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Figure 51.1  The interaction between intracellular and extracellular compartments of the body and the external 
environment. Water can be taken in from the environment or lost to the environment. Exchanges of water and solutes between the 
extracellular fl uids of the body and the environment occur across transport epithelia, and water and solutes can be fi ltered out of the blood by 
the kidneys. Overall, the amount of water and solutes that enters and leaves the body must be balanced in order to maintain homeostasis.

placed in a hypertonic   solution loses water to the surrounding so-
lution and shrinks. In contrast, an animal cell placed in a  hypotonic  
 solution gains water and expands. A cell in an isotonic   solution 
shows no net water movement. In medical care,  isotonic solu-
tions such as normal saline and 5% dextrose are used to bathe 
exposed tissues and are given as intravenous fluids.

Osmoconformers live in marine environments
The osmolarity of body fluids in most marine invertebrates is 
the same as that of seawater (although the concentrations of 
particular solutes, such as Mg2+, are not equal). Because the ex-
tracellular fluids are isotonic to seawater, no osmotic gradient 
exists, and there is no tendency for water to leave or enter the 
body. Such organisms are termed osmoconformers—they are 
in osmotic equilibrium with their environment.
 Among the vertebrates, only the primitive hagfish are 
strict osmoconformers. The sharks and their relatives in the 
class Chondrichthyes (cartilaginous fish) are also isotonic to 
seawater, even though their blood level of NaCl is lower than 
that of seawater; the difference in total osmolarity is made up 
by retaining urea, as described later on.

Osmoregulators control 
their osmolarity internally
All other vertebrates are  osmoregulators—that is, animals 
that maintain a relatively constant blood osmolarity despite 

 Most vertebrates maintain homeostasis for both the total 
solute concentration of their extracellular fluids and the concen-
tration of specific inorganic ions. Sodium (Na+) is the major cat-
ion in extracellular fluids, and chloride (Cl–) is the major anion. 
The divalent cations, calcium (Ca2+) and magnesium (Mg2+), the 
monovalent cation K+, as well as other ions, also have important 
functions and are maintained at constant levels.

Osmotic pressure is a measure 
of concentration diff erence
You learned in chapter 5 that osmosis   is the diffusion of water 
across a semipermeable membrane. Osmosis always occurs from 
a more dilute solution (with a lower solute concentration) to a 
less dilute solution (with a higher solute concentration). The os-
motic pressure   of a solution is a measure of its tendency to take 
in water by osmosis. This is the amount of pressure needed to 
balance the pressure created by the movement of water.
 A solution with a higher concentration of solute exerts 
more osmotic pressure. This is measured as the osmolarity  of 
a solution, the number of osmotically active moles of solute per 
liter of solution. Notice that osmolarity can differ from molar 
concentration if a substance dissociates in solution into more 
than one osmotically active particle. For example, a 1 molar (M) 
solution of sucrose is also 1 osmolar (Osm), but a 1 M solution of 
NaCl is 2 Osm as it dissociates into two osmotically active ions.
 The tonicity  of a solution is a measure of the ability of the 
solution to change the volume of a cell by osmosis. An animal cell 
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the different concentration in the surrounding environment. 
The maintenance of a relatively constant body fluid osmo-
larity has permitted vertebrates to exploit a wide variety of 
ecological niches. Achieving this constancy, however, requires 
continuous regulation.  
 Freshwater vertebrates have a much higher solute con-
centration in their body fluids than that of the surrounding 
water. In other words, they are hypertonic to their environ-
ment. Because of their cells’ higher osmotic pressure, water 
tends to enter their bodies. Consequently, they have adapted to 
prevent water from entering their bodies as much as possible 
and to eliminate the excess water that does enter. In addition, 
freshwater vertebrates tend to lose inorganic ions to their en-
vironment and so must actively transport these ions back into 
their  bodies.
 In contrast, most marine vertebrates are hypotonic to 
their environment; their body fluids have only about one-third 
the osmolarity of the surrounding seawater. These animals are 
therefore in danger of losing water by osmosis, and adaptations 
have evolved to help them retain water to prevent dehydration. 
They do this by drinking seawater and eliminating the excess 
ions through kidneys and gills.
 The body fluids of terrestrial vertebrates clearly have a 
higher concentration of water than does the air surrounding 
them. Therefore, they tend to lose water to the air by evapo-
ration from the skin and lungs. All reptiles, birds, and mam-
mals, as well as amphibians during the time when they live on 
land, face this problem. Urinary/osmoregulatory systems have 
evolved in these vertebrates that help them retain water.

Learning Outcomes Review 51.1
Osmotic balance must be maintained so that tissues can carry out metabolic 
functions. Physiological mechanisms help most vertebrates keep blood 
osmolarity and ion concentrations relatively constant. Marine invertebrates 
are osmoconformers; their body fl uids are isotonic to their environment. 
Most vertebrates are osmoregulators; their body fl uids are either hypertonic 
or hypotonic compared to their environment.

 ■ During osmosis, does water move toward regions of 
higher or lower osmolarity? 

tubules (little tubes) that expel fluid and wastes from the body. 
In addition, more elaborate systems can be found in inverte-
brates. In vertebrates, the urinary system is highly complex.

Invertebrates make use of 
specialized cells and tubules
In flatworms, tubules called protonephridia    branch through-
out the body into bulblike flame cells   (figure 51.2) . Although 
these simple excretory structures open to the outside of the 
body, they do not open to the inside; rather, the movement of 
cilia within the flame cells must draw in fluid from the body. 
Water and metabolites are then reabsorbed, and the substances 
to be excreted are expelled through excretory pores.
 Other invertebrates have a system of tubules that open 
both to the inside and to the outside of the body. In the earth-
worm, these tubules are known as nephridia   (orange structures 
in figure 51.3) . The nephridia obtain fluid from the body cav-
ity through a process of filtration into funnel-shaped structures 
called nephrostomes. The term filtration is used because the fluid 
is formed under pressure and passes through small openings, 
so that molecules larger than a certain size are excluded. This 
filtered fluid is isotonic to the fluid in the coelom, but as it 
passes through the tubules of the nephridia, NaCl is removed 
by active transport processes.
 The general term for transport out of the tubule and into 
the surrounding body fluids is reabsorption.  Because salt is 

Figure 51.2  The protonephridia of fl atworms. A 
branching system of tubules, bulblike fl ame cells, and excretory 
pores make up the protonephridia of fl atworms. Cilia inside the 
fl ame cells draw in fl uids from the body by their beating action. 
Substances are then expelled through pores that open to the 
outside of the body.

 51.2 Osmoregulatory Organs

Learning Outcomes
Describe invertebrate osmoregulatory organs.1. 
Define reabsorption and secretion.2. 

A variety of mechanisms have evolved in animals to cope with 
problems of water balance. In many animals, the removal of 
water or salts from the body is coupled with the removal of 
metabolic wastes through the excretory system. Single-celled 
protists employ contractile vacuoles for this purpose, as do 
sponges. Other multicellular animals have a system of excretory 
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Figure 51.3  The nephridia of annelids. Most 
invertebrates, such as the annelid shown here, have nephridia 
(orange). These consist of tubules that receive a fi ltrate of coelomic 
fl uid, which enters the funnel-like nephrostomes. Salt can be 
reabsorbed from these tubules, and the fl uid that remains, urine, is 
released from pores into the external environment.

Figure 51.4  
The Malpighian 

tubules of insects. 
The Malpighian tubules of 

insects are extensions of the digestive tract that collect water and 
wastes from the body’s circulatory system. K+ is secreted into these 
tubules, drawing water with it osmotically. Much of this water 
(arrows) is reabsorbed across the wall of the hindgut.

The vertebrate kidney fi lters 
and then reabsorbs
The kidneys of vertebrates, unlike the Malpighian tubules 
of insects, create a tubular fluid by filtering the blood under 
pressure. In addition to waste products and water, the filtrate 
contains many small molecules, including glucose, amino acids, 
and vitamins, that are of value to the animal. These molecules 
and most of the water are reabsorbed from the tubules into 
the blood, while wastes remain in the filtrate. Additional wastes 
may be secreted by the tubules and added to the filtrate, and the 
final waste product, urine, is eliminated from the body.
 It may seem odd that the vertebrate kidney should fil-
ter out almost everything from blood plasma (except proteins, 
which are too large to be filtered) and then spend energy to 
take back or reabsorb what the body needs. But selective re-
absorption provides great flexibility. Various vertebrate groups 
have evolved the ability to reabsorb molecules that are espe-
cially valuable in particular habitats. This flexibility is a key 
factor underlying the successful colonization of many diverse 
environments by the vertebrates. In the rest of this chapter, we 
focus on the vertebrate kidney and its elimination of waste ma-
terials, notably nitrogen compounds.

Learning Outcomes Review 51.2
Many invertebrates fi lter fl uid into a system of tubules and then reabsorb 
ions and water, leaving waste products for excretion. Insects create an 
excretory fl uid by secreting K+ and waste products into tubules, which draw 
water osmotically. The vertebrate kidney produces a fi ltrate that enters 
tubules and is modifi ed to become urine.

 ■ How are the function of Malpighian tubules and 
kidneys similar?reabsorbed from the filtrate, the urine excreted is more dilute 

than the body fluids—that is, the urine is hypotonic. The kid-
neys of mollusks and the excretory organs of crustaceans (called 
antennal glands) also produce urine by filtration and reclaim 
certain ions by reabsorption.

Insects have a unique 
osmoregulatory system
The excretory organs in insects are the Malpighian tubules
(figure 51.4) , extensions of the digestive tract that branch off 
anterior to the hindgut. Urine is not formed by filtration in 
these tubules because there is no pressure difference between 
the blood in the body cavity and the tubule. Instead, waste mol-
ecules and potassium (K+) ions are secreted into the tubules by 
active transport.
 Secretion  is the opposite of reabsorption—ions or mol-
ecules are transported from the body fluid into the tubule. The 
secretion of K+ creates an osmotic gradient that causes water 
to enter the tubules by osmosis from the body’s open circula-
tory system. Most of the water and K+ is then reabsorbed into 
the circulatory system through the epithelium of the hindgut, 
leaving only small molecules and waste products to be excreted 
from the rectum along with feces. Malpighian tubules thus pro-
vide a very efficient means of water conservation.
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Figure 51.5  Organization of the vertebrate nephron. 
The nephron tubule is a basic design that has been retained in 
the kidneys of vertebrates. Sugars, amino acids, water, important 
monovalent ions, and divalent ions are reabsorbed in the proximal 
arm; water and monovalent ions such as Na+ and Cl– are reabsorbed 
in the loop of Henle; varying amounts of water and monovalent 
ions (Na+ and Cl–) can be reabsorbed in the distal arm and the 
collecting duct, depending on hormonal infl uences.

 51.3 Evolution of the Vertebrate 
Kidney

Learning Outcomes
Contrast osmotic adaptations of freshwater fish with 1. 
those of marine fish.
Explain the significance of the loop of Henle in 2. 
mammalian and avian kidneys.

The kidney is a complex organ made up of thousands of repeat-
ing units called nephrons, each with the structure of a loop 
that penetrates deep into the medulla of the kidney (shown 
schematically in figure 51.5) . Blood pressure forces the fluid 
in blood out of a ball of capillaries called the glomerulus into 
Bowman’s capsule, the beginning of the tubule system. This 
process filters the blood forming the tubular filtrate that can 
then be modified by the rest of the nephron. The glomerulus 
retains blood cells, proteins, and other useful large molecules 
in the blood, but it allows the water, and the small molecules 

and wastes dissolved in it, to pass through and into the tubule 
system of the nephron. As the filtered fluid passes through the 
nephron tube, useful nutrients and ions are reabsorbed from it 
by both active and passive transport mechanisms, leaving the 
water and metabolic wastes behind in a fluid urine. (The details 
of this process are described in a later section.)
 Although the same basic design has been retained in all 
vertebrate kidneys, a few modifications have occurred. Because 
the original glomerular filtrate is isotonic to blood, all verte-
brates can produce a urine that is isotonic to blood by reabsorb-
ing ions and water in equal proportions. Or, they can produce a 
urine that is hypotonic to blood—more dilute than the blood—
by reabsorbing relatively less water. Only birds and mammals 
can reabsorb enough water from their glomerular filtrate to 
produce a urine that is hypertonic to blood—more concentrated 
than the blood—by reabsorbing relatively more water.

Freshwater fi shes must retain 
electrolytes and keep water out
Kidneys are thought to have evolved among the freshwater tel-
e osts, or bony fishes. Because the body fluids of a freshwater 
fish are hypertonic with respect to 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 prob-
lem by reabsorbing ions across the nephron tubules, from the 
glomerular filtrate back into the blood. In addition, they actively 
transport ions across their gill surfaces from the surrounding 
water into the blood (figure 51.6, left). 

Marine bony fi shes must excrete  
electrolytes and keep water in
Although most groups of animals seem to have evolved first 
in the sea, marine bony fish (teleosts) probably evolved from 
freshwater ancestors. They faced significant new problems 
in making the transition to the sea because their body fluids 
were, and are, hypotonic to seawater. Consequently, water 
tends to leave their bodies by osmosis across their gills, and 
they also lose water in their urine. To compensate for this con-
tinuous water loss, marine fish drink large amounts of seawater 
(figure 51.6, right).
 Many of the divalent cations (principally, Ca2+ and Mg2+) 
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 Cl–. Most of the monovalent ions are actively transported 
out of the blood across the gill surfaces, whereas 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 than the urine of freshwater fish, but not as con-
centrated as that of birds and mammals.
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Figure 51.6  Freshwater and marine teleosts face diff erent osmotic problems. Whereas the freshwater teleost is hypertonic to 
its environment, the marine teleost is hypotonic to seawater. To compensate for its tendency to take in water and lose ions, a freshwater fi sh 
excretes dilute urine, avoids drinking water, and reabsorbs ions across the nephron tubules. To compensate for its osmotic loss of water, the 
marine teleost drinks seawater and eliminates the excess ions through active transport across epithelia in the gills and kidneys.

 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 kid-
neys. Marine reptiles, including some crocodilians, sea turtles, 
sea snakes, and one lizard, possess kidneys similar to those of 
their freshwater relatives, but they face opposite problems—
they tend to lose water and take in salts. Like marine bony fish, 
they drink seawater and excrete an isotonic urine. Marine rep-
tiles eliminate excess salt through salt glands located near the 
nose or the eye.
 The kidneys of terrestrial reptiles also reabsorb much of 
the salt and water in their nephron tubules, helping somewhat 
to conserve blood volume in dry environments. Like fish and 
amphibians, they cannot produce urine that is more concen-
trated than the blood plasma; however, they don’t really excrete 
urine, but instead empty it into a cloaca (the common exit of 
the digestive and urinary tracts), where additional water can be 
reabsorbed and the wastes excreted with the feces.

Mammals and birds are able to excrete 
concentrated urine and retain water
Mammals and birds are the only vertebrates able to produce 
urine with a higher osmotic concentration than their body flu-
ids. These vertebrates are therefore able to excrete their waste 
products in a small volume of water, so that more water can be 
retained in the body.
 Human kidneys can produce urine that is as much as 
4.2 times as concentrated as blood plasma, but the kidneys of some 
other mammals are even more efficient at conserving water. For 
example, camels, gerbils, and pocket mice of the genus Perognathus 

Cartilaginous fi shes pump out 
electrolytes and retain urea
The elasmobranchs, including sharks and rays, are by far the 
most common subclass in the class Chondrichthyes (cartilagi-
nous fish). Elasmobranchs have solved the osmotic problem 
posed by their seawater environment in a different way. 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.
 The added urea makes elasmobranchs’ blood approxi-
mately isotonic to the surrounding sea. Because no net water 
movement occurs between isotonic solutions, water loss is 
therefore prevented. As a result, 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.

Amphibians and reptiles have osmotic 
adaptations to their environments
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.
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Figure 51.7  How marine birds cope with excess salt. 
Marine birds drink seawater and then excrete the salt through salt 
glands. The extremely salty fl uid excreted by these glands can then 
dribble down the beak.

Amino acids and nucleic acids are nitrogen-containing mol-
ecules. When animals catabolize these molecules for energy 
or convert them into carbohydrates or lipids, they produce 
nitrogen-containing by-products called nitrogenous wastes
(figure 51.8)  that must be eliminated from the body.

Ammonia is toxic and must be quickly removed
The first step in the metabolism of amino acids and nucleic ac-
ids is the deamination, that is, removal of the amino (— NH2) 
group, and its combination with H+ to form ammonia     (NH3) in 
the liver. Ammonia is quite toxic to cells and therefore is safe 
only in very dilute concentrations. The excretion of ammonia 
is not a problem for the bony fishes and amphibian tadpoles, 
which eliminate most of it by diffusion through the gills and less 
by excretion in very dilute urine.

Urea and uric acid are less toxic 
but have diff erent solubilities
In elasmobranchs, adult amphibians, and mammals, the nitrog-
enous wastes are eliminated in the far less toxic form of urea.  
Urea is water-soluble and so can be excreted in large amounts 
in the urine. It is carried in the bloodstream from its place of 
synthesis in the liver to the kidneys where it is excreted.
 Reptiles, birds, and insects excrete nitrogenous wastes in 
the form of uric acid, which is only slightly soluble in water. As 
a result of its low solubility, uric acid precipitates and thus can 
be excreted using very little water. Uric acid forms the pasty 
white material in bird droppings called guano. It costs the ani-
mal energy to synthesize uric acid, but this is offset by the con-
servation of water.
 The ability to synthesize uric acid in these groups of ani-
mals is also important because their eggs are encased within 
shells, and nitrogenous wastes build up as the embryo grows 
within the egg. The formation of uric acid, although a lengthy 
process that requires considerable energy, produces a com-
pound that crystallizes and precipitates. As a solid precipitate, 
uric acid is unable to affect the embryo’s development even 
though it is still inside the egg.
 Mammals also produce some uric acid, but it is a waste 
product of the degradation of purine nucleotides, not of amino 
acids. Most mammals have an enzyme called uricase, which con-
verts uric acid into a more soluble derivative, allantoin.  Only 
humans, apes, and the Dalmatian dog lack this enzyme, and they 
must excrete the uric acid. In humans, excessive accumulation of 
uric acid in the joints produces a condition known as gout.

Learning Outcome Review 51.4
Metabolic breakdown of amino acids and nucleic acids produces ammonia 
as a by-product. Bony fi shes and gilled amphibians excrete ammonia; 
other vertebrates convert nitrogenous wastes into urea (reptiles and birds) 
and uric acid (mammals and adult amphibians), which are less toxic. Most 
mammals produce a small amount of uric acid that is broken down by uricase 
except in humans, apes, and the Dalmatian dog.

 ■ Why is nitrogenous waste problematic?  

can excrete urine that is 8, 14, and 22 times as concentrated as their 
blood plasma, respectively. The kidneys of kangaroo rats (genus 
Dipodomys) are so efficient that they never have to drink water; they 
can obtain all the water they need from their food and from water 
produced in aerobic cellular respiration.
 The production of hypertonic urine is accomplished 
by the loop of Henle portion of the nephron (see figures 51.5 
and 51.11), found only in mammals and birds. The degree of 
concentration depends on the length of the loop; most mam-
mals have some nephrons with short loops and other nephrons 
with much longer loops. 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 prob-
lem of water loss by drinking salt water and then excreting the 
excess salt from salt glands near the eyes (figure 51.7) .
 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 clo-
aca to produce a semisolid white paste or pellet, which is excreted.

Learning Outcomes Review 51.3
The kidneys of freshwater fi shes must excrete copious amounts of very dilute 
urine. Marine bony fi shes drink seawater and excrete an isotonic urine; 
cartilaginous fi shes retain urea, which prevents water loss. In mammals and 
birds, the loop of Henle allows reabsorption of water from the urine, making 
it hypertonic to their body fl uids.

 ■ Mammals and birds have nephrons with a loop of 
Henle, but reptiles do not. What are the possible 
evolutionary explanations for this?  

 51.4 Nitrogenous Wastes: 
Ammonia, Urea, and Uric Acid

Learning Outcome
Describe the different kinds of nitrogenous waste and 1. 
their relative toxicity.
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Figure 51.8  
Nitrogenous wastes. 
When amino acids and 
nucleic acids are metabolized, 
the immediate by-product 
is ammonia, which is quite 
toxic but can be eliminated 
through the gills of teleost 
fi sh. Mammals convert 
ammonia into urea, which is 
less toxic. Birds and terrestrial 
reptiles convert it instead into 
uric acid, which is insoluble 
in water. Production of uric 
acid is the most energetically 
expensive of the three but also 
saves the most water.

From the bladder, urine is passed out of the body through the 
urethra (figure 51.9) .
 Within the kidney, the mouth of the ureter flares open 
to form a funnel-like structure, the renal pelvis. The renal pel-
vis, in turn, has cup-shaped extensions that receive urine from 
the renal tissue. The renal tissue is divided into an outer renal 
cortex    and an inner renal medulla.
 The kidney has three basic functions summarized in 
figure 51.10 :

Filtration:1.  Fluid in the blood is fi ltered into the tubule 
system, leaving cells and large protein in the blood and 
a fi ltrate composed of water and all of the blood solutes. 
This fi ltrate is modifi ed by the rest of the kidney to 
produce  urine for excretion.

 51.5 The Mammalian Kidney

Learning Outcomes
Describe the actions of filtration, reabsorption, 1. 
and secretion.
Name the primary components of the kidney.2. 
Describe the main parts of a neprhon.3. 

In humans, the kidneys are fist-sized organs located in the lower 
back. Each kidney receives blood from a renal artery, and from 
this blood, urine is produced. Urine drains from each kidney 
through a ureter, which carries the urine to a urinary bladder.   

chapter 51 Osmotic Regulation and the Urinary System 1045www.ravenbiology.com

rav32223_ch51_1038-1054.indd   1045rav32223_ch51_1038-1054.indd   1045 11/19/09   1:22:54 PM11/19/09   1:22:54 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m

www.ravenbiology.com


Apago PDF Enhancer

Renal 
cortex 

Juxtamedullary 
nephron 

Renal 
medulla 

Collecting 
duct 

Cortical 
nephron Nephron

tubule

a. c. 

b. 

Adrenal  
gland 

Inferior  
vena cava 

Renal artery 
and vein 

Aorta 

Ureter 

Urinary  
bladder 

Urethra 

Ureter 

Renal 
pelvis 

Renal 
medulla 

Renal 
cortex 

Glomerulus 

Renal 
tubule 

Afferent  
arteriole 

Efferent  
arteriole 

Bowman's 
capsule 

Excretion 

Filtration 

Reabsorption 
to blood 

Secretion 
from blood 

Figure 51.9  The human renal system. a. The positions of the organs of the urinary system. b. A sectioned kidney, revealing the 
internal structure. c. The position of nephrons in the mammalian kidney. Cortical nephrons are located predominantly in the renal cortex; 
juxtamedullary nephrons have long loops that extend deep into the renal medulla.

Reabsorption:2.  Reabsorption is the selective movement 
of important solutes such as glucose, amino acids, and 
a variety of inorganic ions, out of the fi ltrate in the 
tubule system to the extracellular fl uid, then back into 
the bloodstream  via peritubular capillaries. The process 
of reabsorption   can utilize active or passive processes 
depending on the solute. Water is also reabsorbed, and this 
can be controlled to regulate the amount of water loss.
Secretion:3.  Secretion is the movement of substances from 
the blood into the extracellular fl uid, then into the 
fi ltrate in the tubule system. Unlike reabsorption, which 
preserves  substances in the body, this adds to what will be 
expelled from the body and can be used to remove 
toxic substances.

The nephron is the fi ltering unit of the kidney
On a microscopic level, each kidney contains about a million 
functioning nephrons. Mammalian kidneys contain a mixture 
of juxtamedullary nephrons,  which have long loops that dip 
deeply into the medulla, and cortical nephrons with shorter 
loops. The significance of the length of the loops will be ex-
plained a little later.

The production of filtrate
Each nephron consists of a long tubule and associated small 
blood vessels (figure 51.11) . First, blood is carried by an af-
ferent arteriole to a tuft of capillaries in the renal cortex—the 
glomerulus. Here the blood is filtered as the blood pressure 
forces fluid through the porous capillary walls. Blood cells 

Figure 51.10  Four functions   of the kidney. Molecules 
enter the urine by fi ltration out of the glomerulus and by secretion 
into the tubules from surrounding peritubular capillaries. 
Molecules that entered the fi ltrate can be returned to the blood 
by reabsorption from the tubules into surrounding peritubular 
capillaries. The fl uid exiting the kidney is eliminated from the 
body by excretion through the tubule to a ureter and then to 
the bladder.
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Figure 51.11  
A nephron in a 
mammalian kidney. 
The nephron tubule is 
surrounded by peritubular 
capillaries in the cortex, and 
their vasa recta extensions 
surround the loop of Henle 
in the medulla. This capillary 
bed carries away molecules 
and ions that are reabsorbed 
from the fi ltrate.

and plasma proteins are too large to enter this glomerular 
filtrate, but large amounts of the plasma, consisting of wa-
ter 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 
hand if you press your fist into it. The capsule has slit open-
ings so that the glomerular filtrate can enter the system of 
nephron tubules.
 Blood components that were not filtered out of the  glo-
mer u lus drain into an efferent arteriole, which then empties into 
a second bed of capillaries called peritubular capillaries  that 
surround the tubules. This is only one of several locations in 
the body where two capillary beds occur in series. In juxtamed-
ullary nephrons, efferent arteriole and peritubular capillaries 
also feed the vasa recta capillaries that surround the loop of 
Henle. As described later, the peritubular capillaries are needed 
for the processes of reabsorption and secretion.

 After the filtrate enters Bowman’s capsule, it goes into a 
portion of the nephron called the proximal convoluted tubule,   
located in the cortex. In a cortical nephron, the fluid then flows 
through the loop of Henle that dips only minimally into the 
medulla before ascending back into the cortex. In juxtamed-
ullary nephrons, the loop of Henle extends much deeper into 
the medulla before ascending back up into the cortex. More 
water can be reabsorbed from juxtamedullary nephrons than 
from cortical nephrons. The fluid then moves deeper into the 
medulla and back up again into the cortex in a loop of Henle. As 
mentioned earlier, 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.

Collection of 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 
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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 (see chapter 50); the larger the volume of urine ex-
creted, the lower the blood volume.
 The purpose of kidney function is therefore homeosta-
sis; the kidneys are critically involved in maintaining the con-
stancy 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.

Each part of the mammalian nephron 
performs a specifi c transport function
As previously described, approximately 180 L of isotonic  glo-
mer u lar filtrate enters the Bowman’s capsules of human kidneys 
each day. After passing through the remainder of the nephron 
tubules, this volume of fluid would be lost as urine if it were not 
reabsorbed back into the blood. It is clearly impossible to pro-
duce this much urine, yet water is only able to pass through a 
cell membrane by osmosis, and osmosis is not possible between 
two isotonic solutions. Therefore, some mechanism is needed 
to create an osmotic gradient between the glomerular filtrate 
and the blood, to allow reabsorption of water.

Proximal convoluted tubule
Virtually all the nutrient molecules in the filtrate are reabsorbed 
back into the systemic blood by the proximal convoluted tu-
bule. In addition, approximately two-thirds of the NaCl and 
water filtered into Bowman’s capsule is immediately reabsorbed 
across the walls of the proximal convoluted tubule.
 This reabsorption is driven by the active transport of Na+ 
out of the filtrate and into surrounding peritubular capillaries. 
Cl– follows Na+ passively because of electrical attraction, and 
water follows them both because of osmosis. Because NaCl and 
water are removed from the filtrate in proportionate amounts, 
the filtrate that remains in the tubule is still isotonic to the 
blood plasma.
 Although only one-third of the initial volume of filtrate 
remains in the nephron tubule after the initial reabsorption of 
NaCl and water, it still represents a large volume (60 L out of 
the original 180 L of filtrate). Obviously, no animal can afford 
to excrete that much urine, so most of this water must also be 
reabsorbed. It is reabsorbed primarily across the wall of the col-
lecting duct.

Loop of Henle
The function of the loop of Henle is to create a gradient of 
increasing osmolarity from the cortex to the medulla. This al-
lows water to be reabsorbed by osmosis in the collecting duct 
as it runs down into the medulla past the loop of Henle. The 

with other collecting ducts to empty its contents, now called urine, 
into the renal pelvis.

Water, some nutrients, and some ions are 
reabsorbed; other molecules are secreted
Most of the water and dissolved solutes that enter the glomeru-
lar filtrate must be returned to the blood by reabsorption, or 
the animal would literally urinate to death. In a human, for ex-
ample, approximately 2000 L of blood passes through the kid-
neys each day, and 180 L of water leaves the blood and enters 
the glomerular filtrate.

Water
Because humans have a total blood volume of only about 5 L 
and produce only 1 to 2 L 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. Water is reabsorbed from the fil-
trate by the proximal convoluted tubule, as it passes through the 
descending loop of Henle and the collecting duct. The selective 
reabsorption in the collecting duct is driven by an osmotic gra-
dient produced by the loop of Henle, as is described shortly.

Glucose and other nutrients
The reabsorption of glucose, amino acids, and many other 
molecules needed by the body is driven by active transport 
and secondary active transport (cotransport) carriers. As in all  
carrier-mediated transport, a maximum rate of transport is 
reached whenever the carriers are saturated (see chapter 5).
 In the case of the renal glucose carriers in the proximal 
convoluted tubule, saturation occurs when the concentration 
of glucose in the blood (and thus in the glomerular filtrate) is 
about 180 mg/100 mL of blood. If a person has a blood glucose 
concentration in excess of this amount, as happens in untreated 
diabetes mellitus, the glucose remaining in the filtrate is ex-
pelled in the urine. Indeed, the presence of glucose in the urine 
is diagnostic of diabetes mellitus.

Secretion of wastes
The secretion of foreign molecules and particular waste prod-
ucts 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 pro-
ceeds 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 peni-
cillin, which is secreted by the nephrons, must be administered 
in very high doses and several times per day.

Excretion of toxins and excess 
ions maintains homeostasis
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, described earlier, 
that are products of the catabolism of amino acids and nucleic 
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Figure 51.12  The reabsorption of salt and water in the 
mammalian kidney. Active transport of Na+ out of the proximal 
tubules is followed by the passive movement of Cl– and water. 
Active extrusion of NaCl from the ascending limb of the loop of 
Henle creates the osmotic gradient required for the reabsorption 
of water from the descending limb of the loop of Henle and the 
collecting duct. The two limbs of the loop form a countercurrent 
multiplier system that increases the osmotic gradient. The changes 
in osmolarity from the cortex to the medulla are indicated to the 
left of the fi gure.

The loss of water from the descending limb multiplies 3. 
the concentration that can be achieved at each level of 
the loop through the active extrusion of Na+ (with Cl– 
following  passively) by the ascending limb. The longer 
the loop of Henle, the longer the region of interaction 
between the descending and ascending limbs, and the 
greater the total concentration that can be achieved. In a 
human kidney, the concentration of fi ltrate entering the 
loop is 300 milliosmolar  (mOsm), and this concentration 
is multiplied to more than 1200 mOsm at the bottom of 
the longest loops of Henle in the renal medulla.
The NaCl pumped out of the ascending limb of the 4. 
loop is reabsorbed from the surrounding interstitial 
fl uid into the loops of the vasa recta, so that NaCl can 
diffuse from the blood leaving the medulla to the blood 
entering  the medulla. Thus, the vasa recta also functions 
in a countercurrent exchange, similar to that described 
for the countercurrent fl ow of blood in the fi ns of large 
aquatic vertebrates for heat exchange (see chapter 43), 
and of wate r and blood through gills to enhance oxygen 
exchange (see chapter 49).   In the case of the vasa recta, 
this exchange  prevents the fl ow of blood through 
the capillaries from destroying the osmotic gradient 
established by the loop of Henle. Thus, blood can be 
supplied to this region of the kidney without affecting the 
ability of the collecting duct to selectively reabsorb water.

 Because fluid flows in opposite directions in the two limbs 
of the loop, the action of the loop of Henle in creating a hyper-
tonic renal medulla is known as the countercurrent multiplier 
system.     The osmotic gradient that is established is greater than 
what would be produced by just active transport of salts out of 
the tubule system.
 The high solute concentration of the renal medulla is 
primarily the result of NaCl accumulation by the counter-
current multiplier system, but urea also contributes to the total 
osmolarity of the medulla. The descending limb of the loop 
of Henle and the collecting duct are both permeable to urea, 
which leaves these regions of the nephron by diffusion.

Distal convoluted tubule and collecting duct
Because NaCl was pumped out of the ascending limb, the filtrate 
that arrives at the distal convoluted tubule and enters the collect-
ing duct in the renal cortex is hypotonic (with a concentration of 
only 100 mOsm). The collecting duct carrying this dilute fluid now 
plunges into the medulla. As a result of the hypertonic interstitial 
fluid of the renal medulla, a strong osmotic gradient pulls water out 
of the collecting duct and into the surrounding blood vessels.
 The osmotic gradient is normally constant, but the per-
meability of the distal convoluted tubule and the collecting duct 
to water is adjusted by a hormone, antidiuretic hormone (ADH), 
mentioned in chapters 46 and 50. When an animal needs to 
conserve water, the posterior pituitary gland secretes more 
ADH, and this hormone increases the number of water chan-
nels in the plasma membranes of the collecting duct cells. This 
increases the permeability of the collecting ducts to water so 
that more water is reabsorbed and less is excreted in the urine. 
The animal thus excretes a hypertonic urine.

descending and ascending limbs of the loop of Henle differ 
structurally and in their permeability to ions and water. This 
produces a gradient of increasing osmolarity from cortex to 
medulla (figure 51.12) . The structure of the loop also forms 
another example of a countercurrent system, this time acting 
to increase the osmolarity of interstitial fluid. To understand 
the functioning of the loop of Henle, it is easiest to start in the 
ascending limb:

The entire ascending limb is impermeable to water. The 1. 
thick portion of the ascending limb actively transports 
Na+ out of the tubule, with Cl– passively following. The 
thin ascending limb is permeable to both Na+ and Cl–, 
which move out by diffusion.
The descending limb is thin and permeable to water 2. 
but not to NaCl. Because of the Na+ and Cl– lost by the 
ascending limb, the osmolarity of the interstitial fl uid is 
higher than in the descending limb, and water moves out 
of the descending limb by osmosis. This also increases the 
osmolarity of the fl uid in the tubule such that as it turns 
at the bottom, it will lose NaCl by diffusion in the thin 
ascending loop as described earlier.
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Figure 51.13  
Controlling salt 
balance. The nephron 
controls the amounts of K+, 
H+, and HCO3

– excreted in 
the urine. K+ is completely 
reabsorbed in the proximal 
tubule and then secreted 
in hormonally regulated 
amounts into the distal 
tubule. HCO3

– is fi ltered 
but normally completely 
reabsorbed. H+ is fi ltered 
and also secreted into the 
distal tubule, so that the 
fi nal urine has an 
acidic pH.

 51.6 Hormonal Control of 
Osmoregulatory Functions

Learning Outcomes
Explain the actions of ADH, aldosterone, and ANH.1. 
Describe the relationship between control of blood 2. 
osmolarity and blood pressure.

In mammals and birds, the amount of water excreted in the 
urine, and thus the concentration of the urine, varies according 
to the changing needs of the body. Acting through the mecha-
nisms described next, the kidneys excrete a hypertonic urine 
when the body needs to conserve water. If an animal   drinks 
excess water, the kidneys excrete a hypotonic urine.
 As a result, the volume of blood, the blood pressure, and 
the osmolarity of blood plasma are maintained relatively con-
stant by the kidneys, no matter how much water you drink. The 
kidneys also regulate the plasma K+ and Na+ concentrations and 
blood pH within very narrow limits. These homeostatic func-
tions of the kidneys are coordinated primarily by hormones.

Antidiuretic hormone causes  
water to be conserved
Antidiuretic hormone (ADH)   is produced by the hypothalamus 
and secreted by the posterior-pituitary gland. The primary 
stimulus for ADH secretion is an increase in the osmolarity 
of the blood plasma. When a person is dehydrated or eats 
salty food, the osmolarity of plasma increases. Osmoreceptors 
in the hypothalamus respond to the elevated blood osmolar-
ity by sending increasing action potentials to the integration 
center (also in the hypothalamus). This, in turn, triggers a 
sensation of thirst and an increase in the secretion of ADH 
(figure 51.14) .
 ADH causes the walls of the distal convoluted tubules 
and collecting ducts in the kidney to become more permeable 
to water. Water channels called aquaporins (see chapter 5) are 
contained within the membranes of intracellular vesicles in 
the epithelium of the distal convoluted tubules and collect-
ing ducts; ADH stimulates the fusion of the vesicle membrane 
with the plasma membrane, similar to the process of exocyto-
sis. The aquaporins are now in place and allow water to flow 
out of the tubules and ducts in response to the hypertonic 
condition of the renal medulla. This water is reabsorbed into 
the bloodstream.
 When secretion of ADH is reduced, the plasma mem-
brane pinches in to form new vesicles that contain aquaporins. 
This removes the aquaporins from the plasma membrane of the 
distal convoluted tubule and collecting duct, making them less 
permeable to water. Thus more water is excreted in urine.  
 Under conditions of maximal ADH secretion, a person 
excretes only 600 mL of highly concentrated urine per day. A 
person who lacks ADH due to pituitary damage has the disorder 
known as diabetes insipidus and constantly excretes a large volume 

 In addition to regulating water balance, the kidneys regu-
late the balance of electrolytes in the blood by reabsorption and 
secretion. For example, the kidneys reabsorb K+ in the proximal 
tubule and then secrete an amount of K+ needed to maintain 
homeostasis into the distal convoluted tubule (figure 51.13) . 
The kidneys also maintain acid–base balance by excreting H+

into the urine and reabsorbing HCO3
–.

 The reabsorption of NaCl in the distal convoluted tubule 
and collecting duct depends on the needs of the body and is under 
the control of the hormone aldosterone. Both ADH and aldosterone 
influence the distal convoluted tubule and collecting duct, although 
aldosterone is more significant in terms of NaCl. We present more 
about hormonal control of excretion in the next section.

Learning Outcomes Review 51.5
Fluid and certain solutes move out of the blood and into the tubular systems 
of the kidneys through fi ltration (passive) and secretion (transported); 
important solutes and water are returned to the blood through 
reabsorption. The mammalian kidney is divided into a cortex and a medulla 
and contains about a million nephrons. The parts of a nephron include the 
glomerulus and Bowman’s capsule, proximal convoluted tubule, loop of 
Henle, distal convoluted tubule, and collecting duct.

 ■ The compound mannitol is filtered   but cannot be 
reabsorbed. How would this affect the volume of 
urine produced? 
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Figure 51.14  Antidiuretic hormone stimulates the reabsorption of water by the 
kidneys. This action completes a negative feedback loop and helps to maintain homeostasis of blood 
volume and osmolarity.

and water. It thereby helps to 
maintain blood volume, osmo-
larity, and pressure.
 The secretion of  al do ste-
rone in response to a decreased 
blood level of Na+ is indirect. 
Because a fall in blood Na+

is accompanied by decreased 
blood volume, the flow of blood 
past a group of cells called the 
juxtaglomerular apparatus is re-
duced. The juxtaglomerular ap-
paratus is located in the region 
of the kidney between the distal 
convoluted tubule and the af-
ferent arteriole (figure 51.15) .

When blood flow is re-
duced, the juxtaglomerular ap-
paratus responds by secreting 
the enzyme renin into the blood 
(figure 51.16) . Renin catalyzes 
the production of the poly-
peptide angiotensin I from the 
protein angiotensinogen. An-
giotensin I is then converted by 

another enzyme into angiotensin II, which stimulates blood ves-
sels to constrict and the adrenal cortex to secrete aldosterone. 
Thus, homeostasis of blood volume and pressure can be main-
tained by the activation of this renin– angiotensin–aldosterone 
system. In addition to stimulating Na+ reabsorption,  al do ste rone 
also promotes the secretion of K+ into the distal convoluted tu-
bules and collecting ducts. Consequently, aldosterone lowers the 
blood K+ concentration, helping to maintain constant blood K+

levels in the face of changing amounts of K+ in the diet. People 
who lack the ability to produce aldosterone will die if untreated 
because of the excessive loss of salt and water in the urine and 
the buildup of K+ in the blood.
 The action of aldosterone in promoting salt and water re-
tention is opposed by another hormone, atrial natriuretic hormone 
(ANH),   mentioned in chapter 50. This hormone is secreted by 
the right atrium of the heart in response to an increased blood 
volume, which stretches the atrium. Under these conditions, al-
dosterone secretion from the adrenal cortex decreases, and ANH 
secretion increases, thus promoting the excretion of salt and wa-
ter in the urine and lowering the blood volume.

Learning Outcomes Review 51.6
ADH stimulates the insertion of water channels into the cells of the distal 
convoluted tubule and collecting duct, making them more permeable to 
water and increasing its reabsorption. Aldosterone promotes reabsorption 
of Na+, Cl–, and water across the distal convoluted tubule and collecting 
duct, as well as the secretion of K+ into the tubules. ANH decreases Na+ and 
 Cl– reabsorption. When blood osmolarity increases, more water is retained 
by the release of ADH, and blood pressure increases; if blood osmolarity falls, 
ADH release is inhibited, less water is retained, and blood pressure drops.

 ■ What would be the effect of a compound that blocks 
aquaporin water channels?

of dilute urine. Such a person is in danger of becoming severely 
dehydrated and succumbing to dangerously low blood pressure.
 Homeostasis via ADH action is also affected by the com-
mon drugs ethanol and caffeine, both of which inhibit secretion 
of ADH. This is the basis for the dehydration that is the after 
effect of drinking too much alcohol.

Aldosterone and atrial natriuretic hormone 
control sodium ion concentration
Sodium ions are the major solute in the blood plasma. When 
the blood concentration of Na+ falls, therefore, the blood os-
molarity also falls. This drop in osmolarity inhibits ADH secre-
tion, causing more water to remain in the collecting duct for 
excretion in the urine. As a result, the blood volume and blood 
pressure decrease.
 A decrease in extracellular Na+ also causes more water 
to be drawn into cells by osmosis, partially offsetting the drop 
in plasma osmolarity, but further decreasing blood volume and 
blood pressure. If Na+ deprivation is severe, the blood volume 
may fall so low that blood pressure is insufficient to sustain life. 
For this reason, salt is necessary for life. Many animals have a 
“salt hunger” and actively seek salt, such as when deer gather at 
“salt licks.”
 A drop in blood Na+ concentration is normally compen-
sated for by the kidneys under the influence of the hormone 
aldosterone ,  which is secreted by the adrenal cortex. Aldosterone 
stimulates the distal convoluted tubules and collecting ducts to 
reabsorb Na+, decreasing the excretion of Na+ in the urine. In-
deed, under conditions of maximal aldosterone secretion, Na+ 
may be completely absent from the urine. The reabsorption of 
Na+ is followed by reabsorption of Cl– and    water, so  al do ste-
rone has the net effect of promoting the retention of both salt 

chapter 51 Osmotic Regulation and the Urinary System 1051www.ravenbiology.com

rav32223_ch51_1038-1054.indd   1051rav32223_ch51_1038-1054.indd   1051 11/19/09   1:23:02 PM11/19/09   1:23:02 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m

www.ravenbiology.com


Apago PDF Enhancer

(-)

Low blood 
pressure 

Low blood 
flow 

Renin

Angiotensinogen 

Angiotensin II

Aldosterone

Increased Na+ and 
Cl :, and H2O
reabsorption

Increased
blood

volume

Negative
feedback

Juxtaglomerular
apparatus

Response

Response

8

Constrict blood 
vessels

Response

Effector

Effector

Effector 

Effector

6

Adrenal
cortex

5

4

7
Kidney

Effector

3
Sensor

2 

Stimulus Stimulus 

1 

Question:  What  is the relationship between atherosclerosis and elevated blood pressure?

Hypothesis: Atherosclerotic plaques in the renal artery will reduce blood flow to the kidney and consequently 

filtration pressure. The system will respond by raising blood pressure.

Prediction: If blood flow to the renal artery is reduced, this will mimic the effect of plaque deposition and should 

result in increased blood pressure.

Test: Clamp a renal artery to restrict blood flow, and measure blood pressure before, while clamped, and with

clamp removed.

Result: Clamping the renal artery results in increased blood pressure. This increase is relieved by removing the clamp.

Conclusion: Restricting blood flow to the kidney causes a homeostatic response to increase blood pressure.

Further Experiments: If this increase in blood pressure involved the renin–angiotensis system, what changes 

would you expect in the level and function of these proteins?

 

 

 

S C I E N T I F I C  T H I N K I N G

Renal
artery

Clamp

Renal
vein

Figure 51.15  A lowering of blood volume activates the renin–angiotensin–aldosterone system. (1) Low blood volume 
and a decrease in blood  Na+ levels reduce blood pressure. (2) Reduced blood fl ow past the juxtaglomerular apparatus triggers (3) the release 
of renin into the blood, which catalyzes the production of angiotensin I from angiotensinogen. (4) Angiotensin I converts into a more active 
form, angiotensin II. (5) Angiotensin II stimulates blood vessel constriction and (6) the release of aldosterone from the adrenal cortex. 
(7) Aldosterone stimulates the reabsorption of Na+ in the distal convoluted tubules. Increased Na+ reabsorption is followed by the 
reabsorption of Cl– and water. (8) This increases blood volume. An increase in blood volume may also trigger the release of an atrial 
natriuretic hormone, which inhibits the release of aldosterone. These two systems work together to maintain homeostasis.

Figure 51.16 Reduced 
blood fl ow to the kidney can 
cause hypertension.    

1052 part VII Animal Form and Function
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51.1 Osmolarity and Osmotic Balance

 Osmotic pressure is a measure of concentration diff erence.
Osmotic pressure is a solution’s propensity to take in water by 
osmosis. Osmolarity is defi ned as moles of solute per liter of solution. 
Cells in a hypertonic solution lose water, and cells in a hypotonic 
solution gain water. In an isotonic solution, cells are at equilibrium.

Osmoconformers live in marine environments.
Osmoconformers are in osmotic equilibrium with their environment. 
Most marine invertebrates are osmoconformers.

Osmoregulators control their osmolarity internally.
Tissues of freshwater vertebrates are hypertonic to their 
environment, and those of marine vertebrates are hypotonic; both 
must maintain their osmolarity. Terrestrial vertebrates are all 
osmoregulators and have adaptations to retain water.

51.2 Osmoregulatory Organs

Invertebrates make use of specialized cells and tubules.
Flatworms use tubular protonephridia connected to fl ame cells 
that draw fl uid from the body (see fi gure 51.2). Other invertebrates 
have nephridia open to both the inside and outside of the body for 
fi ltering and reabsorption (see fi gure 51.3).

Insects have a unique osmoregulatory system.
Insects have Malpighian tubules through which uric acid and 
wastes are secreted into the excretory organ, and water and salts are 
reabsorbed before excretion (see fi gure 51.4).

The vertebrate kidney fi lters then reabsorbs.
Kidneys of vertebrates produce urine by fi ltration, secretion, and 
selective reabsorption of water and important solutes.

51.3  Evolution of the Vertebrate Kidney
The kidney is made up of a cortex, a medulla, and thousands of units 
called nephrons that regulate body fl uids (see fi gure 51.5).

Freshwater fi shes must retain electrolytes and keep water out.
Freshwater fi shes maintain hypertonicity by excreting large quantities 
dilute, hypotonic urine and reabsorbing ions (see fi gure 51.6).

Marine bony fi shes must excrete electrolytes and keep water in.
Saltwater fi sh maintain hypotonicity by drinking large amounts of 
seawater and excreting or actively transporting ions out through the 
gills. Their urine is isotonic to the blood.

Cartilaginous fi shes pump out electrolytes and retain urea.
Cartilaginous fi shes are isotonic to their environment because they 
retain urea, and actively pump out electrolytes. They also produce 
isotonic urine.

Amphibians and reptiles have osmotic adaptations to 
their environments.
Freshwater amphibians and reptiles act like freshwater fi shes, and the 
kidneys of marine reptiles function like marine bony fi shes. Terrestrial 
reptiles can’t produce hypertonic urine.

Mammals and birds are able to excrete concentrated urine and 
retain water.
Mammals and birds can excrete hypertonic urine and retain water.   
The degree of concentration of urine depends on the length of the 
loop of Henle.

51.4 Nitrogenous Wastes: Ammonia, 
Urea, and Uric Acid

Ammonia is toxic and must be quickly removed.
When animals catabolize amino acids and nucleic acids they produce 
toxic nitrogenous wastes (see fi gure 51.8).
In fi shes and gilled amphibians, abundant water is used to fl ush 
ammonia quickly from the body, or it is eliminated through gills.

Urea and uric acid are less toxic but have diff erent solubilities.
Mammals convert ammonia to urea, which is less toxic. Urea 
requires less water, but requires energy to manufacture. Birds and 
terrestrial reptiles convert ammonia to uric acid. Uric acid is the 
least toxic and requires the least water to eliminate, but is the most 
energetically expensive.

51.5 The Mammalian Kidney (see figure 51.10)

The nephron is the filtering unit of the kidney.
Blood is fi ltered through the capillaries of the glomerulus driven by 
blood pressure. The fi ltrate passes through the Bowman’s capsule, 
proximal convoluted tubule, loop of Henle, distal convoluted tubule, 
and collecting duct (see fi gure 51.11). Blood passes from the afferent 
arteriole to the glomerulus, the efferent arteriole, the peritubular 
capillaries, and the vasa recta.

Water, some nutrients, and some ions are reabsorbed; other molecules 
are secreted.
Glucose, amino acids, and many other molecules are reabsorbed by 
active transport. Water is reabsorbed osmotically in the proximal 
convoluted tubule and the collecting duct. Foreign molecules and 
some wastes are secreted from the blood capillaries and into the 
tubules by active transport.

Excretion of toxins and excess ions maintains homeostasis.
The kidney eliminates many potentially harmful substances including 
nitrogenous wastes, excess ions, and toxins. The kidneys therefore are 
critical to homeostasis.

Each part of the mammalian nephron performs a specifi c 
transport function.
Reabsorption of nutrients and NaCl occurs in the proximal tubule. 
The loop of Henle creates a gradient of increasing osmolarity from 
the cortex to the medulla. The gradient allows selective reabsorption 
of water from the collecting duct. A longer loop of Henle produces 
more concentrated urine (see fi gure 51.12).

51.6  Hormonal Control 
of Osmoregulatory Functions

Antidiuretic hormone causes water to be conserved.
ADH, produced by the hypothalamus, increases the permeability of 
the collecting duct (see fi gure 51.14), allowing greater reabsorption 
of water.

Aldosterone and atrial natriuretic hormone control sodium 
ion concentration.
Low Na+ levels inhibit ADH secretion, and aldosterone stimulates 
Na+ uptake by the distal convoluted tubule. ANH antagonizes the 
action of aldosterone.

Chapter Review
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U N D E R S T A N D
 1. Which of the following is not an ion homeostatically maintained 

in vertebrates?
 a. Cl– c. Ca++

 b. Na+ d. Fl– 

 2. Suppose that your research mentor has decided to do a project 
on the fi ltering capabilities of Malpighian tubules. Which of the 
following creatures will you be spending your summer studying?

 a. Ants  c. Mammals
 b. Birds d. Earthworms
 3. A shark’s blood is isotonic to the surrounding seawater because 

of the reabsorption of ____ in its blood.
 a. ammonia c. urea
 b. uric acid d. NaCl
 4. An important function of the excretory system is to eliminate excess 

nitrogen produced by metabolic processes. Which of the following 
organisms is most effi cient at packaging nitrogen for excretion?

 a. Frog c. Iguana
 b. Freshwater fi sh d. Camel
 5. Which of the following is a function of the kidneys?

a. The kidneys remove harmful substances from the body.
b. The kidneys recapture water for use by the body.
c. The kidneys regulate the levels of salt in the blood.
d. All of these are functions of the kidneys.

 6. Humans excrete their excess nitrogenous wastes as
 a. uric acid crystals. c. ammonia.
 b. compounds  d. urea.
  containing protein.
 7. An osmoregulator would maintain its internal fl uids at a 

concentration that is ____ relative to its surroundings.
 a. isotonic c. hypotonic
 b. hypertonic d.  hypertonic, hypotonic, 

or isotonic

A P P L Y
 1. In comparing invertebrate and vertebrate excretory systems, 

you conclude that
a. both fi lter body fl uids and then reabsorb water and solutes.
b. both use a tubule system to process the fi ltrate.
c. both reabsorb ions and water to control osmotic balance.
d. only vertebrates fi lter fl uids and reabsorb water and ions. 

 2. A viral infection that specifi cally interferes with the 
reabsorption of ions from the glomerular fi ltrate would attack 
cells located in the

 a. Bowman’s capsule. c. renal tubules.
 b. glomerulus. d. collecting duct.
 3. Diuretics are drugs that can be used to treat high blood 

pressure by increasing urinary output. Possible mechanisms of 
action in the kidney include
a. increasing ADH secretion.
b. inhibition of NaCl reabsorption from the loop of Henle or 

the proximal tubule.
c. increasing permeability of the collecting duct.
d. increasing NaCl reabsorption in the proximal tubule.

 4. Caffeine inhibits the secretion of ADH. Prior to an exam, you 
have a large coffee. During the exam, you can expect
a. greater water reabsorption from the collecting duct.
b. less water reabsorption from the collecting duct.
c. an increase in reabsorption of glucose from the proximal 

convoluted tubule.
d. a decrease in reabsorption of glucose from the proximal 

convoluted tubule.
 5. You and your study partner want to draw the pathway that 

controls the reabsorption of sodium ion when blood pressure 
falls. Which of the following is the correct sequence of events?

1. Aldosterone is released.
2. Kidney tubules reabsorb Na+.
3. Renin is released.
4. Juxtaglomerular apparatus   recognizes a drop in 

blood pressure.
 5. Angiotensin II is produced.

 a. 1, 3, 5, 2, 4 c. 4, 3, 5, 1, 2 
 b. 4, 2, 3, 1, 5 d. 2, 4, 3, 1, 5
 6. You are studying renal function in different species of mammals 

that are found in very different environments. You look at 
species from a desert environment and compare them with 
ones from a tropical environment. The desert species would be 
expected to have
a. shorter loops of Henle than the tropical species.
b. longer loops of Henle than the tropical species.
c. shorter proximal convoluted tubule than the

tropical species.
d. longer distal convoluted tubules than the tropical species.

S Y N T H E S I Z E
 1. Indicate the areas of the nephron that the following hormones 

target, and describe when and how the hormones elicit their actions.
a. Antidiuretic hormone
b. Aldosterone
c. Atrial natriuretic hormone

 2. John’s doctor is concerned that John’s kidneys may not be 
functioning properly due to a circulatory condition. The doctor 
wants to determine if the blood volume fl owing through the 
kidneys (called renal blood fl ow rate) is within normal range. 
Calculate what would be a “normal” renal blood fl ow rate based 
on the following information:
 John weighs 90 kg. Assume a normal total blood volume 
is 80 mL/kg of body weight, and a normal heart pumps the 
total blood volume through the heart once per minute (cardiac 
output). Also assume that the normal renal blood fl ow rate is 
21% of cardiac output.    

Review Questions

1054 part VII Animal Form and Function
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Understand, Apply, and Synthesize—enhance your study with 
animations that bring concepts to life and practice tests to assess 
your understanding. Your instructor may also recommend the 
interactive eBook, individualized learning tools, and more.
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Chapter 52
The Immune System 

Chapter Outline

52.1  Innate Immunity

52.2  Adaptive Immunity

52.3  Cell-Mediated Immunity

52.4  Humoral Immunity and Antibody Production

52.5  Autoimmunity and Hypersensitivity

52.6  Antibodies in Medical Treatment and Diagnosis

52.7  Pathogens That Evade the Immune System

Introduction

When you consider how animals defend themselves, it is natural to think of turtles and armadillos with their obvious external 

armor. However, armor offers little protection against the greatest dangers vertebrates face—microorganisms and viruses. 

We live in a world awash with organisms too tiny to see with the naked eye, and no vertebrate could long withstand their 

onslaught unprotected. We survive because we have evolved a variety of very effective defenses. However, our defenses are 

far from perfect. Some 40 million people died from influenza in 1918–1919, and more than a million people will die of malaria 

this year. Attempts to improve our defenses against infectious diseases are being actively researched.

tion, it is not a productive way to view the body’s defenses. We 
now view the response as much more integrated and consisting 
of two parts: innate and adaptive immunity.
 The innate system involves the recognition     of molecules 
that are conserved in particular pathogens, such as lipopolysac-
charide in gram-negative bacteria. The molecules that bind to 
these conserved proteins do not result from genomic rearrange-
ments and are limited in number, but do involve recognition of 
invading pathogens. The characteristic of this system is a rapid 
response that brings cells to the site of infection and uses soluble 
antimicrobial proteins to fight the pathogen.
 Innate immunity is evolutionarily ancient, with some of 
the proteins involved recently being identified in cnidarians. 
Parts of the complement system (described later)  have also 
been identified in horseshoe crabs, indicating that this system 

 52.1  Innate Immunity

 Learning Outcomes
Distinguish between innate and adaptive immunity.1. 
Give examples of pathogen-associated molecular 2. 
patterns.
Describe the inflammatory response.3. 

For many years, the response of vertebrates to microbial inva-
sion was divided into specific and nonspecific forms of defense. 
It has now become clear that this is not only an oversimplifica-

CHAPTER
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can reach the warm, moist lungs, which would provide ideal 
breeding grounds for them. The epithelial cells lining these 
passages have cilia that continually sweep the mucus toward 
the glottis. There the mucus can be swallowed, carrying poten-
tial invaders out of the lungs and into the digestive tract. One 
of the pitfalls of smoking is that nicotine paralyzes the cilia of 
the respiratory system so that this natural cleaning of the air 
passages does not take place.
 Vaginal secretions are sticky and acidic, and they also pro-
mote the growth of normal flora; all of these characteristics help 
prevent foreign invasion. In both males and females, acidic urine 
continually washes potential pathogens from the urinary tract. In 
addition to these physical and chemical barriers to pathogen in-
vasion, the body also uses defense mechanisms such as vomiting, 
diarrhea, coughing, and sneezing to expel potential pathogens.

Innate immunity recognizes molecular patterns
Innate immunity is a response to invading pathogens that in-
volves both soluble factors and a variety of different types of 
blood cells. The innate response to invading pathogens is based 
on the recognition of molecules that are characteristic of the 
pathogen. Collectively we call these pathogen-associated mo-
lecular patterns (PAMPs), or microbe-associated molecular 
patterns (MAMPs). Examples include the lipopolysaccharide 
(LPS) found in gram-negative bacterial cell walls; peptidogly-
can, which is found in all bacterial cell walls; and viral DNA and 
RNA. These PAMPs are recognized by pattern recognition 
receptors (PRRs)    that can be either soluble or on the surface 
of blood cells.

Toll-like Receptors
The best studied PRR is the Toll receptor in Drosophila and the 
Toll-like receptors (TLR) found in many species. In Drosophila, 
Toll was originally discovered as a part of the dorsal–ventral 
patterning pathway. Later, the same membrane receptor was 
found to mediate a response to fungal infection.
 In vertebrates 11 TLRs have been found in humans and 13 
in  mouse . These bind to a variety of specific targets important 
to pathogen survival, which therefore do not vary greatly.   These 
include gram-negative LPS, bacterial lipoproteins, bacterial pep-
tidoglycan fragments, yeast cell wall components, unmethylated 
CpG motifs in bacterial DNA, and viral RNA. This represents a 
wide range of possible invading pathogens that vertebrates have 
been host to over a long period of evolutionary time.
 The structure of TLRs that allows recognition of these 
PAMPs are repeated leucine-rich regions that fold to form 
binding pockets. These pockets can bind to a variety of shapes. 
As these recognize structures that are critical to the pathogen, 
a single TLR can recognize a range of pathogens that share a 
feature such as LPS or peptidoglycan.
 Activation of TLRs leads to signal transduction pathways 
that result in the expression of genes encoding products that 
enhance the response of both innate and adaptive immune 
responses. Activation of TLRs can lead to induction of the 
transcription factor NF- κβ , which turns on the inflammatory 
response described later on; to the production of antimicrobial 
peptides; and to the production of cytokines that attract phago-
cytic cells as well as B and T cells.

is also more ancient than previously thought. This also implies 
that the lack of complement in other protostomes is probably 
due to loss. Together, this implies that the ancestor to all bilat-
erians had some form of innate immunity.
 Adaptive immunity is characterized by the genetic rear-
rangements that generate a diverse set of molecules that can 
recognize virtually any invading pathogen. This is the basis for 
a slower, but highly specific response to invading pathogens, 
and for the more rapid response to a second attack that is the 
basis for vaccines. In this chapter, we will discuss innate and 
adaptive immunity and how they are interrelated. We will be-
gin with a brief description of the barrier that a pathogen must 
cross to gain access to the interior of the body.

The skin is a barrier to infection
The skin is the largest organ of the body, accounting for 15% 
of an adult human’s total weight. The integument not only 
defends the body by providing a nearly impenetrable barrier, 
but also reinforces this defense with chemical weapons on the 
surface. Oil and sweat glands give the skin’s surface a pH of 
3 to 5, which is acidic enough to inhibit the growth of many 
pathogenic microorganisms. Sweat also contains the enzyme 
lysozyme, which digests bacterial cell walls. Epithelial cells also 
produce a variety of small antimicrobial peptides.
 The skin is also home to many normal flora,     nonpatho-
genic bacteria or fungi that are well adapted to the skin con-
ditions in different regions of the body. Pathogenic bacteria 
that might attempt to colonize the skin generally are unable 
to compete with the normal flora. The epidermis   of skin is ap-
proximately 10 to 30 cells thick, about as thick as this page. 
The outer layer contains cells that are continuously abraded, 
injured, and worn by friction and stress during the body’s many 
activities. Cells are shed continuously and are replaced by new 
cells produced in the innermost layer of the epidermis.

Mucosal epithelial surfaces also  
prevent entry of pathogens
In addition to the skin, three other potential routes of entry 
by microorganisms and viruses must be guarded: the digestive 
tract, the respiratory tract, and the urogenital tract. Recall that 
each of these tracts opens to the external environment. Each of 
these tracts is lined by epithelial cells, which are continuously 
replaced, as are those of the skin.
 A layer of mucus, secreted by specialized cells scattered 
between the epithelial cells, covers all these epithelial surfaces. 
Pathogens are frequently trapped within this mucus layer and 
are eliminated by mechanisms specific to the particular tract.
 Microbes are present in food, but many are killed by sa-
liva (which contains lysozyme), by the very acidic environment 
of the stomach, and by digestive enzymes in the intestine. Addi-
tionally, the gastrointestinal tract is home to a vast array of non-
pathogenic normal flora, whose presence inhibits the growth 
of pathogenic competitors. These nonpathogenic organisms 
not only outcompete pathogens, but they also may secrete sub-
stances that kill harmful agents.
 Microorganisms present in inhaled air are trapped by the 
mucus within the smaller bronchi and bronchioles before they 
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Virus Virus-infected
cells

Cytokines

NK cells Virus-infected
cells

Bacteria, fungi

Bacteria, fungi,
enveloped virus

Gram− bacteria,
enveloped virus

Circulating
phagocytes

Antimicrobial
peptides

MAC

Chemokines

C3b

Macrophage

Epithelial cell

TLR

MBL Complement

Viral RNA,
DNA, protein

Microbes Initial contact Activation signals Effectors Targets

TLR

Bacterial, fungal
components

Hypothesis: Defensin peptides have activity against viruses.

Prediction: Viruses incubated with the human neutraphil defensin one 

(HNP-1) in vitro will have reduced infectivity.

Test: Direct test by incubating different viruses with HNP-1, then using 

standard infectivity assay expressed as plaque-forming units (PFU)/mL.

Result: HNP-1 has activity against a variety of viruses as shown in the table.

Conclusion: HNP-1 has activity against different enveloped viruses, 

although this activity is not equally effective against the different viruses.

Further Experiments: How could you determine the mechanisms

of action?

 

 

 

 

S C I E N T I F I C  T H I N K I N G

Mean log10 Reduction in PFU/mL

Virus 25 μg/mL 50 μg/mL 100 μg/mL

HSV-1 2 2.9 3

0.8 1.2 2HSV-2

0.4 0.7 0.9Vesicular
stomatitus virus

0.4 0.5 0.7Influenza virus

-0.02 0.09 0.3Cytomegalovirus

chapter 52 The Immune System 1057www.ravenbiology.com

Figure 52.1   Overview of innate immunity. Pathogens have critical molecules that adhere to either membrane-bound (TLR), or 
soluble receptors (MBL). This results in the production of cytokines and chemokines that attract phagocytes, of antimicrobial peptides, the 
membrane attack complex (MAC) of the complement cascade, and the activation of natural killer cells (NK cells).  

Cytoplasmic receptors
Two newly characterized kinds of receptors are not membrane 
proteins, rather they are found in the cytoplasm. These are the 
nucleotide oligerization domain (NOD)-like receptors (NLRs) 
and Rig helicase-like receptors (RLRs). These internal re-
ceptors can recognize PAMPs in the cytoplasm of cells after 
phagocytosis. The RLRs also help in responding to viral RNA.

Soluble receptors
In addition to the surface receptors described earlier, some 
circulating molecules can respond to molecules derived from 
pathogens. These include some of the lectin family, such as the 
mannose-binding lectin (MBL) protein. This protein is found 
in serum and can bind to mannose-containing carbohydrates 
on microbial surfaces. MBL is important in activating the com-
plement system described later.

Innate immunity leads to diverse  
responses to a pathogen 
Binding of a pathogen-associated molecule to any of the innate 
immune-type receptors activates signal transduction pathways 
that lead to a rapid response. This includes the production of 
secreted signaling molecules, release of antimicrobial peptides, 
and activation of complement. An overview of all of these ac-
tivities is shown in figure 52.1 .
 The secretion of antimicrobial peptides normally found in 
the integument can be increased when TLRs on the surface of 
epithelial cells and phagocytic cells bind components of invad-
ing pathogens. In humans, the major categories of antimicro-
bial peptides are called defensins and cathelicidin. Defensins are 
small peptides with 6  disulfide-linked  cyteines that expose posi-
tively charged amino acids on the surface. The defensins bind 
to the outer membranes of bacterial species, which tend to be 
negatively charged. This can both disrupt the outer membrane 
and enhance phagocytosis. Defensins have also been shown to 

work against enveloped viruses (figure 52.2) . The antimicrobial 
enzyme lysozyme can also be induced by TLR activation.
 Another class of proteins induced by innate defenses that 
play a key role in body defense are interferons. Interferons are 
important secreted signaling molecules with diverse functions. 

Figure 52.2 Activity of defensin against 
diff erent viruses.         
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Figure 52.3  A macrophage in action. In this scanning 
electron micrograph, a macrophage is “fi shing” with long, sticky 
cytoplasmic extensions. Bacterial cells that come in contact with 
the extensions are drawn toward the macrophage and engulfed.

The three major categories of interferons are alpha, beta, and 
gamma (IFN-α, IFN-β, IFN- γ).
 Almost all cells in the body make IFN-α and IFN-β. 
These polypeptides are synthesized when a virus infects a cell 
and act as messengers that protect normal uninfected cells in 
the vicinity. Although viruses are still able to penetrate the 
neighboring cells, IFN-α and IFN-β induce the degradation of 
RNA and block protein production in these cells. Although this 
leads to the death of the cells, it also prevents virus production 
and spread.
 IFN- γ is produced only by particular leukocytes called 
T lymphocytes (described later) and natural killer cells. The 
secretion of IFN- γ by these cells is part of the immunological 
defense against infection and cancer.
 In addition to these nonspecific defensive molecules, acti-
vation of innate immunity leads to two other responses that are 
important enough to be discussed separately later: activation of 
the inflammatory response, and activation of the complement 
pathway. Signaling from both TLR and internal receptors can 
lead to the secretion of a variety of cytokines, or regulatory sig-
naling molecules. These attract other nonspecific phagocytic 
cells, cause inflammation, and even signal to the adaptive im-
mune system.

Phagocytic cells are associated 
with innate immunity
Among the most important innate defenses are some types 
of leukocytes,   or white blood cells, that circulate through the 
body and nonspecifically attack pathogens within tissues (see 
chapter  50 for an overview of blood and blood cells) . Three 
basic kinds of defending leukocytes have been identified, and 
each kills invading microorganisms differently.

Macrophages
Macrophages (“big eaters”) are large, irregularly shaped cells 
that kill microorganisms by ingesting them through phagocyto-
sis (figure 52.3) . Once within the macrophage, the membrane-
bound phagosome fuses with a lysosome. Fusion activates 
lysosomal enzymes that kill and digest the microorganism. Ad-
ditionally, large quantities of oxygen-containing free radicals 
are frequently produced within the phagosome; these free radi-
cals are very reactive and degrade the pathogen.
 In addition to bacteria, macrophages also engulf viruses, 
cellular debris, and dust particles in the lungs. Macrophages 
roam continuously in the extracellular fluid that bathes tissues. 
In response to an infection, monocytes, which are undifferen-
tiated macrophages found in the blood, squeeze through the 
endothelial cells of capillaries to enter the connective tissues. 
There, at the site of the infection, the monocytes mature into 
active, phagocytic macrophages.

Neutrophils
Neutrophils are the most abundant circulating leukocytes, 
accounting for 50 to 70% of the peripheral blood leukocytes. 
They are the first type of cell to appear at the site of tissue 
damage or infection. Like macrophages, they squeeze between 
capillary endothelial cells to enter infected tissues, where they 

ingest a variety of pathogens by phagocytosis. Their mecha-
nism of pathogen destruction is similar to that of macrophages 
except that they produce an even greater range of reactive oxy-
gen radicals. Neutrophils also produce defensin peptides.

Natural killer cells
Natural killer (NK) cells do not attack invading microbes 
directly. Instead, they kill cells of the body that have been in-
fected with viruses. They kill not by phagocytosis, but rather by 
inducing apoptosis (programmed cell death) of the target cell 
(see chapter 19). Proteins called perforins, released from the NK 
cells, insert into the membrane of the target cell, polymeriz-
ing into a pore. Other NK-produced proteins, granzymes, then 
enter the pores created by the perforin molecules and activate 
proteins known as caspases, found within the target cells, which 
in turn induce apoptosis (figure 52.4) . Macrophages ingest the 
resulting membrane-bounded   vesicular cell debris.
 NK cells also attack tumor cells, often before the tumor 
cells have had a chance to divide sufficiently to be detectable 
as a tumor. The vigilant surveillance by NK cells is one of the 
body’s most potent defenses against cancer. Thus, these cells 
are often said to play a role in immune surveillance. 

The infl ammatory response is a nonspecifi c 
response to infection or tissue injury
The inflammatory response involves several systems of the 
body, and it may be either localized or systemic. An acute re-
sponse is one that generally starts rapidly but lasts for only a 
relatively short while.
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Figure 52.4  How natural killer cells eliminate target cells. Natural killer cells kill virally infected cells by programmed cell 
death, or apoptosis. This is accomplished by secreting proteins that form pores in the cell to be killed, along with proteins that diffuse 
through these pores and induce apoptosis.

Inquiry question

? What would happen if an NK cell killed a virally infected target cell by simply causing the cell to burst, releasing all the cell contents into 
the tissues?

hypothalamus to raise the body’s temperature several degrees 
above the normal value of 37°C (98.6°F). This increase in 
body temperature promotes the activity of phagocytic cells 
and impedes the growth of some microorganisms.
 Fever contributes to the body’s defense by stimulating 
phagocytosis and causing the liver and spleen to store iron. 
This storage reduces blood levels of iron, which bacteria need 
in large amounts to grow. Very high fevers are hazardous, how-
ever, because excessive heat may denature critical enzymes. In 
general, temperatures greater than 39.4°C (103°F) are con-
sidered dangerous for humans, and those greater than 40.6°C 
(105°F) are often fatal.
 A group of proteins collectively referred to as acute-phase 
proteins are also released from cells of the liver during an in-
flammatory response, sometimes at levels 1000-fold above the 
normal serum concentration. These proteins bind to a variety 
of microorganisms and promote their ingestion by phagocytic 
cells—the neutrophils and macrophages.

Complement can form a 
membrane attack complex
The cellular defenses of vertebrates are enhanced by a very 
effective chemical defense called the  complement system—
a group of approximately 30 different proteins that circulate 
freely in the blood plasma. Usually they occur in an inactive 
form, which can enter the tissues during an inflammatory 

 Certain infected or injured cells release chemical alarm 
signals—most notably histamine, along with prostaglandins 
and bradykinin (see chapter 46).  These chemicals promote the 
dilation of local blood vessels, which increases the flow of blood 
to the site and causes the area to become red and warm, two of 
the hallmark signs of inflammation. These chemicals also in-
crease the permeability of capillaries in the area, producing the 
third hallmark sign of inflammation, the edema (tissue swell-
ing) often associated with infection. Swelling puts pressure on 
nerve endings in the region, and this, in combination with the 
release of other mediators, leads to pain and potential loss of 
function, the final two hallmark signs of inflammation.
 Increased capillary permeability initially promotes the 
migration of phagocytic neutrophils from the blood to the ex-
tracellular fluid bathing the tissues, where the neutrophils can 
ingest and degrade pathogens; the pus associated with some 
infections is a mixture of dead or dying pathogens, tissue cells, 
and neutrophils. The neutrophils also secrete signaling mol-
ecules that attract monocytes several hours later; as the mono-
cytes differentiate into macrophages, they too engulf pathogens 
and the remains of the dead cells (figure 52.5) .
 The inflammatory response is accompanied by an acute-
phase response.     One manifestation of this response is an eleva-
tion of body temperature, or fever (see chapter 43).  When a 
macrophage with a TLR on its surface binds to a PAMP, the 
cytokine called interleukin-1 (IL-1) is released and is car-
ried by the blood to the brain .  IL-1 causes neurons in the 
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Figure 52.5  The events in local infl ammation. When invading pathogens have penetrated an epithelial surface, chemical alarm 
signals, such as histamine and prostaglandins, released from damaged cells, cause nearby blood vessels to dilate and increase in permeability. 
Increased blood fl ow causes swelling and promotes the accumulation of phagocytic cells, specifi cally neutrophils followed by macrophages, 
which attack and engulf invading the pathogens.

response .  Complement can be activated by mannose-binding 
lectin protein (MBL), one of the soluble sensors of innate im-
munity, or can be activated by a complex series of reactions 
involving charged species on the surface of pathogens.
 When the complement system is activated, complement 
proteins aggregate to form a membrane attack complex 
(MAC)    that inserts itself into the pathogen’s plasma membrane 
(or the lipid membrane around an enveloped virus), forming a 
pore. Ex tracellular fluid enters the pathogen through this pore, 
causing the pathogen to swell and burst. Activation of the com-
plement proteins is also triggered in a specific fashion when 
antibodies (which are secreted by B lymphocytes) are bound to 
invading pathogens, as we describe in a later section. 

 Other complement proteins, particularly one known as C3b,
may coat the surface of invading pathogens. Phagocytic neutrophils 
and macrophages, which have receptors for C3b, may thus be “di-
rected” to bind to the pathogens, promoting their phagocytosis 
and destruction. This is a particularly efficient way of eliminat-
ing those pathogens that do not have an outer lipid membrane 
into which a MAC may insert itself. Some complement proteins 
stimulate the release of histamine and other mediators by cells 
known as mast cells and basophils, promoting the dilation and 
increased permeability of capillaries; other complement proteins 
attract more phagocytes, especially neutrophils, to the area of 
infection through the more-permeable blood vessels.

Learning Outcomes Review 52.1 
Innate immunity is ancient and recognizes molecular patterns; adaptive 
immunity involves genetic rearrangements to attack specifi c pathogens. 
The molecular patterns that innate immunity recognizes include bacterial 
lipopolysaccharide and peptidoglycan, as well as viral RNA and DNA. The 
infl ammatory response begins with histamine release and involves a variety 
of molecules and signals that attract neutrophils, increase permeability, 
activate the complement system, and trigger fever.

 ■ Is innate immunity nonspecific?
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Figure 52.6  
The birth of 
immunology. 
This painting shows 
Edward Jenner 
inoculating patients 
with cowpox in 
the 1790s and thus 
protecting them 
from smallpox.

 Jenner’s procedure of injecting a harmless agent to con-
fer resistance to a dangerous one is called vaccination.     Modern 
attempts to develop resistance to malaria, herpes, and other dis-
eases often involve delivering antigens via a harmless vaccinia
virus related to the cowpox virus (see chapter 17).

Pasteur and avian cholera
Many years passed before anyone learned how exposure to an 
infectious agent could confer resistance to a disease. A key step 
toward answering this question was taken more than a half-
century later by the famous French scientist Louis Pasteur. Pas-
teur was studying avian cholera, a form that infects birds. He 
isolated a culture of bacteria from diseased chickens that would 
produce the disease if injected into healthy birds.
 It is reported that before departing on a two-week vaca-
tion, he accidentally left his bacterial culture out on a shelf. 
When he returned, he injected this old culture into healthy 
birds and found that it had apparently been weakened; the  
injected birds became only slightly ill and then recovered. 
Surprisingly, however, those birds did not get sick when sub-
sequently infected with fresh cholera bacteria that did produce 
the disease in control chickens. Clearly, something about the 
bacteria could elicit immunity, as long as the bacteria did not 
kill the animals first. We now know that molecules protruding 
from the surfaces of the bacteria evoked active immunity in 
the chickens.

Antigens stimulate specifi c immune responses
An antigen is a molecule that provokes a specific immune re-
sponse. The most effective antigens are large, complex mol-
ecules such as proteins. The greater their “foreignness,” or put 
another way, their phylogenetic distance from the host, the 
greater will be the immune response they elicit.
 Antigens may be components of a microorganism or a 
virus, but they may also be proteins or glycoproteins on the 
surface of transfused red blood cells or on transplanted tissue. 

 52.2 Adaptive Immunity

Learning Outcomes
Define the characteristics of adaptive immunity.1. 
Describe how lymphocytes acquire receptors.2. 
Distinguish between humoral and cellular forms 3. 
of immunity.

Few of us pass through childhood without contracting a va-
riety of infectious illnesses. Prior to the advent of an effective 
vaccine in about 1991, most children contracted chicken pox 
before reaching their teens. Chicken pox and some other such 
diseases were considered diseases of childhood because most 
people, once recovered, never experienced them again. They 
developed immunity to the chicken pox-causing varicella-zoster
virus and maintained this immunity as long as their immune 
systems remained intact. Similarly, immunization today with a 
nonpathogenic form of varicella virus can also confer protec-
tion. This immunity is produced by adaptive immune defense 
mechanisms, also called acquired immunity.

Immunity had long been observed, 
but the mechanisms have only  
recently been understood
Societies have known for over 2000 years that an individual 
who experiences an infectious disease is often protected against 
a subsequent occurrence of the same disease. The scientific 
study of immunity, however, did not begin until 1796, when an 
English country doctor, Edward Jenner, carried out an experi-
ment to protect people again smallpox.

Jenner and the smallpox virus
Smallpox, caused by the variola virus, was a common and deadly 
disease in the 1700s and earlier centuries. As with chicken pox, 
those who survived smallpox rarely caught the disease again, 
and people had been known to deliberately infect themselves 
through inoculation hoping to survive a mild case and become 
immune. Jenner observed, however, that milkmaids who had 
caught a much milder form of “the pox” called cowpox (pre-
sumably from cows) rarely experienced smallpox.
 Jenner set out to test the idea that cowpox could confer 
protection against smallpox. He inoculated a healthy child with 
fluid from a cowpox vesicle and later deliberately infected him 
with fluid from a smallpox vesicle; as he had predicted, the child 
did not become ill. (Jenner’s experiment would be considered 
unethical today.) Subsequently, many people were protected 
from smallpox by immunization with fluid from cowpox ves-
icles, a much less risky proposition (figure 52.6) .
 We now know that smallpox and cowpox are caused by 
two different viruses that have similar surfaces. Jenner’s pa-
tients who were injected with the cowpox virus mounted a 
defense that was also effective against a later infection of the 
smallpox virus.
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They may also be components of foods or pollens. A large an-
tigen is likely to have many different parts, known as antigenic 
determinants,     or epitopes (figure 52.7) , each of which can stimu-
late a distinct immune response.

Hematopoiesis gives rise to the cells 
of the immune system  
All the cells that are found in the blood are derived from the di-
vision and differentiation of hematopoietic stem cells, a process 
called hematopoiesis   (see chapter 50). Embryologically, these 
stem cells are initially found in the yolk sac, then migrate to 
the fetal liver and spleen and finally to the bone marrow. Stem 
cells give rise to lymphoid progenitors and myeloid progeni-
tors. A lymphoid progenitor, in turn, gives rise to both the B 
and T lymphocytes as well as to natural killer cells. A myeloid 
progenitor gives rise to all the other cells of the immune system 
as well as to erythrocytes and platelets (see figure 50.2)  .
 Although the lymphocytes are responsible for adaptive 
immunity, all the other leukocytes illustrated in figure 50.2   
play supporting roles in this specific response or are part of 
innate immunity. Monocytes give rise to the macrophages, 
and these along with the neutrophils   are phagocytic cells. 
Eosinophils   are important in the elimination of helminths 
(flatworms; see chapter 33), either via secretion of digestive 
enzymes through perforin pores inserted in the plasma mem-
brane of the helminths or occasionally by phagocytosis. They 
also play a role in exacerbating chronic inflammatory diseases 
such as asthma or inflammatory bowel disease.
 Basophils and mast cells    are not phagocytic but rather 
secrete inflammatory mediators such as histamine and pros-
taglandin in response to the binding of complement proteins 
during the elimination of pathogens. These cells, and mast cells 
in particular, are also activated during an allergic response, and 
the inflammatory mediators they release cause the symptoms of 
allergy. 
 Dendritic cells  are important in the activation of T cells, 
as will be described further. Dendritic cells also form a link 

Figure 52.7  Many diff erent epitopes are exhibited 
by any one antigen. a. A single protein, with associated 
carbohydrate, may have many different antigenic determinants 
called epitopes, each of which can stimulate a distinct immune 
response. b. A pathogen such as a bacterium has many proteins on 
its surface, and there are likely to be multiple copies of each. Note 
that the protein and bacterium are not drawn to scale with respect 
to each other. 

T A B L E  5 2 . 1
Cells of the 
Immune System

Cell Type Function

Helper T cell Specifi cally recognizes foreign peptides 

on antigen-presenting cells, inducing the 

release of cytokines that activate B cells 

or macrophages

Cytotoxic T cell Specifi cally recognizes and kills “altered-

self” cells: virally infected, or tumor cells

B cell Binds specifi c soluble antigens with its 

membrane-bound antibody; serves as 

an antigen-presenting cell to TH cells; on 

activation diff erentiates into plasma and 

memory B cells

Plasma cell Derived from activated B cell;  is a 

biochemical factory devoted to the secretion 

of antibodies directed against specifi c 

antigens

Natural killer cell Rapidly recognizes and kills virally infected 

or tumor cells

Monocyte Precursor of macrophage; located in blood

Macrophage Phagocytic tissue cell that is a component 

of the body’s fi rst cellular line of defense; 

also serves as an antigen-presenting cell to 

TH cells

Neutrophil A phagocytic cell that is a component of the 

body’s fi rst cellular line of defense; found in 

the blood in large numbers until attracted to 

tissues during infl ammation

Eosinophil Important to the elimination of parasites and 

involved in chronic infl ammatory diseases

Basophil Circulating cell that releases mediators such 

as histamine that promote infl ammation

Mast cell Located primarily under mucosal surfaces 

and releases mediators such as histamine 

that promote infl ammation; triggered both 

during infl ammatory and allergic responses

Dendritic cell Important antigen-presenting cell to naive 

TH cells; also helps in the activation of naive 

TC cells
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between innate and adaptive immunity. Dendritic cells have 
a variety of TLRs that recognize pathogens and stimulate 
secretion of  cy to kines and the inflammatory response. Thus 
they can present antigens and recognize pathogen patterns 
via innate receptors as well. The roles of these cells are sum-
marized in table 52.1  . 

Lymphocytes carry out the 
adaptive immune responses
The adaptive immune system is characterized by

Specifi city of recognition of antigen1. 
Wide diversity of antigens can be specifi cally recognized2. 
Memory, whereby the immune system responds more 3. 
quickly and more intensely to an antigen it encountered 
previously than to one it is meeting for the fi rst time
 Ability to distinguish self-antigens from nonself  4. 

The cells in the blood involved in the adaptive immune re-
sponse are leukocytes derived from a stem cell line called lym-
phoid progenitor cells (see fi gure 50.2). These lymphocytes
have receptor proteins on their surfaces that recognize spe-
cific epitopes on an antigen and direct an immune response 
against either the antigen in solution or on the cell surface 
(figure 52.8) . This response is also affected by signals derived 
from the innate system described earlier. The innate system 
dominates early in infection by a new pathogen, and the adap-
tive response dominates in later stages of infection.

Lymphocytes and antigen recognition
Although all the receptor proteins on any one lymphocyte have 
the same epitope specificity, it is rare that any two lymphocytes 

Figure 52.8 B- and T-cell receptors bind antigens. 
B-cell receptors are immunoglobulin (Ig) molecules with a 
characteristic Y-shaped structure. Every B cell has a single kind of 
Ig on its surface that binds to a single antigenic determinant. T-cell 
receptors are simpler than Ig molecules, but also bind to specifi c 
antigenic determinants. T cells only bind to antigens bound to 
another cell.

have identical specificities. This feature produces the diversity 
of immune responses that ensures that at least some epitopes of 
any antigen that might be encountered are recognized.
 A lymphocyte that has never before encountered anti-
gen is referred to as a naive lymphocyte. When a naive lympho-
cyte binds to a foreign antigen, the lymphocyte is activated, 
causing it to divide producing a clone of cells with identical 
antigen specificity, a process called clonal selection.    Some of 
these cells respond immediately to the antigen, and others be-
come memory cells, which can remain in our bodies for years 
and perhaps for the remainder of our lives. Memory cells are 
easily and rapidly activated on subsequent encounters with 
the same antigen.

B cells
Lymphocytes called B lymphocytes,  or B cells, respond 
to antigens by secreting proteins called antibodies, or 
immunoglobulins (Ig). Antigen recognition occurs when an 
antigen binds to immunoglobulins on the B cell’s membrane. 
Binding to antigen, in conjunction with other signals to be de-
scribed later, initiates a signaling pathway that leads to the pro-
duction of plasma cell’s that secrete antibodies specific for the 
epitope recognized by the antibody in the B-cell membrane. This 
B-cell–mediated response producing secreted antibodies is 
called humoral immunity.   

T cells
Other lymphocytes, called T lymphocytes,  or T cells, do 
not secrete antibodies but instead regulate the immune re-
sponses of other cells or directly attack the cells that carry 
the specific antigens. These cells participate in the other arm 
of adaptive immunity called cell-mediated immunity.    Both 
cell-mediated and humoral immunity processes are described 
in detail in later sections.

Inquiry question

? Jenner used cowpox virus to elicit an immune response 
against smallpox. What does this tell us about the antigenic 
properties of the two viruses?

Adaptive immunity can 
be active or passive
Immunity can be acquired in different ways. First, an individual 
can gain immunity when infected by a pathogen and perhaps 
developing the disease it causes. Alternatively, an individual can 
be immunized with portions of a pathogen or with a less viru-
lent form of the pathogen. Both of these situations result in 
active immunity, associated with the activation of specific lym-
phocytes and the generation of memory cells by the individual. 
Second, an individual can gain immunity by obtaining anti-
bodies from another individual. This happened to you before 
you were born, as some antibodies made by your mother were 
transferred to your body across the placenta. Immunity gained 
in this way is called passive immunity, and it does not result in 
the generation of memory cells. The immunity is only effective 
as long as the antibodies remain in your body. Like any other 
proteins, they will degrade in time. 
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Figure 52.9  Organs of the specifi c immune system. 
There are two types of immune system organs: primary lymphoid 
organs (red boxes), in which B and T lymphocytes mature and 
acquire their specifi c receptors, and secondary lymphoid organs 
(labeled in black) in which antigen is collected and through which 
the mature naive lymphocytes circulate in order to meet and be 
stimulated by antigen.

The immune system is supported 
by two classes of organs
The organs of the immune system consist of the    primary 
lymphoid organs—the bone marrow and the thymus—
as well as the secondary lymphoid organs—the lymph nodes, 
spleen, and mucosa-associated lymphoid tissue, or MALT 
(figure 52.9) .

The primary lymphoid organs
The bone marrow    is not only the source of stem cells, it is where 
B cells mature. After hematopoiesis gives rise to the most imma-
ture B cells, progenitor B cells, these cells complete their matura-
tion in the bone marrow. It is here that DNA rearrangements of 
the immunoglobulin genes, to be discussed later, dictate the speci-
ficity of each B cell. Every B cell has about 105 Ig molecules on 
its surface, all with identical specificity of epitope binding and all 
different from cell to cell.
 Any lymphocytes that are likely to bind to self-antigens 
undergo apoptosis (figure 52.10a) . The remainder are released 
to circulate in the blood and lymph and pass through the sec-
ondary lymphoid organs, where they may encounter antigen.
 After their origin in the bone marrow, progenitor T cells mi-
grate to the thymus,    a primary lymphoid organ located just above 
the heart. The thymus is very large in infants; it starts to shrink in 
the teenage years, which it continues to do throughout life.
 The antigen receptor on T cells is designated the T-cell 
receptor,    or TCR. The TCR is produced by gene rearrange-
ments as T cells mature in the thymus, similar to those that oc-
cur for Ig genes of progenitor B cells. Thus, T cells may express 
about 105 identical TCRs per T cell, all likely to be different 
from one T cell to the next.
 B cells recognize an epitope of an intact antigen that may 
or may not be a protein. In contrast, T cells recognize only a 
peptide fragment of a protein antigen, and this peptide frag-
ment must be bound to one of a series of self-proteins that are 
present on the surface of almost all of the body’s cells. These 
proteins are encoded by genes in the major histocompatibility 
complex, or MHC. The MHC is discussed in detail in subse-
quent sections.
 During selection in the thymus, T cells are exposed to 
many thymic cells, all expressing self-MHC proteins with 
bound self-peptides on their surfaces. If a T cell’s TCRs 
bind too strongly to these self-MHC protein complexes, 
that T cell becomes “self-reactive” and undergoes apoptosis 
(figure 52.10b). Conversely, if the T cell’s TCR does not bind 
MHC complexes at all, it is also eliminated. Only about 5% of 
the progenitor T cells that enter the thymus pass this rigorous 
two-step selection and avoid apoptosis.

The secondary lymphoid organs
The locations of the secondary lymphoid organs promote the 
filtering of antigens that enter any part of an individual’s body. 
Bacteria attached to a thorn stuck in the skin, for example, enter 
the lymph that bathes the tissues. Lymph is eventually returned 
to the blood circulation through a series of vessels referred to 
as the lymphatics (see chapter 50). On its way, the lymph is fil-
tered in the thousands of lymph nodes, which are located at the 
junction of lymphatic vessels (see figure 52.9).
 The many mature but naive B and T lymphocytes that 
have entered a lymph node on exiting the primary lymphoid 
organs, or the memory cells that are located here, become  
activated on meeting with antigen. Antibodies secreted on acti-
vation of B cells in the lymph nodes, as well as the clonal prog-
eny of the activated B and T cells, then leave the lymph node 
and enter the blood circulation when the lymph is returned to 
blood vessels near the heart.
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 Lymphocytes responding to antigens in a lymph node 
may pass out of capillaries supplying blood to the lymph node 
and enter the node’s tissues. This is the cause of the “swollen 
glands” that sometimes accompany infection. The local lymph 
nodes enlarge due to the vast influx of lymphocytes.
 Some antigens are found primarily in the blood, or in the 
blood as well as in the tissues. One example is the  bacterium 
Neisseria meningitidis, a cause of a potentially fatal meningitis 
(infection of the meninges, layers of membranes covering the 
brain).  Immune responses to such antigens occur in the spleen.    
 The splenic artery carries blood to the spleen where it 
then subdivides into arterioles. Antigens released into the 
ground tissue of the spleen are recognized by B and T cells 
present in the white pulp, regions of the spleen immediately 
surrounding the arterioles. Lymphocytes in the white pulp may 
be activated, as in the lymph node. Antibodies along with some 
of the activated lymphocytes exit via the splenic vein.
 The final important secondary lymphoid organ is the 
mucosa-associated lymphoid   tissue (MALT),    which includes 
the tonsils, the appendix, and a large number of follicles located 
in the connective tissue under mucosal surfaces. These follicles 
are composed of lymphocytes, primarily B cells but also some T 
cells, and some macrophages. Any antigens that pass through the 
mucosa immediately encounter lymphocytes in these follicles and 
their entry further into the body may be stopped at this point.
 If invading organisms manage to escape or evade innate 
defenses of mucosal surfaces as well as the specific responses 
of the lymphocytes in the MALT, then they still face a further 

Figure 52.10  Selection against 
self-reactive lymphocytes in 
primary lymphoid organs. After 
B and T lymphocytes acquire their 
specifi c receptors, self-reactive cells are 
eliminated by apoptosis. a. If Igs on 
the surface of a maturing B cell bind to 
an epitope on a bone marrow stromal 
cell, that cell will undergo apoptosis. 
The small percentage (10%) of B cells 
whose Igs do not recognize stromal cell 
epitopes will be released from the bone 
marrow. b. If TCRs on a maturing 
T cell bind too tightly to self-MHC/
self-peptide complexes on dendritic cells 
in the thymus, that T cell will undergo 
apoptosis. Cells that don’t bind MHC 
complexes at all are also eliminated. 
The very small percentage (2–5%) 
of maturing T cells that bind MHC 
peptide complexes with intermediate 
affi nity are released from the thymus. 
These cells bind self-MHC/foreign 
peptide complexes with high affi nity.

chance of being stopped by responses in the other secondary 
lymphoid organs.

Two forms of adaptive immunity have evolved
Adaptive immunity, involving the ability to distinguish be-
tween self and nonself, was long thought to have evolved once 
in vertebrates. The type of adaptive immunity described in this 
chapter first arose in the cartilaginous fish that evolved some 
450  mya (see chapter 35).
 Sharks and rays possess a thymus and a spleen, as well 
as a rather diffuse MALT. These animals mount cell-mediated 
responses with T cells bearing TCRs, and humoral responses 
with B cells that secrete Ig. Bone marrow in which hemato-
poiesis occurs appeared first in amphibians, although its exact 
role appears to vary in different species. Lymph nodes appeared 
first in birds, and their immune system differs little from that 
of mammals.
 Recently, a second form of adaptive immunity has been 
described in jawless fish. This system does not involve B and 
T cells with their characteristic receptors. Instead, lymphocytes 
have receptor proteins composed of variable repeats rich in the 
amino acid leucine. These proteins appear to function much 
like Ig, but with a completely different protein architecture. 
The number of different receptor proteins produced by this 
system appears similar to the number of potential Ig. The gen-
eration of diversity in the two systems appears to have some 
similarity as the different lymphocyte receptors in jawless fish 
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T A B L E  5 2 . 2 Lymphocyte Recognition of Antigen
Recognize epitopes
of soluble or 
particulate antigen

Recognize peptides 
bound to 
self-MHC proteins

Class of MHC 
proteins recognized

Cell types on 
which recognized 
MHC is expressed

B cells Yes No None NA

TH (CD4+) cells No Yes Class II Antigen-presenting cells: dendritic 

cells, B cells, and macrophages

TC (CD8+) cells No Yes Class I All nucleated cells

The MHC carries self and nonself information
As discussed earlier, the surfaces of most vertebrate cells ex-
hibit glycoproteins encoded by the MHC. In humans, the name 
given to the proteins encoded by the MHC complex is human 
leukocyte antigens (HLAs).    The genes encoding the MHC 
proteins are highly polymorphic (have many alleles). For ex-
ample, the HLA proteins are specified by genes that are the 
most polymorphic known, with nearly 500 alleles detected for 
some of the proteins. Only rarely will two individuals have the 
same combination of alleles, and the HLAs are thus different 
for each individual, much as fingerprints are.
 MHC proteins on the tissue cells serve as self markers 
that enable an individual’s immune system, specifically its T 
cells, to distinguish its own cells from foreign cells, an ability 
called self versus nonself recognition.
 There are two classes of MHC proteins. MHC class 
I proteins are present on every nucleated cell of the body. 
MHC class II proteins, however, are found only on antigen-
presenting cells (in addition to MHC class I); these cells in-
clude macrophages, B cells, and dendritic cells (table 52.2) . TC
cells respond to peptides bound to MHC class I proteins, and 
TH cells respond to peptides bound to MHC class II proteins.
 Most of the time, the peptides bound to MHC proteins 
are derived from self-proteins from the individual’s own cells. 
For this reason, it is important that T cells undergo selection in 
the thymus so that those that bind too strongly to peptides of 
self-proteins on self-MHC are eliminated. In this way, T cells 
normally are activated only outside the primary lymphoid or-
gans in which they mature, when they encounter peptides of 
foreign proteins on self-MHC—for example, in the case of vi-
ral infection or cancer.

Cytotoxic T cells eliminate virally 
infected cells and tumor cells
Activated cytotoxic T cells recognize “altered-self” cells, par-
ticularly those that are virally infected or tumor cells. The 
TCRs of cytotoxic T lymphocytes recognize peptides of en-
dogenous antigens bound to MHC class I proteins. Peptides of 
endogenous antigens are generated in a cell’s cytosol and then 
are pumped by special transport proteins into the rough en-
doplasmic reticulum where they become bound to MHC class 
I proteins. These proteins continue on their way through the 
endomembrane system to the cell surface.

are also assembled by DNA rearrangements. The makeup of 
the genes involved and the mechanism of these rearrangements 
is currently unknown.
 It is unclear whether this newly described form of adap-
tive immunity was present in the ancestor to all chordates, or if 
it evolved in the lineage that gave rise to jawless fish. Given the 
differences in the two systems, it is likely that they represent 
independent events. If this other form of adaptive immunity 
was present in the ancestor to all chordates, some vestige may 
remain in modern vertebrates, including humans.

Learning Outcomes Review 52.2 
Adaptive immunity is able to recognize individual pathogens and mount 
a specifi c response. Lymphocytes, produced in bone marrow, must acquire 
their specifi c receptors and undergo selection for self-reactivity in primary 
lymphoid organs. These mature but naive lymphocytes circulate to 
secondary lymphoid organs, where they may encounter foreign antigens. 
B cells produce circulating antibodies (humoral immunity); T cells kill 
pathogens or help other cells respond to them (cell-mediated immunity).

 ■ What type of adult stem cells are found in the 
immune system?

 52.3 Cell-Mediated Immunity

Learning Outcomes
Describe the function of cytotoxic T cells.1. 
Explain the role of helper T cells.2. 

T cells may be characterized as either cytotoxic T cells (TC )
or helper T cells ( TH ) .  These cells can also be identified based on 
cell surface markers. TC cells have CD8 protein on their cell 
surface, making them CD8+ cells. TH cells have CD4 protein 
on their cell surface, making them CD4+ cells.
 To be activated, both of these T cell types must rec-
ognize peptide fragments bound to MHC proteins, but the 
two cell types may be distinguished by (1) recognition of 
different classes of MHC proteins, which have distinct cell 
distributions, and (2) differing roles of the T cells after they 
are activated.
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 An endogenous antigen may be a self-protein, or it 
may be a viral protein produced within a virally infected cell 
or an unusual protein produced by a cancerous cell. TC cells 
respond only to the peptides of these unusual proteins bound 
to self-MHC class I. T-cell activation occurs in a secondary 
 lymphoid organ, as described earlier. In a lymph node, for ex-
ample, T cells encounter antigen-presenting cells. Dendritic 
cells in particular often present antigens that activate TC cells.
 Because not all viruses can infect dendritic cells, the den-
dritic cells must ingest viruses or tumor cells and then, through 
a mechanism referred to as cross-presentation, place the viral 
or tumor peptides on MHC class I proteins. Binding of the 
TC cell through its TCR and its CD8 site to the dendritic cell 
induces clonal expansion of the TC cell, generating many acti-
vated TC cells as well as memory TC cells (figure 52.11) . The 
activated TC cells then circulate around the body where they 
bind to “target” host cells that express the same combination of 
foreign peptide on self-MHC class I (figure 52.12) .
 Apoptosis of the target cell is induced in a very similar 
fashion to that used by NK cells; a TC cell secretes perforin 
monomers that create pores in the target’s membrane; gran-
zymes enter and activate caspases, which in turn cause apopto-
sis of the target.

Helper T cells secrete proteins 
that  direct immune responses
Activated helper T cells, TH cells, secrete low-molecular-
weight proteins known as cytokines.    A vast array of cytokines 
is known, many but not all of which are secreted by TH cells. 
These cytokines bind to specific receptors on the membranes 
of many other cells, particularly but not exclusively those of the 
immune system. On binding, they initiate signaling cascades in 
these cells that promote their activation or differentiation.

Figure 52.11  Cytotoxic T cells induce apoptosis 
of “altered-self” cells. Naive cytotoxic T cells are initially 
activated on TCR recognition of foreign peptide displayed on self-
MHC class I proteins on dendritic cells in a secondary lymphoid 
organ. Activation results in clonal expansion and differentiation 
into memory cells and activated cells. Activated progeny of the 
TC cell can induce apoptosis of any cell in the periphery (outside 
the secondary lymphoid organ) that displays the same self-MHC 
class I–peptide combination on its surface. This will most likely be 
a virally infected cell or a tumor cell.

Figure 52.12  Cytotoxic T cells destroy tumor cells. 
a. The cytotoxic T cell (orange) comes into contact with a tumor 
cell (purple). b. The T cell recognizes that the tumor cell is 
“altered-self” and induces the apoptosis of the tumor cell.
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 Because cytokines are quite potent, they are generally se-
creted at very low concentrations so that, with a few exceptions, 
they bind only to nearby cells. IL-1 is an exception in that it 
travels to the hypothalamus to induce the fever response. Dif-
ferent subsets of TH cells secrete cytokines specific for different 
cell receptors, so it is largely the TH cells and the cytokines they 
secrete that determine whether an immune response will be 
humoral or cell-mediated in nature.
 TH cells respond to exogenous antigen that has been 
brought into an antigen-presenting cell. Macrophages or 
dendritic cells acquire these antigens by phagocytosis or en-
docytosis, and B cells gain them through receptor-mediated 
endocytosis. Once inside these cells, the antigen is gradually 
degraded in increasingly acidic endosomes or lysosomes. Pep-
tides of the antigen join with MHC class II proteins in certain 
of these endosomes, and the MHC class II–peptide complexes 
are then transported to and displayed on the cell surface of the 
antigen-presenting cell. TH cells encounter these cells within 
the secondary lymphoid organs and bind to the complexes. 
The CD4 protein of the TH cells additionally bind to con-
served regions of MHC class II.
 A naive TH cell expresses a protein called CD28 that must 
bind to a protein called B7 if that T cell is to be activated. B7 is 
found only on antigen-presenting cells and is at highest levels 
on dendritic cells. This requirement ensures that TH cells are 
activated only when needed; this careful regulation is necessary 
due to the potency of the cytokines these cells release.
 As with TC cells, an activated TH cell gives rise to a 
clone of TH cells including both effector TH cells and mem-
ory TH cells, with identical TCR specificity. Most of the 
effector cells will leave the lymphoid organ and circulate 
around the body.

T cells are the primary cells that  
mediate transplant rejection
When T cells encounter the nonself MHC–peptide complexes 
present on transplanted tissue, such as a kidney, the TCRs on 
many of the T cells can weakly bind to these complexes. This 
is simply a case of cross-reactivity: The structure of a nonself 
MHC–peptide complex sufficiently resembles that of the self-
MHC–foreign-peptide complex. The result is that the T cell 
binds to the foreign tissue cell.
 Although the interactions between TCRs and nonself 
MHC–peptide complexes are relatively weak, many interac-
tions occur between any one T cell and any one transplanted 
cell because a high density of MHC proteins is present on the 
surface of all cells. This activates the T cells and initiates the 
attack on the foreign tissues.
 Because of the genetic basis of MHC proteins, the 
more closely two individuals are related, the less their MHC 
proteins vary, and thus the more likely they will be to toler-
ate each other’s tissues. As a result, relatives are often sought 
as donors for patients in need of an organ transplant, and 
HLA typing is done to find matching alleles.
 A variety of drugs are used to suppress immune system 
rejection of a transplant; most individuals with a non-MHC-
matched transplant continue to take some of these drugs for the 

remainder of their lives. One very effective drug is cyclosporin, 
which blocks the activation of lymphocytes.

Cells of the innate immune 
system release cytokines
Many cells in addition to TH cells release cytokines, always in a 
carefully regulated fashion. For example, macrophages that have 
been activated by phagocytosis of antigen, or by the binding of 
PAMP molecules to TLRs on their surface, release cytokines 
such as interleukin-12 (IL-12) that can, in turn, bind to TH cells 
to increase their level of activation. Macrophages with TLRs 
bound to PAMP also release other cytokines, such as tumor ne-
crosis factor-α (TNF-α). These cytokines bind to blood vessels 
to induce a local or even systemic increase in vascular permeabil-
ity. This links the innate response to the adaptive response.

Learning Outcomes Review 52.3
T cells respond to peptides of foreign antigens displayed on self-MHC 
proteins. Activated TC cells induce apoptosis of altered self cells—those that 
are virally infected or are tumor cells. TH cells secrete cytokines that promote 
either cell-mediated or humoral immune responses.

 ■ How are T-cell receptors different from Toll-
like receptors?

 52.4 Humoral Immunity 
and Antibody Production

Learning Outcomes
Explain how antibody diversity is generated.1. 
List the five classes of immunoglobulins.2. 
Explain how vaccination prevents disease.3. 

The B-cell receptors for antigen are the immunoglobulin mol-
ecules present as integral proteins in the plasma membrane. As 
noted earlier, each B cell exhibits about 105 immunoglobulin 
molecules of identical specificity for a particular epitope of an 
antigen. Naive B cells in secondary lymph organs encounter 
antigens. When immunoglobulin molecules on a B cell bind 
to a specific epitope on an antigen, and the B cell receives ad-
ditional required signals, particularly cytokines secreted by 
TH cells, then that B cell becomes activated, proliferating into 
plasma cells and memory cells (figure 52.13) .
 Each plasma B cell is a miniature factory producing solu-
ble antibodies of the same specificity as the membrane-bound 
antibodies of the parent B cell. These antibodies enter the 
lymph and blood circulation as well as the extracellular fluid, 
and they bind to the appropriate epitopes of antigen encoun-
tered anywhere in the body. Any one antigen may present a 
variety of epitopes, so that different B cells might recognize 
different epitopes of a single antigen.
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 Once immunoglobulins coat an antigen, many other cells 
and processes may be activated to eliminate the antigen. The 
immunity to avian cholera that Pasteur observed in his chickens 
resulted from such antibodies and from the continued presence 
of the progeny of the B cells that produced them.

Immunoglobulin structure reveals  
variable and constant regions
Each immunoglobulin molecule consists of two identical short 
polypeptides called light chains     and two identical longer poly-
peptides called heavy chains (figure 52.14) . The four chains 
in an immunoglobulin molecule are held together by disulfide 

bonds, forming a Y-shaped molecule (figure 52.14a). Each 
“arm” of the molecule is referred to as an Fab region, and the 
“stem” is the Fc region (figure 52.14b).

Antibody specificity: The variable region
Comparison of the amino acid sequences of many differ-
ent immunoglobulin molecules has demonstrated that the 
specificity of immunoglobulins for antigen epitopes resides 
in the amino-terminal half of each Fab region. This half of 
the Fab has an amino acid sequence that varies from one im-
munoglobulin to the next and is thus designated the variable 
region.     Both the light chain and the heavy chain have a vari-
able region.

Figure 52.13  Helper T cells secrete cytokines promoting either cell-mediated or humoral immune responses. Naive 
helper T cells are initially activated by TCR bound to a foreign peptide displayed on self-MHC class II proteins on dendritic cells. Activation 
results in clonal expansion and differentiation into memory cells and activated cells. TH cells promote the humoral response when they 
recognize the same antigen displayed by a B cell. Cytokines such as interleukin-4 (IL-4) released from the TH cell then activate the B cell  , 
producing memory cells and plasma that secrete antibodies against the antigen. TH cells also secrete interferon-γ (IFN-γ), which stimulates 
cells involved in the cellular response such as the macrophage shown here. Macrophages secrete other cytokines that stimulate TH cells.
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Figure 52.14  The structure of an 
immunoglobulin molecule. a. In this model 
of an immunoglobulin (Ig) molecule, amino acids 
in the peptide chains are represented by small 
spheres. The molecule consists of two heavy 
chains (brown) and two light chains (yellow). The 
four chains form a Y shape, with two identical 
antigen-binding sites at the arms of the Y, the Fab 
regions, and a stem, or Fc region. The two Fab 
regions are joined to the Fc   region by a fl exible 
hinge. b. A more schematic depiction showing 
heavy chains (brown) and light chains (yellow) as 
rods. The two identical halves of the molecule are 
joined by disulfi de bonds (red) as are the heavy and 
light chains of each half. c. Ig molecule shown as a 
membrane protein. This depiction highlights the 
domain structure of heavy and light chains. Each 
chain contains a series of domains, each about 
110 amino acids, which include an immunoglobulin 
fold motif. These are represented as loops with 
globular structure maintained by disulfi de bonds 
(red). The amino-terminal half of each Fab is a 
variable region (blue) that binds to an epitope 
and the remainder of the molecule is the 
constant region.

although not generally on the same antigen because of steric 
(shape) constraints. This ability to bind with two epitopes al-
lows the formation of antigen–antibody complexes containing 
multiple antibody and antigen molecules (figure 52.15a) .

Function of antibody classes: The constant region
Although the specificity of each immunoglobulin is deter-
mined by its variable region, the function of the immunoglob-
ulin depends on its class, as determined by the heavy-chain 
constant region, and particularly the Fc portion of the con-
stant region.
 Many cells have Fc receptors that can bind the Fc re-
gion of a particular class of immunoglobulin. Therefore, 
when an immunoglobulin binds to an antigen through its 
antigen-binding site, another cell, such as a phagocytic cell, 
may be brought close to the antigen by binding to the Fc re-
gion of the immunoglobulin (figure 52.15c). This binding of 
 antigen–antibody complex to Fc receptors can also activate 
these cells. In this way, specific immunoglobulins can promote 
the interaction of nonspecific cells with the antigen, generally 
resulting in the elimination of the antigen.

 The amino acid sequence of the remainder of the im-
munoglobulin is relatively constant from one immuno-
globulin to the next and is thus designated the constant region     
(figure 52.14c). Both light and heavy chains also exhibit con-
stant regions. Careful analysis shows that light-chain constant 
regions of mammalian immunoglobulins consist of two different 
sequences, designated κ (kappa) and λ (lambda), which have ap-
parently equivalent function. The heavy-chain constant regions 
consist of five different sequences: μ (mu), δ (delta), γ (gamma), 
α (alpha), and ε (epsilon). When each of these heavy chains is 
bound to either type of light chain, they give rise to a particular 
class of immunoglobulin: IgM, IgD, IgG, IgA, and IgE.

Binding of antibody with antigen
The variable regions of the heavy and light chains fold together 
to form a sort of cleft, the antigen-binding site    (see figure 52.14). 
The size and shape of the antigen-binding site, as well as which 
amino acids line its surface, determine the specificity of each im-
munoglobulin for an antigen epitope.
 Because each immunoglobulin is composed of two iden-
tical halves, they can each bind with two identical epitopes, 
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The fi ve classes of immunoglobulins 
have diff erent functions
The five classes of antibodies are based on the sequence and 
structure of the constant regions of their heavy chains. These 
five classes have different functions in the protection of an in-
dividual. Characteristics of the different classes are summarized 
in table 52.3  and are described in the following sections.
 Keep in mind that antibodies don’t kill invading patho-
gens directly; rather, they cause destruction of pathogens by 
targeting them for attack by other, nonspecific cells or by acti-
vating the complement system.
   IgM   is a receptor on the surface of all mature, naive B cells 
and is the first type of antibody to be secreted during an im-
mune response. Although IgM in the membrane of a B cell is 
monomeric in form, it is secreted as a pentamer (five units) of 
about 900,000 kDa. Its large size restricts it to the circulation, 
but its pentameric form means that it very efficiently promotes 
agglutination of larger antigens (figure 52.15a) and precipitation 

Figure 52.15  Binding of antibody to antigens can 
cause agglutination, precipitation, or neutralization of 
the antigens. a. Binding of secreted IgM to larger particulate 
antigens leads to the clumping, or agglutination, of the antigens. 
b. Binding of secreted IgM to small soluble antigens can lead to 
their precipitation. Secreted IgG, due to its high concentration 
(75% of plasma Ig), can also agglutinate and precipitate antigens. 
IgG does not precipitate as effi ciently as IgM because of the 
pentameric nature of secreted IgM. c. Secreted IgG can coat or 
neutralize an antigen by blocking its ability to bind to a host. 
Macrophages and neutrophils that have Fc receptors for IgG can 
thus attach to an antigen–antibody complex, which they will then 
phagocytose and destroy.

T A B L E  5 2 . 3
Five Classes of 
Immunoglobulins

Class Function

IgM First antibody secreted during the 

primary immune response; promotes 

agglutination and precipitation 

reactions and activates complement

IgD Present only on surfaces of B cells; 

serves as antigen receptor

IgG Major antibody secreted during the 

secondary response; neutralizes 

antigens and promotes their 

phagocytosis and activates 

complement

IgA Most abundant form of antibody in 

body secretions; high density of IgA-

secreting plasma cells in the MALT

IgE Fc binds to mast cells and basophils; 

allergen binding to V regions promotes 

the release of mediators, which 

triggers allergic reactions

Pentamer 

Monomer 

Dimer 

Monomer 

Monomer 
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of soluble antigens (figure 52.15b). IgM bound to an antigen also 
activates a complement protein cascade, triggered by the binding 
of certain complement proteins to the exposed Fc ends.
 IgD    is also present, along with IgM, on mature naive 
B cells. The B cells can be activated by cross-linking of two IgD 
molecules, although under normal circumstances this class of 
immunoglobulin is not secreted by the cells. On B-cell activa-
tion, IgD is no longer displayed on the cell surface. Other roles 
for IgD remain elusive.
 IgG is the major form of antibody in the blood plasma 
and in most tissues, making up about 75% of plasma antibod-
ies. It is the most common form of antibody produced in a 
secondary immune response (any response triggered on a sub-
sequent  exposure to an antigen). IgG can bind to an antigen in 
such quantity that the antigen—a virus, bacterium, or bacteri-
ally derived toxin—is said to be neutralized, meaning that it 
can no longer bind to the host. Macrophages and neutrophils 
have Fc receptors that bind to IgGs bound to antigens, and in 
this way IgG binding or coating of antigens facilitates their 
elimination by phagocytosis (figure 52.15c). IgG is also impor-
tant in providing passive immunity to a fetus; it readily crosses 
the placenta from the mother. Finally, IgG can also activate 
complement, although not as efficiently as IgM, leading to 
pathogen elimination.
 IgA is the major form of antibody in external secretions, 
such as saliva, tears, and the mucus that coats the gastrointes-
tinal tract, bronchi, and genitourinary tract. IgA plays a major 
role in protection of these surfaces; it is usually secreted as a 
dimer. The many plasma cells present in the MALT, under the 
mucosal surfaces, secrete IgA that crosses the epithelial cells 
to the lumen of these tracts; here it can bind and neutralize 
antigens. Additionally, any pathogen that passes through a mu-
cosal surface becomes bound to IgA because it is secreted by 
cells in follicles under that surface. The bound IgA crosses the 
epithelial cells into the lumen, taking the pathogen with it. The 
pathogen can then be eliminated by innate defenses. IgA also 
provides passive immunity to a nursing infant since it is present 
in mother’s milk.
 IgE is present at very low concentration in the plasma. 
On secretion, most becomes bound to mast cells and basophils 
that recognize the Fc portion of IgE. As described later, bind-
ing of certain normally harmless antigens to IgE molecules 
bound to mast cells and basophils produces the symptoms of 
allergy, such as the runny nose and itchy eyes of hay fever. IgE 
is also often secreted in response to an infection by helminth 
worms. In this instance, secreted IgE binds to epitopes on the 
worms and is then recognized by Fc receptors on eosinophils. 
The eosinophils generally kill the worms by secreting digestive 
enzymes through perforin pores into the worms.

Immunoglobulin diversity is generated  
through DNA rearrangement
The vertebrate immune system is capable of recognizing as 
foreign virtually any nonself molecule presented to it. It is esti-
mated that human or mouse B cells can generate antibodies 
with over 1010 different antigen-binding sites. Although an 

individual probably does not have antibodies specific to all 
epitopes of an antigen, it is fairly certain that antibodies will 
recognize some of the epitopes, which is all that is required 
to generate an effective immune response. How do vertebrates 
generate such diversity of antigen recognition?
 The answer lies in the unusual genetics of the variable 
region. This region in each chain of an immunoglobulin is not 
encoded by one single stretch of DNA but rather is assembled 
by joining two or three separate DNA segments together 
to produce the variable region. This process is called DNA 
rearrangement     and is similar to the crossing over that occurs dur-
ing meiosis (see chapter 11) with two key differences: It occurs 
between loci on the same chromosome and it is site-specific.
 DNA rearrangement occurs as a progenitor B cell ma-
tures in the bone marrow. After DNA rearrangement, RNA 
transcription produces an mRNA that can be translated into 
either a heavy- or a light-chain immunoglobulin polypeptide, 
depending on the locus transcribed.
 Cells contain homologous pairs of chromosomes, but 
DNA rearrangement occurs for the heavy-chain and light-
chain loci on only one homologue, a process referred to as al-
lelic exclusion. Thus, each B cell makes immunoglobulins of only 
one specificity.

Variable region DNA rearrangements
Sequencing of human immunoglobulin heavy-chain gene loci 
from several different individuals shows that the locus con-
tains a cluster of approximately 50 sequential DNA segments, 
termed V segments, followed by a cluster of approximately 30 
smaller segments, D segments, and finally by another cluster 
of 6 smaller segments,  J  segments. Each V segment is approxi-
mately the same size as any other, but they are all of different 
nucleo-tide sequence and thus encode different amino acids; 
the situation is similar for the D and the J segments.
 The first DNA rearrangement during B-cell matura-
tion is a site-specific recombination event joining one of the 
D segments to one of the J segments (figure 52.16).  Re-
combination between two sites on the same chromosome 
results in the deletion of the intervening DNA, which is 
subsequently degraded.
 This is followed by another site-specific recombination 
joining a V segment to the rearranged DJ, with the deletion of 
all the intervening DNA. Which V, which D, and which J are 
chosen by any cell appears to be completely random.
 Because of the many combinations of V, D, and J that 
can be formed, one can calculate the generation of about 9000 
different heavy-chain variable-region sequences. A similar 
situation occurs for light-chain variable region formation, ex-
cept that each light-chain variable region is encoded by only a 
V segment and a J segment.
 Other processes contribute even further to the diversity 
of variable region sequence. As the DNA segments are joined 
to each other, a few nucleotides may be added to or deleted 
from the ends of each segment, and this is generally followed 
by somewhat imprecise joining of the segments to each other, 
resulting in a shift of the reading frame. B cells may end up ex-
pressing any heavy-chain variable region with any light-chain 
variable region during its maturation. Lastly, these genes  show  
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polypeptide, which associates with a light-chain polypeptide 
in the rough endoplasmic reticulum. Thus, the mature naive 
B cell expresses both IgM and IgD on its surface, both having 
the same antigen-binding specificity (see figure 52.16).

T-cell receptors
At this point, we must briefly return to T-cell receptors and 
examine their similarity to the immunoglobulins of B cells. The 
structure of a TCR is essentially like a single Fab region of an 
immunoglobulin molecule (figure 52.17). 
 The TCR is a dimeric (two-chain) protein, with about 
95% of TCRs composed of an α chain and a β chain  .  The 
amino terminal halves of the two polypeptides are the vari-
able domains that bind to self-MHC plus peptide, and the 
membrane-proximal halves are the constant domains of each 
polypeptide. The TCR variable-region gene loci also contain 
multiple DNA segments—V, D, and J, or only V and J—that 

an elevated mutation rate, termed somatic hyper-mutation. 
Taking all these processes into account has allowed the esti-
mate of more than 1010 possible variable regions. 

Transcription and translation 
After the DNA rearrangements that encode the variable region 
are complete, pre-mRNA transcripts are formed with 5′ ends 
that begin at the rearranged variable region-encoding segments 
and continue through constant region exons. More specifically, 
heavy-chain-encoding pre-mRNA transcripts start at the rear-
ranged VDJ and continue through exons encoding μ and δ con-
stant regions (see figure 52.16).
 Alternative splicing of these RNA transcripts removes any 
extra J segments that remain 3′ to the rearranged VDJ, as well 
as either δ or μ sequences, resulting in transcripts that all en-
code the same variable region but either μ or δ constant region 
exons, respectively. Translation results in a μ or δ heavy-chain 

Figure 52.16  Immunoglobulin diversity is generated by rearrangement of segments of DNA. An immunoglobulin (Ig) 
protein is encoded by different segments of DNA: a V (variable), a D (diversity), and a J (joining) segment, plus a constant region. These are 
joined by a precise sequence of DNA rearrangements during maturation in the bone marrow. This fi rst joins a D to a J segment, then this 
combined DJ joins to a V segment. Other cells will select other V, D, and J segments, contributing to Ig diversity. Transcription starts at the 
rearranged VDJ and continues through constant-region exons. PreRNA splicing joins the variable region to either a μ or a δ constant region. 
These transcripts are translated by ribosomes on the RER to produce heavy-chain polypeptides that join with light chains (encoded by a V, a 
J, and a C). These proteins are transported to the cell surface, resulting in a mature naive B cell that expresses both IgM (μ constant region) 
and IgD (δ constant region), with the same variable region and thus the same antigen specifi city.

rav32223_ch52_1055-1083.indd   1073rav32223_ch52_1055-1083.indd   1073 11/19/09   1:45:28 PM11/19/09   1:45:28 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m

www.ravenbiology.com


Apago PDF Enhancer

a  chain b  chain 

Variable region 

Immunoglobulin 
domains 

Constant region 

A
m

ou
nt

 o
f a

nt
ib

od
y 

Exposure 
to cowpox 

Time 

Exposure 
to cowpox 

IgM 
IgG 

This interval 
may be years 

Secondary response 

Primary response 

1074 part VII Animal Form and Function

Figure 52.17  The structure of a TCR is similar to an 
immunoglobulin Fab. TCRs are composed of two chains—
generally α and β—joined by a disulfi de bond (red). Each also 
includes two immunoglobulin domains as in an Ig Fab. The amino-
terminal domain of each chain is the variable region that binds to 
an MHC–peptide complex, and the membrane-proximal domain is 
the constant region .  Unlike Igs, TCRs are not secreted.

Inquiry question

? What does the common structure and mechanism of 
formation of Igs and TCRs suggest about the evolution of B 
and T lymphocytes and these proteins?

Figure 52.18  The development of active immunity. 
Immunity to smallpox in Jenner’s patients occurred because 
their inoculation with cowpox stimulated the development of 
lymphocyte clones, including memory cells, with receptors that 
could bind not only to cowpox but also to smallpox antigens. A 
second exposure stimulates the memory cells to produce large 
amounts of antibody of the same specifi city and much more rapidly 
than during the primary immunization. The fi rst antibodies 
produced during the primary response are IgM in class (red), 
although IgG (blue) is secreted near the end of the primary 
response. The majority of the antibody secreted during a secondary 
response is IgG, although IgA could be secreted if the antigen has 
activated B cells in the MALT, or in some circumstances, such as 
allergies, IgE is secreted.

 It is advantageous for an individual to produce immuno-
globulins of different classes during an immune response because 
each class has a different function. During a second exposure to 
the same antigen, while memory cells are activated and secrete 
isotypes other than IgM, other naive B cells also recognize the 
antigen for the first time, become activated, and secrete IgM.
 Memory cells can survive for several decades, which is why 
people rarely contract chicken pox a second time   after they have 
had it once or been vaccinated against it. The vaccine triggers a 
primary response, so that if the actual pathogen is encountered 
later, a large and rapid secondary response occurs and stops the 
infection before disease symptoms are even detected. The viruses 
causing childhood diseases have surface antigens that change little 
from year to year, so the same antibody is effective for decades.

Learning Outcomes Review 52.4
Antibodies have variable regions by which they recognize and bind to an 
antigen. Variable regions are encoded by joining distinct DNA segments, 
providing recognition diversity. Each antibody also has one of fi ve kinds of 
constant region that determines its function; these fi ve classes are IgA, IgD, 
IgE, IgG, and IgM. Vaccination artifi cially presents an antigen to elicit the 
primary response; when encountered later, a pathogen with this antigen is 
eliminated quickly by the secondary response.

 ■ How do Ig receptors differ from TLR innate receptors? 

are joined by the same enzymes and in a similar fashion to the 
immunoglobulin gene segments. This similarity in structure 
and DNA rearrangements produces similar diversity of TCRs 
as immunoglobulins.

The secondary response to an antigen  is 
more eff ective than the primary response
When a particular antigen enters the body, it must, by chance, 
encounter naive lymphocytes with the appropriate receptors to 
provoke an immune response. The first time a pathogen invades 
the body only a few B or T cells may exist with receptors able to 
recognize the pathogen’s epitopes or, for infected or otherwise 
abnormal cells, foreign peptides bound to self-MHC. Thus, in 
this first encounter, a person develops symptoms of illness because 
only a few cells are present that can mount an immune response. 
Clonal expansion of T and B cells occurs, as well as secretion of 
IgM antibodies, but this takes several days (figure 52.18) .
 Because a clone of many memory cells develops during the 
primary response, the next time the body is invaded by the same 
pathogen, the immune system is ready. Memory cells are more 
rapidly activated than are naive lymphocytes, so a secondary im-
mune response both initiates and peaks much more rapidly than 
a primary response. Further clonal expansion takes place, along 
with the secretion of large amounts of antibodies that are gener-
ally of the IgG class, although IgA and IgE are also possible (see 
figure 52.18). The class of immunoglobulin produced is dictated 
by the identity of the cytokines, derived from activated TH memo-
ry cells, that bind to the B cells during their secondary response.
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toimmune diseases. Immune suppression is generally accom-
plished by administering corticosteroids and nonsteroidal  anti-
inflammatory drugs, including aspirin.

Allergies are caused by IgE secretion 
in response to antigens
The most common form of allergy is known as immediate 
hypersensitivity. It is the result of excessive IgE production 
in response to antigens, generally referred to as allergens 
in this context. Allergens that provoke immediate hyper-
sensitivity include various foods, the venom in insect stings, 
molds, animal danders, and pollen grains. The most com-
mon allergy of this type is seasonal hay fever, which may 
be provoked by the pollen from ragweed (Ambrosia spp.) or 
other plants. Allergies have earned the designation “immedi-
ate” because a response to an allergen occurs within seconds 
or minutes.
 The first time or even the first few times that one en-
counters an allergen, the allergen binds to and activates B cells, 
which start to secrete allergen-specific immunoglobulins. Acti-
vated TH cells release cytokines such as IL-4, which bind to the 
B cells and dictate that the antibodies secreted should be IgE. 
The B cells rapidly switch from the more common IgG secre-
tion to IgE secretion.
 Unlike IgG, IgE rapidly binds to mast cells and basophils. 
When the individual is again exposed to the same allergen, the 
allergen now specifically binds to the exposed variable regions 
of identical IgE molecules attached to mast cells and basophils. 
This binding triggers these cells to secrete histamine, prosta-
glandins, and other chemical mediators, which produce the 
symptoms of allergy (figure 52.19) .
 In systemic anaphylaxis,     the allergic reaction is severe 
and potentially life-threatening because of the rapid inflam-
matory response and release of chemical mediators. The in-
dividual experiences a tremendous drop in blood pressure; 
swelling of the epiglottis can block the trachea, and bron-
chial constriction can prevent the exit of air from the lungs. 
This combination of effects is referred to as anaphylactic 
shock. Death can result within 20 to 30 min without prompt 
medical treatment.
 Fortunately, most people with allergies only experience 
local anaphylaxis, such as the itchy welts from hives, or the respi-
ratory constriction of mild asthma. Diarrhea from response to 
food allergens is another form of local anaphylaxis.
 Allergies have traditionally been treated with antihis-
tamines that prevent histamine released by mast cells from 
binding to its receptor. More recently, a variety of drugs have 
been developed that block the activation of mast cells and ba-
sophils, so that they do not release their mediators. Hyposen-
sitization treatment is another alternative; it consists of the 
injection, over several months, of an increasing concentration 
of the allergens to which one is allergic. In some individuals, 
particularly those with allergic rhinitis (runny nose and eyes) 
or asthma, this treatment seems to cause a preferential secre-
tion of IgG rather than IgE, and allergy symptoms diminish 
over time.

 52.5  Autoimmunity 
and Hypersensitivity

Learning Outcomes
Define autoimmune diseases.1. 
Explain the cellular basis of the allergic reaction.2. 

Sometimes the immune system is the cause of disease rather 
than the cure. Inappropriate responses to self-antigens may oc-
cur, as well as inappropriate or greatly heightened responses to 
foreign antigens, which, in turn, causes tissue damage.
 A mature animal’s immune system normally does not re-
spond to that animal’s own tissue. This acceptance of self cells 
is known as immunological tolerance.    The immune system of 
a fetus undergoes the process of tolerance to lose the ability to 
respond to self-molecules as its development proceeds.
 We now know that not all self-reactive T and B lym-
phocytes undergo apoptosis during selection in primary 
lymphoid organs. Normal healthy individuals are known to pos-
sess mature, potentially self-reactive lymphocytes. The activity 
of these cells, however, is regulated or suppressed so that they 
do not respond to the self-antigens they encounter. When this 
regulation or suppression breaks down, then humoral or  cell-
mediated responses can occur against self-antigens, causing se-
rious and sometimes fatal disease.
 Additionally, an immune response against a foreign anti-
gen may be a greater one than is actually required to eliminate 
the antigen, or the response may be seemingly inappropriate to 
the antigen. Thus, instead of eliminating the antigen with only 
a localized inflammatory response, extensive tissue damage and 
occasionally death occurs.

Autoimmune diseases result from immune 
system attack on the body’s own tissues
Autoimmune diseases are produced by the failure of immuno-
logical tolerance. Autoreactive T cells become activated, and 
autoreactive B cells produce autoantibodies, causing inflam-
mation and organ damage. More than 40 known or suspected 
autoimmune diseases exist, affecting 5 to 7% of the population. 
For reasons that are not understood, two-thirds of the people 
with autoimmune diseases are women.
 Autoimmune diseases can result from a variety of mecha-
nisms. For example, the self-antigen may normally be hidden 
from the immune system; if later it is exposed, the immune sys-
tem may treat it as foreign. This happens, for example, when a 
protein normally trapped in the thyroid follicles triggers auto-
immune destruction of the thyroid (Hashimoto thyroiditis). It 
also occurs in sympathetic ophthalmia in which antigens are 
released from the eye.
 Because the immune attack triggers inflammation, and 
inflammation causes tissue and organ damage, the immune 
system must be suppressed to alleviate the symptoms of au-
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Figure 52.19  An allergic response. On initial exposure 
to an allergen, B cells are activated to secrete antibodies of the 
IgE class. These antibodies are in very low levels in the plasma 
but rapidly bind to Fc receptors on mast cells or basophils. On 
subsequent exposure to allergen, the allergen cross-links variable 
regions of two neighboring IgEs with the same epitope specifi city 
on mast cells and basophils. This induces the cells to release 
histamine and other mediators of infl ammation that will cause the 
symptoms of allergy.

ingested the antigen, they release cytokines that activate the 
macrophages. This induces the macrophages to release other 
cytokines, and in the case of poison ivy, itchy welts on the skin 
erupt. The time required for the activation of TH cells and 
then of macrophages is the reason for the “delayed” response 
to the antigens.

Learning Outcomes Review 52.5
Autoimmunity, allergies (immediate hypersensitivity), and delayed 
hypersensitivity are all examples of inappropriate or heightened immune 
responses. Autoimmunity results from a loss of self-tolerance. Allergies are 
associated with a rapid response from mast cells when an allergen binds 
to IgE on these cells’ membrane. Delayed hypersensitivity to pathogens or 
irritants such as poison ivy is mediated by TH cells and macrophages.

 ■ How are allergies different from autoimmune diseases?

Delayed-type hypersensitivity is mediated 
by TH cells and macrophages
Delayed-type hypersensitivity, which is mediated by TH cells 
and macrophages, produces symptoms within about 48 hr af-
ter a second exposure to an antigen. (A first exposure causes a 
much slower primary response, such as described earlier, fre-
quently without the manifestation of any symptoms.) A form 
of delayed-type hypersensitivity is contact dermatitis, caused 
by such varied materials as poison ivy, nickel in jewelry, and 
some cosmetics. After contact with poison ivy, oils that en-
ter the skin complex with skin proteins, causing the proteins 
to appear foreign. A delayed-type hypersensitivity response 
requires that antigen entering the body travel to a second-
ary lymphoid organ, generally lymph nodes, where TH cells 
can be activated. These activated TH cells then recirculate 
around the body, and on encountering macrophages that have 
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 52.6 Antibodies in Medical 
Treatment and Diagnosis

Learning Outcomes
Explain antigen–antibody reactions in the ABO blood 1. 
group system.
Define monoclonal antibodies.2. 
Describe the use of monoclonal antibodies in diagnosis.3. 

The vertebrate immune system can have a range of effects on 
medical treatment of disease. As two examples, we discuss blood 
type and its effect on transfusion, as well as the use of monoclo-
nal antibodies for diagnosis and treatment.

Blood type indicates the antigens present 
on an individual’s red blood cells
A person’s blood type is determined by certain antigens found 
on the red blood cell surface. These antigens are clinically im-
portant because they must be matched between donor and re-
cipient during a blood transfusion.

ABO groups
In chapter 12, you learned about the genetic basis of the human 
ABO blood groups. The protein–sugar complex on the surface of 
the red blood cells acts as an antigen, and these antigens dif-
fer with regard to the  sugar  present (or absent, in the case of 
type O). The immune system is tolerant to its own red blood 
cell antigens but makes antibodies that bind to those that differ, 
causing agglutination (clumping) and lysis of foreign red blood 
cells. Apparently, IgM antibodies made in response to carbohy-
drates on bacteria that are part of our normal flora also recog-
nize the monosaccharide differences on red blood cells. Such 
antibodies are not made against carbohydrate patterns that are 
also present on our own cells.

Rh factor
Another important blood-borne antigen is the Rh antigen or 
Rh factor. This protein is either present (Rh positive) or absent 
(Rh negative) on the surface of red blood cells. An Rh-negative 
person who receives an Rh-positive blood transfusion produces 
antibodies to the foreign Rh protein on the transfused cells.
 An additional complication occurs when Rh-negative 
mothers carry Rh-positive fetuses, which may result in the 
infant exhibiting a condition called hemolytic disease of new-
borns (HDN). A first child is usually not harmed; however, at 
the time of the first birth, the Rh-negative mother’s immune 
system may be exposed to fetal blood. As a result, the woman 
may become sensitized and produce antibodies and memory 
B cells against the Rh antigen. If any exposure to fetal blood oc-
curs during a subsequent pregnancy, IgG antibodies, secreted 
on activation of these memory cells, can cross the placenta and 
cause destruction of the red blood cells of the fetus.

 Blood typing is done by taking advantage of the circulat-
ing IgM antibodies, which are produced against foreign blood 
antigens but not against self. If type A blood is mixed with serum 
from a person with type B or type O blood, the anti-A antibod-
ies in the serum cause the type A red blood cells to agglutinate. 
This does not happen if type A blood is mixed with serum from 
another type A individual or from a type AB individual.
 Similarly, if serum from an Rh-negative individual 
is added to red blood cells, agglutination of the red blood 
cells indicates that they came from an Rh-positive individual. 
This individual’s blood would not be an appropriate match 
for transfusion.
 Typing of blood prior to transfusions prevents destruc-
tion of mismatched cells by a transfusion recipient, as described 
next. Over 20 blood groups, including the ABO and Rh groups, 
have been identified; most variants of these other blood groups 
are rare, but individuals at risk for mismatch may need to 
“stockpile” their own blood before elective surgery—a practice 
termed autologous blood donation.

Transfusion reactions result from 
mismatched blood transfusions
Prior to the advent of blood typing in the early 20th century, 
transfusion of blood was a last resort because of the danger of 
death from transfusion reaction. An immediate transfusion reac-
tion occurs when an individual receives blood that is not cor-
rectly ABO matched. Typically, within 5 to 8 hr of the start of the 
transfusion, tremendous intravascular hemolysis (rupture) of the 
transfused red blood cells is detected. This rupture is a result of 
IgM binding to foreign antigens and activating the complement 
system. The result is the formation of MACs in the red blood cell 
membranes and rapid osmotic lysis of the cells.
 The hemoglobin released from the red blood cells is con-
verted to a molecule called bilirubin, which is particularly toxic 
to cells and can cause severe organ damage, especially to the 
kidneys. The major treatment in such situations is to stop the 
transfusion immediately and to administer large amounts of in-
travenous fluids to “wash” the bilirubin from the body.

Monoclonal antibodies are a valuable 
tool for diagnosis and treatment
Antibodies to a known antigen may be obtained by chemically 
purifying an antigen and then injecting it into a laboratory animal 
(vertebrate). Periodic bleeding of the animal after a few immuniza-
tions allows the isolation of serum antibodies against the antigen. 
But because an antigen typically has many different epitopes, the 
antibodies obtained by this method are polyclonal, that is, they are 
secreted by B-cell clones with many different specificities. Their 
polyclonal nature decreases their sensitivity to any one particular 
epitope, and it may result in some degree of cross-reactivity with 
closely related epitopes of different antigens.
 Monoclonal antibodies,     by contrast, exhibit specificity for 
one epitope only. In the preparation of monoclonal antibodies, 
an animal, generally a mouse, is immunized several times with 
an antigen and is subsequently killed. B lymphocytes, many of 
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Figure 52.20  The production of monoclonal antibodies. These antibodies are of a single specifi city and are produced by 
“hybridoma” cells. These result from the fusion of B cells, specifi c for a particular antigenic determinant, with myeloma cells,  a  B-cell tumor 
that no longer secretes Ig but provides immortality to the fusion. After hybridoma production, the antibody produced by each hybridoma is 
tested to see whether it produces specifi c antibodies against the desired antigen. Selected hybridomas are grown in mass culture for antibody 
production and are frozen for future use.

Monoclonal antibodies and diagnostic testing
The availability of large quantities of pure monoclonal anti-
bodies has allowed the development of much more sensitive 
clinical laboratory tests. Some pregnancy tests, for example, use 
a monoclonal antibody produced against the hormone human 
chorionic gonadotrophin (hCG, secreted early in pregnancy). 
The test uses hCG-coated latex particles that are exposed to 
a urine sample and anti-hCG antibody. If the urine contains 
hCG, it will block binding of the antibody to the hCG-coated 
particles and prevent their agglutination, indicating pregnancy 
based on the presence of hCG (figure 52.21) .

which should now be specific for epitopes of the antigen, are 
collected from the animal’s spleen. These B cells would soon 
die in culture, but utilizing a technique first described in 1975, 
they are fused with cancerous multiple myeloma cells. These 
myeloma cells have all the characteristics of plasma cells, except 
for the secretion of immunoglobulins—but more importantly, 
they are immortal, meaning they will divide indefinitely. The 
outcome of a B-cell/myeloma cell fusion is a       hybridoma cell, that 
can divide indefinitely and that continues to secrete a large 
quantity of identical, monoclonal antibodies of the specificity 
produced by a single B cell (figure 52.20) .

Figure 52.21  Using monoclonal antibodies to detect an antigen. Many clinical tests, such as pregnancy testing, use 
monoclonal antibodies. A specifi c antigen is attached to latex beads that are mixed with the test sample and a monoclonal antibody specifi c 
for the antigen. If no antigen is present in the sample, the antibody will cause agglutination of the beads. If the sample contains the antigen, 
it will bind to the antibodies and prevent agglutination of the beads by the antibody.

Inquiry question

? How would a high level of HCG present in a urine sample be indicated in this agglutination test?
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viral RNA polymerase that lacks proofreading ability. As a re-
sult, mutations are likely to accumulate over time, including 
point mutations to the HA and NA genes. This is referred to 
as antigen drift. 
 Even more dramatically but less frequently, the HA and 
NA proteins may also undergo antigen shift, referring to the 
sudden appearance of a new subtype of influenza virus in which 
the expressed HA or NA proteins (or both) are completely dif-
ferent. Such a change makes the population particularly sus-
ceptible to infection. Immunization with a new vaccine created 
every year using the most common strains of the virus attempts 
to establish immunity in the population prior to infection by 
the strains circulating.
 Antigen shifting and the resulting lack of immunity is the 
reason for the recent interest in “bird flu.” The subtype of in-
fluenza that causes bird flu is characterized as H5N1, a primar-
ily avian form of influenza to which people have no immunity. 
There is no evidence as of this writing, however, that the H5N1 
virus can infect people except through contact with infected 
birds. This strain has been a source of concern due to the high 
mortality rates seen in human infections.  Even more recently, 
a flu strain with the subtype H1N1 has jumped from pigs to 
humans and is proving to be very infectious. Current evidence 
is that the mortality rate is not higher than most strains of in-
fluenza, but the World Health Organization has now declared 
that this particular strain has reached pandemic levels in the 
population (see chapter 27). 
 Many other pathogens can alter or shift their surface an-
tigens in order to avoid immune system destruction. As another 
example, every year, more than 1 million people, the vast ma-
jority of whom are African children under the age of 5, die from 
malaria. This disease, as described in chapter 29, is caused by the 
protozoan parasite Plasmodium and contracted when humans 
are bitten by an infected Anopheles mosquito. These protozo-
ans have several life-cycle stages and are hidden from the im-
mune system alternately within host hepatocytes or red blood 
cells. In addition, they can alter some of the proteins expressed 
during certain life cycle stages. Continued use of certain anti-
Plasmodium drugs has also selected for the emergence of multi-
drug-resistant organisms. Work is ongoing to develop a vaccine 
that would induce effective immunity to specific life cycle stag-
es and that would thus promote immune system elimination of 
the Plasmodium.

Inquiry question

? Why were we able to eliminate smallpox virus using a vaccine 
but cannot eliminate influenza?

Many mechanisms have evolved in bacteria 
to evade immune system attack
Salmonella typhimurium, a common cause of food poisoning, can 
alternate between expression of two different flagellar proteins, 
so that antibodies made to one protein do not recognize the 
other protein and therefore cannot be used to promote phago-
cytosis of the bacteria.

Mycobacterium tuberculosis bacteria, once phagocytosed 
into macrophages, inhibit fusion of the phagosome with 

Acquired immunodeficiency syndrome (AIDS)    is 
characterized in part by destruction of TH cells. The progres-
sion of this disease can be monitored by examining the re-
activity of a patient’s leukocytes with a monoclonal antibody 
against CD4, a marker of TH cells, to track a decrease in the 
number of these cells.

Learning Outcomes Review 52.6
Blood group antibodies in plasma made blood transfusion risky and often 
fatal in the past. Type O RBCs have no surface antigen, but serum from a 
type O person has both anti-A and anti-B antibodies; someone with type A 
produces anti-B, and someone with B produces anti-A. Type AB serum lacks A 
or B antibodies, but RBCs have both surface antigens. Monoclonal antibodies 
are specifi c for only a single epitope (antigenic determinant). Hybridoma 
technology has allowed production of monoclonal antibodies for use in 
diagnostic tests and elimination of tumors.

 ■ Why do diagnostic kits use monoclonal rather than 
polyclonal antibodies?

 52.7 Pathogens That Evade 
the Immune System

Learning Outcomes
Explain how pathogens can change antigenic specificity.1. 
Describe how the immune system has affected the 2. 
evolution of pathogens. 

For any pathogen to establish itself in a host and to cause a 
productive infection in which the pathogen successfully repro-
duces, the pathogen must evade both the nonspecific and specific 
immune systems. In response to the selective pressure caused by 
the development of previous immunity against specific epitopes 
on the pathogen, many pathogens can alter the structure of their 
surface antigens so that they are no longer recognized. This is a 
form of natural selection that allows pathogens with altered sur-
face antigens to survive and continue to cause infection. Other 
pathogens have simply evolved ways to evade destruction. In-
fection by still other pathogens can actually cause the death of 
cells of the immune system.

Many pathogens change surface antigens 
to avoid immune system detection
Influenza virus is perhaps the most universally known example 
of an organism or virus altering its surface antigens and thus 
avoiding immune system recognition and destruction. Because 
of this tendency of the virus to change, yearly immunizations 
against influenza virus are recommended.
 The two viral proteins expressed on the influenza  virus’ 
envelope, as well as on the surface of cells infected by influ-
enza virus, are hemaglutinin (HA) and neuraminidase (NA). 
Because this virus has an RNA genome, it is replicated by a 
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ally affects the immunosuppressed, or of Kaposi’s sarcoma, a 
rare form of cancer.

The human effect of HIV
Although HIV became a human disease only recently, AIDS 
is already clearly one of the most serious diseases in human 
history. The WHO estimates that for the year 2007 between 
30 and 36 million   people are living with AIDS, with the great-
est number in sub-Saharan Africa (about 22 million), followed 
by south and southeast Asia (4.2 million). For 2007, the WHO 
estimates there were 2.5 million people newly infected, and an 
estimated 2.1 million deaths worldwide.
   The fatality rate of untreated AIDS is close to 100%. No 
patient exhibiting the symptoms of AIDS has been known to 
survive more than a few years without treatment. The disease is 
not highly contagious, however; it is transmitted from one in-
dividual to another through the transfer of internal body fluids, 
typically semen and blood.

Learning Outcomes Review 52.7
Pathogens such as infl uenza virus frequently alter epitopes on their surfaces 
and thus evade specifi c immune-system recognition. Other pathogens, such 
as HIV, infect and destroy TH cells, simply disabling the immune system. 
The diseases associated with AIDS often result from destruction of the 
immune system.

 ■ Polio is a viral disease against which vaccines have been 
very successful. How would you say this virus differs 
from influenza virus?

lysosomes. These organisms can then multiply quite success-
fully within the macrophages.
 Other bacteria that invade mucosal surfaces, such as Neis-
seria meningitidis or Neisseria gonorrhoeae, secrete proteases that 
degrade the IgA antibodies that protect the mucosal surface. 
External capsules on many particularly pathogenic strains of 
bacteria block binding of the phagocytosis-inducing comple-
ment protein C3b, slowing the phagocytosis response. Because 
bacteria utilizing any of these mechanisms are better able to 
survive, the immune response acts as selective pressure favoring 
the evolution of such mechanisms.

HIV infection kills TH cells and 
causes immunosuppression
One mechanism for defeating vertebrate defenses is to attack 
the adaptive immune system itself. CD4+ TH cells play a central 
role in the activity of the immune system: The cytokines they 
secrete directly or indirectly affect the activity of all other cells 
of the immune system.

HIV, human immunodeficiency virus,    mounts a direct 
attack on TH cells (see chapter 27). It binds to the CD4 proteins 
present on these cells and utilizes these proteins to promote 
endocytosis into the cells. (The virus infects monocytes as well 
because they too express CD4.) HIV-infected cells die only 
after releasing replicated viruses that infect other CD4+ cells 
(figure 52.22) . Over time, the number of TH cells in an infected 
individual decreases.
 An individual is considered to have AIDS   when his or 
her TH cell levels have dropped dramatically, leading to an 
increase in infections due to opportunistic organisms as well 
as other diseases.

The progression of HIV infection
The immune system initially controls an HIV infection by the 
production of antibodies to the virus and by the elimination of 
virally infected cells by cytotoxic T cells. For a time, the level 
of HIV in the serum does not increase beyond a steady state, 
and the number of TH cells does not significantly decrease.
 As the virus reproduces in the TH cells, it rapidly kills 
some of them, but many others continue to divide on antigen 
stimulation. Eventually, however, HIV kills TH cells more rap-
idly than they can proliferate. HIV-encoded proteins also cause 
a decrease in the expression of MHC class I on the infected 
cells, so that these cells are less likely to be recognized and 
killed by TC cells.
 Finally, because HIV is a retrovirus (see chapter 27), it 
can integrate itself into the genome of infected cells and hide 
in a “latent” form. When any of these cells divides, the HIV 
genome is present in the progeny cells and thus these progeny 
can start to produce HIV at any point in time.
 The combined effect of these responses to HIV infection 
is to ravage the human immune system. With little defense 
against infection, any of a variety of otherwise commonplace 
infections may prove fatal. Death by cancer also becomes far 
more likely. In fact, AIDS was first recognized as a disease 
when a cluster of previously healthy young men all died of 
Pneumocystis jiroveci–induced pneumonia, a disease that gener-

Figure 52.22  HIV, the virus that causes AIDS. Viruses 
released from infected CD4+ TH cells soon spread to neighboring 
TH cells, infecting them in turn. The individual viruses, colored 
red in this scanning electron micrograph, are extremely small; over 
200 million would fi t on the period at the end of this sentence.
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52.1  Innate Immunity

 The skin is a barrier to infection.
In addition to being a physical barrier, skin has a low surface pH, 
lysozyme secreted in sweat, and a population of nonpathogenic 
organisms, all of which deter pathogens.

Mucosal epithelial surfaces also prevent entry of pathogens.
The epithelia of the digestive, respiratory, and urogenital tracts 
produce mucus to trap microorganisms.

Innate immunity recognizes molecular patterns.
Toll-like receptors have leucine-rich regions that recognize 
molecules such as LPS and peptidoglycan.

Innate immunity leads to diverse responses to a pathogen.
Binding of pathogen-associated molecular patterns (PAMPs) leads to 
production of antimicrobial peptides and cytokines, and activation of 
complement, among other actions.

Phagocytic cells are associated with innate immunity.
Macrophages and neutrophils are associated with phagocytosis (see 
fi gure 52.4). Natural killer (NK) cells induce apoptosis.

The infl ammatory response is a nonspecifi c response to infection or 
tissue injury.
Histamines increase blood fl ow and permeability of capillaries (see 
fi gure 52.5). Acute-phase fever promotes phagocytic activity and 
impedes growth of microbes.

Complement can form a membrane attack complex.
Complement forms pores in invading cells, coats pathogens with C3b 
proteins, and targets cells for destruction.

52.2  Adaptive Immunity

Immunity had long been observed, but the mechanisms have only 
recently been understood.
Jenner’s and Pasteur’s work on cowpox and avian cholera indicated 
that prior exposure to a disease prevented subsequent infections  

Antigens stimulate specifi c immune responses.
Surface receptors on lymphocytes recognize antigens and direct a 
specifi c immune response (see fi gure 52.8 ). 

Hematopoiesis gives rise to the cells of the immune system 
(see table 52.1).

Lymphocytes carry out the adaptive immune responses.
A naive lymphocyte binds to a foreign antigen and divides, producing 
a clone of activated cells and memory cells.
Humoral immunity is the production of Ig by B cells. Cell-mediated 
immunity involves T cells that regulate the immune responses of 
other cells or directly attack cells.

Adaptive immunity can be active or passive.

The immune system is supported by two classes of organs.
Immune system organs include the primary lymphoid organs and 
secondary lymphoid organs (see fi gure 52.9 ). 

Two forms of adaptive immunity have evolved.
An immune system based on proteins with variable repeats has been 
found in jawless fi shes, in contrast to the immunoglobulin system of 
other vertebrates.

52.3  Cell-Mediated Immunity

The MHC carries self and nonself information.
Most cells exhibit glycoproteins encoded by the MHC. In humans these 
proteins are called human leukocyte antigens (HLAs). MHC class I 
proteins, found on every nucleated cell, present antigen brought into 
the cell by phagocytosis; MHC class II proteins are found only on 
antigen-presenting cells.

Cytotoxic T cells eliminate virally infected cells and tumor cells.
TC cells recognize virally infected cells and tumor cells. They destroy 
cells in a fashion similar to NK cells (see fi gure 52.11 ). 

Helper T cells secrete proteins that direct immune responses.
TH cells secrete cytokines in response to foreign antigens and 
promote both cell-mediated and humoral immune responses. 
Activated TC and TH produce both effector and memory cells.

T cells are the primary cells that mediate transplant rejection.

Cells of the innate immune system release cytokines.

Macrophages release interleukin-12 and tumor necrosis factor-α.

52.4   Humoral Immunity 
and Antibody Production

Immunoglobulin structure reveals variable and constant regions.
B cells are activated by membrane Ig molecules binding to a specifi c 
epitope on an antigen. Activated B cells produce antibody secreting 
plasma cells and memory cells. 
Immunoglobulins consists of two light chain and two longer heavy-
chain polypeptides, with the binding site in the Fab region (see 
fi gure 52.14 ) . Antibodies can agglutinate, precipitate, or neutralize 
antigens (see fi gure 52.15 ). 

The fi ve classes of immunoglobulins have diff erent functions 
(see table 52.3).

Immunoglobulin diversity is generated through DNA rearrangement.
Ig diversity is generated by DNA rearrangements (see fi gure 52.16 ).  
T cell receptors (TCRs) are similar to a single Fab region of an Ig. 
Their diversity also results from DNA rearrangements  . 

The secondary response to an antigen is more eff ective than the 
primary response.
On second exposure to a pathogen, a rapid secondary immune 
response is launched due to memory cells (see fi gure 52.18 ). 

52.5  Autoimmunity and Hypersensitivity

Autoimmune diseases result from immune system attack on the body’s 
own tissues.
The acceptance of self-cells is called immunological tolerance. 
Autoimmunity is a failure of immunological tolerance.

Allergies are caused by IgE secretion in response to antigens.
Immediate hypersensitivity is caused by allergens’ binding to IgE, 
triggering the release of histamine (see fi gure 51.19 ).  Anaphylaxis is a 
severe reaction with rapid infl ammation and release of 
chemical mediators.

Delayed-type hypersensitivity is mediated by TH cells and 
macrophages.
Symptoms appear about 48 hr after second exposure.

Chapter Review  
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Review Questions

52.6  Antibodies in Medical Treatment 
and Diagnosis

Blood type indicates the antigens present on an individual’s red 
blood cells.
The ABO blood group antigens, Rh factor antigens, and many others 
constitute the blood type.
HLA antigens can be used to match tissues between donors and 
recipients in transplants.

Transfusion reactions result from mismatched blood transfusions.
Before blood type was understood, many died from mismatched 
blood transfusions.

Monoclonal antibodies are a valuable tool for diagnosis 
and treatment.
Monoclonal antibodies are specifi c to a single epitope and can be 
used in testing and manufacture of immunotoxins.

U N D E R S T A N D
 1. Cells that target and kill body cells infected by viruses are

a. macrophages. c. monocytes.
b. natural killer cells. d. neutrophils.

 2. Structures on invading cells recognized by the adaptive immune 
system are known as
a. antigens. c. antibodies.
b. interleukins. d. lymphocytes.

 3. Which one of the following acts as the “alarm signal” to activate 
the body’s adaptive immune system by stimulating helper 
T cells?
a. B cells c. Complement
b. Interleukin-1 d. Histamines

 4. Cytotoxic T cells are called into action by the
a. presence of histamine.
b. presence of interleukin-1.
c. presence of interleukin-2.
d. interferon.

 5. Receptors that trigger innate immune responses 
a. are antibodies recognizing specifi c antigens.
b. are T-cell receptors recognizing specifi c antigens.
c. recognize pathogen-associated molecular 

patterns.
d. are not specifi c at all.

 6. Diseases in which the person’s immune system no longer 
recognizes its own MHC proteins are called
a. allergies.
b. autoimmune diseases.
c. immediate hypersensitivity.
d. delayed hypersensitivity.

52.7  Pathogens That Evade 
the Immune System

Many pathogens change surface antigens to avoid immune 
system detection.
Antigen drift and antigen shift, such as exhibited in infl uenza viruses, 
allow alteration of surface antigens to avoid immune detection.

Many mechanisms have evolved in bacteria to evade immune 
system attack.
Some bacteria have evolved mechanisms to inhibit normal immune 
system processes, such as slowing phagocytosis.

HIV infection kills TH cells and causes immunosuppression.

Destruction of TH cells lowers the body’s ability to fend off 
infections, leading to the characteristic illnesses of AIDS.

 7. Suppose that a new disease is discovered that suppresses the 
immune system. Which of the following would indicate that the 
disease specifi cally affects the B cells rather than the helper 
or cytotoxic T cells?
a. A decrease in the production of interleukin-2
b. A decrease in interferon production
c. A decrease in the number of plasma cells
d. A decrease in the production of interleukin-1

A P P L Y
 1. You start a new job in a research lab. The lab protocols state 

that you should check your hands for any breaks in the skin 
before handling infectious agents. This is because the epidermis 
fi ghts microbial infections by
a. making the surface of the skin acidic.
b. excreting lysozyme to attack bacteria.
c. producing mucus to trap microorganisms.
d. all of these.

 2. In comparing T-cell receptors and immunoglobulins 
a. the proteins have unrelated structures, but diversity is generated 

by a similar mechanism.
b. the proteins have related structures, but diversity is 

generated by different mechanisms.
c. the proteins have related structures, and diversity is 

generated by a similar mechanism.
d. the proteins have unrelated structures, and diversity is 

generated by different mechanisms.
  3. If you have type AB blood, which of the following results would 

be expected?
a. Your blood agglutinates with anti-A antibodies only.
b. Your blood agglutinates with anti-B antibodies only.
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c. Your blood agglutinates with both anti-A and anti-B 
antibodies.

d. Your blood would not agglutinate with either anti-A 
or anti-B antibodies.

 4. Suppose that you get a paper cut while studying. Arrange the 
following into the correct order in time.
a. Injured epidermal cells release histamine.
b. Bacteria enter the cut.
c. Helper T cells are activated.
d. Macrophages engulf bacteria.

 5. If you wanted to cure allergies by bioengineering an 
antibody that would bind and disable the antibody responsible 
for allergic reactions, which of the following would 
you target?
a. IgG c. IgE
b. IgA d. IgD

 6. Why do we need to be repeatedly vaccinated for 
infl uenza viruses?
a. Because they attack only the helper T cells, thereby 

suppressing the immune system
b. Because they alter their surface proteins and thus avoid 

immune recognition
c. Because they don’t actually generate an immune response, 

the “fl u” is actually an infl ammatory response
d. Because they are too small to serve as good antigens

 7. If you wanted to design an artifi cial cell that could safely carry 
drugs inside the body, which of the following molecules would 
you need to mimic to deter the immune system?
a. MHC-1 c. Antigen
b. Interleukin-1 d. Complement

S Y N T H E S I Z E
 1. Suppose you take a job in the marketing department of a cosmetics 

company. Always seeking a competitive advantage, the vice 
president of marketing has decided to advertise the new skin lotion 
as having immune-enhancing effects. The lotion is produced from 
secretions of a plant that releases extremely watery, alkaline fl uid. 
Explain how you will market this product as an immune-enhancer.

 2. Your new kitten scratches your roommate. Her skin is reddened 
and feels warm and sore to the touch; she thinks she has 
contracted some kind of fatal infection. In order to defl ect her 
anger (she is defi nitely not a cat person!), you try telling her 
about the activities of the innate defense system. Explain what is 
actually happening to her skin.

 3. Some people claim that they never catch colds. How could 
you show that this is due to a difference in receptors on their 
respective cell surfaces?

 4. Toll-like receptors have been found in a wide variety of 
organisms, including both protostomes and deuterostomes, and 
now in cnidarians. In addition, parts of the signaling system 
have been found in a wide variety of organisms as have parts of 
the complement system. What does this say about the evolution 
of innate immunity? 

O N L I N E  R E S O U R C E

www.ravenbiology.com
Understand, Apply, and Synthesize—enhance your study with 
animations that bring concepts to life and practice tests to assess 
your understanding. Your instructor may also recommend the 
interactive eBook, individualized learning tools, and more.
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Chapter 53 
The Reproductive 
System  

Chapter Outline

53.1  Animal Reproductive Strategies

53.2  Vertebrate Fertilization and Development

53.3  Structure and Function of the Human Male 
Reproductive System

53.4  Structure and Function of the Human Female 
Reproductive System

53.5  Contraception and Infertility Treatments

Introduction

Bird song in the spring, insects chirping outside the window, frogs croaking in swamps, and wolves howling in a frozen 

northern  forest are all sounds of evolution’s essential act, reproduction. These distinctive noises, as well as the bright 

coloration of some animals,  function to attract mates. Few subjects pervade our everyday thinking more than sex, and few 

urges are more insistent. This chapter deals with sex and reproduction among the vertebrates,  including humans.

 53.1 Animal Reproductive Strategies

Learning Outcomes
Distinguish between sexual and asexual methods 1. 
of reproduction.
Describe the different types of hermaphroditism.2. 
Explain factors that influence sex determination.3. 

Most animals, including humans, reproduce sexually. As de-
scribed in chapter 11, sexual reproduction requires a spe-

cialized form of cell division, meiosis, to produce haploid 
gametes,  each of which has a single complete set of chro-
mosomes. These gametes, including  sperm and  eggs (or ova; 
singular ovum), are united by fertilization to restore the 
diploid complement of chromosomes. The diploid fertil-
ized egg, or zygote , develops by mitotic division into a new 
multicellular organism.
 Bacteria, archaea, protists, and multicellular animals in-
cluding cnidarians and tunicates, as well as many other types 
of animals, reproduce asexually. In asexual reproduction , ge-
netically identical cells are produced from a single parent 
cell through mitosis. In single-celled organisms, an individ-
ual organism divides, a process called  fission, and then each 
part becomes a separate but identical organism. Cnidarians 

CHAPTER
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Figure 53.1  Cnidarian budding. This cnidarian reproduces 
asexually by budding. The new individual can be seen in the lower right 
of the micrograph.

Figure 53.2  Hermaphroditism and protogyny. The 
bluehead wrasse, Thalassoma bifasciatium, is protogynous—females 
sometimes turn into males. Here, a large male, which had been 
a female before changing sex, is seen among females, which are 
typically much smaller.

Inquiry question

? Why might it be adaptive for an individual to be female at 
small size and become male when very large? Under what 
circumstances might the opposite condition, protandry, evolve?

worm is hermaphroditic and can fertilize itself, a useful 
strategy because it is unlikely to encounter another tape-
worm. Most hermaphroditic animals, however, require an-
other individual in order to reproduce. Two earthworms, for 
example, are required for reproduction—each functions as 
both male and female during copulation, and each leaves the 
encounter with fertilized eggs.
 Numerous fish genera include species whose individuals 
can change their sex, a process called sequential hermaphrodit-
ism. Among coral reef fish, for example, both  protogyny (“first 
female,” a change from female to male) and  protandry (“first 
male,” a change from male to female) occur. In fish that prac-
tice protogyny (figure 53.2) , the sex change appears to be un-
der social control. These fish commonly live in large groups, 
or schools, where successful reproduction is typically limited 
to one or a few large, dominant males. If those males are re-
moved, the largest female rapidly changes sex and becomes a 
dominant male.

commonly reproduce by  budding, whereby a part of the par-
ent’s body becomes separated from the rest and differentiates 
into a new individual (figure 53.1) . The new individual may 
become an independent animal or may remain attached to the 
parent, forming a colony.

Some species have developed 
novel reproductive methods
Another form of asexual reproduction, parthenogenesis, is 
common in many species of arthropods. In parthenogenesis, 
females produce offspring from unfertilized eggs. Some spe-
cies are exclusively parthenogenic (and all female), whereas 
others switch between sexual reproduction and parthenogen-
esis, producing progeny that are both diploid and haploid, re-
spectively. In honeybees, for example, a queen bee mates only 
once and stores the sperm. She then can control the release of 
the sperm. If no sperm are released, the eggs develop parthe-
nogenetically into haploid drones, which are males. If sperm 
are allowed to fertilize the eggs, the fertilized eggs develop 
into diploid worker bees, which are female. However, when 
fertilized eggs are exposed to the appropriate hormone, they 
will develop into queens.
 In 1958, the Russian biologist Ilya Darevsky reported 
one of the first cases of unusual modes of reproduction among 
vertebrates. He observed that some populations of small liz-
ards of the genus Lacerta were exclusively female, and he sug-
gested that these lizards could lay eggs that were viable even 
if they were not fertilized. In other words, they were capable 
of asexual reproduction in the absence of sperm, a type of 
parthenogenesis. Further work has shown that parthenogen-
esis has evolved a number of times in lizards, as well as in fish 
and salamanders. 
 Another variation in reproductive strategies is her-
maphroditism , in which one individual has both testes and 
ovaries, and so can produce both sperm and eggs. A tape-

www.ravenbiology.com chapter 53 The Reproductive System 1085
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Prediction 1: Individuals lacking a Y chromosome will develop as females.

Test: Compare individuals with unusual sets of sex chromosomes.

Results: Individuals with Turner’s Syndrome are XO (they only have a 

single X chromosome) and develop as females; individuals with 

Klinefelter’s Syndrome are XXY and develop as males.

Prediction 2: The SRY gene on the Y chromosome is responsible for the 

development of male sexual characteristics.

Test: Breed transgenic mice that are XY but have a mutation of the SRY gene.

Results: These mice develop as females.

 

 

 

S C I E N T I F I C  T H I N K I N G

Figure 53.3  Sex determination in mammals. The sex-
determining region of the mammalian Y chromosome is designated 
SRY. Testes are formed when the Y chromosome and SRY are 
present; ovaries are formed when they are absent. 

Temperature-sensitive sex determination
In many fish and reptiles, an individual’s sex is determined by 
the temperature it experiences during development. In some 
species, cold temperatures produce males and warm tempera-
tures produce females, but in others, the opposite occurs. In 
still others, males are produced at both high and low tempera-
tures, and females at temperatures in-between.
 Phylogenetic analyses indicate that temperature-sensitive 
sex determination has evolved many times from ancestors 
in which sex was genetically determined. The molecular  mech-
anisms that determine sex in this species are now being dis-
covered, but why this trait has evolved so often is not well 
understood. One possibility is that sometimes it may be ad-
vantageous for a female to be able to determine the sex of her 
offspring by laying eggs in appropriate locations. Currently, the 
jury is still out on this hypothesis.

Genetic sex determination
In all birds and mammals and many other vertebrates, the sex 
is determined by an individual’s genes. In mammals and some 
other animals, individuals with an X and a Y chromosome are 
males, whereas individuals with two X chromosomes are fe-
males. However, in other animals, such as birds, it is females 
that are the heterozygous sex.

Sexual differentiation in humans
The reproductive systems of human males and females appear 
similar for the first 40 days after conception. During this time, 
the cells that will give rise to ova or sperm migrate from the yolk 
sac to the embryonic gonads, which have the potential to become 
either ovaries in females or testes in males (figure 53.3) . For this 
reason, the embryonic gonads are said to be “indifferent.”
 If the embryo is a male, a gene on the Y chromosome con-
verts the indifferent gonads into testes. In females, which lack a 
Y chromosome, this gene and the protein it encodes are absent, 
and the gonads become ovaries. An important gene involved in 
sex determination is known as SRY (for “sex-determining re-
gion of the Y chromosome”).
 Once testes have formed in the embryo, the testes secrete 
testosterone and other hormones that promote the development 
of the male external genitalia and accessory reproductive organs.
 If the embryo lacks the SRY gene, the embryo develops 
female external genitalia and accessory organs. In other words, 
all mammalian embryos will develop into females unless a func-
tional SRY gene is present.

Learning Outcomes Review 53.1
Sexual reproduction involves fusion of gametes derived from diff erent 
individuals of a species. Asexual reproduction in some species may be 
accomplished by fi ssion, budding, or parthenogenesis. In hermaphroditic 
species, an individual may have both testes and ovaries; in sequential 
hermaphroditism, an individual may change from one sex to the other. 
Sex can be determined either by genes or by environmental conditions 
such as temperature experienced while an embryo.

 ■ Why might natural selection favor genetic 
sex determination?

Sex can be determined genetically 
or by environmental conditions
An individual’s sex is determined during development as an em-
bryo, but the way in which it occurs varies among species.
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Figure 53.4  Viviparous fi sh carry live, mobile young 
within their bodies. The young complete their development 
within the body of the mother and are then released as small but 
competent adults. Here, a lemon shark  has just given birth to a 
young shark, which is still attached by the umbilical cord.

the embryos still obtain all of their nourishment from the 
egg yolk. The young are fully developed when they are 
hatched and released from the mother.

3. Viviparity is found in most cartilaginous fi sh, some 
amphibians,  a few reptiles, and almost all mammals 
(fi gure 53.4) . The young develop within the mother and 
obtain nourishment directly from their mother’s blood, 
rather than from the egg yolk. A placenta, the structure 
through which blood and gas exchange occurs, has not 
evolved only in mammals (see next chapter), but also 
several times in fi shes and lizards.

Evolution of reproductive systems
Live birth—either viviparity or ovoviviparity—has evolved 
many times in vertebrates: once in mammals, but many times 
independently in fishes, amphibians, and reptiles (figure 53.5).  
The evolution of live birth appears to be a one-way evolution-
ary street: once it evolves, it is almost never lost. Live birth re-
quires internal fertilization so that the eggs can develop within 
the body of the female; internal fertilization has evolved only 
once in amniotes (the clade composed of reptiles, birds, and 
mammals), but multiple times within fishes and amphibians.
 Internal fertilization requires some means of transfer-
ring the sperm from the male to the female. Salamanders 
evolved one way: males deposit their sperm on top of a mass 
of eggs and then the female positions her cloaca above them 
and then lowers her body, picking up the fertilized eggs. All 
other vertebrates have taken a different approach, evolving an 
intromittent organ that the male uses to transfer the sperm 
directly into the female’s body. The variety of structures that 
has evolved to accomplish this includes a modified pelvic fin 
in cartilaginous fishes; a modification of the cloaca (the com-
mon opening through which waste and reproductive prod-
ucts exit the body) in some frogs, caecilians, and birds; penises 
derived from different embryological structures in turtles, 
crocodiles, and mammals; and a pair of hemipenises—one on 

 53.2 Vertebrate Fertilization 
and Development

Learning Outcomes
Distinguish among viviparity, oviparity, 1. 
and ovoviviparity.
Describe the advantages of internal fertilization.2. 

Vertebrate sexual reproduction evolved in the ocean before 
vertebrates colonized the land. The females of most species of 
marine bony fish produce eggs in batches and release them into 
the water. The males generally release their sperm into the wa-
ter containing the eggs, where the union of the free gametes 
occurs. This process is known as  external fertilization.
 Although seawater is not a hostile environment for gam-
etes, it does cause the gametes to disperse rapidly, so their re-
lease by females and males must be almost simultaneous. Thus, 
most marine fish restrict the release of their eggs and sperm to 
a few brief and well-defined periods. Some reproduce just once 
a year, but others do so more frequently. The ocean has few 
seasonal clues that organisms can use as signals for synchroniz-
ing reproduction, but one all-pervasive signal is the cycle of the 
Moon. Once each month, the Moon approaches closer to the 
Earth than usual, and when it does, its increased gravitational 
attraction causes somewhat higher tides. Many marine organ-
isms sense the tidal changes and link the production and release 
of their gametes to the lunar cycle.
 Once vertebrates began living on land, they encountered 
a new danger—desiccation, a problem that can be especially 
severe for the small and vulnerable gametes. On land, the gam-
etes could not simply be released near each other because they 
would soon dry up and perish. Consequently, intense selective 
pressure resulted in the evolution of  internal fertilization in 
terrestrial vertebrates (as well as some groups of fish)—that 
is, the introduction of male gametes directly into the female 
reproductive tract. By this means, fertilization still occurs in a 
nondesiccating environment, even when the adult animals are 
fully terrestrial.

Internal fertilization has led to three 
strategies for development of off spring
The vertebrates that practice internal fertilization exhibit three 
strategies for embryonic and fetal development, namely ovipar-
ity, ovoviviparity, and viviparity.

1. Oviparity is found in some bony fi sh, most reptiles, 
some cartilaginous fi sh, some amphibians, a few  mammals, 
and all birds. The eggs, after being fertilized internally, 
are deposited outside the mother’s body to complete 
their development.

 2. Ovoviviparity is found in some bony fi sh (including 
mollies, guppies, and mosquito fi sh), some cartilaginous 
fi sh, and many reptiles. The fertilized eggs are retained 
within the mother to complete their development, but 
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