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Practical class 1. Renal function and micturition





The questions for self-study:





Kidney’s role in organism.


Cross anatomy of the kidney.


The functional anatomy of nephron.


Renal corpuscle.


Proximal tubule.


Loop of Henle.


Distal nephron.


Renal circulation. Pressure in renal vessels. Physiological aspects of renal circulation.


Blood flow.


Regulation of the renal blood flow.


Function of the renal nerves.


Autoregulation of renal blood flow.


Regional blood flow.


Glomerular filtration.


Glomerular filtration rate (GFR).


Normal GFR. Control of GFR.


Factors influencing the filtration.


Applied physiology.


Tubular function.


Mechanism of tubular reabsorbtion and secretion.


Na + reabsorbtion.


Factors influencing  Na + reabsorbtion.


Water reabsorbtion.


Glucose reabsorbtion.


Amino acid reabsorbtion.


Bicarbonate reabsorbtion.


Phosphate reabsorbtion.


Potassium.


Urea, uric acid.


Tubuloglomerular feedback and glomerulotubular balance.


Fanconi’s syndrome.


Water excretion.


Proximal tubule.


Loop of Henle.


Distal tubule.


Collecting ducts.


The countercurrent mechanism.


Role of urea. Water diuresis. Water intoxication.


Osmotic diuresis.


Effects of disordered renal function.


Emptying of the bladder. Anatomic considerations. Micturition.


Reflex control. Abnormalities of micturition. Effects of deafferentation. Effects of denervation. Effects of spinal cord transection. 


Composition of urine (volume, specific gravity, color, reaction).


Alkaline tide. Microscopical examination.


Renin angiotensin system. Effects of angiotensin. Applied physiology.


Factors controlling Na+ excretion by the kidney (changing the GFR; aldosterone; Natriuretic factors).





To read: p. 675-703.





Kidney’s role in organism.


In the kidneys, a fluid that resembles plasma is filtered through the glomerular capillaries into the renal tubules (glomerular filtration). As this glomerular filtrate passes down the tubules, its volume is reduced and its composition altered by the processes of tubular reabsorption (removal of water and solutes from the tubular fluid) and tubular secretion (secretion of solutes into the tubular fluid) to form the urine that enters the renal pelvis. A comparison of the composition of the plasma and an average urine specimen illustrates the magnitude of some of these changes and emphasizes the manner in which wastes are eliminated while water and important electrolytes and metabolites are conserved. Furthermore, the composition of the urine can be varied, and many homeostatic regulatory mechanisms minimize or prevent changes in the composition of the ECF by changing the amount of water and various specific solutes in the urine. From the renal pelvis, the urine passes to the bladder and is expelled to the exterior by the process of urination, or micturition. The kidneys are also endocrine organs, making kinins and 1,25-dihydroxy-cholecalciferol and making and secreting renin.





Cross anatomy of the kidney.


There are two kidneys, each weighing about 150 gms in an adult, lying in the upper and posterior part of the abdominal cavity, on either side of the vertebral column.


Each kidney is a bean shaped structure, showing an indentation at the middle of its medial side, called the hilus. The urine, which is formed in the kidney, is ejected via the ureter. The renal artery, the ureter and the renal vein, together with lymphatics and nerves, either enter into or exit from the kidney via the hilus.


When a longitudinal (coronal) section is made, the kidney shows the following distinct features (Fig. 8.1.1.) :


1.	The kidney is seen to be divided into two zones : (i) the outer zone or cortex and the (ii) inner zone, or medulla.


In the medullary zone, between 4 to 14 pyramid-shaped structures, called renal pyramids, can be seen. The narrow apex of each pyramid is called papilla (pl. papillae). The individual papilla is fitted into a small tubelike structure called calyx minor.


In between any two adjacent renal pyramids, there is a mass of cortical tissue called column of Bertin (renal column).


4.	Several minor calyces join to form one major calyx. Three to four major calyces join to form the renal pelvis. The renal pelvis is the beginning of the ureter.


�


Fig. 8.1.1. Human Kidney





The kidney forms the urine and the urine is conveyed by the ureter to the urinary bladder, where the urine is stored. When the urinary bladder is sufficiently distended, desire to micturate develops and the urine is then extruded from the urinary bladder to the urethra and then to the exterior (Fig. 6.9.1).


The term urinary tract, means the following three structures, all taken together; (i) ureter, (ii) urinary bladder and the (iii) urethra.





The functional anatomy of nephron.


Renal corpuscle.


The Nephron (Fig. 8.1.2.)


Each kidney is essentially made up of about 1.2 million units, each unit being known as a nephron. A nephron, therefore, is a functional (as well as anatomical) unit of kidney.


A nephron has the following parts :


Renal corpuscle (or Malpighian's corpuscle)


Proximal tubule. Proximal tubule, in turn, is subdivided into : (a) proximal convoluted tubule (PCT) and (b) pars recta (= straight part).


Loop of Henle. This, in turn, is subdivided into (a) descending limb and (b) ascending limb.


Distal nephron. This, in turn, has the following subdivisions : (a) distal tubule, (b) connecting tubule, and the (c) collecting tubule.


Many authors use a term distal convoluted tubule (DCT), by which they (usually) mean the (i) distal tubule, (ii) connecting tubule and the (iii) early part of collecting tubule which is in the cortex, (see below).


It will be explained below that there are two types of nephrons (cortical and juxta medullary); although the two types are remarkably similar, certain structural and functional differences exist. To start with, a 'cortical nephron' will be discussed :


1. Renal corpuscle.


Also called Malpighian corpuscle (after Marcello Malpighi, 17th century), has two portions: (i) glomerulus, and (ii) Bowman's capsule [also called glomerular capsule (fig. 8.1.3.)].


The glomerulus (meaning a tuft of rope) consists of a number of capillaries (figs. 8.1.2. & 8.1.3.). The afferent arteriole to the glomerulus breaks up into a large number (between 20 to 40) of capillaries. The blood of the capillaries is drained by another arteriole called efferent arteriole.


This tuft of capillaries is invested (fig. 8.1.2.) by a capsule called Bowman's capsule. The Bowman's capsule has two (fig. 8.1.3) layers: (i) visceral and (ii) parietal. The visceral layer is very closely applied to the loops of the capillaries. A gap, called glomerular space or capsular space, is present between the visceral and parietal layers of the Bowman's capsule. The investment is such that each individual loop of capillary is surrounded on all sides by the visceral layer of Bowman's capsule.


The major function of the renal corpuscle (glomerulus + Bowman's capsule) is to produce an ultrafiltrate (i.e., the filtrate will contain all the ingredients of the plasma excepting its proteins). It will now be shown that the anatomical structures are such that filtration is extremely facilitated :


1. Between the blood within the capillary loop and glomerular space, the intervening structure is called, 'filtering membrane'. The filtering membrane is extremely thin. In addition, the filtering membrane is poros (the pore size being such that they do not allow the big plasma protein molecules to pass in and out). The filtering membrane is made up of:


(i) endothelial cells of the capillary loop. Not only these endothelial cells are very thin and flat but they contain numerous pores, whose diameters vary between 50 to 100 nm (1 nm = 10-9 m). However, these pores probably do not constitute the pores of the filtering membrane mentioned just above.


(ii) a basement membrane stands interposing between the capillary endothelium and the epithelial cells of the visceral layer of the Bowman's capsule. The basement membrane (three further layers of the basement membrane have been identified, which, however, will not be described) is made up of glycoproteins and mucopolysaccharides. The pores of the filtering membrane mentioned above are present in this basement membrane.


(iii) visceral layer of the Bowman's capsule. This layer consists of specialized cells called 'podocytes' which stand on the basement membrane. The body of the podocyte rests on 'pods' or legs (hence podocytes). The individual legs have foot processes standing on the basement membrane. Thus, there is a considerable gap (fig. 8.1.3. inset) between the basement membrane and the body of the podocyte; this further makes the filtering membrane more thin.


�


Fig. 8.1.2. Structure of a nephron. Both cortical (the one at the right hand side) and juxta medullary nephrons are shown. Note, although remarkably similar, certain structural differences exist


It will be seen later on that the hydrostatic pressure within the glomerular capillary is about 45 mm Hg, which is much higher than that in the capillaries of other tissues. This also facilitates the filtration.


[NB. This figure, viz, 45 mm Hg, of capillary BP, is, the figure in rats. Exact value in man is not known till now.]


The pods mentioned above are more commonly known as 'trabecule' and the foot processes as 'pedicels'. The spaces between the pedicels are called 'slit pores'.


Jg cells and mesangial cells


(i) The smooth muscle cells of the tunica media of the afferent arterioles of the glomerulus are granular cells and are called Juxta glomerular (JG) cells of Goormaghtigh. These granules when lysed become renin.


(ii) Between the afferent and efferent arterioles (fig.8.1.4.), as well as in between the loops of capillaries, some cells (shown in violet color in fig. 8.1.4.) called Lacis cells or mesangial cells are found. These cells are nongranular. They also secrete renin. These cells (lying in between the capillary loops) send processes to the spaces between capillary endothelium and its basement membrane. Mesangial cells can contract. When the mesangial cells contract, these processes therefore pull the capillary endothelium → kinking and obliteration of the glomerular capillaries occur.


�


Fig. 8.1.3. Schematic diagram of Bowman's capsule and podocyte.





Proximal tubule.


Proximal tubule has, two portions: (i) proximal convoluted tubule, and (ii) the pars recta.


The proximal convoluted tubule, (fig. 8.1.2.) arising from the Bowman's capsule, courses within the cortex and then continues as pars recta. The cells of the proximal convoluted tubule are large columnar and have brush borders in their apical surface. The brush border appearance seen in light microscope is due to the fact that the individual cells at their apical (luminal) border have large number of microvilli (fig.8.1.2, inset). These microvilli greatly increase the surface area of the cell.


The major functions of these brush bordered epithelial cells are: (i) to reabsorb large quantities of sodium, water, glucose, amino acids and some other constituents of the tubular fluid. Also, some substances are (ii) secreted into the tubular fluid through these cells. For doing them, tremendous amount of work is to be done by these cells, and their energy expenditure is heavy. These (i.e. the brush border) cells present all the characteristics expected in the heavily working cells, viz. (i) their surface area is large (due to microvilli), and (ii) very large number of mitochondria are present within them.





Loop of Henle.


This begins as a direct continuation of the pars recta. The loop of Henle has two portions, viz. (i) a thin descending limb (descending, because the tubular fluid descends through it), and (ii) a thick ascending (because the fluid ascends) limb. The thin descending limb starts near the junction between the cortex and medulla of the kidney. The epithelial cells of the descending limb are flat and squamous type, without any microvilli; mitochondria are also very few. The epithelium of the ascending limb are cuboidal and contain numerous mitochondria, but no brush border.





Distal nephron.


This starts at the point where the thick ascending limb ends.


The first part of the distal nephron is called the distal tubule. This tubule comes very close to its own renal corpuscle and indeed passes up through the gap between the afferent and efferent arterioles of the glomerulus (fig.8.1.2.). Here the cells have prominent nuclei; this part of the distal tubule (which passes in between the afferent and efferent arteriole) is called macula densa. This part analyzes the sodium load of the tubular fluid and this analysis ultimately leads to stimulation of the renin when necessary.


The distal tubule courses in the cortex for a short distance and then continues as connecting tubule. The connecting tubule has rather a convoluted course and it opens in a collecting tubule. The beginning of the collecting tubule is in the cortex but it continues downwards and the major portion of collecting tubule is situated in the medulla (some authors divide the collecting tubule into — (i) a cortical collecting tubule, and (ii) medullary collecting tubule). Deep down in the medulla, several such ducts join, to form what is known as duct of Bellini. The duct of Bellini reaches the apex of renal pyramid to open into the minor calyx.


Epithelial cells of the distal tubule are cuboidal, have very few microvilli but presents no brush border appearance in light microscope. Connecting tubular epithelial cells are more or less similar to those of the distal tubule. The epithelial cells of the collecting tubule are very tall (columnar), but have no brush borders. Some of these cells have numerous mitochondria and are called 'dark' cells, whereas others have only scanty mitochondria and are called 'light' cells. Light cells, (also called the principal cells, and are more numerous), are not only poor in mitochondria but poor in other intracellular organelles too. On their cell membranes, the principal cell contain the ADH (V2 receptors to be precise, see posterior pituitary, chap 5, sec VI) receptors.





Renal circulation. Pressure in renal vessels. Physiological aspects of renal circulation.


Almost all aspects of the physiology of renal circulation have been already described. A summary is given below:


I.	Anatomical peculiarities


(i) After only a relatively few branchings of the renal artery, the glomerular capillaries are formed. The efferent arteriole from the glomerulus is narrower than the afferent. For these reasons, the capillary BP in the renal glomerulus is rather high, about 45 or 50 mm Hg in the rat. This high BP in the glomerular capillaries facilitates the filtration.


(ii) The efferent arteriole from the glomerulus however offers considerable resistance to the flow of blood and, as a result, the BP falls beyond the efferent arteriole. In the peritubular capillary, it is only 10 mm Hg or so. This facilitates reabsorption from the tubules.


(iii) In the vasa recta, velocity of circulation is very slow. This helps to preserve the medullary gradient.


(iv) The direction of the flow of blood in the vasa recta and its U shaped loop, also help to preserve the medullary gradient and conservation of water by the kidney.


(v) Mesangial cells can control the diameter of the glomerular capillaries and thus the GFR.


II.	Functional specialities


(i) The renal blood (or plasma) flow is very high, plasma flow being about 650 ml/min.


(ii) Renal vessels are constricted by the traditional agents : sympathetic stimulation, adrenalin or nor adrenalin administration. Angiotensin II stimulates mainly the afferent arterioles to the glomerulus. Fever, due to most causes, causes renal vasodilatation.


Anoxia causes renal vasoconstriction.


(iii) Autoregulation of renal blood flow is remarkable. Between say (80-180) mm Hg of systemic BP, the glomerular flow is not affected. Mechanism of renal auto regulation has been discussed.





Blood flow.


The renal artery is a direct branch of the abdominal aorta. The renal artery branches and produces interlobar (fig. 8.1.1.) arteries. Each interlobar artery runs through the column of Bertin, i.e., in between two adjacent renal pyramids; these arteries are end arteries.


Branches of interlobar arteries, called arcuate arteries (fig.8.1.1), run in between the cortex and medulla; these arteries have bow like appearances (arcuate = curved like a bow). From the arcuate arteries, branches, called interlobular arteries arise and courses through the cortex (fig. 8.1.1). From these interlobular arteries, afferent arterioles to the glomerulus, having thick muscular walls, are given off. The afferent arterioles break up into large number of capillaries, forming the glomerulus. The blood from the glomerulus returns via the efferent arteriole, which has (i) a less thick wall, and (ii) is narrower than the afferent arteriole. This arrangement causes accumulation of blood in the glomerular capillaries and thus the BP within the capillaries is raised. Recall, elsewhere in the body the capillary BP, at its beginning, is about 32 mm Hg, whereas the BP in the glomerular capillary is about 45 mm Hg.


Generally (excepting in the case of juxta medullary glomeruli, see below) the efferent arteriole breaks up almost immediately into another set of thin walled capillaries (fig.8.2.4) called 'peritubular capillaries', which surround the tubules of the cortex (and hence the name, peritubular), lying extremely close to them. Because of this close proximity (and other physical reasons) movements of various substances (sodium, water, glucose, drugs etc.) between the tubular fluid and peritubular capillary blood (in short, exchange of the solutes) is extremely easy. In simple language, this arrangement facilitates reabsorption from the tubules as well as secretion into the tubules. Further, recall the efferent arteriole from the glomerulus is narrower than the afferent (so that resistance offered by efferent arteriole is high) and hence BP in these peritubular capillaries is low; but the colloidal osmotic tension is as usual. This helps the drawing of fluid from the tubule into these capillaries, according to Starling's hypothesis (fig.1.1.9.).


Therefore, there are two sets of capillaries (first, the glomerular and second the peritubular) in the renal circulation before the blood reaches the veins. Hence, this is a portal circulation.


�


Fig. 8.1.4. Mesangial cells (MC) A=afferent arterioles; E=efferent arterioles MC = mesangial cells (for extramesangial cells — see text)





From these peritubular capillaries, blood is eventually returned to the smaller and then into bigger veins.


Juxta glomerular apparatus


Juxta glomerular apparatus, (JGA), consists of the following three structures :


macula densa,


granular myoepitheloid cells found on the arterioles, specially within the walls of the afferent arteriole of the glomerulus, and


Lacis cells.





Macula densa has already been described earlier. In short, it is in the early part of the distal nephron and it lies very close to the glomerulus. It is believed to be capable of analysing the sodium concentration of the tubular fluid; thus, when the sodium load is low (having analyzed the load) it somehow (i.e. by an unknown way) signals, so that renin is produced.


Juxtaglomerular (or, myoepitheloid) cells are found in the wall of the afferent arterioles to the glomerulus. They contain granules. These granules are released as renin. Renin ultimately causes formation of angiotensin (see renin angiotensin axis, later), which in turn causes Na conservation in the body.


• Mesangial (also called Lacis) cells occupy the space formed by the triangle of afferent and efferent arterioles of the glomerulus and the macula densa region of the distal tubule. Cells (non granular) occupying the spaces in between the glomerular capillary loops are also called mesangial cells.


NB. Some authors, use a term, extra mesangial cells, by which they mean the agranular renin secreting cells, lying between the afferent and efferent arterioles. By contrast mesangial cells are those lying in between the glomerular capillary loops.


The function of the JGA, in one sentence, is to produce renin when necessary. That is, it detects whether renin secretion is necessary and having detected it secretes renin (presuming, there is such a necessity). Renin has several functions, which will be discussed later on. In addition, mesangial cells might have a role to play in the glomerular filtration rate.





JUXTA MEDULLARY NEPHRON


The description of the nephron given so far is that of a cortical nephron. Each kidney contains about 1.2 million nephrons of which, in man, about 85% are cortical nephrons. The rest are juxta medullary nephrons.


The glomerulus of these (= juxta medullary) nephrons, although situated in the cortex, are very close to the medulla, hence the name (juxta = close to). [In contrast, in the cortical nephrons, the glomeruli are more superficial in the cortex (i.e., far away from the medulla)].


The diameter of the efferent arteriole of these glomeruli is same as that of the afferent arteriole (cf. cortical nephron, efferent narrower than the afferent, fig. 8.1.2.).


The descending limb of the loop of Henle is thin as in the cortical nephron, but the ascending limb also contains a thin segment, unlike the cortical nephron.


The blood vessels also show peculiarity : the efferent arteriole does not break into peritubular capillaries, but, instead, form long thin vessels called vasa recta which follow the course of the loop of Henle (fig.8.2.4.).


The functions of the juxta medullary nephrons appear to be different from those of the cortical nephrons. The juxta-medullary nephrons are mainly concerned with sodium conservation (see later) and urinary concentration. Animals who require great water conservation (desert rats) have much higher proportion of juxta medullary nephron, whereas they who are amidst plenty of water, (aquatic animals) have very few such nephrons.





Regulation of the renal blood flow.


Norepinephrine constricts the renal vessels, with the greatest effect of injected norepinephrine being exerted on the interlobular arteries and the afferent arterioles. Dopamine is made in the kidney and causes renal vasodilation and natriuresis. Angiotensin II exerts a greater constrictor effect on the efferent arterioles than on the afferent. Prostaglandins increase blood flow in the renal cortex and decrease blood flow in the renal medulla. Acetylcholine also produces renal vasodilation. A high-protein diet raises glomerular capillary pressure and increases renal blood flow.





Function of the renal nerves.


Stimulation of the renal nerves increases renin secretion by a direct action of released norepinephrine on β1-adrenergic receptors on the juxtaglomerular cells and it increases Na+ reabsorption, probably by a direct action of norepinephrine on renal tubular cells. The proximal and distal tubules and the thick ascending limb of the loop of Henle are richly innervated. When the renal nerves are stimulated at increasing strengths in experimental animals, the first response is an increase in the sensitivity of the juxtaglomerular cells, followed by increased renin secretion, then increased Na+ reabsorption, and finally, at the highest threshold, renal vasoconstriction with decreased glomerular filtration and renal blood flow. It is still unsettled whether the effect on Na+ reabsorption is mediated via α- or β-adrenergic receptors, and it may be mediated by both. The physiologic role of the renal nerves in Na+ metabolism is also unsettled, in part because most renal functions appear to be normal in patients with transplanted kidneys, and it takes some time for transplanted kidneys to acquire a functional innervation.


Strong stimulation of the sympathetic noradrenergic nerves to the kidneys causes a marked decrease in renal blood flow. This effect is mediated by α1-adrenergic receptors and to a lesser extent by postsynaptic α2-adrenergic receptors. There is some tonic discharge in the renal nerves at rest in animals and humans. When systemic blood pressure falls, the vasoconstrictor response produced by decreased discharge in the baroreceptor nerves includes renal vasoconstriction. Renal blood flow is decreased during exercise and, to a lesser extent, on rising from the supine position.





Autoregulation of renal blood flow.


Autoregulation of the blood flow is remarkable in several organs, viz. heart, kidney and brain. The general discussions on autoregulation has been made in chap.6, sec. V. In short, autoregulation means that there is an arrangement by which the organ concerned can, to some extent, ward off the effects of changing perfusion pressure to itself; that is, unless the perfusion pressure of blood changes extremely severely, the autoregulation ensures that the blood supply to the organ remains constant; this mechanism is not mediated through nerves. Thus as stated in the previous paragraph, the GFR remains unaffected in the face of changing perfusion pressures in the renal artery, provided the changes are not extreme.


Experiments have revealed that, between a mean arterial BP of 80 to 180 mm Hg, the BP of the capillaries of the glomerulus and thus the GFR remains practically unchanged.


Mechanism of renal autoregulation is not clear. In chap.6, sec. V, the general theories to explain the phenomenon of autoregulation have been discussed. In connection with the renal autoregulation two theories are very popular :


1.	Myogenic theory (originally speculated by Bayliss) : When the perfusion pressure rises, the arteriolar wall is stretched and the smooth muscles of the arteriolar wall contract and the rise in blood flow is thus prevented. Reverse occurs in low perfusion pressure. [N.B. A type of smooth muscles, called single unit smooth muscle contracts, when stretched. Arteriolar smooth muscle have similar properties].


Fray and coworkers, in 1986, have given the explanation of myogenic theory at cellular and molecular level, as follows :


when the perfusion pressure in an arteriole rises (ie, its blood flow increases) the arteriole distends and its walls are stretched. This stretching of the smooth muscles of the vascular wall causes opening up of calcium channels in the cell membrane (= sarcolemma) of the muscle cell → entry of Ca++ from the ECF to ICF of the muscle cell (afferent arteriole to the glomerulus in this case ) → sustained contraction of the muscle → occlusion of the vessel → reduction of blood flow (autoregulation) achieved.


2.	Another highly popular mechanism to explain the autoregulation in renal blood flow is as follows :


recall the renin angiotensin system (described later in this chapter). The final product angiotensin II can constrict afferent arteriole to the glomerulus. When the afferent arteriole constricts, the glomerular blood flow, GBF (as well as the GFR) falls.


The Juxtaglomerular hypothesis presumes that, in order to achieve renal autoregulation, renin is secreted from the granular (= juxtaglomerular) cells when there is distension of the afferent arteriole to the glomerulus → the final product, viz, angiotensin II produced → acts locally causing vaso constriction. Therefore, when renal perfusion pressure is high, the afferent vessel is constricted.


Applied Physiology


As autoregulation fails outside the region of 80 to 180 mm Hg pressure, cardiovascular shock, [causing very sharp fall of BP (sharply below 80 mm Hg)] can stop filtration and anuria results. Clinically this is called, 'renal shut down'.





Regional blood flow.


The main function of the renal cortex is filtration of large volumes of blood through the glomeruli, so it is not surprising that the renal cortical blood flow is relatively great and little oxygen is extracted from the blood. Cortical blood flow is about 5 mL/g of kidney tissue/min (compared with 0.5 mL/g/min in the brain), and the arteriovenous oxygen difference for the whole kidney is only 14 mL/L of blood, compared with 62 mL/L for the brain and 114 mL/L for the heart. The Po2 of the cortex is about 50 mm Hg. On the other hand, maintenance of the osmotic gradient in the medulla requires a relatively low blood flow. It is not surprising, therefore, that the blood flow is about 2.5 mL/g/min in the outer medulla and 0.6 mL/g/min in the inner medulla. However, metabolic work is being done, particularly to reabsorb Na+ in the thick ascending limb of Henle, so relatively large amounts of O2 are extracted from the blood in the medulla. The P02 of the medulla is about 15 mm Hg. This makes the medulla vulnerable to hypoxia if flow is reduced further. NO, prostaglandins, and many cardiovascular peptides in this region function in a paracrine fashion to maintain the balance between low blood flow and metabolic needs.





Glomerular filtration.


This occurs mainly according to the Starling's princi ple (or Starling's hypothesis) discussed in chap 1 of sec I (fig. 1.1.9.). In short, the filtration is favored by capillary hydrostatic pressure and is opposed by (i) colloidal osmot ic tension (COT) of the capillary blood as well as by (ii) the hydrostatic pressure of the Bowman's space, and can be expressed by the formula :


Effective filtration pressure = [Pg - (PB + COT)] where Pg = glomerular capillary blood pressure (normal value about 45 mm Hg), PB = hydrostatic pressure in Bowman's space (normal value about 10 mm Hg), COT = colloidal osmotic tension due to plasma proteins of capillary blood plasma (normal value about 25 mm Hg). Putting the values, the effective filtration pressure thus becomes about 10 mm Hg. Obviously, fall of effective filtration pressure will lead to fall of filtration.


(2)	The permeability is another important factor for filtration to occur. Thinner the filtering membrane, greater is its permeability. It has been shown in chap. 1 of this section that because of anatomical (structural) reasons, the filtering membrane is exceedingly thin.


Another reason of the high permeability is the presence of (hypothetical) pores in the filtering membrane. [In chapter 1, sec VIII, it has been mentioned that the capillary endothelial cells contain pores having diameters between 50 to 100 nm. But these pores are probably not important for the filtration because beyond them lies the basement membrane]. The hypothetical pores are in the basement membrane itself and probably are not stable anatomical structures. These pores are suspected to be channels in the basement membrane between collagen and proteoglycan molecules.


These (hypothetical) pores are of different diameters, some big, some small and others intermediate in size. Their sizes are such that molecules having molecular weights less than 5000 daltons can pass even through the smallest of them. Such particles (e.g. glucose, Na+, K+, amino acids, urea and other crystalloids and the polysaccharide inulin) are therefore called 'freely filtrable' substances. On the other hand, even the biggest sized pores cannot normally allow molecules whose molecular weights are around 67,000 daltons or more (for example plasma albumin, diameter 67 A, hemoglobin). However, many diseases can enlarge the pore size and in those conditions plasma albumin can appear in the glomerular filtrate.


Molecular weight is not the only criterion; charge is another factor. A more negatively charged molecule like plasma albumin is less readily filtrable then hemoglobin whose molecular weight is very close to that of albumin.


N.B. The capillary BP in the glomerulus has been stated above to be about 45 mm Hg. This is in rats. The corresponding figure in man is not definitely known, but probably close to it.


In short, glomerular filtration depends on : (i) effective filtration pressure and (ii) permeability of the filtering membrane.





Glomerular filtration rate (GFR).


The two kidneys together have about 2.4 million nephrons. All these nephrons, together, filter about 125 ml per minute or about 170 liters/24 hours. This amount, therefore, is the GFR.


Long ago, it was believed that in man, normally, some glomeruli remain quiescent (because their afferent arterioles remain in spasm) i.e. all glomeruli do not remain open, simultaneously. Drugs were believed to exist which could increase the number of functional glomeruli (by converting the quiescent glomeruli into active ones). This idea changed later on and it became known, that this idea was probably erroneous. All the glomeruli in man remain concomitantly active. It was Cushney's idea that all the glomeruli do not function concomitantly. At any given time, some of them function and others remain nonactive. As stated above, the idea became unpopular later on.


However, probably Cushney's idea was not totally wrong. Mesangial cells, which occupy the spaces between the capillary loops, are known to send protoplasmic processes between capillary endothelium and basement membrane. Further, the mesangial cells can contract. Therefore, when the mesangial cells contract, the capillaries become kinked and this results in non flowing of blood through the capillaries → stoppage of filtration.


The mesangial cells contract when they are subjected to the action of angiotensin and nor adrenalin.





Normal GFR. Control of GFR.


The GFR in an average-sized normal man is approximately 125 mL/min. Its magnitude correlates fairly well with surface area, but values in women are 10% lower than those in men even after correction for surface area. A rate of 125 mL/min is 7.5 L/h, or 180 L/d, whereas the normal urine volume is about 1 L/d. Thus, 99% or more of the filtrate is normally reabsorbed. At the rate of 125 mL/min, the kidneys filter in 1 day an amount of fluid equal to 4 times the total body water, 15 times the ECF volume, and 60 times the plasma volume.





Factors influencing the filtration.


Factors influencing the filtration


(i) All factors affecting effective filtration pressure (renal arterial perfusion pressure, colloidal osmotic tension, hydrostatic pressure in the glomerular space) can affect the GFR.


(ii) Alteration of permeability of the filtering membrane can also affect the GFR.


(iii) A feed back mechanism, called tubuloglomerular feed back (see later) strongly influences the GFR. Coefficient of filtration, Kf, should be understood :


GFR a effective filtration pressure :. GFR = Kf x effective filtration pressure. The value of Kf is normally about 14 ml/min/mm Hg. Therefore, where the effective filtration pressure is 10 mm Hg, the GFR is (10 x 14) or 140 ml/ min.


The value of Kf in the same man can change, either due to pathological or due to physiological conditions. Therefore, where the Kf falls, the GFR falls inspite of the fact that the effective filtration pressure is still same. Kf value is an indication of efficiency of the permeability of the renal filtering membrane.





Applied physiology.


1.	It may be visualized that, fall of systemic arterial blood pressure (BP) → fall of renal arterial perfusion pres sure → fall of glomerular BP → fall of effective filtration pressure → fall of renal filtration. Reverse should occur in high BP.


In practice, however, the GFR is not affected by ordinary changes of the BP. This phenomenon is called renal autoregulation (for details, see later). Only when the arterial BP shows extreme changes, the autoregulation fails and the GFR is affected.


In glomerulonephritis, (a common disease of the kidney) the filtering membrane is thickened and its permeability reduced (= Kf value falls); so the GFR falls.


In obstruction of the ureter, (due to, say, stone) fluid accumulates in the renal tubules → hydrostatic pressure within the Bowman's capsule rises → GFR reduces.





Tubular function.


As mentioned in the introduction of this chapter, (i)lar-ge amount of water and different solutes (Na, K, urea, glucose, amino acids, chlorides, bicarbonates and others) are reabsorbed, (ii) some solutes (K, creatinine, organic acids, some drugs and others) are secreted, (iii) the tubular fluid is concentrated and (iv) acidified and the resulting fluid is known as urine. All these changes occur in the renal tubules.


For description, the renal tubular functions will be divided into two portions : (A) functions of the proximal tubule, and (B) functions of the distal segment (which starts at the beginning of the descending limb of the loop of Henle and ends at the end of the collecting tubules). However, before embarking into details, some introductory notes will be given.


[Introductory notes. Here, some commonly used terms will be explained :


1.	Filtered load of a substance is the total amount of the substance in question present in the glomerular filtrate in 24 hours. Thus, the filtered load of sodium is 575 gms/ day means that in the glomerular filtrate of a whole day (which is, say, about 170 liters), 575 gms of sodium are pre sent.


2.	Fractional reabsorption is the ratio between tubular reabsorption (in 24 hrs.) and filtered load (in 24 hrs.), and is commonly expressed by the equation, Fractional reabsorption =Tx / (Px x GFR) 


where, Tx = tubular reabsorption1, Px = plasma concentration, GFR = glomerular filtration rate.


(Note that when for the glomerular filtration rate the value of GFR in 24 hours is considered, then Px x GFR = filtered load. This is because plasma concentration of a filtra-ble material like Na is same as the concentration of that substance in the glomerular filtrate).


As an example, let, in a man, the plasma Na concentration is 142 m mole/liter and glomerular filtration rate is 170 liters per day, then, his filtered load is 170 x 0.142 moles/ day = 24.14 moles/day (approx. 550 gms/day). [Note that, plasma concentration of Na (or any other solute) is same as the concentration of that solute in the glomerular filtrate.]


If this man is excreting 0.1 mole of sodium per day, his tubular reabsorption is (24.14 - 0.1 ie 24.04) moles/day; therefore, the fractional reabsorption is 24.04/24.14 moles or about 99.5%.


3.	Transport maximum (Tm). For many substances that are actively reabsorbed (eg, glucose), there is a limit beyo nd which the substance cannot be reabsorbed by the tubules. This upper limit is known as transport maximum (Tm) and should not be confused with renal threshold values.


As an example, the Tm value for glucose (Tmg) is about 2 m moles/min ( = 360 mgms/min). This means that the renal tubules can reabsorb a maximum amount of 360 mgms of glucose per minute. On the other hand, the renal threshold value for glucose is 180 mgms/100 ml (= 10 m moles/liter). Assuming the GFR to be 125 ml/ min, at a glucose concentration of 180 mgms/100 ml, 125 ml of the fluid should contain 225 mg. That is, glucose begins to appear in the urine when the filtered load is only 225 mg/min, whereas the Tmg is 360 mg per min. How to explain this paradox ?


The answer is the phenomenon called splay. There are different types of nephrons and different types have different abilities to reabsorb glucose. Some nephrons' ability to reabsorb tubular glucose is very low and, as a result, glycosuria is seen long before the Tmg value is reached.


Substances that are secreted actively are also limited by their Tm. A familiar example is para aminohippuric acid (PAH).


Bidirectional transport. Some substances are filtered and subsequently reabsorbed to variable extent but are again secreted lower down in the nephron. Such substances are said to have bidirectional transport. K+ is an important example.


Some typical values : Table 8.2.1 gives some typical values which will be considered later].





Mechanism of tubular reabsorbtion and secretion.


Na + reabsorbtion.


Over 99% of the filtered load of sodium is reabsorbed


1.	Uniport mechanism : Also called unidirectional Na+ transport mechanism, is as follows (fig. 8.2.1.): Na+ in the proximal convoluted tubular fluid enter the brush border epithelial cells (this entry is by passive diffusion; the process of diffusion being helped by electrochemical gradient; electrical, because the +vely charged Na+ is attracted by the strongly -ve interior of the cell; chemical, because the interior of the cell contains very low concentration of the Na+; however, this entry is carrier mediated) → Once Na+ is inside the cell it is immediately pumped out (which is an active transport process) by Na pump mechanism, (ie, by the help of Na+ K+ ATPase system) to the intercellular space → the Na+ next enters the peritubular space (space in between renal tubules) and then into peritubular capillary. The presence of excess Na+ in the peritu bular space raises the local osmotic tension which facilitates the entry of Na+ into the capillary blood. Another helping factor is low BP of the peritubular capillary. (The glomerular BP is rather high but the resistance offered by the efferent arteriole reduces the BP, so that peritubular capillary BP is very low. However, the colloidal osmotic tension (COT) remains almost 25 mm Hg as usual, there fore, the indrawing force (of Starling's hypothesis, fig. 1.1.9.) gains upper hand and as a result, fluid and Na enter the peritubular capillary).


[NB. The reabsorption of Na by uniport mechanism is associated or "coupled" with the absorption of an organic molecule like glucose or aminoacid (see later). Therefore, instead of calling this method uniport, some authors designate it as "symport"].


Table 8.2.1 : Some typical values�
�
(NB : The values are only approximate)�
�
Substance�
Plasma concentration


(Px)(m mole/l)�
Filtered load per day


(Px x GFR) (m moles)�
Fractional


reabsorption (in percentage)�
�
Na+�
142�
25,000 (= about 590 gms)�
over 99%�
�
K+�
4�
700 (= 28 gms)�
90%�
�
HCO3-�
24�
4,000 (= about 240 gms)�
99.5%�
�
Glucose�
5�
900 ( = 160 gms)�
100%�
�
Water�
�
170 to 180 liters�
99%�
�



(Table 8.2.1), and about 2/3rds of the reabsorption occurs in the proximal tubule alone. For this reabsorption, there are three mechanisms :


2.	Antiport mechanism. The term antiport, (also called countertransport) mechanism means a mechanism by which one substance moves (transported) to one direction but this movement causes another substance to move in the exactly opposite direction. 


In antiport mechanism for every ion of Na+ reabsorbed one H+ion is ejected into the tubular fluid through the epithelial cells. Details have been discussed later in connection with the bicarbonate reabsorption. This mechanism assumes great importance in acidosis (e.g. ketosis in diabetes).





�


Fig. 8.2.1. Sodium reabsorption (uniport mechanism)





In short, during bicarbonate reabsorption, in the proximal convoluted tubule (PCT) good deal of Na+ is reabsorbed. In the tubular fluid of the PCT, as fig 8.2.3 shows, NaHCO3 is present; Na+ of this NaHCO3 is captured by the lining epithelial cells → the captured Na+ is ultimately sent to the capillary blood. Against each Na+ thus captured, as fig. 8.2.3 shows, an H+ is thrown out (from the lining epithelium of PCT) to the tubular fluid → combination of H+ and HC03- produces an H2CO3 molecule in the tubular fluid. Recall, as a result of (principally) the protein metabolism, we, normally, produce huge amounts of acids in our body and the excess H+ ions are removed in this way, and the homeostasis of pH of the internal environment of the body is maintained.


This antiport mechanism of Na+ reabsorption in the PCT is also popularly called Na+ H + exchange mechanism.


3.	Chloride driven sodium transport. Basically, in this mechanism, the Cl- ions are reabsorbed, thus creating a +vity in the tubular lumen of PCT → this +vity repels the Na+ ions → reabsorption. Details :


Recall, in the PCT, the anions that are reabsorbed along with the Na+ ions, are primarily two, viz, the HCO3- and the Cl-. In the early part of the PCT, greater proportions of NaHCO3 are reabsorbed. As a result, the proportion of Cl- as NaCl rises in the lower half of the PCT. Ultimately the concentration of Cl-, [Cl-],2 in the luminal fluid of the later part of PCT becomes more than the


[Cl-] of the peritubular spaces (= spaces outside but around and close to the tubules) → chemical gradient set up → Cl- ions move from the lumen to the peritubular space → Cl- move inside the capillary. Massive exodus of Cl- from the lumen of PCT causes reduction of negativity and development of +vity inside the lumen → Na+ ions repelled.


[So long, we have been discussing the molecular level mechanism of Na+ reabsorption in the PCT alone. The student should remember that only some 70% of the Na+ are reabsorbed in the PCT and the rest are reabsorbed in the ascending limb of loop of Henle and distal nephron (including the collecting tubule). For comparison, note:(i) Na+ reabsorption does not occur in the descending limb but does occur at the ascending limb of Henle's loop and this occurs passively (ii) in the early distal tubule, the Na+ reabsorption is active (iii) Na+ reabsorption in the collecting tubule is passive.].


Anions accompanying Na+ reabsorption


These are Cl- and HCO3-. 75% of the reabsorbed Na+ are accompanied by Cl- and 25% by HCO3-. Water also follows Na+.





Factors influencing Na + reabsorbtion.


Those factors influencing Na+ reabsorption in proximal tubule alone will be stated. These are : (i) if the peritubular capillary BP (normal value about 10 mm Hg) rises, the Na+ reabsorption is hampered, (ii) Very low plasma collo-dial osmotic tension (e.g. severe hypoalbuminemia) also hampers Na+ reabsorption. From what has been stated above, the explanations should be obvious.


Although, portions of the Na+ reabsorption (as stated above) occurs passively, on the whole, the Na+ reabsorption is active and huge amount of energy expenditure occurs for this.


Summary


In a 24 hr. period, some 575 gms of Na are filtered, of which nearly 99.5% are reabsorbed. About 70% (that is, nearly 400 gms) of this reabsorption occurs in the PCT. There are three different mechanisms in the PCT, by which Na is reabsorbed :


(i) uniport (or, unidirectional Na+ transport), (ii) anti-port (or, counter transport) and (iii) chloride driven sodium transport mechanisms. In the uniport mechanism, Na+ ions are reabsorbed partly by passive (but carrier mediated) and partly by active transport (Na+ ions are subjected to a strong electrochemical attraction). In antiport mechanism, Na+ of NaHCO3 (of tubular fluid) enters the tubular epithelium but concomitantly the tubular epithelium ejects one H+ ion which combines with the HCO3 to form H2CO3. In the chloride driven mechanism, which occurs in the lower half of the PCT, the Cl- ions are primarily reabsorbed causing development of a + vity within the tubular lumen resulting in repelling and absorption of Na+ ions. Finally, most of the Na reabsorbed by the so called uniport mechanism are reabsorbed along with the reabsorption of glucose or amino acid molecule so that this mechanism is better called symport or cotransport.


All Na+ ions thus reabsorbed are ultimately reabsorbed into the blood of the peritubular capillary.


[The rest of the sodium are absorbed lower down in the nephron. Thus, some 25% of the sodium are reabsorbed in the ascending limb of the loop of Henle and early part of distal tubule. Collecting tubule absorbs about 5%, that is, the remaining part of the sodium. Loop diuretics, like fu-rosemide, prevent reabsorption of sodium in the ascending limb of the loop of Henle. It is believed, that the ascending limb of the loop of Henle has enough reserve, ie, if required, it can reabsorb even greater load of sodium.]





Water reabsorbtion.


Proximal tubules are highly permeable to water. As sodium or other solutes leave the proximal tubule (due to reabsorption) and appear in the peritubular space, the local (peritubular space) osmotic tension rises. This causes flow of the water from inside of the tubules to the peritubular spaces.


The migrating water can follow any one of the two routes, viz. : (i) trans cellular and (ii) para cellular (fig. 8.2.2.) [trans = through the cells; para = by the side of the cells].


�


Fig. 8.2.2. Water reabsorption





Glucose reabsorbtion.


In a healthy man, about 0.9 mole (= 160 gms) of glucose appears as the filtered load (Table 8.2.1) and 100% of it is reabsorbed. The entire reabsorption occurs in the proximal tubule. The reabsorption is Tm limited and the Tmg is about 2 m mole/min (360 mgms/min). [See introductory note of this chapter]. When the renal threshold value is exceeded, glycosuria appears, although glucose continues to be reabsorbed till the Tmg value is reached (see 'splay' phenomenon, in introductory note of this chapter).


The reabsorption of glucose is active and carrier mediated. Along with reabsorption of each molecule of glucose


one ion of Na+ also is reabsorbed; this phenomenon is technically spoken as 'reabsorption of glucose is coupled with that of Na+'. (The phenomenon is also called cotransport, or symport). The carrier mediated transport of glucose can be inhibited by the glycoside phloridzin (also spelt, 'phlorizin') resulting in 'phloridzin glycosuria'.


[Recall, in the small intestine also just as in proximal convoluted tubule, absorption of glucose caused a concomitant absorption of Na+, fig. 3.6.3],





Amino acid reabsorbtion.


Amino acids are present in the glomerular filtrate but the entire filtered load is reabsorbed in the proximal tubule. The reabsorption is active and, like glucose, linked up with Na+ reabsorption.





Bicarbonate reabsorbtion.


It has been pointed out above that a part of Na+ is reabsorbed by the mechanism called "antiport", where Na+ reabsorption is coupled with concomitant reabsorption of HCO3- and excretion of H+. The whole process will now be discussed (fig. 8.2.3) in details.


�


Fig. 8.23. Bicarbonate reabsorption





CO2 is produced metabolically by the brush border epithelial cells, or may be obtained from the lumen (fig. 8.2.3). The CO2 reacts with H2O in presence of 'carbonic anhydrase' to form H2CO3. Details of the enzyme 'carbonic anhydrase' has been given elsewhere in this book. In short carbonic anhydrase (CA) is an enzyme that catalyzes the reaction,


H2O +CO2 ↔ H2CO3


The H2CO3 then splits into H+ and HCO3- ions. The H+ is actively extruded into the lumen.


In the lumen, there is abundant NaHCO3, (since NaHCO3 is freely filtered into the glomerular filtrate). Huge quantities of HCO3- ions are thus filtered per day (Table 8.2.1). The H+ extruded into the lumen produces the following reaction:


H+ + NaHCO3 ↔ Na+ + H2CO3


The Na+ enters the tubular cell by passive diffusion and then actively pumped out into the peritubular fluid (fig. 8.2.3). The H2CO3 within the lumen, splits into H2O and CO2; the water goes out as urine and CO2 diffuses back into the cell. Although the HCO3- entering the peritubular fluid is thus strictly speaking, not the very same ion that was in the tubule, but in effect, it means the same.


The drug acetazolamide (Diamox) inhibits the CA and thus stops Na reabsorption that occurs via the antiport system. Diamox was once a popular diuretic. Unfortunately, the stoppage of HCO3- reabsorption (which occurs concomitantly) leads to acidosis which is a very serious side effect of this drug.





Phosphate reabsorbtion.


Phosphate can be reabsorbed by the proximal tubule alone. The reabsorption is active. Parathyroid hormone depresses the reabsorption.





Potassium.


About 28 gms of potassium is filtered per day and practically the whole amount is reabsorbed by the proximal tubule. The potassium which is present in the urine comes form secretion by the distal segment. K+ therefore suffers bidirectional transport.





Urea, uric acid.


Only about 10% of the filtered load of uric acid is excreted. Proximal tubule is the site of reabsorption, the reabsorption being inhibited by the drug probenecid. For further details of uricosuric drugs and mode of action of probenecid, see 'purine metabolism'.


[In some persons, uric acid crystallizes in the urinary tract and forms uric acid stones in the kidney. Several drugs increase urinary excretion of uric acid and are useful for treatment in gout. Such drugs are called uricosuric drugs.


A, large fraction (60%) of the filtered load of urea is reabsorbed and the reabsorption is dependent on the water reabsorption as explained below :


In the proximal tubule, water reabsorption occurs in huge amount, so that urea concentration of the tubular fluid becomes very high. This high concentration of urea sets up a gradient between the tubular fluid and the peritubular fluid and, therefore, the urea is reabsorbed. This means, where reabsorption of water is low, the urinary excretion of urea is high.





Tubuloglomerular feedback and glomerulotubular balance.


When the GFR increases, by means of the TG feed back, the GFR is brought back to normalcy. Conversely, when the GFR decreases the TG feed back works in a direction so that the GFR increases. Therefore, this is another example of


homeostatic mechanism. The filtered load of Cl- in the region of macula densa initiates the feed back mechanism. The details (to some extent speculative) are as follows :


rise of GFR → more filtered load → more Cl- reach the zone of macula densa via the tubular fluid → macula densa cells 'sense' the excessiveness of Cl- ions → elicits a signal (which is perhaps a chemical agent) → the signal reaches the afferent arteriole to the glomerulus → constriction and hence fall of GFR and the filtered load. Conversely, when there is reduction of the filtered load, the fall of Cl- ions of the region of macula densa produces a signal (chemical) which causes the efferent arteriole from the glomerulus to constrict, causing rise of the GFR and the filtered load.


[ N.B. (i) TG feed back must not be confused with glomerulo tubular balance.


(ii) The TG feed back, thus, also controls the glomerular blood flow and may cause renal autoregulation.]





Fanconi’s syndrome.


When there is a decline in ATP in the proximal tubular cells as a result of various toxins, acquired disorders such as vitamin D deficiency, or congenital abnormalities such as hereditary fructose intolerance, there is a decrease in Na+ transport out of the cells by Na+-K+ ATPase and consequently a generalized decrease in secondary active transport of glucose, amino acids, H+, and phosphate. The result is Fanconi's syndrome, which is characterized by metabolic acidosis, glycosuria, amino aciduria, and phosphaturia.





Water excretion.


Normally, 180 L of fluid is filtered through the glomeruli each day, while the average daily urine volume is about 1 L. The same load of solute can be excreted per 24 hours in a urine volume of 500 mL with a concentration of 1400 mosm/kg or in a volume of 23.3 L with a concentration of 30 mosm/kg. These figures demonstrate two important facts: first, that at least 87% of the filtered water is reabsorbed, even when the urine volume is 23 L; and second, that the reabsorption of the remainder of the filtered water can be varied without affecting total solute excretion. Therefore, when the urine is concentrated, water is retained in excess of solute; and when it is dilute, water is lost from the body in excess of solute. Both facts have great importance in the body economy and the regulation of the osmolality of the body fluids. Most of the regulation of water output is exerted by vasopressin acting on the collecting ducts.





Proximal tubule.


Many substances are actively transported out of the fluid in the proximal tubule, but fluid obtained by micropuncture remains essentially isosmotic to the end of the proximal tubule. Therefore, in the proximal tubule, water moves passively out of the tubule along the osmotic gradients set up by active transport of solutes, and isotonicity is maintained. The movement is facilitated by the presence of water channels in the apical membranes of proximal tubule epithelial cells. The water channels are inhibited reversibly by HgCl2. The protein that makes up those channels in the proximal tubules is aquaporin-1. Four additional members of this family of proteins have been identified. They supplement the movement of water by simple diffusion. Aquaporin-2, which is 42% homologous to aquaporin-1, is located in the cells of the collecting ducts, and mediates the response of these cells to vasopressin. Aquaporin-3 is located in the basolateral portion of collecting duct membranes and facilitates the transport of urea and glycerol as well as water. Aquaporin-4 is found in the brain, and aquaporin-5 is found in salivary and lacrimal glands and the respiratory system.


Although aquaporin-1 is unaffected by vasopressin, it plays a major role in water conservation. When it is knocked out in mice, the water permeability of their proximal tubules is reduced 80%, and they lose 35% of their body weight and increase their plasma osmolality to 500 mosm/kg H2O when exposed to dehydration even though their aquaporins-2, -3, and -4 are intact.


Since the ratio of the concentration in tubular fluid to the concentration in plasma (TF/P) of the nonreabsorbable substance inulin is 2.5-3.3 at the end of the proximal tubule, it follows that 60-70% of the filtered solute and 60-70% of the filtered water have been removed by the time the filtrate reaches this point.





Loop of Henle.


Reabsorption in the loop of Henle and further beyond


At the onset, it is reminded that reabsorption in the proximal convoluted tubule (PCT) has been discussed at length earlier in this chapter. To repeat, percentagewise reabsorption of the filtered loads of the different solutes in the PCT, are as follows :


(i) Na+ (70% of the filtered load), (ii) K+ (almost entirely), (iii) HCO3- (almost entirely), (iv) amino acids (entirely) (v) glucose (entirely), (vi) uric acid (mostly), (vii) urea (partly), (viii) water (about 70%).


Loop of Henle and the distal nephron (convoluted lu-bule, collecting tubule) also reabsorb. Owing to its importance in clinical medicine, the sodium reabsorption alone in this segment, will be discussed :


In the thin descending limb of the loop of Henle, no reabsorption of Na+ occurs (but great reabsorption of water occurs from here);


In the thin, as well as in the thick ascending limb Na+ reabsorption occurs vigorosly. Na+ reabsorption in the thick ascending limb is active and helped by Na+ K+ ATPase and is prevented by the loop diuretics like furosemide (LasixR) and bumetanide. Prostaglandins also act like the loop diuretics-.


In the distal convoluted tubule Na+ reabsorption is active and helped by Na+ K+ ATPase and opposed by thiazide group of diuretics (eg. chlorothiazide ).


In collecting tubule, Na+ reabsorption occurs without any entry or exit of any other ion concomitantly. Na+ reabsorption, in this area is favored by aldosterone and opposed by ANP (ANF), and triampterene (Dytide R).





Distal tubule.


As stated already, the functions of this portion3 of the nephron are:


Concentration of urine.


Further reabsorption of Na+, Cl- and water.


Acidification of urine


Secretion of K+ and some drugs.


Some of these functions are interdependent. Therefore, concentration of urine, electrolyte and water absorption will be considered together.





Collecting ducts.





The countercurrent mechanism.


Concentration of urine. Countercurrent multiplier exchange system.


Some facts are restated at the onset. These are :


There are two classes of nephrons. Most of the (about 85% in man) nephrons belong to the class of cortical nephrons, whereas the rest (about 15%) belong to the class of juxta medullary nephrons.


The anatomical features (fig. 8.1.2.) of these two class of nephrons are fairly different. The important differences are:


the loop of Henle in the juxta medullary nephron is very long and the U-bend of the loop lies at the tip of the renal papilla, whereas the loops of Henle of the cortical nephrons are short and end in the parts of the medulla close to the cortex (that is, superficial parts of the medulla).


the blood vessels also show differences. In the cortical nephrons, the efferent arteriole from the glomerulus breaks up into peritubular capillaries which remain in the cortex but in case of the juxta medullary nephrons, the efferent arteriole does not break up in peritubular capillaries; instead, it gives rise to long delicate walled vessels (which are basically capillaries) called vasa recta (fig. 8.2.4.) which follow the course of the loop of Henle and remain within the medulla.


the juxta medullary nephrons have, even in their ascending limb of the loop of Henle, a thin segment (fig. 8.1.2).


The actual mechanism of concentration of the tubular fluid (concentration of the urine) occurs by a process called counter current multiplier exchange system. The details are as follows :


1. At its beginning, the descending limb of the loop of Henle receives, from the pars recta of the proximal tubule, a fluid which is isotonic with plasma. The approximate composition of the fluid is : osmolality 300 m osmol/kg, NaCl 280 m mol/kg, urea 20 mmol/kg.


In the interstitium, that is in the peritubular spaces (ie, space which lies in between the tubules) of medulla, the osmolality of the fluid, at this zone, called the outer zone of medulla, (fig. 8.2.5.) is between 300 to 600 mosm/kg. Further deep into the medulla, that is, in the deeper zone, the osmolality rises more and more, till it becomes maximum at the level of the U-bend where it becomes nearly 1200 mosmol/kg. Therefore, the medullary osmolality continuously rises from the outermost zone to the deeper zone, and this phenomenon is called "medullary gradient".


Concentration of the tubular fluid occurs rather spectacularly in the juxta medullary nephrons alone; therefore, the events which will be described below occur only typically in a loop of Henle of a juxtamedullary nephron but somewhat similar events Out in a low key) also occur in the cortical nephrons.


Assume that the flow of the fluid in the descending limb (of Henle's loop) is stopped for a while. The osmolality of the fluid in the peritubular space (medullary interstitium) is higher than that of the tubular fluid. Further, the descending limb is freely permeable to water, but not to the electrolytes (Na+ and Cl-). As a result, the water moves out from the descending limb to enter the peritubular space and the fluid of the descending limb becomes concentrated in electrolytes (fig. 8.2.5).
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Fig. 8.2.4. To show the difference of vascular supply between cortical and juxta medullary nephrons.





Then the fluid in the descending limb resumes movement and moves forward and, as a result, another small quantity of isotonic fluid from pars recta is delivered into the descending limb. At the next moment, the forward movement of the fluid stops again and the process of concentration as mentioned above is repeated.


By repeated repetitions of the whole process, there is intense concentration of the fluid in the descending tubule, the fluid becoming more and more concentrated as it moves more and more to the U turn (fig. 8.2.5). As the interstitium is also becoming more and more hyperosmolal (the medullary gradient, see above), the outward movement of water continues. This mechanism results in multiplication of the effect, that is, it causes multiplication (= intensification or amplification) of the concentration. Further, the fluid in the ascending and descending limb moves in the opposite (countercurrent) direction. Hence the whole process is called countercurrent multiplier system.
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Fig.8.2.5. Medullary gradient


Because of presence of this gradient, tubular fluid in the descending loop of Henle becomes very concentrated in sodium and, as a result, the Na removal from the ascending limb involves much less energy.


5. Next, the fluid enters the ascending limb. As we are discussing juxtamedullary nephron, this part of the loop of Henle is also a thin segment.


At this segment, ie. in the ascending limb, the tubule becomes impermeable to water but permeable to Na+ and CF. The Na+ is actively transported out from the ascending limb to the fluid of the peritubular space which is already rich in Na+. However, thanks to the countercurrent multiplier system mentioned above, the Na+ concentration within the ascending limb near the U bend is also quite heavy and so the work done (for transporting the Na+ against concentration gradient) is not too great. Minimisation of work done for the active transport of the Na+ from the ascending limb to the peritubular space appears, on te-leological ground, to be one of the fundamental aims of the counter current multiplication.


6.	Thus, the tubular fluid now, eventually, reaches the thick part of the ascending limb of the loop of Henle. Na+ and Cl- ions continue to be transported out from this part also, to the peritubular space but this part is also totally impermeable to water (so water remains within the tubule). This results in hypotonicity of the fluid and the fluid delivered from the thick ascending limb to the distal nephron, in a juxtamedullary nephron, is always hypotonic.


The Na+ reabsorption at this segment follows the Cl- reabsorption. Thus, the Cl- reabsorption here, is primary and Na+ reabsorption is secondary (see 'chloride driven Na transport, earlier in this chapter).


Similar events occur in the cortical nephrons also but as the length of the loop of Henle in the cortical nephrons is short, the Na+ reabsorption is not so massive. As a result, the water delivered to the distal nephron is only isotonic (not hypotonic).


7.	Eventually, the fluid which is hypotonic, or at best isotonic, enters the collecting tubule and through it de scends. If the ADH (antidiuretic hormone) is secreted sat isfactorily, the tubular epithelial lining of the collecting tubule, now running through the medullary interstitium, becomes very permeable to water. For mode of action of ADH (at cellular and molecular level), the two kinds of ADH receptors, diabetes insipidus and nephrogenic dia betes insipidus, see 'posterior pituitary'.


Recall, that the medullary interstitium is hyperosmolal. This means, that, in the presence of ADH, migration of water starts from the collecting tubule to the medullary interstitium and the fluid in the collecting tubule becomes rapidly concentrated.


8.	Role of the blood vessels : The vasa recta plays its own part in the phenomenon of concentration as described below:


The thin walled vasa recta descends through the medullary interstitium and thus becomes exposed to the medullary gradient. At the beginning, the vasa rectal blood was isotonic but as it descends into deeper and deeper parts of the medulla, because of the medullary gradient, NaCl enters from the peritubular space into the vasa recta, and the blood becomes progressively hyperosmolar.


Subsequently, the vasa recta makes a U turn (fig. 82.4, vasa recta and venae rectae) and now the blood faces a reversed medullary gradient. (Recall, the osmolality of the medullary interstitium becomes lesser and lesser, as one goes from the deeper to superficial part of the medulla). As a result, the Na+ and Cl- return from the blood to the peritubular space again. Or, in other words, the anatomical arrangement of vasa recta is such that the medullary gradient tends to be preseved. This is aided by a very slow speed of blood in the vasa recta. Rapidity of the blood flow through vasa recta should cause some 'washing' of the NaCl of the medullary interstitium.


The arrangement of the blood vessels is such that it causes a countercurrent exchange and thus this is another important reason why the whole mechanism is called countercurrent multiplier exchange system, a term borrowed from the engineers.


At this stage, some correlates from the biological world may be noted. Only mammals and birds (which have long loop of Hen-le) can concentrate urine. The loop of Henle is unusually long in camels and the desert rats (who obviously need it) whereas almost non existent in the aquatic beavers (who do not need it). Indeed, in the desert rat 'psammomys', living in Sahara, about 35% of all the nephrons are juxtamedullary nephrons with long loops of Henle (in contrast to man, who has only 15% of the same).


Factors influencing the concentrating ability of the kidney can now be stated.


In short, they are, (i) presence of a medullary gradient, which in turn depends on the speed of blood flow in the vasa recta (greater the speed, lesser the gradient and hence lesser the concentrating ability), (ii) presence of sufficient ADH, and (iii) active transport of Na+ and Cl-from the ascending limb of the loop of Henle.


[NB. A conclusion is : where Na reabsorption from the loop of Henle is stopped as is done by loop diuretics, there will be no urinary concentration].





Role of urea. Water diuresis. Water intoxication.


Urea and the concentration


Some part is played by the blood urea in the concentrating ability of the kidneys, as the following details will show:


In the medullary interstitium, there is not only sodium, but also considerable quantity of urea. (This urea comes from the tubular fluid4). The urea, like the sodium, tends to stay within the medullary interstitium, so that there is an excessive concentration of urea.


Therefore, this urea adds to the effects of sodium in creating a hyperosmolal state in the medullary interstitium.


High protein diet, by increasing the filtered load of the urea, thus increases the ability of the kidney to concentrate the urine.


The concept of free water


The pharmacologists and renal physiologists often use a term free water', in connection with the site of action of various diuretics. The concept is useful and outlined below:


Imagine, firstly, that the osmolality of the plasma and urine are absolutely same. At such times the 'free water production' is zero. If the urinary osmolality (Uosm) is lower than that of plasma, obviously, it can be visualized, that, some water, 'free of solutes' (= 'free water') has been added to the hitherto isotonic (isotonic with plasma) urine and now the free water production is + ve. On the other hand, if the osmolality of the urine is more than that of the plasma, it can be imagined that some water (free water) has been removed from the isotonic urine and therefore the free water production is now - ve. In short, the +ve or -ve free water indicates how much the urine is away from isotonicity (isotonic with blood plasma).


Determination of the free water production helps to determine, to some extent, the site of action of different diuretics (drugs/agents that increase the urinary output). For example, ethacrynic acid causes powerful diuresis no doubt but the free water production is at near zero level. If, it is imagined that ethacrynic acid partly inhibits reabsorption of Na+ and Cl- in the ascending limb of the loop of Henle (so that, in the distal nephron, fluid remains little hypertonic) the phenomenon can be explained. Or in other words, because of the fact that the free water production with ethacrynic acid is near zero, it can be concluded that ethacrynic acids acts by preventing reabsorption of Na+ and Cl- in the ascending limb.


Urinary acidification


The fluid that leaves the pars recta of the proximal tubule to enter the descending limb of the loop of Henle is not only isotonic with the plasma but also has the same pH with the plasma (in spite of the HCO3- reabsorption in the proximal tubule). However, in the distal segment the fluid becomes acidic. The mechanism is as follows :
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Fig. 8.2.6 . Acidification of urine. Note Na2HPO4 is converted into NaH2PO4





Plasma contains both Na2HPO4 and NaH2PO4. Na2HPO4 is alkaline in reaction and often called alkaline sodium phosphate, whereas, NaH2PO4 is acid in reaction and called acid sodium phosphate. The ratio of Na2HPO4 and NaH2PO4 in the plasma is approximately 9 : 1 and thus the plasma remains alkaline.


In the distal segment, a substantial amount of the Na2HPO4 is converted into Na2HPO4 so that in the urine the acid sodium phosphate predominates and urine becomes acid. As a result of this conversion, one Na+ is reabsorbed and is replaced by one H+; or, in other words, H+ ions are secreted by the cells. The molecular level mechanism is shown above (fig. 8.2.6).


Within the epithelial cells of the lining wall, CO2, H2O and the enzyme carbonic anhydrase (CA) are present. CO2 and H2O forms H2CO3 in presence of CA : CO2 + H2O ←CA→ H2CO3 → H+ + HCO3-.


The H+ ion enters the lumen (fig.8.2.6), and this is called H+ secretion. Within the lumen, H+ ion causes the conversion,


Na2HPO4 ↔ Na+ + NaHPO-4


H+ + NaHPO4- ↔ NaH2PO4 (acid in reaction)


The Na+, thus released, enters the epithelium and then into the peritubular space where HCO3- also arrives to form NaHCO3. The whole process can be inhibited by inhibiting CA by acetazolamide (Diamox) [Acetazolamide inhibits CA]. Acetazolamide thus results in (i) Na+ excretion (thus acting as a diuretic), (ii) H+ ion conservation (thus, it may, in very high dose, cause acidosis). The CO2 within the epithelial cell is obtained from metabolism.


[Acetazolamide can also be used in some cases of glaucoma. For the rationality of the treatment see chap XB2.1]


Ammonia formation


When there is metabolic acidosis, [that is, accumulation of acids other than H2CO3 (CO2 of H2CO3 can be breathed out)] the ammonia formation in the kidney increases, (i) Diabetic acidosis (when there are accumulation of acids, like β hydroxy butyric acid, acetoacetic acid) and (ii)renal failure are examples of metabolic acidosis. The accumulating acids in metabolic acidosis are said to be fixed (i.e. non volatile) in contrast to the volatile acids of respiratory acidosis (where H2CO3 is accumulating; e.g. in advanced emphysema).


As an example, take the case of diabetic acidosis. Acetoacetic acid is accumulating in the subject's system and the acid molecules are present as Na acetoacetate, (that is, the acid molecules are 'covered' by sodium). Now, Na aceto acetate appears in the glomerular fitrate; if Na+ is not reabsorbed there will be heavy loss of Na+ and this will add to the hazards of acidosis.


Under such circumstances, the distal tubule manufactures ammonia; the ammonia replaces sodium of the Na aceto acetate so that ammonium aceto acetate is formed within the lumen which is excreted; Na+ is recaptured and reabsorbed and thus Na+ is conserved.


Mechanism


Epithelial cells contain glutaminase, an enzyme which can act on glutamine. As a result of this action, NH3 is released from glutamine and glutamine becomes glutamic acid.


The released NH3 passes out of the tubular epithelium → enters the tubular lumen → captures a H+ ion and becomes .NH4 which now replaces the sodium of the sodium salt (say sodium aceto acetate) as mentioned above and Na+ is reabsorbed and the corresponding ammonium salt (e.g. ammonium aceto acetate) is formed in the lumen.


Obviously, in such cases, urine contains high quantity of ammonium salts.


The glutamine is present in blood in normal conditions. Alternatively, NH3 can also be obtained from various amino acids as a result of action upon them by amino acid oxidase.


Secretions of ions and drugs


The distal tubule also secretes K+ and H+ ions.


K+ and H+ secretion


For each ion of Na+ reabsorbed in the distal tubule, there is secretion (extrusion from the epithelial cells into the lumen) of either one ion of K+ or one H+. When the pH of blood is normal, K+ is secreted, whereas, when it is less alkaline, the H+ is secreted (obviously, in threatened acidosis, removal of H+ via urine restores the homeostasis of pH back to normal).


Almost all the K+ of the glomerular filtrate is reabsorbed in the proximal tubule so that the fluid delivered by the pars recta into the descending limb contains very little potassium. However, because of K+ secretion by the distal tubule, K+ is to be normally found in the urine and about 2 to 3 gms of potassium is found normally in a 24 hour urine sample. Vegetarians excrete more. K+ secretion is strongly influenced by aldosterone. Aldosterone causes excess tubular secretion of K+.





Osmotic diuresis.


MISCELLANEOUS ASPECTS OF RENAL PHYSIOLOGY


1.	Renal function in the infants and elderly


In the newborn and infants, the renal cortex is rather poorly developed, the juxtamedullary glomeruli have to do more work than they do in the adults, and the renal tubular functions are comparatively deficient. As a result, the infants are prone to become dehydrated rather easily, as well as they are prone to develop edema due to even slight overhydration during saline transfusion. In short, their ability to concentrate urine (water conservation) or to maintain sodium and water balance is poor. As stated in the earlier chapters of this section, electrolyte reabsorption and water conservation by the tubules are finely regulated to the needs of the body.


In the elderly also, the renal functions deteriorate progressively. The glomeruli atrophy and disappear progressively; the GFR and RBF fall and the older subjects cannot withstand the assaults satisfactorily due to dehydration or overhydration.


2.	The kidneys and the hormones


The kidneys produce several hormones. The notable amongst them are (i) erythropoietin, (ii) renin, which is an enzyme and causes production of angiotensin, (iii) 1, 25 dihydroxy cholecalciferol, which is the active form of the vit D.


Many hormones act on the kidney : with some of them the kidneys are the fundamental target organs; (i) aldosterone, (ii) ANP and (iii) ADH fall in this category; (iv) parathormone and (v) progresterone also have actions on the kidney.


3.	The major functions of the kidneys


At this stage, the major functions of the kidneys can be enumerated. They are :


Excretion of waste products.


Maintenance of water and electrolyte balance.


Maintenance of acid base equilibrium.


Production of certain regulatory hormones like erythropoietin and 1,25 dihydroxycholecalciferol.


DIALYSIS


Facilities for renal dialysis are now available in many major cities of India. A short account of the underlying physiological principle is given below :


Dialysis is done in renal failure (acute or chronic) cases. By this process, waste products (e.g. urea) but not the electrolytes are taken out of the blood of the patient, so that after this treatment blood may be said to have been cleansed.


In peritoneal dialysis, a physiological fluid, isotonic with blood, is introduced into the peritoneum. This physiologic fluid, although containing the electrolytes, is free of waste products (urea, uric acid etc.). The physiologic fluid, called dialysate, stays for about 1/2 hr and urea, uric acid etc. diffuse out from the blood to enter the dialysate, the peritoneal membrane acting as the dialysis membrane. Now, the dialysate is removed. The process can be repeated many times.


In hemodialysis, the blood from an artery is led into an 'artificial kidney', where the blood remains separated from the dialysate by a cellophane wall, and the waste products leave the blood to enter the dialysate. The blood is now returned from the artificial kidney to a vein of the patient. Other types of arrangements also exist.


Dialysis has remarkably changed the outlook of cases of renal failure. Now, many cases of chronic renal failure lead a reasonably normal life, by undergoing dialysis at regular intervals (say several times a month), although these patients must remain, psychologically speaking, tied up with the dialysing machine.


DIURETICS


Diuretics are drugs/agents, that can cause increase in urinary output. Diuretics thus reduce ECF and thus lower the BP, removes edema and are life saving agents in acute left ventricular failure. Recall, in the Starling's law of heart, when the law operates in the descending limb (fig.5.2.2), a vicious cycle is developed which must be interrupted, otherwise the patient will die. This is done by acute and drastic reduction of EGF by the help of diuretics. Diuretics are also used in other conditions like raised intracranial pressure (cerebral edema) and so on.


Several classes of diuretics are known. Mechanism of actions of some major types of them, with a view to have greater insight in physiology, are hinted below :


Osmotic diuretics. Mannitol is the typical example. This drug is given by IV transfusion → filtered by the kidney → appears in the tubular fluid → raises the osmotic tension of tubular fluid → hampers reabsorption of water → diuresis.


Carbonic anhydrase (CA) inhibitors. The enzyme CA which is present plentifully in the proximal convoluted tubule (PCT), catalyzes the reaction,


CO2+H2O ↔ H2CO3


H2CO3 ↔ H+ + HCO3- (this step, however, does not require CA).


CA inhibitors, like acetazolamide (Diamox R), therefore stops the generation of H+ ions in the PCT cells (fig.8.2.3) → stoppage of H+ secretion and thus Na+ H+ exchange system fails, that is stoppage of Na+ of Na HCO3 reabsorption occurs → loss of Na+ via urine → loss of excess water via urine. It is reminded that whenever there is Na loss from the body, there shall be a loss of water (in proportionate amount) from the body. However, acetazolamide can cause retention of H+ (acidosis).


3.	Thiazides. How exactly these powerful agents act is not very clear. This much, however, is clear that they act on the ear ly part of distal tubule, inhibiting both Na+ and Cl- ions, so that fluid reaching farther distal parts of the tubules are not suffi ciently dilute.


4.	Loop diuretics like furosemide (Lasix ) are extremely pop ular, powerful, short acting agents that act on the loop of Henle (hence the name). Recall, some 25% of Na+ is reabsorbed from the ascending loop of Henle. Loop diuretics prevent the reabsorption from the ascending limb of Henle's loop, of both Na+ and Cl-.





Effects of disordered renal function.


Proteinuria


In many renal diseases and in one benign condition, the permeability of the glomerular capillaries is increased, and protein is found in the urine in more than the usual trace amounts (proteinuria). Most of this protein is albumin, and the defect is commonly called albuminuria. The relation of charges on the glomerular membrane to albuminuria is discussed above. The amount of protein in the urine may be very large, and, especially in nephrosis, the urinary protein loss may exceed the rate at which the liver can synthesize plasma proteins. The resulting hypoproteinemia reduces the oncotic pressure, and the plasma volume declines, sometimes to dangerously low levels, while edema fluid accumulates in the tissues.


A benign condition that causes proteinuria is a poorly understood change in renal hemodynamics which in some otherwise normal individuals causes protein to appear in urine formed when they are in the standing position (orthostatic albuminuria). Urine formed when these individuals are lying down is protein-free.


Loss of Concentrating & Diluting Ability


In renal disease, the urine becomes less concentrated and urine volume is often increased, producing the symptoms of polyuria and nocturia (waking up at night to void). The ability to form a dilute urine is often retained, but in advanced renal disease, the osmolality of the urine becomes fixed at about that of plasma, indicating that the diluting and concentrating functions of the kidney have both been lost. The loss is due in part to disruption of the countercurrent mechanism, but a more important cause is a loss of functioning nephrons. When one kidney is removed surgically, the number of functioning nephrons is halved. The number of osmoles excreted is not reduced to this extent, and so the remaining nephrons must each be filtering and excreting more osmotically active substances, producing what is in effect an osmotic diuresis. In osmotic diuresis, the osmolality of the urine approaches that of plasma, The same thing happens when the number of functioning nephrons is reduced by disease. The increased filtration in the remaining nephrons eventually damages them, and thus more nephrons are lost, The damage resulting from increased filtration may be due to progressive fibrosis in the proximal tubule cells, but this is unsettled. However, the eventual result of this positive feedback is loss of so many nephrons that complete renal failure with oliguria or even anuria results.


Uremia


When the breakdown products of protein metabolism accumulate in the blood, the syndrome known as uremia develops. The symptoms of uremia include lethargy, anorexia, nausea and vomiting, mental deterioration and confusion, muscle twitching, convulsions, and coma. The BUN and creatinine levels are high, and the blood levels of these substances are used as an index of the severity of the uremia. It probably is not the accumulation of urea and creatinine per se but rather the accumulation of other toxic substances-possibly organic acids or phenols-that produces the symptoms of uremia.


The toxic substances that cause the symptoms of uremia can be removed by dialyzing the blood of uremic patients against a bath of suitable composition in an artificial kidney (hemodialysis). Another valuable technique is hemoflltration, in which blood under pressure is filtered across a membrane and lost fluids are replaced separately. With these techniques, patients can be kept alive and in reasonable health for many months, even when they are completely anuric or have had both kidneys removed.


Other features of chronic renal failure include anemia, which is caused primarily by failure to produce erythropoietin (see Chapter 24), and secondary hyperparathyroidism due to 1,25-dihydroxycholecalcif-erol deficiency.


Acidosis


Acidosis is common in chronic renal disease because of failure to excrete the acid products of digestion and metabolism (see Chapter 39). In the rare syndrome of renal tubular acidosis, there is specific impairment of the ability to make the urine acidic, and other renal functions are usually normal. However, in most cases of chronic renal disease the urine is maximally acidified, and acidosis develops because the total amount of H+ that can be secreted is reduced because of impaired renal tubular production of NH4+.


Abnormal Na+ Metabolism


Many patients with renal disease retain excessive amounts of Na+ and become edematous. There are at least three causes of Na+ retention in renal disease. In acute glomerulonephritis, a disease that affects primarily the glomeruli, there is a marked decrease in the amount of Na+ filtered. In the nephrotic syndrome, an increase in aldosterone secretion contributes to the salt retention. The plasma protein level is low in this condition, and so fluid moves from the plasma into the interstitial spaces and the plasma volume falls. The decline in plasma volume triggers the increase in aldosterone secretion via the renin-angiotensin system. A third cause of Na+ retention and edema in renal disease is heart failure. Renal disease predisposes to heart failure, partly because of the hypertension it frequently produces.


Variations in the Response to Aldosterone


Normal individuals "escape" when exposed to excess mineralocorticoids. They stop retaining Na+ but lose large amounts of K+. On the other hand, edematous patients with the nephrotic syndrome, cirrhosis, or heart failure continue to retain Na+ and do not lose K+. This is due in part to a reduction in the amount of Na+ reaching the distal portions of the nephrons; Na+ in the tubular fluid helps maintain the potential difference between the tubular lumen and the cells, and this favors K+ secretion. The reduction in distal tubular Na+ is due to avid Na+ retention in the proximal tubules and a decrease in filtered Na+.





Emptying of the bladder. Anatomic considerations. Micturition.


Functional anatomy.


The mechanism of micturition :


The micturition reflex; its path and center; higher control. Maintenance of continence.


3.	Applied physiology : (i) automatic bladder (ii) reten tion (iii) effects of emotion (iv) bladder in pregnancy.


Functional anatomy of the urinary bladder


The bladder is a hollow muscular organ, its interior being lined with mucous membrane.


The muscles of the bladder are smooth muscles.


The two ureters (one from each kidney) enter the bladder. Before they enter, they run through a short course within the muscles of the bladder; this causes a sort of a valve like arrangement, so that retrograde movement of urine (that is, from the bladder to the ureter) is normally impossible.


From the bottom part of the bladder, another tube, the urethra, arises. In case of males, it is long, and runs through the prostate (where it is called, prostatic urethra) and penis (where it is encased within corpus spongiosum) to open exteriorly (fig. 6.9.1).


The muscles of the body of the urinary bladder are called the detrusor muscles. The muscles round the urethra, at its beginning (that is, where it commences from the bladder) is called the "internal sphincter".


The mucous membrane of the bladder, excepting the part called trigone, is thrown into folds while the bladder is empty. The lining epithelium (sometimes called 'urothelium) is transitional epithelium and functionally somewhat unusual. The urine in the bladder is hypertonic and rich in salts. The blood within the capillaries of the mucous membrane of the bladder is only 12 nm away and yet the urothelium is so impervious that neither the solutes from urine go to the blood nor water of the capillary blood enters the bladder in accordance with the law of osmolari-ty. Teleologically, this is highly desirable, as otherwise the very purpose of the kidney would have been lost to a great extent.


Both the detrusor and the internal sphincteric muscles are supplied by both the divisions of the autonomic nerves, viz, the sympathetic and the parasympathetic nerves.


Nerve supply. The urinary bladder receives both sympathetic and parasympathetic supply. Both the sympathetic and parasympathetic nerves contain afferent and efferent fibers.


Parasympathetic. The efferent fibers arise from the lateral horns of the 2nd and 3rd sacral segments of the spinal cord, run via the pelvic splanchnic and relay in the hypogastric ganglion. The hypogastric ganglia are situated ventral to the sacrum (sacral promontory, to be precise).


The efferent fibers of the parasympathetic supply the detrusor and the muscles of the internal sphincter. When stimulated, they cause contraction of the detrusor and relaxation of the internal sphincter leading to evacuation of the bladder .


The afferent fibers belonging to the parasympathetic system arises from the bladder → pass into the pelvic splanchnic and enters into the dorsal root of the 2nd and 3rd sacral segments of the spinal cord.


When the bladder is sufficiently distended, the bladder is stretched and this sensation of stretch is carried by these afferent parasympathetic nerves to the spinal cord. Sympathetic


The efferent fibers arise from the intermediate horns of 1st and 2nd lumbar segments of the spinal cord. These fibers eventually end in the hypogastric ganglia.


Hypogastric ganglia are therefore the relay station of both the sympathetic and parasympathetic nerves. The postganglionic fibers of the sympathetic end in the detrusor and the internal sphincter. Stimulation of the sympathetic efferent leads to relaxation of the detrusor and contraction of the internal sphincter and, as a result, the urine is retained in the bladder.


The afferent fibres belonging to the sympathetic system arise from the bladder → proceed to the spinal cord lying side by side with the sympathetic efferents → enter the dorsal horns of L1 and L2 segments of the spinal cords.


The sympathetic afferent fibres carry the pain sensation.


Sensation of the bladder. 1. Mucous membrane of the bladder is normally insensitive to the light touch. When inflamed (as in cystitis) it becomes sensitive.


2. The sense of stretching, that is, the degree of distension of the bladder (which is caused by accumulation of urine), arises from the detrusor muscles and carried up by the afferent nerves. When distension is only mild or moderate a 'desire to pass urine' develops; but when the distension is severe, actual pain is felt and a tremendous desire to pass the urine arises.


In short, sense of distension is carried by parasympathetic, whereas pain sensation from bladder is carried by the sympathetic.


Cortical control


The S2, S3 and L1, L2 are spinal centers for bladder. A higher center, which may be called 'cortical centej', also exists, one on either side, on the medial aspect of the cerebral hemisphere, in the motor homonculus, close to the perineal area (fig. 10C 1.1). Sense of distension from the spinal center (that is, S2 & S3) reach the cortical center via the dorsal column, whereas pain sensation (from L1 & L2) reach the cortical center via the spinothalamic tract. Efferent fibers from this higher center descend down, remaining lateral to the pyramidal fibers and ultimately reach the spinal centers. Through these paths the higher center controls the spinal (or lower) center. In transection of the spinal cord, these (ie, cortical) controls are, therefore, lost.


The internal sphincter, therefore, is purely involuntary, as it is under complete control of the autonomic. But in addition, there is an external sphincter of the urethra, which surrounds the membranous urethra. It is, histologically made up of striated muscles and supplied by somatic nerves (via pudendal nerve), that is, it should be purely voluntary. One can voluntarily cause contraction of this (external) sphincter, but voluntary relaxation of it cannot be made. Thus, in the middle of an act of micturition, one, if he desires, can stop the micturition temporarily by causing the external sphincter to contract voluntarily. But unless there is some accumulation of urine in the bladder with a consequent rise of hydrostatic pressure within the bladder, relaxation of external sphincter by pure voluntary effort is not possible.


Mechanism of micturition. The micturition reflexes


Although, to some extent, this is still a bit speculative, the essentials are as follows :


When the bladder is sufficiently filled, the hydrostatic pressure within the bladder rises → the rise of pressure causes stimulation of afferent nerves (parasympathetic) → spinal center is stimulated → efferent parasympathetic fibers (from the spinal center) are now stimulated → contraction of the detrusor and relaxation of the internal sphincter → evacuation. This is the fundamental micturition reflex.


During the abovementioned reflex action, sympathetic efferents are inhibited → the contraction of the detrusor and relaxation of the internal sphincter are facilitated.


However, filling of the bladder to a certain degree by itself is not enough. From the spinal center, afferent fibers go to the cortex and a desire to micturate develops.


If it is inconvenient to pass urine, (eg, when the person is addressing a lecture to the public) the cortical center sends down an impulse by which the micturition reflex is inhibited, so that the detrusor relaxes, the sphincter contracts and the desire disappears. But a stage arrives (recall, the two ureters are pouring urine into the bladder remorselessly), when the amount of urine in the bladder is great, and the afferent discharges due to the stretching of the bladder are very strong; at this stage the desire becomes irresistible.


4.	In the new born and the infants, the link between the cortical center and the spinal center is not established. As a result, whenever the bladder has the requisite volume of urine, the evacuation occurs. This is an example of automatic bladder.


During the act of micturition, as the urine passes through the urethra, further set of afferent impulses are produced and they reinforce the micturition reflex (this is one of the Barrington 's reflexes; detailed discussion of Bar-rington's reflexes, however, are no longer popular in standard text books).


If the bladder is somewhat filled but the desire to micturate is yet to appear, but the subject decides to pass urine, he can do so. This occurs, because, now, the cortex influences the spinal centers in such a way, that micturition reflex is excited.


At this stage, some facts about the interrelationship between the filling of the bladder and afferent discharges and the desire to micturate will be given :


1. In the beginning, the bladder is empty and the hydrostatic pressure (i.e., the pressure within the bladder) is O ( = one atmospheric pressure).


2. In the initial phases of filling, upto about 200 ml of urine accumulation, the rise of pressure is very small. This is because, at this stage, as the urine accumulates, the detrusor relaxes to some extent and the rise of hydrostatic pressure in the bladder is small5. Thereafter, it rises rather markedly. After 500 ml of urinary accumulation, rise of pressure is sharp with even every slight degree of further rise in urinary volume.


�


Fig. 8.4.1. In the initial phases of filling, the pressure within the bladder does not rise steeply. Only in the later phase, the pressure begins to rise sharply with further rise of bladder volume.





3. Another factor is also important. If sudden rise of urinary accumulation occurs, the pressure rises rather sharply but if the urine is not passed the detrusor muscle again relaxes, and the pressure again falls .


All these facts can be shown experimentally.


Maintenance of continence


When the bladder is empty or only mildly filled, the detrusor remains relaxed and both the internal and external sphincters are contracted. This phenomenon, that is, the holding up of urine, is called continence and is due to a reflex. The reflex is initiated from the bladder, and at least in the species cat, the afferent impulses are conveyed by the parasympathetic afferent which terminates in the spinal efferent impulses cause the continence (i.e. relaxation of the detrusor and contraction of the sphincter).


When the bladder is well filled, the micturition reflex is initiated and now the maintenance reflex is overcome so that evacuation of bladder can occur.


Applied physiology


1. Automatic bladder. From theoretical consideration it can be imagined that when the spinal center is intact, the peripheral nerves supplying the bladder, as well as the bladder muscles, are healthy, but the connection between the higher (= cortical) and spinal centers are lost (or not developed), the bladder will be automatic; that is, whenever the filling of the bladder will reach a required point, the micturition reflex will be set up and evacuation will result, no matter whether it is convenient or inconvenient to pass urine.


Such a situation, i.e. automatic bladder, develops in a particular stage (phase) of transaction of spinal cord (for details, see chap. 8, sec. XD). In the infants also, the higher control is not satisfactorily developed and so the evacuation of bladder is rather automatic.


Retention


Retention of urine in the bladder may be due to anatomical or functional reasons. Common anatomical causes are, (i) enlarged prostate (enlargement may be benign or cancerous) mechanically obstructing the urethral canal and (ii) stricture of the urethra (the stricture may be due to gonorrheal infection).


Functional causes are very commonly due to nervous system disorders. Thus, in the spinal shock (ch. 8, sec. XD) and in the initial phases of hemiplegia, the urine accumulates on and the bladder becomes distended and yet the bladder does not evacuate itself. Both in the spinal shock and early stage of hemiplegia, spinal centers remain in a state of functionlessness for a variable period. When they begin to regain function, the function of the sphincter returns earlier than the detrusor, causing the retention. Effects of emotion


It has been already stated that as the urine accumulates more and more, up to a certain stage, the detrusor relaxes so that pressure within the bladder does not rise and the desire for micturition does not develop. However, when a subject is excited or becomes anxious, the ability of the detrusor to relax is reduced and the desire for micturition develops even when the bladder contains only small quantity of urine. As a result, frequency of urination can develop (e.g. in a panicky person).


Effects of pregnancy


Pregnancy causes a remarkable loss of tone of the detrusor muscle. As a result, the pressure within the bladder remains low even when the volume of urine within it is quite high, and the desire to micturate does not occur. During urination, such bladder may not be completely emptied. The continued presence of residual urine may cause bacterial infection which is rather common in pregnancy.





Reflex control. Abnormalities of micturition. Effects of deafferentation. Effects of denervation. Effects of spinal cord transection.


Reflex Control


The bladder smooth muscle has some inherent contractile activity; however, when its nerve supply is intact, stretch receptors in the bladder wall initiate a reflex contraction that has a lower threshold than the inherent contractile response of the muscle. Fibers in the pelvic nerves are the afferent limb of the voiding reflex, and the parasympathetic fibers to the bladder that constitute the efferent limb also travel in these nerves. The reflex is integrated in the sacral portion of the spinal cord. In the adult, the volume of urine in the bladder that normally initiates a reflex contraction is about 300-400 mL. The sympathetic nerves to the bladder play no part in micturition, but they do mediate the contraction of the bladder muscle that prevents semen from entering the bladder during ejaculation (see Chapter 23).


There is no small motor nerve system to the stretch receptors in the bladder wall; but the threshold for the voiding reflex, like the stretch reflexes, is adjusted by the activity of facilitatory and inhibitory centers in the brain stem. There is a facilitatory area in the pontine region and an inhibitory area in the midbrain. After transection of the brain stem just above the pons, the threshold is lowered and less bladder filling is required to trigger it, whereas after transection at the top of the midbrain, the threshold for the reflex is essentially normal. There is another facilitatory area in the posterior hypothalamus. In humans with lesions in the superior frontal gyrus, the desire to urinate is reduced and there is also difficulty in stopping micturition once it has commenced. However, stimulation experiments in animals indicate that other cortical areas also affect the process. The bladder can be made to contract by voluntary facilitation of the spinal voiding reflex when it contains only a few milliliters of urine. Voluntary contraction of the abdominal muscles aids the expulsion of urine by increasing the intra-abdominal pressure, but voiding can be initiated without straining even when the bladder is nearly empty.


Abnormalities of Micturition


There are three major types of bladder dysfunction due to neural lesions: (1) the type due to interruption of the afferent nerves from the bladder; (2) the type due to interruption of both afferent and efferent nerves; and (3) the type due to interruption of facilitatory and inhibitory pathways descending from the brain. In all three types the bladder contracts, but the contractions are generally not sufficient to empty the viscus completely, and residual urine is left in the bladder.


Effects of Deafferentation


When the sacral dorsal roots are cut in experimental animals or interrupted by diseases of the dorsal roots such as tabes dorsalis in humans, all reflex contractions of the bladder are abolished. The bladder becomes distended, thin-walled, and hypotonic, but there are some contractions because of the intrinsic response of the smooth muscle to stretch.


Effects of Denervation


When the afferent and efferent nerves are both destroyed, as they may be by tumors of the cauda equina or filum terminale, the bladder is flaccid and distended for a while. Gradually, however, the muscle of the "decentralized bladder" becomes active, with many contraction waves that expel dribbles of urine out of the urethra. The bladder becomes shrunken and the bladder wall hypertrophied. The reason for the difference between the small, hypertrophic bladder seen in this condition and the distended, hypotonic bladder seen when only the afferent nerves are interrupted is not known. The hyperactive state in the former condition suggests the development of denervation hypersensitization even though the neurons interrupted are preganglionic rather than postganglionic.


Effects of Spinal Cord Transection


During spinal shock, the bladder is flaccid and unresponsive. It becomes overfilled, and urine dribbles through the sphincters (overflow incontinence). After spinal shock has passed, the voiding reflex returns, although there is, of course, no voluntary control and no inhibition or facilitation from higher centers when the spinal cord is transected. Some paraplegic patients train themselves to initiate voiding by pinching or stroking their thighs, provoking a mild mass reflex (see Chapter 12). In some instances, the voiding reflex becomes hyperactive. Bladder capacity is reduced, and the wall becomes hypertro�phied. This type of bladder is sometimes called the spastic neurogenic bladder. The reflex hyperactivity is made worse by, and may be caused by, infection in the bladder wall.





Composition of urine (volume, specific gravity, color, reaction).


[The usual practice to express the amount of any constituent of urine is in terms of gms per 24 hrs and not its concentration per 100 ml, as in blood. Thus, 24 hrs urine (1.5 liter) contains about 6 gms of sodium; not that 100 ml or urine contains 0.4 gms of sodium. This is because variation of the concentrations of urinary constituents, (as expressed in terms of gms/100 ml), is very common, as the urine is sometimes very concentrated and at other times very diluted, depending on the amount of water intake and sweating. The figure 1.5 liter given above is the assumed daily output of urine.]


1. Volume


Volume varies from 800 to 2,500 ml per day (mean, 1.5 liter). For excreting all the solutes, the minimum volume of urine has to be at least 500 ml/day. If the volume is less than 500 ml/day, waste products accumulate in the body, provided the subject is on average diet. If the diet consists of only glucose solution and a minimum quantity of protein, then the minimum volume of urine required to excrete the waste products satisfactorily (called obligatory volume,) may be less than 500 ml/day.


In acute renal failure, when the patient is in oliguric state (=when the daily urinary volume is dangerously low), drastic reduction of sodium, potassium and proteins are made in the diet and the patient is kept alive by glucose solutions plus only 20 gms of protein/day. This dietetic regime reduces the risk of accumulation of waste products in the body.


The volume of urine is reduced when there is sweating or low intake of water. This is because of the action of ADH. After a large volume of water intake, the ADH secretion is stopped and the urinary volume expands. In diabetes insipidus the urinary volume is greatly increased (polyuria). Polyuria also occurs in diabetes mellitus, because the tubular fluid now contains glucose which increases its osmolality which in turn prevents water reabsorption. In nephrogenic diabetic insipidus, the collecting tubules are refractory to ADH and polyuria occurs.


The term oliguria means production of reduced quantity of urine; polyuria is persistent increase in urinary output.


�


2.	Specific gravity


It is, normally, very variable-depending upon water


intake and sweating. In normal urine the electrolytes (Na+,


K+ and Cl-) and urea are the main ingredients contributing to the specific gravity.


In diabetes mellitus, the sp. gr. is very high (because of presence of glucose). Albuminuria can also raise the �HYPERLINK "http://sp.gr"�sp.gr�. though the rise is only marginal.


The normal �HYPERLINK "http://sp.gr"�sp.gr�. varies between 1.001 to 1.040 although the figures more commonly remains within 1.010 to 1.025. In diseases of the kidney, where the collecting tubules are destroyed or in absence of ADH, the kidney loses its power to concentrate urine and even when the water intake is low, the volume of urine is high and �HYPERLINK "http://sp.gr"�sp.gr�. is very low6.


3.	Color


Normally the urine has a pale lemon yellow color. The color is due to urochrome mainly but other pigments like urobilin and uroerythrin also contribute. Urochrome is obtained from metabolism but its biochemical aspects are largely unknown.


Conditions, where tissue destruction is increased, are associated with high urochrome output and high colored urine. Thus, high fever, acute infections etc. are usually associated with high colored urine.


4. Reaction


Normally urine is usually acid. If the urine is kept exposed to atmosphere, the urea splits and ammonia released and thus the urine becomes alkaline.





Alkaline tide. Microscopical examination.


Alkaline tide


After a heavy meal, the urine may become alkaline temporarily. The explanation is as follows :


The heavy meal causes secretion of large amount of gastric HC1 and this means loss of H+ions from the body. As there is now a threatened rise of pH of the body, as a compensatory mechanism, acidification of urine is stopped → alkaline urine is excreted.


Urinary infections may cause formation of ammonia from urea of urine within the bladder. In such infections, urinary reactions can become strongly alkaline.


Microscopical examination


For this, the sample of urine is to be centrifuged and a drop of urine from the bottom (which contains the sediment), is examined under microscope.


Normal urine may contain occasional leucocyte, non squamous epithelial cells and occasional hyaline casts.


Hyaline casts are formed by mucoprotein substances (secreted by the tubular epithelial cells) which subsequently solidify and take the shape of the tubules.


Presence of occasional hyaline casts are not pathological.


Presence of granular/RBC /WBC casts in the urine, however, indicate abnormality. If the tubular fluid contains too many WBC or RBC, they (i.e, these cells) are embedded in the hyaline casts which are now known as WBC/RBC casts. When large number of tubular epithelial cells die, degenerate and become granular, the embedding of the hyaline casts by such granular matter produces granular casts.





Table 8.2.3: Chemical composition of normal urine�
�
Quantity excreted/day (gms)�
�
Inorganic


Sodium


Potassium


Calcium


Phosphate�



6


2


0.2


1.7�
�
Organic


Urea


Uric acid


Creatinine�



20 to 30


0.6


1.2�
�
N.B. Normal urine does not contain (or contains in very insignificant amount), glucose, albumin or other plasma protein, ketone bodies (acetone, acetoacetic acid, β hydroxy butyric acid), blood or erythrocytes. Following terms may be noted, glycosuria (presence of glucose in urine), albuminuria (albumin in urine), proteinuria (protein in urine), ketonuria (ketone bodies in urine), hematuria (blood in urine).





Renin angiotensin system. Effects of angiotensin. Applied physiology.


Although, since long past, the Indian Ayurvedic people were aware of some interrelationship between dietary sodium, edema, high blood pressure and renal disease, it was Richard Bright, who in 1834 showed convincingly, (although on purely, clinical grounds), that some diseases of the kidney are related with edema and hypertension. In 1898 Tiegersted and Bergman showed that saline extracts of kidney contains something which can raise BP, and this 'something', was Christened by them as 'renin' (a name which has been retained even almost 100 years after). The turning point was in 1934, when Harry Goldblatt and his colleagues showed that partial occlusion of renal artery (by ligation) in dogs produce hypertension. Since this lead, tremendous amount of research works have followed and at the time of writing this, the consensus of opinion, in this area of physiology, is as follows :


It is possible that a minimal state of activity of the renin angiotensin axis exists even ordinarily. But under 'special circumstances ' (see below), renin is secreted in large quantities and produces a chain of events as follows :


renin is produced from Juxta glomerular apparatus, JGA (recall, JGA = JG cells of the walls of the afferent arteriole of the glomerulus + mesangial cells + macula densa), par ticularly from the JG cells	


↓


this renin now acts on angiotensinogen, an α2 globulin present normally in the plasma. Previously, angiotensino gen was also known as hypertensinogen, particularly in the Latin American countries,	


↓


angiotensinogen is now converted into angiotensin 1


↓


angiotensin 1 is further converted into angiotensin II by converting enzyme, popularly abbreviated as ACE (angiotensin converting enzyme) by the clinicians and pharmacologists. The lungs are rich in ACE and when angiotensin 1 rich blood flows through the lungs, angiotensin II is thus formed.


Angiotensin II has many actions but most well known of them are its actions on (i) blood vessels and (ii) Na+, K+ and water regulation. In recent times, the effects of angiotensin on (iii) myocardial contractility and (iv) on brain are receiving great attention.


angiotensin II is further degraded into angiotensin III which has a much weaker angiotensin II like action.


The flow chart given below summarises the above mentioned facts :


�


What conditions stimulate the renin secretion ? Answer follows :


i) Low perfusion pressure of blood in the kidneys. Actually, by ligating the renal artery, Goldblatt merely produced low BP in the afferent arterioles of the glomerulus.. Clinically renal arterial stenosis is associated with excessive activity of renin angiotensin system and hypertension and the mechanism is same.


Further details are as follows :


the JG cells, present in the walls of the afferent arterioles of the glomerulus, release renin, when the BP within these arterioles fall. The sensor (= which detects the fall of BP) is thus a baroreceptor.


This means, when there is a generalised fall of BP (eg. hemorrhagic shock, severe diarrhea) there is excessive activity of the renin angiotensin system. Indeed, in such pathological states where BP is low and thus the brain is threatened by ischemia and anoxia, this is a major compensatory mechanism.


ii) A second method of stimulating renin secretion is, decreased delivery of Na into the region of macula densa of the distal tubule. For example, severe fall of systemic BP (say due to massive hemorrhage) will lead to :fall of BP → fall of glomerular BP → fall of CFR → fall of filtered load of Na → decreased delivery of Na in the region of macula densa → renin secretion → angiotensin II which leads to :


�


iii) Sympathetic stimulation also causes stimulation of renin secretion. The JG cells are supplied by sympathetic nerves (to be specific, β adrenergic nerves). β blockers thus reduce the renin angiotensin system activity.


Effects of angiotensin


1.	Angiotensin II is a powerful vasoconstrictor. It causes a generalized vaso constriction, a major site of the vasoconstrictor activity being the afferent and ef ferent arterioles of the kidney (see lower down, for further details). Angiotensin II is 40 times more pow erful than noradrenalin, so far as the vasoconstrictor ability is concerned. However, the vaso constrictor ef fect is rather transient.


2.	Aldosterone, Na+, K+, Water


Angiotensin II stimulates aldosterone secretion (chap 4 sec VI). Aldosterone, in turn, causes the followings :


increased reabsorption of Na+ from the distal as well as collecting tubule. It thus causes Na retention which in turn leads to edema and hypertension. Further, against each ion of Na+, either one ion of K+ or a hydrogen (H+) is ejected (secreted) from the tubular epithelium to the lumen. Aldosterone, thus causes , potassium depletion and threatens alkalosis. In diabetic coma, however, it is life saving, because, in diabetic ketosis, ejection of H+ is a compensatory mechanism against the acidosis. (NB. In diabetic coma, there is usually a fall of BP and the fall of BP can lead to activation of renin angiotensin system).


Heart. Angiotensin causes increased entry of Ca++ within the myocardium → rise of myocardial contractility → rise of cardiac output.


Brain. Stimulation of certain regions of brain by angiotensin II produces thirst. Visualize the situation and the inherent teleology : Severe diarrhea → fall of renal blood flow → release of angiotensin II → hirst → excessive drinking of water → fluid loss compensated.


The flow chart drawn below, summarizes what has been said above:


Some further details on renal vasoconstriction should be noted:


Angiotensin II can cause constriction of both the afferent and efferent arterioles of the glomerulus. When the afferent is predominantly constricted, there is reduction of GFR, whereas the GFR increases when the efferent is predominantly constricted.


Question arises, what then is the 'usual' effect(s) of an elevated level of angiotensin in normal persons ? Answer is:


(i) the GFR (ii) the renal blood flow and (iii) the volume of urinary output, all fall. The net result is Na and water are conserved. However, the issue is controversial.


Renin. It is an enzyme , secreted first as prorenin which is then degraded to renin. The final product renin has 340 amino acids and is a glycoprotein.


Converting enzyme/angiotensin converting enzyme (ACE). A large protein containing 1278 amino acids, cleaves not only the angiotensin I but also some other structures. Angiotensinogenase degrades angiotensin II into angiotensin III.


Applied Physiology


ACE inhibitors are drugs (eg. captopril) causing inhibition of angiotensin II formation and thus increase the sodium and water excretion. Captopril, discovered recently (in the 1980s), is a very popular drug in hypertension and congestive cardiac failure.





Factors controlling Na+ excretion by the kidney (changing the GFR; aldosterone; Natriuretic factors).


The importance of Na+ regulation


Regulation of sodium excretion, in the eyes of the clinicians, is one of the most important aspects of renal physiology. This is so because of the following facts :


�


(i) the disease essential hypertension is strongly related to the sodium intake, its metabolism and excretion. Although cause of essential hypertension is still a mystery, this much is known that very low sodium intake or drastic use of sodium removing drugs, lowers the blood pressure.


(ii) the volume of the extracellular fluid (ECF) including that of blood, is strongly dependent on the sodium concentration of blood. If the body becomes deficient in sodium, water cannot be retained in the body (ie. water is excreted via urine) no matter what is the intake of plain water. Conversely, if there is sodium accumulation, ECF expands resulting in hypertension and edema (including pulmonary edema).


However, details of the mechanism of regulation of sodium excretion is still unknown. Only some broad outlines of the known facts are given below :


Sodium intake in the diet varies from person to person. Normally, however, if extra sodium is ingested the extra amount is excreted, via the kidney. Conversely, with low sodium intake or in a condition where there is considerable sodium loss (e.g. severe sweating), urinary sodium excretion is reduced and body sodium is conserved.


Three mechanisms exist for the above mentioned sodium conservation and sodium regulation viz. (i) change in the GFR, (ii) aldosterone, and (iii) natriuretic hormone (also called, the 'third factor').


(i) Changing the GFR


Imagine that there is some Na+ accumulation in the body. This leads to the following chain of events: Na+ accumulation → rise in plasma osmolality → secretion of ADH → water retention → expansion of ECF, including blood volume → rise in blood pressure → rise in glomerular filtration pressure → rise in the amount of Na+ filtered → rise in Na+ excretion via urine → correction of Na+ accumulation and regaining of homeostasis.


However, in practice, this mechanism is not very satisfactory, because as the GFR and filtered load of Na+ rise, there is also increased tubular reabsorption of Na+ (load dependant, first order kinetics, see below) which considerably nullifies the effects of increase in filtered load of Na+.


A term 'glomerulotubular balance' has now become very popular. This term means the phenomenon by which the effectiveness of the rise of GFR (for Na+ excretion) due to plasma hyper volemia is automatically cancelled.


The exact mechanism of glomerulotubular balance is unclear. One possible mechanism is as follows :


Whenever the GFR rises the colloidal osmotic tension (COT) of the blood leaving the glomerulus, rises (because rise in the GFR means more removal of water from the blood which increases the concentration of the plasma proteins). This blood (which contains higher concentration of plasma proteins) now reaches the peritubular capillaries and so the COT of these capillaries rises. This means, it now attracts more fluid and sodium from the peritubular space.


Other mechanism, by which the glomerulo tubular balance operates, are, (a) tubuloglomerular feed back, discussed earlier, which adjusts the GFR, and (b) the autoreg-ulation of renal blood flow.


Glomerulotubular balance is, teleologically speaking, desirable also, at least sometimes. An example will help to understand the picture : ordinarily, in 24 hr. the filtered load of sodium is say 590 gms (table 8.2.1) and the amount reabsorbed is say 584 gms/day. That is nearly 99% of the filtered load is reabsorbed.


It is important to say that 99% (and not 584 gms) of Na is reabsorbed, that is, a constant fraction of the filtered load rather than a constant amount is reabsorbed7. Visualize, what a havoc would have resulted had it been otherwise. Say, in this man, the GFR suddenly rises and the filtered load of Na becomes 650 gms/day (instead of 590). Same 99% of 650 gms will be reabsorbed, ie, only 6.5 gms (instead of 6 gms as in above) will be excreted, ie, Na loss is minimised. If, on the other had, the person had reabsorbed 584 gms, the Na loss would have been 66 gms. Therefore, sudden rise of BP (due to the operation of 1st order kine-ties) will not result in massive Na loss from our body.


(ii) Aldosterone


Detailed discussion of this hormone has been made in chapter 4 of section VI. In short, it acts on the collecting tubule and promotes Na+ retention and K+ excretion. Major stimulant for its secretion is the activation of renin angiotensin axis. Hyperaldosteronemia (whether primary or secondary) is associated with edema and hypertension.


(iii) Natriuretic factors. It has been suspected that there is some factor/hormone which causes natriuresis (= removal of Na via urine). To such hypothetical substances, the name, natriuretic factor was given. Long search has resulted in finding of two such factors, (i) ANP, and (ii) a natriuretic steroid. It appears that the third factor effect is produced by several factors, of which ANP (ANF) is very important.


ANP. Atrial natriuretic peptide, previously called atrial natriuretic factor (ANF), is a peptide having 28 amino acids in its chain and is obtained from a larger 151 amino acid precursor (prohormone) molecule. It is released from the atrial muscles when atria are stretched due to overdistension (eg. in congestive cardiac failure, excessive fluid transfusion and so forth).


Functions


ANP may be visualized as an agent whose actions, ultimately, lead to neutralisation of the effects of the angiotensin II or rather renin angiotensin activity. It also opposes, to some extent, the ADH and aldosterone. With this background, the actions of ANP can be discussed.


The major sites of actions of ANP are, (a) kidney, and (b) blood vessels.


On kidney, it reduces the GFR (without reducing the RBF) and reduces the Na reabsorption in the PCT. Collecting tubule is another site where Na reabsorption is reduced by ANP. Reduction of Na reabsorption results in increased sodium excretion (natriuresis), and expansion of the volume of urinary output. On blood vessels, ANP causes vasodilatation. Some evidences suggest ANP is an important compensatory mechanism to fight against various diseases like congestive cardiac failure and renal failure. ANP, thus, is a great potential therapeutic agent of the future.


Some evidences suggest that there is a steroid substance which has a natriuretic power. This substance inhibits Na+ K+ ATPase in the PCT which results in natriuresis.


History. The glomerulus was first reported by Marcello Malpighi (1628-1694), Professor of Medicine at Bologna. Actually microscope had only been recently introduced and thus the young Malpighi with his tremendous energy and curiosity made great contributions in a variety of histological fields, viz, botany, zoology, human histology and so on. Thus, he was first to report the existence of RBC in blood.


The capsule surrounding the glomerules was reported much later by Sir William Bowman (1816-1892). The mechanism of formation of urine was first correctly speculated by Arthur Robertson Cushny (1866-1926), son of a clergyman of Scotland, who migrated to USA (after obtaining his M.A, M.B. and CM. from Scotland), to become Professor of Pharmacology at the early age of 28. However, after 12 years, Cushny, at the age of 40, returned back to Edinburgh university of Scotland as Professor of Pharmacology.


Today, Cushny's name is remembered for his contributions in (i) formulating the mechanism of urine formation, (ii) in connection with the pharmacology of digitalis glycosides, (iii) in connection with his works on optical isomerism, and (iv) as an author of pharmacology text book. Incidentally, two great Professors of yesteryear Calcutta, (one a physiologist and the other a pharmacologist) were direct disciples of Cushny.





 1Filtered load and tubular reabsorption can also be expressed in terms of minute, eg, so many mgms (or m moles)/min.


 2The symbol [ ] means concentration. Thus concentration of CF is written as [Cl-].


 3A term, distal segment, has been used in this book and means, loop of Henle + distal nephron.


 4Loop of Henle, distal tubule, connecting tubule are impermeable to urea. In presence of ADH, water is reabsorbed from the collecting tubule so that urea concentration (in collecting tubule) rises. Papillary collecting duct, however is permeable to urea → urea reaches the interstitium.


 5Plainly, it is somewhat akin to the receptive relaxation of the stomach.


 6In short, kidney, normally tries to maintain the homeostasis of our body water, ie, when the body water volume is high, more urine is formed and vice versa. In diabetes inspidus and destruction of collecting tubules, large volume of urine is formed even when there is dehydration.


 7This is called '1st order kinetics' (when a constant fraction is reabsorbed). Whereas, 'zero order kinetics' means cases where a constant amount is reabsorbed.
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