CHAPTER 31

Diuretics, Kidney Diseases

Diuretics and Their
Mechanisms of
Action

A diuretic is a substance
that increases the rate of
urine volume output, as the name implies. Most diuret-
ics also increase urinary excretion of solutes, especially
sodium and chloride. In fact, most diuretics that are used
clinically act by decreasing the rate of sodium reabsorp-
tion from the tubules, which causes natriuresis (increased
sodium output), which in turn causes diuresis (increased
water output). That is, in most cases, increased water
output occurs secondary to inhibition of tubular sodium
reabsorption because sodium remaining in the tubules
acts osmotically to decrease water reabsorption. Because
the renal tubular reabsorption of many solutes, such as
potassium, chloride, magnesium, and calcium, is also
influenced secondarily by sodium reabsorption, many
diuretics raise renal output of these solutes as well.

The most common clinical use of diuretics is to reduce
extracellular fluid volume, especially in diseases associ-
ated with edema and hypertension. As discussed in Chapter
25, loss of sodium from the body mainly decreases extra-
cellular fluid volume; therefore, diuretics are most often
administered in clinical conditions in which extracellular
fluid volume is expanded.

Some diuretics can increase urine output more than
20-fold within a few minutes after they are administered.
However, the effect of most diuretics on renal output of salt
and water subsides within a few days (Figure 31-1). This is
due to activation of other compensatory mechanisms ini-
tiated by decreased extracellular fluid volume. For exam-
ple, a decrease in extracellular fluid volume may reduce
arterial pressure and glomerular filtration rate (GFR) and
increase renin secretion and angiotensin II formation; all
these responses, together, eventually override the chronic
effects of the diuretic on urine output. Thus, in the steady
state, urine output becomes equal to intake, but only after
reductions in arterial pressure and extracellular fluid vol-
ume have occurred, relieving the hypertension or edema
that prompted the use of diuretics in the first place.

The many diuretics available for clinical use have dif-
ferent mechanisms of action and, therefore, inhibit tubu-
lar reabsorption at different sites along the renal nephron.
The general classes of diuretics and their mechanisms of
action are shown in Table 31-1.

Osmotic Diuretics Decrease Water Reabsorption
by Increasing Osmotic Pressure of Tubular Fluid

Injection into the blood stream of substances that are not
easily reabsorbed by the renal tubules, such as urea, man-
nitol, and sucrose, causes a marked increase in the con-
centration of osmotically active molecules in the tubules.
The osmotic pressure of these solutes then reduces water
reabsorption, flushing large amounts of tubular fluid into
the urine.

Large volumes of urine are also formed in certain dis-
eases associated with excess solutes that fail to be reab-
sorbed from the tubular fluid. For example, when the
blood glucose concentration rises to high levels in diabe-
tes mellitus, the increased filtered load of glucose into the
tubules exceeds their capacity to reabsorb glucose (i.e.,
exceeds their transport maximum for glucose). Above a
plasma glucose concentration of about 250 mg/d], little of
the extra glucose is reabsorbed by the tubules; instead, the
excess glucose remains in the tubules, acts as an osmotic
diuretic, and causes rapid loss of fluid into the urine. In
patients with diabetes mellitus, the high urine output is
balanced by a high level of fluid intake owing to activation
of the thirst mechanism.

“Loop” Diuretics Decrease Active
Sodium-Chloride-Potassium Reabsorption
in the Thick Ascending Loop of Henle

Furosemide, ethacrynic acid, and bumetanide are power-
ful diuretics that decrease active reabsorption in the thick
ascending limb of the loop of Henle by blocking the 1-sodium,
2-chloride, 1-potassium co-transporter located in the lumi-
nal membrane of the epithelial cells. These “loop” diuretics
are among the most powerful of the clinically used diuretics.

By blocking active sodium-chloride-potassium co-
transport in the luminal membrane of the loop of Henle,
the loop diuretics raise urine output of sodium, chloride,
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Figure 31-1 Sodium excretion and extracellular fluid volume dur-
ing diuretic administration. The immediate increase in sodium
excretion is accompanied by a decrease in extracellular fluid vol-
ume. If sodium intake is held constant, compensatory mechanisms
will eventually return sodium excretion to equal sodium intake,
thus re-establishing sodium balance.

potassium, and other electrolytes, as well as water, for two
reasons: (1) they greatly increase the quantities of solutes
delivered to the distal parts of the nephrons, and these act
as osmotic agents to prevent water reabsorption as well;
and (2) they disrupt the countercurrent multiplier system
by decreasing absorption of ions from the loop of Henle
into the medullary interstitium, thereby decreasing the
osmolarity of the medullary interstitial fluid. Because of
this effect, loop diuretics impair the ability of the kidneys
to either concentrate or dilute the urine. Urinary dilution
is impaired because the inhibition of sodium and chloride

reabsorption in the loop of Henle causes more of these
ions to be excreted along with increased water excre-
tion. Urinary concentration is impaired because the renal
medullary interstitial fluid concentration of these ions,
and therefore renal medullary osmolarity, is reduced.
Consequently, reabsorption of fluid from the collecting
ducts is decreased, so the maximal concentrating abil-
ity of the kidneys is also greatly reduced. In addition,
decreased renal medullary interstitial fluid osmolarity
reduces absorption of water from the descending loop of
Henle. Because of these multiple effects, 20 to 30 percent
of the glomerular filtrate may be delivered into the urine,
causing, under acute conditions, urine output to be as
great as 25 times normal for at least a few minutes.

Thiazide Diuretics Inhibit Sodium-Chloride
Reabsorption in the Early Distal Tubule

The thiazide derivatives, such as chlorothiazide, act mainly
on the early distal tubules to block the sodium-chloride
co-transporter in the luminal membrane of the tubular
cells. Under favorable conditions, these agents may cause
a maximum of 5 to 10 percent of the glomerular filtrate
to pass into the urine. This is about the same amount of
sodium normally reabsorbed by the distal tubules.

Carbonic Anhydrase Inhibitors Block Sodium
Bicarbonate Reabsorption in the Proximal Tubules

Acetazolamide inhibits the enzyme carbonic anhydrase,
which is critical for the reabsorption of bicarbonate in the
proximal tubule, as discussed in Chapter 30. Carbonic
anhydrase is abundant in the proximal tubule, the primary
site of action of carbonic anhydrase inhibitors. Some car-
bonic anhydrase is also present in other tubular cells, such
as in the intercalated cells of the collecting tubule.
Because H* secretion and HCOj reabsorption in the
proximal tubules are coupled to sodium reabsorption
through the sodium-hydrogen ion counter-transport
mechanism in the luminal membrane, decreasing HCO;

Table 31-1 Classes of Diuretics, Their Mechanisms of Action, and Tubular Sites of Action

Class of Diuretic Mechanism of Action

Osmotic diuretics (mannitol)

Inhibit water and solute reabsorption by increasing

Tubular Site of Action

Mainly proximal tubules

osmolarity of tubular fluid

Loop diuretics (furosemide,
bumetanide)

Thiazide diuretics (hydrochlorothiazide,
chlorthalidone)

Carbonic anhydrase inhibitors
(acetazolamide)

Aldosterone antagonists
(spironolactone, eplerenone)

Sodium channel blockers (triamterene,
amiloride)
K* secretion
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Inhibit Na*-K*-Cl= co-transport in luminal membrane
Inhibit Na*-Cl~ co-transport in luminal membrane

Inhibit H* secretion and HCO,™ reabsorption, which
reduces Na* reabsorption

Inhibit action of aldosterone on tubular receptor,
decrease Na* reabsorption, and decrease K* secretion

Block entry of Na* into Na* channels of luminal
membrane, decrease Na* reabsorption, and decrease

Thick ascending loop of Henle
Early distal tubules

Proximal tubules

Collecting tubules

Collecting tubules



reabsorption also reduces sodium reabsorption. The block-
age of sodium and HCOj reabsorption from the tubular
fluid causes these ions to remain in the tubules and act as an
osmotic diuretic. Predictably, a disadvantage of the carbonic
anhydrase inhibitors is that they cause some degree of aci-
dosis because of the excessive loss of HCO; in the urine.

Competitive Inhibitors of Aldosterone Decrease
Sodium Reabsorption from and Potassium
Secretion into the Cortical Collecting Tubule

Spironolactone and eplerenone are mineralocorticoid
receptor antagonists that compete with aldosterone for
receptor binding sites in the cortical collecting tubule epi-
thelial cells and, therefore, can decrease the reabsorption
of sodium and secretion of potassium in this tubular seg-
ment. As a consequence, sodium remains in the tubules
and acts as an osmotic diuretic, causing increased excre-
tion of water, as well as sodium. Because these drugs also
block the effect of aldosterone to promote potassium
secretion in the tubules, they decrease the excretion of
potassium. Mineralocorticoid receptor antagonists also
cause movement of potassium from the cells to the extra-
cellular fluid. In some instances, this causes extracellular
fluid potassium concentration to increase excessively. For
this reason, spironolactone and other mineralocorticoid
receptor antagonists are referred to as potassium-sparing
diuretics. Many of the other diuretics cause loss of potas-
sium in the urine, in contrast to the mineralocorticoid
receptor antagonists, which “spare” the loss of potassium.

Diuretics That Block Sodium Channels in the
Collecting Tubules Decrease Sodium Reabsorption

Amiloride and triamterene also inhibit sodium reabsorp-
tion and potassium secretion in the collecting tubules,
similar to the effects of spironolactone. However, at the
cellular level, these drugs act directly to block the entry
of sodium into the sodium channels of the luminal mem-
brane of the collecting tubule epithelial cells. Because of
this decreased sodium entry into the epithelial cells, there
is also decreased sodium transport across the cells’ baso-
lateral membranes and, therefore, decreased activity of the
sodium-potassium-adenosine triphosphatase pump. This
decreased activity reduces the transport of potassium into
the cells and ultimately decreases the secretion of potas-
sium into the tubular fluid. For this reason, the sodium
channel blockers are also potassium-sparing diuretics and
decrease the urinary excretion rate of potassium.

Kidney Diseases

Diseases of the kidneys are among the most important
causes of death and disability in many countries throughout
the world. For example, in 2009, more than 26 million adults
in the United States were estimated to have chronic kidney
disease, and many more millions of people have acute renal
failure or less severe forms of kidney dysfunction.

Chapter 31 Diuretics, Kidney Diseases

Severe kidney diseases can be divided into two main
categories: (1) acute renal failure, in which the kidneys
abruptly stop working entirely or almost entirely but may
eventually recover nearly normal function, and (2) chronic
renal failure, in which there is progressive loss of func-
tion of more and more nephrons that gradually decreases
overall kidney function. Within these two general cate-
gories, there are many specific kidney diseases that can
affect the kidney blood vessels, glomeruli, tubules, renal
interstitium, and parts of the urinary tract outside the
kidney, including the ureters and bladder. In this chapter,
we discuss specific physiologic abnormalities that occur
in a few of the more important types of kidney diseases.

Acute Renal Failure

The causes of acute renal failure can be divided into three
main categories:

1. Acute renal failure resulting from decreased blood
supply to the kidneys; this condition is often referred
to as prerenal acute renal failure to reflect the fact that
the abnormality occurs as a result of an abnormality
originating outside the kidneys. For example, prere-
nal acute renal failure can be a consequence of heart
failure with reduced cardiac output and low blood
pressure or conditions associated with diminished
blood volume and low blood pressure, such as severe
hemorrhage.

2. Intrarenal acute renal failure resulting from abnormal-
ities within the kidney itself, including those that affect
the blood vessels, glomeruli, or tubules.

3. Postrenal acute renal failure, resulting from obstruc-
tion of the urinary collecting system anywhere from
the calyces to the outflow from the bladder. The
most common causes of obstruction of the urinary
tract outside the kidney are kidney stones, caused by
precipitation of calcium, urate, or cystine.

Prerenal Acute Renal Failure Caused by Decreased
Blood Flow to the Kidney

The kidneys normally receive an abundant blood supply
of about 1100 ml/min, or about 20 to 25 percent of the
cardiac output. The main purpose of this high blood flow
to the kidneys is to provide enough plasma for the high
rates of glomerular filtration needed for effective regu-
lation of body fluid volumes and solute concentrations.
Therefore, decreased renal blood flow is usually accom-
panied by decreased GFR and decreased urine output of
water and solutes. Consequently, conditions that acutely
diminish blood flow to the kidneys usually cause oliguria,
which refers to diminished urine output below the level
of intake of water and solutes. This causes accumulation
of water and solutes in the body fluids. If renal blood flow
is markedly reduced, total cessation of urine output can
occur, a condition referred to as anuria.
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Table 31-2 Some Causes of Prerenal Acute Renal Failure

Intravascular Volume Depletion

Hemorrhage (trauma, surgery, postpartum, gastrointestinal)
Diarrhea or vomiting

Burns

Cardiac Failure

Myocardial infarction

Valvular damage

Peripheral Vasodilation and Resultant Hypotension
Anaphylactic shock

Anesthesia

Sepsis, severe infections

Primary renal hemodynamic abnormalities

Renal artery stenosis, embolism, or thrombosis of renal artery
or vein

As long as renal blood flow does not fall below about 20
to 25 percent of normal, acute renal failure can usually be
reversed if the cause of the ischemia is corrected before dam-
age to the renal cells has occurred. Unlike some tissues, the
kidney can endure a relatively large reduction in blood flow
before actual damage to the renal cells occurs. The reason for
this is that as renal blood flow is reduced, the GFR and the
amount of sodium chloride filtered by the glomeruli (as well as
the filtration rate of water and other electrolytes) are reduced.
This decreases the amount of sodium chloride that must be
reabsorbed by the tubules, which use most of the energy and
oxygen consumed by the normal kidney. Therefore, as renal
blood flow and GER fall, the requirement for renal oxygen
consumption is also reduced. As the GFR approaches zero,
oxygen consumption of the kidney approaches the rate that is
required to keep the renal tubular cells alive even when they
are not reabsorbing sodium. When blood flow is reduced
below this basal requirement, which is usually less than 20
to 25 percent of the normal renal blood flow, the renal cells
start to become hypoxic, and further decreases in renal blood
flow, if prolonged, will cause damage or even death of the
renal cells, especially the tubular epithelial cells.

If the cause of prerenal acute renal failure is not cor-
rected and ischemia of the kidney persists longer than a
few hours, this type of renal failure can evolve into intra-
renal acute renal failure, as discussed later. Acute reduc-
tion of renal blood flow is a common cause of acute renal
failure in hospitalized patients, especially those who have
suffered severe injuries. Table 31-2 shows some of the
common causes of decreased renal blood flow and prer-
enal acute renal failure.

Intrarenal Acute Renal Failure Caused
by Abnormalities Within the Kidney

Abnormalities that originate within the kidney and that
abruptly diminish urine output fall into the general category
of intrarenal acute renal failure. This category of acute
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Table 31-3 Some Causes of Intrarenal Acute Renal Failure

Small Vessel and /or Glomerular Injury
Vasculitis (polyarteritis nodosa)

Cholesterol emboli

Malignant hypertension

Acute glomerulonephritis

Tubular Epithelial Injury (Tubular Necrosis)
Acute tubular necrosis due to ischemia

Acute tubular necrosis due to toxins (heavy metals, ethylene
glycol, insecticides, poison mushrooms, carbon
tetrachloride)

Renal Interstitial Inury

Acute pyelonephritis

Acute allergic interstitial nephritis

renal failure can be further divided into (1) conditions that
injure the glomerular capillaries or other small renal ves-
sels, (2) conditions that damage the renal tubular epithe-
lium, and (3) conditions that cause damage to the renal
interstitium. This type of classification refers to the pri-
mary site of injury, but because the renal vasculature and
tubular system are functionally interdependent, damage to
the renal blood vessels can lead to tubular damage, and
primary tubular damage can lead to damage of the renal
blood vessels. Some causes of intrarenal acute renal failure
are listed in Table 31-3.

Acute Renal Failure Caused by
Glomerulonephritis

Acute glomerulonephritis is a type of intrarenal acute
renal failure usually caused by an abnormal immune reac-
tion that damages the glomeruli. In about 95 percent of
the patients with this disease, damage to the glomeruli
occurs 1 to 3 weeks after an infection elsewhere in the
body, usually caused by certain types of group A beta
streptococci. The infection may have been a streptococcal
sore throat, streptococcal tonsillitis, or even streptococcal
infection of the skin. It is not the infection itself that dam-
ages the kidneys. Instead, over a few weeks, as antibodies
develop against the streptococcal antigen, the antibodies
and antigen react with each other to form an insoluble
immune complex that becomes entrapped in the glo-
meruli, especially in the basement membrane portion of
the glomeruli.

Once the immune complex has deposited in the
glomeruli, many of the cells of the glomeruli begin to pro-
liferate, but mainly the mesangial cells that lie between
the endothelium and the epithelium. In addition, large
numbers of white blood cells become entrapped in the
glomeruli. Many of the glomeruli become blocked by this
inflammatory reaction, and those that are not blocked
usually become excessively permeable, allowing both



protein and red blood cells to leak from the blood of
the glomerular capillaries into the glomerular filtrate. In
severe cases, either total or almost complete renal shut-
down occurs.

The acute inflammation of the glomeruli usually
subsides in about 2 weeks and, in most patients, the kid-
neys return to almost normal function within the next
few weeks to few months. Sometimes, however, many of
the glomeruli are destroyed beyond repair, and in a small
percentage of patients, progressive renal deterioration
continues indefinitely, leading to chronic renal failure, as
described in a subsequent section of this chapter.

Tubular Necrosis as a Cause of Acute Renal
Failure

Another cause of intrarenal acute renal failure is tubular
necrosis, which means destruction of epithelial cells in the
tubules. Some common causes of tubular necrosis are (1)
severe ischemia and inadequate supply of oxygen and nutri-
ents to the tubular epithelial cells and (2) poisons, toxins, or
medications that destroy the tubular epithelial cells.

Acute Tubular Necrosis Caused by Severe Renal
Ischemia

Severe ischemia of the kidney can result from circula-
tory shock or any other disturbance that severely impairs
the blood supply to the kidney. If the ischemia is severe
enough to seriously impair the delivery of nutrients and
oxygen to the renal tubular epithelial cells, and if the insult
is prolonged, damage or eventual destruction of the epi-
thelial cells can occur. When this happens, tubular cells
“slough off” and plug many of the nephrons, so that there
is no urine output from the blocked nephrons; the affected
nephrons often fail to excrete urine even when renal
blood flow is restored to normal, as long as the tubules
remain plugged. The most common causes of ischemic
damage to the tubular epithelium are the prerenal causes
of acute renal failure associated with circulatory shock, as
discussed earlier in this chapter.

Acute Tubular Necrosis Caused by Toxins or
Medications

There is a long list of renal poisons and medications that
can damage the tubular epithelium and cause acute renal
failure. Some of these are carbon tetrachloride, heavy met-
als (such as mercury and lead), ethylene glycol (which is a
major component in antifreeze), various insecticides, some
medications (such as tetracyclines) used as antibiotics,
and cis-platinum, which is used in treating certain can-
cers. Each of these substances has a specific toxic action
on the renal tubular epithelial cells, causing death of many
of them. As a result, the epithelial cells slough away from
the basement membrane and plug the tubules. In some
instances, the basement membrane also is destroyed. If the
basement membrane remains intact, new tubular epithelial
cells can grow along the surface of the membrane, so the
tubule may repair itself within 10 to 20 days.

Chapter 31 Diuretics, Kidney Diseases

Postrenal Acute Renal Failure Caused by
Abnormalities of the Lower Urinary Tract

Multiple abnormalities in the lower urinary tract can block
or partially block urine flow and therefore lead to acute
renal failure even when the kidneys’ blood supply and
other functions are initially normal. If the urine output of
only one kidney is diminished, no major change in body
fluid composition will occur because the contralateral
kidney can increase its urine output sufficiently to main-
tain relatively normal levels of extracellular electrolytes
and solutes, as well as normal extracellular fluid volume.
With this type of renal failure, normal kidney function can
be restored if the basic cause of the problem is corrected
within a few hours. But chronic obstruction of the urinary
tract, lasting for several days or weeks, can lead to irre-
versible kidney damage. Some of the causes of postrenal
acute failure include (1) bilateral obstruction of the ureters
or renal pelvises caused by large stones or blood clots, (2)
bladder obstruction, and (3) obstruction of the urethra.

Physiologic Effects of Acute Renal Failure

A major physiologic effect of acute renal failure is reten-
tion in the blood and extracellular fluid of water, waste
products of metabolism, and electrolytes. This can lead to
water and salt overload, which, in turn, can lead to edema
and hypertension. Excessive retention of potassium,
however, is often a more serious threat to patients with
acute renal failure because increases in plasma potassium
concentration (hyperkalemia) above 8 mEq/L (only twice
normal) can be fatal. Because the kidneys are also unable
to excrete sufficient hydrogen ions, patients with acute
renal failure develop metabolic acidosis, which in itself
can be lethal or can aggravate the hyperkalemia.

In the most severe cases of acute renal failure, complete
anuria occurs. The patient will die in 8 to 14 days unless
kidney function is restored or unless an artificial kidney is
used to rid the body of the excessive retained water, elec-
trolytes, and waste products of metabolism. Other effects
of diminished urine output, as well as treatment with an
artificial kidney, are discussed in the next section in rela-
tion to chronic renal failure.

Chronic Renal Failure: An Irreversible
Decrease in the Number of
Functional Nephrons

Chronic renal failure results from progressive and irre-
versible loss of large numbers of functioning nephrons.
Serious clinical symptoms often do not occur until the
number of functional nephrons falls to at least 70 to 75
percent below normal. In fact, relatively normal blood
concentrations of most electrolytes and normal body
fluid volumes can still be maintained until the number of
functioning nephrons decreases below 20 to 25 percent
of normal.
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Table 31-4 Some Causes of Chronic Renal Failure

Metablolic Disorders
Diabetes mellitus

Obesity

Amyloidosis

Hypertension

Renal Vascular Disorders
Atherosclerosis
Nephrosclerosis-hypertension
Immunologic Disorders
Glomerulonephritis
Polyarteritis nodosa

Lupus erythernatosus
Infections

Pyelonephritis

Tuberculosis

Primary Tubular Disorders
Nephrotoxins (analgesics, heavy metals)
Urinary Tract Obstruction
Renal calculi

Hypertrophy of prostate
Urethral constriction
Congenital Disorders
Polycystic disease

Congenital absence of kidney tissue (renal hypoplasia)

Table 31-4 gives some of the most important causes
of chronic renal failure. In general, chronic renal failure,
like acute renal failure, can occur because of disorders of
the blood vessels, glomeruli, tubules, renal interstitium,
and lower urinary tract. Despite the wide variety of dis-
eases that can lead to chronic renal failure, the end result
is essentially the same—a decrease in the number of
functional nephrons.

Vicious Cycle of Chronic Renal Failure Leading
to End-Stage Renal Disease

In many cases, an initial insult to the kidney leads to pro-
gressive deterioration of kidney function and further loss
of nephrons to the point where the person must be placed
on dialysis treatment or transplanted with a functional
kidney to survive. This condition is referred to as end-
stage renal disease (ESRD).

Studies in laboratory animals have shown that surgi-
cal removal of large portions of the kidney initially causes
adaptive changes in the remaining nephrons that lead to
increased blood flow, increased GFR, and increased urine
output in the surviving nephrons. The exact mechanisms
responsible for these changes are not well understood but
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involve hypertrophy (growth of the various structures of
the surviving nephrons), as well as functional changes
that decrease vascular resistance and tubular reabsorp-
tion in the surviving nephrons. These adaptive changes
permit a person to excrete normal amounts of water and
solutes even when kidney mass is reduced to 20 to 25 per-
cent of normal. Over a period of several years, however,
these renal adaptive changes may lead to further injury of
the remaining nephrons, particularly to the glomeruli of
these nephrons.

The cause of this additional injury is not known, but
some investigators believe that it may be related in part
to increased pressure or stretch of the remaining glo-
meruli, which occurs as a result of functional vasodila-
tion or increased blood pressure; the chronic increase in
pressure and stretch of the small arterioles and glomer-
uli are believed to cause injury and sclerosis of these ves-
sels (replacement of normal tissue with connective tissue).
These sclerotic lesions can eventually obliterate the glo-
merulus, leading to further reduction in kidney function,
further adaptive changes in the remaining nephrons, and
a slowly progressing vicious cycle that eventually termi-
nates in ESRD (Figure 31-2). The only proven method
of slowing down this progressive loss of kidney function
is to lower arterial pressure and glomerular hydrostatic
pressure, especially by using drugs such as angiotensin-
converting enzyme inhibitors or angiotensin II receptor
antagonists.

Table 31-5 gives the most common causes of ESRD. In
the early 1980s, glomerulonephritis in all its various forms
was believed to be the most common initiating cause of

4

Primary
kidney disease

Nephron
number

Hypertrophy
Glomerular and vasodilation
sclerosis of surviving

nephrons
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pressure
Glomerular

pressure
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Figure 31-2 Vicious circle that can occur with primary kidney dis-
ease. Loss of nephrons because of disease may increase pressure
and flow in the surviving glomerular capillaries, which in turn may
eventually injure these “normal” capillaries as well, thus causing
progressive sclerosis and eventual loss of these glomeruli.



Table 31-5 Most Common Causes of End-Stage Renal
Disease (ESRD)

Cause Percentage of Total
ESRD Patients

Diabetes mellitus 45

Hypertension 27

Glomerulonephritis 8

Polycystic kidney disease

Other/unknown 18

ESRD. In recent years, diabetes mellitus and hypertension
have become recognized as the leading causes of ESRD,
together accounting for more than 70 percent of all chronic
renal failure.

Excessive weight gain (obesity) appears to be the most
important risk factor for the two main causes of ESRD—
diabetes and hypertension. As discussed in Chapter 78,
type Il diabetes, which is closely linked to obesity, accounts
for more than 90 percent of all diabetes mellitus. Excess
weight gain is also a major cause of essential hypertension,
accounting for as much as 65 to 75 percent of the risk for
developing hypertension in adults. In addition to causing
renal injury through diabetes and hypertension, obesity
may have additive or synergistic effects to worsen renal
function in patients with preexisting kidney disease.

Injury to the Renal Vasculature as a Cause of Chronic
Renal Failure

Many types of vascular lesions can lead to renal ischemia
and death of kidney tissue. The most common of these are
(1) atherosclerosis of the larger renal arteries, with progres-
sive sclerotic constriction of the vessels; (2) fibromuscu-
lar hyperplasia of one or more of the large arteries, which
also causes occlusion of the vessels; and (3) nephrosclerosis,
caused by sclerotic lesions of the smaller arteries, arterioles,
and glomeruli.

Atherosclerotic or hyperplastic lesions of the large arteries
frequently affect one kidney more than the other and, there-
fore, cause unilaterally diminished kidney function. As dis-
cussed in Chapter 19, hypertension often occurs when the
artery of one kidney is constricted while the artery of the other
kidney is still normal, a condition analogous to “two-kidney”
Goldblatt hypertension.

Benign nephrosclerosis, the most common form of kidney
disease, is seen to at least some extent in about 70 percent of
postmortem examinations in people who die after the age of
60. This type of vascular lesion occurs in the smaller interlob-
ular arteries and in the afferent arterioles of the kidney. It is
believed to begin with leakage of plasma through the intimal
membrane of these vessels. This causes fibrinoid deposits to
develop in the medial layers of these vessels, followed by pro-
gressive thickening of the vessel wall that eventually constricts
the vessels and, in some cases, occludes them. Because there
is essentially no collateral circulation among the smaller renal
arteries, occlusion of one or more of them causes destruction
of a comparable number of nephrons. Therefore, much of the
kidney tissue becomes replaced by small amounts of fibrous
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Figure 31-3 Effect of aging on the number of functional glomeruli.

tissue. When sclerosis occurs in the glomeruli, the injury is
referred to as glomerulosclerosis.

Nephrosclerosis and glomerulosclerosis occur to some
extent in most people after the fourth decade of life, caus-
ing about a 10 percent decrease in the number of functional
nephrons each 10 years after age 40 (Figure 31-3). This loss
of glomeruli and overall nephron function is reflected by
a progressive decrease in both renal blood flow and GER.
Even in “normal” people, kidney plasma flow and GFR
decrease by 40 to 50 percent by age 80.

The frequency and severity of nephrosclerosis and glo-
merulosclerosis are greatly increased by concurrent /yper-
tension or diabetes mellitus. In fact, diabetes mellitus and
hypertension are the two most important causes of ESRD, as
discussed previously. Thus, benign nephrosclerosis in associ-
ation with severe hypertension can lead to a rapidly progress-
ing malignant nephrosclerosis. The characteristic histological
features of malignant nephrosclerosis include large amounts
of fibrinoid deposits in the arterioles and progressive thick-
ening of the vessels, with severe ischemia occurring in the
affected nephrons. For unknown reasons, the incidence of
malignant nephrosclerosis and severe glomerulosclerosis is
significantly higher in blacks than in whites of similar ages
who have similar degrees of severity of hypertension or
diabetes.

Injury to the Glomeruli as a Cause of Chronic

Renal Failure—Glomerulonephritis

Chronic glomerulonephritis can be caused by several diseases
that cause inflammation and damage to the capillary loops in
the glomeruli of the kidneys. In contrast to the acute form
of this disease, chronic glomerulonephritis is a slowly pro-
gressive disease that often leads to irreversible renal failure.
It may be a primary kidney disease, following acute glomeru-
lonephritis, or it may be secondary to systemic diseases, such
as lupus erythematosus.

In most cases, chronic glomerulonephritis begins with
accumulation of precipitated antigen-antibody complexes in
the glomerular membrane. In contrast to acute glomerulo-
nephritis, streptococcal infections account for only a small
percentage of patients with the chronic form of glomeru-
lonephritis. Accumulation of antigen-antibody complex in
the glomerular membranes causes inflammation, progres-
sive thickening of the membranes, and eventual invasion of
the glomeruli by fibrous tissue. In the later stages of the dis-
ease, the glomerular capillary filtration coefficient becomes
greatly reduced because of decreased numbers of filtering
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capillaries in the glomerular tufts and because of thickened
glomerular membranes. In the final stages of the disease,
many glomeruli are replaced by fibrous tissue and are, there-
fore, unable to filter fluid.

Injury to the Renal Interstitium as a Cause

of Chronic Renal Failure—Interstitial Nephritis

Primary or secondary disease of the renal interstitium is
referred to as interstitial nephritis. In general, this can result
from vascular, glomerular, or tubular damage that destroys
individual nephrons, or it can involve primary damage
to the renal interstitium by poisons, drugs, and bacterial
infections.

Renal interstitial injury caused by bacterial infection is
called pyelonephritis. The infection can result from differ-
ent types of bacteria but especially from Escherichia coli
that originate from fecal contamination of the urinary tract.
These bacteria reach the kidneys either by way of the blood
stream or, more commonly, by ascension from the lower uri-
nary tract by way of the ureters to the kidneys.

Although the normal bladder is able to clear bacteria
readily, there are two general clinical conditions that may
interfere with the normal flushing of bacteria from the
bladder: (1) the inability of the bladder to empty completely,
leaving residual urine in the bladder, and (2) the existence
of obstruction of urine outflow. With impaired ability to
flush bacteria from the bladder, the bacteria multiply and
the bladder becomes inflamed, a condition termed cystitis.
Once cystitis has occurred, it may remain localized without
ascending to the kidney, or in some people, bacteria may
reach the renal pelvis because of a pathological condition in
which urine is propelled up one or both of the ureters during
micturition. This condition is called vesicoureteral reflux
and is due to the failure of the bladder wall to occlude the
ureter during micturition; as a result, some of the urine is
propelled upward toward the kidney, carrying with it bacte-
ria that can reach the renal pelvis and renal medulla, where
they can initiate the infection and inflammation associated
with pyelonephritis.

Pyelonephritis begins in the renal medulla and there-
fore usually affects the function of the medulla more than it
affects the cortex, at least in the initial stages. Because one of
the primary functions of the medulla is to provide the coun-
tercurrent mechanism for concentrating urine, patients with
pyelonephritis frequently have markedly impaired ability to
concentrate the urine.

With long-standing pyelonephritis, invasion of the kid-
neys by bacteria not only causes damage to the renal medulla
interstitium but also results in progressive damage of renal
tubules, glomeruli, and other structures throughout the kid-
ney. Consequently, large parts of functional renal tissue are
lost and chronic renal failure can develop.

Nephrotic Syndrome—Excretion of Protein in the Urine
Because of Increased Glomerular Permeability
Many patients with kidney disease develop the nephrotic syn-
drome, which is characterized by loss of large quantities of
plasma proteins into the urine. In some instances, this occurs
without evidence of other major abnormalities of kidney
function, but more often it is associated with some degree of
renal failure.

The cause of the protein loss in the urine is increased
permeability of the glomerular membrane. Therefore, any
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disease that increases the permeability of this membrane
can cause the nephrotic syndrome. Such diseases include
(1) chronic glomerulonephritis, which affects primarily the
glomeruli and often causes greatly increased permeability
of the glomerular membrane; (2) amyloidosis, which results
from deposition of an abnormal proteinoid substance in the
walls of the blood vessels and seriously damages the base-
ment membrane of the glomeruli; and (3) minimal change
nephrotic syndrome, which is associated with no major
abnormality in the glomerular capillary membrane that can
be detected with light microscopy. As discussed in Chapter
26, minimal change nephropathy has been found to be asso-
ciated with loss of the negative charges that are normally
present in the glomerular capillary basement membrane.
Immunologic studies have also shown abnormal immune
reactions in some cases, suggesting that the loss of the nega-
tive charges may have resulted from antibody attack on the
membrane. Loss of normal negative charges in the base-
ment membrane of the glomerular capillaries allows pro-
teins, especially albumin, to pass through the glomerular
membrane with ease because the negative charges in the
basement membrane normally repel the negatively charged
plasma proteins.

Minimal-change nephropathy can occur in adults, but
more frequently it occurs in children between the ages of 2
and 6 years. Increased permeability of the glomerular cap-
illary membrane occasionally allows as much as 40 grams
of plasma protein loss into the urine each day, which is an
extreme amount for a young child. Therefore, the child’s
plasma protein concentration often falls below 2 g/dl and
the colloid osmotic pressure falls from a normal value of
28 to less than 10mm Hg. As a consequence of this low
colloid osmotic pressure in the plasma, large amounts
of fluid leak from the capillaries all over the body into
most of the tissues, causing severe edema, as discussed
in Chapter 25.

Nephron Function in Chronic Renal Failure

Loss of Functional Nephrons Requires the Surviving
Nephrons to Excrete More Water and Solutes. It
would be reasonable to suspect that decreasing the num-
ber of functional nephrons, which reduces the GFR,
would also cause major decreases in renal excretion of
water and solutes. Yet patients who have lost up to 75
to 80 percent of their nephrons are able to excrete nor-
mal amounts of water and electrolytes without serious
accumulation of any of these in the body fluids. Further
reduction in the number of nephrons, however, leads to
electrolyte and fluid retention, and death usually ensues
when the number of nephrons falls below 5 to 10 percent
of normal.

In contrast to the electrolytes, many of the waste prod-
ucts of metabolism, such as urea and creatinine, accumu-
late almost in proportion to the number of nephrons that
have been destroyed. The reason for this is that substances
such as creatinine and urea depend largely on glomerular
filtration for their excretion, and they are not reabsorbed
as avidly as the electrolytes. Creatinine, for example, is not
reabsorbed at all, and the excretion rate is approximately
equal to the rate at which it is filtered.



Creatinine filtration rate = GFR X Plasma creatinine concentration
= Creatinine excretion rate

Therefore, if GFR decreases, the creatinine excretion
rate also transiently decreases, causing accumulation of
creatinine in the body fluids and raising plasma concen-
tration until the excretion rate of creatinine returns to
normal—the same rate at which creatinine is produced
in the body (Figure 31-4). Thus, under steady-state condi-
tions the creatinine excretion rate equals the rate of creati-
nine production, despite reductions in GFR; however, this
normal rate of creatinine excretion occurs at the expense
of elevated plasma creatinine concentration, as shown in
curve A of Figure 31-5.

Some solutes, such as phosphate, urate, and hydrogen
ions, are often maintained near the normal range until
GER falls below 20 to 30 percent of normal. Thereafter,
the plasma concentrations of these substances rise, but
not in proportion to the fall in GFR, as shown in curve B
of Figure 31-5. Maintenance of relatively constant plasma
concentrations of these solutes as GFR declines is accom-
plished by excreting progressively larger fractions of the
amounts of these solutes that are filtered at the glomerular
capillaries; this occurs by decreasing the rate of tubular
reabsorption or, in some instances, by increasing tubular
secretion rates.
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Figure 31-4 Effect of reducing glomerular filtration rate (GFR)
by 50 percent on serum creatinine concentration and on creati-
nine excretion rate when the production rate of creatinine remains
constant.
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Figure 31-5 Representative patterns of adaptation for different
types of solutes in chronic renal failure. Curve A shows the approx-
imate changes in the plasma concentrations of solutes such as
creatinine and urea that are filtered and poorly reabsorbed. Curve
B shows the approximate concentrations for solutes such as phos-
phate, urate, and hydrogen ion. Curve C shows the approximate
concentrations for solutes such as sodium and chloride.

In the case of sodium and chloride ions, their plasma
concentrations are maintained virtually constant even
with severe decreases in GFR (see curve C of Figure
31-5). This is accomplished by greatly decreasing tubular
reabsorption of these electrolytes.

For example, with a 75 percent loss of functional
nephrons, each surviving nephron must excrete four
times as much sodium and four times as much volume as
under normal conditions (Table 31-6).

Part of this adaptation occurs because of increased blood
flow and increased GFR in each of the surviving nephrons,
owing to hypertrophy of the blood vessels and glomeruli, as
well as functional changes that cause the blood vessels to
dilate. Even with large decreases in the total GFR, normal
rates of renal excretion can still be maintained by decreasing
the rate at which the tubules reabsorb water and solutes.

Table 31-6 Total Kidney Excretion and Excretion per Nephron
in Renal Failure

Normal 75% Loss of
Nephrons
Number of nephrons 2,000,000 500,000
Total GFR (ml/min) 125 40
Single nephron GFR (nl/min)  62.5 80
Volume excreted for 1.5 1.5
all nephrons (ml/min)
Volume excreted per 0.75 3.0

nephron (nl/min)

GFR, glomerular filtration rate.
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Isosthenuria—Inability of the Kidney to Concentrate
or Dilute the Urine. One important effect of the rapid
rate of tubular flow that occurs in the remaining nephrons
of diseased kidneys is that the renal tubules lose their abil-
ity to fully concentrate or dilute the urine. The concen-
trating ability of the kidney is impaired mainly because
(1) the rapid flow of tubular fluid through the collecting
ducts prevents adequate water reabsorption, and (2) the
rapid flow through both the loop of Henle and the col-
lecting ducts prevents the countercurrent mechanism
from operating effectively to concentrate the medullary
interstitial fluid solutes. Therefore, as progressively more
nephrons are destroyed, the maximum concentrating
ability of the kidney declines and urine osmolarity and
specific gravity (a measure of the total solute concentra-
tion) approach the osmolarity and specific gravity of the
glomerular filtrate, as shown in Figure 31-6.

The diluting mechanism in the kidney is also impaired
when the number of nephrons decreases because the
rapid flushing of fluid through the loops of Henle and the
high load of solutes such as urea cause a relatively high
solute concentration in the tubular fluid of this part of
the nephron. As a consequence, the diluting capacity of
the kidney is impaired and the minimal urine osmolal-
ity and specific gravity approach those of the glomerular
filtrate. Because the concentrating mechanism becomes
impaired to a greater extent than does the diluting mecha-
nism in chronic renal failure, an important clinical test of
renal function is to determine how well the kidneys can
concentrate urine when a person’s water intake is restricted
for 12 or more hours.

Effects of Renal Failure on the Body Fluids—Uremia

The effect of renal failure on the body fluids depends on
(1) water and food intake and (2) the degree of impair-
ment of renal function. Assuming that a person with com-
plete renal failure continues to ingest the same amounts of
water and food, the concentrations of different substances
in the extracellular fluid are approximately those shown in
Figure 31-7. Important effects include (1) generalized edema
resulting from water and salt retention; (2) acidosis result-
ing from failure of the kidneys to rid the body of normal
acidic products; (3) high concentration of the nonprotein
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Figure 31-6 Development of isosthenuria in a patient with
decreased numbers of functional nephrons.
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Figure 31-7 Effect of kidney failure on extracellular fluid constitu-
ents. NPN, nonprotein nitrogens.

nitrogens—especially urea, creatinine, and uric acid—result-
ing from failure of the body to excrete the metabolic end
products of proteins; and (4) high concentrations of other
substances excreted by the kidney, including phenols, sul-
fates, phosphates, potassium, and guanidine bases. This total
condition is called uremia because of the high concentration
of urea in the body fluids.

Water Retention and Development of Edema in Renal
Failure. If water intake is restricted immediately after
acute renal failure begins, the total body fluid content may
become only slightly increased. If fluid intake is not lim-
ited and the patient drinks in response to the normal thirst
mechanisms, the body fluids begin to increase immediately
and rapidly.

With chronic partial kidney failure, accumulation of fluid
may not be severe, as long as salt and fluid intake are not
excessive, until kidney function falls to 25 percent of normal
or lower. The reason for this, as discussed previously, is that
the surviving nephrons excrete larger amounts of salt and
water. Even the small fluid retention that does occur, along
with increased secretion of renin and angiotensin II that usu-
ally occurs in ischemic kidney disease, often causes severe
hypertension in chronic renal failure. Almost all patients
with kidney function so reduced as to require dialysis to pre-
serve life develop hypertension. In many of these patients,
severe reduction of salt intake or removal of extracellular
fluid by dialysis can control the hypertension. The remain-
ing patients continue to have hypertension even after excess
sodium has been removed by dialysis. In this group, removal
of the ischemic kidneys usually corrects the hypertension
(as long as fluid retention is prevented by dialysis) because
it removes the source of excessive renin secretion and subse-
quent increased angiotensin II formation.

Uremia—Increase in Urea and Other Nonprotein
Nitrogens (Azotemia). The nonprotein nitrogens include
urea, uric acid, creatinine, and a few less important com-
pounds. These, in general, are the end products of protein
metabolism and must be removed from the body to ensure
continued normal protein metabolism in the cells. The con-
centrations of these, particularly of urea, can rise to as high
as 10 times normal during 1 to 2 weeks of total renal failure.
With chronic renal failure, the concentrations rise approxi-
mately in proportion to the degree of reduction in functional
nephrons. For this reason, measuring the concentrations of



these substances, especially of urea and creatinine, provides
an important means for assessing the degree of renal failure.

Acidosis in Renal Failure. Each day the body normally
produces about 50 to 80 millimoles more metabolic acid than
metabolic alkali. Therefore, when the kidneys fail to function,
acid accumulates in the body fluids. The buffers of the body
fluids normally can buffer 500 to 1000 millimoles of acid
without lethal increases in extracellular fluid H* concentra-
tion, and the phosphate compounds in the bones can buffer
an additional few thousand millimoles of H*. However, when
this buffering power is used up, the blood pH falls drastically
and the patient will become comatose and die if the pH falls
below about 6.8.

Anemia in Chronic Renal Failure Caused by Decreased
Erythropoietin Secretion. Patients with severe chronic renal
failure almost always develop anemia. The most important
cause of this is decreased renal secretion of erythropoietin,
which stimulates the bone marrow to produce red blood
cells. If the kidneys are seriously damaged, they are unable
to form adequate quantities of erythropoietin, which leads
to diminished red blood cell production and consequent
anemia.

The availability since 1989 of recombinant erythropoi-
etin, however, has provided a means of treating anemia in
patients with chronic renal failure.

Osteomalaciain Chronic Renal Failure Caused by Decreased
Production of Active Vitamin D and by Phosphate Retention
by the Kidneys. Prolonged renal failure also causes osteomal-
acia, a condition in which the bones are partially absorbed
and, therefore, become greatly weakened. An important
cause of this condition is the following: Vitamin D must be
converted by a two-stage process, first in the liver and then
in the kidneys, into 1,25-dihydroxycholecalciferol before it
is able to promote calcium absorption from the intestine.
Therefore, serious damage to the kidney greatly reduces
the blood concentration of active vitamin D, which in turn
decreases intestinal absorption of calcium and the availabil-
ity of calcium to the bones.

Another important cause of demineralization of the skel-
eton in chronic renal failure is the rise in serum phosphate
concentration that occurs as a result of decreased GFR. This
rise in serum phosphate increases binding of phosphate with
calcium in the plasma, thus decreasing the plasma serum
ionized calcium concentration, which, in turn, stimulates
parathyroid hormone secretion. This secondary hyper-
parathyroidism then stimulates the release of calcium from
bones, causing further demineralization of the bones.

Hypertension and Kidney Disease

As discussed earlier in this chapter, hypertension can exacer-
bate injury to the glomeruli and blood vessels of the kidneys
and is a major cause of end-stage renal disease. Abnormalities
of kidney function can also cause hypertension, as discussed
in detail in Chapter 19. Thus, the relation between hyperten-
sion and kidney disease can, in some instances, propagate
a vicious cycle: primary kidney damage leads to increased
blood pressure, which causes further damage to the kidneys,
further increases in blood pressure, and so forth, until end-
stage renal disease develops.

Notall types of kidney disease cause hypertension because
damage to certain portions of the kidney causes uremia with-
out hypertension. Nevertheless, some types of renal damage
are particularly prone to cause hypertension. A classification
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of kidney disease relative to hypertensive or nonhypertensive
effects is the following.

Renal Lesions That Reduce the Ability of the Kidneys to
Excrete Sodium and Water Promote Hypertension. Renal
lesions that decrease the ability of the kidneys to excrete
sodium and water almost invariably cause hypertension.
Therefore, lesions that either decrease GFR or increase tubu-
lar reabsorption usually lead to hypertension of varying
degrees. Some specific types of renal abnormalities that can
cause hypertension are as follows:

1. Increased renal vascular resistance, which reduces renal
blood flow and GFR. An example is hypertension caused
by renal artery stenosis.

2. Decreased glomerular capillary filtration coefficient, which
reduces GFR. An example of this is chronic glomerulonephri-
tis, which causes inflammation and thickening of the
glomerular capillary membranes, thereby reducing the
glomerular capillary filtration coefficient.

3. Excessive tubular sodium reabsorption. An example is
hypertension caused by excessive aldosterone secretion,
which increases sodium reabsorption mainly in the corti-
cal collecting tubules.

Once hypertension has developed, renal excretion of
sodium and water returns to normal because the high arte-
rial pressure causes pressure natriuresis and pressure diure-
sis, so intake and output of sodium and water become
balanced once again. Even when there are large increases in
renal vascular resistance or decreases in the glomerular cap-
illary coefficient, the GFR may still return to nearly normal
levels after the arterial blood pressure rises. Likewise, when
tubular reabsorption is increased, as occurs with excessive
aldosterone secretion, the urinary excretion rate is initially
reduced but then returns to normal as arterial pressure rises.
Thus, after hypertension develops, there may be no obvious
sign of impaired excretion of sodium and water other than
the hypertension. As explained in Chapter 19, normal excre-
tion of sodium and water at an elevated arterial pressure
means that pressure natriuresis and pressure diuresis have
been reset to a higher arterial pressure.

Hypertension Caused by Patchy Renal Damage and
Increased Renal Secretion of Renin. If one part of the kidney
is ischemic and the remainder is not ischemic, such as occurs
when one renal artery is severely constricted, the ischemic
renal tissue secretes large quantities of renin. This secre-
tion leads to increased formation of angiotensin II, which
can cause hypertension. The most likely sequence of events
in causing this hypertension, as discussed in Chapter 19, is
(1) the ischemic kidney tissue itself excretes less than nor-
mal amounts of water and salt; (2) the renin secreted by the
ischemic kidney, as well as the subsequent increased angio-
tensin II formation, affects the nonischemic kidney tissue,
causing it also to retain salt and water; and (3) excess salt and
water cause hypertension in the usual manner.

A similar type of hypertension can result when patchy
areas of one or both kidneys become ischemic as a result of
arteriosclerosis or vascular injury in specific portions of the
kidneys. When this occurs, the ischemic nephrons excrete
less salt and water but secrete greater amounts of renin,
which causes increased angiotensin II formation. The high
levels of angiotensin II then impair the ability of the sur-
rounding otherwise normal nephrons to excrete sodium and
water. As a result, hypertension develops, which restores the
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overall excretion of sodium and water by the kidney, so bal-
ance between intake and output of salt and water is main-
tained, but at the expense of high blood pressure.

Kidney Diseases That Cause Loss of Entire Nephrons Lead
to Renal Failure but May Not Cause Hypertension. Loss of
large numbers of whole nephrons, such as occurs with the
loss of one kidney and part of another kidney, almost always
leads to renal failure if the amount of kidney tissue lost is
great enough. If the remaining nephrons are normal and the
salt intake is not excessive, this condition might not cause
clinically significant hypertension because even a slight rise
in blood pressure will raise the GFR and decrease tubular
sodium reabsorption sufficiently to promote enough water
and salt excretion in the urine, even with the few nephrons
that remain intact. However, a patient with this type of
abnormality may become severely hypertensive if additional
stresses are imposed, such as eating a large amount of salt. In
this case, the kidneys simply cannot clear adequate quantities
of salt at a normal blood pressure with the small number of
functioning nephrons that remain. Increased blood pressure
restores excretion of salt and water to match intake of salt
and water under steady-state conditions.

Effective treatment of hypertension requires that the kid-
neys’ capability to excrete salt and water is increased, either
by increasing GFR or by decreasing tubular reabsorption, so
that balance between intake and renal excretion of salt and
water excretion can be maintained at lower blood pressures.
This can be achieved by drugs that block the effects of ner-
vous and hormonal signals that cause the kidneys to retain
salt and water (e.g., with B-adrenergic blockers, angiotensin
receptor antagonists, or angiotensin-converting enzyme
inhibitors) or with diuretic drugs that directly inhibit renal
tubular reabsorption of salt and water.

Specific Tubular Disorders

In Chapter 27, we point out that several mechanisms are
responsible for transporting different individual substances
across the tubular epithelial membranes. In Chapter 3,
we also point out that each cellular enzyme and each car-
rier protein is formed in response to a respective gene in
the nucleus. If any required gene happens to be absent or
abnormal, the tubules may be deficient in one of the appro-
priate carrier proteins or one of the enzymes needed for
solute transport by the renal tubular epithelial cells. In
other instances, too much of the enzyme or carrier protein
is produced. Thus, many hereditary tubular disorders occur
because of abnormal transport of individual substances
or groups of substances through the tubular membrane.
In addition, damage to the tubular epithelial membrane
by toxins or ischemia can cause important renal tubular
disorders.

Renal Glycosuria—Failure of the Kidneys to Reabsorb
Glucose. In this condition the blood glucose concentra-
tion may be normal, but the transport mechanism for tubu-
lar reabsorption of glucose is greatly limited or absent.
Consequently, despite a normal blood glucose level, large
amounts of glucose pass into the urine each day. Because dia-
betes mellitus is also associated with the presence of glucose
in the urine, renal glycosuria, which is a relatively benign
condition, must be ruled out before making the diagnosis of
diabetes mellitus.
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Aminoaciduria—Failure of the Kidneys to Reabsorb Amino
Acids. Some amino acids share mutual transport systems for
reabsorption, whereas other amino acids have their own dis-
tinct transport systems. Rarely, a condition called general-
ized aminoaciduria results from deficient reabsorption of all
amino acids; more frequently, deficiencies of specific carrier
systems may result in (1) essential cystinuria, in which large
amounts of cystine fail to be reabsorbed and often crystal-
lize in the urine to form renal stones; (2) simple glycinuria, in
which glycine fails to be reabsorbed; or (3) beta-aminoisobu-
tyricaciduria, which occurs in about 5 percent of all people
but apparently has no major clinical significance.

Renal Hypophosphatemia—Failure of the Kidneys to
Reabsorb Phosphate. In renal hypophosphatemia, the renal
tubules fail to reabsorb large enough quantities of phosphate
ions when the phosphate concentration of the body fluids falls
very low. This condition usually does not cause serious imme-
diate abnormalities because the phosphate concentration of
the extracellular fluid can vary widely without causing major
cellular dysfunction. Over a long period, a low phosphate
level causes diminished calcification of the bones, causing the
person to develop rickets. This type of rickets is refractory
to vitamin D therapy, in contrast to the rapid response of the
usual type of rickets, as discussed in Chapter 79.

Renal Tubular Acidosis—Failure of the Tubules to Secrete
Hydrogen lons. In this condition, the renal tubules are unable
to secrete adequate amounts of hydrogen ions. As a result,
large amounts of sodium bicarbonate are continually lost in
the urine. This causes a continued state of metabolic acido-
sis, as discussed in Chapter 30. This type of renal abnormal-
ity can be caused by hereditary disorders, or it can occur as a
result of widespread injury to the renal tubules.

Nephrogenic Diabetes Insipidus—Failure of the Kidneys
to Respond to Antidiuretic Hormone. Occasionally, the renal
tubules do not respond to antidiuretic hormone, causing
large quantities of dilute urine to be excreted. As long as the
person is supplied with plenty of water, this condition sel-
dom causes severe difficulty. However, when adequate quan-
tities of water are not available, the person rapidly becomes
dehydrated.

Fanconi’s Syndrome—A Generalized Reabsorptive Defect
of the Renal Tubules. Fanconi’s syndrome is usually associ-
ated with increased urinary excretion of virtually all amino
acids, glucose, and phosphate. In severe cases, other mani-
festations are also observed, such as (1) failure to reabsorb
sodium bicarbonate, which results in metabolic acidosis; (2)
increased excretion of potassium and sometimes calcium;
and (3) nephrogenic diabetes insipidus.

There are multiple causes of Fanconi’s syndrome, which
results from a generalized inability of the renal tubular cells
to transport various substances. Some of these causes include
(1) hereditary defects in cell transport mechanisms, (2) tox-
ins or drugs that injure the renal tubular epithelial cells, and
(3) injury to the renal tubular cells as a result of ischemia.
The proximal tubular cells are especially affected in Fanconi’s
syndrome caused by tubular injury because these cells reab-
sorb and secrete many of the drugs and toxins that can cause
damage.

Bartter's Syndrome—Decreased Sodium, Chloride, and
Potassium Reabsorption in the Loops of Henle. Bartter’s syn-
drome is an autosomal recessive disorder caused by impaired
function of the 1-sodium, 2-chloride, 1-potassium co-trans-
porter, or by defects in potassium channels in the luminal



membrane or chloride channels in the basolateral membrane
of the thick ascending loop of Henle. These disorders result
in increased excretion of water, sodium, chloride, potassium,
and calcium by the kidneys. The salt and water loss leads to
mild volume depletion, resulting in activation of the renin-
angiotensin-aldosterone system. The increased aldosterone
and high distal tubular flow, due to impaired loop of Henle
reabsorption, stimulate potassium and hydrogen secretion in
the collecting tubules, leading to hypokalemia and metabolic
alkalosis.

Gitelman's Syndrome—Decreased Sodium Chloride
Reabsorption in the Distal Tubules. Gitelman’s syndrome
is an autosomal recessive disorder of the thiazide-sensitive
sodium-chloride co-transporter in the distal tubules. Patients
with Gitelman’s syndrome have some of the same characteris-
tics as patients with Bartter’s syndrome—salt and water loss,
mild water volume depletion, and activation of the renin-
angiotensin-aldosterone system—although these abnormali-
ties are usually less severe in Gitelman’s syndrome.

Because the tubular defects in Bartter’s or Gitelman’s syn-
drome cannot be corrected, treatment is usually focused on
replacing the losses of sodium chloride and potassium. Some
studies suggest that blockade of prostaglandin synthesis with
nonsteroidal anti-inflammatory drugs and administration of
aldosterone antagonists, such as spironolactone, may be use-
ful in correcting the hypokalemia.

Liddle’s Syndrome—Increased Sodium Reabsorption.
Liddle’s syndrome is a rare autosomal dominant disorder
resulting from various mutations in the amiloride-sensi-
tive epithelial sodium channel (ENaC) in the distal and col-
lecting tubules. These mutations cause excessive activity of
ENaC, resulting in increased reabsorption of sodium and
water, hypertension, and metabolic alkalosis similar to the
changes that occur with oversecretion of aldosterone (pri-
mary aldosteronism).

Patients with Liddle’s syndrome, however, have decreased
levels of aldosterone due to sodium retention and com-
pensatory decreases in renin secretion and angiotensin II
levels, which, in turn, decrease adrenal secretion of aldo-
sterone. Fortunately, Liddle’s syndrome can be treated with
the diuretic amiloride, which blocks the excessive ENaC
activity.

Treatment of Renal Failure by Transplantation
or by Dialysis with an Artificial Kidney

Severe loss of kidney function, either acutely or chronically,
is a threat to life and requires removal of toxic waste prod-
ucts and restoration of body fluid volume and composition
toward normal. This can be accomplished by kidney trans-
plantation or by dialysis with an artificial kidney. More than
500,000 patients in the United States are currently receiving
some form of ESRD therapy.

Successful transplantation of a single donor kidney to a
patient with ESRD can restore kidney function to a level that
is sufficient to maintain essentially normal homeostasis of
body fluids and electrolytes. Approximately 16,000 kidney
transplants are performed each year in the United States.
Patients who receive kidney transplants typically live longer
and have fewer health problems than those who are main-
tained on dialysis. Maintenance of immunosuppressive ther-
apy is required for almost all patients to help prevent acute
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rejection and loss of the transplanted kidney. The side effects
of drugs that suppress the immune system include increased
risk for infections and for some cancers, although the amount
of immunosuppressive therapy can usually be reduced over
time to greatly reduce these risks.

More than 350,000 people in the United States with
irreversible renal failure or total kidney removal are being
maintained chronically by dialysis with artificial kidneys.
Dialysis is also used in certain types of acute renal failure to
tide the patient over until the kidneys resume their function.
If the loss of kidney function is irreversible, it is necessary to
perform dialysis chronically to maintain life. Because dialy-
sis cannot maintain completely normal body fluid composi-
tion and cannot replace all the multiple functions performed
by the kidneys, the health of patients maintained on artifi-
cial kidneys usually remains significantly impaired.

Basic Principles of Dialysis. The basic principle of the arti-
ficial kidney is to pass blood through minute blood channels
bounded by a thin membrane. On the other side of the mem-
brane is a dialyzing fluid into which unwanted substances in
the blood pass by diffusion.

Figure 31-8 shows the components of one type of arti-
ficial kidney in which blood flows continually between two
thin membranes of cellophane; outside the membrane is a
dialyzing fluid. The cellophane is porous enough to allow
the constituents of the plasma, except the plasma proteins,
to diffuse in both directions—from plasma into the dialyz-
ing fluid or from the dialyzing fluid back into the plasma.
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Figure 31-8 Principles of dialysis with an artificial kidney.
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If the concentration of a substance is greater in the plasma
than in the dialyzing fluid, there will be a net transfer of the
substance from the plasma into the dialyzing fluid.

The rate of movement of solute across the dialyzing mem-
brane depends on (1) the concentration gradient of the solute
between the two solutions, (2) the permeability of the mem-
brane to the solute, (3) the surface area of the membrane,
and (4) the length of time that the blood and fluid remain in
contact with the membrane.

Thus, the maximum rate of solute transfer occurs initially
when the concentration gradient is greatest (when dialysis
is begun) and slows down as the concentration gradient is
dissipated. In a flowing system, as is the case with “hemodi-
alysis,” in which blood and dialysate fluid flow through the
artificial kidney, the dissipation of the concentration gradient
can be reduced and diffusion of solute across the membrane
can be optimized by increasing the flow rate of the blood, the
dialyzing fluid, or both.

In normal operation of the artificial kidney, blood flows
continually or intermittently back into the vein. The total
amount of blood in the artificial kidney at any one time is
usually less than 500 milliliters, the rate of flow may be several
hundred milliliters per minute, and the total diffusion surface
area is between 0.6 and 2.5 square meters. To prevent coagu-
lation of the blood in the artificial kidney, a small amount
of heparin is infused into the blood as it enters the artificial
kidney. In addition to diffusion of solutes, mass transfer of
solutes and water can be produced by applying a hydrostatic
pressure to force the fluid and solutes across the membranes
of the dialyzer; such filtration is called bulk flow.

Dialyzing Fluid. Table 31-7 compares the constituents
in a typical dialyzing fluid with those in normal plasma
and uremic plasma. Note that the concentrations of ions
and other substances in dialyzing fluid are not the same as
the concentrations in normal plasma or in uremic plasma.
Instead, they are adjusted to levels that are needed to cause
appropriate movement of water and solutes through the
membrane during dialysis.

Note that there is no phosphate, urea, urate, sulfate, or
creatinine in the dialyzing fluid; however, these are present
in high concentrations in the uremic blood. Therefore, when
a uremic patient is dialyzed, these substances are lost in large
quantities into the dialyzing fluid.

The effectiveness of the artificial kidney can be expressed
in terms of the amount of plasma that is cleared of different
substances each minute, which, as discussed in Chapter 27, is
the primary means for expressing the functional effectiveness
of the kidneys themselves to rid the body of unwanted sub-
stances. Most artificial kidneys can clear urea from the plasma
at a rate of 100 to 225ml/min, which shows that at least for
the excretion of urea, the artificial kidney can function about
twice as rapidly as two normal kidneys together, whose urea
clearance is only 70ml/min. Yet the artificial kidney is used
for only 4 to 6 hours per day, three times a week. Therefore,
the overall plasma clearance is still considerably limited when
the artificial kidney replaces the normal kidneys. Also, it is
important to keep in mind that the artificial kidney cannot
replace some of the other functions of the kidneys, such as
secretion of erythropoietin, which is necessary for red blood
cell production.
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Table 31-7 Comparison of Dialyzing Fluid with Normal
and Uremic Plasma

Constituent Normal Dialyzing Uremic
Plasma Fluid Plasma

Electrolytes (mEgq/L)

Na* 142 133 142

K* 5 1.0 7
Catt 3 3.0 2
Mg** 1.5 15 1.5
Cl- 107 105 107
HCO; 24 35.7 14
Lactate™ 1.2 1.2 1.2
HPO; 3 0 9
Urate~ 0.3 0 2
Sulfate= 0.5 0 3
Nonelectrolytes

Glucose 100 125 100
Urea 26 0 200
Creatinine 1 0 6
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CHAPTER 32

Red Blood Cells, Anemia, and Polycythemia

With this chapter we begin

discussing the blood cells
@ and cells of the macrophage

system and lymphatic sys-

tem. We first present the

functions of red blood cells,

which are the most abun-
dant cells of the blood and are necessary for the delivery
of oxygen to the tissues.

Red Blood Cells (Erythrocytes)

A major function of red blood cells, also known as eryth-
rocytes, is to transport hemoglobin, which in turn carries
oxygen from the lungs to the tissues. In some lower ani-
mals, hemoglobin circulates as free protein in the plasma,
not enclosed in red blood cells. When it is free in the
plasma of the human being, about 3 percent of it leaks
through the capillary membrane into the tissue spaces or
through the glomerular membrane of the kidney into the
glomerular filtrate each time the blood passes through the
capillaries. Therefore, hemoglobin must remain inside
red blood cells to effectively perform its functions in
humans.

The red blood cells have other functions besides trans-
port of hemoglobin. For instance, they contain a large
quantity of carbonic anhydrase, an enzyme that catalyzes
the reversible reaction between carbon dioxide (CO,) and
water to form carbonic acid (H,CO,), increasing the rate
of this reaction several thousandfold. The rapidity of this
reaction makes it possible for the water of the blood to
transport enormous quantities of CO, in the form of bicar-
bonate ion (HCO;) from the tissues to the lungs, where it
is reconverted to CO, and expelled into the atmosphere
as a body waste product. The hemoglobin in the cells is
an excellent acid-base buffer (as is true of most proteins),
so the red blood cells are responsible for most of the acid-
base buffering power of whole blood.

Shape and Size of Red Blood Cells. Normal red
blood cells, shown in Figure 32-3, are biconcave discs
having a mean diameter of about 7.8 micrometers and

a thickness of 2.5 micrometers at the thickest point and
1 micrometer or less in the center. The average volume of
the red blood cell is 90 to 95 cubic micrometers.

The shapes of red blood cells can change remarkably
as the cells squeeze through capillaries. Actually, the red
blood cell is a “bag” that can be deformed into almost any
shape. Furthermore, because the normal cell has a great
excess of cell membrane for the quantity of material inside,
deformation does not stretch the membrane greatly and,
consequently, does not rupture the cell, as would be the
case with many other cells.

Concentration of Red Blood Cells in the Blood. In
healthy men, the average number of red blood cells per
cubic millimeter is 5,200,000 (£300,000); in women, it is
4,700,000 (+300,000). Persons living at high altitudes have
greater numbers of red blood cells, as discussed later.

Quantity of Hemoglobin in the Cells. Red blood
cells have the ability to concentrate hemoglobin in the cell
fluid up to about 34 grams in each 100 milliliters of cells.
The concentration does not rise above this value because
this is the metabolic limit of the cell’'s hemoglobin-forming
mechanism. Furthermore, in normal people, the percent-
age of hemoglobin is almost always near the maximum in
each cell. However, when hemoglobin formation is defi-
cient, the percentage of hemoglobin in the cells may fall
considerably below this value and the volume of the red
cell may also decrease because of diminished hemoglobin
to fill the cell.

When the hematocrit (the percentage of blood that is
in cells—normally, 40 to 45 percent) and the quantity of
hemoglobin in each respective cell are normal, the whole
blood of men contains an average of 15 grams of hemo-
globin per 100 milliliters of cells; for women, it contains
an average of 14 grams per 100 milliliters.

As discussed in connection with blood transport of
oxygen in Chapter 40, each gram of pure hemoglobin is
capable of combining with 1.34ml of oxygen. Therefore,
in a normal man a maximum of about 20 milliliters of
oxygen can be carried in combination with hemoglobin
in each 100 milliliters of blood, and in a normal woman
19 milliliters of oxygen can be carried.
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Production of Red Blood Cells

Areas of the Body That Produce Red Blood Cells.
In the early weeks of embryonic life, primitive, nucleated
red blood cells are produced in the yolk sac. During the
middle trimester of gestation, the /iver is the main organ
for production of red blood cells but reasonable num-
bers are also produced in the spleen and lymph nodes.
Then, during the last month or so of gestation and after
birth, red blood cells are produced exclusively in the
bone marrow.

As demonstrated in Figure 32-1, the bone marrow
of essentially all bones produces red blood cells until
a person is 5 years old. The marrow of the long bones,
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Figure 32-1 Relative rates of red blood cell production in the
bone marrow of different bones at different ages.
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(Colony-forming

except for the proximal portions of the humeri and tibiae,
becomes quite fatty and produces no more red blood cells
after about age 20 years. Beyond this age, most red cells
continue to be produced in the marrow of the membra-
nous bones, such as the vertebrae, sternum, ribs, and ilia.
Even in these bones, the marrow becomes less productive
as age increases.

Genesis of Blood Cells

Pluripotential Hematopoietic Stem Cells, Growth
Inducers, and Differentiation Inducers. The blood cells
begin their lives in the bone marrow from a single type
of cell called the pluripotential hematopoietic stem cell,
from which all the cells of the circulating blood are even-
tually derived. Figure 32-2 shows the successive divisions
of the pluripotential cells to form the different circulating
blood cells. As these cells reproduce, a small portion of
them remains exactly like the original pluripotential cells
and is retained in the bone marrow to maintain a supply
of these, although their numbers diminish with age. Most
of the reproduced cells, however, differentiate to form
the other cell types shown to the right in Figure 32-2. The
intermediate-stage cells are very much like the pluripo-
tential stem cells, even though they have already become
committed to a particular line of cells and are called
commiitted stem cells.
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Figure 32-2 Formation of the multiple different blood cells from the original pluripotent hematopoietic stem cell (PHSC) in the bone marrow.
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The different committed stem cells, when grown in
culture, will produce colonies of specific types of blood
cells. A committed stem cell that produces erythrocytes
is called a colony-forming unit-erythrocyte, and the abbre-
viation CFU-E is used to designate this type of stem cell.
Likewise, colony-forming units that form granulocytes and
monocytes have the designation CFU-GM and so forth.

Growth and reproduction of the different stem cells are
controlled by multiple proteins called growth inducers. Four
major growth inducers have been described, each having
different characteristics. One of these, interleukin-3, pro-
motes growth and reproduction of virtually all the different
types of committed stem cells, whereas the others induce
growth of only specific types of cells.

The growth inducers promote growth but not differ-
entiation of the cells. This is the function of another set
of proteins called differentiation inducers. Each of these
causes one type of committed stem cell to differentiate
one or more steps toward a final adult blood cell.

Formation of the growth inducers and differentiation
inducers is itself controlled by factors outside the bone
marrow. For instance, in the case of erythrocytes (red
blood cells), exposure of the blood to low oxygen for a
long time causes growth induction, differentiation, and
production of greatly increased numbers of erythrocytes,
as discussed later in the chapter. In the case of some of the
white blood cells, infectious diseases cause growth, differ-
entiation, and eventual formation of specific types of white
blood cells that are needed to combat each infection.

Chapter 32 Red Blood Cells, Anemia, and Polycythemia

Stages of Differentiation of Red Blood Cells

The first cell that can be identified as belonging to the red
blood cell series is the proerythroblast, shown at the start-
ing point in Figure 32-3. Under appropriate stimulation,
large numbers of these cells are formed from the CFU-E
stem cells.

Once the proerythroblast has been formed, it divides
multiple times, eventually forming many mature red
blood cells. The first-generation cells are called baso-
phil erythroblasts because they stain with basic dyes; the
cell at this time has accumulated very little hemoglobin.
In the succeeding generations, as shown in Figure 32-3,
the cells become filled with hemoglobin to a concen-
tration of about 34 percent, the nucleus condenses to a
small size, and its final remnant is absorbed or extruded
from the cell. At the same time, the endoplasmic reticu-
lum is also reabsorbed. The cell at this stage is called a
reticulocyte because it still contains a small amount of
basophilic material, consisting of remnants of the Golgi
apparatus, mitochondria, and a few other cytoplasmic
organelles. During this reticulocyte stage, the cells pass
from the bone marrow into the blood capillaries by dia-
pedesis (squeezing through the pores of the capillary
membrane).

The remaining basophilic material in the reticulocyte
normally disappears within 1 to 2 days, and the cell is then
a mature erythrocyte. Because of the short life of the retic-
ulocytes, their concentration among all the red cells of the
blood is normally slightly less than 1 percent.
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Figure 32-3 Genesis of normal red blood cells (RBCs) and characteristics of RBCs in different types of anemias.

415

IA LINN




UnitVI  Blood Cells, Immunity, and Blood Coagulation

Regulation of Red Blood Cell Production—Role
of Erythropoietin

The total mass of red blood cells in the circulatory system
is regulated within narrow limits, so (1) adequate red cells
are always available to provide sufficient transport of oxy-
gen from the lungs to the tissues, yet (2) the cells do not
become so numerous that they impede blood flow. This
control mechanism is diagrammed in Figure 32-4 and is
as follows.

Tissue Oxygenation Is the Most Essential Regulator of
Red Blood Cell Production. Any condition that causes the
quantity of oxygen transported to the tissues to decrease
ordinarily increases the rate of red blood cell production.
Thus, when a person becomes extremely anemic as a result
of hemorrhage or any other condition, the bone marrow
begins to produce large quantities of red blood cells. Also,
destruction of major portions of the bone marrow by any
means, especially by x-ray therapy, causes hyperplasia of
the remaining bone marrow, thereby attempting to supply
the demand for red blood cells in the body.

At very high altitudes, where the quantity of oxygen in
the air is greatly decreased, insufficient oxygen is trans-
ported to the tissues and red cell production is greatly
increased. In this case, it is not the concentration of red
blood cells in the blood that controls red cell production
but the amount of oxygen transported to the tissues in
relation to tissue demand for oxygen.

Various diseases of the circulation that cause decreased
tissue blood flow, and particularly those that cause failure
of oxygen absorption by the blood as it passes through
the lungs, can also increase the rate of red cell produc-
tion. This is especially apparent in prolonged cardiac

failure and in many lung diseases because the tissue
hypoxia resulting from these conditions increases red cell
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Figure 32-4 Function of the erythropoietin mechanism to increase
production of red blood cells when tissue oxygenation decreases.
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production, with a resultant increase in hematocrit and
usually total blood volume as well.

Erythropoietin Stimulates Red Cell Production, and
Its Formation Increases in Response to Hypoxia. The
principal stimulus for red blood cell production in low
oxygen states is a circulating hormone called erythro-
poietin, a glycoprotein with a molecular weight of about
34,000. In the absence of erythropoietin, hypoxia has little
or no effect to stimulate red blood cell production. But
when the erythropoietin system is functional, hypoxia
causes a marked increase in erythropoietin production
and the erythropoietin in turn enhances red blood cell
production until the hypoxia is relieved.

Role of the Kidneys in Formation of Erythro-
poietin. Normally, about 90 percent of all erythropoietin
is formed in the kidneys; the remainder is formed mainly
in the liver. It is not known exactly where in the kidneys
the erythropoietin is formed. Some studies suggest that
erythropoietin is secreted mainly by fibroblast-like inter-
stitial cells surrounding the tubules in the cortex and outer
medulla secrete, where much of the kidney’s oxygen con-
sumption occurs. It is likely that other cells, including the
renal epithelial cells themselves, also secrete the erythro-
poietin in response to hypoxia.

Renal tissue hypoxia leads to increased tissue levels
of hypoxia-inducible factor-1 (HIF-1), which serves as a
transcription factor for a large number of hypoxia-induc-
ible genes, including the erythropoietin gene. HIF-1 binds
to a hypoxia response element residing in the erythropoie-
tin gene, inducing transcription of mRNA and, ultimately,
increased erythropoietin synthesis.

At times, hypoxia in other parts of the body, but not in
the kidneys, stimulates kidney erythropoietin secretion,
which suggests that there might be some nonrenal sensor
that sends an additional signal to the kidneys to produce
this hormone. In particular, both norepinephrine and
epinephrine and several of the prostaglandins stimulate
erythropoietin production.

When both kidneys are removed from a person or
when the kidneys are destroyed by renal disease, the per-
son invariably becomes very anemic because the 10 per-
cent of the normal erythropoietin formed in other tissues
(mainly in the liver) is sufficient to cause only one third to
one half the red blood cell formation needed by the body.

Effect of Erythropoietin in Erythrogenesis. When an
animal or a person is placed in an atmosphere of low oxy-
gen, erythropoietin begins to be formed within minutes
to hours, and it reaches maximum production within 24
hours. Yet almost no new red blood cells appear in the
circulating blood until about 5 days later. From this fact,
as well as from other studies, it has been determined that
the important effect of erythropoietin is to stimulate the
production of proerythroblasts from hematopoietic stem
cells in the bone marrow. In addition, once the proeryth-
roblasts are formed, the erythropoietin causes these cells
to pass more rapidly through the different erythroblastic
stages than they normally do, further speeding up the pro-
duction of new red blood cells. The rapid production of



cells continues as long as the person remains in a low oxy-
gen state or until enough red blood cells have been pro-
duced to carry adequate amounts of oxygen to the tissues
despite the low oxygen; at this time, the rate of erythro-
poietin production decreases to a level that will maintain
the required number of red cells but not an excess.

In the absence of erythropoietin, few red blood cells are
formed by the bone marrow. At the other extreme, when
large quantities of erythropoietin are formed and if there
is plenty of iron and other required nutrients available,
the rate of red blood cell production can rise to perhaps
10 or more times normal. Therefore, the erythropoietin
mechanism for controlling red blood cell production is a
powerful one.

Maturation of Red Blood Cells—Requirement for
Vitamin B_, (Cyanocobalamin) and Folic Acid

Because of the continuing need to replenish red blood
cells, the erythropoietic cells of the bone marrow are
among the most rapidly growing and reproducing cells
in the entire body. Therefore, as would be expected, their
maturation and rate of production are affected greatly by
a person’s nutritional status.

Especially important for final maturation of the red
blood cells are two vitamins, vitamin B,, and folic acid.
Both of these are essential for the synthesis of DNA
because each, in a different way, is required for the for-
mation of thymidine triphosphate, one of the essential
building blocks of DNA. Therefore, lack of either vitamin
B,, or folic acid causes abnormal and diminished DNA
and, consequently, failure of nuclear maturation and cell
division. Furthermore, the erythroblastic cells of the bone
marrow, in addition to failing to proliferate rapidly, pro-
duce mainly larger than normal red cells called macro-
cytes and the cell itself has a flimsy membrane and is often
irregular, large, and oval instead of the usual biconcave
disc. These poorly formed cells, after entering the circu-
lating blood, are capable of carrying oxygen normally, but
their fragility causes them to have a short life, one-half to
one-third normal. Therefore, it is said that deficiency of
either vitamin B, or folic acid causes maturation failure
in the process of erythropoiesis.

Maturation Failure Caused by Poor Absorption of
Vitamin B_, from the Gastrointestinal Tract—Pernicious
Anemia. A common cause of red blood cell maturation
failure is failure to absorb vitamin B,, from the gastroin-
testinal tract. This often occurs in the disease pernicious
anemia, in which the basic abnormality is an atrophic gas-
tric mucosa that fails to produce normal gastric secretions.
The parietal cells of the gastric glands secrete a glycopro-
tein called intrinsic factor, which combines with vitamin
B,, in food and makes the B, available for absorption by
the gut. It does this in the following way: (1) Intrinsic
factor binds tightly with the vitamin B .. In this bound
state, the B,, is protected from digestion by the gastro-
intestinal secretions. (2) Still in the bound state, intrinsic
factor binds to specific receptor sites on the brush border
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membranes of the mucosal cells in the ileum. (3) Then,
vitamin B,, is transported into the blood during the next
few hours by the process of pinocytosis, carrying intrinsic
factor and the vitamin together through the membrane.
Lack of intrinsic factor, therefore, decreases availability of
vitamin B, because of faulty absorption of the vitamin.

Once vitamin B, has been absorbed from the gastro-
intestinal tract, it is first stored in large quantities in the
liver and then released slowly as needed by the bone mar-
row. The minimum amount of vitamin B,, required each
day to maintain normal red cell maturation is only 1 to 3
micrograms, and the normal storage in the liver and other
body tissues is about 1000 times this amount. Therefore, 3
to 4 years of defective B,, absorption are usually required
to cause maturation failure anemia.

Failure of Maturation Caused by Deficiency of Folic
Acid (Pteroylglutamic Acid). Folic acid is a normal con-
stituent of green vegetables, some fruits, and meats (espe-
cially liver). However, it is easily destroyed during cooking.
Also, people with gastrointestinal absorption abnormali-
ties, such as the frequently occurring small intestinal
disease called sprue, often have serious difficulty absorb-
ing both folic acid and vitamin B,,. Therefore, in many
instances of maturation failure, the cause is deficiency of
intestinal absorption of both folic acid and vitamin B ,.

Formation of Hemoglobin

Synthesis of hemoglobin begins in the proerythroblasts
and continues even into the reticulocyte stage of the red
blood cells. Therefore, when reticulocytes leave the bone
marrow and pass into the blood stream, they continue to
form minute quantities of hemoglobin for another day or
so until they become mature erythrocytes.

Figure 32-5 shows the basic chemical steps in the for-
mation of hemoglobin. First, succinyl-CoA, formed in the
Krebs metabolic cycle (as explained in Chapter 67), binds
with glycine to form a pyrrole molecule. In turn, four pyr-
roles combine to form protoporphyrin IX, which then
combines with iron to form the seme molecule. Finally,
each heme molecule combines with a long polypeptide
chain, a globin synthesized by ribosomes, forming a sub-
unit of hemoglobin called a hemoglobin chain (Figure
32-6). Each chain has a molecular weight of about 16,000;
four of these in turn bind together loosely to form the
whole hemoglobin molecule.

A P
C C
. 2 succinyl-CoA + 2 glycine —————> HC CH
N
Il. 4 pyrrole —> protoporphyrin IX H
lll.  protoporphyrin IX + Fe** —> heme (pyrrole)

IV. heme + polypeptide —> hemoglobin chain (o or )
V. 2 a chains + 2 3 chains —> hemoglobin A

Figure 32-5 Formation of hemoglobin.

417

IA LINN




UnitVI  Blood Cells, Immunity, and Blood Coagulation

Polypeptlde
(hemoglobin chain—o. or )

Figure 32-6 Basic structure of the hemoglobin molecule, show-
ing one of the four heme chains that bind together to form the
hemoglobin molecule.

There are several slight variations in the different sub-
unit hemoglobin chains, depending on the amino acid
composition of the polypeptide portion. The different
types of chains are designated alpha chains, beta chains,
gamma chains, and delta chains. The most common form
of hemoglobin in the adult human being, hemoglobin A,
is a combination of two alpha chains and two beta chains.
Hemoglobin A has a molecular weight of 64,458.

Because each hemoglobin chain has a heme prosthetic
group containing an atom of iron, and because there
are four hemoglobin chains in each hemoglobin mole-
cule, one finds four iron atoms in each hemoglobin mol-
ecule; each of these can bind loosely with one molecule
of oxygen, making a total of four molecules of oxygen
(or eight oxygen atoms) that can be transported by each
hemoglobin molecule.

The types of hemoglobin chains in the hemoglobin
molecule determine the binding affinity of the hemoglo-
bin for oxygen. Abnormalities of the chains can alter the
physical characteristics of the hemoglobin molecule as
well. For instance, in sickle cell anemia, the amino acid
valine is substituted for glutamic acid at one point in each
of the two beta chains. When this type of hemoglobin is
exposed to low oxygen, it forms elongated crystals inside
the red blood cells that are sometimes 15 micrometers in
length. These make it almost impossible for the cells to
pass through many small capillaries, and the spiked ends
of the crystals are likely to rupture the cell membranes,
leading to sickle cell anemia.

Combination of Hemoglobin with Oxygen. The
most important feature of the hemoglobin molecule is its
ability to combine loosely and reversibly with oxygen. This
ability is discussed in detail in Chapter 40 in relation to
respiration because the primary function of hemoglobin
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in the body is to combine with oxygen in the lungs and
then to release this oxygen readily in the peripheral tissue
capillaries, where the gaseous tension of oxygen is much
lower than in the lungs.

Oxygen does not combine with the two positive bonds
of the iron in the hemoglobin molecule. Instead, it binds
loosely with one of the so-called coordination bonds of
the iron atom. This is an extremely loose bond, so the
combination is easily reversible. Furthermore, the oxygen
does not become ionic oxygen but is carried as molecular
oxygen (composed of two oxygen atoms) to the tissues,
where, because of the loose, readily reversible combina-
tion, it is released into the tissue fluids still in the form of
molecular oxygen rather than ionic oxygen.

Iron Metabolism

Because iron is important for the formation not only of
hemoglobin but also of other essential elements in the
body (e.g., myoglobin, cytochromes, cytochrome oxidase,
peroxidase, catalase), it is important to understand the
means by which iron is utilized in the body. The total
quantity of iron in the body averages 4 to 5 grams, about
65 percent of which is in the form of hemoglobin. About
4 percent is in the form of myoglobin, 1 percent is in the
form of the various heme compounds that promote intra-
cellular oxidation, 0.1 percent is combined with the pro-
tein transferrin in the blood plasma, and 15 to 30 percent
is stored for later use, mainly in the reticuloendothelial
system and liver parenchymal cells, principally in the
form of ferritin.

Transport and Storage of Iron. Transport, storage,
and metabolism of iron in the body are diagrammed in
Figure 32-7 and can be explained as follows: When iron
is absorbed from the small intestine, it immediately com-
bines in the blood plasma with a beta globulin, apotrans-
ferrin, to form transferrin, which is then transported in
the plasma. The iron is loosely bound in the transferrin
and, consequently, can be released to any tissue cell at
any point in the body. Excess iron in the blood is depos-
ited especially in the liver hepatocytes and less in the
reticuloendothelial cells of the bone marrow.

Bilirubin (excreted) Tissues
0 Ferrltln Hemosiderin
Macrophages // Heme
Degrading hemoglobin—- ¢ Free Enzymes
A on Free iron

Hemoglobin <——————Transferrin—Fe

Red Cells / \\ Plasma

Fe++ absorbed Fe excreted—0.6 mg
(small intestine) daily

Blood loss—0.7 mg Fe
daily in menses

Figure 32-7 Iron transport and metabolism.



In the cell cytoplasm, iron combines mainly with a
protein, apoferritin, to form ferritin. Apoferritin has a
molecular weight of about 460,000, and varying quanti-
ties of iron can combine in clusters of iron radicals with
this large molecule; therefore, ferritin may contain only a
small amount of iron or a large amount. This iron stored
as ferritin is called storage iron.

Smaller quantities of the iron in the storage pool are
in an extremely insoluble form called hemosiderin. This
is especially true when the total quantity of iron in the
body is more than the apoferritin storage pool can accom-
modate. Hemosiderin collects in cells in the form of large
clusters that can be observed microscopically as large par-
ticles. In contrast, ferritin particles are so small and dis-
persed that they usually can be seen in the cell cytoplasm
only with the electron microscope.

When the quantity of iron in the plasma falls low,
some of the iron in the ferritin storage pool is removed
easily and transported in the form of transferrin in the
plasma to the areas of the body where it is needed. A
unique characteristic of the transferrin molecule is that
it binds strongly with receptors in the cell membranes of
erythroblasts in the bone marrow. Then, along with its
bound iron, it is ingested into the erythroblasts by endo-
cytosis. There the transferrin delivers the iron directly to
the mitochondria, where heme is synthesized. In people
who do not have adequate quantities of transferrin in
their blood, failure to transport iron to the erythroblasts
in this manner can cause severe hypochromic anemia
(i.e., red cells that contain much less hemoglobin than
normal).

When red blood cells have lived their life span of about
120 days and are destroyed, the hemoglobin released
from the cells is ingested by monocyte-macrophage cells.
There, iron is liberated and is stored mainly in the fer-
ritin pool to be used as needed for the formation of new
hemoglobin.

Daily Loss of Iron. A man excretes about 0.6 mg of
iron each day, mainly into the feces. Additional quantities
of iron are lost when bleeding occurs. For a woman, addi-
tional menstrual loss of blood brings long-term iron loss
to an average of about 1.3 mg/day.

Absorption of Iron from the Intestinal Tract

Iron is absorbed from all parts of the small intestine,
mostly by the following mechanism. The liver secretes
moderate amounts of apotransferrin into the bile, which
flows through the bile duct into the duodenum. Here, the
apotransferrin binds with free iron and also with certain
iron compounds, such as hemoglobin and myoglobin
from meat, two of the most important sources of iron
in the diet. This combination is called transferrin. It, in
turn, is attracted to and binds with receptors in the mem-
branes of the intestinal epithelial cells. Then, by pinocy-
tosis, the transferrin molecule, carrying its iron store, is
absorbed into the epithelial cells and later released into
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the blood capillaries beneath these cells in the form of
plasma transferrin.

Iron absorption from the intestines is extremely slow,
at a maximum rate of only a few milligrams per day. This
means that even when tremendous quantities of iron
are present in the food, only small proportions can be
absorbed.

Regulation of Total Body Iron by Controlling Rate of
Absorption. When the body has become saturated with
iron so that essentially all apoferritin in the iron storage
areas is already combined with iron, the rate of additional
iron absorption from the intestinal tract becomes greatly
decreased. Conversely, when the iron stores have become
depleted, the rate of absorption can accelerate probably
five or more times normal. Thus, total body iron is regu-
lated mainly by altering the rate of absorption.

Life Span of Red Blood Cells is About 120 Days

When red blood cells are delivered from the bone mar-
row into the circulatory system, they normally circu-
late an average of 120 days before being destroyed. Even
though mature red cells do not have a nucleus, mitochon-
dria, or endoplasmic reticulum, they do have cytoplas-
mic enzymes that are capable of metabolizing glucose
and forming small amounts of ATP. These enzymes also
(1) maintain pliability of the cell membrane, (2) maintain
membrane transport of ions, (3) keep the iron of the cells’
hemoglobin in the ferrous form rather than ferric form,
and (4) prevent oxidation of the proteins in the red cells.
Even so, the metabolic systems of old red cells become
progressively less active and the cells become more and
more fragile, presumably because their life processes
wear out.

Once the red cell membrane becomes fragile, the
cell ruptures during passage through some tight spot
of the circulation. Many of the red cells self-destruct in
the spleen, where they squeeze through the red pulp of
the spleen. There, the spaces between the structural tra-
beculae of the red pulp, through which most of the cells
must pass, are only 3 micrometers wide, in comparison
with the 8-micrometer diameter of the red cell. When the
spleen is removed, the number of old abnormal red cells
circulating in the blood increases considerably.

Destruction of Hemoglobin. When red blood cells
burst and release their hemoglobin, the hemoglobin is
phagocytized almost immediately by macrophages in
many parts of the body, but especially by the Kupffer cells
of the liver and macrophages of the spleen and bone mar-
row. During the next few hours to days, the macrophages
release iron from the hemoglobin and pass it back into
the blood, to be carried by transferrin either to the bone
marrow for the production of new red blood cells or to
the liver and other tissues for storage in the form of ferri-
tin. The porphyrin portion of the hemoglobin molecule is
converted by the macrophages, through a series of stages,
into the bile pigment bilirubin, which is released into
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the blood and later removed from the body by secretion
through the liver into the bile; this is discussed in relation
to liver function in Chapter 70.

Anemias

Anemia means deficiency of hemoglobin in the blood,
which can be caused by either too few red blood cells or
too little hemoglobin in the cells. Some types of anemia
and their physiologic causes are the following.

Blood Loss Anemia. After rapid hemorrhage the
body replaces the fluid portion of the plasma in 1 to 3
days, but this leaves a low concentration of red blood cells.
If a second hemorrhage does not occur, the red blood cell
concentration usually returns to normal within 3 to 6
weeks.

In chronic blood loss a person frequently cannot
absorb enough iron from the intestines to form hemoglo-
bin as rapidly as it is lost. Red cells that are much smaller
than normal and have too little hemoglobin inside them
are then produced, giving rise to microcytic, hypochromic
anemia, which is shown in Figure 32-3.

Aplastic Anemia. Bone marrow aplasia means
lack of functioning bone marrow. For instance, a person
exposed to high-dose radiation or chemotherapy for can-
cer treatment can damage stem cells of the bone marrow,
followed in a few weeks by anemia. Likewise, high doses
of certain toxic chemicals, such as insecticides or benzene
in gasoline, may cause the same effect. In autoimmune
disorders, such as lupus erythematosus, the immune sys-
tem begins attacking healthy cells such as bone marrow
stem cells, which may lead to aplastic anemia. In about
half of aplastic anemia cases the cause is unknown, a con-
dition called idiopathic aplastic anemia.

People with severe aplastic anemia usually die unless
treated with blood transfusions, which can temporarily
increase the numbers of red blood cells, or by bone mar-
row transplantation.

Megaloblastic Anemia. Based on the earlier discus-
sions of vitamin B, ,, folic acid, and intrinsic factor from
the stomach mucosa, one can readily understand that
loss of any one of these can lead to slow reproduction of
erythroblasts in the bone marrow. As a result, the red cells
grow too large, with odd shapes, and are called megalo-
blasts. Thus, atrophy of the stomach mucosa, as occurs
in pernicious anemia, or loss of the entire stomach after
surgical total gastrectomy can lead to megaloblastic ane-
mia. Also, patients who have intestinal sprue, in which
folic acid, vitamin B,,, and other vitamin B compounds
are poorly absorbed, often develop megaloblastic anemia.
Because in these states the erythroblasts cannot prolifer-
ate rapidly enough to form normal numbers of red blood
cells, those red cells that are formed are mostly oversized,
have bizarre shapes, and have fragile membranes. These
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cells rupture easily, leaving the person in dire need of an
adequate number of red cells.

Hemolytic Anemia. Different abnormalities of the
red blood cells, many of which are hereditarily acquired,
make the cells fragile, so they rupture easily as they go
through the capillaries, especially through the spleen.
Even though the number of red blood cells formed may
be normal, or even much greater than normal in some
hemolytic diseases, the life span of the fragile red cell is so
short that the cells are destroyed faster than they can be
formed and serious anemia results.

In hereditary spherocytosis, the red cells are very small
and spherical rather than being biconcave discs. These
cells cannot withstand compression forces because they
do not have the normal loose, baglike cell membrane
structure of the biconcave discs. On passing through the
splenic pulp and some other tight vascular beds, they are
easily ruptured by even slight compression.

In sickle cell anemia, which is present in 0.3 to 1.0 per-
cent of West African and American blacks, the cells have
an abnormal type of hemoglobin called hemoglobin S,
containing faulty beta chains in the hemoglobin molecule,
as explained earlier in the chapter. When this hemoglobin
is exposed to low concentrations of oxygen, it precipitates
into long crystals inside the red blood cell. These crys-
tals elongate the cell and give it the appearance of a sickle
rather than a biconcave disc. The precipitated hemoglo-
bin also damages the cell membrane, so the cells become
highly fragile, leading to serious anemia. Such patients
frequently experience a vicious circle of events called a
sickle cell disease “crisis,” in which low oxygen tension in
the tissues causes sickling, which leads to ruptured red
cells, which causes a further decrease in oxygen tension
and still more sickling and red cell destruction. Once the
process starts, it progresses rapidly, eventuating in a seri-
ous decrease in red blood cells within a few hours and, in
some cases, death.

In erythroblastosis fetalis, Rh-positive red blood cells in
the fetus are attacked by antibodies from an Rh-negative
mother. These antibodies make the Rh-positive cells frag-
ile, leading to rapid rupture and causing the child to be
born with serious anemia. This is discussed in Chapter 35
in relation to the Rh factor of blood. The extremely rapid
formation of new red cells to make up for the destroyed
cells in erythroblastosis fetalis causes a large number of
early blast forms of red cells to be released from the bone
marrow into the blood.

Effects of Anemia on Function
of the Circulatory System

The viscosity of the blood, which was discussed in Chapter
14, depends largely on the blood concentration of red
blood cells. In severe anemia, the blood viscosity may fall
to as low as 1.5 times that of water rather than the normal
value of about 3. This decreases the resistance to blood
flow in the peripheral blood vessels, so far greater than



normal quantities of blood flow through the tissues and
return to the heart, thereby greatly increasing cardiac out-
put. Moreover, hypoxia resulting from diminished trans-
port of oxygen by the blood causes the peripheral tissue
blood vessels to dilate, allowing a further increase in the
return of blood to the heart and increasing the cardiac
output to a still higher level—sometimes three to four
times normal. Thus, one of the major effects of anemia
is greatly increased cardiac output, as well as increased
pumping workload on the heart.

The increased cardiac output in anemia partially off-
sets the reduced oxygen-carrying effect of the anemia
because even though each unit quantity of blood carries
only small quantities of oxygen, the rate of blood flow
may be increased enough that almost normal quantities
of oxygen are actually delivered to the tissues. However,
when a person with anemia begins to exercise, the heart is
not capable of pumping much greater quantities of blood
than it is already pumping. Consequently, during exer-
cise, which greatly increases tissue demand for oxygen,
extreme tissue hypoxia results and acute cardiac failure
may ensue.

Polycythemia

Secondary Polycythemia. Whenever the tissues
become hypoxic because of too little oxygen in the breathed
air, such as at high altitudes, or because of failure of oxygen
delivery to the tissues, such as in cardiac failure, the blood-
forming organs automatically produce large quantities of
extra red blood cells. This condition is called secondary
polycythemia, and the red cell count commonly rises to 6
to 7 million/mm?, about 30 percent above normal.

A common type of secondary polycythemia, called
physiologic polycythemia, occurs in natives who live at
altitudes of 14,000 to 17,000 feet, where the atmospheric
oxygen is very low. The blood count is generally 6 to
7 million/mm?; this allows these people to perform rea-
sonably high levels of continuous work even in a rarefied
atmosphere.

Polycythemia Vera (Erythremia). In addition to
those people who have physiologic polycythemia, oth-
ers have a pathological condition known as polycythemia
vera, in which the red blood cell count may be 7 to 8 mil-
lion/mm? and the hematocrit may be 60 to 70 percent
instead of the normal 40 to 45 percent. Polycythemia
vera is caused by a genetic aberration in the hemocyto-
blastic cells that produce the blood cells. The blast cells
no longer stop producing red cells when too many cells
are already present. This causes excess production of red
blood cells in the same manner that a breast tumor causes
excess production of a specific type of breast cell. It usu-
ally causes excess production of white blood cells and
platelets as well.

In polycythemia vera, not only does the hematocrit
increase, but the total blood volume also increases, on
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some occasions to almost twice normal. As a result, the
entire vascular system becomes intensely engorged. Also,
many blood capillaries become plugged by the viscous
blood; the viscosity of the blood in polycythemia vera
sometimes increases from the normal of 3 times the vis-
cosity of water to 10 times that of water.

Effect of Polycythemia on Function
of the Circulatory System

Because of the greatly increased viscosity of the blood in
polycythemia, blood flow through the peripheral blood
vessels is often very sluggish. In accordance with the fac-
tors that regulate return of blood to the heart, as discussed
in Chapter 20, increasing blood viscosity decreases the
rate of venous return to the heart. Conversely, the blood
volume is greatly increased in polycythemia, which tends
to increase venous return. Actually, the cardiac output in
polycythemia is not far from normal because these two
factors more or less neutralize each other.

The arterial pressure is also normal in most people
with polycythemia, although in about one third of them,
the arterial pressure is elevated. This means that the blood
pressure—regulating mechanisms can usually offset the
tendency for increased blood viscosity to increase periph-
eral resistance and, thereby, increase arterial pressure.
Beyond certain limits, however, these regulations fail and
hypertension develops.

The color of the skin depends to a great extent on the
quantity of blood in the skin subpapillary venous plexus.
In polycythemia vera, the quantity of blood in this plexus
is greatly increased. Further, because the blood passes
sluggishly through the skin capillaries before entering the
venous plexus, a larger than normal quantity of hemoglo-
bin is deoxygenated. The blue color of all this deoxygen-
ated hemoglobin masks the red color of the oxygenated
hemoglobin. Therefore, a person with polycythemia vera
ordinarily has a ruddy complexion with a bluish (cyan-
otic) tint to the skin.
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CHAPTER 33

Resistance of the Body to Infection: I. Leukocytes,
Granulocytes, the Monocyte-Macrophage
System, and Inflammation

Our bodies are exposed
continually to bacteria,
viruses, fungi, and para-
sites, all of which occur
normally and to varying
degrees in the skin, the
mouth, the respiratory pas-
sageways, the intestinal tract, the lining membranes
of the eyes, and even the urinary tract. Many of these
infectious agents are capable of causing serious abnor-
mal physiologic function or even death if they invade
the deeper tissues. In addition, we are exposed inter-
mittently to other highly infectious bacteria and viruses
besides those that are normally present, and these can
cause acute lethal diseases such as pneumonia, strepto-
coccal infection, and typhoid fever.

Our bodies have a special system for combating the
different infectious and toxic agents. This system is com-
posed of blood leukocytes (white blood cells) and tissue
cells derived from leukocytes. These cells work together
in two ways to prevent disease: (1) by actually destroy-
ing invading bacteria or viruses by phagocytosis and (2)
by forming antibodies and sensitized lymphocytes, which
may destroy or inactivate the invader. This chapter is con-
cerned with the first of these methods, and Chapter 34
with the second.

Leukocytes (White Blood Cells)

The leukocytes, also called white blood cells, are the mobile
units of the body’s protective system. They are formed
partially in the bone marrow (granulocytes and monocytes
and a few lymphocytes) and partially in the lymph tissue
(lymphocytes and plasma cells). After formation, they are
transported in the blood to different parts of the body
where they are needed.

The real value of the white blood cells is that most of
them are specifically transported to areas of serious infec-
tion and inflammation, thereby providing a rapid and
potent defense against infectious agents. As we see later,
the granulocytes and monocytes have a special ability to
“seek out and destroy” a foreign invader.

General Characteristics of Leukocytes

Types of White Blood Cells. Six types of white blood
cells are normally present in the blood. They are polymor-
phonuclear neutrophils, polymorphonuclear eosinophils,
polymorphonuclear basophils, monocytes, lymphocytes,
and, occasionally, plasma cells. In addition, there are large
numbers of platelets, which are fragments of another type
of cell similar to the white blood cells found in the bone
marrow, the megakaryocyte. The first three types of cells,
the polymorphonuclear cells, all have a granular appear-
ance, as shown in cell numbers 7, 10, and 12 in Figure 33-1,
and for this reason are called granulocytes, or, in clinical
terminology, “polys,” because of the multiple nuclei.

The granulocytes and monocytes protect the body
against invading organisms mainly by ingesting them (i.e.,
by phagocytosis). The lymphocytes and plasma cells func-
tion mainly in connection with the immune system; this is
discussed in Chapter 34. Finally, the function of platelets
is specifically to activate the blood clotting mechanism,
which is discussed in Chapter 36.

Concentrations of the Different White Blood Cells
in the Blood. The adult human being has about 7000
white blood cells per microliter of blood (in comparison
with 5 million red blood cells). Of the total white blood
cells, the normal percentages of the different types are
approximately the following:

Polymorphonuclear neutrophils 62.0%
Polymorphonuclear eosinophils 2.3%
Polymorphonuclear basophils 0.4%
Monocytes 5.3%
Lymphocytes 30.0%

The number of platelets, which are only cell fragments,
in each microliter of blood is normally about 300,000.

Genesis of the White Blood Cells

Early differentiation of the pluripotential hematopoietic
stem cell into the different types of committed stem cells is
shown in Figure 32-2 in the previous chapter. Aside from
those cells committed to form red blood cells, two major
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Genesis of Myelocytes

Genesis of Lymphocytes

Figure 33-1 Genesis of white blood cells. The different cells of the myelocyte series are 7, myeloblast; 2, promyelocyte; 3, megakaryocyte;
4, neutrophil myelocyte; 5, young neutrophil metamyelocyte; 6, “band” neutrophil metamyelocyte; 7, polymorphonuclear neutrophil; 8,
eosinophil myelocyte; 9, eosinophil metamyelocyte; 70, polymorphonuclear eosinophil; 77, basophil myelocyte; 72, polymorphonuclear

basophil; 73-76, stages of monocyte formation.

lineages of white blood cells are formed, the myelocytic
and the lymphocytic lineages. The left side of Figure 33-1
shows the myelocytic lineage, beginning with the myelo-
blast; the right shows the lymphocytic lineage, beginning
with the lymphoblast.

The granulocytes and monocytes are formed only
in the bone marrow. Lymphocytes and plasma cells are
produced mainly in the various lymphogenous tissues—
especially the lymph glands, spleen, thymus, tonsils,
and various pockets of lymphoid tissue elsewhere in the
body, such as in the bone marrow and in so-called Peyer’s
patches underneath the epithelium in the gut wall.

The white blood cells formed in the bone marrow are
stored within the marrow until they are needed in the cir-
culatory system. Then, when the need arises, various fac-
tors cause them to be released (these factors are discussed
later). Normally, about three times as many white blood
cells are stored in the marrow as circulate in the entire
blood. This represents about a 6-day supply of these
cells.

The lymphocytes are mostly stored in the various lym-
phoid tissues, except for a small number that are tempo-
rarily being transported in the blood.

As shown in Figure 33-1, megakaryocytes (cell 3)
are also formed in the bone marrow. These megakaryo-
cytes fragment in the bone marrow; the small fragments,
known as platelets (or thrombocytes), then pass into the
blood. They are very important in the initiation of blood
clotting.
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Life Span of the White Blood Cells

The life of the granulocytes after being released from
the bone marrow is normally 4 to 8 hours circulating
in the blood and another 4 to 5 days in tissues where they
are needed. In times of serious tissue infection, this total
life span is often shortened to only a few hours because the
granulocytes proceed even more rapidly to the infected
area, perform their functions, and, in the process, are
themselves destroyed.

The monocytes also have a short transit time, 10 to 20
hours in the blood, before wandering through the capil-
lary membranes into the tissues. Once in the tissues, they
swell to much larger sizes to become tissue macrophages,
and, in this form, can live for months unless destroyed
while performing phagocytic functions. These tissue
macrophages are the basis of the tissue macrophage sys-
tem, discussed in greater detail later, which provides con-
tinuing defense against infection.

Lymphocytes enter the circulatory system continually,
along with drainage of lymph from the lymph nodes and
other lymphoid tissue. After a few hours, they pass out of
the blood back into the tissues by diapedesis. Then they re-
enter the lymph and return to the blood again and again;
thus, there is continual circulation of lymphocytes through
the body. The lymphocytes have life spans of weeks or
months, depending on the body’s need for these cells.

The platelets in the blood are replaced about once
every 10 days; in other words, about 30,000 platelets are
formed each day for each microliter of blood.
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Neutrophils and Macrophages Defend
Against Infections

It is mainly the neutrophils and tissue macrophages that
attack and destroy invading bacteria, viruses, and other
injurious agents. The neutrophils are mature cells that
can attack and destroy bacteria even in the circulating
blood. Conversely, the tissue macrophages begin life as
blood monocytes, which are immature cells while still
in the blood and have little ability to fight infectious
agents at that time. However, once they enter the tis-
sues, they begin to swell—sometimes increasing their
diameters as much as fivefold—to as great as 60 to 80
micrometers, a size that can barely be seen with the
naked eye. These cells are now called macrophages, and
they are extremely capable of combating disease agents
in the tissues.

White Blood Cells Enter the Tissue Spaces
by Diapedesis. Neutrophilsand monocytes can squeeze
through the pores of the blood capillaries by diapedesis.
That is, even though a pore is much smaller than a cell, a
small portion of the cell slides through the pore at a time;
the portion sliding through is momentarily constricted to
the size of the pore, as shown in Figure 33-2 and 33-6.

White Blood Cells Move Through Tissue Spaces
by Ameboid Motion. Both neutrophils and mac-
rophages can move through the tissues by ameboid
motion, described in Chapter 2. Some cells move at veloc-
ities as great as 40um/min, a distance as great as their
own length each minute.

White Blood Cells Are Attracted to Inflamed
Tissue Areas by Chemotaxis. Many different chemical
substances in the tissues cause both neutrophils and mac-
rophages to move toward the source of the chemical. This
phenomenon, shown in Figure 33-2, is known as chemotaxis.

Diapedesis

\Increéseﬂ t .
permeability

- Y
Chemotactic

Margination substance

Figure 33-2 Movement of neutrophils by diapedesis through cap-
illary pores and by chemotaxis toward an area of tissue damage.

When a tissue becomes inflamed, at least a dozen different
products that can cause chemotaxis toward the inflamed
area are formed. They include (1) some of the bacterial
or viral toxins, (2) degenerative products of the inflamed
tissues themselves, (3) several reaction products of the
“complement complex” (discussed in Chapter 34) activated
in inflamed tissues, and (4) several reaction products caused
by plasma clotting in the inflamed area, as well as other
substances.

As shown in Figure 33-2, chemotaxis depends on the
concentration gradient of the chemotactic substance. The
concentration is greatest near the source, which directs the
unidirectional movement of the white cells. Chemotaxis
is effective up to 100 micrometers away from an inflamed
tissue. Therefore, because almost no tissue area is more
than 50 micrometers away from a capillary, the chemo-
tactic signal can easily move hordes of white cells from
the capillaries into the inflamed area.

Phagocytosis

The most important function of the neutrophils and mac-
rophages is phagocytosis, which means cellular ingestion
of the offending agent. Phagocytes must be selective of
the material that is phagocytized; otherwise, normal cells
and structures of the body might be ingested. Whether
phagocytosis will occur depends especially on three selec-
tive procedures.

First, most natural structures in the tissues have smooth
surfaces, which resist phagocytosis. But if the surface is
rough, the likelihood of phagocytosis is increased.

Second, most natural substances of the body have pro-
tective protein coats that repel the phagocytes. Conversely,
most dead tissues and foreign particles have no protective
coats, which makes them subject to phagocytosis.

Third, the immune system of the body (described
in detail in Chapter 34) develops antibodies against
infectious agents such as bacteria. The antibodies then
adhere to the bacterial membranes and thereby make
the bacteria especially susceptible to phagocytosis.
To do this, the antibody molecule also combines with
the C3 product of the complement cascade, which is
an additional part of the immune system discussed in
the next chapter. The C3 molecules, in turn, attach to
receptors on the phagocyte membrane, thus initiating
phagocytosis. This selection and phagocytosis process
is called opsonization.

Phagocytosis by Neutrophils. The neutrophils enter-
ing the tissues are already mature cells that can immedi-
ately begin phagocytosis. On approaching a particle to
be phagocytized, the neutrophil first attaches itself to the
particle and then projects pseudopodia in all directions
around the particle. The pseudopodia meet one another
on the opposite side and fuse. This creates an enclosed
chamber that contains the phagocytized particle. Then
the chamber invaginates to the inside of the cytoplasmic
cavity and breaks away from the outer cell membrane to
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form a free-floating phagocytic vesicle (also called a phago-
some) inside the cytoplasm. A single neutrophil can usu-
ally phagocytize 3 to 20 bacteria before the neutrophil
itself becomes inactivated and dies.

Phagocytosis by Macrophages. Macrophages are
the end-stage product of monocytes that enter the tissues
from the blood. When activated by the immune system,
as described in Chapter 34, they are much more powerful
phagocytes than neutrophils, often capable of phagocy-
tizing as many as 100 bacteria. They also have the ability
to engulf much larger particles, even whole red blood cells
or, occasionally, malarial parasites, whereas neutrophils
are not capable of phagocytizing particles much larger
than bacteria. Also, after digesting particles, macrophages
can extrude the residual products and often survive and
function for many more months.

Once Phagocytized, Most Particles Are Digested by
Intracellular Enzymes. Once a foreign particle has been
phagocytized, lysosomes and other cytoplasmic granules
in the neutrophil or macrophage immediately come in
contact with the phagocytic vesicle, and their membranes
fuse, thereby dumping many digestive enzymes and bac-
tericidal agents into the vesicle. Thus, the phagocytic ves-
icle now becomes a digestive vesicle, and digestion of the
phagocytized particle begins immediately.

Both neutrophils and macrophages contain an abun-
dance of lysosomes filled with proteolytic enzymes espe-
cially geared for digesting bacteria and other foreign
protein matter. The lysosomes of macrophages (but not of
neutrophils) also contain large amounts of lipases, which
digest the thick lipid membranes possessed by some bac-
teria such as the tuberculosis bacillus.

Both Neutrophils and Macrophages Can Kill
Bacteria. In addition to the digestion of ingested bacte-
ria in phagosomes, neutrophils and macrophages contain
bactericidal agents that kill most bacteria even when the
lysosomal enzymes fail to digest them. This is especially
important because some bacteria have protective coats or
other factors that prevent their destruction by digestive
enzymes. Much of the killing effect results from several
powerful oxidizing agents formed by enzymes in the mem-
brane of the phagosome or by a special organelle called
the peroxisome. These oxidizing agents include large
quantities of superoxide (O,"), hydrogen peroxide (H,0,),
and hydroxyl ions (OH), all of which are lethal to most
bacteria, even in small quantities. Also, one of the lyso-
somal enzymes, myeloperoxidase, catalyzes the reaction
between H,O, and chloride ions to form hypochlorite,
which is exceedingly bactericidal.

Some bacteria, notably the tuberculosis bacillus, have
coats that are resistant to lysosomal digestion and also
secrete substances that partially resist the killing effects
of the neutrophils and macrophages. These bacteria are
responsible for many of the chronic diseases, an example
of which is tuberculosis.
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Monocyte-Macrophage Cell System
(Reticuloendothelial System)

In the preceding paragraphs, we described the mac-
rophages mainly as mobile cells that are capable of wan-
dering through the tissues. However, after entering the
tissues and becoming macrophages, another large portion
of monocytes becomes attached to the tissues and remains
attached for months or even years until they are called
on to perform specific local protective functions. They
have the same capabilities as the mobile macrophages to
phagocytize large quantities of bacteria, viruses, necrotic
tissue, or other foreign particles in the tissue. And, when
appropriately stimulated, they can break away from their
attachments and once again become mobile macrophages
that respond to chemotaxis and all the other stimuli
related to the inflammatory process. Thus, the body has
a widespread “monocyte-macrophage system” in virtually
all tissue areas.

The total combination of monocytes, mobile mac-
rophages, fixed tissue macrophages, and a few specialized
endothelial cells in the bone marrow, spleen, and lymph
nodes is called the reticuloendothelial system. However,
all or almost all these cells originate from monocytic
stem cells; therefore, the reticuloendothelial system is
almost synonymous with the monocyte-macrophage
system. Because the term reticuloendothelial system is
much better known in medical literature than the term
monocyte-macrophage system, it should be remembered
as a generalized phagocytic system located in all tissues,
especially in those tissue areas where large quantities of
particles, toxins, and other unwanted substances must be
destroyed.

Tissue Macrophages in the Skin and Sub-
cutaneous Tissues (Histiocytes). Although the skin
is mainly impregnable to infectious agents, this is no lon-
ger true when the skin is broken. When infection begins
in a subcutaneous tissue and local inflammation ensues,
local tissue macrophages can divide in situ and form still
more macrophages. Then they perform the usual func-
tions of attacking and destroying the infectious agents, as
described earlier.

Macrophages in the Lymph Nodes. Essentially no
particulate matter that enters the tissues, such as bacte-
ria, can be absorbed directly through the capillary mem-
branes into the blood. Instead, if the particles are not
destroyed locally in the tissues, they enter the lymph and
flow to the lymph nodes located intermittently along the
course of the lymph flow. The foreign particles are then
trapped in these nodes in a meshwork of sinuses lined by
tissue macrophages.

Figure 33-3 illustrates the general organization of the
lymph node, showing lymph entering through the lymph
node capsule by way of afferent lymphatics, then flowing
through the nodal medullary sinuses, and finally passing
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Figure 33-3 Functional diagram of a lymph node. (Redrawn from
Ham AW: Histology, 6th ed. Philadelphia: JB Lippincott, 1969.)
(Modified from Gartner LP, Hiatt JL: Color Textbook of Histology,
2nd ed. Philadelphia: WB Saunders, 2001.)

out the Kilus into efferent lymphatics that eventually empty
into the venous blood.

Large numbers of macrophages line the lymph sinuses,
and if any particles enter the sinuses by way of the lymph,
the macrophages phagocytize them and prevent general
dissemination throughout the body.

Alveolar Macrophages in the Lungs. Another
route by which invading organisms frequently enter the
body is through the lungs. Large numbers of tissue mac-
rophages are present as integral components of the alve-
olar walls. They can phagocytize particles that become
entrapped in the alveoli. If the particles are digestible, the
macrophages can also digest them and release the diges-
tive products into the lymph. If the particle is not digest-
ible, the macrophages often form a “giant cell” capsule
around the particle until such time—if ever—that it can
be slowly dissolved. Such capsules are frequently formed
around tuberculosis bacilli, silica dust particles, and even
carbon particles.

Macrophages (Kupffer Cells) in the Liver
Sinusoids. Still another route by which bacteria invade
the body is through the gastrointestinal tract. Large
numbers of bacteria from ingested food constantly pass
through the gastrointestinal mucosa into the portal blood.
Before this blood enters the general circulation, it passes
through the liver sinusoids, which are lined with tissue
macrophages called Kupffer cells, shown in Figure 33-4.
These cells form such an effective particulate filtration
system that almost none of the bacteria from the gastroin-
testinal tract passes from the portal blood into the general
systemic circulation. Indeed, motion pictures of phagocy-
tosis by Kupffer cells have demonstrated phagocytosis of
a single bacterium in less than '/, of a second.

Macrophages of the Spleen and Bone Marrow. If
an invading organism succeeds in entering the general
circulation, there are other lines of defense by the tis-
sue macrophage system, especially by macrophages of

Kupffer cells

Figure 33-4 Kupffer cells lining the liver sinusoids, showing phago-
cytosis of India ink particles into the cytoplasm of the Kupffer
cells. (Redrawn from Copenhaver WM et al: Bailey’s Textbook of
Histology, 10th ed. Baltimore: Williams & Wilkins, 1971.)

the spleen and bone marrow. In both these tissues, mac-
rophages become entrapped by the reticular meshwork of
the two organs and when foreign particles come in con-
tact with these macrophages, they are phagocytized.

The spleen is similar to the lymph nodes, except that
blood, instead of lymph, flows through the tissue spaces of
the spleen. Figure 33-5 shows a small peripheral segment
of spleen tissue. Note that a small artery penetrates from
the splenic capsule into the splenic pulp and terminates in
small capillaries. The capillaries are highly porous, allow-
ing whole blood to pass out of the capillaries into cords
of red pulp. The blood then gradually squeezes through
the trabecular meshwork of these cords and eventually
returns to the circulation through the endothelial walls
of the venous sinuses. The trabeculae of the red pulp are
lined with vast numbers of macrophages, and the venous

Pulp

Capillaries
Venous sinuses

Vein
Artery

Figure 33-5 Functional structures of the spleen. (Modified
from Bloom W, Fawcett DW: A Textbook of Histology, 10th ed.
Philadelphia: WB Saunders, 1975.)
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sinuses are also lined with macrophages. This peculiar
passage of blood through the cords of the red pulp pro-
vides an exceptional means of phagocytizing unwanted
debris in the blood, including especially old and abnormal
red blood cells.

Inflammation: Role of Neutrophils
and Macrophages

Inflammation

When tissue injury occurs, whether caused by bacteria,
trauma, chemicals, heat, or any other phenomenon, mul-
tiple substances are released by the injured tissues and
cause dramatic secondary changes in the surrounding
uninjured tissues. This entire complex of tissue changes
is called inflammation.

Inflammation is characterized by (1) vasodilation
of the local blood vessels, with consequent excess local
blood flow; (2) increased permeability of the capillaries,
allowing leakage of large quantities of fluid into the inter-
stitial spaces; (3) often clotting of the fluid in the inter-
stitial spaces because of increased amounts of fibrinogen
and other proteins leaking from the capillaries; (4) migra-
tion of large numbers of granulocytes and monocytes into
the tissue; and (5) swelling of the tissue cells. Some of the
many tissue products that cause these reactions are hista-
mine, bradykinin, serotonin, prostaglandins, several differ-
ent reaction products of the complement system (described
in Chapter 34), reaction products of the blood clotting sys-
tem, and multiple substances called lymphokines that are
released by sensitized T cells (part of the immune system;
also discussed in Chapter 34). Several of these substances
strongly activate the macrophage system, and within a few
hours, the macrophages begin to devour the destroyed
tissues. But at times, the macrophages also further injure
the still-living tissue cells.

“Walling-Off” Effect of Inflammation. One of the
first results of inflammation is to “wall off” the area of
injury from the remaining tissues. The tissue spaces and
the lymphatics in the inflamed area are blocked by fibrin-
ogen clots so that after a while, fluid barely flows through
the spaces. This walling-off process delays the spread of
bacteria or toxic products.

The intensity of the inflammatory process is usually
proportional to the degree of tissue injury. For instance,
when staphylococci invade tissues, they release extremely
lethal cellular toxins. As a result, inflammation develops
rapidly—indeed, much more rapidly than the staphy-
lococci themselves can multiply and spread. Therefore,
local staphylococcal infection is characteristically walled
off rapidly and prevented from spreading through the
body. Streptococci, in contrast, do not cause such intense
local tissue destruction. Therefore, the walling-off pro-
cess develops slowly over many hours, while many strep-
tococci reproduce and migrate. As a result, streptococci
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often have a far greater tendency to spread through the
body and cause death than do staphylococci, even though
staphylococci are far more destructive to the tissues.

Macrophage and Neutrophil Responses During
Inflammation

Tissue Macrophage Is a First Line of Defense
Against Infection. Within minutes after inflammation
begins, the macrophages already present in the tissues,
whether histiocytes in the subcutaneous tissues, alveolar
macrophages in the lungs, microglia in the brain, or oth-
ers, immediately begin their phagocytic actions. When
activated by the products of infection and inflammation,
the first effect is rapid enlargement of each of these cells.
Next, many of the previously sessile macrophages break
loose from their attachments and become mobile, form-
ing the first line of defense against infection during the
first hour or so. The numbers of these early mobilized
macrophages often are not great, but they are lifesaving.

Neutrophil Invasion of the Inflamed Area Is a
Second Line of Defense. Within the first hour or so
after inflammation begins, large numbers of neutrophils
begin to invade the inflamed area from the blood. This is
caused by inflammatory cytokines (e.g., TNF, IL-1) and
other biochemical products produced by the inflamed
tissues that initiate the following reactions:

1. They cause increased expression of adhesion mole-
cules, such as selectins and intracellular adhesion mole-
cule-1 (ICAM-1) on the surface of endothelial cells in
the capillaries and venules. These adhesion molecules,
reacting with complementary integrin molecules on
the neutrophils, cause the neutrophils to stick to the
capillary and venule walls in the inflamed area. This
effect is called margination and is shown in Figure 33-2
and in more detail in Figure 33-6.

2. They also cause the intercellular attachments between
the endothelial cells of the capillaries and small venules
to loosen, allowing openings large enough for neutro-
phils to crawl through by diapedesis, directly from the
blood into the tissue spaces.

3. They then cause chemotaxis of the neutrophils toward
the injured tissues, as explained earlier.

Thus, within several hours after tissue damage begins,
the area becomes well supplied with neutrophils. Because
the blood neutrophils are already mature cells, they are
ready to immediately begin their scavenger functions for
killing bacteria and removing foreign matter.

Acute Increase in Number of Neutrophils in the
Blood—"Neutrophilia.” Also within a few hours after
the onset of acute, severe inflammation, the number of
neutrophils in the blood sometimes increases fourfold to
fivefold—from a normal of 4000 to 5000 to 15,000 to 25,000
neutrophils per microliter. This is called neutrophilia,
which means an increase in the number of neutrophils in
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the blood. Neutrophilia is caused by products of inflam-
mation that enter the blood stream, are transported to
the bone marrow, and there act on the stored neutro-
phils of the marrow to mobilize these into the circulating
blood. This makes even more neutrophils available to the
inflamed tissue area.

Second Macrophage Invasion into the Inflamed
Tissue Is a Third Line of Defense. Along with the inva-
sion of neutrophils, monocytes from the blood enter the
inflamed tissue and enlarge to become macrophages.
However, the number of monocytes in the circulat-
ing blood is low: Also, the storage pool of monocytes in
the bone marrow is much less than that of neutrophils.
Therefore, the buildup of macrophages in the inflamed
tissue area is much slower than that of neutrophils,
requiring several days to become effective. Furthermore,
even after invading the inflamed tissue, monocytes are
still immature cells, requiring 8 hours or more to swell
to much larger sizes and develop tremendous quantities
of lysosomes; only then do they acquire the full capac-
ity of tissue macrophages for phagocytosis. Yet, after sev-
eral days to several weeks, the macrophages finally come

to dominate the phagocytic cells of the inflamed area
because of greatly increased bone marrow production of
new monocytes, as explained later.

As already pointed out, macrophages can phagocy-
tize far more bacteria (about five times as many) and far
larger particles, including even neutrophils themselves
and large quantities of necrotic tissue, than can neutro-
phils. Also, the macrophages play an important role in
initiating the development of antibodies, as we discuss
in Chapter 34.

Increased Production of Granulocytes and Mono-
cytes by the Bone Marrow Is a Fourth Line of
Defense. The fourth line of defense is greatly increased
production of both granulocytes and monocytes by the
bone marrow. This results from stimulation of the gran-
ulocytic and monocytic progenitor cells of the marrow.
However, it takes 3 to 4 days before newly formed granu-
locytes and monocytes reach the stage of leaving the bone
marrow. If the stimulus from the inflamed tissue con-
tinues, the bone marrow can continue to produce these
cells in tremendous quantities for months and even years,
sometimes at a rate 20 to 50 times normal.
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Figure 33-6 Migration of neutrophil from the blood into inflamed tissue. Cytokines and other biochemical products of the inflamed tissue
cause increased expression of selectins and intracellular adhesion molecule-1 (ICAM-1) in the surface of endothelial cells. These adhesion
molecules bind to complementary molecules/receptors on the neutrophil, causing it to adhere to the wall of the capillary or venule. The
neutrophil then migrates through the vessel wall by diapedesis toward the site of tissue injury.
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Feedback Control of the Macrophage and Neutrophil
Responses

Although more than two dozen factors have been implicated
in control of the macrophage response to inflammation,
five of these are believed to play dominant roles. They are
shown in Figure 33-7 and consist of (1) tumor necrosis factor
(TNF), (2) interleukin-1 (IL-1), (3) granulocyte-monocyte
colony-stimulating factor (GM-CSF), (4) granulocyte
colony-stimulating factor (G-CSF), and (5) monocyte colony-
stimulating factor (M-CSF). These factors are formed by
activated macrophage cells in the inflamed tissues and in
smaller quantities by other inflamed tissue cells.

The cause of the increased production of granulocytes
and monocytes by the bone marrow is mainly the three
colony-stimulating factors, one of which, GM-CSE, stim-
ulates both granulocyte and monocyte production; the
other two, G-CSF and M-CSE, stimulate granulocyte and
monocyte production, respectively. This combination
of TNE, IL-1, and colony-stimulating factors provides a
powerful feedback mechanism that begins with tissue
inflammation and proceeds to formation of large num-
bers of defensive white blood cells that help remove the
cause of the inflammation.

Formation of Pus

When neutrophils and macrophages engulflarge numbers
of bacteria and necrotic tissue, essentially all the neutro-

INFLAMMATION
Activated TNF
macrophage IL-1

{

Endothelial cells,

fibroblasts,
TNF lymphocytes
IL-1
GM-CSF ‘
Sgg'; GM-CSF
G-CSF
M-CSF

|

Bone marrow

|

Granulocytes
Monocytes/macrophages

Figure 33-7 Control of bone marrow production of granulocytes
and monocyte-macrophages in response to multiple growth factors
released from activated macrophages in an inflamed tissue. G-CSF,
granulocyte colony-stimulating factor; GM-CSF, granulocyte-
monocyte colony-stimulating factor; IL-1, interleukin-1; M-CSF,
monocyte colony-stimulating factor; TNF, tumor necrosis factor.
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phils and many, if not most, of the macrophages eventually
die. After several days, a cavity is often excavated in the
inflamed tissues. It contains varying portions of necrotic
tissue, dead neutrophils, dead macrophages, and tissue
fluid. This mixture is commonly known as pus. After the
infection has been suppressed, the dead cells and necrotic
tissue in the pus gradually autolyze over a period of days,
and the end products are eventually absorbed into the
surrounding tissues and lymph until most of the evidence
of tissue damage is gone.

Eosinophils

The eosinophils normally constitute about 2 percent of all
the blood leukocytes. Eosinophils are weak phagocytes,
and they exhibit chemotaxis, but in comparison with the
neutrophils, it is doubtful that the eosinophils are signifi-
cant in protecting against the usual types of infection.

Eosinophils, however, are often produced in large
numbers in people with parasitic infections, and they
migrate in large numbers into tissues diseased by para-
sites. Although most parasites are too large to be phago-
cytized by eosinophils or any other phagocytic cells,
eosinophils attach themselves to the parasites by way
of special surface molecules and release substances that
kill many of the parasites. For instance, one of the most
widespread infections is schistosomiasis, a parasitic
infection found in as many as one third of the population
of some developing countries in Asia, Africa, and South
America; the parasite can invade any part of the body.
Eosinophils attach themselves to the juvenile forms of
the parasite and kill many of them. They do so in sev-
eral ways: (1) by releasing hydrolytic enzymes from their
granules, which are modified lysosomes; (2) probably by
also releasing highly reactive forms of oxygen that are
especially lethal to parasites; and (3) by releasing from
the granules a highly larvacidal polypeptide called major
basic protein.

In a few areas of the world, another parasitic disease
that causes eosinophilia is trichinosis. This results from
invasion of the body’s muscles by the Trichinella parasite
(“pork worm”) after a person eats undercooked infested
pork.

Eosinophils also have a special propensity to collect in
tissues in which allergic reactions occur, such as in the
peribronchial tissues of the lungs in people with asthma
and in the skin after allergic skin reactions. This is caused
atleast partly by the fact that many mast cells and basophils
participate in allergic reactions, as we discuss in the next
paragraph. The mast cells and basophils release an eosino-
phil chemotactic factor that causes eosinophils to migrate
toward the inflamed allergic tissue. The eosinophils are
believed to detoxify some of the inflammation-inducing
substances released by the mast cells and basophils
and probably also to phagocytize and destroy allergen-
antibody complexes, thus preventing excess spread of the
local inflammatory process.
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Basophils

The basophils in the circulating blood are similar to the
large tissue mast cells located immediately outside many
of the capillaries in the body. Both mast cells and baso-
phils liberate heparin into the blood, a substance that can
prevent blood coagulation.

The mast cells and basophils also release histamine,
as well as smaller quantities of bradykinin and serotonin.
Indeed, it is mainly the mast cells in inflamed tissues that
release these substances during inflammation.

The mast cells and basophils play an important role in
some types of allergic reactions because the type of anti-
body that causes allergic reactions, the immunoglobulin E
(IgE) type, has a special propensity to become attached to
mast cells and basophils. Then, when the specific antigen
for the specific IgE antibody subsequently reacts with the
antibody, the resulting attachment of antigen to antibody
causes the mast cell or basophil to rupture and release
large quantities of histamine, bradykinin, serotonin, hepa-
rin, slow-reacting substance of anaphylaxis, and a number
of lysosomal enzymes. These cause local vascular and tis-
sue reactions that cause many, if not most, of the allergic
manifestations. These reactions are discussed in greater
detail in Chapter 34.

Leukopenia

A clinical condition known as leukopenia, in which the
bone marrow produces very few white blood cells, occa-
sionally occurs. This leaves the body unprotected against
many bacteria and other agents that might invade the
tissues.

Normally, the human body lives in symbiosis with
many bacteria because all the mucous membranes of the
body are constantly exposed to large numbers of bac-
teria. The mouth almost always contains various spiro-
chetal, pneumococcal, and streptococcal bacteria, and
these same bacteria are present to a lesser extent in the
entire respiratory tract. The distal gastrointestinal tract is
especially loaded with colon bacilli. Furthermore, one can
always find bacteria on the surfaces of the eyes, urethra,
and vagina. Any decrease in the number of white blood
cells immediately allows invasion of adjacent tissues by
bacteria that are already present.

Within 2 days after the bone marrow stops produc-
ing white blood cells, ulcers may appear in the mouth and
colon, or the person might develop some form of severe
respiratory infection. Bacteria from the ulcers rapidly
invade surrounding tissues and the blood. Without treat-
ment, death often ensues in less than a week after acute
total leukopenia begins.

Irradiation of the body by x-rays or gamma rays,
or exposure to drugs and chemicals that contain ben-
zene or anthracene nuclei, is likely to cause aplasia of
the bone marrow. Indeed, some common drugs, such as

chloramphenicol (an antibiotic), thiouracil (used to treat
thyrotoxicosis), and even various barbiturate hypnotics,
on very rare occasions cause leukopenia, thus setting off
the entire infectious sequence of this malady.

After moderate irradiation injury to the bone mar-
row, some stem cells, myeloblasts, and hemocytoblasts
may remain undestroyed in the marrow and are capable
of regenerating the bone marrow, provided sufficient time
is available. A patient properly treated with transfusions,
plus antibiotics and other drugs to ward off infection, usu-
ally develops enough new bone marrow within weeks to
months for blood cell concentrations to return to normal.

Leukemias

Uncontrolled production of white blood cells can be
caused by cancerous mutation of a myelogenous or lym-
phogenous cell. This causes leukemia, which is usually
characterized by greatly increased numbers of abnormal
white blood cells in the circulating blood.

Types of Leukemia. Leukemias are divided into two
general types: lymphocytic leukemias and myelogenous
leukemias. The lymphocytic leukemias are caused by can-
cerous production of lymphoid cells, usually beginning in
a lymph node or other lymphocytic tissue and spreading
to other areas of the body. The second type of leukemia,
myelogenous leukemia, begins by cancerous production
of young myelogenous cells in the bone marrow and then
spreads throughout the body so that white blood cells are
produced in many extramedullary tissues—especially in
the lymph nodes, spleen, and liver.

In myelogenous leukemia, the cancerous process occa-
sionally produces partially differentiated cells, resulting in
what might be called neutrophilic leukemia, eosinophilic
leukemia, basophilic leukemia, or monocytic leukemia.
More frequently, however, the leukemia cells are bizarre
and undifferentiated and not identical to any of the normal
white blood cells. Usually, the more undifferentiated the cell,
the more acute is the leukemia, often leading to death within
a few months if untreated. With some of the more differen-
tiated cells, the process can be chronic, sometimes devel-
oping slowly over 10 to 20 years. Leukemic cells, especially
the very undifferentiated cells, are usually nonfunctional for
providing the normal protection against infection.

Effects of Leukemia on the Body

The first effect of leukemia is metastatic growth of leu-
kemic cells in abnormal areas of the body. Leukemic cells
from the bone marrow may reproduce so greatly that they
invade the surrounding bone, causing pain and, eventu-
ally, a tendency for bones to fracture easily.

Almost all leukemias eventually spread to the spleen,
lymph nodes, liver, and other vascular regions, regardless
of whether the origin of the leukemia is in the bone mar-
row or the lymph nodes. Common effects in leukemia are
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the development of infection, severe anemia, and a bleed-
ing tendency caused by thrombocytopenia (lack of plate-
lets). These effects result mainly from displacement of the
normal bone marrow and lymphoid cells by the nonfunc-
tional leukemic cells.

Finally, an important effect of leukemia on the body is
excessive use of metabolic substrates by the growing can-
cerous cells. The leukemic tissues reproduce new cells so
rapidly that tremendous demands are made on the body
reserves for foodstuffs, specific amino acids, and vita-
mins. Consequently, the energy of the patient is greatly
depleted, and excessive utilization of amino acids by the
leukemic cells causes especially rapid deterioration of the
normal protein tissues of the body. Thus, while the leuke-
mic tissues grow, other tissues become debilitated. After
metabolic starvation has continued long enough, this
alone is sufficient to cause death.
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CHAPTER 34

Resistance of the Body to Infection:
II. Immunity and Allergy Innate Immunity

The human body has the

] ability to resist almost all

by < types of organisms or tox-

ins that tend to damage the

tissues and organs. This

capability is called immu-

nity. Much of immunity is

acquired immunity that does not develop until after the

body is first attacked by a bacterium, virus, or toxin, often

requiring weeks or months to develop the immunity.

An additional portion of immunity results from general

processes, rather than from processes directed at spe-

cific disease organisms. This is called innate immunity. It
includes the following:

1. Phagocytosis of bacteria and other invaders by white
blood cells and cells of the tissue macrophage system,
as described in Chapter 33.

2. Destruction of swallowed organisms by the acid secre-
tions of the stomach and the digestive enzymes.

3. Resistance of the skin to invasion by organisms.

4. Presence in the blood of certain chemical compounds
that attach to foreign organisms or toxins and destroy
them. Some of these compounds are (1) lysozyme, a
mucolytic polysaccharide that attacks bacteria and
causes them to dissolute; (2) basic polypeptides,
which react with and inactivate certain types of gram-
positive bacteria; (3) the complement complex that
is described later, a system of about 20 proteins that
can be activated in various ways to destroy bacteria;
and (4) natural killer lymphocytes that can recognize
and destroy foreign cells, tumor cells, and even some
infected cells.

This innate immunity makes the human body resis-
tant to such diseases as some paralytic viral infections
of animals, hog cholera, cattle plague, and distemper—
a viral disease that kills a large percentage of dogs that
become afflicted with it. Conversely, many lower animals
are resistant or even immune to many human diseases,
such as poliomyelitis, mumps, human cholera, measles,
and syphilis, which are very damaging or even lethal to
human beings.

Acquired (Adaptive) Immunity

In addition to its generalized innate immunity, the
human body has the ability to develop extremely power-
ful specific immunity against individual invading agents
such as lethal bacteria, viruses, toxins, and even for-
eign tissues from other animals. This is called acquired
or adaptive immunity. Acquired immunity is caused
by a special immune system that forms antibodies
and/or activated lymphocytes that attack and destroy
the specific invading organism or toxin. It is with this
acquired immunity mechanism and some of its associ-
ated reactions, especially the allergies, that this chapter
is concerned.

Acquired immunity can often bestow extreme pro-
tection. For instance, certain toxins, such as the paralytic
botulinum toxin or the tetanizing toxin of tetanus, can be
protected against in doses as high as 100,000 times the
amount that would be lethal without immunity. This is
the reason the treatment process known as immunization
is so important in protecting human beings against dis-
ease and against toxins, as explained in the course of this
chapter.

Basic Types of Acquired Immunity—Humoral
and Cell-Mediated

Two basic but closely allied types of acquired immunity
occur in the body. In one of these the body develops cir-
culating antibodies, which are globulin molecules in the
blood plasma that are capable of attacking the invading
agent. This type of immunity is called humoral immu-
nity or B-cell immunity (because B lymphocytes produce
the antibodies). The second type of acquired immunity
is achieved through the formation of large numbers of
activated T lymphocytes that are specifically crafted in
the lymph nodes to destroy the foreign agent. This type
of immunity is called cell-mediated immunity or T-cell
immunity (because the activated lymphocytes are T lym-
phocytes). We shall see shortly that both the antibodies
and the activated lymphocytes are formed in the lym-
phoid tissues of the body. Let us discuss the initiation of
the immune process by antigens.
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Both Types of Acquired Immunity
Are Initiated by Antigens

Because acquired immunity does not develop until after
invasion by a foreign organism or toxin, it is clear that
the body must have some mechanism for recognizing
this invasion. Each toxin or each type of organism almost
always contains one or more specific chemical compounds
in its makeup that are different from all other compounds.
In general, these are proteins or large polysaccharides, and
it is they that initiate the acquired immunity. These sub-
stances are called antigens (antibody generations).

For a substance to be antigenic, it usually must have a
high molecular weight, 8000 or greater. Furthermore, the
process of antigenicity usually depends on regularly recur-
ring molecular groups, called epitopes, on the surface of
the large molecule. This also explains why proteins and
large polysaccharides are almost always antigenic, because
both of these have this stereochemical characteristic.

Lymphocytes Are Responsible
for Acquired Immunity

Acquired immunity is the product of the body’s lympho-
cytes. In people who have a genetic lack of lymphocytes
or whose lymphocytes have been destroyed by radiation
or chemicals, no acquired immunity can develop. And
within days after birth, such a person dies of fulminat-
ing bacterial infection unless treated by heroic measures.
Therefore, it is clear that the lymphocytes are essential to
survival of the human being.

The lymphocytes are located most extensively in the
lymph nodes, but they are also found in special lymphoid
tissues such as the spleen, submucosal areas of the gastro-
intestinal tract, thymus, and bone marrow. The lymphoid
tissue is distributed advantageously in the body to inter-
cept invading organisms or toxins before they can spread
too widely.

In mostinstances, the invading agent first enters the tis-
sue fluids and then is carried by lymph vessels to the lymph
node or other lymphoid tissue. For instance, the lymphoid
tissue of the gastrointestinal walls is exposed immediately
to antigens invading from the gut. The lymphoid tissue
of the throat and pharynx (the tonsils and adenoids) is
well located to intercept antigens that enter by way of the
upper respiratory tract. The lymphoid tissue in the lymph
nodes is exposed to antigens that invade the peripheral
tissues of the body. And, finally, the lymphoid tissue of
the spleen, thymus, and bone marrow plays the specific
role of intercepting antigenic agents that have succeeded
in reaching the circulating blood.

Two Types of Lymphocytes Promote “Cell-
Mediated” Immunity or “Humoral” Immunity—the
T and B Lymphocytes. Although most lympho-
cytes in normal lymphoid tissue look alike when stud-
ied under a microscope, these cells are distinctly divided
into two major populations. One of the populations, the
T lymphocytes, is responsible for forming the activated
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lymphocytes that provide “cell-mediated” immunity, and
the other population, the B lymphocytes, is responsible
for forming antibodies that provide “humoral” immunity.

Both types of lymphocytes are derived originally in the
embryo from pluripotent hematopoietic stem cells that
form common lymphoid progenitor cells as one of their
most important offspring as they differentiate. Almost all
of the lymphocytes that are formed eventually end up in
the lymphoid tissue, but before doing so, they are further
differentiated or “preprocessed” in the following ways.

The lymphoid progenitor cells that are destined to
eventually form activated T lymphocytes first migrate to
and are preprocessed in the thymus gland, and thus they
are called “T” lymphocytes to designate the role of the thy-
mus. They are responsible for cell-mediated immunity.

The other population of lymphocytes—the B lympho-
cytes that are destined to form antibodies—are prepro-
cessed in the liver during mid—fetal life and in the bone
marrow in late fetal life and after birth. This population
of cells was first discovered in birds, which have a special
preprocessing organ called the bursa of Fabricius. For this
reason, these lymphocytes are called “B” lymphocytes to
designate the role of the bursa, and they are responsible
for humoral immunity. Figure 34-1 shows the two lym-
phocyte systems for the formation, respectively, of (1) the
activated T lymphocytes and (2) the antibodies.

Preprocessing of the T and B Lymphocytes

Although all lymphocytes in the body originate from
lymphocyte-committed stem cells of the embryo, these
stem cells themselves are incapable of forming directly
either activated T lymphocytes or antibodies. Before
they can do so, they must be further differentiated in
appropriate processing areas as follows.

Thymus Gland Preprocesses the T Lymphocytes.
The T lymphocytes, after origination in the bone mar-
row, first migrate to the thymus gland. Here they divide
rapidly and at the same time develop extreme diversity for
reacting against different specific antigens. That is, one
thymic lymphocyte develops specific reactivity against
one antigen. Then the next lymphocyte develops speci-
ficity against another antigen. This continues until there
are thousands of different types of thymic lymphocytes
with specific reactivities against many thousands of dif-
ferent antigens. These different types of preprocessed
T lymphocytes now leave the thymus and spread by way
of the blood throughout the body to lodge in lymphoid
tissue everywhere.

The thymus also makes certain that any T lymphocytes
leaving the thymus will not react against proteins or other
antigens that are present in the body’s own tissues; other-
wise, the T lymphocytes would be lethal to the person’s
own body in only a few days. The thymus selects which
T lymphocytes will be released by first mixing them with
virtually all the specific “self-antigens” from the body’s
own tissues. If a T lymphocyte reacts, it is destroyed and
phagocytized instead of being released. This happens to
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Figure 34-1 Formation of antibodies and sensitized lymphocytes by a lymph node in response to antigens. This figure also shows the origin
of thymic (7) and bursal (B) lymphocytes that respectively are responsible for the cell-mediated and humoral immune processes.

up to 90 percent of the cells. Thus, the only cells that are
finally released are those that are nonreactive against the
body’s own antigens—they react only against antigens
from an outside source, such as from a bacterium, a toxin,
or even transplanted tissue from another person.

Most of the preprocessing of T lymphocytes in the
thymus occurs shortly before birth of a baby and for a
few months after birth. Beyond this period, removal of
the thymus gland diminishes (but does not eliminate) the
T-lymphocytic immune system. However, removal of the
thymus several months before birth can prevent develop-
ment of all cell-mediated immunity. Because this cellu-
lar type of immunity is mainly responsible for rejection of
transplanted organs, such as hearts and kidneys, one can
transplant organs with much less likelihood of rejection if
the thymus is removed from an animal a reasonable time
before its birth.

Liver and Bone Marrow Preprocess the B Lympho-
cytes. Much less is known about the details for pre-
processing B lymphocytes than for preprocessing T
lymphocytes. In the human being, B lymphocytes are
known to be preprocessed in the liver during mid—fetal
life and in the bone marrow during late fetal life and after
birth.

B lymphocytes are different from T lymphocytes in
two ways: First, instead of the whole cell developing reac-
tivity against the antigen, as occurs for the T lymphocytes,
the B lymphocytes actively secrete antibodies that are the
reactive agents. These agents are large protein molecules
that are capable of combining with and destroying the
antigenic substance, which is explained elsewhere in this
chapter and in Chapter 33. Second, the B lymphocytes
have even greater diversity than the T lymphocytes, thus
forming many millions of types of B-lymphocyte antibod-
ies with different specific reactivities. After preprocess-
ing, the B lymphocytes, like the T lymphocytes, migrate

to lymphoid tissue throughout the body, where they lodge
near but slightly removed from the T-lymphocyte areas.

T Lymphocytes and B-Lymphocyte Antibodies
React Highly Specifically Against Specific
Antigens—Role of Lymphocyte Clones

When specific antigens come in contact with T and B
lymphocytes in the lymphoid tissue, certain of the T lym-
phocytes become activated to form activated T cells, and
certain of the B lymphocytes become activated to form
antibodies. The activated T cells and antibodies in turn
react highly specifically against the particular types of
antigens that initiated their development. The mechanism
of this specificity is the following.

Millions of Specific Types of Lymphocytes Are
Stored in the Lymphoid Tissue. Millions of different
types of preformed B lymphocytes and preformed T lym-
phocytes that are capable of forming highly specific types
of antibodies or T cells have been stored in the lymph tis-
sue, as explained earlier. Each of these preformed lym-
phocytes is capable of forming only one type of antibody
or one type of T cell with a single type of specificity. And
only the specific type of antigen with which it can react
can activate it. Once the specific lymphocyte is activated
by its antigen, it reproduces wildly, forming tremendous
numbers of duplicate lymphocytes (Figure 34-2). If it is a
B lymphocyte, its progeny will eventually secrete the spe-
cific type of antibody that then circulates throughout the
body. If it is a T lymphocyte, its progeny are specific sen-
sitized T cells that are released into the lymph and then
carried to the blood and circulated through all the tissue
fluids and back into the lymph, sometimes circulating
around and around in this circuit for months or years.

All the different lymphocytes that are capable of form-
ing one specific antibody or T cell are called a clone of
lymphocytes. That is, the lymphocytes in each clone are
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Figure 34-2 An antigen activates only the lymphocytes that
have cell surface receptors that are complementary and recog-
nize a specific antigen. Millions of different clones of lympho-
cytes exist (shown as B7, B2, and B3). When the lymphocyte clone
(B2 in this example) is activated by its antigen, it reproduces to
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alike and are derived originally from one or a few early
lymphocytes of its specific type.

Origin of the Many Clones of Lymphocytes

Only several hundred to a few thousand genes code for
the millions of different types of antibodies and T lym-
phocytes. At first, it was a mystery how it was possible for
so few genes to code for the millions of different specifici-
ties of antibody molecules or T cells that can be produced
by the lymphoid tissue, especially when one considers
that a single gene is usually necessary for the formation
of each different type of protein. This mystery has now
been solved.

The whole gene for forming each type of T cell or B
cell is never present in the original stem cells from which
the functional immune cells are formed. Instead, there
are only “gene segments”’—actually, hundreds of such
segments—but not whole genes. During preprocessing
of the respective T- and B-cell lymphocytes, these gene
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segments become mixed with one another in random
combinations, in this way finally forming whole genes.

Because there are several hundred types of gene seg-
ments, as well as millions of different combinations in
which the segments can be arranged in single cells, one
can understand the millions of different cell gene types
that can occur. For each functional T or B lymphocyte that
is finally formed, the gene structure codes for only a single
antigen specificity. These mature cells then become the
highly specific T and B cells that spread to and populate
the lymphoid tissue.

Mechanism for Activating a Clone of Lymphocytes

Each clone of lymphocytes is responsive to only a sin-
gle type of antigen (or to several similar antigens that
have almost exactly the same stereochemical character-
istics). The reason for this is the following: In the case
of the B lymphocytes, each of these has on the surface
of its cell membrane about 100,000 antibody molecules
that will react highly specifically with only one specific
type of antigen. Therefore, when the appropriate antigen
comes along, it immediately attaches to the antibody in
the cell membrane; this leads to the activation process,
which we describe in more detail subsequently. In the
case of the T lymphocytes, molecules similar to antibod-
ies, called surface receptor proteins (or T-cell markers),
are on the surface of the T-cell membrane, and these are
also highly specific for one specified activating antigen.
An antigen therefore stimulates only those cells that have
complementary receptors for the antigen and are already
committed to respond to it.

Role of Macrophages in the Activation Process. Aside
from the lymphocytes in lymphoid tissue, literally mil-
lions of macrophages are also present in the same tissue.
These line the sinusoids of the lymph nodes, spleen, and
other lymphoid tissue, and they lie in apposition to many
of the lymph node lymphocytes. Most invading organ-
isms are first phagocytized and partially digested by the
macrophages, and the antigenic products are liberated
into the macrophage cytosol. The macrophages then pass
these antigens by cell-to-cell contact directly to the lym-
phocytes, thus leading to activation of the specified lym-
phocytic clones. The macrophages, in addition, secrete
a special activating substance, interleukin-1, that pro-
motes still further growth and reproduction of the spe-
cific lymphocytes.

Role of the T Cells in Activation of the B Lympho-
cytes. Most antigens activate both T lymphocytes and
B lymphocytes at the same time. Some of the T cells
that are formed, called helper cells, secrete specific sub-
stances (collectively called lymphokines) that activate the
specific B lymphocytes. Indeed, without the aid of these
helper T cells, the quantity of antibodies formed by the
B lymphocytes is usually slight. We discuss this coop-
erative relationship between helper T cells and B cells
after we describe the mechanisms of the T-cell system
of immunity.
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Specific Attributes of the B-Lymphocyte System—
Humoral Immunity and the Antibodies

Formation of Antibodies by Plasma Cells. Before
exposure to a specific antigen, the clones of B lympho-
cytes remain dormant in the lymphoid tissue. On entry
of a foreign antigen, macrophages in the lymphoid tissue
phagocytize the antigen and then present it to adjacent B
lymphocytes. In addition, the antigen is presented to T cells
at the same time, and activated helper T cells are formed.
These helper cells also contribute to extreme activation of
the B lymphocytes, as we discuss more fully later.

Those B lymphocytes specific for the antigen imme-
diately enlarge and take on the appearance of lympho-
blasts. Some of the lymphoblasts further differentiate to
form plasmablasts, which are precursors of plasma cells.
In the plasmablasts, the cytoplasm expands and the rough
endoplasmic reticulum vastly proliferates. The plasmablasts
then begin to divide at a rate of about once every 10 hours
for about nine divisions, giving in 4 days a total population
of about 500 cells for each original plasmablast. The mature
plasma cell then produces gamma globulin antibodies at an
extremely rapid rate—about 2000 molecules per second for
each plasma cell. In turn, the antibodies are secreted into
the lymph and carried to the circulating blood. This process
continues for several days or weeks until finally exhaustion
and death of the plasma cells occur.

Formation of *"Memory” Cells—Difference Between
Primary Response and Secondary Response. A few of
the lymphoblasts formed by activation of a clone of B lym-
phocytes do not go on to form plasma cells but instead
form moderate numbers of new B lymphocytes similar
to those of the original clone. In other words, the B-cell
population of the specifically activated clone becomes
greatly enhanced, and the new B lymphocytes are added
to the original lymphocytes of the same clone. They also
circulate throughout the body to populate all the lym-
phoid tissue; immunologically, however, they remain
dormant until activated once again by a new quantity of
the same antigen. These lymphocytes are called mem-
ory cells. Subsequent exposure to the same antigen will
cause a much more rapid and much more potent anti-
body response this second time around, because there are
many more memory cells than there were original B lym-
phocytes of the specific clone.

Figure 34-3 shows the differences between the pri-
mary response for forming antibodies that occurs on first
exposure to a specific antigen and the secondary response
that occurs after second exposure to the same antigen.
Note the 1-week delay in the appearance of the primary
response, its weak potency, and its short life. The second-
ary response, by contrast, begins rapidly after exposure to
the antigen (often within hours), is far more potent, and
forms antibodies for many months rather than for only
a few weeks. The increased potency and duration of the
secondary response explain why immunization is usu-
ally accomplished by injecting antigen in multiple doses
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Figure 34-3 Time course of the antibody response in the circu-
lating blood to a primary injection of antigen and to a secondary
injection several weeks later.

with periods of several weeks or several months between
injections.

Nature of the Antibodies

The antibodies are gamma globulins called immunoglob-
ulins (abbreviated as Ig), and they have molecular weights
between 160,000 and 970,000. They usually constitute
about 20 percent of all the plasma proteins.

All the immunoglobulins are composed of combina-
tions of light and heavy polypeptide chains. Most are a
combination of two light and two heavy chains, as shown
in Figure 34-4. However, some of the immunoglobulins
have combinations of as many as 10 heavy and 10 light
chains, which give rise to high-molecular-weight immu-
noglobulins. Yet, in all immunoglobulins, each heavy
chain is paralleled by a light chain at one of its ends, thus
forming a heavy-light pair, and there are always at least
2 and as many as 10 such pairs in each immunoglobulin
molecule.

Figure 34-4 shows a designated end of each light and
heavy chain, called the variable portion; the remainder of

Antigen
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J

Figure 34-4 Structure of the typical IgG antibody, showing it
to be composed of two heavy polypeptide chains and two light
polypeptide chains. The antigen binds at two different sites on the
variable portions of the chains.
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each chain is called the constant portion. The variable por-
tion is different for each specificity of antibody, and it is
this portion that attaches specifically to a particular type
of antigen. The constant portion of the antibody deter-
mines other properties of the antibody, establishing such
factors as diffusivity of the antibody in the tissues, adher-
ence of the antibody to specific structures within the tis-
sues, attachment to the complement complex, the ease
with which the antibodies pass through membranes, and
other biological properties of the antibody. A combina-
tion of noncovalent and covalent bonds (disulfide) holds
the light and heavy chains together.

Specificity of Antibodies. Each antibody is specific for
a particular antigen; this is caused by its unique structural
organization of amino acids in the variable portions of
both the light and heavy chains. The amino acid organiza-
tion has a different steric shape for each antigen specific-
ity, so when an antigen comes in contact with it, multiple
prosthetic groups of the antigen fit as a mirror image with
those of the antibody, thus allowing rapid and tight bond-
ing between the antibody and the antigen. When the anti-
body is highly specific, there are so many bonding sites
that the antibody-antigen coupling is exceedingly strong,
held together by (1) hydrophobic bonding, (2) hydro-
gen bonding, (3) ionic attractions, and (4) van der Waals
forces. It also obeys the thermodynamic mass action law.

K.= Concentration of bound antibody-antigen
2=

Concentration of antibody
X Concentration of antigen

Ka is called the affinity constant and is a measure of
how tightly the antibody binds with the antigen.

Note, especially, in Figure 34-4 that there are two vari-
able sites on the illustrated antibody for attachment of
antigens, making this type of antibody bivalent. A small
proportion of the antibodies, which consist of combina-
tions of up to 10 light and 10 heavy chains, have as many
as 10 binding sites.

Classes of Antibodies. There are five general classes
of antibodies, respectively named IgM, IgG, IgA, IgD, and
IgE. Ig stands for immunoglobulin, and the other five
respective letters designate the respective classes.

For the purpose of our present limited discussion, two
of these classes of antibodies are of particular importance:
IgG, which is a bivalent antibody and constitutes about
75 percent of the antibodies of the normal person, and
IgE, which constitutes only a small percentage of the anti-
bodies but is especially involved in allergy. The IgM class
is also interesting because a large share of the antibod-
ies formed during the primary response are of this type.
These antibodies have 10 binding sites that make them
exceedingly effective in protecting the body against invad-
ers, even though there are not many IgM antibodies.

Mechanisms of Action of Antibodies

Antibodies act mainly in two ways to protect the body
against invading agents: (1) by direct attack on the invader
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and (2) by activation of the “complement system” that then
has multiple means of its own for destroying the invader.

Direct Action of Antibodies on Invading Agents.
Figure 34-5 shows antibodies (designated by the red
Y-shaped bars) reacting with antigens (designated by the
shaded objects). Because of the bivalent nature of the anti-
bodies and the multiple antigen sites on most invading
agents, the antibodies can inactivate the invading agent in
one of several ways, as follows:

1. Agglutination, in which multiple large particles with
antigens on their surfaces, such as bacteria or red cells,
are bound together into a clump

2. Precipitation, in which the molecular complex of
soluble antigen (such as tetanus toxin) and antibody
becomes so large that it is rendered insoluble and
precipitates

3. Neutralization, in which the antibodies cover the toxic
sites of the antigenic agent

4. Lysis, in which some potent antibodies are occasion-
ally capable of directly attacking membranes of cellular
agents and thereby cause rupture of the agent

These direct actions of antibodies attacking the anti-
genic invaders often are not strong enough to play a major
role in protecting the body against the invader. Most of
the protection comes through the amplifying effects of
the complement system described next.

Complement System for Antibody Action

“Complement” is a collective term that describes a system
of about 20 proteins, many of which are enzyme precur-
sors. The principal actors in this system are 11 proteins
designated C1 through C9, B, and D, shown in Figure 34-6.
All these are present normally among the plasma proteins
in the blood, as well as among the proteins that leak out
of the capillaries into the tissue spaces. The enzyme pre-
cursors are normally inactive, but they can be activated
mainly by the so-called classic pathway.

Antigen
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Figure 34-5 Binding of antigen molecules to one another by biva-
lent antibodies.
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Figure 34-6 Cascade of reactions during activation of the classic pathway of complement. (Modified from Alexander JW, Good RA:

Fundamentals of Clinical Immunology. Philadelphia: WB Saunders, 1977.)

Classic Pathway. The classic pathway is initiated by an
antigen-antibody reaction. That is, when an antibody binds
with an antigen, a specific reactive site on the “constant”
portion of the antibody becomes uncovered, or “activated,’
and this in turn binds directly with the C1 molecule of the
complement system, setting into motion a “cascade” of
sequential reactions, shown in Figure 34-6, beginning with
activation of the proenzyme Cl1 itself. The C1 enzymes that
are formed then activate successively increasing quantities
of enzymes in the later stages of the system so that from
a small beginning, an extremely large “amplified” reaction
occurs. Multiple end products are formed, as shown to
the right in the figure, and several of these cause impor-
tant effects that help to prevent damage to the body’s tis-
sues caused by the invading organism or toxin. Among the
more important effects are the following:

1. Opsonization and phagocytosis. One of the products
of the complement cascade, C3b, strongly activates
phagocytosis by both neutrophils and macrophages,
causing these cells to engulf the bacteria to which the
antigen-antibody complexes are attached. This process
is called opsonization. It often enhances the number of
bacteria that can be destroyed by many hundredfold.

2. Lysis. One of the most important of all the products
of the complement cascade is the lytic complex, which
is a combination of multiple complement factors and
designated C5b6789. This has a direct effect of ruptur-
ing the cell membranes of bacteria or other invading
organismes.

3. Agglutination. The complement products also change
the surfaces of the invading organisms, causing them to
adhere to one another, thus promoting agglutination.

4. Neutralization of viruses. The complement enzymes and
other complement products can attack the structures of
some viruses and thereby render them nonvirulent.

5. Chemotaxis. Fragment Cba initiates chemotaxis of
neutrophils and macrophages, thus causing large num-
bers of these phagocytes to migrate into the tissue area
adjacent to the antigenic agent.

6. Activation of mast cells and basophils. Fragments C3a,
C4a, and Cba activate mast cells and basophils, causing
them to release histamine, heparin, and several other
substances into the local fluids. These substances in
turn cause increased local blood flow, increased leak-
age of fluid and plasma protein into the tissue, and
other local tissue reactions that help inactivate or
immobilize the antigenic agent. The same factors play
a major role in inflammation (which was discussed in
Chapter 33) and in allergy, as we discuss later.

7. Inflammatory effects. In addition to inflammatory
effects caused by activation of the mast cells and baso-
phils, several other complement products contribute
to local inflammation. These products cause (1) the
already increased blood flow to increase still further,
(2) the capillary leakage of proteins to be increased,
and (3) the interstitial fluid proteins to coagulate in the
tissue spaces, thus preventing movement of the invad-
ing organism through the tissues.

Special Attributes of the T-Lymphocyte System—
Activated T Cells and Cell-Mediated Immunity

Release of Activated T Cells from Lymphoid Tissue
and Formation of Memory Cells. On exposure to the
proper antigen, as presented by adjacent macrophages,
the T lymphocytes of a specific lymphocyte clone prolif-
erate and release large numbers of activated, specifically
reacting T cells in ways that parallel antibody release by
activated B cells. The principal difference is that instead
of releasing antibodies, whole activated T cells are formed
and released into the lymph. These then pass into the
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circulation and are distributed throughout the body, pass-
ing through the capillary walls into the tissue spaces, back
into the lymph and blood once again, and circulating
again and again throughout the body, sometimes lasting
for months or even years.

Also, T-lymphocyte memory cells are formed in the
same way that B memory cells are formed in the anti-
body system. That is, when a clone of T lymphocytes is
activated by an antigen, many of the newly formed lym-
phocytes are preserved in the lymphoid tissue to become
additional T lymphocytes of that specific clone; in fact,
these memory cells even spread throughout the lymphoid
tissue of the entire body. Therefore, on subsequent expo-
sure to the same antigen anywhere in the body, release of
activated T cells occurs far more rapidly and much more
powerfully than had occurred during first exposure.

Antigen-Presenting Cells, MHC Proteins, and
Antigen Receptors on the T Lymphocytes. T-cell
responses are extremely antigen specific, like the anti-
body responses of B cells, and are at least as important as
antibodies in defending against infection. In fact, acquired
immune responses usually require assistance from T cells
to begin the process, and T cells play a major role in actu-
ally helping to eliminate invading pathogens.

Although B lymphocytes recognize intact antigens,
T lymphocytes respond to antigens only when they are
bound to specific molecules called MHC proteins on the
surface of antigen-presenting cells in the lymphoid tis-
sues (Figure 34-7). The three major types of antigen-
presenting cells are macrophages, B lymphocytes, and
dendpritic cells. The dendritic cells, the most potent of the
antigen-presenting cells, are located throughout the body,
and their only known function is to present antigens to
T cells. Interaction of cell adhesion proteins is critical in
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Figure 34-7 Activation of T cells requires interaction of T-cell
receptors with an antigen (foreign protein) that is transported
to the surface of the antigen-presenting cell by a major histo-
compatibility complex (MHC) protein. Cell-to-cell adhesion pro-
teins enable the T cell to bind to the antigen-presenting cell long
enough to become activated.
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permitting the T cells to bind to antigen-presenting cells
long enough to become activated.

The MHC proteins are encoded by a large group
of genes called the major histocompatibility complex
(MHC). The MHC proteins bind peptide fragments of
antigen proteins that are degraded inside antigen-pre-
senting cells and then transport them to the cell sur-
face. There are two types of MHC proteins: (1) MHC I
proteins, which present antigens to cytotoxic T cells, and
(2) MHC II proteins, which present antigens to T helper
cells. The specific functions of cytotoxic and helper T
cells are discussed later.

The antigens on the surface of antigen-presenting cells
bind with receptor molecules on the surfaces of T cells in
the same way that they bind with plasma protein antibod-
ies. These receptor molecules are composed of a variable
unit similar to the variable portion of the humoral anti-
body, but its stem section is firmly bound to the cell mem-
brane of the T lymphocyte. There are as many as 100,000
receptor sites on a single T cell.

Several Types of T Cells and Their Different
Functions

It has become clear that there are multiple types of T cells.
They are classified into three major groups: (1) helper
T cells, (2) cytotoxic T cells, and (3) suppressor T cells. The
functions of each of these are distinct.

Helper T Cells—Their Role in Overall Regulation
of Immunity

The helper T cells are by far the most numerous of the
T cells, usually constituting more than three quarters of
all of them. As their name implies, they help in the func-
tions of the immune system, and they do so in many ways.
In fact, they serve as the major regulator of virtually all
immune functions, as shown in Figure 34-8. They do this
by forming a series of protein mediators, called lympho-
kines, that act on other cells of the immune system, as well
as on bone marrow cells. Among the important lympho-
kines secreted by the helper T cells are the following:

Interleukin-2
Interleukin-3
Interleukin-4
Interleukin-5
Interleukin-6
Granulocyte-monocyte colony-stimulating factor

Interferon-y

Specific Regulatory Functions of the Lymphokines. In
the absence of the lymphokines from the helper T cells,
the remainder of the immune system is almost para-
lyzed. In fact, it is the helper T cells that are inactivated
or destroyed by the acquired immunodeficiency syn-
drome (AIDS) virus, which leaves the body almost totally
unprotected against infectious disease, therefore leading
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Figure 34-8 Regulation of the immune system, emphasizing a
pivotal role of the helper T cells. MHC, major histocompatibility
complex.

to the now well-known debilitating and lethal effects of
AIDS. Some of the specific regulatory functions are the
following.

Stimulation of Growth and Proliferation of Cytotoxic
T Cells and Suppressor T Cells. In the absence of helper
T cells, the clones for producing cytotoxic T cells and
suppressor T cells are activated only slightly by most anti-
gens. The lymphokine interleukin-2 has an especially
strong stimulatory effect in causing growth and prolifera-
tion of both cytotoxic and suppressor T cells. In addition,
several of the other lymphokines have less potent effects.

Stimulation of B-Cell Growth and Differentiation to
Form Plasma Cells and Antibodies. The direct actions of
antigen to cause B-cell growth, proliferation, formation
of plasma cells, and secretion of antibodies are also slight
without the “help” of the helper T cells. Almost all the inter-
leukins participate in the B-cell response, but especially
interleukins 4, 5, and 6. In fact, these three interleukins
have such potent effects on the B cells that they have been
called B-cell stimulating factors or B-cell growth factors.

Activation of the Macrophage System. The lympho-
kines also affect the macrophages. First, they slow or stop
the migration of the macrophages after they have been
chemotactically attracted into the inflamed tissue area,
thus causing great accumulation of macrophages. Second,
they activate the macrophages to cause far more effi-
cient phagocytosis, allowing them to attack and destroy

increasing numbers of invading bacteria or other tissue-
destroying agents.

Feedback Stimulatory Effect on the Helper Cells
Themselves. Some of the lymphokines, especially
interleukin-2, have a direct positive feedback effect in
stimulating activation of the helper T cells themselves.
This acts as an amplifier by further enhancing the helper
cell response, as well as the entire immune response to an
invading antigen.

Cytotoxic T Cells Are “Killer” Cells

The cytotoxic T cell is a direct-attack cell that is capable
of killing microorganisms and, at times, even some of the
body’s own cells. For this reason, these cells are called killer
cells. The receptor proteins on the surfaces of the cyto-
toxic cells cause them to bind tightly to those organisms
or cells that contain the appropriate binding-specific
antigen. Then, they kill the attacked cell in the manner
shown in Figure 34-9. After binding, the cytotoxic T cell
secretes hole-forming proteins, called perforins, that liter-
ally punch round holes in the membrane of the attacked
cell. Then fluid flows rapidly into the cell from the inter-
stitial space. In addition, the cytotoxic T cell releases cyto-
toxic substances directly into the attacked cell. Almost
immediately, the attacked cell becomes greatly swollen,
and it usually dissolves shortly thereafter.

Especially important, these cytotoxic killer cells can
pull away from the victim cells after they have punched
holes and delivered cytotoxic substances and then move
on to kill more cells. Indeed, some of these cells persist for
months in the tissues.

Some of the cytotoxic T cells are especially lethal to tis-
sue cells that have been invaded by viruses because many
virus particles become entrapped in the membranes of the
tissue cells and attract T cells in response to the viral anti-
genicity. The cytotoxic cells also play an important role
in destroying cancer cells, heart transplant cells, or other
types of cells that are foreign to the person’s own body.
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Figure 34-9 Direct destruction of an invading cell by sensitized
lymphocytes (cytotoxic T cells).
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Suppressor T Cells

Much less is known about the suppressor T cells than
about the others, but they are capable of suppress-
ing the functions of both cytotoxic and helper T cells.
It is believed that these suppressor functions serve the
purpose of preventing the cytotoxic cells from causing
excessive immune reactions that might be damaging to
the body’s own tissues. For this reason, the suppressor
cells are classified, along with the helper T cells, as regu-
latory T cells. It is probable that the suppressor T-cell
system plays an important role in limiting the ability of
the immune system to attack a person’s own body tis-
sues, called immune tolerance, as we discuss in the next
section.

Tolerance of the Acquired Immunity System
to One’s Own Tissues—Role of Preprocessing
in the Thymus and Bone Marrow

If a person should become immune to his or her own tis-
sues, the process of acquired immunity would destroy the
individual’s own body. The immune mechanism normally
“recognizes” a person’s own tissues as being distinctive
from bacteria or viruses, and the person’s immunity sys-
tem forms few antibodies or activated T cells against his
or her own antigens.

Most Tolerance Results from Clone Selection
During Preprocessing. It is believed that most toler-
ance develops during preprocessing of T lymphocytes
in the thymus and of B lymphocytes in the bone mar-
row. The reason for this belief is that injecting a strong
antigen into a fetus while the lymphocytes are being pre-
processed in these two areas prevents development of
clones of lymphocytes in the lymphoid tissue that are
specific for the injected antigen. Experiments have shown
that specific immature lymphocytes in the thymus, when
exposed to a strong antigen, become lymphoblastic, pro-
liferate considerably, and then combine with the stimu-
lating antigen—an effect that is believed to cause the cells
themselves to be destroyed by the thymic epithelial cells
before they can migrate to and colonize the total body
lymphoid tissue.

It is believed that during the preprocessing of lym-
phocytes in the thymus and bone marrow, all or most of
those clones of lymphocytes that are specific to damage
the body’s own tissues are self-destroyed because of their
continual exposure to the body’s antigens.

Failure of the Tolerance Mechanism Causes
Autoimmune Diseases. Sometimes people lose their
immune tolerance of their own tissues. This occurs to
a greater extent the older a person becomes. It usually
occurs after destruction of some of the body’s own tis-
sues, which releases considerable quantities of “self-
antigens” that circulate in the body and presumably cause
acquired immunity in the form of either activated T cells
or antibodies.
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Several specific diseases that result from autoim-
munity include (1) rheumatic fever, in which the body
becomes immunized against tissues in the joints and
heart, especially the heart valves, after exposure to a spe-
cific type of streptococcal toxin that has an epitope in its
molecular structure similar to the structure of some of the
body’s own self-antigens; (2) one type of glomerulonephri-
tis, in which the person becomes immunized against the
basement membranes of glomeruli; (3) myasthenia gravis,
in which immunity develops against the acetylcholine
receptor proteins of the neuromuscular junction, caus-
ing paralysis; and (4) lupus erythematosus, in which the
person becomes immunized against many different body
tissues at the same time, a disease that causes extensive
damage and often rapid death.

Immunization by Injection of Antigens

Immunization has been used for many years to produce
acquired immunity against specific diseases. A person can
be immunized by injecting dead organisms that are no
longer capable of causing disease but that still have some
of their chemical antigens. This type of immunization is
used to protect against typhoid fever, whooping cough,
diphtheria, and many other types of bacterial diseases.

Immunity can be achieved against toxins that have
been treated with chemicals so that their toxic nature has
been destroyed even though their antigens for causing
immunity are still intact. This procedure is used in immu-
nizing against tetanus, botulism, and other similar toxic
diseases.

And, finally, a person can be immunized by being
infected with live organisms that have been “attenuated”
That is, these organisms either have been grown in spe-
cial culture media or have been passed through a series of
animals until they have mutated enough that they will not
cause disease but do still carry specific antigens required
for immunization. This procedure is used to protect
against smallpox, yellow fever, poliomyelitis, measles, and
many other viral diseases.

Passive Immunity

Thus far, all the acquired immunity we have discussed
has been active immunity. That is, the person’s own body
develops either antibodies or activated T cells in response
to invasion of the body by a foreign antigen. However,
temporary immunity can be achieved in a person without
injecting any antigen. This is done by infusing antibod-
ies, activated T cells, or both obtained from the blood of
someone else or from some other animal that has been
actively immunized against the antigen.

Antibodies last in the body of the recipient for 2 to
3 weeks, and during that time, the person is protected
against the invading disease. Activated T cells last for a
few weeks if transfused from another person but only
for a few hours to a few days if transfused from an ani-
mal. Such transfusion of antibodies or T lymphocytes to
confer immunity is called passive immunity.
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Allergy and Hypersensitivity

An important undesirable side effect of immunity is
the development, under some conditions, of allergy or
other types of immune hypersensitivity. There are sev-
eral types of allergy and other hypersensitivities, some of
which occur only in people who have a specific allergic
tendency.

Allergy Caused by Activated T Cells:
Delayed-Reaction Allergy

Delayed-reaction allergy is caused by activated T cells and
not by antibodies. In the case of poison ivy, the toxin of
poison ivy in itself does not cause much harm to the tis-
sues. However, on repeated exposure, it does cause the
formation of activated helper and cytotoxic T cells. Then,
after subsequent exposure to the poison ivy toxin, within
a day or so, the activated T cells diffuse from the circulat-
ing blood in large numbers into the skin to respond to the
poison ivy toxin. And, at the same time, these T cells elicit
a cell-mediated type of immune reaction. Remembering
that this type of immunity can cause release of many toxic
substances from the activated T cells, as well as exten-
sive invasion of the tissues by macrophages along with
their subsequent effects, one can well understand that the
eventual result of some delayed-reaction allergies can be
serious tissue damage. The damage normally occurs in
the tissue area where the instigating antigen is present,
such as in the skin in the case of poison ivy, or in the lungs
to cause lung edema or asthmatic attacks in the case of
some airborne antigens.

Allergies in the "Allergic” Person Who Has Excess
IgE Antibodies

Some people have an “allergic” tendency. Their allergies
are called atopic allergies because they are caused by a
nonordinary response of the immune system. The aller-
gic tendency is genetically passed from parent to child
and is characterized by the presence of large quantities of
IgE antibodies in the blood. These antibodies are called
reagins or sensitizing antibodies to distinguish them
from the more common IgG antibodies. When an aller-
gen (defined as an antigen that reacts specifically with
a specific type of IgE reagin antibody) enters the body,
an allergen-reagin reaction takes place and a subsequent
allergic reaction occurs.

A special characteristic of the IgE antibodies (the rea-
gins) is a strong propensity to attach to mast cells and
basophils. Indeed, a single mast cell or basophil can bind
as many as half a million molecules of IgE antibodies.
Then, when an antigen (an allergen) that has multiple
binding sites binds with several IgE antibodies that are
already attached to a mast cell or basophil, this causes
immediate change in the membrane of the mast cell or
basophil, perhaps resulting from a physical effect of the
antibody molecules to contort the cell membrane. At any

rate, many of the mast cells and basophils rupture; oth-
ers release special agents immediately or shortly thereaf-
ter, including histamine, protease, slow-reacting substance
of anaphylaxis (which is a mixture of toxic leukotrienes),
eosinophil chemotactic substance, neutrophil chemotactic
substance, heparin, and platelet activating factors. These
substances cause such effects as dilation of the local
blood vessels; attraction of eosinophils and neutrophils
to the reactive site; increased permeability of the capil-
laries with loss of fluid into the tissues; and contraction of
local smooth muscle cells. Therefore, several different tis-
sue responses can occur, depending on the type of tissue
in which the allergen-reagin reaction occurs. Among the
different types of allergic reactions caused in this manner
are the following.

Anaphylaxis. When a specific allergen is injected
directly into the circulation, the allergen can react with
basophils of the blood and mast cells in the tissues located
immediately outside the small blood vessels if the baso-
phils and mast cells have been sensitized by attachment
of IgE reagins. Therefore, a widespread allergic reaction
occurs throughout the vascular system and closely asso-
ciated tissues. This is called anaphylaxis. Histamine is
released into the circulation and causes body-wide vaso-
dilation, as well as increased permeability of the capillaries
with resultant marked loss of plasma from the circulation.
Occasionally, a person who experiences this reaction dies
of circulatory shock within a few minutes unless treated
with epinephrine to oppose the effects of the histamine.

Also released from the activated basophils and mast
cells is a mixture of leukotrienes called slow-reacting
substance of anaphylaxis. These leukotrienes can cause
spasm of the smooth muscle of the bronchioles, elicit-
ing an asthma-like attack, sometimes causing death by
suffocation.

Urticaria. Urticaria results from antigen entering spe-
cific skin areas and causing localized anaphylactoid reac-
tions. Histamine released locally causes (1) vasodilation
that induces an immediate red flare and (2) increased
local permeability of the capillaries that leads to local cir-
cumscribed areas of swelling of the skin within another
few minutes. The swellings are commonly called #ives.
Administration of antihistamine drugs to a person before
exposure will prevent the hives.

Hay Fever. In hay fever, the allergen-reagin reac-
tion occurs in the nose. Histamine released in response
to the reaction causes local intranasal vascular dilation,
with resultant increased capillary pressure and increased
capillary permeability. Both these effects cause rapid fluid
leakage into the nasal cavities and into associated deeper
tissues of the nose; and the nasal linings become swol-
len and secretory. Here again, use of antihistamine drugs
can prevent this swelling reaction. But other products of
the allergen-reagin reaction can still cause irritation of the
nose, eliciting the typical sneezing syndrome.
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Asthma. Asthma often occurs in the “allergic” type
of person. In such a person, the allergen-reagin reaction
occurs in the bronchioles of the lungs. Here, an important
product released from the mast cells is believed to be the
slow-reacting substance ofanaphylaxis, which causes spasm
of the bronchiolar smooth muscle. Consequently, the per-
son has difficulty breathing until the reactive products of
the allergic reaction have been removed. Administration
of antihistamine medication has less effect on the course
of asthma because histamine does not appear to be the
major factor eliciting the asthmatic reaction.
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CHAPTER 35

Blood Types; Transfusion; Tissue
and Organ Transplantation

Antigenicity Causes
Immune Reactions
of Blood

Average itr of agglutinins

When blood transfusions
from one person to another
were first attempted, immediate or delayed agglutination
and hemolysis of the red blood cells often occurred, result-
ing in typical transfusion reactions that frequently led to
death. Soon it was discovered that the bloods of different
people have different antigenic and immune properties so
that antibodies in the plasma of one blood will react with
antigens on the surfaces of the red cells of another blood
type. If proper precautions are taken, one can determine
ahead of time whether the antibodies and antigens pres-
ent in the donor and recipient bloods will cause a transfu-
sion reaction.

Multiplicity of Antigens in the Blood Cells. At
least 30 commonly occurring antigens and hundreds of
other rare antigens, each of which can at times cause
antigen-antibody reactions, have been found on the sur-
faces of the cell membranes of human blood cells. Most
of the antigens are weak and therefore are of importance
principally for studying the inheritance of genes to estab-
lish parentage.

Two particular types of antigens are much more likely
than the others to cause blood transfusion reactions. They
are the O-A-B system of antigens and the R/ system.

O-A-B Blood Types

A and B Antigens—Agglutinogens

Two antigens—type A and type B—occur on the sur-
faces of the red blood cells in a large proportion of human
beings. It is these antigens (also called agglutinogens
because they often cause blood cell agglutination) that
cause most blood transfusion reactions. Because of the
way these agglutinogens are inherited, people may have
neither of them on their cells, they may have one, or they
may have both simultaneously.

Major O-A-B Blood Types. In transfusing blood from
one person to another, the bloods of donors and recipi-
ents are normally classified into four major O-A-B blood
types, as shown in Table 35-1, depending on the presence
or absence of the two agglutinogens, the A and B agglu-
tinogens. When neither A nor B agglutinogen is present,
the blood is type O. When only type A agglutinogen is
present, the blood is type A. When only type B aggluti-
nogen is present, the blood is type B. When both A and B
agglutinogens are present, the blood is type AB.

Genetic Determination of the Agglutinogens. Two
genes, one on each of two paired chromosomes, deter-
mine the O-A-B blood type. These genes can be any one
of three types but only one type on each of the two chro-
mosomes: type O, type A, or type B. The type O gene is
either functionless or almost functionless, so it causes no
significant type O agglutinogen on the cells. Conversely,
the type A and type B genes do cause strong agglutino-
gens on the cells.

The six possible combinations of genes, as shown in
Table 35-1, are OO, OA, OB, AA, BB, and AB. These
combinations of genes are known as the genotypes, and
each person is one of the six genotypes.

One can also observe from Table 35-1 that a person
with genotype OO produces no agglutinogens, and there-
fore the blood type is O. A person with genotype OA or
AA produces type A agglutinogens and therefore has
blood type A. Genotypes OB and BB give type B blood,
and genotype AB gives type AB blood.

Relative Frequencies of the Different Blood Types.
The prevalence of the different blood types among one
group of persons studied was approximately:

(0] 47%
A 41%
B 9%
A

B 3%
It is obvious from these percentages that the O

and A genes occur frequently, whereas the B gene is
infrequent.
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Table 35-1 Blood Types with Their Genotypes and Their
Constituent Agglutinogens and Agglutinins

Genotypes Blood Types Agglutinogens Agglutinins
(e]0) O - Anti-A and
Anti-B
OA or AA A A Anti-B
OB or BB B B Anti-A
AB AB AandB -
Agglutinins

When type A agglutinogen is not present in a person’s
red blood cells, antibodies known as anti-A agglutinins
develop in the plasma. Also, when type B agglutinogen
is not present in the red blood cells, antibodies known as
anti-B agglutinins develop in the plasma.

Thus, referring once again to Table 35-1, note that
type O blood, although containing no agglutinogens, does
contain both anti-A and anti-B agglutinins; type A blood
contains type A agglutinogens and anti-B agglutinins;
type B blood contains type B agglutinogens and anti-A
agglutinins. Finally, type AB blood contains both A and B
agglutinogens but no agglutinins.

Titer of the Agglutinins at Different Ages.
Immediately after birth, the quantity of agglutinins in the
plasma is almost zero. Two to 8 months after birth, an
infant begins to produce agglutinins—anti-A agglutinins
when type A agglutinogens are not present in the cells, and
anti-B agglutinins when type B agglutinogens are not in the
cells. Figure 35-1 shows the changing titers of the anti-A
and anti-B agglutinins at different ages. A maximum titer
is usually reached at 8 to 10 years of age, and this gradually
declines throughout the remaining years of life.

Origin of Agglutinins in the Plasma. The aggluti-
nins are gamma globulins, as are almost all antibodies,
and they are produced by the same bone marrow and
lymph gland cells that produce antibodies to any other

400
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Figure 35-1 Average titers of anti-A and anti-B agglutinins in the
plasmas of people with different blood types.
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antigens. Most of them are IgM and IgG immunoglobulin
molecules.

But why are these agglutinins produced in people who
do not have the respective agglutinogens in their red
blood cells? The answer to this is that small amounts of
type A and B antigens enter the body in food, in bacteria,
and in other ways, and these substances initiate the devel-
opment of the anti-A and anti-B agglutinins.

For instance, infusion of group A antigen into a recipi-
ent having a non-A blood type causes a typical immune
response with formation of greater quantities of anti-
A agglutinins than ever. Also, the neonate has few, if any,
agglutinins, showing that agglutinin formation occurs
almost entirely after birth.

Agglutination Process in Transfusion Reactions

When bloods are mismatched so that anti-A or anti-B
plasma agglutinins are mixed with red blood cells that
contain A or B agglutinogens, respectively, the red cells
agglutinate as a result of the agglutinins’ attaching them-
selves to the red blood cells. Because the agglutinins have
2 binding sites (IgG type) or 10 binding sites (IgM type),
a single agglutinin can attach to two or more red blood
cells at the same time, thereby causing the cells to be
bound together by the agglutinin. This causes the cells to
clump, which is the process of “agglutination” Then these
clumps plug small blood vessels throughout the circula-
tory system. During ensuing hours to days, either physical
distortion of the cells or attack by phagocytic white blood
cells destroys the membranes of the agglutinated cells,
releasing hemoglobin into the plasma, which is called
“hemolysis” of the red blood cells.

Acute Hemolysis Occurs in Some Transfusion
Reactions. Sometimes, when recipient and donor bloods
are mismatched, immediate hemolysis of red cells occurs
in the circulating blood. In this case, the antibodies cause
lysis of the red blood cells by activating the complement
system, which releases proteolytic enzymes (the Ilytic
complex) that rupture the cell membranes, as described
in Chapter 34. Immediate intravascular hemolysis is far
less common than agglutination followed by delayed
hemolysis, because not only does there have to be a high
titer of antibodies for lysis to occur, but also a different
type of antibody seems to be required, mainly the IgM
antibodies; these antibodies are called hemolysins.

Blood Typing

Before giving a transfusion to a person, it is necessary
to determine the blood type of the recipient’s blood and
the blood type of the donor blood so that the bloods can
be appropriately matched. This is called blood typing
and blood matching, and these are performed in the fol-
lowing way: The red blood cells are first separated from
the plasma and diluted with saline. One portion is then
mixed with anti-A agglutinin and another portion with
anti-B agglutinin. After several minutes, the mixtures are
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Table 35-2 Blood Typing, Showing Agglutination of Cells of the
Different Blood Types with Anti-A or Anti-B Agglutinins in the Sera

Sera
Red Blood Cell Types Anti-A Anti-B
o) - -
A + -
B - +
AB + +

observed under a microscope. If the red blood cells have
become clumped—that is, “agglutinated”—one knows
that an antibody-antigen reaction has resulted.

Table 35-2 lists the presence (+) or absence (-) of
agglutination of the four types of red blood cells. Type O
red blood cells have no agglutinogens and therefore do
not react with either the anti-A or the anti-B agglutinins.
Type A blood has A agglutinogens and therefore aggluti-
nates with anti-A agglutinins. Type B blood has B aggluti-
nogens and agglutinates with anti-B agglutinins. Type AB
blood has both A and B agglutinogens and agglutinates
with both types of agglutinins.

Rh Blood Types

Along with the O-A-B blood type system, the Rh blood
type system is also important when transfusing blood.
The major difference between the O-A-B system and
the Rh system is the following: In the O-A-B system, the
plasma agglutinins responsible for causing transfusion
reactions develop spontaneously, whereas in the Rh sys-
tem, spontaneous agglutinins almost never occur. Instead,
the person must first be massively exposed to an Rh anti-
gen, such as by transfusion of blood containing the Rh
antigen, before enough agglutinins to cause a significant
transfusion reaction will develop.

Rh Antigens—"Rh-Positive” and “Rh-Negative”
People. There are six common types of Rh antigens, each
of which is called an Rh factor. These types are designated
C,D,E, ¢, d, and e. A person who has a C antigen does not
have the c antigen, but the person missing the C antigen
always has the c antigen. The same is true for the D-d and
E-e antigens. Also, because of the manner of inheritance of
these factors, each person has one of each of the three pairs
of antigens.

The type D antigen is widely prevalent in the popula-
tion and considerably more antigenic than the other Rh
antigens. Anyone who has this type of antigen is said to
be Rh positive, whereas a person who does not have type
D antigen is said to be Rk negative. However, it must be
noted that even in Rh-negative people, some of the other
Rh antigens can still cause transfusion reactions, although
the reactions are usually much milder.

About 85 percent of all white people are Rh positive
and 15 percent, Rh negative. In American blacks, the per-
centage of Rh-positives is about 95 percent, whereas in
African blacks, it is virtually 100 percent.

Rh Immune Response

Formation of Anti-Rh Agglutinins. When red blood
cells containing Rh factor are injected into a person whose
blood does not contain the Rh factor—that is, into an
Rh-negative person—anti-Rh agglutinins develop slowly,
reaching maximum concentration of agglutinins about 2
to 4 months later. This immune response occurs to a much
greater extent in some people than in others. With mul-
tiple exposures to the Rh factor, an Rh-negative person
eventually becomes strongly “sensitized” to Rh factor.

Characteristics of Rh Transfusion Reactions. If an
Rh-negative person has never before been exposed to
Rh-positive blood, transfusion of Rh-positive blood
into that person will likely cause no immediate reaction.
However, anti-Rh antibodies can develop in sufficient
quantities during the next 2 to 4 weeks to cause aggluti-
nation of those transfused cells that are still circulating in
the blood. These cells are then hemolyzed by the tissue
macrophage system. Thus, a delayed transfusion reaction
occurs, although it is usually mild. On subsequent trans-
fusion of Rh-positive blood into the same person, who is
now already immunized against the Rh factor, the trans-
fusion reaction is greatly enhanced and can be imme-
diate and as severe as a transfusion reaction caused by
mismatched type A or B blood.

Erythroblastosis Fetalis (“Hemolytic Disease
of the Newborn”)

Erythroblastosis fetalis is a disease of the fetus and new-
born child characterized by agglutination and phagocy-
tosis of the fetus’s red blood cells. In most instances of
erythroblastosis fetalis, the mother is Rh negative and the
father Rh positive. The baby has inherited the Rh-positive
antigen from the father, and the mother develops anti-Rh
agglutinins from exposure to the fetus’s Rh antigen. In
turn, the mother’s agglutinins diffuse through the placenta
into the fetus and cause red blood cell agglutination.

Incidence of the Disease. An Rh-negative mother
having her first Rh-positive child usually does not develop
sufficient anti-Rh agglutinins to cause any harm. However,
about 3 percent of second Rh-positive babies exhibit some
signs of erythroblastosis fetalis; about 10 percent of third
babies exhibit the disease; and the incidence rises pro-
gressively with subsequent pregnancies.

Effect of the Mother’s Antibodies on the Fetus. After
anti-Rh antibodies have formed in the mother, they dif-
fuse slowly through the placental membrane into the
fetus’s blood. There they cause agglutination of the fetus’s
blood. The agglutinated red blood cells subsequently
hemolyze, releasing hemoglobin into the blood. The
fetus’s macrophages then convert the hemoglobin into
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bilirubin, which causes the baby’s skin to become yellow
(jaundiced). The antibodies can also attack and damage
other cells of the body.

Clinical Picture of Erythroblastosis. The jaundiced,
erythroblastotic newborn baby is usually anemic at birth,
and the anti-Rh agglutinins from the mother usually cir-
culate in the infant’s blood for another 1 to 2 months after
birth, destroying more and more red blood cells.

The hematopoietic tissues of the infant attempt to
replace the hemolyzed red blood cells. The liver and
spleen become greatly enlarged and produce red blood
cells in the same manner that they normally do during
the middle of gestation. Because of the rapid production
of red cells, many early forms of red blood cells, including
many nucleated blastic forms, are passed from the baby’s
bone marrow into the circulatory system, and it is because
of the presence of these nucleated blastic red blood cells
that the disease is called erythroblastosis fetalis.

Although the severe anemia of erythroblastosis fetalis
is usually the cause of death, many children who barely
survive the anemia exhibit permanent mental impairment
or damage to motor areas of the brain because of precipi-
tation of bilirubin in the neuronal cells, causing destruc-
tion of many, a condition called kernicterus.

Treatment of the Erythroblastotic Neonate. One
treatment for erythroblastosis fetalis is to replace the neo-
nate’s blood with Rh-negative blood. About 400 millili-
ters of Rh-negative blood is infused over a period of 1.5 or
more hours while the neonate’s own Rh-positive blood is
being removed. This procedure may be repeated several
times during the first few weeks of life, mainly to keep the
bilirubin level low and thereby prevent kernicterus. By the
time these transfused Rh-negative cells are replaced with
the infant’s own Rh-positive cells, a process that requires
6 or more weeks, the anti-Rh agglutinins that had come
from the mother will have been destroyed.

Prevention of Erythroblastosis Fetalis. The D anti-
gen of the Rh blood group system is the primary culprit
in causing immunization of an Rh-negative mother to an
Rh-positive fetus. In the 1970s, a dramatic reduction in
the incidence of erythroblastosis fetalis was achieved with
the development of Rk immunoglobulin globin, an anti-
D antibody that is administered to the expectant mother
starting at 28 to 30 weeks of gestation. The anti-D anti-
body is also administered to Rh-negative women who
deliver Rh-positive babies to prevent sensitization of the
mothers to the D antigen. This greatly reduces the risk of
developing large amounts of D antibodies during the sec-
ond pregnancy.

The mechanism by which Rh immunoglobulin globin
prevents sensitization of the D antigen is not completely
understood, but one effect of the anti-D antibody is to
inhibit antigen-induced B lymphocyte antibody produc-
tion in the expectant mother. The administered anti-D
antibody also attaches to D-antigen sites on Rh-positive
fetal red blood cells that may cross the placenta and enter
the circulation of the expectant mother, thereby interfer-
ing with the immune response to the D antigen.
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Transfusion Reactions Resulting from
Mismatched Blood Types

If donor blood of one blood type is transfused into a
recipient who has another blood type, a transfusion reac-
tion is likely to occur in which the red blood cells of the
donor blood are agglutinated. It is rare that the trans-
fused blood causes agglutination of the recipient’s cells,
for the following reason: The plasma portion of the donor
blood immediately becomes diluted by all the plasma of
the recipient, thereby decreasing the titer of the infused
agglutinins to a level usually too low to cause agglutina-
tion. Conversely, the small amount of infused blood does
not significantly dilute the agglutinins in the recipient’s
plasma. Therefore, the recipient’s agglutinins can still
agglutinate the mismatched donor cells.

As explained earlier, all transfusion reactions eventually
cause either immediate hemolysis resulting from hemo-
lysins or later hemolysis resulting from phagocytosis of
agglutinated cells. The hemoglobin released from the red
cells is then converted by the phagocytes into bilirubin
and later excreted in the bile by the liver, as discussed in
Chapter 70. The concentration of bilirubin in the body
fluids often rises high enough to cause jaundice—that is,
the person’s internal tissues and skin become colored with
yellow bile pigment. But if liver function is normal, the
bile pigment will be excreted into the intestines by way
of the liver bile, so jaundice usually does not appear in an
adult person unless more than 400 milliliters of blood is
hemolyzed in less than a day.

Acute Kidney Shutdown After Transfusion
Reactions. One of the most lethal effects of transfusion
reactions is kidney failure, which can begin within a few
minutes to few hours and continue until the person dies
of renal failure.

The kidney shutdown seems to result from three
causes: First, the antigen-antibody reaction of the trans-
fusion reaction releases toxic substances from the hemo-
lyzing blood that cause powerful renal vasoconstriction.
Second, loss of circulating red cells in the recipient, along
with production of toxic substances from the hemolyzed
cells and from the immune reaction, often causes circula-
tory shock. The arterial blood pressure falls very low, and
renal blood flow and urine output decrease. Third, if the
total amount of free hemoglobin released into the circu-
lating blood is greater than the quantity that can bind with
“haptoglobin” (a plasma protein that binds small amounts
of hemoglobin), much of the excess leaks through the
glomerular membranes into the kidney tubules. If this
amount is still slight, it can be reabsorbed through the
tubular epithelium into the blood and will cause no harm;
if it is great, then only a small percentage is reabsorbed.
Yet water continues to be reabsorbed, causing the tubular
hemoglobin concentration to rise so high that the hemo-
globin precipitates and blocks many of the kidney tubules.
Thus, renal vasoconstriction, circulatory shock, and renal
tubular blockage together cause acute renal shutdown.
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If the shutdown is complete and fails to resolve, the patient
dies within a week to 12 days, as explained in Chapter 31,
unless treated with an artificial kidney.

Transplantation of Tissues and Organs

Most of the different antigens of red blood cells that cause
transfusion reactions are also widely present in other cells
of the body, and each bodily tissue has its own additional
complement of antigens. Consequently, foreign cells
transplanted anywhere into the body of a recipient can
produce immune reactions. In other words, most recip-
ients are just as able to resist invasion by foreign tissue
cells as to resist invasion by foreign bacteria or red cells.

Autografts, Isografts, Allografts, and Xenografts.
A transplant of a tissue or whole organ from one part of
the same animal to another part is called an autograft;
from one identical twin to another, an isograft; from one
human being to another or from any animal to another
animal of the same species, an allograft; and from a lower
animal to a human being or from an animal of one species
to one of another species, a xenograft.

Transplantation of Cellular Tissues. In the case of
autografts and isografts, cells in the transplant contain vir-
tually the same types of antigens as in the tissues of the
recipient and will almost always continue to live normally
and indefinitely if an adequate blood supply is provided.

At the other extreme, in the case of xenografts, immune
reactions almost always occur, causing death of the cells
in the graft within 1 day to 5 weeks after transplanta-
tion unless some specific therapy is used to prevent the
immune reactions.

Some of the different cellular tissues and organs that
have been transplanted as allografts, either experimentally
or for therapeutic purposes, from one person to another
are skin, kidney, heart, liver, glandular tissue, bone mar-
row, and lung. With proper “matching” of tissues between
persons, many kidney allografts have been successful for at
least 5 to 15 years, and allograft liver and heart transplants
for 1 to 15 years.

Attempts to Overcome Immune Reactions
in Transplanted Tissue

Because of the extreme potential importance of transplant-
ing certain tissues and organs, serious attempts have been
made to prevent antigen-antibody reactions associated with
transplantation. The following specific procedures have met
with some degrees of clinical or experimental success.

Tissue Typing—the Human Leukocyte Antigen
(HLA) Complex of Antigens

The most important antigens for causing graft rejection
are a complex called the HLA antigens. Six of these
antigens are present on the tissue cell membranes of each

person, but there are about 150 different HLA antigens to
choose from. Therefore, this represents more than a tril-
lion possible combinations. Consequently, it is virtually
impossible for two persons, except in the case of identical
twins, to have the same six HLA antigens. Development
of significant immunity against any one of these antigens
can cause graft rejection.

The HLA antigens occur on the white blood cells, as
well as on the tissue cells. Therefore, tissue typing for these
antigens is done on the membranes of lymphocytes that
have been separated from the person’s blood. The lym-
phocytes are mixed with appropriate antisera and comple-
ment; after incubation, the cells are tested for membrane
damage, usually by testing the rate of trans-membrane
uptake by the lymphocytic cells of a special dye.

Some of the HLA antigens are not severely antigenic, for
which reason a precise match of some antigens between
donor and recipient is not always essential to allow
allograft acceptance. Therefore, by obtaining the best pos-
sible match between donor and recipient, the grafting pro-
cedure has become far less hazardous. The best success
has been with tissue-type matches between siblings and
between parent and child. The match in identical twins is
exact, so transplants between identical twins are almost
never rejected because of immune reactions.

Prevention of Graft Rejection by Suppressing
the Immune System

If the immune system were completely suppressed, graft
rejection would not occur. In fact, in a person who has
serious depression of the immune system, grafts can be
successful without the use of significant therapy to prevent
rejection. But in the normal person, even with the best
possible tissue typing, allografts seldom resist rejection
for more than a few days or weeks without use of specific
therapy to suppress the immune system. Furthermore,
because the T cells are mainly the portion of the immune
system important for killing grafted cells, their suppres-
sion is much more important than suppression of plasma
antibodies. Some of the therapeutic agents that have been
used for this purpose include the following:

1. Glucocorticoid hormones isolated from adrenal cor-
tex glands (or drugs with glucocorticoid-like activity),
which suppress the growth of all lymphoid tissue and,
therefore, decrease formation of antibodies and T cells.

2. Various drugs that have a toxic effect on the lymphoid
system and, therefore, block formation of antibodies
and T cells, especially the drug azathioprine.

3. Cyclosporine, which has a specific inhibitory effect on
the formation of helper T cells and, therefore, is espe-
cially efficacious in blocking the T-cell rejection reac-
tion. This has proved to be one of the most valuable of
all the drugs because it does not depress some other
portions of the immune system.

Use of these agents often leaves the person unprotected
from infectious disease; therefore, sometimes bacterial
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and viral infections become rampant. In addition, the
incidence of cancer is several times as great in an immu-
nosuppressed person, presumably because the immune
system is important in destroying many early cancer cells
before they can begin to proliferate.

Transplantation of living tissues in human beings has
had important success mainly because of the development
of drugs that suppress the responses of the immune sys-
tem. With the introduction of improved immunosuppres-
sive agents, successful organ transplantation has become
much more common. The current approach to immuno-
suppressive therapy attempts to balance acceptable rates
of rejection with moderation in the adverse effects of
immunosuppressive drugs.
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