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NOTICE

Medicine is an ever-changing science. As new research and clinical experience
broaden our knowledge, changes in treatment and drug therapy are required. The
authors and the publisher of this work have checked with sources believed to be
reliable in their efforts to provide information that is complete and generally in accord
with the standards accepted at the time of publication. However, in view of the
possibility of human error or changes in medical sciences, neither the authors nor the
publisher nor any other party who has been involved in the preparation or publication
of this work warrants that the information contained herein is in every respect accurate
or complete and they are not responsible for any errors or omissions or for the results
obtained from use of such information. Readers are encouraged to confirm the
information contained herein with other sources. For example and in particular,
readers are advised to check the product information sheet included in the package of
each drug they plan to administer to be certain that the information containedin this
book is accurate and that changes have not been made in the recommended dose or in
the contraindications for administration. This recommendation is of particular
importance in connection with new or infrequently used drugs.



PREFACE

Hematology in Clinical Practice, Second Edition, is written specifically for the clini-
cian—the student, resident in training, primary care internist or family practitioner,
and the clinical hematologist/oncologist. It is a practical guide to the diagnosis and
treatment of the most common disorders of red blood cells, white blood cells, and he-
mostasis. Each disease state is discussed in terms of the underlying pathophysiology,
clinical features which suggest the diagnosis, the use of state-of-the-art laboratory tests
in the diagnosis and differential diagnosis of the condition, and the current manage-
ment.

We would like to thank James McArthur and John Bolles of the University of
Washington's Health Sciences Center for Educational Resources for the color pho-
tographs selected from the American Society of Hematology National Slide Bank;
Catherine Hartung for the artwork; Jacqueline Hedlund, Nancy Roy, and Gil Fraser for
their editorial assistance; and Arlene Shatz for her superb secretarial support.
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RED BLOOD CELL DISORDERS






ONE

NORMAL ERYTHROPOIESIS

The oxygen required by tissues for aerobic metabolism is supplied by the circulating
mass of mature erythrocytes (red blood cells). The circulating red blood cell popula-
tion is continually renewed by the erythroid precursor cells in the marrow, under the
control of both humoral and cellular growth factors. This cycle of normal erythro-
poiesis is a carefully regulated process. Oxygen sensors within the kidney detect
minute changes in the amount of oxygen available to tissue and by releasing erythro-
poietin are able to adjust erythropoiesis to match tissue requirements. Thus, normal
erythropoiesis is best described according to its major components including red blood
cell structure, function, and turnover; the capacity of the erythroid marrow to produce
new red blood cells; and growth factor regulation.

STRUCTURE OF THE RED BLOOD CELL

The mature red blood cell is easily recognized because of its unique morphology. At
rest, the red blood cell takes the shape of a biconcave disc with a mean diameter of
8 pm, a thickness of 2 pm, and a volume of 90 fl. It lacks a nucleus or mitochondria,
and 33 percent of its contents are made up of a single protein, hemoglobin. Intracellu-
lar energy requirements are largely supplied by glucose metabolism, which is targeted
at maintaining hemoglobin in a soluble, reduced state, providing appropriate amounts
of 2,3-diphosphoglycerate (2,3-DPG), and generating ATP to support membrane func-
tion. Without a nucleus or protein metabolic pathway, the cell has a limited lifespan of
100 to 120 days. However, the unique structure of the adult red blood cell is perfect for
its function, providing maximum flexibility as the cell travels through the microvascu-
lature (Fig. 1-1).
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(A) B)

Figure 1-1 Red blood cell morphology. (a) Adult red blood cells are characterized by their lack of a nu-
cleus, and biconcave disc shape. Each red blood cell has a diameter of approximately 8 um and a width of 2
wm. Red blood cells are extremely pliable as they pass through small vessels and sinusoids. (b) The section
of a small blood vessel demonstrates the ability of red blood cells to undergo major shape distortions. (Scan-
ning EM photographs used with the permission of Dennis Knuckel, Ph.D., copyright © 1993, American So-
ciety of Hematology National Slide Bank.)

Membrane

The shape, pliability, and resiliency of the red blood cell is largely determined by its
membrane. The structure of this membrane is illustrated in Fig. 1-2. It is a lipid
sheath, just two molecules thick, that consists of closely packed phospholipid mole-
cules. The external surface of the membrane is rich in phosphatidylcholine, sphin-
gomyelin, and glycolipid, whereas the inner layer is largely phosphatidylserine, phos-
phatidylethanolamine, and phosphatidylinositol. This asymmetry is maintained by two
transporters, ATP-dependent aminophospholipid translocase and floppase. Interference
with these transporters results in a relocation of phosphatidylserine to the cell surface
with a resulting increase in the thrombogenic potential of the cell surface. Accumula-
tion of excess phosphatidylserine on the red cell surface as a part of aging may also be
responsible for macrophage destruction.

Approximately 50 percent of the red blood cell membrane is made up of cho-
lesterol that is in equilibrium with the unesterified cholesterol in the plasma. Be-
cause of this, the cholesterol content of the membrane is influenced by plasma cho-
lesterol levels, as well as by the activity of the enzyme lecithin cholesterol
acyltransferase (LCAT), and bile acids. Liver disease patients with impaired LCAT
activity accumulate excess cholesterol on the red blood cell membrane, which re-
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sults in abnormal red blood cell morphology (targeting) and at times a shortened
survival.

The outer lipid membrane layer is affixed to a reticular protein network consisting
of spectrin and actin. As shown in Fig. 1-2, the integral proteins glycophorin C and
Band 3, which function as anion exchangers, extend vertically from the spectrin lattice
work through the lipid layer to make contact with the cell surface. Spectrin het-
erodimers interact horizontally with protein 4.1 and complementary spectrin het-
erodimers to form a hexagonal lattice framework under the lipid bilayer. Defects in the
vertical structure of the membrane (deficiency of spectrin, ankyrin, or band 3, or loss
of lipid) result in spherocyte formation. Damage to the horizontal spectrin framework
results in severe red cell fragmentation or mild elliptocytosis.

Glycophorin A

| Spectrin-Ankyrin-Band 3
interaction
IrCholcsteml

Spectiin4.1-Actin : S

| interaction with Glycophorin A | B Specirin dimers
: = : interaction |

Figure 1-2 Red blood cell membrane structure. The red blood cell membrane consists of a two molecule
thick lipid sheath fixed to an intracellular protein network. The outer lipid layer is rich in phosphatidyl-
choline, sphingomyelin, and glycolipid; the inner layer is made up of the phosphatides of serine,
ethanolamine, and inositol. Almost half of the lipid layer is chol 1. The b ins, gly-

p

cophorin C and band 3, penetrate the lipid sheath and make vertical contact with the reticuloproteins, spec-
trin, protein 4.1, actin, and in the case of band 3, ankyrin. Spectrin heterodimers provide a horizontal frame-
work by bridging protein 4.1 to complementary spectrin dimers,
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The integral proteins and surface glycosphingolipids are also responsible for the
cell's antigenic structure. More than 300 red blood cell antigens have now been classi-
fied with the ABO and Rh blood group antigens, being of primary importance in typ-
ing blood for transfusion. Autoantibodies against minor blood group antigens can re-
sult in increased red blood cell destruction by the reticuloendothelial cells.

Hemoglobin

The red blood cell is, basically, a ¢ontainer for hemoglobin—a 68,000 dalton protein
made up of 4 polypeptide chains, each containing an active heme group. Each heme
group is capable of binding to an oxygen molecule. The respiratory motion of hemo-
globin, that is, the uptake and release of oxygen to tissues, involves a specific change
in molecular structure (Fig. 1-3). As hemoglobin shuttles from its deoxyhemoglobin to
its oxyhemoglobin form, carbon dioxide and 2,3-DPG are expelled from their position
between the beta chains. This situation opens the molecule to receive oxygen and has
the effect of increasing its oxygen affinity. It is responsible for the sigmoid shape of
the oxygen dissociation curve.

Inherited defects in hemoglobin structure can interfere with this respiratory mo-
tion. Most defects are substitutions of a single amino acid in either the alpha or beta

Oxyhemoglobin . Oxyhemoglobin

100 ~ *

75 -
€
§ sof
g
32
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“ 25

0 Deoxyhemoglobin

L 1 1 1 ]
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Tissue Po: (mm Hg) Deoxyhemoglobin

Figure 1-3 Hemoglobin-oxygen dissociation curve. Hemoglobin is capable of a respiratory motion where
oxygen loaded au Iile lung is unlmded at the tissue level. To accept oxygen, 2,3-DPG and carbon dioxide are

pelied, salt t are ruptured, and each of the four heme groups opens to receive a molecule of oxygen.
Oxygen release 'LD tissues reverses r.be process; salt bridges are reestablished and both 2,3-DPG and carbon
dioxide are pted. The P ion of the four heme groups is responsible for the sigmoid shape

of the | lobin-oxygen d iation curve.
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polypeptide chains. Some interfere with molecular movement, restricting the molecule
to either a low or high affinity state, whereas others either change the valency of heme
iron from ferrous to ferric or reduce the solubility of the hemoglobin molecule. Hemo-
globin S (sickle cell disease) is an example of a single amino acid substitution that re-
sults in a profound effect on solubility.

The normal red blood cell contains approximately 32 pg of hemoglobin [mean cell
hemoglobin (MCH) = 32 * 2 pg]. Normal hemoglobin synthesis requires an adequate
supply of iron and normal production of both protoporphyrin and globin (Fig. 1-4).
Protoporphyrin synthesis is initiated in the mitochondria with the formation of delta
aminolevulinic acid from glycine and succinyl-CoA. Synthesis then moves to the cell
cytoplasm for the formation of porphobilinogen, uroporphyrin, and coproporphyrin.
The final assembly of the protoporphyrin ring is carried out by the mitochondria, after
which iron is incorporated under the control of the cytoplasmic enzyme, ferrochelatase,
to form heme.

Globin chains are assembled by the cytoplasmic ribosomes under the control of
two clusters of closely linked genes on chromosomes 11 and 16. The final globin mol-
ecule is a tetramer of two alpha and two nonalpha chains. In the adult, 96 to 97 percent
of the hemoglobin is made up of two alpha and two beta chains (hemoglobin A) with
minor components of hemoglobin F and A,. The final assembly of the hemoglobin
molecule occurs in the cell cytoplasm. Small amounts of iron, protoporphyrin, and free
globin chains remain after hemoglobin synthesis is complete. The iron is stored as fer-
ritin, whereas the excess porphyrin is complexed to zinc.

This complex series of reactions is triggered by erythropoietin stimulation of red
cell progenitors. With precursor differentiation, there is a coordinated transcriptional
induction of heme biosynthesis, globin synthesis and transferrin receptor expression,

! W toporphyrin - HEME

A '

Figure 1-4 Hemoglobin synthesis. Normal h lobi hesi ires an adeq supply of iron,
amino acids, and pyridoxine (vitamin B). Porphyrin production 1sr.hcrcsponszb1]1tyofme mitochondria,
whereas globin production is controlled by ribosomal RNA. The formation of the complete hemoglobin
molecule involves the assembly of heme from protoporphyrin and iron and the union of a heme molecule
with the two alpha and two beta chains that comprise the globin component.
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which is required for iron transport (see Chap. 5). The rate of hemoglobin synthesis is
determined by the availability of transferrin iron and level of intracellular heme. He-
moglobin synthesis is maximal in more mature marrow erythroblasts but persists to a
lesser degree in the marrow reticulocytes. The cessation of heme synthesis is heralded
by a decrease in membrane transferrin receptor expression, followed by a downregula-
tion of heme and globin synthesis.

Cellular Metabolism

The stability of the red blood cell membrane and the solubility of intracellular hemo-
globin depend on four glucose supported metabolic pathways (Fig. 1-5). The Embden-
Meyerhoff pathway (nonoxidative or anaerobic pathway) is responsible for the genera-
tion of the ATP necessary for membrane function and the maintenance of cell shape
and pliability. Defects in anaerobic glycolysis are associated with increased cell rigid-
ity and decreased survival, which produces a hemolytic anemia.

EMBDEN - MEYERHOFF pHOSPHOGLUCONATE
PATHWAY H,0, PATHWAY

—~ A
ATp, Olucose Gsussc.

—————» (6-P-Gluconate
Glucose 6-P PD ¥ 6PDG
44— Pentose-P
Fructose 6-P ATP
METHEMOGLOBIN
REDUCTASE Fructose I, 6-D, P
PATHWAY

Heme NAD Glyceraldehyde
) LUEBERING - RAPAPORT
Metheme NADH

1. 3-DPG PATHWAY

l * 2,3-DPG
-—
AfE 3-PG

3

2-PG

v

Pyruvate

v

Lactate

Figure 1-5 Red blood cell metabolic pathways. The red blood cell depends on four metabolic pathways
to keep hemoglobin in solution and maintain membrane integrity. The Embden-Meyerhoff pathway is re-
spunﬂbﬂefwdngmmofmghcmyphwmmrmmemhmmmm whereas the other

The globin reductase pathway is required to maintain he-
mogloblu maredmedstm The phosphogl pathway helps environmental oxidants and
the Luebering-Rapaport pathway gi L "'2.3-DPG.
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The Embden-Meyerhoff pathway also plays a role in supporting the methemoglo-
bin reductase, phosphogluconate, and Luebering-Rapaport pathways. The methemo-
globin reductase pathway uses the pyridine nucleotide-NADH generated from anaero-
bic glycolysis fo maintain heme iron in its ferrous state. Inherited mutations in the
methemoglobin reductase enzyme (NADH-cytochrome b reductase) result in an in-
ability to counteract oxidation of hemoglobin to methemoglobin, which is the ferric
form of hemoglobin that will not transport oxygen. Patients with Type I b5 reductase
deficiency accumulate small amounts of methemoglobin in circulating red cells, while
the Type II patients suffer from severe cyanosis and mental retardation.

In a similar fashion, the phosphogluconate pathway couples oxidative metabolism
with NADP and glutathione reduction. It counteracts environmental oxidants and pre-
vents globin denaturation. When patients lack either of the two key enzymes, glucose
6 phosphate dehydrogenase (G6PD) or glutathione reductase (GSH), denatured hemo-
globin precipitates on the inner surface of the red blood cell membrane, resulting in
membrane damage and hemolysis.

Finally, the Luebering-Rapaport pathway is responsible for the production of 2,3-
DPG. It is tied to the rate of anaerobic glycolysis and the action of the pH sensitive en-
zyme phosphofructokinase. The 2,3-DPG response is also influenced by the supply of
phosphate to the cell. Severe phosphate depletion in patients with diabetic ketoacidosis
or nutritional deficiency can result in a reduced 2,3-DPG production response.

REGULATION OF OXYGEN TRANSPORT

Red blood cells play a central role in oxygen transport. At the cellular level, oxygen
supply is a function of red blood cells perfusing the tissue and their hemoglobin oxy-
gen carrying capacity. The unique physiology of the hemoglobin-oxygen dissociation
curve allows an onsite adjustment of oxygen delivery to match tissue metabolism. At
the same time, components such as pulmonary function, cardiac output, blood volume,
blood viscosity, and adjustments of regional blood flow are also important contributors
to oXygen transport.

Hemoglobin-Oxygen Dissociation Curve

Under normal conditions, arterial blood enters tissues with an oxygen tension of
95 mmHg and a hemoglobin saturation of better than 97 percent. Pooled venous blood
returning from tissues has an oxygen tension of 40 mmHg and a percent saturation of
75 to 80 percent. Thus, only the top portion of the hemoglobin-oxygen dissociation
curve is used in the basal state (Fig. 1-6). This provides a considerable excess capacity
for increased oxygen delivery to support increased oxygen requirements. The sigmoid
shape of the hemoglobin-oxygen dissociation curve also helps in this regard by releas-
ing oxygen more easily as the tissue PO, falls below 40 mmHg.

The affinity of hemoglobin for oxygen is also influenced by temperature, pH, CO,
concentration, and by the level of red cell 2,3-DPG. As shown in Fig. 1-6, the position



