MJC 3 (Comparative Anatomy)
Kidney

Evolution of the Vertebrate Kidney

The kidney is a complex organ made up of thousands of repeating units called nephrons, each
with the structure of a bent tube. Blood pressure forces the fluid in blood past a filter, called
the glomerulus, at the top of each nephron. The glomerulus retains blood cells, proteins, and
other useful large molecules in the blood but allows the water, and the small molecules and
wastes dissolved in it, to pass through and into the bent tube part of the nephron. As the filtered
fluid passes through the nephron tube, useful sugars and ions are recovered from it by active
transport, leaving the water and metabolic wastes behind in a fluid urine.

Although the same basic design has been retained in allvertebrate kidneys, there have been a
few modifications. Because the original glomerular filtrate is isotonic to blood, all vertebrates
can produce a urine that is isotonic to blood by reabsorbing ions and water in equal proportions
or hypotonic to blood—that is, more dilute than the blood, by reabsorbing relatively less water
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Freshwater Fish
Kidneys are thought to have evolved first among the freshwater teleosts, or bony fish. Because
the body fluids of a freshwater fish have a greater osmotic concentration than the surrounding
water, these animals face two serious problems: (1) water tends to enter the body from the
environment; and (2) solutes tend to leave the body and enter the environment. Freshwater fish
address the first problem by not drinking water and by excreting a large volume of dilute urine,
which is hypotonic to their body fluids. They address the second problem by reabsorbing ions
across the nephron tubules, from the
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Freshwater and marine teleosts (bony fish) face different osmotic problems. Whereas the freshwater telcost is hypertonic to its
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environment, the marine telcost is hypotonic to seawater. To compensate for its tendency to take in water and lose ions, a freshwater fish
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the marine teleost drinks scawater and eliminates the excess ions through active transport across epithelia in the gills and kidneys.



their gills, and they also lose water in their urine. To compensate for this continuous water loss,
marine fish drink large amounts of seawater. Many of the divalent cations (principally Ca*™*
and Mg™) in the seawater that a marine fish drinks remain in the digestive tract and are
eliminated through the anus. Some, however, are absorbed into the blood, as are the
monovalent ions K*, Na*, and CI". Most of the monovalent ions are actively transported out of
the blood across the gill surfaces, while the divalent ions that enter the blood are secreted into
the nephron tubules and excreted in the urine. In these two ways, marine bony fish eliminate
the ions they get from the seawater they drink. The urine they excrete is isotonic to their body
fluids. It is more concentrated thanthe urine of freshwater fish, but not as concentrated as that
of birds and mammals.

Cartilaginous Fish

The elasmobranchs, including sharks and rays, are by far the most common subclass in the
class Chondrichthyes (cartilaginous fish). Elasmobranchs have solved the osmotic problem
posed by their seawater environment in a different way than have the bony fish. Instead of
having body fluids that are hypotonic to seawater, so that they have to continuously drink
seawater and actively pump out ions, the elasmobranchs reabsorb urea from the nephron
tubules and maintain a blood urea concentration that is 100 times higher than that of mammals.
This added urea makes their blood approximately isotonic to the surrounding sea. Because
there is no net water movement between isotonic solutions, water loss is prevented. Hence,
these fishes do not need to drink seawater for osmotic balance, and their kidneys and gills do
not have to remove large amounts of ions from their bodies. The enzymes and tissues of the
cartilaginous fish have evolved to tolerate the high urea concentrations.
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FIGURE 58.14
Osmoregulation by some vertebrates. Only birds and mammals can produce a hypertonic urine and thereby reeain water efficiently, bue
marine reptiles and birds can drink seawater and excrete the excess salt through salt glands.



Amphibians and Reptiles

The first terrestrial vertebrates were the amphibians, and the amphibian kidney is identical to
that of freshwater fish. This is not surprising, because amphibians spend a significant portion
of their time in fresh water, and when on land, they generally stay in wet places. Amphibians
produce a very dilute urine and compensate for their loss of Na* by actively transporting Na*
across their skin from the surrounding water.

Reptiles, on the other hand, live in diverse habitats. Those living mainly in fresh water occupy
a habitat similar to that of the freshwater fish and amphibians and thus have similar kidneys.
Marine reptiles, including some crocodilians, sea turtles, sea snakes, and one lizard, possess
kidneys similar to those of their freshwater relatives but face opposite problems; they tend to
lose water and take in salts. Like marine teleosts (bony fish), they drink the seawater and
excrete an isotonic urine. Marine teleosts eliminate the excess salt by transport across their
gills, while marine reptiles eliminate excess salt through salt glands located near the nose or
the eye.

Mammals and Birds

Mammals and birds are the only vertebrates able to produce urine with a higher osmotic
concentration than their body fluids. This allows these vertebrates to excrete their waste
products in a small volume of water, so that more water
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The production of hypertonic urine is accomplished by the loop of Henle portion of the
nephron, found only in mammals and birds. A nephron with a long loop of Henle extends
deeper into the renal medulla, where the hypertonic osmotic environment draws out more
water, and so can produce more concentrated urine. Most mammals have some nephrons with
short loops and other nephrons with loops that are much longer. Birds, however, have relatively
few or no nephrons with long loops, so they cannot produce urine that is as concentrated as that
of mammals. At most, they can only reabsorb enough water to produce a urine that is about
twice the concentration of their blood. Marine birds solve the problem of water loss by drinking
salt water and then excreting the excess salt from salt glands near the eyes.

The moderately hypertonic urine of a bird is delivered to its cloaca, along with the fecal
material from its digestive tract. If needed, additional water can be absorbed across the wall of
the cloaca to produce a semisolid white paste or pellet, which is excreted.

s Salt secretion

The Mammalian Kidney

In humans, the kidneys are fist-sized organs located in the region of the lower back. Each
kidney receives blood from a renal artery, and it is from this blood that urine is produced. Urine
drains from each kidney through a ureter, which carries the urine to a urinary bladder. Within
the kidney, the mouth of the ureter flares open to form a funnel-like structure, the renal pelvis.



The renal pelvis, in turn, has cup-shaped extensions that receive urine from the renal tissue.
This tissue is divided into an outer renal cortex and an inner renal medulla. Together, these
structures perform filtration, reabsorption, secretion, and excretion.

Nephron Structure and Filtration
On a microscopic level, each
kidney contains about one million
functioning nephrons. Mammalian
kidneys contain a mixture of
juxtamedullary nephrons, which
have long loops which dip deeply
into the medulla, and cortical
nephrons with shorter loops. The
significance of the length of the
loops will be explained a little later.
Each nephron consists of a long
tubule and associated small blood
vessels. First, blood is carried by an
afferent arteriole to a tuft of
capillaries in the renal cortex, the
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FIGURE 58.17

The urinary system of a human female. (a)
‘The positions of the organs of the urinary
system. (8) A sectioned kidney, revealing the
internal structure. (9) The position of nephrons in
the mammalian kidney. Cortical nephrons are
located predominantly in the renal cortex, while
juxtamedullary nephrons have long loops that
extend deep into the renal medulla.
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glomerulus. Here the blood is filtered as the blood pressure forces fluid through the porous
capillary walls. Blood cells and plasma proteins are too large to enter this glomerular filtrate,
but large amounts of water and dissolved molecules leave the vascular system at this step. The
filtrate immediately enters the first region of the nephron tubules. This region, Bowman'’s
capsule, envelops the glomerulus much as a large, soft balloon surrounds your fist if you press
your fist into it. The capsule has slit openings so that the glomerular filtrate can enter the system

of nephron tubules.

After the filtrate enters Bowman’s capsule it goes into a portion of the nephron called the
proximal convoluted tubule, located in the cortex. The fluid then moves down into the
medulla and back up again into the cortex in a loop of Henle. Only the kidneys of mammals
and birds have loops of Henle, and this is why only birds and mammals have the ability to
concentrate their urine. After leaving the loop, the fluid is delivered to a distal convoluted
tubule in the cortex that next drains into a collecting duct. The collecting duct again descends
into the medulla, where it merges with other collecting ducts to empty its contents, now called
urine, into the renal pelvis. Blood components that were not filtered out of the glomerulus drain
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FIGURE 58.18
A nephron in a mammalian kidney. The nephron tubule is surrounded by peritubular capillaries, which carry away molecules and ions
that are reabsorbed from the filtrate.



Reabsorption and Secretion
Most of the water and dissolved solutes that enter the glomerular filtrate must be returned to
the blood, or the animal would literally urinate to death. In a human, for example,
approximately 2000 liters of blood passes through the kidneys each day, and 180 liters of water
leaves the blood and enters the glomerular filtrate. Because we only have a total blood volume
of about 5 liters and only produce 1 to 2 liters of urine per day, it is obvious that each liter of
blood is filtered many times per day and most of the filtered water is reabsorbed. The
reabsorption of water occurs as a consequence of salt (NaCl) reabsorption through mechanisms
that will be described shortly.
The reabsorption of glucose, amino acids, and many other molecules needed by the body is
driven by active transport carriers. As in all carrier-mediated transport, a maximum rate of
transport is reached whenever the carriers are saturated. For the renal glucose carriers,
saturation occurs when the concentration of glucose in the blood (and thus in the glomerular
filtrate) is about 180 milligrams per 100 milliliters of blood. If a person has a blood glucose
concentration in excess of this amount, as happens in untreated diabetes mellitus, the glucose
left untransported in the filtrate is expelled in the urine. Indeed, the presence of glucose in the
urine is diagnostic of diabetes mellitus.
The secretion of foreign molecules and particular waste products of the body involves the
transport of these molecules across the membranes of the blood capillaries and kidney tubules
into the filtrate. This process is similar to reabsorption, but it proceeds in the opposite direction.
Some secreted molecules are eliminated in the urine so rapidly that they may be cleared from
the blood in a single pass through the kidneys. This rapid elimination explains why penicillin,
which is secreted by the nephrons, must be administered in very high doses and several times
per day.
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A major function of the kidney is the elimination of a variety of potentially harmful substances
that animals eat and drink. In addition, urine contains nitrogenous wastes, such as urea and uric
acid that are products of the catabolism of amino acids and nucleic acids. Urine may also
contain excess K*, H*, and other ions that are removed from the blood. Urine’s generally high
H* concentration (pH 5 to 7) helps maintain the acid-base balance of the blood within a narrow
range (pH 7.35 to 7.45). Moreover, the excretion of water in urine contributes to the
maintenance of blood volume and pressure; the larger the volume of urine excreted, the lower
the blood volume.

The purpose of kidney function is therefore homeostasis—the kidneys are critically involved
in maintaining the constancy of the internal environment. When disease interferes with kidney
function, it causes a rise in the blood concentration of nitrogenous waste products, disturbances
in electrolyte and acid-base balance, and a failure in blood pressure regulation. Such potentially
fatal changes highlight the central importance of the kidneys in normal body physiology.



