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Preface

In the time since the first edition of Blood and Bone Marrow 
Pathology was published in 2002, major advances have been 
made in all facets of the field of hematology. Much of this 
has resulted from progress in molecular genetics which has 
enhanced our understanding of the pathological basis of 
hematological disorders. The knowledge of the molecular 
basis of hematological diseases is now being used to both 
diagnose and classify non-malignant and malignant hema-
tological disorders. This has had a major impact on the 
hemopoietic tumors where the World Health Organization 
classification is in large part based on this new biological 
information. This second edition of Blood and Bone Marrow 
Pathology has therefore been significantly updated and 
revised to incorporate these advances. Many chapters have 
been totally rewritten to encapsulate the advances in the 
understanding of the fundamentals of the pathology of 
blood and bone marrow in health and disease. This book 
truly focuses on the pathology of blood and bone marrow. 
Although clinical aspects of disease are alluded to along with 
treatment approaches, this is only given as a guide to the 
reader. The book is aimed at bridging pure cytology and 
histology with clinical hematology diagnostics.

The book was originally to be co-edited by Professor 
Sunitha Wickramasinghe, co-editor of the first edition and a 

major driving force behind Blood and Bone Marrow Pathology. 
It is with immense sadness we note the untimely death of 
Sunitha during the production of this second edition. His 
death has been a tremendous loss to hematology.

The book is divided into sections on normal blood and 
bone marrow, pathology of the bone marrow, disorders of 
erythroid cells and leukocytes, abnormalities of hemostasis 
and immunohematology. Within each section there are 
chapters devoted to specific aspects of each of these areas 
and which have been written by internationally recognized 
experts. We are most grateful to them for their outstanding 
contributions and the time they have devoted to this project.

We are also immensely grateful to the publishers and espe-
cially Michael Houston, Ben Davie and Rachael Harrison for 
their enormous help in bringing this project to fruition. We 
hope this second edition of Blood and Bone Marrow Pathology 
will be of benefit to clinical and laboratory hematologists, 
hematopathologists and those in training in gaining a better 
understanding of the pathology of blood and bone marrow.

Anna Porwit
Jeffrey McCullough

Wendy N. Erber
2011
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Dedication 
to Sunitha N. Wickramasinghe

Sunitha N. Wickramasinghe, co-editor of the first edition of 
this book, died in June 2009, after a long and brave fight 
against a hematological neoplasm.

Sunitha was born in Sri Lanka (former Ceylon) in 1941, 
and received his medical training at the Royal College and 
Ceylon University. In 1964 he moved to England, and after 
postgraduate clinical and research training in Cambridge 
and Leeds was appointed as Professor of Hematology at St 
Mary’s Hospital in London, soon to become the Imperial 
College Medical School. After retirement, he took a position 
in the Weatherall Institute of Molecular Medicine at the 
University of Oxford. He knew of his fatal disease in 2000, 
but continued to work on morphological and molecular 
aspects of hematopoesis until 2008.

Sunitha was an academic scholar in the genuine sense  
of the word. This is evident in the more than 200 interna-
tionally cited papers, mainly on abnormal red blood cell 
for mation and the associated diseases. His monographs on 

human bone marrow, first published in 1973 and revised  
in 1975, are still widely utilized by scientists and clinical 
hematologists eager to understand the fundamentals of  
this work. Sunitha was also a superb methodologist. In the 
last 20 years, he became the leading authority on electron 
microscopy of the blood forming tissues. Driven by his  
scientific interest, he was always a hard worker. When he 
visited me in Ulm to analyze the specimens of my collection 
of bone marrow of patients with congenital dyserythropoi-
etic anemia, he started work early each morning; all members 
of the electron microscopy department were highly impressed 
by his immense skill, knowledge and enthusiasm in  
this field.

I last met Sunitha in November 2008 at the second sym-
posium on congenital dyserythropoietic anemia. Although 
already very ill and suffering from complications of recent 
chemotherapy he gave two lectures. On the night after his 
last presentation, he was admitted to the local hospital in a 
small town on Lake Como in Italy. He returned to England 
and with the support of his wife Priyanthi (to whom he had 
dedicated his monograph) survived another six months.

Sunitha was a talented teacher, keen to share his knowl-
edge with students and younger colleagues. Not only were 
his postgraduate courses in the United Kingdom legendary, 
but he also found the time to return to Sri Lanka for lectures 
at the College of Hematologists. His intellectual curiosity 
and capacity for rigorous analysis, not only of the morphol-
ogy of blood cells but also of other clinical and laboratory 
observations, made him a highly respected partner of clini-
cians and their patients.

Thanks to Sunitha’s friendly, always helpful, modest and 
charming personality he had many friends all over the world. 
We all miss him, but we are all happy to have had the oppor-
tunity to work with him and to know him and his family.

Prof. Emerit. Dr. med. 
Hermann Heimpel FRCPath

Medizinische Universitätsklinik
Ulm, Germany

2011







CHAPTER 1 

Normal blood cells
SN Wickramasinghe, WN Erber
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Blood consists of plasma, a pale-yellow, coagulable fluid,  
in which various types of blood cells are suspended. The  
cells comprise erythrocytes, granulocytes, monocytes, lym-
phocytes and platelets. Blood also contains very small 
numbers of circulating hemopoietic stem cells and progeni-
tor cells, mast cell progenitors, megakaryocytes and meg-
akaryocyte bare nuclei.

Erythrocytes

Morphology

Erythrocytes are highly differentiated cells that have no 
nuclei or cytoplasmic organelles. Normal erythrocytes are 
circular biconcave discs with a mean diameter of 7.2 µm 
(range 6.7–7.7 µm) in dried fixed smears and about 7.5 µm 
in the living state. They are eosinophilic and consequently 
appear red with a central area of pallor in Romanowsky-
stained smears (Fig. 1.1 A,B).

Red	cell	parameters

The three basic red blood cell parameters which can be 
measured are:1

1. the concentration of hemoglobin per unit volume 
of blood after lysis of the red cells (hemoglobin 

concentration) determined spectrophotometrically  
after conversion to cyanmethemoglobin.

2. the number of red blood cells per unit volume of blood 
(red cell count). The red cell count is determined using 
electrical impedance or light-scattering techniques.

3. the hematocrit. Prior to automation, blood was 
centrifuged in tubes of standard specification under a 
fixed centrifugal force for a fixed time to determine the 
packed cell volume (PCV). The hematocrit and PCV are 
not directly comparable as the value obtained for the 
PCV includes the volume of some plasma trapped 
between the red cells.

From the values obtained for the hemoglobin concentration, 
red cell count and hematocrit, it is possible to calculate the 
mean cell volume (MCV), mean cell hemoglobin (MCH) 
and mean cell hemoglobin concentration (MCHC) as shown 
in Table 1.1. Some automated blood-counting machines 
determine the MCV using electrical impedance or light-
scattering techniques and calculate the hematocrit from the 
measured MCV and red cell count. Others determine the 
hematocrit directly by summing all the pulses in the red cell 
channel. The normal values for various red cell parameters 
at different ages are given in Tables 1.2 and 1.3; however, 
there are some differences based on the analyzer used and 
the method of measurement. Between the age of 2 years and 
the onset of puberty there is a gradual rise in the hemoglobin 

©2011 Elsevier Ltd

DOI: 10.1016/B978-0-7020-3147-2.00001-8
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in unselected healthy adults is 82 fl, the corresponding figure 
for children between 1 and 7 years (who show no biochemi-
cal evidence of iron deficiency) is about 70 fl. The MCV 
increases progressively with age both in children and, to a 
much lesser extent, in adults.

Red	cell	life	span

As red cells do not contain ribosomes, they cannot synthe-
size protein to replace molecules (e.g. enzymes, structural 
proteins) which become denatured. Red cells therefore have 
a limited life span of 110–120 days, at the end of which 
they are ingested and degraded by the macrophages of the 
marrow, spleen, liver and other organs. A variety of changes 
affect red cells as they age within the circulation. These 
include:

1. progressive decrease in MCV and surface area
2. progressive increase in density and osmotic fragility
3. decrease in deformability
4. decreased ability to reduce methemoglobin
5. decrease in the rate of glycolysis.

The critical change that causes a red cell to be destroyed at 
the end of its life span appears to be the formation of 
denatured/oxidized hemoglobin (hemichromes) which 
induces clustering of the integral membrane protein, band 
3. This clustering generates an epitope on the red cell surface 
that binds naturally occurring IgG anti-band 3 antibodies 
and the antibody-coated aged erythrocytes are recognized 
and phagocytosed by macrophages.2,3 A second mechanism 
that may be involved in the elimination of aged red cells by 
macrophages is the exposure of phosphatidylserine on  
the outer surface of their cell membrane; this is recognized 
by the macrophage scavenger receptor CD36 or, after com-
bination with lactadherin, by macrophage integrin.3,4 
Aging red cells also extrude microvesicles containing  
denatured hemoglobin that have the same membrane 
changes and are phagocytosed by the same mechanisms as 
the residual red cell.5

Fig. 1.1 (A, B) Cells from peripheral blood smears of normal individuals. 
(A) Normochromic normocytic red cells, a normal neutrophil, eosinophil, 
monocyte and platelets. May–Grünwald–Giemsa stain. × 1000. 
(B) Normochromic normocytic red cells, a normal neutrophil, lymphocyte, 
monocyte and platelets. May–Grünwald–Giemsa stain. × 1000. 

A

B

Table 1.1 Calculation of red cell indices

MCV (fl) = Hcta ÷ RBC per liter × 1015

MCH (pg) = Hbb ÷ RBC per liter × 1013

MCHC (g/dl) = Hbb ÷ Hcta

Hb, hemoglobin; Hct, hematocrit; MCH, mean corpuscular hemoglobin; MCHC, 
mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; 
RBC, red blood cells.

aExpressed as a fraction.

bIn g/dl.

concentration in both males and females. There is a subse-
quent further rise in males but not in females with the result 
that the mean hemoglobin is higher in adult males than in 
adult females. In healthy infants aged 4 months and over, 
and in healthy young children, the average MCV is lower 
than in healthy adults. Whereas the lower limit for the MCV 

Table 1.2 95% reference limits for some hematologic parameters 
in healthy Caucasian adults (18–60 years) determined in the UK48

Males 
(n = 100)

Females 
(n = 100)

Males and 
females 
(n = 200)

Hb (g/dl) 13.4–16.7 11.9–14.7

Red cell count (1012/l) 4.4–5.7 3.9–5.0

PCVa 0.40–0.51 0.36–0.45

MCV (fl) 82–99

MCH (pg) 27–32.8

MCHC (g/dl) 32–34

Platelet count (109/l) 168–411 188–445

Hb, hemoglobin; MCV, mean corpuscular volume; MCH, mean corpuscular 
hemoglobin; MCHC, mean corpuscular hemoglobin concentration.

a3% correction for plasma trapping.
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Table 1.3 Age-dependent changes in the mean values (and 95% reference limits) for red cell parameters in normal individuals

Age n Hb (g/dl) RBC (× 1012/l) MCV (fl) Reference details

Cord blood 59 17.1 (13.5–20.7) 4.6 (3.6–5.6) 113 (101–125) a

1 day 59 19.4 (15.1–23.7) 5.3 (4.2–6.4) 110 (99–121) a

1 month* 240 13.9 (10.7–17.1) 4.3 (3.3–5.3) 101 (91–112) b

2 months* 241 11.2 (9.4–13.0) 3.7 (3.1–4.3) 95 (84–106) b

4 months* 52 12.2 (10.3–14.1) 4.3 (3.5–5.1) 87 (76–97) b

6 months* 52 12.6 (11.1–14.1) 4.7 (3.9–5.5) 76 (68–85) b

12 months 56* 12.7 (11.3–14.1) 4.7 (4.1–5.3) 78 (71–84) b

51 11.1 (7.7–14.5) 4.8 (3.8–5.8) 73 (58–88) a

163 10.1 (7.5–12.7) 4.7 (3.5–5.5) 72 (58–86) c

10–17 months* 59 77 (70–84) d

3 years 103 12.4 (10.1–14.7) 4.7 (3.9–5.5) 78 (68–88) a

128 11.0 (8.6–13.4) 4.5 (3.5–5.5) 78 (64–92) c

18 months–4 years* 26 80 (74–86) d

5 years 97 12.7 (10.7–14.7) 4.7 (3.7–5.6) 80 (72–88) a

24 11.8 (9.2–14.4) 4.4 (3.7–5.1) 83 (69–97)

4–7 years* 42 81 (76–86) d

7 years 103 12.9 (9.2–16.6) 4.8 (3.8–5.8) 79 (61–97) a

7–8 years 151 12.5 (10.3–14.7) 4.6 (4.0–5.2) 81 (72–89) e

10 years 111 13.2 (10.8–15.6) 4.8 (3.9–5.7) 81 (68–94) a

14 years 45 13.6 (10.7–16.5) 4.9 (3.9–5.9) 81 (66–96) a

20 years male – 15.9 (13.7–18.3) 5.3 (4.6–6.2) 89 (78–99) f

20 years female – 13.8 (11.7–15.8) 4.6 (4.0–5.4) 89 (76–99) f

60 years male – 15.9 (13.8–18.4) 5.0 (4.3–5.9) 93 (82–103) f

60 years female – 13.9 (11.8–15.9) 4.6 (3.9–5.3) 90 (77–100) f

*Data in which cases with iron deficiency were excluded.

a = Healthy and sick American whites; used microhematocrit and counting chambers.

b = Healthy full-term infants from Finland; continuous iron supplementation; normal transferrin saturation and serum ferritin level; used Coulter counter model S.

c = Healthy Jamaican blacks; cohort study; HbS and β-thalassemia excluded; used Coulter ZBI 6.

d = Healthy Caucasian, Asian and black children in America; Hb > 11.0 g/dl, transferrin saturation ≥20%, normal serum ferritin; hemoglobinopathy and β-thalassemia trait 
excluded; used Coulter counter model S.

e = Healthy individuals; mostly American blacks; used Coulter counter model S.

f = Reference intervals derived from 1744 healthy Americans (ethnic origin not stated) aged 16–89 years using Hemac 630 laser cell counter.

Functions	of	red	cells

Normal function of the erythrocyte requires a normal red 
cell membrane and normal enzyme systems to provide 
energy and protect against oxidant damage. The erythrocyte 
membrane is composed of a lipid bilayer (containing inte-
gral proteins) and is bound to a submembranous cytoskel-
etal network of protein molecules including spectrin, actin 
and the proteins constituting bands 4.1a and 4.1b6 (Chapter 
7). This cytoskeletal network is responsible for maintaining 

the biconcave shape of a normal erythrocyte. The membrane 
also contains adenosine triphosphate (ATP)-dependent 
cation pumps that continuously pump Na+ out and K+ into 
the red cell, against concentration gradients, thereby coun-
teracting a continuous passive diffusion of ions across  
the membrane in the opposite direction. Mature erythro-
cytes derive their energy from glycolysis by the Embden–
Meyerhof pathway (Chapter 8). They can also metabolize 
glucose through the pentose phosphate pathway, which  
generates the reduction potential of the cell and protects the 
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monomers which make up its tetrameric structure (heme–
heme interaction); the combination of one oxygen molecule 
with one heme group causes a slight shape change in the Hb 
molecule due to movement at the α1–β2 contact facilitating 
the binding of oxygen to the next heme group. The shape of 
the oxygen dissociation curve of the monomer, myoglobin, 
is hyperbolic. The advantage of the sigmoid curve over the 
hyperbolic curve is that much more oxygen is released from 
the hemoprotein at the low Po2 values obtained in tissues 
(35–40 mmHg) with the former than with the latter. The 
percentage saturation of hemoglobin at this Po2 is about 
70%. The capacity of hemoglobin to combine with O2 is 
referred to as its oxygen affinity and is expressed as the Po2 
required to cause 50% saturation (P50). A decrease in pH 
leads to a shift of the oxygen dissociation curve to the right 
and a decrease in oxygen affinity. This effect, which is known 
as the Bohr effect, facilitates the release of oxygen at the low 
pH of tissues. A shift of the oxygen dissociation curve to the 
right also results from the combination of deoxyhemoglobin 
with 2,3-diphosphoglycerate (2,3-DPG) that is produced as 
a result of the metabolism of glucose via the Rapoport–
Luebering shunt of the Embden–Meyerhof pathway (Chapter 
8). In deoxyhemoglobin, the two β chains are separated 
slightly allowing one molecule of 2,3-DPG to enter and bind 
to the β chains; when hemoglobin combines with oxygen, 
the 2,3-DPG is ejected.

The CO2 produced in the tissues enters the blood. Most of 
this CO2 enters the red cells and is converted there to car-
bonic acid by the enzyme carbonic anhydrase. The hydrogen 
ions released from the dissociation of this weak acid combine 
with the hemoglobin, and are largely responsible for the 
Bohr effect referred to above. A small proportion of the CO2 
entering red cells combines with hemoglobin to form car-
baminohemoglobin. When the blood circulates through the 
lungs, where the Pco2 is lower than that in the blood, the 
CO2 is released from the red cells into the alveolar air. The 
release of CO2 from red cells results in a reversal of the Bohr 
effect (i.e. a shift of the oxygen dissociation curve to the left) 
and the uptake of considerable amounts of O2. The oxygen 
saturation and Po2 of arterial blood are, respectively, greater 
than 95% and 100 mmHg.

The biconcave shape of normal erythrocytes facilitates the 
diffusion of gases in and out of the cytoplasm and also 
imparts adequate flexibility and deformability to enable 
these cells repeatedly to traverse the microcirculation. The 
hemoglobin molecules within erythrocyes inactivate some 
of the endothelial cell-derived nitric oxide and consequently 
regulate the bioavailability of nitric oxide in the circulation. 
The inactivation results from the reaction of nitric oxide with 
oxyhemoglobin resulting in the formation of nitrite. Plasma 
nitrite may also be converted to nitric oxide by deoxyhemo-
globin which has a nitrite reductase activity and by a nitric 
oxide synthase (NOS) located in the plasma membrane and 
cytoplasm of red cells. These three mechanisms affect nitric 
oxide-dependent vascular tone and nitric oxide generated by 
red cell NOS may affect red cell deformability.6–8

Reticulocytes

These are the immediate precursors of mature erythrocytes. 
They are rounded anucleate cells that are about 20% larger 
in volume than mature red blood cells and appear faintly 

membrane, the hemoglobin and erythrocyte enzymes from 
oxidant damage (Chapter 8). Both a normal cell membrane 
and normal energy production are required to enable the 
biconcave red cells to repeatedly and reversibly deform 
during numerous transits through the microcirculation.

The prime function of the red cell is to combine with 
oxygen in the lungs and to transport and release this oxygen 
for utilization by tissues. The red cells also combine with 
CO2 produced in tissues and release this in the lungs. The 
function of oxygen transport resides in the hemoglobin mol-
ecule which is ideally structured for this purpose. Most of 
the hemoglobin (Hb) of an adult is HbA which is a tetramer 
consisting of two α-globin chains and two β-globin chains. 
Each of these globin chains is associated with a heme mol-
ecule which is inserted deeply within a pocket which excludes 
water but allows O2 to enter and interact with the iron atom 
at the center of the heme molecule. In the deoxygenated 
state, the iron atom is in the ferrous state (Fe++) and has a 
‘spare’ electron. In the oxygenated state there is a weak ionic 
link between the oxygen molecule and the iron atom as a 
result of the ‘sharing’ of the ‘spare’ electron, but the iron 
remains in the ferrous state. This reaction between the 
oxygen molecule and the iron atom of the heme ring is 
reversible and the oxygen is readily released at the low 
oxygen concentrations found in tissues. The importance of 
excluding water from the heme pocket is that the water could 
oxidize the iron atom to the ferric state by accepting the 
spare electron. Hemoglobin in which the iron atoms are in 
the ferric state is called methemoglobin and does not 
combine with oxygen.

The ability of red cells to combine with and release oxygen 
is illustrated in the oxygen dissociation curve (Fig. 1.2). The 
shape of the oxygen dissociation curve of HbA is sigmoid 
and this is a function of the interaction between the four 

Fig. 1.2 Oxygen dissociation curve of normal adult blood and the effect of 
varying the pH. Po2 and Pco2 = partial pressure of O2 and CO2 respectively. 
a = pH 7.6 (Pco2 25 mmHg); b = pH 7.4 (Pco2 40 mmHg); c = pH 7.2 
(Pco2 61 mmHg). 
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certain clinical situations, they are not in regular use in 
clinical practice.

Granulocytes (polymorphonuclear  
leukocytes)

These cells contain characteristic cytoplasmic granules and a 
segmented nucleus. The latter consists of two or more nuclear 
masses (nuclear segments) joined together by fine strands of 
nuclear chromatin. The nuclear masses contain moderate 
quantities of condensed chromatin. The granulocytes are 
subdivided into neutrophil, eosinophil and basophil granu-
locytes according to the staining reactions of the granules.

Neutrophil	granulocytes

Morphology and composition

Neutrophil granulocytes have a mean volume of 500 fl and, 
in dried fixed smears, a diameter of 9–15 µm. Their cyto-
plasm is slightly acidophilic and contains many very fine 
granules that stain with neutral dyes; the granules stain a 
faint purple color with Romanowsky stains (Figs 1.1 and 
1.3). The nucleus usually contains two to five nuclear seg-
ments; the percentages of neutrophils with two, three, four 
and five or more segments are 32, 45, 20 and 3%, respec-
tively, with a mean of 2.9 segments. In the female up to 17% 
of neutrophls contain a drumstick-like appendage attached 
by a fine chromatin strand to one of the nuclear segments. 
These appendages correspond to Barr bodies (inactivated 
X-chromosomes). Neutrophils possess a variety of surface 
receptors including those for C3 and IgG-Fc and the CXC 
chemokine receptors.

Neutrophils contain primary granules and specific (sec-
ondary) granules. Primary granules, first formed at the pro-
myelocyte stage of differentiation, contain myeloperoxidase, 
lysozyme (muramidase), defensins, bacterial permeability 
inducer, acid phosphatase, β-glucuronidase, α-mannosidase, 
elastase, cathepsins B, D and G, and proteinase 3. On elec-
tron microscopy they are electron-dense, 0.5–1.0 µm in their 

polychromatic when stained by a Romanowsky method. 
When stained with a supravital stain such as new methylene 
blue or brilliant cresyl blue, the diffuse basophilic material 
responsible for the polychromasia (i.e. ribosomal RNA) 
appears as a basophilic reticulum. Electron-microscope 
studies have shown that reticulocytes are rounded cells with 
a tortuous surface and that in addition to ribosomes they 
contain mitochondria and autophagic vacuoles. Circulating 
reticulocytes mature into red cells over a period of 1–2 days 
during which there is progressive degradation of ribosomes 
and mitochondria and the acquisition of a biconcave shape. 
Reticulocytes actively synthesize hemoglobin and non-
hemoglobin proteins. They contain enzymes of the 
Embden–Meyerhof pathway and the pentose phosphate 
shunt and, unlike the mature red cells, can also derive 
energy aerobically via the Krebs cycle that operates in the 
mitochondria and oxidizes pyruvate to CO2 and water. 
Supravitally stained preparations were traditionally used 
and are still frequently used to assess reticulocyte numbers 
by microscopy with an eyepiece micrometer disc to facili-
tate counting. In normal adults, the reference range for 
reticulocytes counted in this way is widely accepted to be 
0.5–2.0% of the total circulating erythrocyte plus reticulo-
cyte population. The usefulness of the reticulocyte percent-
age is increased by applying a correction for the hematocrit 
and the corrected reticulocyte percentage (usually corrected 
to a hematocrit of 0.45) is obtained by multiplying the 
observed percentage by [patient’s hematocrit ÷ 0.45]. 
Although several laboratories still express reticulocyte 
counts as a percentage, the absolute reticulocyte count (i.e. 
the total number per liter of blood) is clinically more useful. 
The latter is directly proportional both to the rate of effec-
tive erythropoiesis and to the average maturation time of 
blood reticulocytes. In normal adults the absolute reticulo-
cyte count determined by microscopy is 20–110 × 109/l. 
Reticulocytes can be counted using automated machines 
employing flow cytometry and laser light after staining their 
RNA with fluorescent reagents such as acridine orange, thio-
flavin T, thiazol orange or auramine O. There are also auto-
mated methods in which the RNA is stained with supravital 
basic dyes and the extent of staining quantified using light 
absorbance or scatter. Results obtained by these automated 
methods are more reproducible than when counted by the 
traditional manual method as much larger numbers of 
reticulocytes are counted. The accepted reference range for 
reticulocytes in adults when counted by automated 
fluorescent-based methods is 20–120 × 109/l.9,10 The abso-
lute reticulocyte count has also been shown to be higher in 
men than women. Reference values do depend on the 
method of measurement used and each laboratory should 
determine its own reference range. Semi-automated and 
fully automated discrete reticulocyte counters and some 
fully automated multiparameter hematology analyzers also 
provide various reticulocyte maturation parameters based 
primarily on the intensity of fluorescence (i.e. the amount 
of RNA), or, in the case of cells stained supravitally with a 
basic dye, on the extent of absorbance or scatter. These 
parameters include the immature reticulocyte fraction 
(immature reticulocytes have more RNA than mature ones), 
mean reticulocyte hemoglobin content and concentration 
and mean reticulocyte volume.11–12 Although these parame-
ters have been shown to be of value in the assessment of Fig. 1.3 Normal neutrophils. May–Grünwald–Giemsa stain. × 1000. 
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Fig. 1.4 Electron micrograph of a neutrophil granulocyte. The three nuclear 
segments contain a large quantity of condensed chromatin at their 
periphery. The cytoplasmic granules vary considerably in size, shape and 
electron-density. Uranyl acetate and lead citrate. × 5500. 

Table 1.4 95% reference limits for the concentration of circulating 
leukocytes in peripheral venous blood of healthy adults15,48

Caucasians Blacks

Cell count 
× 109/l

Male
(n = 100)

Female
(n = 158)

Female
(n = 226)

Male and 
female
(n = 100)

Leukocytes 3.5–9.5 4.1–10.9 3.1–8.7 3.6–10.2

Neutrophils 1.6–6.0 2.0–7.3 1.1–6.1 1.3–7.4

Lymphocytes 1.2–3.5 1.4–3.2 1.0–3.6 1.45–3.75

Monocytes 0.2–0.8 0.3–0.8 0.14–0.77 0.21–1.05

Eosinophils 0.02–0.59 0.05–0.35 0.01–0.82 0.03–0.72

Basophils 0–0.15 0.01–0.06 0–0.08 0–0.16

long axis, and ellipsoidal in shape (Fig. 1.4). Specific gran-
ules are formed at the myelocyte (secondary granules) and 
metamyelocyte (tertiary granules) stages. They are less 
electron-dense and are very pleomorphic. Specific granules 
vary considerably in size, being frequently quite small (0.2–
0.5 µm long), and the granule membrane contains NADPH 
oxidase (cytochrome b558), vitronectin and laminin recep-
tors, formylpeptide receptors and CR3. The granule proteins 
include lysozyme, transcobalamin I (vitamin B12 binding 
protein), collagenase, β2 microglobulin, lactoferrin or lacto-
ferrin and gelatinase, SGP28 (specific granule protein of 
28 kDa), hCAP-18 (human cationic antimicrobial protein) 
and NGAL (a matrix protein). A third type of granule con-
tains gelatinase but little or no lactoferrin (gelatinase gran-
ules) and neutrophils also contain secretory vesicles with 
molecules such as β2-integrins, formylpeptide receptors and 
CD14. The secretory vesicles are involved in adhesion of 
neutrophils to the endothelium, the gelatinase granules in 
migration through basement membrane and the primary 
and specific granules mainly in phagocytosis, killing and 
digestion of microorganisms.13–14 The alkaline phosphatase 
activity of neutrophils is present within membrane-bound 
intracytoplasmic vesicles called phosphosomes. In addition 
to the various organelles mentioned above, the cytoplasm 
contains a centrosome, a poorly developed Golgi apparatus, 
microtubules and microfilaments, a few small mitochon-
dria, a few ribosomes, a little endoplasmic reticulum,  
occasional multivesicular bodies and numerous glycogen 
particles.

Number and life span

In the blood, the neutrophil granulocytes are distributed 
between a circulating granulocyte pool (CGP) and a margin-
ated granulocyte pool (MGP). The latter, which is in a rapid 
equilibrium with the CGP, consists of cells that are loosely 
associated with the endothelial cells of small venules. The 
CGP accounts for 15–99% (mean 44%) of the total blood 
granulocyte pool in healthy subjects. Exercise and adrenaline 

both cause a rapid shift of cells from the MGP to the CGP; 
bacterial endotoxin causes a shift from the CGP to the MGP.

The number of neutrophil granulocytes in the peripheral 
venous blood of healthy Caucasians of different ages and 
genders are given in Tables 1.4 and 1.5. Healthy blacks have 
lower neutrophil counts than Caucasians (Table 1.4); 
Chinese and Indians have similar counts to those in Euro-
peans.15 A single nucleotide polymorphism in the Duffy 
antigen receptor/chemokine gene is strongly associated with 
the neutropenia in Afro-Caribbeans and Africans but the 
mechanism by which this mutation causes neutropenia is 
not yet clear.16 Ethnic neutropenia has also been described 
in Yemenite Jews, Falashah Jews, black Bedouin and Jorda-
nian Arabs.17 Considerably lower total leukocyte and neu-
trophil counts have been reported from East Africa than 
those shown in Table 1.4 for black Americans, and black 
West Indians and Africans living in England. However, the 
former studies have not allowed for the skewed distribution 
of leukocyte numbers in calculating reference ranges, and 
thus have exaggerated the difference between the black and 
Caucasian populations. Despite this, total white cell and 
neutrophil counts are probably genuinely lower in Africans 
living in African countries, particularly if taking an African 
diet, than in Africans living in Western countries.

Once formed, the mature neutrophil is retained in the 
bone marrow through interaction of stromal cell-derived 
CXCL12 with its receptor CXCR4 on neutrophils.18 After 
entering the blood by migration through the sinusoidal 
endothelium, neutrophil granulocytes leave the circulation 
in an exponential fashion with a T1/2 of 2.6–11.8 h (mean 
7.2 h) and appear in normal secretions (saliva, secretions of 
the respiratory and gastrointestinal tracts and urine) and in 
various tissues. They probably survive outside the blood for 
up to 30 h.

Functions

Neutrophils are highly motile cells. They move towards, 
phagocytose and degrade various types of particulate  
material such as bacteria and damaged tissue cells. Neu-
trophils are attracted to sites of infection or inflammation as 
a result of chemotactic gradients generated around such 
sites. The chemotactic factors include activated complement 
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The ingestion of a particle is followed by the fusion of 
primary and specific granules with the membrane of the 
phagosome and the discharge of granule contents into the 
phagocytic vacuole. Neutrophils contain considerable quan-
tities of glycogen that can be converted to glucose. They 
obtain much of their energy by breaking down glucose 
anaerobically via the Embden–Meyerhof pathway but can 
oxidize some glucose aerobically through the Krebs cycle. 
The killing of certain bacteria (e.g. Staphylococcus aureus, 
Escherichia coli, Salmonella typhimurium, Klebsiella pneumo-
niae, Proteus vulgaris) is oxygen dependent but for others (e.g. 
Pseudomonas aeruginosa, Staphylococcus epidermidis, ‘viridans’ 
streptococci, various anaerobes) is oxygen independent. The 
mechanisms responsible for the killing of bacteria are 
complex.

NADPH serves as the electron donor in the biochemical 
processes leading to the reduction of O2 to O2

− and oxygen-
dependent killing; the bactericidal agents derived from O2

− 
include hydrogen peroxide, hydroxyl radicals, hypochlorite 
ions (generated from halides by hydrogen peroxide in the 
presence of the enzyme myeloperoxidase) and chloramines. 
The generation of O2

− requires the membrane-associated 
enzyme known as the respiratory burst oxidase, the compo-
nents of which only assemble when the neutrophil is acti-
vated by various stimuli, including the phagocytosis of 
opsonized bacteria. These components are cytochrome b558 
(the electron transferring oxidase), three phosphoproteins 
(p40-phox, p47-phox and p67-phox) and two GTP-binding 
proteins (Rac2 and Rap1a) (see also Chapter 17).

The substances mediating oxygen-independent killing 
include defensins (small peptides) that kill a variety of  
both Gram-negative and Gram-positive bacteria as well as 
yeasts by permeabilizing their membranes, and bactericidal/

components (C3a, C5a, C567), membrane phospholipids 
and other factors released from tissue cells, lymphokines 
released from activated lymphocytes, products of mononu-
clear phagocytes (e.g. tumor necrosis factor, IL-8), platelet-
derived factors (platelet factor 4, the β-thromboglobulin 
neutrophil-activating peptide 2 (NAP-2), platelet-derived 
growth factor) and products of certain bacteria. IL-8, platelet 
factor 4 and NAP-2 bind to CXC chemokine receptors on the 
surface of neutrophils and activate these cells. Activated neu-
trophils adhere to endothelial cells via adhesion molecules 
on their cell membrane (Chapter 17). The arrival of neu-
trophils at sites of inflammation is probably facilitated by 
an increased permeability of adjoining blood vessels caused 
by activated complement components such as C3a and C5a.

The first stage in the phagocytosis of a particle such as a 
bacterium is the adherence of the neutrophil to the particle. 
The adherence is mediated through specific receptors on  
the neutrophil cell membrane: these include Fc (IgG1, IgG3) 
and C3 receptors. Both the adherence and the subsequent 
ingestion of such particles are enhanced by their interaction 
with opsonizing factors such as C3 generated via the classical 
or alternative complement activation pathway, antibody  
and mannose-binding lectin (Chapter 17). Following adhe-
sion, pseudopodia form around the particle and progres-
sively encircle it, probably via a zipper-like mechanism 
dependent on the interaction between receptors on the cell 
membrane and opsonizing factors present all over the par-
ticle. Both the movement of neutrophils towards a particle 
and the act of phagocytosis may be dependent on the activity 
of intracytoplasmic microfilaments composed of actin. The 
act of phagocytosis is associated with a burst of oxygen  
consumption (respiratory burst) and the production of 
hydrogen peroxide.

Table 1.5 Age-related ranges for the concentration of circulating white blood cells (× 109/l) in normal individuals.

Age Leukocytes Neutrophilsa Eosinophils Basophils Lymphocytes Monocytes

Cord blood 5.0–23.0b 1.7–19.0 0.05–2.0 0–0.64 1.0–11.0 0.1–3.7

12 h 13.0–38.0 6.0–28.0 0.02–0.95 0–0.50 2.0–11.0 0.4–3.6

24 h 9.4–34.0 4.8–21.0 0.05–1.00 0–0.30 2.0–11.5 0.2–3.1

7–8 days 9.0–18.4 1.8–8.0 0.16–0.94 0–0.25 3.0–9.0 0.03–0.98

2 months 5.1–18.0 0.7–9.0 0.07–0.84 0.02–0.20 3.0–16.0 0.13–1.8

5–6 months 5.9–17.5 1.0–8.5 0.01–1.0 0.02–0.20 3.2–13.5 0.10–1.3

1 year 5.6–17.5 1.5–8.5 0.05–0.70 0.02–0.20 2.5–10.5 0.05–1.28

2 years 5.6–17.0 1.5–8.5 0.04–1.19 0.02–0.20 2.2–9.5 0.05–1.28

4 years 4.9–15.5 1.5–8.5 0.02–1.40 0.03–0.20 1.7–8.0 0.15–1.28

6 years 4.4–14.5 1.5–8.9 0.08–1.10 0.02–0.20 1.5–7.0 0.15–1.28

9–10 years 3.9–13.5 1.5–8.0 0.06–1.03 0.01–0.54 1.4–6.5 0.15–1.28

13–14 years 3.9–13.0 1.4–8.0 0.04–0.76 0.01–0.43 1.2–5.8 0.15–1.28

18 years 4.5–12.5 1.8–7.7 0–0.45 0–0.20 1.0–5.0 0–0.8

aIncludes a small percentage of myelocytes during the first few days after birth.

bIncludes 0.03–5.4 × 109/l of erythroblasts.
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Number and life span

Table 1.4 gives the venous blood eosinophil counts for 
normal healthy adults. The eosinophil counts of healthy 
blacks and people from the Indian subcontinent do not 
differ from those of Caucasians.15 Eosinophils leave the cir-
culation in a random manner with a T1/2 of about 4.5–8 h; 
they probably survive in the tissues for 8–12 days.

Functions

Eosinophils share several functions with neutrophils: both 
cell types are motile, respond to specific chemotactic agents 
and phagocytose and kill similar types of microorganisms.23–24 
Eosinophils tend to be slower at ingesting and killing bacte-
ria than neutrophils but appear to be metabolically more 
active than these cells. Eosinophil granule contents are trans-
ported to and discharged at the surface via large vesicular-
tubular structures (piecemeal degranulation).24 Eosinophils 
also function as the effector cell (killer cell) in antibody-
dependent damage to metazoal parasites. Eosinophils bind 
to IgG- and C3-coated helminths via their corresponding 
surface receptors and discharge their granule contents around 
the parasite. The killing of the parasite is caused by the eosi-
nophilic cationic proteins which generate defects and pores 
in the cuticle and cell membrane and the major basic protein 
which is a potent toxin for helminths, as well as eosinophil 
peroxidase, which exerts its effect through the production of 
H2O2 and hypochlorous acid and superoxide. All three mol-
ecules are also toxic towards human tissues. The two eosi-
nophil ribonucleases, Rnase2 and Rnase3, may be involved 
in defense against viruses.25 Not only the stimulation of 
FcγRII and complement receptors but also binding of IgA to 
IgA receptors triggers degranulation and the respiratory 
burst. Eosinophils also have a role in regulating immediate-
type hypersensitivity reactions. In these reactions chemical 
mediators of anaphylaxis such as histamine and leukotriene 

permeability increasing protein. The latter binds to surface 
lipopolysaccharides of Gram-negative bacteria thereby dam-
aging membranes and rendering them leaky. Defensins also 
have anti-viral effects against some enveloped viruses and 
prevent entry of some viruses into cells. Lysozyme and lacto-
ferrin are also involved in oxygen-independent killing. At the 
acid pH of the phagocytic vacuole, lysozyme (muramidase) 
hydrolyses peptidoglycans in bacterial cell walls and conse-
quently allows the osmotic swelling and lysis of certain bac-
teria. Lactoferrin is bacteriostatic as it binds iron at a low pH 
and thus deprives bacteria of this growth factor.

Eosinophil	granulocytes

Morphology and composition

Eosinophil granulocytes (eosinophils) have a diameter of 
12–17 µm in fixed smears. Their cytoplasm is packed with 
large rounded granules which stain red-orange with 
Romanowsky stains (see Figs 1.1A and 1.5). The percentage 
of cells with one, two, three and four nuclear segments are 
6, 68, 22 and 4%, respectively (mean 2.2). Eosinophils 
possess surface receptors for IgG-Fc (FcγRII, FcγRIII), IgE, 
IgA, IgM, C4, C3b, C3d, cytokines (GM-CSF, IL-3 and IL-5) 
and the CC chemokine receptor 3.19–20

There are two types of eosinophil granules: a few rounded 
homogeneously electron-dense granules and many rounded, 
elongated or oval crystalloid-containing granules (Fig. 1.6) 
(see also Chapter 2).21 Both homogeneous and crystalloid-
containing granules contain an arginine- and zinc-rich  
basic protein, a peroxidase (distinct from neutrophil peroxi-
dase) and acid phosphatase. Eosinophil granules also 
contain phospholipase B and D, histaminase, ribonuclease, 
β-glucuronidase, cathepsin and collagenase but not lys-
ozyme. The eosinophil ribonucleases include eosinophil-
derived neurotoxin (Rnase2) and eosinophil cationic protein 
(Rnase3). The Charcot–Leyden crystal protein, which has 
lysophospholipase activity and carbohydrate-binding prop-
erties, is found both in the cytosol and in some of the  
eosinophil granules.22

Fig. 1.5 Normal eosinophil with red-orange granules and a normal 
neutrophil. May–Grünwald–Giemsa stain. × 1000. 

Fig. 1.6 Electron micrograph of a normal eosinophil. Uranyl acetate and 
lead citrate. The two nuclear segments contain a large quantity of 
condensed chromatin at their periphery. One homogeneous granule and 
several crystalloid-containing granules are present in the cytoplasm. There is 
a small Golgi apparatus at the center of the cell (this apparatus is usually 
somewhat better developed in eosinophils than in neutrophils). × 10 000. 
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Basophil granules contain histamine (which is synthesized 
by the cell), sulphated mucopolysaccharides (predominantly 
chondroitin sulphate), peroxidase, low levels of chymase  
(a serine protease) and negligible amounts of tryptase. The 
mucopolysaccharides account for the metachromatic stain-
ing of the granules. Basophils also contain Charcot–Leyden 
crystal protein and possibly PAF (which causes platelets to 
aggregate and release their contents) and eosinophil chemo-
tactic factor of anaphylaxis (ECF-A).22

Functions

Basophils play a key role in immediate-type hypersensitivity 
reactions and in the immune response to helminthic 
infections.29–31 When IgE binds to FcεRI and the bound 
IgE reacts with specific antigen, basophils degranulate releas-
ing histamine and chemotactic factors such as eosinophil 

C4 (LTC4) and LTB4 (a component of a mixture of small 
peptides known as eosinophil chemotactic factor of anaphy-
laxis or ECF-A) are released from mast cells and basophils 
as a result of the interaction between specific antigen and IgE 
on the surface of these cells. Eosinophils are attracted to the 
site of the activated mast cells or basophils by mast cell- and 
basophil-derived ECF-A, platelet-activating factor (PAF) and 
leukotriene B4 (LTB4) and by several other chemoattractants 
(chemokines) produced at sites of allergic inflammation; 
some of the chemokines are also activators of eosinophils. 
The most potent eosinophil chemoattractants are eotaxin 
(produced by macrophages and some other tissue cells), 
RANTES (released from thrombin-activated platelets), the 
5-lipoxygenase product 5-oxo-6,8,11,14-eicosatetraenoic 
acid and monocyte chemoattractant protein 3 (MCP3) 
(released from endothelial and other cells).26 Eotaxin is a 
ligand of the CC chemokine receptor 3 (CCR3) that is 
expressed on eosinophils, basophils and TH2 lymphocytes. 
C5a, monocyte-derived LTB4 and PAF, and some lymphokines 
are also involved in attracting eosinophils. The attracted 
eosinophils then release prostaglandin E2 (PGE2) which 
inhibits further release of basophil- and mast-cell-derived 
mediators. Eosinophils also release specific enzymes that 
inactivate these mediators, including histaminase and phos-
pholipase B and D which break down histamine and PAF, 
respectively. Eosinophil-derived arylsulphatase inactivates 
various chemotactic peptides and LTC4. Eosinophils may 
enhance hypersensitivity reactions by their phospholipase-
A2-dependent synthesis and release of LTC4 and PAF, and also 
via the release of eosinophil-derived major basic protein, 
peroxidase and cationic proteins that activate basophils and 
mast cells and cause histamine release. Recent studies have 
shown that eosinophils also function as antigen-presenting 
cells, constitutively express TH1- and TH2-associated cytokines 
including IL-4, IL-13, IL-6, IL-10, IL-12, IFN-γ and TNF-α, 
differentially release these cytokines, and modulate the func-
tion of T cells (promoting either a TH1 or TH2 response) as 
well as of dendritic cells, B cells, mast cells, neutrophils and 
basophils.27,28

Basophil	granulocytes

Basophil granulocytes (basophils) represent the most infre-
quent type of leukocyte in the blood (see Tables 1.4 and 1.5). 
In Romanowsky-stained blood smears, basophil granulo-
cytes have an average diameter of about 12 µm and display 
large round purple-black cytoplasmic granules (Fig. 1.7), 
some of which overlie the nucleus. The granules stain meta-
chromatically (i.e. reddish-violet) with toluidine blue or 
methylene blue. The nucleus usually has two segments, 
although these can be difficult to see by light microscopy. 
Basophils stain strongly by the periodic acid-Schiff (PAS) 
reaction (due to the presence of glycogen aggregates) and  
do not stain for acid or alkaline phosphatase. Basophil  
granules undergo varying degrees of extraction during 
processing for electron microscopy and characteristically 
show a particulate substructure with each particle measuring 
about 20 nm in diameter (Fig. 1.8).29 Basophils possess at 
their cell surface high-affinity receptors for IgE (FcεRI), low-
affinity receptors for IgG (FcγRIIIB and FcγRII), receptors 
for C5a and histamine, and CC chemokine receptors (CCR3 
and CCR2).30

Fig. 1.7 A normal basophil showing the numerous large deeply violaceous 
granules. May–Grünwald–Giemsa stain. × 1000. 

Fig. 1.8 Ultrastructure of a basophil from normal peripheral blood. Uranyl 
acetate and lead citrate. There are several large distinctive granules within 
the cytoplasm. Most of the granules have been partially or completely 
extracted during the processing for electron microscopy. × 18 300. 
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peroxidase-positive granules are characteristically smaller 
than those of neutrophils. In thin sections, monocytes 
display finger-like projections of their cell membrane. Their 
cytoplasm contains appreciable amounts of rough endoplas-
mic reticulum, moderate numbers of dispersed ribosomes, 
a well-developed Golgi apparatus, several mitochondria and 
bundles of microfibrils. The nucleus has moderate quantities 
of heterochromatin and nucleoli are commonly seen by  
electron microscopy.

Blood monocytes are, like neutrophils, distributed  
between a circulating and a marginated pool; there are, on 
average, 3.6 times more marginated than circulating cells. 
The number of circulating monocytes in the peripheral 
venous blood of healthy adults is given in Table 1.4. Mono-
cytes leave the circulation in an exponential manner, with 

chemotactic factor of anaphylaxis (ECF-A) and generate and 
release metabolites of arachidonic acid such as LTC4 (that 
stimulate secretion of mucus and contraction of smooth 
muscle) as well as cytokines, especially TNF-α, IL-4, IL-5 and 
IL-6. Basophils and mast cells may also be activated to 
release histamine by the binding of monocyte chemoattract-
ant protein-1 (MCP-1) (produced by endothelial and other 
cells) to CCR2 on their surface and to a lesser degree the 
binding of ligands to FcγRIIIB and C5a receptors. Basophils 
also have FcγRIIB on their surface and stimulation via 
this receptor generates inhibitory signals. The release of  
histamine and other substances from basophils (and mast 
cells) is mediated via the transport of vesicles between the 
secretory granules and plasma membrane (piecemeal 
degranulation).32 The released histamine causes contraction 
of bronchial and gastrointestinal smooth muscle, inhibition 
of cytotoxic T-cell activity and lymphokine release, chemo-
tactic attraction of other granulocytes, upregulation of C3b 
receptors on eosinophils and release of lysosomal enzymes 
from neutrophils. The accumulation of basophils at sites  
of hypersensitivity reactions is mediated by chemokines  
such as MCP-1 and eotaxins (produced by macrophages and 
some other cells such as fibroblasts, endothelial cells and 
epithelial cells). Eotaxin receptors (e.g. CCR3) are present 
not only on basophils but also on mast cells, eosinophils 
and T-helper type 2 cells (TH2 cells) which have IL-4-induced 
CCR3, leading to the attraction of eosinophils and TH2 cells 
to sites of allergic inflammation and parasitic infection. 
Basophils appear to be a major source of the immunomodu-
latory cytokine IL-4 in the body; mast cells do not produce 
this cytokine. Basophil-derived IL-4 may be important for 
the development of type 2 immunity via promotion of the 
development of TH2 cells and consequently antibody synthe-
sis, particularly IgE synthesis, by B-cells.

Monocytes

These are the largest leukocytes in peripheral blood. In 
stained smears, they vary considerably in diameter (15–
30 µm) and in morphology (Figs 1.1 and 1.9). The nucleus 
is large and eccentric and may be rounded, kidney-shaped, 
horseshoe-shaped or lobulated. The nuclear chromatin has 
a skein-like or lacy appearance. The cytoplasm is plentiful, 
stains grayish-blue and contains few to many fine azurophilic 
granules. One or more intracytoplasmic vacuoles may be 
present. Cytochemical studies with the light microscope 
have shown the presence of many hydrolytic enzymes, 
including acid phosphatase, NaF-resistant esterase, galactosi-
dases and lysozyme. Monocytes also contain defensins, mye-
loperoxidase, collagenase, elastase and coagulation system 
proteins (tissue factor, factors V, VII, IX, X and XIII, plas-
minogen activator) and have membrane receptors for IgG-Fc 
and C3. In addition, they have two CC chemokine receptors, 
CCR2 and CCR5, that bind various CC chemokines such  
as monocyte chemoattractant protein-1 (MCP-1), MCP-2, 
MCP-3, RANTES, macrophage inflammatory protein-1α 
(MIP-1α) and MIP-1β.

Under the electron microscope, monocyte granules  
vary considerably in size and shape and are relatively  
homogeneously electron-dense (Fig. 1.10). Some of the 
granules contain acid phosphatase and peroxidase. The 

Fig. 1.9 Normal monocytes showing their large size, gray cytoplasm and 
horseshoe-shaped nuclei. May–Grünwald–Giemsa stain. × 1000. 

Fig. 1.10 Electron micrograph of a monocyte from normal peripheral 
blood. Uranyl acetate and lead citrate. The cytoplasm contains numerous 
mitochondria, several small pleomorphic electron-dense granules and short 
strands of rough endoplasmic reticulum. The nucleus has an irregular 
outline. It contains moderate quantities of condensed chromatin and a 
prominent nucleolus. × 11 300. 
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inactive Golgi apparatus, a few mitochondria, a few lyso-
somal granules and a small nucleolus (Fig. 1.12). About 10% 
of lymphocytes are large lymphocytes. These are about 12–
16 µm in diameter and contain more cytoplasm and less 
condensed chromatin than small lymphocytes. In normal 
blood an occasional large lymphocyte has voluminous cyto-
plasm and several coarse azurophilic granules (large granu-
lar lymphocytes).

The concentration of lymphocytes in the blood is age-
dependent: normal values are given in Tables 1.4 and 1.5. 
Lymphocytes leave the blood through endothelial cells of 
the postcapillary venules of lymphoid organs and eventu-
ally find their way back into lymphatic channels and 
re-enter the blood via the thoracic duct. The life span of 
lymphocytes varies considerably. The average life span in 
humans appears to be about 4 years but some cells survive 
for over 10 years.

Although most mature lymphocytes are morphologically 
similar to one another they can be divided into two major 
functionally distinct groups, B-lymphocytes (B-cells) and 
T-lymphocytes (T-cells).33 Some characteristics of these two 
types of cell, including their various functions, are summa-
rized in Table 1.6. On the basis of the nature of the two 
disulfide-linked chains of the T-cell receptor (TcR), T-cells are 
divided into αβ-T-cells (with αβ-TcR) and γδ-T-cells (with 
γδ-TcR); most T-cells are αβ-T-cells. Four functionally differ-
ent groups of αβ-T-cells exist, termed helper cells or TH cells, 
cytotoxic/suppressor T-cells or TC cells, T-regulatory cells or 
Treg cells and TH17 cells.34 TH cells are CD4-positive, recog-
nize antigen and release lymphokines involved in promot-
ing the functions of B-cells and the maturation of other 
kinds of T-cells including TC cells. TH cells are subdivided into 
TH1 cells and TH2 cells. When the TcR of TH1 cells reacts with 
antigen fragments on class II MHC molecules on dendritic 
cells, the antigen-presenting cells produce IL-12, IL-18 and 

an average T1/2 of 71 h. They then transform into macro-
phages in various tissues and may survive in this form for 
several months.

Monocytes are actively motile cells that respond to chemo-
tactic stimuli (e.g. MCP-1, RANTES, MIP-1α and MIP-1β), 
phagocytose particulate material and kill microorganisms in 
a manner similar to that described for neutrophil granulo-
cytes. Monocytes and monocyte-derived macrophages are 
conspicuous at sites of chronic inflammation. In addition to 
their role as a phagocytic cell, macrophages play important 
roles in various aspects of the immune response. These 
include the processing and presentation of antigen on class 
II major histocompatibility complex (MHC) molecules (Ia 
molecules) in a form recognizable by helper T-lymphocytes, 
and the degradation of excess antigen. They also secrete 
proinflammatory, immunoregulatory or anti-inflammatory 
cytokines such as IL-1β, IL-6, IL-8, IL-10, IL-12, IL-18, tumor 
necrosis factor alpha (TNF-α). The macrophages of the liver, 
spleen and bone marrow destroy senescent red cells and 
those in the marrow produce several cytokines regulating 
various aspects of hemopoiesis, including G-CSF, M-CSF, 
GM-CSF, erythropoietin and thymosin B4. Macrophages also 
produce fibroblast growth factor and platelet-derived growth 
factor.

Lymphocytes

Lymphocytes have an average volume of approximately 
180 fl and in stained smears have a diameter of 7–12 µm. 
Most of the lymphocytes in normal blood are small (Figs 
1.1B and 1.11). In Romanowsky-stained smears, they have 
scanty bluish cytoplasm; the nucleus is round or slightly 
indented and there is considerable condensation of nuclear 
chromatin. The cytoplasm, which sometimes merely consists 
of a narrow rim around the nucleus, may contain a few 
azurophilic granules. Ultrastructural studies reveal that small 
lymphocytes contain a few scattered monoribosomes, an 

Fig. 1.11 Normal blood showing two lymphocytes and one neutrophil. 
Note one has a small number of azurophilic cytoplasmic granules. 
May–Grünwald–Giemsa stain. × 1000. 

Fig. 1.12 Ultrastructural appearance of a normal lymphocyte from an 
adult. Uranyl acetate and lead citrate. The lymphocyte has a high 
nucleus : cytoplasm ratio, a rounded nuclear outline and large quantities of 
nuclear-membrane-associated condensed chromatin. The cytoplasm lacks 
granules but has a few mitochondria and a few moderately long strands of 
rough endoplasmic reticulum. × 14 200. 



Blood and bone marrow pathology1

14

ligand on their surface; this reacts with Fas on the target cell 
surface resulting in apoptosis. When activated by peptides 
presented on class II MHC molecules, another subset of 
T-cells, the T-regulatory cells (Treg cells), produce IL-10 that 
inhibits TH1-mediated stimulatory effects on inflammation 
and TH2-mediated stimulatory effects on antibody synthesis; 
these effects operate towards the end of an immune 
response.36 A further subset of T-cells, TH17 cells, is located 
near the skin and mucosal surfaces and when activated these 
produce TGF-β and IL-21 and eventually IL-17.37 The anti-
bacterial effects of TH17 cells are mediated via the secretion 
of defensins and the attraction of neutrophils to the site of 
inflammation. Lymphocytes that are neither B-cells nor 
T-cells also exist. These were originally called null cells  
but are now called NK (natural killer) cells; they have the 
appearance of large granular lymphocytes.38 NK cells lack 
antigen-specific receptors but have NK receptors that have  
an innate capacity to recognize virus-infected and tumor 
cells with low expression of class I MHC molecules, and kill 
such cells by exocytosis of perforin and granzymes. They also 
secrete the antiviral cytokine IFN-γ and the proinflammatory 
cytokine TNF-α.

IFN-γ which in turn stimulates TH1 cells to secrete the inflam-
matory cytokines TNF-β and IFN-γ. These cytokines activate 
macrophages, thus promoting the killing of intracellular 
pathogens such as Mycobacterium tuberculosis, and also attract 
leukocytes. When activated by antigen fragments on den-
dritic cells, TH2 cells produce cytokines such as IL-4 that 
affect growth and differentiation of B-cells (promoting the 
synthesis of antibody, including IgE), IL-13 that promotes 
IgE synthesis and recruits and activates basophils, and IL-5 
that recruits and activates eosinophils. In this way they are 
involved in killing extracellular pathogens. After reaction 
with specific peptide antigens on class II MHC molecules, 
some CD4-positive T-cells may function directly as cytotoxic 
cells.35 TC cells are CD8-positive, inhibit the functions of 
other lymphocytes and also have cytotoxic capability against 
malignant or virus-infected cells. They react with and are 
activated by peptides presented with class I MHC molecules 
on the abnormal cell. Activated TC cells acquire azurophilic 
cytoplasmic granules (lysosomes) containing perforin that 
forms pores in the target cell membrane and granzymes 
(serine proteases) that enter the cell via the pores and 
mediate target cell apoptosis. They also express more Fas 

Table 1.6 Some characteristics of T- and B-lymphocytes33

T-lymphocyte B-lymphocyte

Characteristics T-cell receptor associated with CD3 Surface membrane immunoglobulin (SmIg)

Form rosettes with sheep red blood cells Receptors for complement components C3b, 
C3d, C4

Surface antigens CD2, CD5, CD6, CD4/CD8 Receptors for Fc end of immunoglobulin 
molecule in immune complex or in aggregated 
immunoglobulin (FcR)
Surface antigens CD19, CD20, CD22
Receptors for Epstein–Barr virus

Origin Derived from lymphoid stem cell initially 
detectable in fetal liver and subsequently in bone 
marrow; develop under the influence of thymic 
epithelium

Derived from a lymphoid stem cell initially 
detectable in fetal liver and subsequently in 
marrow

Relative distribution Blood 70% 20–30%

Bone marrow 70% 15%

Lymph node 75% 25%
Paracortical distribution; medullary sinuses Follicles; medullary cords

Lymph 75% 25%

Spleen 50% 50%
Periarteriolar lymph sheath Follicles; marginal zone between T zone and red 

pulp

Function Cellular immunity (e.g. against viruses, fungi, 
low-grade intracellular pathogens such as 
mycobacteria)
Graft rejection
Tumor rejection
Delayed hypersensitivity
Interaction with B-cells in production of antibodies 
against certain antigens
Suppression of B-cell function
Production of eosinophilia

Maturation into plasma cells for the production 
of antibodies (immunoglobulin)



Normal blood cells

15

during activation, the microtubules break their connections 
with the cell membrane and contract inwards; the platelet 
granules also become concentrated at the center of the cell. 
The cell membrane of the resting platelet is extensively 
invaginated to form a surface-connected open canalicular 
system. This canalicular system provides a large surface area 
through which various substances, including the contents of 
platelet granules, can be released to the exterior via multiple 
openings in the cell membrane. It is thought that the con-
traction of the microfilaments during platelet activation 
brings the platelet granules close to special areas of this 
canalicular system which are capable of fusing with granules. 
The contraction of microtubules may also play a role in this 
process. The platelet also contains a specialized form of 
endoplasmic reticulum known as the dense tubular system, 
elements of which are found adjacent to the bundle of 
microtubules and in between the invaginations of the open 
canalicular system. This system is the main site of synthesis 
of thromboxane A2 which plays an important role in the 
reactions leading to the release of the contents of platelet 
granules. In addition, the dense tubular system contains a 
high concentration of calcium ions when compared with 
that elsewhere in the cytoplasm and may regulate the activity 
of several calcium-dependent reversible cytoplasmic proc-
esses such as the activation of actomyosin, depolymerization 
of microtubules and glycogenolysis.

There are four types of platelet granules (Table 1.7):

1. Dense bodies (δ granules) are very electron-dense, 
usually show a bull’s eye appearance because of the 
presence of an electron-lucent zone between the central 
electron-dense material and the limiting membrane 
and contain the storage pool of adenosine diphosphate 
(ADP) and ATP which is concerned with secondary 
platelet aggregation. They also contain calcium and 
adrenaline as well as 5HT (which causes both 
vasoconstriction and platelet aggregation).

TH lymphocytes regulate normal hemopoiesis including 
eosinophil granulocytopoiesis and erythropoiesis.39 Further-
more, abnormalities in T-cell subpopulations seem to play a 
role in the pathogenesis of the cytopenias in some cases of 
aplastic anemia, pure red cell aplasia associated with chronic 
lymphocytic leukemia and chronic idiopathic neutropenia 
(Chapters 17 and 28).

Platelets

Morphology and composition

Platelets are small fragments of megakaryocyte cytoplasm 
with an average volume of 7–8 fl.40,41 When seen in 
Romanowsky-stained blood smears, most platelets have a 
diameter of 2–3 µm. They have an irregular outline, stain 
light blue and contain a number of small azurophilic gran-
ules that are usually concentrated at the center (Fig. 1.1). 
Newly formed platelets are larger than more mature ones 
and have a higher mean platelet volume (MPV).

Electron microscope studies have revealed that non-
activated (resting) platelets are shaped like biconvex discs, 
have a convoluted surface and contain mitochondria, gran-
ules, two systems of cytoplasmic membranes (a surface-
connected canalicular system and a dense tubular system), 
microfilaments, microtubules and many glycogen molecules 
(Fig. 1.13). The discoid shape is actively maintained by a 
cytoskeleton consisting of many short contractile microfila-
ments composed of actomyosin and an equatorial bundle 
of microtubules composed of tubulin. The microfilaments 
are situated between various organelles and may be attached 
to specific proteins at the inner surface of the cell membrane. 
In addition to maintaining cell shape, the microfilaments are 
probably involved in clot retraction. The equatorial bundle 
of microtubules is situated in an organelle-free sol-gel zone 
just beneath the cell membrane and appears to be connected 
to this membrane by filaments. When platelets change shape 

Fig. 1.13 Electron micrograph of a platelet sectioned in the equatorial 
plane showing the circumferential band of microtubules. Many electron-
lucent vesicles belonging to the surface-connected canalicular system, a few 
mitochondria and some platelet granules (including one dense body) can 
be seen. The dense tubular system is present between the vesicles of the 
surface-connected canalicular system, but is only just visible at the present 
magnification. Uranyl acetate and lead citrate. × 20 000. 

Table 1.7 Characteristics of the four types of platelet granules

Granule Contents Appearance

Dense bodies 
(δ granules)

Serotonin, calcium, 
storage pool of ATP and 
ADP, pyrophosphate

Very dense, may 
have ‘bull’s eye’ 
appearance

α granulesa β-thromboglobulin, 
platelet factor 4, 
platelet-derived growth 
factor, fibrinogen, 
fibronectin, factor-VIII-
related antigen (vWF), 
thrombospondin

Less electron-dense 
than dense bodies

Lysosomal granulesa 
(λ granules)

Acid phosphatase, 
cathepsin, β-
glucuronidase, 
β-galactosidase, 
arylsulphatase

Less electron-dense 
than dense bodies

Peroxisomes Catalase Smaller than α and 
λ granules

aDistinguished from each other by ultrastructural cytochemistry.
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