless and have some sweat and sebaceous glands. The labia minora enclose the clitoris anteriorly and unite posteriorly at the fourchette, which is commonly torn at the first delivery. The functions of the labia minora are probably to increase the depth of the vaginal canal during intercourse and to increase retention of the ejaculate following intercourse.


The clitoris is a highly sensitive erectile body that is about 2.5 cm long exteriorly but projects internally for up to 9 cm forming the body and root of the clitoris (O'Connell et al., 2008) before diving into two arms, the crura, which extend around to the interior of the labia majora. The external part of the clitoris, the clitoral glans, is covered and protected by a fold of skin called the clitoral hood, or prepuce which is homologous with the foreskin in males. The erectile bodies, analogous to the spongy tissue structures of the penis, become erect and engorged on stimulation. The clitoris is an important source of sexual arousal, generating reflex lubrication responses from the surrounding tissue. When the labia are held open, the vestibule (the area from the glans clitoris to the fourchette) can be seen. It contains the external orifice of the urethra and the vaginal introitus. The urinary orifice or meatus lies about 2.5 cm below the clitoris and is a characteristic vertical slit with prominent margins formed by a horseshoe shaped arrangement of the erectile tissue of the bulbs of the clitoris (O'Connell et al., 2008). It is important to clearly identify the urinary orifice in women requiring catheterization of the bladder. To each side, slightly behind the urinary meatus, are the dimple-like exits of the Skene's ducts, which produce mucus and are useful landmarks for the urinary orifice. The Skene's ducts are the source of the urethral secretions that are produced in states of sexual arousal; these secretions may have an antimicrobial function (Moalem and Reidenberg, 2009) and contain components such as ‘prostate’ specific antigen (PSA; Zaviacic and Ablin, 2000) at similar levels to those found in male seminal fluid.


The vaginal introitus is almost closed in children but in adult women is extremely elastic; it can stretch to allow the passage of the baby's head and subsequently return to a small size of about 3 cm. The vaginal introitus is partly occluded by the protective hymen, which is probably most important in preventing ascending infection before puberty when the pH of the vagina is less acidic. Once ruptured, the skin tags are referred to as hymen remnants. The appearance of an intact hymen can have important significance in some societies as it is considered to indicate virginal status. The Bartholin's glands lie posteriorly, each side of the vagina. These mucus-producing glands are the size and shape of haricot beans and, unless inflamed, cannot normally be seen. Their rate of secretion increases with the erection of the clitoris. The vestibular bulb posterior to the vagina is also formed of erectile spongy tissue.



Box 2.8 describes an example of problems caused by mutilation of the external genitalia.


     
Box 2.8 
Female genital mutilation (FGM; ‘female circumcision’ or ‘cutting’)



  

Many ethnic groups, particularly those of Muslim origin in North Africa, Indonesia and other countries, regard female genital mutilation as essential to moderate sexual desire or to increase hygiene. It is important to note that pressure for women to undergo FGM may be considerable and that many women who have undergone FGM consider it normal practice and could be offended by the term ‘mutilation’. The surgery, performed in infancy, early childhood or puberty, may involve removal of the prepuce of the clitoris, removal of the labia minora and clitoris or removal of most of the labia and clitoris. The procedures may be carried out without anaesthetics and under unclean conditions such as using thorns to form stitches of the vaginal walls which increase the risks of infection, scarring and infertility. Genital mutilation may be accompanied by infibulation, the surgical closure of the labia majora (apart from a small opening for urine and menses) to ensure chastity. Although the practices are unacceptable and illegal in Western Europe, they may be undertaken illicitly or girls may be mutilated in other countries. At delivery, the urogenital tissue is extremely vulnerable to trauma, which can be minimized by anterior and mediolateral episiotomy incision. Failure to deliver vaginally may result in rejection of the woman from her family. Infibulation will require surgical division to facilitate vaginal birth and although there may be pressure from the woman and her family to have the infibulation restored, this is illegal in many countries. Following division of infibulations, the introitus is restored by the suturing of the skin edges on the same side together.











     The pelvic floor


The pelvic floor is composed primarily of the muscle fibres of the levator ani and soft tissues suspended within the outlet of the pelvis, forming a sling-like sheet of tissue that encloses and supports the pelvic contents (Box 2.9). In women, the main characteristic distinguishing it from that of the pelvic floor of the man is that there are three openings instead of two. As well as the anal canal and urethra, the woman also has a vaginal opening. This is why women are much more likely to suffer from pelvic inflammatory disease (PID) as there is a direct route from the external environment via the genital tract, uterine cavity and uterine tubes to the internal pelvic cavity lined by the peritoneum.


     
Box 2.9 
Functions and characteristics of the pelvic floor



  



• Its muscles are arranged in two layers: superficial and deep (see Fig. 2.15)
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Fig. 2.15 
(A) The superficial pelvic floor muscles; (B) the deep pelvic floor muscles.

(Reproduced with permission from Bennett and Brown, 1999.)









• It supports and maintains the anatomical position of the internal female reproductive organs


• It provides voluntary muscle control for micturition and defecation


• It facilitates birth by resisting descent of the descending presenting part, so forcing the fetus to rotate forward in the presence of strong regular uterine contractions. The human pelvic floor plays an essential role in delivery as the fetus would not otherwise be able to rotate to negotiate its passage through the pelvic girdle because of the morphology of the pelvis influenced by the evolution of our upright stance















     Pelvic shape and adaptation


The pelvis is a girdle composed of a number of bones held together by ligaments and cartilaginous and fused joints (Fig. 2.16). The dimensions of the inlet, cavity and outlet affect the passage of the fetus. This means that the fetus has to negotiate the pelvic cavity by undergoing a rotational manoeuvre. The sling-like arrangement of the gutter-shaped pelvic floor muscles means that the fetus is forced to rotate in a forward position. This arrangement has evolved because of humans adopting an upright stance.
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Fig. 2.16 
The pelvic girdle: (A) the normal female pelvis; (B) innominate bone showing important landmarks; (C) posterior view of the pelvis to show ligaments.

(Reproduced with permission from Bennett and Brown, 1999.)








The female pelvis is wider and shallower than the male pelvis. Each half of the pelvis is known as the innominate bone, which is composed of ilium, ischium and pubic. Traditionally, pelvic morphology has distinguished four major categories (Fig. 2.17). In practice, there is a wide variation in pelvic form combining features from all four of the categories. There are also recognized abnormalities of the pelvis including justominor pelvis (normal shape but overall dimensions smaller than normal), Nägele's pelvis (asymmetrical due to abnormal bone formation on one side) and Robert's pelvis (similar to Nägele's pelvis but the abnormal bone formation is bilateral). Pelvic shape can also be affected by disease, for example rachitic pelvis due to rickets, which is an extreme form of the platypelloid pelvis. The shape of the pelvis affects the mechanism of labour (see Chapter 13); abnormal pelvic shape is associated with problems at delivery as the rotation of the presenting part may be suboptimal.
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Fig. 2.17 
Characteristics of the four categories of pelvic shape.















     The male reproductive tract


The male reproductive tract comprises a number of structures that permit gamete formation to occur below body temperature and provide conditions that allow sperm maturation and ejection (Fig. 2.18).
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Fig. 2.18 
The male reproductive system.

(Reproduced with permission from Brooker, 1998.)









     The testes


The testes are suspended within the scrotal sac or scrotum. Optimal spermatogenesis in humans is achieved 2–3°C below the body's core temperature. There are a number of mechanisms to regulate the temperature of the testes. The testes are suspended outside the abdominal cavity but can be retracted upwards towards the warmth of the body by contraction of the cremaster muscle which covers the testes. This muscle will also reflexly raise the testes towards the body if the inner thigh is stroked or scratched; this cremaster reflex is used as a neurological test. The pigmented skin of the scrotum lies in rugae (folds), which increase the surface area. The scrotum is well vascularized but has no insulating hair or subcutaneous fat. It is lined by dartos muscle, which contracts in response to cold. Blood flow to the testes allows heat to be transferred from the descending testicular arteries to the ascending pampiniform venous plexus forming a countercurrent heat-exchange mechanism, which helps to maintain the lower temperature of the testes relative to the body.


The testes are a pair of glandular organs, analogous to the ovaries, that produce gametes (spermatozoa) and male sex hormones. Within the scrotum, the testes are surrounded by a thick fibrous capsule called the tunica albuginea, which penetrates internally dividing the testes into lobules. Each testis has about 200 lobules, each containing about three seminiferous tubules, about 0.2 mm in diameter and up to 70 cm long (Fig. 2.19). The seminiferous tubules are the site of spermatogenesis (sperm production). Within the tubules are spermatogenic cells (germ cells) and their supporting Sertoli cells which cordon off the spermatogenic cells and the developing sperm into distinct compartments. Between the tubules are the interstitial cells of Leydig, which produce testosterone.
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Fig. 2.19 
The structure of the testis and ducts conveying sperm from the seminiferous tubules to the urethra.

(Reproduced with permission from Brooker, 1998.)








The sperm produced from the seminiferous tubules are stored in the epididymis where they are concentrated, becoming mature and motile. The epididymis is a comma-shaped convoluted tube, about 6 cm long, leading into the vas deferens. The vas deferens provides the conduit for sperm delivery during emission and ejaculation. It is a thick-walled tube leading from the tail of the epididymis to the ejaculatory duct. The vas deferens dilates into a storage reservoir, or ampulla, just before it joins with the exit of the seminal vesicle to form the ejaculatory duct. Just as infection or trauma can cause blockage of the uterine tubes, the male reproductive capacity can be also affected by blockage, of the epididymis or vas deferens for instance, impeding the passage of spermatozoa. The vas deferens, blood vessels and cremaster muscle lie closely together forming the spermatic cord.


The seminal vesicles are two pyramid-shaped membranous sacs, about 4 cm long, lying between the base of the bladder and the rectum. They produce semen, a fructose-rich viscous fluid, which facilitates sperm transport and nourishment. The fluid component of semen is principally produced by the seminal vesicles and prostate gland. Secretory activity of the seminal vesicles depends on the level of testosterone. The ejaculatory ducts begin at the base of the prostate gland and terminate in the single prostatic urethra. These muscular ducts carry sperm and seminal fluid through the prostate gland. The prostate gland is a walnut-sized exocrine gland lying just below the neck of the bladder, between the rectum and pubic bone. It is a compound gland, formed of about 20–40 smaller glandular units each with its own exit into the ejaculatory duct. Prostatic fluid is a thin lubricating secretion that mixes with the sperm and seminal fluid. The prostatic gland can be palpated through the rectal wall. In elderly men, the prostate gland may undergo hypertrophy causing benign prostatic hyperplasia which can compress the urethra and impede micturition. Prostatitis or inflammation of the prostate gland can affect men of all ages. Prostatic carcinoma is one of the most common cancers affecting elderly men in developed countries; it is a major cause of death if it is not detected early. Prior to ejaculation, the bulbourethral glands (or Cowper's glands) secrete clear lubricating fluid into the urethra just below the prostate gland.


The penis carries the urethra, which provides a shared passage for sperm and urine, and allows intromission: the delivery of sperm into the vagina. Unlike other mammalian species, the human penis does not have an erectile bone and relies entirely on engorgement to achieve erection; it also cannot be withdrawn into the groin. Humans have one of the largest penis:body size ratios. The penis has three columns of erectile tissue: two lateral corpora cavernosa and a ventromedial corpus spongiosum (Fig. 2.20). The corpus spongiosum contains the urethra and does not engorge as much as the corpora cavernosa. This prevents trauma to the urethra and generates an appropriate angle for intromission. The expanded cone-shaped end of the corpus spongiosum forms the glans penis where the urethra opens. The penis is covered with a fold of skin or prepuce (foreskin), which can be retracted in an adult and older child to expose the glans. The foreskin attaches to the underside of the penis at a small fold of tissue called the frenum. The prepuce and shaft skin are not attached to underlying tissue so they are free to glide along the shaft of the penis, which reduces friction, abrasion and loss of lubricating fluid during intercourse. On the underside of the penis, there is a small ridge called the raphe which runs from the opening of the urethra across the scrotum to the perineum (between the scrotum and anus). The spongy bodies of the penis become distended with blood during an erection (see Chapter 6).
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Fig. 2.20 
Internal structure of the penis.















     Gametogenesis


The process of gametogenesis is achieved through a specialized form of cellular division called meiosis (Fig. 2.21). The stages of meiosis are reviewed in Chapter 7. Gametogenesis is remarkably different in the male and female reproductive systems, both representing adaptation of the process of meiosis to facilitate reproduction. Gametes are specialized sex cells that contain half the genetic material (and, therefore, half the number of chromosomes) of the normal cell content. Their fusion, referred to as fertilization, is described in detail in Chapter 6.
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Fig. 2.21 
Gametogenesis.

(Reproduced with permission from Brooker, 1998.)








The production of spermatozoa begins at puberty in the male and results in the continual production of millions of sperm. Spermatozoa have completed all the meiotic divisions prior to ejaculation and fusion with the oocyte. In this sense, they are true gametes containing the haploid number of chromosomes. (These terms are explained in Chapter 4.)


The differences between male and female gamete formation have evolved with the development of sexual reproduction and internal fertilization. Oocytes are relatively protected within the abdominal cavity and so it is not necessary for a large number to be produced. Movement of oocytes is passive, influenced by the structure of the uterine tube. Sperm, in contrast, must become highly motile in order to travel along the female reproductive tract. Many are lost and, of the millions contained within the ejaculate, only a few hundred will make it to the vicinity of the oocyte. In addition, sperm have to survive transplantation into the female reproductive tract which is effectively equivalent to a foreign host in order to perform their physiological role of fertilizing the oocyte. Thus, they have to be adapted to evade the innate immune defence mechanisms which protect the female reproductive tract such as the complement (see Chapter 10) which is present in the secretions; both sperm and seminal fluid have complement regulators which enhance sperm survival (Harris et al., 2006).



     Spermatogenesis


Spermatogenesis begins at puberty and continues into senescence, albeit less efficiently. It is a complex process, well-organized temporally and spatially, which takes place in the epithelium of the seminiferous tubules; groups of cells progress in clearly defined stages of cell division within a particular tubule, which is described as a ‘spermatogenic wave’. There are three processes involved in spermatogenesis: (1) the renewal of the stem cells and the formation and expansion of undifferentiated progenitor germ cells (spermatogonia) around the inner circumference of the seminiferous tubule, which divide and replicate by a process called mitosis (see Chapter 4), forming many spermatogonia (Fig. 2.22); (2) the reduction of the number of chromosomes in each progenitor cell by meiosis; and (3) the differentiation of the haploid cells into spermatozoa (spermiogenesis). Each spermatogonium first divides into two diploid primary spermatocytes. The primary spermatocytes then undergo meiosis producing two genetically diverse secondary spermatocytes and then, after the second meiotic division, four haploid spermatids. For each cell undergoing meiosis, therefore, four gametes are produced. The round spermatids undergo spermiogenesis (nuclear and cytoplasmic changes) producing the characteristic morphology (shape) of a spermatozoon. As meiosis progresses, the immature sperm are supported within Sertoli cells (Griswold, 1998), which then release the sperm into the lumen of the seminiferous tubule by degrading the cell-cell junctions (Hogarth and Griswold, 2010). Sertoli synthesize and secrete a number of glycoproteins involved in Sertoli-germ cell interactions including bioprotective proteins, proteases and protease inhibitors involved in tissue remodelling processes, glycoproteins that form the basement membrane and other regulatory glycoproteins (Box 2.10).
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Fig. 2.22 
Spermatogenesis, showing cell stages and chromosome numbers.










     
Box 2.10 
The role of Sertoli cells



  


• Support (‘nurse’) spermatogenic cells and move them inwards


• Provide nutrients to spermatocytes and spermatids (hence their former name of ‘nurse cells’)


• Secrete fluid to aid release of sperm into lumen


• Act as a barrier between sperm-producing areas and lumen, forming environmentally distinct compartments of the seminiferous epithelium


• Engulf and digest cellular debris left from spermiogenesis


• Produce inhibin and activins, which regulate follicle-stimulating hormone (FSH) secretion


• Produce androgen-binding protein (ABP, also known as testosterone binding globulin), which increases seminiferous tubule testosterone concentration and thereby spermiogenesis


• Produce aromatase which converts testosterone to oestradiol, a step essential in the induction of spermatogenesis (note that this enzyme is also produced by adipose tissue which is one of the reasons why obesity in men is associated with altered sex hormone profiles)


• Produce anti Müllerian-inhibiting hormone, which affects sexual differentiation (see Chapter 5)


• Produce glial cell line-derived neurotrophic factor (GNDF), a small protein which regulates kidney development and spermatogenesis


• Produce Ets-related molecule (ERM), a member of the Ets transcription factor family essential for spermatogonium stem cell maintenance and self-renewal


• Synthesis and secrete several proteins found in serum including the iron and copper binding proteins, transferrin and ceruloplasmin, which seem to be involved spermatogenesis (Gupta, 2005)












The spermatozoa are stored in the epididymis, where they mature acquiring both motility and the capability for fertilization, for 2 weeks and may stay for up to 6 months. The shortest time between the initial meiosis and ejaculation is about 10 weeks, which is therefore the critical preconception period in men. Spermatogenesis is regulated by gonaodotrophins and steroid hormones, the interaction of these hormones with the somatic cells of the testis (Leydig and Sertoli cells) and by vitamin A (Hogarth and Griswold, 2010). It is affected by temperature, malnutrition, alcohol, cottonseed oil (a potential source of contraception), some drugs and heavy metals.





     Steroidogenesis


The interstitial cells of Leydig interspersed between the seminiferous tubules produce 90% of the circulating testosterone (the remainder has an adrenal origin). Testosterone is responsible for male secondary sex characteristics (see Chapter 3) and, together with follicle-stimulating hormone (FSH), controls production of sperm. Testosterone production is stimulated by luteinizing hormone (LH) from the pituitary gland (Fig. 2.23). Testosterone binds to androgen-binding protein (ABP) in the seminiferous tubules, which means that testosterone levels within the tubule can be very high while maintaining a concentration gradient that drives diffusion from outside to inside. Testosterone exerts a negative feedback mechanism on the hypothalamic–pituitary axis in a manner analogous to the feedback control by oestrogen in the female cycle (see Chapter 4). FSH stimulates the production of ABP by the Sertoli cells. Inhibin produced from the Sertoli cells inhibits FSH production. Illness and stress affect male reproductive capacity probably via the hypothalamic–pituitary axis.
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Fig. 2.23 
Production of testosterone.













     Control of gametogenesis


The controls of gametogenesis and steroidogenesis in the man and woman have some similarities. The hypothalamus regulates reproduction by secreting gonadotrophin-releasing hormone (GnRH; see Fig. 2.23). This stimulates both FSH and LH production from the anterior pituitary gland. FSH stimulates gametogenesis: spermatogenesis in men and follicular development in women. Luteinizing hormone plays a pivotal role in steroidogenesis: increasing testosterone production from the Leydig cells in men and stimulating the increases in progesterone and oestrogen secretion in the second half of the menstrual cycle in women (see Chapter 4).

     
Key points





  


• The renal system regulates water and electrolyte balance and is important in the maintenance of pH and the regulation of blood pressure. Waste products and foreign chemicals are excreted by the kidneys. The kidneys also have an endocrine role such as the regulation of the number of circulating erythrocytes.


• Glomerular filtrate is formed from continuous processing of plasma and contains water and substances such as amino acids and glucose that are small enough to be filtered.


• The filtrate is modified in the nephron by reabsorption of substances into the blood and secretion of waste products into the filtrate. Reabsorption and secretion are regulated by hormones and many systems have transport maxima that can be exceeded in pregnancy, leading to urinary excretion of substances not usually present in the urine.


• Micturition (urination) is stimulated by bladder stretch receptors and controlled by learned inhibitory pathways.


• The female reproductive system produces female gametes, receives male gametes, and provides the optimum environment for fertilization, implantation and nurture of the fetus. It remains quiescent in pregnancy and generates the forces required for delivery at the end of gestation. The system is quickly restored to a fertile state at the end of pregnancy.


• Gametogenesis begins with mitosis of the primordial germ cells followed by meiosis, which reduces the chromosome number and creates infinite variation in the genetic complement of the gametes.


• The male gonads produce gametes from the seminiferous tubules and testosterone from the Leydig cells. Gametogenesis has a relatively short time-span in the man.


• The hypothalamus regulates reproduction by secreting gonadotrophin-releasing hormone (GnRH), which stimulates production of FSH and LH from the anterior pituitary, which in turn have effects on the gonads. The sex steroids produced by the gonads exert negative feedback inhibition at the hypothalamic–pituitary axis.












     

     
Application to practice





  

Why is an in-depth knowledge of the female genitalia required by the midwife and how will this knowledge affect the decisions made by the midwife within practice?


You might consider what the midwife needs to know in order to suture the peritoneum, to catheterize a woman during labour or to recognize the sex of a baby at birth (see Chapter 5). There are many signs and ‘symptoms’ in pregnancy that are indicative of changes occurring within the renal system; knowledge of this will help the midwife to explain these fully to the woman.


During routine antenatal check-ups, the midwife routinely performs urinalysis. Are you able to explain the significance of the findings as a whole or do you think it is appropriate that midwives just observe for evidence of proteinuria?


The hormones of pregnancy affect muscle tone and relax ligaments, so bladder control is often less effective in pregnancy and these effects may continue after pregnancy. In such cases, muscle tone can be improved by encouraging pelvic floor exercises to promote optimal continence following childbirth. Displacement of the pelvic organs resulting in anterior and posterior prolapses becomes increasingly common as the parity due to the loss of effective muscle tone and ligament support is higher, and so pelvic floor exercises should be encouraged to minimize these problems.








     

     
Application to practice





  

Women with pre-existing renal disease need careful monitoring and maternity care should include expert renal care. For some women, underlying renal disease may only become apparent in pregnancy when a woman fails to have the normal expected physiological fall in blood pressure in the first trimester and subsequently develops hypertension during the pregnancy. The earlier the hypertension develops, the higher is the risk for long-term problems for the mother. The fetus is also at increased risk of severe intrauterine growth retardation.


Women who have had a kidney transplant may become pregnant; however, the risk to the pregnancy must be carefully managed against the risk of reducing or modifying anti-rejection medication. It is important to consider that the anatomical placement of the donor kidney is usually much lower in the abdominal cavity. This is particularly important should the woman require surgical intervention for delivery to ensure that the donor kidney is not damaged during the procedure.








     








     

      Annotated further reading


      

         Braddy, C.M.;  Files, J.A.,  Female genital mutilation: cultural awareness and clinical considerations,   J Midwifery Womens Health  52  (2007) 158–163.


A review, written for health professionals, which describes the cultural background surrounding the practice of FGM, the different types of procedures used and the complications.


         Johnson, M.H.,    Essential reproduction. ed 6 (2007) Blackwell Science, Oxford .


An integrated and well-organized research-based textbook that explores comparative reproductive physiology of mammals, including anatomy, physiology, endocrinology, genetics and behavioural studies.


         Leeson, S.,  Abnormal cervical smears: a practical guide,   Obstet Gyn Reproduc Med  18  (2008) 163–167.


A clear description of the colposcopy (the diagnostic procedures for detecting abnormalities of the cervix and vagina) illustrated with case studies, together with consideration of the issues associated with the examination, treatment and quality control.


         O'Connell, H.E.;  Eizenberg, N.;  Rahman, M.; et al.,  The anatomy of the distal vagina: towards unity,   J Sex Med  5  (2008) 1883–1891.


A comprehensive, objective and unambiguous factual presentation of female sexual anatomy which is clearly-presented and well-illustrated.


         Raynor, M.D.;  Morgan, M.,  Female genital mutilation: unveiled and deconstructed,  2000  In:  (Editor:  Fraser, D.)  Professional studies for midwifery practice  (2000) Churchill Livingstone, Edinburgh.


This chapter gives an excellent overview of female genital mutilation, the different classifications and prevalence and explores racial, ethnic and cultural aspects of this phenomenon. Guidance is provided for the midwifery care of women who have undergone mutilation and the health problems related to these practices.


        Royal College of Obstetrics and Gynaecology (RCOG),    The management of tubal pregnancies (clinical guideline 21).  (2004) RCOG, London .


This guideline provides a detailed account of methotrexate in the non-surgical management of ectopic pregnancy.


         Stoker, J.,  Anorectal and pelvic floor anatomy,   Best Pract Res Clin Gastroenterol  23  (2009) 463–475.


This well-illustrated review provides detailed descriptions of the layers of the pelvic floor based on magnetic resonance imaging (MRI).


         Thomas, R.;  Stanley, B.;  Horton-Szar, D.,    Crash course: renal and urinary systems. ed 3 (2007) Mosby, St Louis .


This well-illustrated book provides a useful reference text for students requiring more details of the renal and urinary systems.


         Tilly, J.L.;  Telfer, E.E.,  Purification of germline stem cells from adult mammalian ovaries: a step closer towards control of the female biological clock?  Mol Hum Reprod  15  (2009) 393–398.


An interesting commentary about the evidence suggesting mammals retain the capacity to generate oocytes throughout adulthood.


Readers are recommended also to read chapters on the renal and reproductive systems in a physiology textbook, such as those listed at the end of the previous chapter.
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		 Chapter 3. Endocrinology

Learning objectives


• To introduce the terminology used within endocrinology.


• To define the different types of hormones, their functions, main sites of production and mechanism of effects.


• To describe the role of the sex steroids.


• To relate endocrinology to the physiological process of reproduction.








  


     Introduction


This chapter presents an overview of endocrinology and summarizes the role of hormones in the regulation of human physiology. Throughout the chapter, links to reproductive physiology will be highlighted and referenced to other chapters in the book where the relevant interactions will be described more specifically.


The endocrine system, in conjunction with the nervous system, coordinates, regulates and adjusts the internal physiology in response to changes in the external environment. The nervous system tends to react in situations where an immediate response is required, whereas the endocrine system is involved in sustaining body functions over a longer period (Table 3.1). For example, shivering is induced by neuromuscular activity to counteract a drop in the environmental temperature, whereas many body cycles, such as the menstrual cycle, are almost entirely orchestrated through hormonal systems. However, the two systems interact with each other and so some rapid responses have a hormonal component. For instance, the release of adrenaline, the fear–fight–flight reflex and hormonal release are often regulated by a neuronal pathway via the hypothalamus. The advantage of the endocrine system over the nervous system is that it can instigate a much more diffuse response in all body tissues at about the same time and coordinate integrated responses.

     
Chapter case study





  

Zara is now just 6 weeks pregnant. She feels concerned about feeling increasingly nauseated, especially late in the evening; she actually vomited last night. Zara rings you, as her midwife, the next day expressing her concern, especially as her sister has told her that this is not the typical morning sickness of pregnancy. 
• What explanations could you give Zara to the likely cause of her nausea and what advice should you give her to help her cope with her nausea?


• How is nausea and vomiting of pregnancy differentiated from hyperemesis gravidarum?


• What are the possible complications of hyperemesis and what specific treatment is required to minimize complications?







Later on in her pregnancy, Zara has a routine appointment at about 26 weeks gestation with her midwife who undertakes routine urinalysis and discovers that Zara has glucosuria.• What are the possible causes for this, what further investigations need to be undertaken and what advice and treatment may be required?












     



     

Table 3.1 Characteristics of the nervous and endocrine systems




	
	Nervous System
	Endocrine System



	Source of signal
	Brain
	Endocrine gland



	Signal
	Neurotransmitter and action potential
	Hormone



	Usual route
	Efferent nerve
	Blood



	Response rate
	Fast
	Slow



	Specificity
	Specific
	Diffuse



	Target
	Single
	Multiple



	Type of effect
	Immediate effect
	Long-term control and integration











     What is endocrinology?


The endocrine system originally appeared to be a relatively simple system of discrete glands (Fig. 3.1) that secreted chemical messengers, or hormones, into the blood where they would be carried to specific target cells at a distant site, inducing a reaction. However, it is now clear that the endocrine system is more complex. Some hormones are secreted into ducts and not into blood; for instance, androgens are secreted into the seminiferous tubules. Some organs that have other functions also produce hormones. For instance, the atrium of the heart produces atrial natriuretic peptide (ANP), which inhibits reabsorption of sodium chloride in the kidneys and hence affects blood pressure. Some hormones are produced by several different glands, for instance somatostatin, which is produced by the hypothalamus, pancreas, stomach and intestine. Although the trophoblast is the prime site of human chorionic gonadotrophin (hCG) production, it can also be produced by other tissues, albeit in very low concentrations (Iles and Chard, 1991). The placenta appears to be capable of synthesizing a very broad range of hormones and releasing factors that interact with both maternal and fetal physiology. Some substances such as noradrenaline can act as both hormone and neurotransmitter depending on their mode of delivery and whether they are released from a gland or from a nerve. The hypothalamus produces neurohormones that are important in the interaction between the endocrine and nervous systems.
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Fig. 3.1 
The endocrine glands.

(Reproduced with permission from Brooker, 1998.)








Overall, the endocrine system (in partnership with the neural system) has the following functions:
• coordinates the homeostatic balance


• regulates various physiological systems such as the digestive system and reproductive system


• facilitates differentiation of the sexes in the embryonic stage and the manifestation of the secondary sexual characteristics at puberty


• modifies and induces behavioural changes within the individual.










     The evolution of endocrinology


The evolution of the endocrine system has its rudiments within the activity of single-cell (unicellular) organisms. The unicellular organisms developed the ability to be attracted to chemicals, described as a chemotactic response, or to chemicals that were vital for the functioning of the organism, described as a chemotrophic response. Equally, these organisms developed the ability to recognize noxious chemicals (toxins) and were thus able to avoid them. The cell reacting to chemical signals interacting with receptor sites upon the cell membrane and within the cytoplasm led to the development of active mobility.


As multicellular organisms developed, the group of unicellular organisms that were the prototypes of multicellular organisms evolved chemical communication as an extension of the chemotrophic response. As multicellular evolution progressed further, the cells became more differentiated and specialized. Regulation therefore became the function of more specialized types of cells. This is reflected in the developmental sequence of a fetus, beginning with the division of a single cell (see Chapter 7). With each successive division, the resulting cells are slightly different from the original zygote cell (although differentiation during the initial divisions may be induced by the presence of maternally derived factors within the cytoplasm of the zygote). Although this differentiation is primarily under genetic control, it is achieved through a process of induction from chemical signals produced by one cell type that influence the division of other neighbouring cells. The altered gene expression of the dividing cells results in a changed morphology and developmental pathway.


As organisms became larger and more complex, cell-to-cell communication became more complicated. It evolved in two ways: the endocrine system (of chemical transmission via the circulating blood system) and the neural system (via transmission of an action potential; see Chapter 1). Under the traditional approach to biological science, the endocrine and neural systems were always considered in isolation; however, they are now considered to be extensions of the same system that are highly interactive. Many endocrine responses are initiated by a neuronal influence. Many neurotransmitters and neuromodulators have also been found to be endocrine hormones.





     Classification of hormones


Hormones regulate metabolism, activate or inhibit the immune system, stimulate or inhibit growth, induce or suppress apoptosis (see below) and prepare the body to respond (such as fleeing or fighting) or undergo transition to a new stage of life such as puberty, pregnancy or the menopause. Hormones are produced by almost every organ and type of tissue; they function as cellular messengers. The action of hormones depends on the responses of the target cells and the pattern of hormonal secretion. Endocrine means ‘secreted inwards’ and is applied to hormones that fit the classical description of being secreted into the bloodstream and having an effect at a distant target. There are also exocrine hormones, which are ‘secreted outwards’ into ducts. These include hormones that are secreted into the vas deferens and uterine tubes.


A number of hormones have a local or paracrine effect, diffusing short distances to act on neighbouring cells or cells separated only by an intracellular space. Examples of a paracrine response are the effects of testosterone and anti-Müllerian hormone (AMH; also known as Müllerian-inhibiting hormone or substance, MIH or MIS) on sexual differentiation (see Chapter 5). If the hormone produced acts upon the same cell that produced it, it is described as autocrine. For example, an autocrine hormone may induce cellular division or signal the programmed death of the cell (apoptosis). If it affects adjacent cells and has a very localized action, it is described as a juxtacrine hormone. Therefore, the effect of a hormone depends on how and where it is secreted, the mode of transport (e.g. whether it is soluble or carried by a binding protein) and how quickly it is metabolized or inactivated.


Neuroendocrine hormones are synthesized in specialized neurons, and their effects can also be paracrine in nature (these are usually described as neurotransmitters and neuromodulators). Oxytocin is an example of a neuroendocrine hormone. It is released from the posterior lobe of the pituitary gland and influences the contractility of the myometrium (see Chapter 13) and myoepithelial cells in the breast (see Chapter 16). In these respects, oxytocin has an endocrine effect, but in many mammals it also modifies female behaviour by inducing parental behaviour in the presence of the sex steroids (Insel, 1992). Oxytocin is thought to influence the successful transition to parenthood in different ways; maternal behavioural changes tending to influence affectionate behaviour and emotional bonding and paternal parenting behaviour tending to affect play and social interaction with their infants (Gordon et al., 2010).


A pheromone is a hormone produced by an individual that induces a response, usually social, within another member of the same species. Releaser pheromones stimulate rapid behavioural responses such as attracting potential mates. Primer pheromones act via the olfactory and neuroendocrine system to produce delayed responses which are usually developmental. Receptors for pheromones are found on the vomeronasal organ close to the nasal cavity of mammals, which use pheromones to indicate identity of kin or family territory. It is controversial as to whether the human vomeronasal organ retains a function; some scientists think it is involved in social behaviour such as pair bonding, parental attachment, sexual attraction and synchrony of menstrual cycles (Halpern and Martinez-Marcos, 2003). The synchronization of menstrual cycles within a group of women, responses between lactating women and their offspring and female responses to non-odorants in male perspiration are suggested to be examples of pheromone effects in humans (Bhutta, 2007).


Secretion of hormones is influenced by a number of factors, including the nervous system, hormone-binding proteins, plasma concentrations of nutrients and ions, environmental changes and other hormones, such as stimulating and releasing hormones.



     Hormone structure


Hormones can be classified according to their structure (see Table 3.2). Steroid hormones and eicosanoids (the prostaglandin family of hormones) are lipids. The other classes are protein and peptide hormones and monoamines.



     

Table 3.2 Classification of hormones and examples
Adapted from Johnson and Everitt, 1995.


	Lipid hormones
	Steroid hormones
	Sex steroids, e.g. androgens, oestrogens and progestagens


	Glucocorticoids, e.g. cortisol

	Mineralocorticoids, e.g. aldosterone

	Thyroid hormones; 1,25-Dihydrovitamin D3



	Eicosanoids
	Prostaglandins


	Leukotrienes


	Protein hormones
	Gonadotrophic glycoproteins
	Follicle-stimulating hormone (FSH)


	Luteinizing hormone (LH)

	Human chorionic gonadotrophin (hCG)

	Thyroid-stimulating hormone (TSH)


	Somatotrophic polypeptides
	Prolactin (PRL)


	Human placental lactogen (hPL)

	Growth hormone (GH)


	Cytokines
	Insulin


	Activins and inhibins

	Anti-Müllerian hormone (AMH)

	Interferons

	Growth factors


	Small peptides
	
	Gonadotrophin-releasing hormone (GnRH)


	Oxytocin (OXY)

	Antidiuretic hormone (ADH or vasopressin)

	β-Endorphin

	Vasoactive intestinal peptide (VIP)


	Monoamines
	Catecholamines
	Adrenaline, noradrenaline and dopamine


	Melatonin

	Dopamine








     Steroid hormones


The steroid group of hormones consists of the sex steroids (progestagens, androgens and oestrogens), the glucocorticoids, mineralocorticoids, thyroid hormones and 1,25-dihydroxyvitamin D3. Steroid hormones are derived from cholesterol which is synthesized from acetate (Fig. 3.2). As well as being the precursor for the steroid hormones, cholesterol is also an important structural component of cell membranes, providing rigidity.
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Fig. 3.2 
Steroid hormone production.










The first and common step in the biosynthesis of sex steroids is the formation of pregnenolone, which is rate-limiting, and therefore important in controlling production of sex steroids. Pregnenolone is produced on the inner mitochondrial membrane whereas the next stages take place in the smooth endoplasmic reticulum (SER).


The three classes of sex steroids are structurally related, which offers the opportunity for interconversion. This means that a genetic defect in one of the steps can result not only in a deficiency of the normal amount of the product but also in an excess of another sex steroid. For instance, a genetic deficiency of the enzyme that converts 17α-hydroxyprogesterone to the precursor of cortisol results in increased levels of 17α-hydroxyprogesterone, which is converted into androstenedione and then into androgens. The unusually high level of androgens can cause masculinization of the female fetus. These structural similarities mean that the steroid hormones can affect the activity of other steroid hormones by exerting agonistic and antagonistic properties at the receptor level (see below). However, the effects of the hormones vary depending on their structure (see Table 3.3).



     

Table 3.3 Biological activity and effects of the sex steroids
Adapted from Johnson and Everitt, 1995.


	Sex Steroid
	Family Members (and Approximate Biological Activity)
	Main Effects



	Androgens
	5α-dihydrotestosterone (100%)
Testosterone (50%)
Androstenedione (8%)
Dehydroepiandrosterone (4%)
	Differentiation of male embryo
Secondary sex characteristics
Spermatogenesis
Male secondary sex characteristics
Sexual and aggressive behaviour
Growth promoting, protein anabolism, ossification and erythropoiesis



	Oestrogens
	Oestradiol-17β (E2) (100%)
	Female secondary sex characteristics



	Oestriol (E3) (10%)
	Prepares uterus for ovulation and fertilization



	Oestrone (E1) (1%)
	Vascular effects – increased blood flow, neovascularization


	Growth-promoting effects on endometrium and breasts

	Primes endometrium for progesterone action

	Mildly anabolic

	Increases calcification of bones

	May be associated with sexual behaviour


	Progestagens
	Progesterone (100%)
	Prepares uterus for pregnancy



	17α-hydroxyprogesterone
	Maintains pregnancy (17α-OHP) (40–70%)
Stimulates glandular growth of breasts (but suppresses milk secretion)



	20α-hydroxyprogesterone (5%)
	Affects sodium and water excretion


	Mildly catabolic

	Relaxes smooth muscle tone

	Affects appetite and thirst, metabolic rate, sensitivity to carbon dioxide







The main role of androgens is in the development and maintenance of masculine characteristics and fertility. Similarly, the dominant role of oestrogens is in development and maintenance of feminine characteristics and fertility. The key role for progesterone is the preparation for pregnancy and its maintenance. However, all the steroid hormones are produced in men and women but with varying profiles; therefore, for instance, men produce more androgens than women but also produce some oestrogen. Although androgens are primarily associated with the development and maintenance of male sex characteristics, they also affect sexual behaviour in women (Johnson, 2007).


As steroid hormones are lipid-soluble, they are able to diffuse freely across the cell membrane and have their effect within the target cell. In the cytoplasm, the steroid hormones may be altered. The receptor sites for thyroid hormone and the sex steroids are within the nucleus. Specific receptors for the other steroid hormones are within the cytoplasm; binding usually results in cleavage of smaller ‘heat-shock’ proteins from the receptors. Steroid hormones exert their effect by altering ribonucleic acid (RNA) synthesis and subsequent protein synthesis (Box 3.1). The steroid-receptor ligand binds to specific segments of DNA, steroid response elements (SRE) in promoter regions of the gene in that section of DNA, affecting the rate of transcription and gene expression. Protein synthesis can be increased (or decreased) within 30 min, and the effects of steroid hormones are therefore relatively slow in action compared with those of protein hormones. The term ‘anabolic steroids’ describes the effect of steroid hormones in influencing new tissue growth.


     
Box 3.1 
Action of steroid hormones



  


• Transported in plasma bound to binding protein


• Hormone released and diffuses into target cell


• Hormone diffuses into nucleus


• Binds to specific receptor


• Affects DNA transcription


• Affects mRNA synthesis


• Affects protein synthesis


• Altered functional response of cell












The other class of lipid hormones is the eicosanoids (prostaglandins and leukotrienes) which have an important role in reproduction. Eicosanoids are formed from an arachidonic acid precursor, generated by the activity of either phospholipase C or phospholipase A2 (Fig. 3.3). Arachidonic acid production appears to be the rate-limiting step. Phospholipase A2 is present in an inactive form in lysosomes in cells that are released if the cell membranes become unstable. Most tissues of the body including the myometrium, cervix, ovary, placenta and fetal membranes synthesize prostaglandins. They have a short half-life and are metabolized quickly. They have an important role in amplifying signals at the onset of labour (see Chapter 13). Leukotrienes are also synthesized from arachidonic acid by the enzyme 5-lipoxygenase in leukocytes and macrophages. They are involved in inflammatory reactions particularly in asthma and allergy and also seem to be important in pregnancy.
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Fig. 3.3 
Formation of eicosanoids.















     Protein, peptide and monoamine hormones


Protein and peptide hormones bind to receptors located on or within the cell membrane. They initiate plasma membrane depolarization and a cascade of second-messenger systems and chemical changes within the cytoplasm, generating a faster response than steroid hormones. They primarily affect the functioning of the cell by stimulation or inhibition. Their action is initiated through the activation of G-proteins located within the cell cytoplasm, which initiate various chemical reactions (Box 3.2). G-proteins may open ion channels or stimulate phosphorylation of internal proteins, thus generating the signalling cascade. Many peptide hormones function as neurotransmitters in the brain. The monoamine hormones are derivatives of the amino acids tryptophan and tyrosine.


     
Box 3.2 
Action of peptide hormones



  


• Binds to receptor on cell membrane


• Hormone–receptor complex


• Altered internal state
— For example, by opening ion channel in membrane


— For example, by affecting an enzyme such as tyrosine kinase which may phosphorylate (and activate) a protein


— For example, by activating a G-protein and causing calcium release







• Altered cell response













     Gonadotrophic glycoproteins


This group includes TSH (thyroid stimulating hormone), FSH, LH and hCG, all of which are structurally similar. Their structure is a globular protein which is a heterodimer formed of two polypeptide chains, a common alpha subunit and a unique beta subunit. The beta subunit has unique carbohydrate side-chains that bestow stability and biological activity. hCG is produced by the placental tissue (the cytotrophoblasts produce the alpha subunit and the syncytiotrophoblast produces the beta subunit), whereas the other gonadotrophic glycoproteins are produced by the anterior pituitary gland.





     Somatomammotrophic polypeptides


This group of hormones includes prolactin (PRL), human placental lactogen (hPL; also known as human placental somatomammotrophin) and growth hormone (GH); GH is also known as somatotrophin, which has marked effects on tissue growth including the breasts. Their structure is a single polypeptide chain. PRL and hPL are involved with lactation. GH has a role in puberty including breast development. Although PRL and GH are pituitary hormones, the placenta also produces them in addition to hPL. However, the activity of the placental hormones is often not exactly the same as that of the pituitary hormones. For instance, placental GH has a higher affinity for the PRL receptor than has pituitary GH. The somatomammotrophic polypeptide hormones affect growth including angiogenesis, functioning of the immune system and metabolism.





     Cytokines


Cytokines are small polypeptide chains. There is a large number of cytokines including inhibin, activin, epidermal growth factors and AMH (see Chapters 5 and 13 and Box 3.3). Cytokines have a broad range of activity. They are usually made in a variety of cell types rather than in a specific gland. Cytokines act on many different cell types, often interacting with and modulating each other's responses. Several cytokines have similar and overlapping functions. They usually have paracrine activity and often modulate or mediate the actions of other types of hormone. Cytokines act by binding to their specific receptors on the cell membrane; typically, these receptors are also tyrosine kinase (enzymes that transfer a phosphate group to a tyrosine residue of protein which then regulates the activity of other enzymes).


     
Box 3.3 
Anti-Müllerian hormone



  

A good example of the range of activity demonstrated by cytokines is AMH which has long been known for its role in promoting regression of the Müllerian ducts in the male embryo (see Chapter 5). The female embryo does not produce AMH, so the Müllerian ducts develop into female internal genitalia. AMH is secreted from the Sertoli cells of the testes and continues to be produced in male children but declines throughout adulthood. Women produce AMH, from the granulosa cells of the ovary, from puberty onwards; the role of AMH in the ovary is to limit excessive follicular recruitment by FSH, so it controls the number of primary follicles formed. It seems that puberty is preceded by a rise in AMH in girls and by a fall in AMH in boys. The changing levels of AMH also affect brain development via AMH receptors and are thought to mediate gender-specific behaviour. In women, AMH seems to be one of the best markers for ovarian reserve (the number of remaining follicles in the ovaries) and can be used to predict menopause and also the likely effectiveness of assisted reproductive technologies (Broekmans et al., 2008). Synthetic AMH is potentially a therapy for rapidly proliferating cancer cells and endometriosis as it inhibits not only growth and development of Müllerian ducts but also other tissues which express AMH receptors; as it has little known toxicity, it appears to be a suitable adjunct to other treatment and has an effect on some drug-resistant tumours (MacLaughlin and Donahoe, 2010).











     Small peptide hormones


This group of hormones includes gonadotrophin (GnRH), a decapeptide (i.e. a chain of 10 amino acids) from the hypothalamus, and other releasing hormones, oxytocin, antidiuretic hormone (ADH; also known as vasopressin), β-endorphin (described in Chapter 13) and vasoactive intestinal peptide (VIP). Most of these small peptide hormones are initially produced in the form of pre-prohormones (large inactive polypeptide precursors). The pre-prohormone is then processed in the endoplasmic reticulum to form a prohormone. The processing may involve glycosylation (addition of polysaccharides) or removal of the N-terminal signal sequence. Prohormones often contain redundant amino acid residues that were required to direct the folding of the molecule into its active configuration but then have no further function. Endopeptidases cleave the prohormone, thereby producing the mature functional form of the hormone just before it is released from the cell. Some of the ‘pro’-fragments of the prohormones also exert a biological effect. The identification of secondary sites of hormone production, such as GnRH being produced in the placenta and ovary and oxytocin being produced in the testes and uterus, suggests that these small peptide hormones have diverse roles and may function as neurotransmitters (Johnson, 2007).
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