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The Excretory System and Osmoregulation

PRÉCIS

The excretory system includes the kidneys and their ducts. With the skin, gills, lungs, and special salt-excreting or salt-absorbing structures, 
it maintains the constancy of the internal environment by eliminating the nitrogenous wastes of metabolism and helping regulate the salt and water balances of the body. Its structure and evolution must be considered in the context of the environments in which vertebrates live and their level of metabolism.
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The composition of the interstitial fluid that bathes the cells of vertebrates must be maintained within narrow limits. Cellular metabolism, however, produces carbon dioxide, water, and nitrogenous wastes that diffuse into the interstitial fluid. Other metabolic processes add organic acids, phosphates, sulfate ions, and other materials. The interstitial fluid may gain or lose water or salts depending on the vertebrate’s environment: fresh water, salt water, or land. Despite these destabilizing factors, the composition of the interstitial fluid is held relatively constant by exchanges between it and the blood, and the composition of the blood, in turn, is maintained by carefully controlled exchanges between the animal and its external environment. These exchanges occur through many organs, including the skin, liver, gills, lungs, kidneys, and special structures that excrete or absorb salt. The liver eliminates bile pigments, and the respiratory system, assisted sometimes by the skin, removes carbon dioxide. Here we will examine the kidneys and other organs that remove the nitrogenous and other wastes of metabolism and concurrently maintain the water and salt balances of the body. The removal of waste products of metabolism is called excretion. Excretion should not be confused with defecation, which is the removal primarily of undigested residues and bacteria from the digestive tract. Only the bile pigments in the feces are by-products of cellular metabolism.

Morphologically, the kidneys and their ducts are associated intimately with the reproductive system. Kidneys and gonads develop from adjacent tissues, and after the excretory or urinary ducts have developed, the reproductive system usually taps into them or their derivatives. These two systems often are treated together as the urogenital system, but we will first examine the excretory system and relate the reproductive system to it in the next chapter.

The Renal Tubules

Renal Tubule Structure and Function

The kidneys of vertebrates are of mesodermal origin. They develop from the pair of embryonic nephric ridges (Gr., nephros 5 kidney) or mesomeres that are located between the somites (epimeres) and the lateral plate (hypomere) (Figs. 4-16 and 20-1) and extend the length of the coelom. The segmentation of the somites extends into the nephric ridges of primitive vertebrates and divides them into a series of segmented nephrotomes (Gr., tome 5 cutting), each of which differentiates into a nephron or renal tubule (L., renes 5 kidneys). The segmentation may be limited to the anterior part of the nephric ridges. The renal tubules are the structural and functional units of the kidneys. The proximal end of a representative tubule forms a two-layered, cup-shaped capsule of simple squamous epi-thelium that is known as Bowman’s capsule or a renal capsule (Fig. 20-2A). The capsule envelops a tangled knot of capillaries known as a glomerulus (L., glomus 5 ball). The glomerulus receives an afferent arteriole from the renal artery and is drained by an efferent arteriole. Together, the renal capsule and glomerulus form a renal corpuscle. The rest of each tubule is composed of a simple epithelium, but the nature of the epithelial cells and the length and pattern of the nephron vary considerably among vertebrates according to the excretory and osmoregulatory problems that each group faces. Often, especially in anamniotes, a short neck of ciliated cells connects the renal corpuscle with a thicker proximal tubule of secretory or absorptive cells. A thin intermediate tubule, which varies in length and sometimes contains ciliated cells, may lie between the proximal and distal tubules. In amniotes, and some anamniotes, collecting tubules receive a number of renal tubules and, in turn, enter the excretory duct.

The renal corpuscles are filtration mechanisms from which a filtrate of the blood plasma enters the renal tubule. Two mechanisms increase the amount of filtrate formed in the renal corpuscles compared with capillary beds in most other organs. First, the capillaries of the glomerulus lie between two arterioles (Fig. 20-2A). The diameter of the efferent arteriole is smaller than that of the afferent arteriole, and its contraction under some conditions increases the hydrostatic pressure of the blood in the glomerular capillaries. This increases filtration pressure, which is the difference between the hydrostatic and the colloidal osmotic pressures of the blood. Second, diffusion distance is short because the walls of the capillaries and renal capsule are exceptionally thin. Details have not been studied in all vertebrates, but electron-microscope studies of mammalian renal corpuscles have shown that the endothelial cells that form the walls of the capillaries are perforated by small slits, i.e., they are fenestrated (Fig. 20-2B and C). The epithelial cells that form the adjacent wall of the renal capsule are called podocytes. Podocytes do not lie tightly against the basal lamina that separates them from the capillary endothelial cells; rather, they are attached only by footlike pedicels with filtration slits between them. A similar condition was seen in the “solenocytes” of amphioxus (Chapter 2). The cavities of the glomerular capillaries and renal capsule are separated in many places only by the very thin basal lamina of the epithelial cells. This lamina is composed of delicate collagen fibers and glycoproteins that we believe are secreted by both the endothelial cells and the podocytes. During filtration, most of the large plasma proteins are held back, but filtration is non-selective for smaller molecules, which occur on the filtrate in the same proportion as in the blood. The filtrate contains nitrogenous wastes and other materials that must be eliminated, as well as glucose, amino acids, and other molecules that should be saved. Whether water or salts need to be conserved or eliminated depends on the animal’s environment.

The renal tubules and collecting tubules are surrounded by peritubular capillaries that receive their blood in different ways among the different groups of vertebrates (Fig. 20-3). The peritubular capillaries of chondrichthyan fishes, reptiles, and birds receive blood from both the efferent renal arteriole and afferent renal vein leaving, respectively, the glomeruli and renal portal vein (Fig. 20-3A). Those of osteichthyan fishes and amphibians receive blood only from the renal portal vein because the efferent renal arteriole enters the renal vein directly (Fig. 20-3B). The renal portal system is lost in mammals, so their peritubular capillaries receive blood only from the efferent renal arterioles (Fig. 
20-3C). In all cases, blood leaving the peritubular capillaries drains into renal veins. As the filtrate passes down the tubules, substances that must be saved are selectively reabsorbed and enter the capillaries around the tubules. Reabsorption of some products is active and requires the tubular cells to do metabolic work; for other products, reabsorption is by passive diffusion. In some species, the amount of waste products in the filtrate is augmented by selective secretion by the tubular cells. Waste products are concentrated in this way as the filtrate passes down the tubules to be discharged as urine.
Renal Tubule Evolution

Most vertebrates have renal tubules of the type described, in which the renal tubules do not connect with the coelom and the glomeruli are surrounded by renal capsules. These are known as internal glomeruli (Fig. 20-4D). The first few tubules that develop at the anterior end of the nephric ridges of ammocoetes and some larval amphibians open into coelomic recesses through a ciliated nephrostome, and the glomeruli bulge into 
this recess. These are external glomeruli (Fig. 20-4B). In larval vertebrates possessing external glomeruli, the filtrate is discharged into the coelomic recesses and is drawn by ciliary action into the nephrostomes. The glomeruli are internal in adult vertebrates, but many of the tubules of adult elasmobranchs, primitive actinopterygians, and many amphibians retain nephrostomes and the renal capsule connects to the coelom through a narrow coelomic funnel (Fig. 20-4C). Nephrostomes are absent from other adult vertebrates.

This variation in nephron types and their pattern of distribution suggest an evolutionary sequence. Ancestral craniates probably had an external glomerulus and nephrostomes, as do the first few to develop in very primitive craniates. The vascular filtration surface was overlain with podocytes, which allowed the escape of many small molecules, including water, into the coelom. This filtrate was drawn off through coelomic connections (nephrostomes) into tubules where a selective reabsorption occurred to form urine. This type of excretory organ was once thought to be unique to craniates, but it is now known to be widespread among invertebrates, including urochordates and cephalochordates, and especially in their larvae (Ruppert, 1994). The mechanism would become more efficient as the coelomic recess into which each glomerulus discharged became a part of the tubule, that is, grew around the glomerulus as a renal capsule. The glomerulus becomes internal. The nephrostomes were lost during subsequent evolution, leaving the type of renal tubule found in most vertebrates.

Kidney Development and Evolution

The Holonephros

Like somites and many other embryonic structures, nephrons differentiate sequentially from anterior to posterior during embryonic development along most of the nephric ridge, but not all of them become functional in most vertebrates (Fig. 20-1A). Analysis of the variation in the tubules that do become functional in vertebrate larvae and adults has led anatomists to postulate that in ancestral vertebrates, segmental tubules, all of which were functional, developed from the entire nephric ridge and drained into an archinephric duct. This hypothetical ancestral kidney is called an archinephros, or holonephros (Fig. 20-5A). Larval hagfishes and caecilians have kidneys that resemble the holonephros. Segmental tubules develop from the entire nephric ridge, but not all are functional concurrently.

The Pronephros

In all vertebrate embryos, the kidney begins with the differentiation of a few renal tubules from the anterior end of the nephric ridge overlying the pericardial cavity. The distal ends of these tubules unite to form an archinephric duct that rapidly grows caudally to the cloaca. This early-developing embryonic kidney is called the pronephros (Figs. 20-1A and 20-6A). A dozen or more pronephric tubules appear in some anamniotes, but most species have only four or five, and even some of these soon regress. Only one to three pronephric tubules develop in amniotes. In anamniotes, pronephric tubules are segmental and usually have coelomic funnels connecting to the coelom. Many of these tubules form a functional pronephric kidney in the embryos and larvae of hagfishes and lampreys, many bony fishes, and amphibians. But the pronephros is not functional in the embryos of chondrichthyan fishes or amniotes. Its only role in these vertebrates is to initiate the formation of the archinephric duct. Adult hagfishes and a few teleosts retain a pronephros, but the extent to which it continues to function is unclear. It is called a head kidney because it is located far forward over the pericardial cavity and is separated from the more caudal and functional kidney by a gap in the nephric ridge (Fig. 20-5B). The pronephros has been lost in the adults of other vertebrates.

The Mesonephros

Kidney tubules fail to differentiate in a few body segments caudal to the pronephros, so in all vertebrates, a gap is present between the pronephros and more caudal renal tubules. As the pronephros regresses, the archinephric duct induces the sequential differentiation of tubules in the more caudal parts of the nephric ridge. These tubules tap into the archinephric duct and become functional (Fig. 20-6B). The new tubules at first are segmental, and those of anamniotes retain coelomic funnels. As development continues, additional tubules usually grow out from the base of each primary one, and the segmental nature of the kidney becomes obscure. Secondary and tertiary tubules lack coelomic funnels. Tubules having a common origin unite to form a collecting duct before entering the archinephric duct.

Tubules that differentiate in the middle part of the nephric ridge form a kidney called the mesonephros (Figs. 20-1A and 20-6B). This kidney functions in the embryos and larvae of all vertebrates, but the degree to which it functions in mammalian embryos is inversely related to the amount of excretion that occurs through the placenta. The mesonephric tubules are distinct from tubules that develop in adjacent parts of the nephric ridge in the embryos of amniotes. The cranial mesonephric tubules acquire a connection with the developing gonad in most groups of vertebrates. Teleosts are a notable exception.

The Opisthonephros

In amniote embryos, a gap is present between the mesonephros and tubules that differentiate in the caudal part of the nephric ridge, so the mesonephros is recognizable as a distinct entity (Fig. 20-6B). In contrast, in anamniotes, the sequential differentiation of kidney tubules continues without interruption throughout the nephric ridge. New tubules function as soon as they tap into the archinephric duct. Adult hagfishes have functional, segmental renal tubules with coelomic funnels throughout most of the nephric ridge (Fig. 20-4B). This kidney in adult hagfishes approaches in its structure the holonephros postulated for ancestral vertebrates, except for the specialization of the pronephric region and the gap in tubule sequence just caudal to the pronephros. Because this kidney includes the embryonic mesonephros and also tubules that develop in the caudal part of the nephric ridge, it is called an opisthonephros (Gr., opisthen 5 behind, at the back). More specifically, it is a primitive opisthonephros because of the primitive, segmental nature of the tubules (Fig. 20-5B).

Other fishes and amphibians have an advanced opisthonephros (Fig. 20-5C). Renal tubules multiply, especially in the caudal portion of the kidney, so they are no longer segmentally arranged. As a consequence, the caudal part of the kidney usually is enlarged, and most urine production occurs here. The cranial part of the organ, which is derived from the embryonic mesonephros, is slender in chondrichthyan fishes and urodeles, produces little or no urine, and in males receives sperm. The opisthonephric kidneys of teleosts are extremely variable. Some are long and slender and the two kidneys are partly united; some are divided into more or less separate anterior and posterior parts; but others are short, compact organs confined to the caudal part of the trunk. Frogs have short trunks, and their kidneys also are short, compact organs. One or more accessory urinary ducts may bud off the archinephric duct in elasmobranchs and urodeles and enter the thickened, urinary portion of the opisthonephros (Fig. 20-5C). As accessory urinary ducts 
develop, they may separate completely from the archinephric duct and enter the cloaca independently. Accessory urinary ducts are more likely to be present in males than in females. When present, most of the urine is transported in them, and the archinephric duct transports primarily sperm.

The Metanephros

Although the embryonic mesonephros contributes to the adult opisthonephros in most anamniotes, in amniotes it is a transitional kidney and functions only in their embryos (Fig. 20-6B). Later in the development of amniotes, a ureteric bud extends from the caudal end of the archinephric duct, grows into the caudal end of the nephric ridge, and branches extensively (Fig. 20-7). The branching ureteric bud induces the differentiation of many renal tubules that tap into it. The ureteric bud itself forms the collecting tubules and the ureter that drain the adult kidney. This type of kidney, called a metanephros, occurs in all adult amniotes (Figs. 20-5D and 20-6C). It is homologous only to the posterior portion of the opisthonephros. A metanephros is always drained exclusively by the ureter, which, in reptiles and birds, separates from the archinephric duct and enters the cloaca independently. In therian mammals, it enters the urinary bladder. The ureter develops in the same way as an accessory urinary duct and is its homologue. As the metanephros and ureter develop and become functional, the amniote mesonephros and archinephric duct regress, except for those parts in males that are connected to the testis. The cranial mesonephric tubules and archinephric duct become part of the system of ducts that carry sperm (Chapter 21).

The kidneys develop dorsal to the coelom, but they commonly bulge into it as the tubules multiply during development. The dorsal surfaces of the kidneys lie against back muscles and are not covered by coelomic epithelium. This position is described as retroperitoneal (L., retro 5 backward). Although the metanephric kidneys develop from the caudal part of each nephric ridge, they migrate anteriorly during development and come to lie retroperitoneally just caudal to the liver. Much of this migration results from differential growth of parts of the body in this area.

In mammals, the kidneys are usually compact, bean-shaped organs and tend to be subdivided into many lobes in large species, including many ungulates, bears, seals, and cetaceans. The subdivisions shorten the length of the collecting tubules and thus may facilitate the flow of urine.

During the evolution of the kidney, urinary functions tend to shift and become concentrated in the posterior part of the nephric ridge (Fig. 20-5). An ancestral holonephros has been replaced by an opisthonephros as the functional adult kidney of most adult anamniotes. Urinary functions frequently are concentrated in the caudal part of the opisthonephros, and one or more accessory urinary ducts may drain this region. A metanephros replaces the opisthonephros as the adult kidney in amniotes. A posterior shift also occurs in urinary functions during the embryonic development of amniotes (Fig. 20-6). A very short and transitory pronephros forms the archinephric duct. The mesonephros uses this duct and becomes the functional embryonic kidney. It is replaced in adults by a metanephros.

The Urinary Bladder and Cloaca

The caudal ends of either the archinephric ducts or the accessory urinary ducts are slightly enlarged in many fishes, and these areas are sometimes called urinary bladders, or a urogenital sinus (Fig. 20-8A). In some species, the caudal ends of the left and right ducts are conjoined, so the bladders are partly united. All of these sacs are small, and their functional significance unknown. A continuous urine discharge occurs in the freshwater environment. In elasmobranchs, the ducts and sinus open into the cloaca dorsal and caudal to the opening of the digestive tract. In many fish species, the cloaca is partially divided by folds on its lateral walls into a dorsal urodaeum, receiving urine and genital products, and a ventral coprodaeum (Gr., kopros 5 dung 1 hodaion 5 way), receiving feces.

Amphibians have large, commonly bilobed urinary bladders that evaginate from the midventral part of the cloaca into the body cavity (Fig. 20-8B). The epithelium of the urinary bladder is of endodermal origin, but the wall becomes muscularized and vascularized by mesoderm. The epithelium is an unusual type known as transitional, which allows for changes in the lining of structures that expand and contract. Transitional epithelium is composed of two layers of cells that are connected to the basement membrane and a third layer wedged in between the tops of the cells of the basal layer. The shapes of the cells and their distributional configuration give the epithelium the appearance of being stratified when the bladder is empty. When the bladder is fully distended, the cells are spread apart, resulting in two layers of flattened cells: one basal layer of triangular cells alternating with inverted triangles and a second layer of very flattened cells wedged in between the basal cells. The archinephric ducts open into the dorsal part of the cloaca, and urine flows into the bladder by gravity and the contraction of the cloacal wall. Urinary discharge is not continuous in the terrestrial environment. Urine accumulates temporarily in the amphibian urinary bladder, and some water is reabsorbed from here.

A homologous cloacal evagination develops in the embryos of amniotes and expands beyond the confines of the body into the extraembryonic coelom (Fig. 20-8C). This outgrowth is the allantois, and with the embryonic chorion, it forms an important embryonic excretory and respiratory organ (Chapter 4). At hatching or birth, the extraembryonic part of the allantois is lost, together with the other extraembryonic membranes, but in many species, the part of the allantois within the body enlarges to become the urinary bladder and its duct, the urethra. Some frogs, a few teleosts, most turtles, Sphenodon, and lizards have urinary bladders that, in addition to temporarily storing urine, are a site for water reabsorption. Certain aquatic turtles can pump water in and out of the bladder through the cloaca and utilize it in aquatic gas exchange. Indeed, some turtle species have paired accessory urinary bladders that evaginate from the cloaca for this purpose (Fig. 17-8). The urinary bladder has been lost in the adults of other reptiles and most birds, which excrete nitrogenous waste products as a semisolid paste. Mammals produce a liquid urine that is stored temporarily in a urinary bladder, although no water is reabsorbed.

The ureters of most reptiles, birds, and monotremes continue to open in the dorsolateral wall of the cloaca, and urine must cross the cloaca to enter the bladder in those species having one. The division of the cloaca in marsupials and eutherian mammals (Chapter 21) sorts out urinary and reproductive products and undigested residues. The ureters join the bladder, and the bladder is drained by a urethra that continues to the body surface or to a urogenital canal (Fig. 20-8D).

Excretion and Osmoregulation

Nitrogen Excretion

Although some nitrogenous wastes derive from the metabolism of nucleic acids, most come from the deamination of amino acids. This process occurs primarily in the liver. Each removed amino group (NH2) picks up a hydrogen ion and transforms into an ammonia molecule (NH3; Fig. 20-9). Ammonia is toxic, so it must be either removed quickly from the tissues and body or converted to a less toxic substance. Because ammonia is very soluble in water, it can be flushed out of the tissues by a rapid water turnover, that is, by a rapid entry and removal of water from the body. This occurs in freshwater teleosts. If the requisite enzymes are available, ammonia can be converted to other materials. Urea, which contains two amino groups, is far less toxic than is ammonia and need not be removed so rapidly. Alternatively, more amino groups can be combined to form the larger uric acid molecule. Uric acid has a very low solubility in water, so it precipitates from solution as minute crystals. It is chemically inert and nontoxic. It can be stored in tissues, but it is discharged by adult vertebrates as a paste-like mass with little or no water being required to carry it off. Other forms of nitrogenous wastes occur in small amounts, but ammonia, urea, and uric acid are the primary ones. Because they require different amounts of water for their elimination, the molecular form in which a vertebrate eliminates nitrogen is closely linked to the availability of water and so to the problem of osmoregulation.

The Environment of Ancestral Craniates

Because excretion and osmoregulation are coupled, the structure of the renal tubules of primitive living craniates may help us understand the environment of ancestral craniates and the circumstances in which the renal tubules evolved. If craniates evolved from some earlier chordate group (tunicates or cephalochordates), as we believe, their remote ancestors must have resembled the early chordates in being marine. The early chordates, like other marine invertebrates, have an inorganic salt content in their bodily fluids that is similar to the salt water in which they live, so their bodily fluids have the same osmotic pressure as does sea water. Their bodily fluids are iso-osmotic to their environment.

Possibly, the earliest craniates also were marine. Evidence is suggested by the contemporary but primitive hagfish, which (1) appears to be more primitive than all known living vertebrates, (2) is marine, and (3) the bodily fluids of which are nearly iso-osmotic with sea water. The hagfish is the only craniate to have an inorganic salt content in its plasma equivalent to that of sea water (Table 20-1). It differs from the early chordates and resembles many vertebrates in having renal tubules with exceptionally large renal corpuscles that filter a great deal of water from the blood (Fig. 20-10). This water need not be reabsorbed because water easily reenters the iso-osmotic bodily fluids. Why an iso-
osmotic animal needs to eliminate so much water through the kidneys when water diffuses so easily through the gills is not entirely clear. Kidneys do, however, supplement the gills in flushing out ammonia. Limited paleontological evidence also indicates that the earliest vertebrates may have been marine. Whether a fossil bed was formed in marine or freshwater deposits usually can be determined by the presence or absence of certain types of invertebrates. Echinoderms, for example, have been a marine group throughout their history, and their fossils are found only in marine deposits. The earliest known fragments of the armor of early jawless vertebrates come from deposits that have been interpreted in this way as marine or brackish. But remember that the remains of freshwater organisms can be carried by rivers into marine deposits.

Whether the first craniates were marine or fresh water, it is clear that they adapted to a freshwater environment early in their evolutionary history. Except for marine cartilaginous fishes and a few other species (discussed later), all vertebrates have an inorganic salt content in their plasma that is substantially less than that of salt water (Table 20-1). Their bodily fluids are hypo-osmotic to sea water. This means that vertebrates have evolved physiological mechanisms to become ionically independent from their environment, whether this is salt water, fresh water, or land. Maintaining ionic independence (osmoregulation) requires the expenditure of considerable energy to eliminate or conserve water and salts. It is unlikely that ionic independence, and the adaptation of cellular enzymes to function at lower levels of inorganic salts than those present in sea water, would have evolved except as an adaptation to life in fresh water.

Renal corpuscles, which occur in nearly all craniates, are well suited to remove the excess water that floods the tissues in a freshwater fish. The presence of renal corpuscles in hagfish suggests that renal corpuscles may have evolved first in the marine environment as a means of ensuring a high water turnover for the elimination of ammonia. Their presence in the earliest craniates would have facilitated the entry of craniates into fresh water, where much water would diffuse into the body and have to be pumped out. The fossil record also supports the hypothesis that early craniates adapted to fresh water: most of the primitive jawless craniates and other early fish fossils are found in mostly fresh water and only some marine deposits.

Freshwater Fishes

About 90% of the nitrogenous wastes of freshwater fishes is excreted as ammonia; most of the rest, as urea (Table 20-2). The gills are the primary excretory organs, for about six times as much nitrogen is lost by diffusion through them as through the kidneys. The kidneys supplement the gills in nitrogen excretion and are essential in osmoregulation, especially in removing water. The bodily fluids of a freshwater fish have a salt content far greater than that of the environment in which it lives, so water enters the body by osmosis through any diffusible surface, such as the gills, gut lining, and sometimes the skin. A freshwater fish must produce a copious, dilute urine that is hypo-osmotic to its bodily fluids. The renal tubules, with their large renal corpuscles, are admirably suited for water removal because they produce a large filtrate volume. The tubule contains two ciliated segments: (1) the narrow part immediately following the capsule and (2) the intermediate segment (Fig. 20-10). The cilia work like water pumps to move the filtrate at a high velocity.

Although a freshwater fish produces a copious and dilute urine that flushes out water and helps eliminate ammonia, water entry into the body must be limited so that more does not enter than can be removed (Fig. 20-11A). Mucus secreted by the skin reduces osmosis through the body surface. Although some water is unavoidably swallowed during feeding, the fish minimizes water uptake through the gut by not drinking extra water.

Bodily salts also are lost by a freshwater fish by diffusion through the gills. Additional salts are lost through the filtrate, but some salts are actively reabsorbed by distal parts of the renal tubules. Lost salts are regained in the food and by the active uptake of the limited amount of salt available in fresh water by special cells on the gills, called ionocytes. A freshwater fish, however, cannot obtain enough salt to maintain a salt level as high as that in sea water. Its cells must be able to function at lower salt levels. Also, a salt level that is too high is detrimental in fresh water.

Saltwater Teleosts

When early vertebrates reentered the sea from the freshwater habitat to which they had become adapted, they were confronted with a different set of problems. Because the salt content of their bodily fluids was less than that of salt water, water would leave their bodies by osmosis. An additional problem would be taking in too much salt. Actinopterygians and cartilaginous fishes have evolved different solutions to these problems. Marine teleosts conserve some water by a reduction in the size of their renal corpuscles (Fig. 20-10), but because they continue to eliminate most of their nitrogen as ammonia, they need a high water turnover. Their hypo-osmotic urine is not as copious as is that of freshwater fishes (Fig. 20-11B). The marine fish tubule has lost the ciliated neck and intermediate segments (Fig. 20-10). Consequently, the filtrate moves much slower because it is not acted on by cilia. In this way, the volume of urine is reduced and water loss is minimized. Saltwater teleosts make up for water lost in the urine and in osmosis by drinking sea water and then actively excreting the excess salts. Little sodium and chloride are lost in the urine, but ionocytes in their gills can actively excrete these ions. Note that ionocytes can move salts in either direction: they take up salts in the freshwater environment and excrete them in the marine environment. The divalent magnesium and sulfate ions taken in with sea water cannot be eliminated through the gills, but they are excreted actively by the renal tubules.

Some teleosts, such as eels and salmon, move between salt and fresh water during their life cycle. Their physiology and behavior resemble those of freshwater fishes in fresh water and marine fishes in salt water. Salmon are born in fresh water; migrate to salt water, where they mature; and then return to fresh water to spawn. They are called anadromous. In the presence of the pituitary hormone prolactin, the kidney functions as that of a freshwater fish, producing copious amounts of dilute urine. When prolactin is absent, the renal tubule eliminates excess ions actively, and water is moved slowly because the cilia are inactivated. In contrast, eels are catadromous, because they hatch in the sea, migrate to fresh water to mature, and return to the sea to spawn. Eels have a slightly higher salt content in their bodily fluids when in the ocean than when in fresh water (Table 20-1). When in fresh water, prolactin makes the kidney perform as that of a freshwater fish. As soon as the eel is in sea water, prolactin production diminishes, and the kidney assumes the function of a saltwater fish. In the course of their evolution, many marine fishes have reentered fresh water and readapted to this habitat. Indeed, the fossil record and analyses of the distribution of lungs and swim bladders indicate that contemporary freshwater teleosts had a marine phase in their ancestry.

A few marine teleosts have lost their renal corpuscles (Fig. 20-10). This certainly lessens the problem of water loss through the kidneys, for it eliminates filtration. All of the blood reaching the peritubular capillaries now comes from the renal portal system (Fig. 
20-3B). Nitrogen can be removed by renal tubule secretion and by diffusion through the gills. Most deep-sea fishes have lost the renal corpuscles, resulting in considerable water conservation. The blood of some Antarctic fish species contains many relatively small glycoprotein molecules that act as an antifreeze by lowering the blood’s freezing point. Investigators hypothesize that these molecules are retained in the bodily fluids because of the loss of renal corpuscles.

Chondrichthyan Fishes

Marine chondrichthyans took a different evolutionary pathway. They convert ammonia to the less toxic urea and eliminate most of their nitrogenous wastes in this form (Table 20-2). They also retain sufficient urea in their bodily fluids to raise their internal osmotic pressure to a level comparable to that of sea water (Table 20-1). Their tissues have become adapted to function at urea levels that most other vertebrates could not tolerate for long. Investigators have long believed that urea is retained because the gills are structurally impervious to its diffusion. But most nitrogen is lost as urea, and little urea escapes through the kidneys because it is reabsorbed by the kidney tubules. Urea is lost through the gills, but a back transport mechanism that returns considerable urea to the blood seems to be present (Wood et al., 1995).

Urea retention gives marine cartilaginous fishes the same osmotic problem as freshwater fishes (Fig. 20-11C). Water diffuses into their bodies by osmosis and must be eliminated by the production of a copious and dilute urine. Their renal corpuscles are large, even larger than those of freshwater teleosts, most of which evolved from marine ancestors (Fig. 20-10). Although cartilaginous fishes do not drink sea water, some salt water enters the gut during feeding, and additional salts enter the body through the gills. Excess salts are excreted by a special digitiform or rectal gland that discharges into the caudal end of the intestine. Very few cartilaginous fishes are able to reenter fresh water for extended periods because the high urea level of their bodily fluids would draw in more water than could be eliminated. The few species that have adapted to fresh water retain less urea than do marine species and have reduced digitiform glands (Table 20-1).

The retention of urea by adult cartilaginous fishes is an interesting solution to the problem of osmoregulation in the marine environment, but the synthesis of urea and the habituation of the tissues to high urea levels may have evolved first as embryonic adaptations. The young of cartilaginous fishes develop either in egg cases deposited in the sea or in the reproductive tracts of their mothers (Chapter 21). In either environment, water turnover in the embryos is relatively low, and they could not survive unless ammonia were converted to the less toxic urea.

From Water to Land: 
Lungfishes and Amphibians

Unfortunately, nothing is known about excretion and osmoregulation in the early freshwater choanate fishes that were the ancestors of terrestrial vertebrates. The related coelacanth, Latimeria, which has survived, tells us nothing; it is a marine genus, gives birth to living young as do most cartilaginous fishes, and solves its osmotic problem by urea retention (Table 20-1)—an interesting example of convergence with chondrichthyans. Both contemporary lungfishes, some of which live in bodies of fresh water that dry up, and amphibians inhabit environments like those of the ancestors of terrestrial vertebrates. Ancestral terrestrial vertebrates must have faced similar problems and probably excreted and osmoregulated in similar ways.

Living lungfishes and larval amphibians live in fresh water and have the same problems as do freshwater fishes. Excess water enters their bodies by osmosis and must be eliminated by a copious urine that is hypo-osmotic to their bodily fluids. Although some salts are reabsorbed in the renal tubules, the net loss must be made up by obtaining salts from food or directly from the environment. Given a high water turnover, most nitrogen is eliminated as ammonia, but some urea is produced (Table 20-2).

When water is in short supply, lungfishes and amphibians conserve it by excreting most of their nitrogen as urea. The African lungfish, Protopterus, can estivate in a dried mud cocoon when its pond dries up. Because metabolism is very low during this period, the lungfish produces less waste nitrogen than usual, and all of it is converted into urea. The urea is not eliminated but accumulates in the tissues, often for several years, until water returns.

Most adult amphibians spend considerable time on land and must conserve water. They, too, convert most of their waste nitrogen to urea. A great deal of water and urea are filtered through the modest-sized renal corpuscles, and additional urea is added by tubular secretion (Fig. 20-10). Amphibian renal tubules resemble those of their freshwater fish ancestors. They have the same two ciliated segments (the narrow neck after the capsule and the intermediate segment) to move large amounts of filtrate rapidly. The urine remains hypo-osmotic to the bodily fluids, so a great deal of water is lost this way, although some is reabsorbed from the urinary bladder (Fig. 20-12A). Additional water is lost by evaporation through the thin and vascular skin, which functions as a respiratory membrane (Chapter 18). Evaporation through the skin of many amphibians occurs at the same rate as from a free water surface under similar conditions of temperature and humidity. Amphibians minimize this route of water loss by living in cool, moist habitats or being active during the cooler times of day, when the humidity is higher. Despite these water-saving mechanisms, amphibians lose a great deal, and most return to water periodically to regain water by osmosis through the skin (Fig. 20-12B). Their skin cells also can actively take up salts from the water.

Several anurans are able to live in environments where very little water is available by retaining a great deal of urea in their tissues. This solution is used by the crab-eating frog, Rana cancrivora, of Southeast Asia, which lives in saltwater mangrove swamps; by several toads; and by some salamanders that live in dry soil for several months during the year. Another frog, Cyclorana (Chirolepsis), lives in the deserts of central Australia. It soaks up water during the rainy periods and produces a copious and very dilute urine that is stored in the urinary bladder. As much as one third of the animal’s weight is represented by this urine. Additional water is stored in the bloated subcutaneous lymph sacs. During the dry periods, which may last two years or more, the frog estivates within a cocoon in deep burrows and gradually uses up the stored water. A few arboreal frogs, including Chiromantis and Phyllomedusa, conserve water, as do most reptiles, by excreting their nitrogen primarily as uric acid. Uric acid accumulating in the urinary bladder becomes a semisolid material. Cells in the neck of the bladder of these animals are ciliated and the cilia help move the uric acid into the cloaca (Bolton and Beuchat, 1991). Amphibians and semiaquatic reptiles (most turtles and crocodiles) that produce urea as their primary excretory product do not have these cilia.

Adaptations for Terrestrial Life: Reptiles

Vertebrates could not live and be active under truly terrestrial conditions unless they evolved mechanisms that enabled them to conserve water more successfully than do most amphibians and to eliminate nitrogenous wastes at the same time. Water loss by respiration is reduced in all amniotes (Fig. 20-12C). They do not use cutaneous gas exchange or ventilate their lungs more than necessary (Chapter 18). Cornification of the skin of reptiles, birds, and mammals also reduces evaporative water loss. A desert tortoise, for example, loses as little as 3 mg of water by cutaneous evaporation per square centimeter of body surface per hour, but reptiles that have readapted to an amphibious environment, such as crocodiles and some turtles, lose much more. The more terrestrial amniotes also have excretory adaptations that conserve considerable water.

In addition to being able to convert waste nitrogen into urea, many amniotes also can synthesize uric acid, which is chemically inert and requires little water for its removal. The enzymes needed for uric acid synthesis in several frogs may have first evolved in amniotes as an embryonic adaptation. Adaptation to land by vertebrates involved the evolution of a cleidoic (amniotic) egg that can be laid on land or retained in the body of the mother. The egg provides all of the metabolic needs of the embryo, a free-living aquatic larval stage is suppressed, and the young hatch or are born as miniature adults. Waste nitrogen must be stored within the allantois as uric acid because water turnover between the embryo and its environment is insufficient to eliminate it as ammonia or urea.

Adult tortoises, lizards, snakes, and other terrestrial reptiles continue to eliminate most of their waste nitrogen as uric acid (Fig. 20-12C). Their renal corpuscles are exceptionally small (Fig. 20-10) and contain fewer glomerular capillaries than in most other vertebrates. Indeed, many tubules are aglomerular in some species of reptiles. Tubular filtration is reduced greatly, and with it, the loss of water. Some uric acid is filtered, but most enters the tubules by active tubular secretion, which is possible because the renal portal system provides the peritubular capillaries with a large volume of blood that is independent of the blood supply to the reduced glomeruli. The urine is iso-osmotic or slightly hypo-osmotic to the bodily fluids. Reptiles are unable to produce a urine that is more concentrated in salts than their bodily fluids. Considerable water is reabsorbed in the cloaca and the urinary bladder, if one is present. Material in the cloaca can back up into the intestine, and water also is reabsorbed here. Uric acid leaves the body with the feces as a whitish, pastelike material.

Although all reptiles synthesize uric acid, the more aquatic species have a higher water turnover, produce a more dilute urine, and eliminate some of their nitrogen in other ways. Crocodiles and sea snakes remove a great deal of their waste nitrogen as ammonia; aquatic turtles eliminate it as urea. Reptiles that spend much or all of their lives in the sea also must have salt-excreting glands that eliminate excess salts. The salt-excreting glands of sea turtles discharge into the orbits; those of the marine iguana, into the nasal cavities; those of sea snakes, into the oral cavity.

High Metabolism and Endothermy: 
Birds and Mammals

The excretory and osmoregulatory problems of birds and mammals have been compounded by the evolution of a high level of metabolism and endothermy. Birds and mammals must cope with an increased volume of nitrogenous wastes and also conserve body water and salts. Water conservation is particularly important because birds and mammals unavoidably lose some water through the respiratory passages and skin in their thermoregulation. Mammals conserve water by passing air over the respiratory turbinates in their nasal cavities. Birds and mammals have an increased number of renal tubules. Although some very primitive vertebrates have only one pair per body segment, and most ectothermic vertebrates have only a few hundred or thousand, estimates of the number of renal tubules in a human range from 2 to 4 million. Filtration pressures also are higher in birds and mammals than in lower vertebrates because the complete division of the heart makes possible the development of a high systemic blood pressure in conjunction with a lower pulmonary pressure. The increased number of renal tubules and high filtration pressures enable birds and mammals to clear nitrogenous wastes from a large volume of plasma. Chickens filter a volume of plasma four times that of their bodily fluids in 24 hours; dogs can filter eight times the volume of their bodily fluids. In reptiles and anamniotes, filtration volume in a 24-hour period is less than bodily fluid volume.

Birds conserve water partly in the same way as do reptiles. Renal corpuscles are small, and uric acid is the primary excretory product (Figs. 20-9 and 20-12D). Some uric acid is filtered, but much is added by tubular secretion from the blood that reaches the peritubular capillaries through the renal portal system. Birds, too, reabsorb water in the cloaca and from material that backs up into the intestine from the cloaca. In addition, some species of birds have evolved long, narrow loops of the renal tubules that dip into the medullary region of the kidney. This type of tubule enables the reabsorption of considerable water and the production of a very concentrated urine that is hyperosmotic to the bodily fluids; that is, it contains less water than do the bodily fluids. Urea is the primary nitrogenous waste filtered in birds with many tubules of this type; precipitation of much uric acid would clog the narrow medullary loops.

The mechanism for the production of a hyperosmotic urine is understood most clearly in mammals, in which a similar type of tubule evolved independently. The mechanism depends on the configuration of the renal tubules and their arrangement within the kidney. A gross section of the kidney shows distinct cortical and medullary regions (Fig. 20-13A). The renal corpuscles and both the proximal and the distal convoluted tubules lie in the cortex (Fig. 20-13B, left). A highly specialized, new mammalian segment of the tubule forms a thin, hairpin loop, known as the medullary loop of Henle, which dips into the medulla. Most mammals have two types of tubules: some with short loops of Henle and others with long loops that dip far into the medulla. Long collecting tubules begin in the cortex, where they receive the distal convoluted tubules of many nephrons and extend through the medulla to open into the renal calices, which, in turn, lead to the renal pelvis. The renal pelvis is an expansion of the ureter with the kidney. The long loops of Henle and the collecting tubules are aggregated in the medulla to form one or more renal pyramids, the apices of which form renal papillae, which protrude into the renal calices. Thin vascular loops, known as the vasa recta, follow the loops of Henle into the medulla (Fig. 20-13B, right).

The filtrate produced in the renal corpuscles contains a great deal of water and all of the same types of smaller solute molecules present in the blood. As the filtrate passes through the tubule, sugars, amino acids, vitamins, and other solutes needed by the body are actively reabsorbed from the filtrate by the cells of the proximal and distal convoluted tubules, as they are in other vertebrates. Excesses of any of these substances are allowed to stay in the urine. The ability to reabsorb water and concentrate the urine derives from the unique properties and topography of the loops of Henle, collecting tubules, and vasa recta (Fig. 20-14). Although the wall of most of the loop of Henle is composed of thin epithelial cells, cuboidal cells in the upper half of the ascending limb of the loop have the metabolic machinery to pump salt out of the tubular contents and into the interstitial fluid surrounding the loop. In particular, negatively charged chloride ions are actively pumped out, and positively charged sodium ions follow the chlorine. As more salts enter the filtrate from the blood, only to be pumped out again in the ascending limb of the loop of Henle, salts accumulate in the medullary interstitial fluid. Few are carried off by the medullary capillaries because the blood flow is sluggish and the descending arterial and ascending venous limbs of the vasa recta, into which the capillaries lead, lie adjacent to each other. These two limbs of the vasa recta form a countercurrent mechanism. Venous and arterial blood run in opposite directions in the vasa recta, so salts that start to be carried off by the ascending venous limb pass into the descending arterial limb. As a result, the salt gradient in the medullary interstitial tissue is maintained. The venous component of the vasa recta returns blood to the renal vein with recaptured water and blood that has been cleared of waste products. The countercurrent flow of blood in the vasa recta and the pumping out of salts in the ascending limbs of the loops of Henle combine to form a very efficient countercurrent multiplier system that establishes a salt gradient, which becomes increasingly salty deeper and deeper in the medulla. The amount of salt that can be concentrated depends on the lengths of the loops of Henle and vasa recta.

This salt gradient enables water to diffuse passively out of the tubular contents. As the dilute tubular contents in the descending limbs of the loops of Henle enter an ever-saltier environment, water moves out by osmosis. The water does not reenter the ascending limbs of the loops of Henle because their cells are impervious to its passage. As salts are pumped out of the ascending limbs of the loops of Henle, and as other solutes are actively reabsorbed in the distal convoluted tubules, the tubular contents again become so dilute that water passively diffuses from the distal convoluted tubules. As the tubular contents reenter the medulla in the collecting tubules, the contents again pass through a progressively saltier environment, and more water diffuses out. Water that enters the interstitial fluid diffuses into the peritubular capillaries and vasa recta and is carried off. Water is not affected by the countercurrent flow in the vasa recta because the plasma proteins stay in the blood and exert sufficient osmotic pressure to retain the water. As the valuable solutes are actively reabsorbed from the tubular contents and water diffuses out, the urea in the tubules becomes increasingly concentrated. Most of the urea remains in the tubules because the cells of their walls are impervious to its diffusion, but the cells of the collecting tubules permit some urea to diffuse out. The presence of this urea in the interstitial fluid of the medulla intensifies the salt gradient that promotes the reabsorption of water.

The amount of water that must be conserved depends on the mammal’s environment. Most or all of the tubules of desert rodents have very long loops of Henle, and some of these rodents can produce an extremely concentrated urine that has 25 times the salt content of their blood. These mammals need drink no water, for they lose very little, and they meet their cellular needs with the water produced as a by-product of metabolism. All of the kidney tubules of a beaver, in contrast, have short medullary loops. Beavers produce a urine that is only twice as concentrated as are their bodily fluids. About one third of human renal tubules have long loops of Henle, and our urine is about four times as concentrated as is our blood.

The lengths of the loops of Henle are correlated with the capability to form concentrated urine. The longer the loops, the more concentrated the urine that can be produced. Mammals inhabiting dry environments, as well as those that live on diets rich in salts and other solutes, possess very long loops of Henle and collecting tubules. The extraordinary lengths of the collecting tubules are accommodated in very long papillae. The length and mass of the renal papillae are correlated with the power of the kidney to produce concentrated urine.

Urine concentration varies within limits in a particular species of mammal, depending on water intake. A major controlling factor is the level of antidiuretic hormone (Gr., dia 5 through 1 ouron 5 urine) in the blood. This hormone is synthesized by certain hypothalamic cells and released from the neural lobe of the pituitary gland (Chapter 15). A high level of anti-diuretic hormone increases the permeability of the cells of the collecting tubules to water and so promotes a high concentration of urine. If water levels in the blood increase too much, antidiuretic hormone synthesis and release are decreased, water permeability of the collecting ducts is decreased, and the urine becomes more dilute.

Birds and mammals that spend much of their lives in marine environments have the additional problem of salt balance. Salt intake can be problematic, especially if they feed on marine invertebrates and plants that are iso-osmotic with salt water. Fish-eating marine species have less of a problem, for they are ingesting food with a substantially lower salt content. (Recall that all craniates, except for the hagfishes and those vertebrates that retain urea in their tissues, are hypo-osmotic to sea water.) However, some excess salt is taken in. Most birds have small salt-excreting glands that excrete some salt. The glands are located in the orbit but discharge into the nasal cavities. These glands are large in marine species and can excrete a very salty solution into the nasal cavities when the bird is under salt stress (Fig. 20-15). The kidneys of most mammals cannot excrete excess amounts of salt because they cannot produce a urine that is more concentrated than is sea water, although they produce one more concentrated than is their blood. If a person drinks sea water, 1350 mL of urine is produced to remove the excess salts in every liter of salt water, so he or she would dehydrate rapidly. The kidneys of many marine species, however, can produce urine with a higher salt concentration than that of sea water. If a whale consumes 1 L of sea water, only 650 mL of urine are produced to carry off the salts. There is a net gain of water. Marine mammals excrete excess salt in this way rather than by specialized salt-excreting glands.

Developmental Canalization, Convergent and Reversed Evolution, and Evolutionary Innovation

The sequence from anterior to posterior of the functional pronephros, mesonephros, and metanephros, as exhibited in the embryology of derived mammals, is one of the best examples of developmental canalization among vertebrates. The succession is maintained even in more primitive vertebrates that have an earlier endpoint (the opisthonephros, which combines attributes of the mesonephros and metanephros). Vertebrates share fundamental developmental patterns in kidney differentiation, and when they are excreting urea or uric acid as adults, they faithfully recapitulate the evolutionary sequence in their ontogeny, excreting, in succession, ammonia, urea, and uric acid. Thus, it is not surprising that some striking examples of convergent mechanisms have occurred in the renal biology during vertebrate evolution. When water conservation is at a premium, in fishes the nitrogenous excretory product urea, which is less toxic than is ammonia, is produced and sequestered in the body muscles to increase the osmotic pressure in various fishes to match or approach the exterior. This remarkable mechanism has evolved independently in the marine Chondrichthyes, estivating lungfish, and the eel-shaped mud eel, a derived tropical teleost fish belonging to the Synbranchiformes that burrows in mud during droughts. To solve the problem of water loss, squamates and birds convert nitrogenous wastes into the almost insoluble and wholly nontoxic uric acid. Excretion of uric acid requires no water loss because the acid is voided as a white solid, often with the feces. Primitively nitrogenous wastes are eliminated in solution as ammonia that is readily dissolved in water as in teleosts. However, this primitive mechanism reappeared in some aquatic turtles and crocodilians because they occupy aquatic habitats in which ammonia can be eliminated promptly from the body.

The mammalian nephron deviates to a greater extent from that of all vertebrates. Its unique structure is considered an evolutionary innovation because it enables mammals to penetrate and exploit a great diversity of habitats, including deserts, seas, swamps, and high-altitude habitats. The middle part of the urinary tubule has become greatly elongated and narrow and undergone a sharp bend to form a hairpin loop. This mammalian specialization is named Henle’s loop and is adapted specifically for water recovery by means of the highly efficient complex countercurrent multiplier mechanism. As a result, mammals have decoupled or separated the original function of reabsorption of transported materials in the filtrate from the new function to recover water and produce hypertonic urine. The longer the Henle’s loop, the more hypertonic the urine.

Developmental canalization of the kidney is profound, as reflected by the maintenance of the archinephric or Wolffian duct, the glomeruli, and the nephric tubules. These parts remain functional in relatively primitive form in the developing embryo. But adults require more elaborate and efficient systems to serve their more demanding body functions. As a result, part of the kidney remains functional in relatively primitive form while more elaborate new systems are added for the adult. The strong selective pressures favoring developmentally functional excretory organs, coincident with the increasing functional selection for greater adult efficiency, must have canalized the successive shifts from one type of kidney to another during the evolution of the vertebrates.

SUMMARY


1.
With the skin, lungs, and special salt-excreting or salt-absorbing cells, the excretory system maintains the stability of the internal environment by eliminating nitrogenous wastes and by helping regulate the salt and water balances of the body.


2.
The structural and functional units of the excretory system are the kidney tubules, or nephrons, which develop from the mesodermal nephric ridge.


3.
A filtration process occurs in the renal corpuscles; selective reabsorption and secretion occur in other parts of the tubules.


4.
Ancestral kidney tubules may have had external glomeruli that filtered materials into the coelom; wastes are then drained into the tubules through coelomic recesses. Glomeruli are internal in most tubules and filter directly into the tubules, but traces of the coelomic recesses remain in some primitive tubules as coelomic funnels.


5.
An ancestral vertebrate may have had a holonephric kidney, in which segmental tubules developed along the entire nephric ridge. A larval hagfish has a kidney that approaches this.


6.
The pronephros is an embryonic kidney that develops over the pericardial cavity and forms the archinephric duct. It is functional in the larvae or embryos of hagfishes and lampreys and also in many bony fishes and amphibians but not in other groups.


7.
The mesonephros is an embryonic kidney that differentiates from the portion of the nephric ridge that overlies the anterior half of the pleuroperitoneal cavity. Its tubules tap into the archinephric duct and are functional in the larvae or embryos of most vertebrates. The ducts from the testis acquire a connection with some of the cranial mesonephric tubules in most male vertebrates.


8.
The adult kidney of hagfishes is a primitive opisthonephros. It includes the embryonic mesonephros and segmental tubules that develop from the caudal part of the nephric ridge.


9.
Most adult fishes and amphibians have an advanced opisthonephros, which differs from the primitive opisthonephros by the multiplication of tubules, especially in the caudal part of the kidney. One or more accessory urinary ducts may drain the caudal part.


10.
An adult amniote has a metanephros that develops only from the caudal part of the nephric ridge and is drained by a ureter. In males, part of the embryonic mesonephros and the archinephric duct remain and transport sperm.


11.
Urinary and genital ducts lead to a cloaca in most vertebrate groups. Most tetrapods, except for birds, have a urinary bladder where urine accumulates and from which water is sometimes reabsorbed. The cloaca becomes divided in therian mammals, and the digestive and urogenital passages then lead directly to the body surface.


12.
Nitrogen is eliminated primarily as ammonia if the animal has a high water turnover or as less toxic urea and uric acid if water must be conserved.


13.
Although the bodily fluids of the marine hagfish are iso-osmotic with sea water, the animal has large renal corpuscles and a high water turnover, which may help flush out ammonia.


14.
Ancestral craniates probably also were marine and iso-osmotic with their environment, as are urochordates and cephalochordates. But vertebrates must have adapted early in their evolution to fresh water because all contemporary species are ionically independent of their environment.


15.
Freshwater fishes have an internal salt concentration greater than that of their environment. They must produce a copious urine that is hypo-
osmotic to their bodily fluids to eliminate excess water that enters their bodies by osmosis. Salts must be conserved and replaced through salt-absorbing ionocytes on their gills.


16.
Saltwater teleosts have a lower internal salt concentration than that of their environment, so they must conserve water and eliminate salts. Their urine, although hypo-osmotic to their bodily fluids, is less copious. Their renal tubules have very small glomeruli or are aglomerular. They drink sea water and excrete the excess salts through ionocytes on their gills and through their kidney tubules.


17.
Because chondrichthyans retain considerable urea in their tissues, they have a salt concentration greater than the marine environment where most species live. They must eliminate excess water and salts.


18.
Adult amphibians continue to produce a hypo-osmotic urine but conserve water by staying in moist microhabitats and reabsorbing some from their urinary bladders. They must return to water periodically to regain lost water and salts, partly by absorption through their skin.


19.
The cornified skin of reptiles reduces water loss, their renal corpuscles are very small, and much nitrogen is excreted as uric acid. Most of the small amount of water used to remove uric acid from the kidneys is reabsorbed in the cloaca, urinary bladder, or caudal end of the intestine.


20.
Because they are endothermic, birds and mammals produce a large volume of nitrogenous wastes, and they also lose some water in their thermoregulation. Most birds conserve water by excreting nitrogen as uric acid and reabsorbing water in the cloaca and caudal end of the intestine.


21.
Mammals excrete nitrogen as urea. Water is conserved by the production of a hyperosmotic urine. This is made possible by the evolution of a countercurrent multiplying system formed by the loops of Henle of the renal tubules and the accompanying vasa recta.
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Figure 20-1

The embryonic development of the nephrons. A, A lateral view of an amniote embryo, showing the sequential differentiation (from anterior to posterior) of nephrons in the nephric ridge. The nephric ridge lies between the somites and the lateral plate mesoderm. B, A stereodiagram of the nephric ridge and adjacent structures. (A, After Pough et al.; B, after Williams et al.)
Figure 20-2

The basic structure of the vertebrate nephron. A, The parts of the nephron of an amphibian. B, A drawing of an electron micrograph of the interface between the renal capsule and two adjacent capillaries. C, An enlargement of the interface. Basal lamina (blue) is not shown in A because it is too small. (A, From Walker and Homberger; B and C, after Kessel and Kardon.)

Figure 20-3

The blood supply to the nephrons of various vertebrates. A, Chondrichthyans, reptiles and birds. 
B, Osteichthyan fishes and lissamphibians. C, Mammals. (From Walker and Homberger.)
Figure 20-4

A, Cross section of a primitive vertebrate embryo, showing the coelomic recess that contributes to the formation of the renal capsule. B–D, The probable sequence in the evolutionary development of the renal capsule. B, External glomeruli as seen in the ammocoete larva of the lamprey and some larval lissamphibians. C, The internal glomeruli of elasmobranchs and some actinopterygians retain a connection to the coelom. D, The internal glomeruli of most other vertebrates. (From Walker and Homberger.)

Figure 20-5

Lateral views of the evolution of the kidney and its ducts in adult craniates. A, The theoretical holonephros. B, The primitive opisthonephros found in a hagfish. C, The advanced opisthonephros characteristic of most fishes and amphibians. D, The metanephros of amniotes.
Figure 20-6

A–C, Lateral views of the sequence of kidneys that occurs during the embryonic development of an amniote.

Figure 20-7

A and B, Lateral views showing how a ureteric bud induces the formation of nephrons in the metanephric region of the nephric ridge.
Figure 20-8

Lateral views of the cloacal region of representative male vertebrates, showing the relationship to each other of terminations of the intestine, urinary ducts, and associated structures. The way the cloaca becomes divided in eutherian mammals so as to continue the opening of the intestine and urinary ducts to the surface is considered in the next chapter. A, A dogfish. B, A salamander. C, A turtle. D, A eutherian mammal.

Figure 20-9

The structural formulas of the three most common types of nitrogenous excretory products.
Table 20-1
Osmotic Concentration of Inorganic Salts
and Urea in Plasma*


Osmotic


Concentration
Urea

Habitat
(mOsm/L)
(mOsm/L)

Sea water

¯1000

Hagfish (Myxine)
Marine
 1152

Lamprey (Petromyzon)
Marine
  317
  9

Dogfish (Squalus)
Marine
 1000
354

Freshwater ray (Potamotrygon)
Fresh water
  308
11

Goldfish (Carassius)
Fresh water
  259

Toadfish (Opsanus)
Marine
  392

Eel (Anguilla)
Marine
  371

Eel (Anguilla)
Fresh water
  323

Coelacanth (Latimeria)
Marine
 1181
355

Frog (Rana)
Fresh water
  200
11

*The amount of urea included in the osmotic concentration is shown separately if it is 1 milliosmol per liter or greater and therefore osmotically significant. (Data from K. Schmidt-Nielsen.)

Figure 20-10

Nephron structure in representative craniates. The thin and intermediate segments are ciliated. (After Prosser.)

Table 20-2
Major Form of Nitrogen Excretion

Animal
Environment
Type of Nitrogen Excretion

Teleost
Fresh water
Ammonia, some urea

Teleost
Marine
Ammonia, some urea

Elasmobranch
Marine
Urea

Larval amphibian
Fresh water
Ammonia, some urea

Adult amphibian
Terrestrial
Urea, some ammonia

Reptile
Terrestrial
Uric acid

Bird
Terrestrial
Uric acid, urea in some species

Mammal
Terrestrial
Urea, small amounts of ammonia, and sometimes uric acid

Figure 20-11

Osmoregulation and excretion in fishes. The major sites for the exchanges of water, salts, and nitrogenous wastes are shown. 
A, A freshwater teleost (carp). 
B, A saltwater teleost (cod). 
C, A saltwater shark.

Figure 20-12

Osmoregulation and excretion in terrestrial vertebrates. The major sites for the exchanges of water, salts, and nitrogenous wastes are shown. A, A frog on land. B, A frog in the water. C, The tuatara (Sphenodon). D, A bird. E, A dog.

Figure 20-13

Mammalian kidney structure. A, A longitudinal section through a human kidney, showing the major regions and their relationship to renal blood vessels and to the ureter. B, An enlargement of two renal pyramids, showing kidney tubules and their relationship to circulation. The location of the parts of a nephron is shown in the left pyramid, and the vascular architecture, in the right one. The blood vessels and nephrons overlap in the kidney.
Figure 20-14

A mammalian nephron. Dashed red arrows represent blood flow. The regions where materials are exchanged by active transport (narrow black arrows) or by passive diffusion (wide blue arrows) are shown. The combined result of kidney action is the production of a hypertonic urine. (Modified from Williams et al.)
Figure 20-15

Dorsal view of the skull of a seagull, showing the location of the salt gland. (After Schmidt-Nielsen.)
