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Preface


When we wrote the first edition of Renal Physiology in 1992, our goal was to provide a clear and concise overview of the function of the kidneys for health professions students who were studying the topic for the first time. The feedback we have received over the years has affirmed that we met our goal, and that achievement has been a key element to the book’s success. Thus, in this fifth edition we have adhered to our original goal, maintaining all the proven elements of the last four editions.


Since 1992, much has been learned about kidney function at the cellular, molecular, and clinical level. Although this new information is exciting and provides new and greater insights into the function of the kidneys in health and disease, it can prove daunting to first-time students and in some cases may cause them to lose the forest for the trees. In an attempt to balance the needs of the first-time student with our desire to present some of the latest advances in the field of renal physiology, we have updated the highlighted text boxes, titled “At the Cellular Level” and “In the Clinic,” to supplement the main text for students who wish additional detail. The other features of the book, which include clinical material that illustrates important physiologic principles, multiple-choice questions, self-study problems, and integrated case studies, have been retained and updated. To achieve our goal of keeping the book concise, we have removed some old material as new material was added. We hope that all who use this book find that the changes have made it an improved learning tool and a valuable source of information.


To the instructor: This book is intended to provide students in the biomedical and health sciences with a basic understanding of the workings of the kidneys. We believe that it is better for the student at this stage to master a few central concepts and ideas rather than to assimilate a large array of facts. Consequently, this book is designed to teach the important aspects and fundamental concepts of normal renal function. We have emphasized clarity and conciseness in presenting the material. To accomplish this goal, we have been selective in the material included. The broader field of nephrology, with its current and future frontiers, is better learned at a later time and only after the “big picture” has been well established. For clarity and simplicity, we have made statements as assertions of fact even though we recognize that not all aspects of a particular problem have been resolved.


To the student: As an aid to learning this material, each chapter includes a list of objectives that reflect the fundamental concepts to be mastered. At the end of each chapter, we have provided a summary and a list of key words and concepts that should serve as a checklist while working through the chapter. We have also provided a series of self-study problems that review the central principles of each chapter. Because these questions are learning tools, answers and explanations are provided in Appendix D. Multiple-choice questions are presented at the end of each chapter. Comprehensive clinical cases are included in other appendixes. We recommend working through the clinical cases in Appendix A only after completing the book. In this way, they can indicate where additional work or review is required.


We have provided a highly selective bibliography that is intended to provide the next step in the study of the kidney; it is a place to begin to add details to the subjects presented here and a resource for exploring other aspects of the kidney not treated in this book.


We encourage all who use this book to send us your comments and suggestions. Please let us know what we have done right as well as what needs improvement.




Bruce M. Koeppen







Bruce A. Stanton
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1 Physiology of Body Fluids




Objectives


Upon completion of this chapter, the student should be able to answer the following questions:




1. How do body fluid compartments differ with respect to their volumes and their ionic compositions?


2. What are the driving forces responsible for movement of water across cell membranes and the capillary wall?


3. How do the volumes of the intracellular and extracellular fluid compartments change under various pathophysiologic conditions?





In addition, the student should be able to define and understand the following properties of physiologically important solutions and fluids:




1. Molarity and equivalence


2. Osmotic pressure


3. Osmolarity and osmolality


4. Oncotic pressure


5. Tonicity








One of the major functions of the kidneys is to maintain the volume and composition of the body’s fluids constant despite wide variation in the daily intake of water and solutes. In this chapter, the volume and composition of the body’s fluids are discussed to provide a background for the study of the kidneys as regulatory organs. Some of the basic principles, terminology, and concepts related to the properties of solutes in solution also are reviewed.






Physicochemical Properties of Electrolyte Solutions






Molarity and Equivalence


The amount of a substance dissolved in a solution (i.e., its concentration) is expressed in terms of either molarity or equivalence. Molarity is the amount of a substance relative to its molecular weight. For example, glucose has a molecular weight of 180 g/mol. If 1 L of water contains 1 g of glucose, the molarity of this glucose solution would be determined as:





[image: image]     (1-1)





For uncharged molecules, such as glucose and urea, concentrations in the body fluids are usually expressed in terms of molarity.∗ Because many of the substances of biologic interest are present at very low concentrations, units are more frequently expressed in the millimolar range (mmol/L).


The concentration of solutes, which normally dissociate into more than one particle when dissolved in solution (e.g., sodium chloride [NaCl]), is usually expressed in terms of equivalence. Equivalence refers to the stoichiometry of the interaction between cation and anion and is determined by the valence of these ions. For example, consider a 1 L solution containing 9 g of NaCl (molecular weight = 58.4 g/mol). The molarity of this solution is 154 mmol/L. Because NaCl dissociates into Na+ and Cl− ions, and assuming complete dissociation, this solution contains 154 mmol/L of Na+ and 154 mmol/L of Cl−. Because the valence of these ions is 1, these concentrations also can be expressed as milliequivalents (mEq) of the ion per liter (i.e., 154 mEq/L for Na+ and Cl−, respectively).


For univalent ions such as Na+ and Cl−, concentrations expressed in terms of molarity and equivalence are identical. However, this is not true for ions having valences greater than 1. Accordingly, the concentration of Ca++ (molecular weight = 40.1 g/mol and valence = 2) in a 1 L solution containing 0.1 g of this ion could be expressed as:





[image: image]     (1-2)





Although some exceptions exist, it is customary to express concentrations of ions in milliequivalents per liter (mEq/L).









Osmosis and Osmotic Pressure


The movement of water across cell membranes occurs by the process of osmosis. The driving force for this movement is the osmotic pressure difference across the cell membrane. Figure 1-1 illustrates the concept of osmosis and the measurement of the osmotic pressure of a solution.





[image: image]

FIGURE 1-1 Schematic representation of osmotic water movement and the generation of an osmotic pressure. Compartment A and compartment B are separated by a semipermeable membrane (i.e., the membrane is highly permeable to water but impermeable to solute). Compartment A contains a solute, and compartment B contains only distilled water. Over time, water moves by osmosis from compartment B to compartment A. (Note: This water movement is driven by the concentration gradient for water. Because of the presence of solute particles in compartment A, the concentration of water in compartment A is less than that in compartment B. Consequently, water moves across the semipermeable membrane from compartment B to compartment A down its gradient). This movement raises the level of fluid in compartment A and decreases the level in compartment B. At equilibrium, the hydrostatic pressure exerted by the column of water (h) stops the movement of water from compartment B to A. This pressure is equal and opposite to the osmotic pressure exerted by the solute particles in compartment A.




Osmotic pressure is determined solely by the number of solute particles in the solution. It is not dependent on factors such as the size of the solute particles, their mass, or their chemical nature (e.g., valence). Osmotic pressure (π), measured in atmospheres (atm), is calculated by van’t Hoff’s law as:
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where n is the number of dissociable particles per molecule, C is total solute concentration, R is gas constant, and T is temperature in degrees Kelvin (°K).


For a molecule that does not dissociate in water, such as glucose or urea, a solution containing 1 mmol/L of these solutes at 37° C can exert an osmotic pressure of 2.54 × 10−2 atm as calculated by equation 1-3 using the following values: n is 1, C is 0.001 mol/L, R is 0.082 atm L/mol, and T is 310° K.


Because 1 atm equals 760 mm Hg at sea level, π for this solution also can be expressed as 19.3 mm Hg. Alternatively, osmotic pressure is expressed in terms of osmolarity (see the following discussion). Thus a solution containing 1 mmol/L of solute particles exerts an osmotic pressure of 1 milliosmole/L (1 mOsm/L).


For substances that dissociate in a solution, n of equation 1-3 has a value other than 1. For example, a 150 mmol/L solution of NaCl has an osmolarity of 300 mOsm/L because each molecule of NaCl dissociates into a Na+ and a Cl− ion (i.e., n = 2). If dissociation of a substance into its component ions is not complete, n is not an integer. Accordingly, osmolarity for any solution can be calculated as:
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Osmolarity and Osmolality


Osmolarity and osmolality are frequently confused and incorrectly interchanged. Osmolarity refers to the number of solute particles per 1 L of solvent, whereas osmolality is the number of solute particles in 1 kg of solvent. For dilute solutions, the difference between osmolarity and osmolality is insignificant. Measurements of osmolarity are temperature dependent because the volume of solvent varies with temperature (i.e., the volume is larger at higher temperatures). In contrast, osmolality, which is based on the mass of the solvent, is temperature independent. For this reason, osmolality is the preferred term for biologic systems and is used throughout this and subsequent chapters. Osmolality has the units of Osm/kg H2O. Because of the dilute nature of physiologic solutions and because water is the solvent, osmolalities are expressed as milliosmoles per kilogram of water (mOsm/kg H2O).


Table 1-1 shows the relationships among molecular weight, equivalence, and osmoles for a number of physiologically significant solutes.




TABLE 1-1 Units of Measurement for Physiologically Significant Substances


[image: image]











Tonicity


The tonicity of a solution is related to its effect on the volume of a cell. Solutions that do not change the volume of a cell are said to be isotonic. A hypotonic solution causes a cell to swell, whereas a hypertonic solution causes a cell to shrink. Although it is related to osmolality, tonicity also takes into consideration the ability of the solute to cross the cell membrane.


Consider two solutions: a 300 mmol/L solution of sucrose and a 300 mmol/L solution of urea. Both solutions have an osmolality of 300 mOsm/kg H2O and therefore are said to be isosmotic (i.e., they have the same osmolality). When red blood cells (which, for the purpose of this illustration, also have an intracellular fluid osmolality of 300 mOsm/kg H2O) are placed in the two solutions, those in the sucrose solution maintain their normal volume, but those placed in urea swell and eventually burst. Thus the sucrose solution is isotonic and the urea solution is hypotonic. The differential effect of these solutions on red cell volume is related to the permeability of the plasma membrane to sucrose and urea. The red blood cell membrane contains uniporters for urea (see Chapter 4). Thus urea easily crosses the cell membrane (i.e., the membrane is permeable to urea), driven by the concentration gradient (i.e., extracellular [urea] > intracellular [urea]). In contrast, the red blood cell membrane does not contain sucrose transporters, and sucrose cannot enter the cell (i.e., the membrane is impermeable to sucrose).


To exert an osmotic pressure across a membrane, a solute must not permeate that membrane. Because the red blood cell membrane is impermeable to sucrose, it exerts an osmotic pressure equal and opposite to the osmotic pressure generated by the contents of the red blood cell (in this case, 300 mOsm/kg H2O). In contrast, urea is readily able to cross the red blood cell membrane, and it cannot exert an osmotic pressure to balance that generated by the intracellular solutes of the red blood cell. Consequently, sucrose is termed an effective osmole and urea is termed an ineffective osmole.


To take into account the effect of a solute’s membrane permeability on osmotic pressure, it is necessary to rewrite equation 1-3 as:





[image: image]     (1-5)





where σ is the reflection coefficient or osmotic coefficient and is a measure of the relative ability of the solute to cross a cell membrane.


For a solute that can freely cross the cell membrane (such as urea in this example), σ = 0, and no effective osmotic pressure is exerted. Thus urea is an ineffective osmole for red blood cells. In contrast, σ = 1 for a solute that cannot cross the cell membrane (i.e., sucrose). Such a substance is said to be an effective osmole. Many solutes are neither completely able nor completely unable to cross cell membranes (i.e., 0 < σ < 1) and generate an osmotic pressure that is only a fraction of what is expected from the total solute concentration.









Oncotic Pressure


Oncotic pressure is the osmotic pressure generated by large molecules (especially proteins) in solution. As illustrated in Figure 1-2, the magnitude of the osmotic pressure generated by a solution of protein does not conform to van’t Hoff’s law. The cause of this anomalous relationship between protein concentration and osmotic pressure is not completely understood but appears to be related to the size and shape of the protein molecule. For example, the correlation to van’t Hoff’s law is more precise with small, globular proteins than with larger protein molecules.





[image: image]

FIGURE 1-2 Relationship between the concentration of plasma proteins in solution and the osmotic pressure (oncotic pressure) they generate. Protein concentration is expressed as grams per deciliter. Normal plasma protein concentration is indicated. Note that the actual pressure generated exceeds that predicted by van’t Hoff’s law.




The oncotic pressure exerted by proteins in human plasma has a normal value of approximately 26 to 28 mm Hg. Although this pressure appears to be small when considered in terms of osmotic pressure (28 mm Hg ≈ 1.4 mOsm/kg H2O), it is an important force involved in fluid movement across capillaries (details of this topic are presented in the following section on fluid exchange between body fluid compartments).









Specific Gravity


The total solute concentration in a solution also can be measured as specific gravity. Specific gravity is defined as the weight of a volume of solution divided by the weight of an equal volume of distilled water. Thus the specific gravity of distilled water is 1. Because biologic fluids contain a number of different substances, their specific gravities are greater than 1. For example, normal human plasma has a specific gravity in the range of 1.008 to 1.010.





IN THE CLINIC


The specific gravity of urine is sometimes measured in clinical settings and used to assess the concentrating ability of the kidney. The specific gravity of urine varies in proportion to its osmolality. However, because specific gravity depends on both the number of solute particles and their weight, the relationship between specific gravity and osmolality is not always predictable. For example, patients who have been injected with radiocontrast dye (molecular weight >500 g/mol) for radiographic studies can have high values of urine-specific gravity (1.040 to 1.050) even though the urine osmolality is similar to that of plasma (e.g., 300 mOsm/kg H2O).















Volumes of Body Fluid Compartments


Water makes up approximately 60% of the body’s weight, with variability among individuals being a function of the amount of adipose tissue that is present. Because the water content of adipose tissue is lower than that of other tissue, increased amounts of adipose tissue reduce the fraction of total body weight attributed to water. The percentage of body weight attributed to water also varies with age. In newborns, it is approximately 75%. This percentage decreases to the adult value of 60% by 1 year of age.


As illustrated in Figure 1-3, total body water is distributed between two major compartments, which are divided by the cell membrane.∗ The intracellular fluid (ICF) compartment is the larger compartment and contains approximately two thirds of the total body water. The remaining one third of the body water is contained in the extracellular fluid (ECF) compartment. Expressed as percentages of body weight, the volumes of total body water, ICF, and ECF are:





[image: image]

FIGURE 1-3 Relationship between the volumes of the major body fluid compartments. The actual values shown are calculated for a person who weighs 70 kg.







[image: image]     (1-6)





The ECF compartment is further subdivided into interstitial fluid and plasma, which are separated by the capillary wall. The interstitial fluid surrounds the cells in the various tissues of the body and constitutes three fourths of the ECF volume. The ECF includes water contained within the bone and dense connective tissue, as well as the cerebrospinal fluid. Plasma represents the remaining one fourth of the ECF. Under some pathologic conditions, additional fluid may accumulate in what is referred to as a “third space.” Third space collections of fluid are part of the ECF and include, for example, the accumulation of fluid in the peritoneal cavity (ascites) of persons with liver disease.









Composition of Body Fluid Compartments


Sodium is the major cation of the ECF, and Cl− and bicarbonate ([image: image]) are the major anions. The ionic composition of the plasma and interstitial fluid compartments of the ECF is similar because they are separated only by the capillary endothelium, a barrier that is freely permeable to small ions. The major difference between the interstitial fluid and plasma is that the latter contains significantly more protein. This differential concentration of protein can affect the distribution of cations and anions between these two compartments (i.e., the Donnan effect) because plasma proteins have a net negative charge that tends to increase the cation concentrations and reduce the anion concentrations in the plasma compartment. However, this effect is small, and the ionic compositions of the interstitial fluid and plasma can be considered identical. Because of its abundance, Na+ (and its attendant anions, primarily Cl− and [image: image]) is the major determinant of ECF osmolality. Accordingly, a rough estimate of the ECF osmolality can be obtained by simply doubling the sodium concentration [Na+]. For example, if the plasma [Na+] is 145 mEq/L, the osmolality of plasma and ECF can be estimated as:





[image: image]     (1-7)





Because water is in osmotic equilibrium across the capillary endothelium and the plasma membrane of cells, measurement of the plasma osmolality also provides a measure of the osmolality of the ECF and ICF.





IN THE CLINIC


In clinical situations, a more accurate estimate of the plasma osmolality is obtained by also considering the contribution of glucose and urea to the plasma osmolality. Accordingly, plasma osmolality can be estimated as:





[image: image]     (1-8)





The glucose and urea concentrations are expressed in units of mg/dL (dividing by 18 for glucose and 2.8 for urea∗ allows conversion from the units of mg/dL to mmol/L and thus to mOsm/kg H2O). This estimation of plasma osmolality is especially useful when dealing with patients who have an elevated plasma [glucose] level as a result of diabetes mellitus and patients with chronic renal failure whose plasma [urea] level is elevated.




∗ The [urea] in plasma is measured as the nitrogen in the urea molecule, or blood urea nitrogen.








In contrast to the ECF, where the [Na+] is approximately 145 mEq/L, the [Na+] of the ICF is only 10 to 15 mEq/L. K+ is the predominant cation of the ICF, and its concentration is approximately 150 mEq/L. This asymmetric distribution of Na+ and K+ across the plasma membrane is maintained by the activity of the ubiquitous sodium–potassium–adenosine triphosphatase (Na+-K+-ATPase) mechanism. By its action, Na+ is extruded from the cell in exchange for K+. The anion composition of the ICF differs from that of the ECF. For example, Cl− and [image: image] are the predominant anions of the ECF, and organic molecules and the negatively charged groups on proteins are the major anions of the ICF.









Fluid Exchange between Body Fluid Compartments


Water moves freely and rapidly between the various body fluid compartments. Two forces determine this movement: hydrostatic pressure and osmotic pressure. Hydrostatic pressure from the pumping of the heart (and the effect of gravity on the column of blood in the vessel) and osmotic pressure exerted by plasma proteins (oncotic pressure) are important determinants of fluid movement across the capillary wall. By contrast, because hydrostatic pressure gradients are not present across the cell membrane, only osmotic pressure differences between ICF and ECF cause fluid movement into and out of cells.






Capillary Fluid Exchange


The movement of fluid across a capillary wall is determined by the algebraic sum of the hydrostatic and oncotic pressures (the so-called Starling forces) as expressed by the following equation:





[image: image]     (1-9)





where the filtration rate is the volume of fluid moving across the capillary wall (expressed in units of either volume/capillary surface area or volume/time) and where Kf is the filtration coefficient of the capillary wall, Pc is hydrostatic pressure within the capillary lumen, πc is oncotic pressure of the plasma, Pi is hydrostatic pressure of the interstitial fluid, πi is oncotic pressure of the interstitial fluid, and σ is the reflection coefficient for proteins across the capillary wall.


The Starling forces for capillary fluid exchange vary between tissues and organs. They also can change in a given capillary bed under physiologic conditions (e.g., exercising muscle) and pathophysiologic conditions (e.g., congestive heart failure). Figure 1-4 illustrates these forces for a capillary bed located in skeletal muscle at rest.





[image: image]

FIGURE 1-4 Top, Schematic representation of the Starling forces responsible for the filtration and absorption of fluid across the wall of a typical skeletal muscle capillary. Note that Pc decreases from the arteriole end to the venule end of the capillary, whereas all the other Starling forces are constant along the length of the capillary. Some of the fluid filtered into the interstitium returns to the circulation via postcapillary venules, and some is taken up by lymphatic vessels and returned to the vascular system (not shown). Bottom, Graph of hydrostatic and oncotic pressure differences along the capillary (in this example, σ = 0.9). Net fluid movement across the wall of the capillary also is indicated. Note that fluid is filtered out of the capillary except at the venous end, where the net driving forces are zero. Pc, Capillary hydrostatic pressure; Pi, interstitial hydrostatic pressure; πc, capillary oncotic pressure; πi, interstitial oncotic pressure.




The capillary filtration coefficient (Kf) reflects the intrinsic permeability of the capillary wall to the movement of fluid, as well as the surface area available for filtration. The Kf varies among different capillary beds. For example, the Kf of glomerular capillaries in the kidneys is approximately 100 times greater in magnitude than that of skeletal muscle capillaries. This difference in Kf accounts for the large volume of fluid filtered across glomerular capillaries compared with the amount filtered across skeletal muscle capillaries (see Chapter 3).


The hydrostatic pressure within the lumen of a capillary (Pc) is a force promoting the movement of fluid from the lumen into the interstitium. Its magnitude depends on arterial pressure, venous pressure, and precapillary (arteriolar) and postcapillary (venular and small vein) resistances. An increase in the arterial or venous pressures results in an increase in Pc, whereas a decrease in these pressures has the opposite effect. Pc increases with either a decrease in precapillary resistance or an increase in postcapillary resistance. Likewise, an increase in precapillary resistance or a decrease in postcapillary resistance decreases Pc. For virtually all capillary beds, precapillary resistance is greater than postcapillary resistance, and thus the precapillary resistance plays a greater role in determining Pc. An important exception is the glomerular capillaries, where both precapillary and postcapillary resistances modulate Pc (see Chapter 3). The magnitude of Pc varies not only among tissues, but also among capillary beds within a given tissue; it also is dependent on the physiologic state of the tissue.


Precapillary sphincters control not only the hydrostatic pressure within an individual capillary, but also the number of perfused capillaries in the tissue. For example, in skeletal muscle at rest, not all capillaries are perfused. During exercise, relaxation of precapillary sphincters allows perfusion of more capillaries. The increased number of perfused capillaries reduces the diffusion distance between the cells and capillaries and thereby facilitates the exchange of O2 and cellular metabolites (e.g., carbon dioxide [CO2] and lactic acid).


The hydrostatic pressure within the interstitium (Pi) is difficult to measure, but in the absence of edema (i.e., abnormal accumulation of fluid in the interstitium), its value is near zero or slightly negative. Thus under normal conditions it causes fluid to move out of the capillary. However, when edema is present, Pi is positive and it opposes the movement of fluid out of the capillary (see Chapter 6).


The oncotic pressure of plasma proteins (πc) retards the movement of fluid out of the capillary lumen. At a normal plasma protein concentration, πc has a value of approximately 26 to 28 mm Hg. The degree to which oncotic pressure influences capillary fluid movement depends on the permeability of the capillary wall to the protein molecules. If the capillary wall is highly permeable to protein, σ is near zero and the oncotic pressure generated by plasma proteins plays little or no role in capillary fluid exchange. This situation is seen in the capillaries of the liver (i.e., hepatic sinusoids), which are highly permeable to proteins. As a result, the protein concentration of the interstitial fluid is essentially the same as that of plasma. In the capillaries of skeletal muscle, σ is approximately 0.9, whereas in the glomeruli of the kidneys the value is essentially 1. Therefore plasma protein oncotic pressure plays an important role in fluid movement across these capillary beds.


The protein that leaks across the capillary wall into the interstitium exerts an oncotic pressure (πi) and promotes the movement of fluid out of the capillary lumen. In skeletal muscle capillaries under normal conditions, πi is small and has a value of only 8 mm Hg.


As depicted in Figure 1-4, the balance of Starling forces across muscle capillaries causes fluid to leave the lumen (filtration) along its entire length. Some of this filtered fluid reenters the vasculature across the postcapillary venule where the Starling forces are reversed (i.e., the net driving force for fluid movement is into the vessel). The remainder of the filtered fluid is returned to the circulation through the lymphatics. The sinusoids of the liver also filter along their entire length. In contrast, during digestion of a meal, the balance of forces across capillaries of the gastrointestinal tract results in the net uptake of fluid into the capillary.


Normally, 8 to 12 L/day of fluid moves across capillary beds throughout the body and are collected by lymphatic vessels. This lymphatic fluid flows first to lymph nodes, where most of the fluid is returned to the circulation. Fluid not returned to the circulation at the lymph nodes (1 to 4 L/day) reenters the circulation through the thoracic and right lymphatic ducts. However, under conditions of increased capillary filtration, such as that which occurs in persons with congestive heart failure, thoracic and right lymphatic duct flow can increase 10-fold to 20-fold.









Cellular Fluid Exchange


Osmotic pressure differences between ECF and ICF are responsible for fluid movement between these compartments. Because the plasma membrane of cells contains water channels (aquaporins [AQPs]), water can easily cross the membrane. Thus a change in the osmolality of either ICF or ECF results in rapid movement (i.e., in minutes) of water between these compartments. Thus, except for transient changes, the ICF and ECF compartments are in osmotic equilibrium.





AT THE CELLULAR LEVEL


Water movement across the plasma membrane of cells occurs through a class of integral membrane proteins called aquaporins (AQPs). Although water can cross the membrane through other transporters (e.g., an Na+-glucose symporter), AQPs are the main route of water movement into and out of the cell. To date, 13 AQPs have been identified. These AQPs can be divided into two subgroups. One group, which includes the AQP involved in the regulation of water movement across the apical membrane of renal collecting duct cells by arginine vasopressin (AQP-2) (see Chapter 5), is permeable only to water. The second group is permeable not only to water but also to low-molecular-weight substances, including gases and metalloids. Because glycerol can cross the membrane via this group of aquaporins, they are termed aquaglyceroporins. AQPs exist in the plasma membrane as a homotetramer, with each monomer functioning as a water channel (see Chapter 4).





In contrast to the movement of water, the movement of ions across cell membranes is more variable from cell to cell and depends on the presence of specific membrane transport proteins. Consequently, as a first approximation, fluid exchange between the ICF and ECF under pathophysiologic conditions can be analyzed by assuming that appreciable shifts of ions between the compartments do not occur.


A useful approach for understanding the movement of fluids between the ICF and the ECF is outlined in Box 1-1. To illustrate this approach, consider what happens when solutions containing various amounts of NaCl are added to the ECF.∗





BOX 1-1 PRINCIPLES FOR ANALYSIS OF FLUID SHIFTS BETWEEN ICF AND ECF







[image: image] The volumes of the various body fluid compartments can be estimated in a healthy adult as shown in Figure 1-3.


[image: image] All exchanges of water and solutes with the external environment occur through the extracellular fluid (ECF) (e.g., intravenous infusion and intake or loss via the gastrointestinal tract). Changes in the intracellular fluid (ICF) are secondary to fluid shifts between the ECF and the ICF. Fluid shifts occur only if the perturbation of the ECF alters its osmolality.


[image: image] Except for brief periods of seconds to minutes, the ICF and the ECF are in osmotic equilibrium. A measurement of plasma osmolality provides a measure of both the ECF and the ICF osmolality.


[image: image] For the sake of simplification, it can be assumed that equilibration between the ICF and the ECF occurs only by movement of water and not by movement of osmotically active solutes.


[image: image] Conservation of mass must be maintained, especially when considering either addition or removal of water and/or solutes from the body.












Example 1: Addition of Isotonic NaCl to ECF


The addition of an isotonic NaCl solution (e.g., intravenous infusion of 0.9% NaCl: osmolality ≈290 mOsm/kg H2O to a patient)† to the ECF increases the volume of this compartment by the volume of fluid administered. Because this fluid has the same osmolality as ECF and therefore also has the same osmolality as ICF, no driving force for fluid movement between these compartments exists, and the volume of ICF is unchanged. Although Na+ can cross cell membranes, it is effectively restricted to the ECF by the activity of Na+-K+-ATPase, which is present in the plasma membrane of all cells. Therefore no net movement of the infused NaCl into the cells occurs.





IN THE CLINIC


Neurosurgical procedures and cerebrovascular accidents (strokes) often result in the accumulation of interstitial fluid in the brain (i.e., edema) and swelling of the neurons. Because the brain is enclosed within the skull, edema can raise intracranial pressure and thereby disrupt neuronal function, leading to coma and death. The blood-brain barrier, which separates the cerebrospinal fluid and brain interstitial fluid from blood, is freely permeable to water but not to most other substances. As a result, excess fluid in brain tissue can be removed by imposing an osmotic gradient across the blood-brain barrier. Mannitol can be used for this purpose. Mannitol is a sugar (molecular weight = 182 g/mol) that does not readily cross the blood-brain barrier and membranes of cells (neurons as well as other cells in the body). Therefore mannitol is an effective osmole, and intravenous infusion results in the movement of fluid from the brain tissue by osmosis.












Example 2: Addition of Hypotonic NaCl to ECF


The addition of a hypotonic NaCl solution to the ECF (e.g., intravenous infusion of 0.45% NaCl: osmolality <145 mOsm/kg H2O to a patient) decreases the osmolality of this fluid compartment, resulting in the movement of water into the ICF. After osmotic equilibration, the osmolalities of ICF and ECF are equal but lower than before the infusion, and the volume of each compartment is increased. The increase in ECF volume is greater than the increase in ICF volume.









Example 3: Addition of Hypertonic NaCl to ECF


The addition of a hypertonic NaCl solution to the ECF (e.g., intravenous infusion of 3% NaCl: osmolality ≈1000 mOsm/kg H2O to a patient) increases the osmolality of this compartment, resulting in the movement of water out of cells. After osmotic equilibration, the osmolalities of ECF and ICF are equal but higher than before the infusion. The volume of the ECF is increased, whereas that of the ICF is decreased.





IN THE CLINIC


Fluid and electrolyte disorders often are seen in clinical practice (e.g., in patients with vomiting and/or diarrhea). In most instances these disorders are self-limited, and correction of the disorder occurs without need for intervention. However, more severe or prolonged disorders may require fluid replacement therapy. Such therapy may be administered orally with special electrolyte solutions, or intravenous fluids may be administered.


Intravenous solutions are available in many formulations (see Table 1-2). The type of fluid administered to a particular patient is dictated by the patient’s need. For example, if an increase in the patient’s vascular volume is necessary, a solution containing substances that do not readily cross the capillary wall is infused (e.g., 5% albumin solution). The oncotic pressure generated by the albumin molecules retains fluid in the vascular compartment, expanding its volume. Expansion of extracellular fluid (ECF) is accomplished most often by using isotonic saline solutions (e.g., 0.9% sodium chloride [NaCl]).




TABLE 1-2 Intravenous Solutions


[image: image]




As already noted, administration of an isotonic NaCl solution does not result in the development of an osmotic pressure gradient across the plasma membrane of cells. Therefore the entire volume of the infused solution remains in the ECF. Patients whose body fluids are hyperosmotic need hypotonic solutions. These solutions may be hypotonic NaCl (e.g., 0.45% NaCl or 5% dextrose in water [D5W]). Administration of D5W is equivalent to infusion of distilled water because the dextrose is metabolized to CO2 and water. Administration of these fluids increases the volumes of both the intracellular fluid (ICF) and ECF. Finally, patients whose body fluids are hypotonic need hypertonic solutions, which typically are solutions that contain NaCl (e.g., 3% and 5% NaCl). These solutions expand the volume of the ECF but decrease the volume of the ICF. Other constituents, such as electrolytes (e.g., K+) or drugs, can be added to intravenous solutions to tailor the therapy to the patient’s fluid, electrolyte, and metabolic needs.


















Summary







1. Water, which is a major constituent of the human body, accounts for 60% of the body’s weight. Body water is divided between two major compartments: ICF and ECF. Two thirds of the water is in the ICF, and one third is in the ECF. Osmotic pressure gradients between ICF and ECF drive water movement between these compartments. Because the plasma membrane of most cells is highly permeable to water, ICF and ECF are in osmotic equilibrium.


2. The ECF is divided into a vascular compartment (plasma) and an interstitial fluid compartment. Starling forces across capillaries determine the exchange of fluid between these compartments.


3. Sodium is the major cation of ECF, and potassium is the major cation of the ICF. This asymmetric distribution of Na+ and K+ is maintained by the activity of Na+-K+-ATPase.








KEY WORDS AND CONCEPTS







[image: image] Molarity


[image: image] Equivalence


[image: image] Osmosis


[image: image] Osmotic pressure


[image: image] van’t Hoff’s law


[image: image] Osmolarity


[image: image] Osmolality


[image: image] Tonicity (isotonic, hypotonic, and hypertonic)


[image: image] Effective osmole


[image: image] Ineffective osmole


[image: image] Reflection coefficient


[image: image] Osmotic coefficient


[image: image] Oncotic pressure


[image: image] Specific gravity


[image: image] Total body water


[image: image] Intracellular fluid (ICF)


[image: image] Extracellular fluid (ECF)


[image: image] Interstitial fluid


[image: image] Plasma


[image: image] Capillary wall


[image: image] Starling forces


[image: image] Capillary filtration coefficient (Kf)


[image: image] Aquaporin (AQP)











SELF-STUDY PROBLEMS







1. Calculate the molarity and osmolality of a 1 L solution containing the following solutes. Assume complete dissociation of all electrolytes.









	 

	Molarity (mmol/L)

	Osmolality (mOsm/kg H2O)






	9 g NaCl

	________

	________






	72 g Glucose

	________

	________






	22.2 g CaCl2


	________

	________






	3 g Urea

	________

	________






	8.4 g [image: image]


	________

	________







2. The intracellular contents of a cell generate an osmotic pressure of 300 mOsm/kg H2O. The cell is placed in a solution containing 300 mmol/L of a solute (x). If solute x remains as a single particle in solution and has a reflection coefficient of 0.5, what happens to the volume of the cell in this solution? What would be the composition of an isotonic solution (i.e., a solution that does not cause a change in the volume of the cell) containing substance x?


3. A person’s plasma [Na+] is measured and found to be 130 mEq/L (normal = 145 mEq/L). What is the person’s estimated plasma osmolality? What effect does the lower than normal plasma [Na+] have on water movement across cell plasma membranes and across the capillary endothelium?


4. Figure 1-4 illustrates the normal values for the Starling forces involved in fluid movement across a typical skeletal muscle capillary. Draw the new hydrostatic (Pc – Pi) and oncotic σ(πc – πi) pressure curves if Pc at the venous end of the capillary was increased to 20 mm Hg. What effect would this increase have on fluid exchange across the capillary wall?





[image: image]




Note: For questions 5 through 8, for ease of calculation, the composition and osmolality of infused solutions that are provided are slightly different from the solutions used clinically (see Table 1-2).


5. A healthy volunteer (body weight = 50 kg) is infused with 1 L of a 5% dextrose and water solution (D5W: osmolality ~290 mOsm/kg H2O). What would be the immediate and long-term effects (i.e., several hours after the dextrose has been metabolized) of this infusion on the following parameters? Assume an initial plasma [Na+] of 145 mEq/L and, for simplicity, no urine output.









	Immediate effect:






	ECF volume:

	________ L






	ICF volume:

	________ L






	Plasma [Na+]:

	________ mEq/L






	Long-term effect:






	ECF volume:

	________ L






	ICF volume:

	________ L






	Plasma [Na+]:

	________ mEq/L







Based on these effects of D5W on the volumes and compositions of the body fluids, how would this solution be used clinically?


6. A second healthy volunteer (body weight = 50 kg) is infused with 1 L of a 0.9% NaCl solution (isotonic saline: osmolality ~290 mOsm/kg H2O). What would be the immediate and long-term effects (i.e., several hours) of this infusion on the following parameters? Assume an initial plasma [Na+] of 145 mEq/L and, for simplicity, no urine output.









	Immediate effect:






	ECF volume:

	_________ L






	ICF volume:

	_________ L






	Plasma [Na+]:

	_________ mEq/L






	Long-term effect:






	ECF volume:

	_________ L






	ICF volume:

	_________ L






	Plasma [Na+]:

	_________ mEq/L







Based on these effects of the NaCl solution on the volumes and compositions of the body fluids, how would this solution be used clinically?


7. A person who weighs 60 kg has an episode of gastroenteritis with vomiting and diarrhea. Over a 2-day period this person loses 4 kg of body weight. Before becoming ill, this individual had a plasma [Na+] of 140 mEq/L, which was unchanged by the illness. Assuming the entire loss of body weight represents the loss of fluid (a reasonable assumption), estimate the following values:









	Initial conditions (before gastroenteritis):






	Total body water:

	____________ L






	ICF volume:

	____________ L






	ECF volume:

	____________ L






	Total body osmoles:

	____________ mOsm






	ICF osmoles:

	____________ mOsm






	ECF osmoles:

	____________ mOsm






	New equilibrium conditions (after gastroenteritis):






	Total body water:

	____________ L






	ICF volume:

	___________ L






	ECF volume:

	____________ L






	Total body osmoles:

	____________ mOsm






	ICF osmoles:

	____________ mOsm






	ECF osmoles:

	____________ mOsm







8. A person who weighs 50 kg with a plasma [Na+] of 145 mEq/L is infused with 5 g/kg of mannitol (molecular weight of mannitol = 182 g/mol) to reduce brain swelling after a stroke. After equilibration, estimate the following values, assuming mannitol is restricted to the ECF compartment, no excretion occurs, and the infusion volume of the mannitol solution is negligible (i.e., total body water is unchanged):









	Initial conditions (before mannitol infusion):






	Total body water:

	____________ L






	ICF volume:

	____________ L






	ECF volume:

	____________ L






	Total body osmoles:

	____________ mOsm






	ICF osmoles:

	____________ mOsm






	ECF osmoles:

	____________ mOsm






	New equilibrium conditions (after mannitol infusion):






	Total body water:

	____________ L






	ICF volume:

	____________ L






	ECF volume:

	____________ L






	Total body osmoles:

	____________ mOsm






	ICF osmoles:

	____________ mOsm






	ECF osmoles:

	____________ mOsm






	Plasma osmolality:

	____________ mOsm/kg H2O






	Plasma Na+:

	____________ mEq/L







9. Two healthy persons (body weight = 60 kg) excrete the following urine output over the same period.





Subject A: 1 L of urine with an osmolality of 1000 mOsm/kg H2O


Subject B: 4 L of urine with an osmolality of 400 mOsm/kg H2O


If both persons have no fluid intake, what is their plasma osmolality? Hint: Assume that both persons have an initial plasma [Na+] of 145 mEq/L and thus a plasma osmolality of approximately 290 mOsm/kg H2O.


Subject A:________________


Subject B:________________













∗ The units used to express the concentrations of substances in various body fluids differ among laboratories. The International System of Units (SI) is used in most countries and in most scientific and medical journals in the United States. Despite this convention, traditional units are still widely used. For urea and glucose, the traditional units of concentration are mg/dL (i.e., mg per deciliter or 100 mL), whereas the SI units are mmol/L. Similarly, electrolyte concentrations are traditionally expressed as mEq/L, whereas the SI units are mmol/L (see Appendix B).


∗ In these and all subsequent calculations, it is assumed that 1 L of fluid (e.g., ICF and ECF) has a mass of 1 kg. This assumption allows conversion from measurements of body weight to volume of body fluids.


∗ Fluids usually are administered intravenously. When electrolyte solutions are infused by this route, rapid equilibration occurs (i.e., within minutes) between plasma and interstitial fluid because of the high permeability of the capillary wall to water and electrolytes. Thus these fluids essentially are added to the entire ECF.


† A 0.9% NaCl solution (0.9 g NaCl/100 mL) contains 154 mmol/L of NaCl. Because NaCl does not dissociate completely in solution (i.e., 1.88 osmoles/mole), the osmolality of this solution is 290 mOsm/kg H2O, which is very similar to that of normal ECF.










2 Structure and Function of the Kidneys




Objectives


Upon completion of this chapter, the student should be able to answer the following questions:




1. Which structures in the glomerulus are filtration barriers to plasma proteins?


2. What is the physiologic significance of the juxtaglomerular apparatus?


3. Which blood vessels supply the kidneys?


4. Which nerves innervate the kidneys?





In addition, the student should be able to describe the following:




1. The location of the kidneys and their gross anatomic features


2. The different parts of the nephron and their locations within the cortex and medulla


3. The components of the glomerulus and the cell types located in each component








Structure and function are closely linked in the kidneys. Consequently, an appreciation of the gross anatomic and histologic features of the kidneys is a prerequisite for an understanding of their function.






Structure of the Kidneys






Gross Anatomy


The kidneys are paired organs that lie on the posterior wall of the abdomen behind the peritoneum on either side of the vertebral column. In the adult human, each kidney weighs between 115 and 170 g and is approximately 11 cm long, 6 cm wide, and 3 cm thick.


The gross anatomic features of the human kidney are illustrated in Figure 2-1, A. The medial side of each kidney contains an indentation, through which pass the renal artery and vein, nerves, and pelvis. If a kidney were cut in half, two regions would be evident: an outer region called the cortex and an inner region called the medulla. The cortex and medulla are composed of nephrons (the functional units of the kidney), blood vessels, lymphatics, and nerves. The medulla in the human kidney is divided into conical masses called renal pyramids. The base of each pyramid originates at the corticomedullary border, and the apex terminates in a papilla, which lies within a minor calyx. Minor calyces collect urine from each papilla. The numerous minor calyces expand into two or three open-ended pouches, which are the major calyces. The major calyces in turn feed into the pelvis. The pelvis represents the upper, expanded region of the ureter, which carries urine from the pelvis to the urinary bladder. The walls of the calyces, pelvis, and ureters contain smooth muscle that contracts to propel the urine toward the urinary bladder.





[image: image]

FIGURE 2-1 Structure of a human kidney, cut open to show the internal structures.


(Modified From Boron WF, Boulpaep EL: Medical physiology, ed 2, Philadelphia, 2009, Saunders Elsevier.)





The blood flow to the two kidneys is equal to about 25% (1.25 L/min) of the cardiac output in resting individuals. However, the kidneys constitute less than 0.5% of total body weight. As illustrated in Figure 2-1, the renal artery branches progressively to form the interlobar artery, the arcuate artery, the interlobular artery, and the afferent arteriole, which leads into the glomerular capillaries. The glomerular capillaries come together to form the efferent arteriole, which leads into a second capillary network, the peritubular capillaries, which supply blood to the nephron. The vessels of the venous system run parallel to the arterial vessels and progressively form the interlobular vein, arcuate vein, interlobar vein, and renal vein, which courses beside the ureter.









Ultrastructure of the Nephron


The functional unit of the kidneys is the nephron. Each human kidney contains approximately 1.2 million nephrons, which are hollow tubes composed of a single cell layer. The nephron consists of a renal corpuscle, proximal tubule, loop of Henle, distal tubule, and collecting duct system (Figure 2-2).∗ The renal corpuscle consists of glomerular capillaries and Bowman’s capsule.† The proximal tubule initially forms several coils, followed by a straight piece that descends toward the medulla. The next segment is the loop of Henle, which is composed of the straight part of the proximal tubule, the descending thin limb (which ends in a hairpin turn), the ascending thin limb (only in nephrons with long loops of Henle), and the thick ascending limb. Near the end of the thick ascending limb, the nephron passes between the afferent and efferent arterioles of the same nephron. This short segment of the thick ascending limb that touches the glomerulus is called the macula densa (see Figure 2-2). The distal tubule begins a short distance beyond the macula densa and extends to the point in the cortex where two or more nephrons join to form a cortical collecting duct. The cortical collecting duct enters the medulla and becomes the outer medullary collecting duct and then the inner medullary collecting duct.





[image: image]

FIGURE 2-2 Diagram of a juxtaglomerular nephron (left) and a superficial nephron (right).


(Modified From Boron WF, Boulpaep EL: Medical physiology, ed 2, Philadelphia, 2009, Saunders Elsevier.)





Each nephron segment is made up of cells that are uniquely suited to perform specific transport functions. Proximal tubule cells have an extensively amplified apical membrane (the urine side of the cell) called the brush border, which is present only in the proximal tubule of the nephron. The basolateral membrane (the blood side of the cell) is highly invaginated. These invaginations contain many mitochondria. In contrast, the descending and ascending thin limbs of Henle’s loop have poorly developed apical and basolateral surfaces and few mitochondria. The cells of the thick ascending limb and the distal tubule have abundant mitochondria and extensive infoldings of the basolateral membrane.


The collecting duct is composed of two cell types: principal cells and intercalated cells. Principal cells have a moderately invaginated basolateral membrane and contain few mitochondria. Principal cells play an important role in sodium chloride (NaCl) reabsorption (see Chapters 4 and 6) and K+ secretion (see Chapter 7). Intercalated cells, which play an important role in regulating acid-base balance, have a high density of mitochondria. One population of intercalated cells secretes H+ (i.e., reabsorbs bicarbonate [[image: image]]) and a second population of intercalated cells secretes [image: image] (see Chapter 8). The final segment of the nephron, the inner medullary collecting duct, is composed of inner medullary collecting duct cells. Cells of the inner medullary collecting duct have poorly developed apical and basolateral surfaces and few mitochondria.


Except for intercalated cells, all cells in the nephron have in the apical plasma membrane a single nonmotile primary cilium that protrudes into tubule fluid (Figure 2-3). Primary cilia are mechanosensors (i.e., they sense changes in the flow rate of tubule fluid) and chemosensors (i.e., they sense or respond to compounds in the surrounding fluid), and they initiate Ca++-dependent signaling pathways, including those that control kidney cell function, proliferation, differentiation, and apoptosis (i.e., programmed cell death).





[image: image]

FIGURE 2-3 Scanning electron micrograph illustrating primary cilia (C) in the apical plasma membrane of principal cells within the cortical collecting duct. Note that intercalated cells (IC1 and IC2) do not have cilia. Primary cilia are approximately 2 to 30 µm long and 0.5 µm in diameter. Collecting duct (CD) principal cells have short microvilli (arrowhead). The straight ridges (open arrowhead) represent the cell borders between principal cells.


(From Kriz W, Kaissling B: Structural organization of the mammalian kidney. In Seldin DW, Giebisch G, editors: The kidney: physiology and pathophysiology, ed 3, Philadelphia, 2000, Lippincott Williams & Wilkins.)








[image: image]

FIGURE 2-4 Scanning electron micrograph of interlobular artery, afferent arteriole (af), efferent arteriole (ef), and glomerulus. The white lines on the afferent and efferent arterioles indicate that they are about 15 to 20 µm wide.


(From Kimura K, Hirata Y, Nanba S, et al: Effects of atrial natriuretic peptide on renal arterioles: morphometric analysis using microvascular casts, Am J Physiol 259:F936, 1990.)








AT THE CELLULAR LEVEL


Polycystin 1 (encoded by the PKD1 gene) and polycystin 2 (encoded by the PKD2 gene) are expressed in the membrane of primary cilia, and the PKD1/PKD2 complex mediates the entry of Ca++ into cells. PKD1 and PKD2 are thought to play an important role in flow-dependent K+ secretion by principal cells of the collecting duct (see Chapter 7). As described in more detail in Chapter 7, increased flow of tubule fluid in the collecting duct is a strong stimulus for K+ secretion. Increased flow bends the primary cilium in principal cells, which activates the PKD1/PKD2 Ca++ conducting channel complex, allowing Ca++ to enter the cell and increase intracellular [Ca++]. The increase in [Ca++] activates K+ channels in the apical plasma membrane, which enhances K+ secretion from the cell into the tubule fluid.








IN THE CLINIC


Autosomal dominant polycystic kidney disease (ADPKD), which is the most common inherited kidney disease, occurs in 1 in 1000 people. Approximately 12.5 million people worldwide have ADPKD, which is caused primarily by mutations in the genes PKD1 (85% of cases) and PKD2 (~15% of cases). The major phenotype of ADPKD is enlargement of the kidneys related to the presence of hundreds to thousands of renal cysts that can be as large as 20 cm in diameter. Cysts also are seen in the liver and other organs. About 50% of patients with ADPKD progress to renal failure by the age of 60 years. Although it is not clear how mutations in PKD1 and PKD2 cause ADPKD, renal cyst formation results from defects in Ca++ uptake that lead to alterations in Ca++-dependent signaling pathways, including those that control kidney cell proliferation, differentiation, and apoptosis.





Nephrons may be subdivided into superficial and juxtamedullary types (see Figure 2-2). The glomerulus of each superficial nephron is located in the outer region of the cortex. Its loop of Henle is short, and its efferent arteriole branches into peritubular capillaries that surround the nephron segments of its own and adjacent nephrons. This capillary network conveys oxygen and important nutrients to the nephron segments in the cortex, delivers substances to the nephron for secretion (i.e., the movement of a substance from the blood into the tubular fluid), and serves as a pathway for the return of reabsorbed water and solutes to the circulatory system. A few species, including humans, also possess very short superficial nephrons whose Henle’s loops never enter the medulla.


The glomerulus of each juxtamedullary nephron is located in the region of the cortex adjacent to the medulla (see Figure 2-2). In comparison with the superficial nephrons, the juxtamedullary nephrons differ anatomically in two important ways: the loop of Henle is longer and extends deeper into the medulla, and the efferent arteriole forms not only a network of peritubular capillaries but also a series of vascular loops called the vasa recta.


As shown in Figure 2-1, B, the vasa recta descend into the medulla, where they form capillary networks that surround the collecting ducts and ascending limbs of the loop of Henle. The blood returns to the cortex in the ascending vasa recta. Although less than 0.7% of the blood enters the vasa recta, these vessels subserve important functions in the renal medulla, including (1) conveying oxygen and important nutrients to nephron segments, (2) delivering substances to the nephron for secretion, (3) serving as a pathway for the return of reabsorbed water and solutes to the circulatory system, and (4) concentrating and diluting the urine (urine concentration and dilution are discussed in more detail in Chapter 5).









Ultrastructure of the Glomerulus


The first step in urine formation begins with the passive movement of a plasma ultrafiltrate from the glomerular capillaries into Bowman’s space. The term ultrafiltration refers to the passive movement of fluid that is similar is composition to plasma, except that the protein concentration in the ultrafiltrate is lower than that in the plasma, from the glomerular capillaries into Bowman’s space. To appreciate the process of ultrafiltration, one must understand the anatomy of the glomerulus. The glomerulus consists of a network of capillaries supplied by the afferent arteriole and drained by the efferent arteriole (Figure 2-4). During embryologic development, the glomerular capillaries press into the closed end of the proximal tubule, forming Bowman’s capsule. As the epithelial cells thin on the outside circumference of Bowman’s capsule, they form the parietal epithelium (Figure 2-5). The epithelia cells in contact with the capillaries thicken and develop into podocytes, which form the visceral layer of Bowman’s capsule (see Figures 2-5 to 2-7). The space between the visceral layer and the parietal layer is Bowman’s space, which at the urinary pole (i.e., where the proximal tubule joins Bowman’s capsule) of the glomerulus becomes the lumen of the proximal tubule.





[image: image]

FIGURE 2-5 Anatomy of the glomerulus and juxtaglomerular apparatus. The juxtaglomerular apparatus is composed of the macula densa (MD) region of the thick ascending limb, extraglomerular mesangial cells (EGM), and renin- and angiotensin II–producing granular cells (G) of the afferent arterioles (AA). BM, Basement membrane; BS, Bowman’s space; EA, efferent arteriole; EN, endothelial cell; FP, foot processes of podocyte; M, mesangial cells between capillaries; P, podocyte cell body (visceral cell layer); PE, parietal epithelium; PT, proximal tubule cell.


(Modified from Kriz W, Kaissling B: Structural organization of the mammalian kidney. In Seldin DW, Giebisch G, editors: The kidney: physiology and pathophysiology, ed 2, New York, 1992, Raven.)








[image: image]

FIGURE 2-6 A, Electron micrograph of a podocyte surrounding a glomerular capillary. The cell body of the podocyte contains a large nucleus with three indentations. Cell processes of the podocyte form the interdigitating foot processes (FP). The arrows in the cytoplasm of the podocyte indicate the well-developed Golgi apparatus, and the asterisks indicate Bowman’s space. C, Capillary lumen; GBM, glomerular basement membrane. B, Electron micrograph of the filtration barrier of a glomerular capillary. The filtration barrier is composed of three layers: the endothelium, basement membrane, and foot processes of the podocytes. Note the filtration slit diaphragm bridging the floor of the filtration slits (arrows). CL, capillary lumen.


(From Kriz W, Kaissling B: Structural organization of the mammalian kidney. In Seldin DW, Giebisch G, editors: The kidney: physiology and pathophysiology, ed 2, New York, 1992, Raven.)








[image: image]

FIGURE 2-7 A, Scanning electron micrograph showing the outer surface of glomerular capillaries. This view would be seen from Bowman’s space. Processes (P) of podocytes run from the cell body (CB) toward the capillaries, where they ultimately split into foot processes. Interdigitation of the foot processes creates the filtration slits. B, Scanning electron micrograph of the inner surface (blood side) of a glomerular capillary. This view would be seen from the lumen of the capillary. The fenestrations of the endothelial cells are seen as small 700-Å holes. The glycocalyx on the endothelial cells cannot be seen because it is removed during the process of tissue preparation.


(From Kriz W, Kaissling B: Structural organization of the mammalian kidney. In Seldin DW, Giebisch G, editors: The kidney: physiology and pathophysiology, ed 2, New York, 1992, Raven.)





The endothelial cells of glomerular capillaries are covered by a basement membrane, which is surrounded by podocytes (see Figures 2-5 to 2-7). The capillary endothelium, basement membrane, and foot processes of podocytes form the so-called filtration barrier (see Figures 2-5 to 2-7). The endothelium is fenestrated (i.e., it contains 700-Å holes where 1 Å = 10−10 m) and is freely permeable to water, small solutes (such as Na+, urea, and glucose), and small proteins but is not permeable to large proteins, red blood cells, white blood cells, or platelets. Because endothelial cells express glycoproteins on their surface, they minimize the filtration into Bowman’s space of albumin, the most abundant plasma protein, and small plasma proteins (see Chapter 3). In addition to their role as a barrier to filtration, the endothelial cells synthesize a number of vasoactive substances (e.g., nitric oxide, a vasodilator, and endothelin-1, a vasoconstrictor) that are important in controlling renal plasma flow (see Chapter 3).


The basement membrane, which is a porous matrix of negatively charged proteins, including type IV collagen, laminin, the proteoglycans agrin and perlecan, and fibronectin, is also an important filtration barrier to plasma proteins.


The podocytes have long fingerlike processes that completely encircle the outer surface of the capillaries (see Figures 2-6 and 2-7). The processes of the podocytes interdigitate to cover the basement membrane and are separated by apparent gaps called filtration slits. Each filtration slit is bridged by a thin diaphragm, the filtration slit diaphragm, which appears as a continuous structure when viewed by electron microscopy (see Figure 2-6). The filtration slit diaphragm is composed of several proteins including nephrin, NEPH-1, and podocin, along with intracellular proteins that associate with slit diaphragm proteins, including CD2-AP and α-actinin 4 (ACTN4) (Figure 2-8). Filtration slits, which function primarily as a size-selective filter, minimize the filtration of proteins and macromolecules that cross the basement membrane from entering Bowman’s space.





[image: image]

FIGURE 2-8 Anatomy of podocyte foot processes. This figure illustrates the proteins that make up the slit diaphragm between two adjacent foot processes. Nephrin and NEPH-1 are membrane-spanning proteins that have large extracellular domains that interact. Podocin, also a membrane-spanning protein, organizes nephrin and NEPH-1 in specific microdomains in the plasma membrane, which is important for signaling events that determine the structural integrity of podocyte foot processes. Many of the proteins that comprise the slit diaphragm interact with adapter proteins inside the cell, including CD2-AP, bind to the filamentous actin (F-actin) cytoskeleton, which in turn binds either directly or indirectly to proteins such as α3β1 and MAGI-1 that interact with proteins expressed by the glomerular basement membrane (GBM). α-act-4, α-actinin 4; α3β1, α3β1 integrin; α-DG, α-dystroglycan; CD2-AP, an adapter protein that links nephrin and podocin to intracellular proteins; FAT, a protocadherin that organizes actin polymerization; MAGI-1, a membrane-associated guanylate kinase protein; NHERF-2, Na+-H+ exchanger regulatory factor 2; P, paxillin; P-Cad, p-cadherin; Synpo, synaptopodin; T, talin; V, vinculin; Z, zona occludens.


(Modified from Mundel P, Shankland SJ: Podocyte biology and response to injury, J Am Soc Nephrol 13:3005-3015, 2002.)








AT THE CELLULAR LEVEL


Nephrotic syndrome is produced by a variety of disorders and is characterized by an increase in the permeability of the glomerular capillaries to proteins and by a loss of normal podocyte structure, including effacement (i.e., thinning) of foot processes. The augmented permeability to proteins results in an increase in urinary protein excretion (proteinuria). Thus the appearance of proteins in the urine can indicate kidney disease. Hypoproteinemia often develops in persons with this syndrome as a result of the proteinuria. In addition, generalized edema commonly is seen in persons with the nephrotic syndrome (see Chapter 6). Mutations in several genes that encode slit diaphragm proteins (see Figure 2-8), including nephrin, NEPH-1, and podocin, along with intracellular proteins that associate with slit diaphragm proteins, including CD2-AP and α-actinin 4 (ACTN4), or a knockout of these genes in mice, cause proteinuria and kidney disease. For example, mutations in the nephrin gene (NPHS1) lead to abnormal or absent slit diaphragms, causing massive proteinuria and renal failure (i.e., congenital nephrotic syndrome). In addition, mutations in the podocin gene (NPHS2) cause autosomal recessive, steroid-resistant nephrotic syndrome. These naturally occurring mutations and knockout studies in mice demonstrate that nephrin, NEPH-1, podocin, CD2-AP, and α-actinin 4 play key roles in podocyte structure and function.








IN THE CLINIC


Alport syndrome is characterized by hematuria (i.e., blood in the urine) and progressive glomerulonephritis (i.e., inflammation of the glomerular capillaries) and accounts for 1% to 2% of all cases of end-stage renal disease. Alport syndrome is caused by mutations in type IV collagen, a major component of the glomerular basement membrane. In about 80% of patients with Alport syndrome, the disease is X-linked with mutations in the COL4A5 gene. Fifteen percent of patients also have mutations in type IV collagen genes (COL4A3 and COL4A4); six have been identified, but the mode of inheritance is autosomal recessive. The remaining 5% of patients with Alport syndrome have autosomal dominant disease that arises from heterozygous mutations in the COL4A3 or COL4A4 genes. In persons with Alport syndrome the glomerular basement membrane becomes irregular in thickness and fails to serve as an effective filtration barrier to blood cells and protein.





Another important component of the renal corpuscle is the mesangium, which consists of mesangial cells and the mesangial matrix (Figure 2-9).





[image: image]

FIGURE 2-9 Electron micrograph of the mesangium, the area between glomerular capillaries containing mesangial cells. C, Glomerular capillaries; cGBM, capillary glomerular basement membrane surrounded by foot processes of podocytes (PO) and endothelial cells; mGBM, mesangial glomerular basement membrane surrounded by foot processes of podocytes and mesangial cells; M, mesangial cell that gives rise to several processes, some marked by asterisks; US, urinary space. Note the extensive extracellular matrix surrounded by mesangial cells (marked by arrowheads). (Magnification ×4100.)


(From Kriz W, Kaissling B: Structural organization of the mammalian kidney. In Seldin DW, Giebisch G, editors: The kidney: physiology and pathophysiology, ed 2, New York, 1992, Raven.)








AT THE CELLULAR LEVEL


Mesangial cells are involved in the development of immune complex–mediated glomerular disease. Because the glomerular basement membrane does not completely surround all glomerular capillaries (see Figure 2-9), some immune complexes can enter the mesangial area without crossing the glomerular basement membrane. Accumulation of immune complexes induces the infiltration of inflammatory cells into the mesangium and promotes the production of proinflammatory cytokines and autacoids by cells in the mesangium. These cytokines and autacoids enhance the inflammatory response. This inflammatory response can lead to cell death, scarring and eventually obliterating the glomerulus.





 Mesangial cells, which possess many properties of smooth muscle cells, provide structural support for the glomerular capillaries, secrete the extracellular matrix, exhibit phagocytic activity that removes macromolecules from the mesangium, and secrete prostaglandins and proinflammatory cytokines. Because they also contract and are adjacent to glomerular capillaries, mesangial cells may influence the glomerular filtration rate (GFR) by regulating blood flow through the glomerular capillaries or by altering the capillary surface area (see Chapter 3). Mesangial cells located outside the glomerulus (between the afferent and efferent arterioles) are called extraglomerular mesangial cells.









Ultrastructure of the Juxtaglomerular Apparatus


The juxtaglomerular apparatus (JGA) is one component of an important feedback mechanism, the tubuloglomerular feedback mechanism, that is described in Chapter 3. The following structures make up the JGA (see Figure 2-5):




1. The macula densa of the thick ascending limb


2. The extraglomerular mesangial cells


3. The renin- and angiotensin II–producing granular cells of the afferent arteriole





The cells of the macula densa represent a morphologically distinct region of the thick ascending limb. This region passes through the angle formed by the afferent and efferent arterioles of the same nephron. The cells of the macula densa are in contact with the extraglomerular mesangial cells and the granular cells of the afferent arterioles. Granular cells of the afferent arterioles are derived from metanephric mesenchymal cells. They contain smooth muscle myofilaments and they manufacture, store, and release renin. Renin is involved in the formation of angiotensin II and ultimately in the secretion of aldosterone (see Chapters 4 and 6). The JGA is one component of the tubuloglomerular feedback mechanism that is involved in the autoregulation of renal blood flow and the GFR (see Chapter 3).









Innervation of the Kidneys


Renal nerves regulate renal blood flow, GFR, and salt and water reabsorption by the nephron. The nerve supply to the kidneys consists of sympathetic nerve fibers that originate in the celiac plexus. No parasympathetic innervation occurs. Adrenergic fibers that innervate the kidneys release norepinephrine. The adrenergic fibers lie adjacent to the smooth muscle cells of the major branches of the renal artery (the interlobar, arcuate, and interlobular arteries) and the afferent and efferent arterioles. Moreover, sympathetic nerves innervate the renin-producing granular cells of the afferent arterioles. Renin secretion is stimulated by increased sympathetic activity. Nerve fibers also innervate the proximal tubule, loop of Henle, distal tubule, and collecting duct; activation of these nerves enhances Na+ reabsorption by these nephron segments.
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