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CHAPTER 12

Evaluation and Prediction of Chemical

Toxicity using Haematopoietic Cell
Renewal Systems

T.M. FUEDNER, H. HEIT AND G. PABST

12.1 INTRODUCTION

Some 200 billion red cells, 120 billion granulocytes, 20 billion lymphocytes and 150
billion platelets are lost from the blood stream every day by migration and/or
removal (Fliedner et ai., 1976). For each cell lost, another will enter the blood
stream from extravascular storage and/or production sites to maintain a steady state
equilibrium. Under these circumstances, health is maintained; if the balance be-
tween cell production and removal is disturbed, health is impaired. A reduction in
the red cell concentration in the blood affects the oxygen supply to the brain, the
heart, and other vital organs. If granulocytes and/or lymphocytes reach critically low
levels, or if their quality is impaired, then specific or non-specific defence mechan-
isms will fail, leading to an increased risk from infectious diseases. In the case of
thrombocytopenia (low platelet count), bleeding episodes may occur as well as other
haemostatic problems. Thus, it is evident that blood cell renewal and the mainten-
ance of a steady state equilibrium is of vital importance for health.

The haematopoietic organs are readily affected by a wide variety of chemicals.
Wintrobe (1981) listed 317 drugs and other chemicals that have been reported to
cause blood dyscrasias. It is expected that there are many more chemicals that could
affect the haematopoietic cell renewal system. It is, therefore, understandable that
examination of the 'blood picture' is one of the routine procedures performed in the
health surveillance of workers exposed to infectious, chemical, or physical agents
(including ionizing radiation) and that haematological studies form an essential part
of the testing of chemicals which are to be used in industry and by the public.

The aim of this chapter is to review present knowledge on the functional structure
and regulation of haematopoietic cell renewal systems and to examine various
testing strategies using these systems for the safety assessment of chemicals.
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12.2 HAEMATOPOIETIC CELL RENEWAL SYSTEMS

The elements of a haematopoietic cell renewal system are shown schematically in
Figure 12.1. This scheme is relevant for the erythrocytic, granulocytic, and, to a
certain extent, the megakaryocytic series. In lymphopoiesis, there are distinct dif-

ferences due to the fact that lymphocytes do not represent a homogeneous popu-
lation of cells either functionally or kinetically (Stutman and Good, 1972).
Furthermore, lymphocytes in blood are by no means 'end cells' but represent only a
stage in the life cycle of this cell type and are on their way to recirculate and to
eventually start a new proliferative cycle under appropriate conditions.

Bone marrow is a major site of haematopoiesis but other organs are also involved;
for example, the spleen is an important site of haematopoiesis in mice, but less so in
rats and hardly at all in dogs. Replacement of cells lost from the blood depends on
the active function of a pool of precursor cells that undergo a series of catenated cell
divisions thereby multiplying their numbers. The erythrocyte originates from what
one may describe as a proerythroblast, passing through the stages of makroblast, a
basophilic, polychromatic, and orthochromic normoblast which then discards its

nucleus to became a reticulocyte. The ganulocytic series of white blood cells origin-
ates from a myeloblast and passes through the stages of a large and small myelocyte
which undergoes a final mitosis and becomes a metamyelocyte which matures into a
band and segmented cell capable of entering the peripheral blood. In the case of
blood platelets, proliferation and maturation of the precursors occur within one cell,

the megakaryocyte. This so-called 'giant cell' is polyploid and may contain up to 32
cell nuclei depending on its state of maturity. The platelets are cytoplasmic extru-
sions of a megakaryocyte. Each megakaryocyte may produce up to 4000 platelets in
this manner.
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Figure 12.1 Elements of a cell renewal system (schematic representation).
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Infonnation concerning the average life-span of major blood cell types and their
precursors are given for some laboratory animals in Table 12.1. Clearly there are
species differences which one must be aware of in order to interpret toxicity data
correctly. For details of species differences, the reader is referred to other texts
(Jacobson and Doyle, 1962; Whipple, 1964; Bond et al., 1965; Paulus, 1971;
Pietschmann, 1972; Gordon et al., 1972; Schalm et al., 1975; Theml and Begemann,
1975; Quesenberry and Levitt, 1979).

The balance between the production and destruction of blood cells depends upon
the functioning of the stem-cell pool. Stem cells possess an unlimited, self-
replicative potential and are susceptible at the same time to respond to specific
stimuli with cellular differentiation. According to the model represented in Figure
12.1, the various cellular elements in blood originate from a common pluripotent
stem cell. The stem cells have the capacity to differentiate - after specifichonnonal
stimulation - into cells capable of producing erythrocytic, granulocytic or mega-
karyocytic cells. Erythropoietin is accepted to represent the stimulus that will trigger
haemoglobin synthesis in a stem cell and thus convert it to a morphologically
identifiable red cell precursor. Along the same line of thinking, one can predict the
existence of a 'granulopoietin' and a 'thrombopoietin' which cause stem cells to
develop into granulocytic or megakaryocytic precursor cells, respectively.

Stem cells cannot be identified morphologically in cell smears, histological sec-
tions, or by cell membrane markers. They are indistinguishable from cells usually
identified in cell suspensions as 'lymphocytes'. Stutman and Good (1972) pointed

Table 12.1 Main parameters of haemopoietic systems

Man Dog Rat Mouse

(a) Granulocytopoiesis:
marrow transit time 8-13d 4-5 d 4d
t> in blood 6-7 h 6h 8-12 h
numbers (103/mm3blood) 4.4 8.8 3.5 1.6

(b) Erythropoiesis:
marrow transit time 4-7 d 2d
life-span in blood 120 d 110d 65 d 45 d
numbers (106/mm3blood) 5.1 6.3 8.0 9.6

(c) Thrombopoiesis:
marrow transit time 4-lOd 2d
t> in blood 9.5 d 4d

numbers (103/mm3blood) 260 320 1000 1100

(d) Blood volume (mVkg) 74 94 64 78

Commentary: Approximate numbers only. for more information see Bond et al. (1965), Shalm et
at. (1975).
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out that some of their 16 sub-types of lymphocytes seem to possess stem-cell
characteristics.

The microecology of the haematopoietic cell systems is also important. It is well
appreciated that the day-to-day maintenance of a constant blood cell number by life-
long replication and differentiation of stem and/or progenitor cells in the
haematopoietic tissue is the result of a functioning interaction between
haematopoietic cells and their 'microenvironment'.

The microenvironment is of great importance in the regulation of the homeostatic
mechanisms that guarantee the physiological steady state of haematopoietic cell
renewal. During embryogenesis, haematopoiesis is initiated by the seeding of appro-
priate stem cells into a cellular microenvironment capable of inducing, maintaining,
and regulating haematopoietic cell replication, differentiation, proliferation, and
maturation (Kelemen et ai., 1979). All haematopoietic organs are, in essence, com-
posed of two cell types: the stem cells and their progeny and the mesenchymal cells
and their progeny. The main cellular elements of the haematopoietic environment
are so-called reticular and endothelial cells. In addition, the microenvironment is
influenced by myelinated and unmyelinated nerve fibres and by intercellular sub-
stances (Fliedner and Calvo, 1978).11should be pointed out, however, that details of
the mechanisms that govern haematopoietic renewal are still largely unknown.

12.3 IN VIVO HAEMATOPOIETIC TEST METHODS

12.3.1 General considerations

There are a large number of end-points that can be used to determine the effects of
chemicals, in vivo, on the haematopoietic systems. These include changes in the

number of cells per unit blood volume, changes in the cellular composition of the
bone marrow, and changes in the number and characteristics of stem cells in marrow
or in the spleen of rodents. Metabolic changes (e.g. iron metabolism of erythrocytes)
are amenable to investigation, as are changes in the humoral factors in the blood.

Toxic effects that result in changes in the blood picture can affect it through
several different mechanisms. It is important, therefore, to consider how the ultimate
target is affected when interpreting the significance of the observation. A chemical
may affect only circulating red cells by inducing haemolysis. This is the case for
benzene, for example, which is known to shorten the life-span of red cells by
inducing increased haemolysis. Were this the sole effect (which it certainly is not),
increased haemolysis would result in an increased erythropoiesis, would stimulate
the stem-cell turnover and affect a variety of end-points commonly used (e.g. bone

marrow cell composition, 'suicidal fraction' of CFU-S, etc.).
Other compounds influence the release of mature granulocytes from the bone

marrow into the blood. When this occurs in rodents, granulocytosis is seen within

hours resulting in changes in the bone marrow precursor population. This has been
termed the 'stress reaction' of the bone marrow because it is a specific reaction of
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the bone marrow cell release mechanism that can be triggered by many factors
including ionizing radiation, corticosteroids, and cytotoxic agents.

Other substances, such as lead, mainly affect cell production or cell
differentiation/maturation in the bone marrow. Lead is known to interfere with

haemoglobin synthesis causing porphyria and also a haemolytic and sideroblastic
anaemia. Other compounds affect cellular proliferation. In the case of alkylating
agents, mitotically connected cell abnormalities may become evident in cell smears
and histological sections or in chromosomal preparations. This inefficient cell pro-
duction results in an increased recruitment of haematopoietic stem cells.

The 'microenvironment' that guarantees the maintenance of haematopoietic cell
renewal may also be the target of chemicals and thereby cause haematopoietic
effects. Very little systematic research has been done as yet to explore the usefulness
of 'microenvironmental targets' as end-points for the prediction of chemical tox-
icity. However, there is evidence that certain cytotoxic drugs not only affect cells
capable of proliferation but also the microenvironment (Haen et ai., 1980).

Methods for testing chemicals in the whole animal with respect to its haem a-
tological consequences require careful consideration of the choice of animal species.
The use of anyone animal species requires a full knowledge and consideration of
the physiological haematopoietic parameters of the species; these can be found in a
variety of reference works (Farris and Griffith; 1949; Spiegel, 1973; Schalm et ai.,
1975; Green, 1975; Benirschke et ai., 1978; Shifrine and Wilson, 1980).

12.3.2 Blood cell counts and smears

The simplest approach to testing chemical toxicity in laboratory animals is to
evaluate the effects on the circulating blood cells. An important decision to be made
is when to collect blood with respect to the time of administration of the chemical
compound. The time intervals of study depend on the life-span of the cells under
consideration. In mice, for example, the life-span of a red cell is about 44 days; of a
platelet, about four days; and of a granulocyte, about two days. If one wants to
carefully evaluate chemical toxicity to the granulocytic series, most of the blood
examinations should lie within the first three days. If longer intervals are chosen,
one may miss valuable information on cell changes that are of great importance for
analysing possible mechanisms of chemical toxicity. To study effects on
erythropoiesis, on the other hand, the time intervals may need to be longer if the red
cell concentrations are used as end-points. If, however, the number of reticulocytes
is used as an indicator of toxicity, then short time intervals of no more than 1-2 days
are necessary due to the short life-span of these cells.

While blood cell counting by ordinary methods is still the simplest and most
reliable way to evaluate the effects of chemicals on the haematopoietic system, it
requires the full knowledge of the relevant haematopoietic cell systems to under-

stand the meaning of observed effects and to interpret them. It is essential to express
the results of blood cell counting in absolute terms; one needs the absolute number
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of erythrocytes, reticulocytes, granulocytes, monocytes, lymphocytes and platelets
per mm3 blood.

Any systematic changes in cell numbers in the peripheral blood indicate the need
to examine the underlying pathophysiological mechanisms. This requires further
tests such as the examination of the bone marrow, or functional studies.

The morphological evaluation (and possibly cytochemical evaluation) of blood
cells in stained smears may be quite helpful. In the case of red cells, a classical sign
of increased cellular turnover is the 'basophilic stippling', as seen in lead poisoning
as a result of aggregation of ribosomes (Jensen et al., 1965; Albahary, 1972). In
addition, the shape of the red cell may indicate disturbances in red cell production,
maturation or turnover. In the case of granulocytes, cytological abnormalities such
as 'giant cells', 'pyknotic cells', or cells with mitotically connected abnormalities
(such as karyomeres or micronuclei) may be indicative of effects on granulo-
cytopoiesis. In the case of monocytes and lymphocytes, the trained observer will be
able to judge whether the cells are normal. If they are abnormal, additional tests to
investigate the underlying pathophysiological mechanisms may be required. Occa-
sionally, platelets may show abnormal form (giant platelets) in blood smears. Again,
in such a case, further studies are needed, directed towards the bone marrow.

In all cases, it is insufficient to rely on a single blood count; several, performed
over a period of time, are necessary. The number required depends on the end-point
used and should allow the investigator to observe the course of blood cell changes
during a period of 3-4 weeks following a single dose of a chemical. If a chemical is
administered continuously, a longer period of blood sampling is necessary and
blood counts should be continued until 3-4 weeks after the last dose of the
chemical.

12.3.3 Bone marrow studies

Haematological studies need not be confined to the peripheral blood cells. In all

laboratory animals used for toxicity testing, effects on bone marrow can be easily
studied serially. Two basic approaches are in common use: (1) examination of bone
marrow smears; and (2) histological examination of bone marrow sections. Long
experience and skill is required to procure bone marrow samples of high quality
(aspirates or preparations using marrow from the shaft of long rodent bones) and to
prepare smears that can be evaluated reproducibly. Stained smears allow identifica-
tion of cell types and, in particular, cytological abnormalities characteristic of
cytotoxic effects (such as giant cells, bi- or multi-nucleated cells, cells with micro-

nuclei or karyomeres), or that allow one to predict metabolic alterations (distur-
bances or nuclear-cytoplasmic relationships such as 'megaloblasts'). If systematic
blood cell changes are observed after the administration of a chemical, the bone
marrow smear gives information as to the possible mechanisms. Increased
haemolysis in the peripheral blood will result in a definite shift in the ratio of
granulocytic to erythrocytic precursors and there will be a high degree of
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erythropoietic proliferation. A granulocytopenia of the blood may be indicative of
haematopoietic failure that would be reflected in a hypocellular marrow smear with
a relative lack of haematopoietic cells and an over-representation of lymphocytic/
plasmacytic elements.

Parameters to be measured include 'bone marrow differential cell count' (based

on at least 1000 cells), the relative distribution of erythropoietic cells capable of

division (stages EI-E4 cells) compared with those not capable of further division
and of myelocytic cells that may still divide (stages MI-M4) in relation to non-
dividing, maturing cells (stages M5-M8). Changes in these relations are indicative
of increased or decreased proliferative activity and may point out cases of increased
inefficient cell production seen after exposure of the marrow to some chemicals.

It should be noted that the different mammalian species have their own specific

bone marrow cytology. For example, granulocytic precursor cells in mice and rats
are characterized by 'ring-shaped' nuclei; dog marrow shows round-shaped or
sausage-shaped nuclei. Thus, the use of bone marrow smears to judge chemical
toxicity requires special training in the evaluation of preparations of a particular
animal species.

Histological techniques are particularly valuable to study the toxic effects of
chemicals to the bone marrow. However, only the examination of 'semi-thin-

sections' (prepared from marrow embedded in plastic (e.g. methacrylate) and cut
with special microtomes) give sufficiently useful information. With such 'special
histology', it is possible to now examine the haematopoietic precursor cells in
relation to the microarchitecture of the marrow.

One can observe the condition of the sinusoidal structure and the integrity of the
bone marrow microcirculation. Chemicals such as hydroxyurea produce, within
hours of exposure, severe alteration of the sinusoidal structure in mice, resulting in a
severe marrow haemorrhage. Then, after several days, it is possible to observe the
regeneration of the marrow commencing with normalization of the structure and
proliferation of very early precursor cells (stem cells). The bone marrow cellularity
is easily quantified although bone marrow cellularity is not necessarily indicative of
the picture in the whole animal since, under stress situations, haematopoiesis may
shift to bones usually not haematopoietically active or even to other organs like the
spleen or liver.

Electron microscopy is valuable in evaluation of the pathophysiological mechan-
isms involved in the action of cytotoxic or metabolically active chemicals.
However, this technique is time-consuming and requires special methods and
experience; it does not lend itself to routine toxicity testing.

12.3.4 Functional test systems

For screening purposes, examination of blood cell changes and bone marrow cell
changes is sufficient to rapidly and easily detect the effects of chemicals on
haematopoietic cell renewal. In certain circumstances, however, it may be necessary
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to evaluate the haematopoietic potentialities in more detail after single or chronic
exposure to chemical compounds. The use of functional test systems aims at obtain-
ing information on the kinetic parameters of haematopoietic cell renewal systems.
These methods can also be used to estimate the degree of functional impairment
after exposure to chemicals has been discontinued or during continuous low level
exposure.

The life-span of circulating red cells can be studied by in vitro labelling with a
suitable radioactive marker (e.g., 51Cr) and determination of their disappearance rate
after reinfusion. Increased haemolysis can be investigated quantitatively with this

approach. Similarly, granulocyte and lymphocyte life-spans can be measured by
collection of cells from the blood and in vitro labelling by means of DF32P or 3H-

cytidine, respectively, prior to reinfusion and measurement of the disappearance rate
from the blood stream. The survival of blood platelets can be measured by use of 35S
as a marker.

With such methods, subtle alterations in cell function can be demonstrated and

quantified. Because blood has to be collected repeatedly from the same animal, large
animals are usually used in applying these methods.

Several methods are available and useful for specific pathophysiological inves-
tigations into bone marrow cell function. One widely used test uses radioactive iron
to label red cells. Radioactive iron is readily taken up by erythroblasts of the bone
marrow during the formation of globin. The rate of increase of radioactively labelled
red cells in blood is used as a measure of the turnover rate. This technique was used

by Lee et aZ. (1974) to study the effects of benzene exposure in mice. In haemolytic
conditions, the rate of uptake is increased due to a more rapid cell turnover. The use
of radioactive iron has also proved useful in investigations of altered iron metabol-
ism (e.g. Colli Franzone et aZ., 1979).

Tritiated thymidine has been used to study cell renewal characteristics of
haematopoietic bone marrow cells. In the study of chemical toxicity to bone mar-
row, one may evaluate the fraction of DNA-synthesizing cells, the generation times
of different blood cell precursors, as well as transit times of cells through the
different compartments of cell renewal systems before, during and after chemical
exposure. It is, however, a time-consuming technique requiring autoradiography.

The fraction of DNA-synthesizing cells, as a measure of cellular toxicity of
chemical compounds, can be more easily determined by flow-cytophotometric tech-
niques as used in the study of leukaemia patients after cytoreductive therapy. As a
consequence of this therapy, the relative number of remaining cells in the' S-phrase'
may well be increased (Buchner, 1974).

Evaluation of the influence of chemicals on the stem-cell pool is of considerable

importance in chemical toxicity studies. Stem-cell assay systems have been de-
veloped for many laboratory animal species. Till and McCulloch (1961) first de-
veloped the spleen colony assay system in mice which allowed the study of 'CFU-S'
(colony forming units in spleen) that were shown to be proportional to the number
of pluripotent stem cells in a given suspension of haematopoietic cells. Today, the
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'CFU-S' assay system is probably the most widely used short-term in vivo toxicity
test system for predicting haematological effects.

This basic method-the so-called 'Till and McCulloch Spleen Colony Assay'-
can and has been successfully employed to study stem-cell toxicity of chemicals.
Bruce et al. (1966) demonstrated clearly that there are some chemical compounds,
such as some of the alkylating agents, that injure even resting stem cells while other
compounds, such as hydroxyurea, harm only stem cells that are in cell cycle. These
authors demonstrated a significant depletion of bone marrow colony forming units
(CFC) after exposure of mice to benzene via inhalation. Thus, it is evident that the
Till and McCulloch assay may well be applicable to the demonstration and study of
chemical toxicity to the most vulnerable elements of haematopoiesis, the stem cells.
Care must be taken, however, to distinguish between toxic effects on the stem cells
and those attributable to chemical impairment of the function of the haematopoietic
microenvironment. Frash et al. (1976) provided evidence that the exposure of mice
to benzene impairs the microenvironment of the haematopoietic stem cells and may
not affect the stem cells directly.

Nevertheless, examination of stem-cell function after exposure of animals to toxic
chemicals is a very powerful tool to study haematotoxicity.

12.4 IN VITRO TEST SYSTEMS

In the past 20 years, enormous efforts have been put into the characterization of the
'committed' progenitor cells in in vitro culture systems. Bradley and Metcalf (1966)
and Pluznik and Sachs (1965) pioneered the concept that one can 'plate'
haematopoietic cells in a petri-dish containing agar or methylcellulose semi-solid
medium, add certain stimulating factors to them, and incubate the culture under
appropriate conditions for 1-2 weeks. Depending on the culture conditions these
cells develop into cell line specific 'colonies' of erythroblasts (CFU-E, BFU-E),
granulocytic/monocytic cells (CFU-GM), or megakaryocyte cells (CFU-MEG).
More recently, it has been possible to grow 'mixed colonies' containing erythrocy-
tic, granulocytic as well as megakaryocytic cells. Such colonies are believed to
originate from very immature stem cells, perhaps from pluripotent stem cells (the
cells of origin for all haematopoietic cell lineages). Dexter and Lajtha (1974)
showed that pluripotent stem cells of mice could be maintained in vitro for several
weeks by plating them on to an appropriate 'feeder layer' that was designed to
simulate the haematopoietic microenvironment of the blood cell-forming organs.

The reader is referred to Smith (1975) for a detailed review of in vitro test

systems that may be or have proved to be relevant for predicting certain types of
chemical toxicity.

There are two primary approaches to in vitro testing for chemical haematot-
oxicity. One approach is to test blood-derived cells (such as red cells, granulocytes,
or platelets) for certain functions (osmotic fragility of red cells; metabolism of red
cells; mobility or phagocytosis of granulocytes; spreading properties of platelets).
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These in vitro tests of cell metabolism and function were originally developed to
characterize metabolic properties of blood cell types and should prove useful for
monitoring certain types of chemical toxicity. They allow conclusions to be drawn
with respect to chemicals causing metabolic or functional changes and their dose-
response relationships.

The second approach is to examine chemicals for their ability to impair the
proliferative potentialities of cells or to alter the differentiation properties of pro-
genitor cells. The basic in vitro technique to study the various progenitor cell
populations from mice and other animals (including man) has been described by
Metcalf (1977). In essence, bone marrow cell suspensions of mice exposed to toxic
chemicals are prepared and cultured in vitro at various times after onset of exposure
using appropriate conditions for stimulation. Thus, after some days, the culture
dishes may be scored for colonies comprised of haematopoietic precursor cells of
various types (erythropoietic, granulopoietic, megakaryocytic or mixed).

Substances such as benzene influence the growth of haematopoietic cells in vitro

when they are added to the culture medium. Frash et al. (1976), for example,
incubated mouse bone marrow cells in a homologous serum to which benzene was
added. These authors found that the efficiency of colony formation was not altered
and concluded that any effect of benzene on stem cells is probably due to an effect
on the haematopoietic microenvironment of the marrow. This approach may well be
useful in the future to detect effects caused by chemical agents on the replication
and differentiation of multi- or pluripotent stem cells.

The effects of chemicals on chromosomes and the observation of chromosomal

aberrations can also be studied in vitro. These tests were originally developed to
study the effects on cell proliferation in vitro using irradiated cells. Lymphocytes
from the peripheral blood, stimulated in vitro by means of phytohaemaglutinine,
undergo mitosis within 48 to 72 hours. If these cells are exposed to ionizing radia-
tion before being placed in culture, they exhibit chromosomal aberrations and/or
'micronuclei' (Bajerska and Liniecki,-1969; Countryman and Heddle, 1976; Virsik
et al., 1977; Hori and Nakai, 1978). In a similar way, one may use the in vitro

growth characteristics of lymphocytes in culture to examine the sensitivity of this
growth to chemicals. Possible end-points are the number of cell progeny produced
within a fixed time period, the development of micronuclei, or the development of
chromosomal aberrations.

12.5 EXAMPLES OF HAEMATOTOXIC COMPOUNDS

12.5.1 Benzene

Benzene interferes with cell division and maturation. Speck and co-workers showed
that DNA synthesis is impaired at the maturation levels of E3 and E4 cells
(basophilic and polychromatophilic erythroblasts) (Speck et al., 1966). The 59Fe
incorporation method was used by Lee et al. (1974) following subcutaneous injec-
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tion of benzene to show direct effects on all nucleated erythropoietic cells (El to
E5). Pollini and Columbi (1964) described chromosomal aberrations which are
another expression of the damage this substance does to nucleic acids. It is also
known that benzene damages the haematopoietic stem cells (Frash et at., 1976,
Uyeki et at., 1977).

It may ,be that the decrease of erythrocytic and granulocytic progenitor cells in
rabbit blood observed by Speck et at. (1966) was due to microecological effects of
benzene, liberating inhibitor substances from 'adherent' cells (see also Frash et at.,
1976). One day following benzene inhalation by mice, Uyeki et at. (1977) observed
a decrease of granulocytically-committed progenitor cells without an effect on the
total marrow cellularity. This finding could be explained as a direct cytotoxic effect
of benzene on stem cells; equally, it can be explained with the assumption that there
is an influence on the stem-cell microenvironment promoting inhibition of stem-cell
replication.

12.5.2 Lead

Lead affects the haematopoietic system in a different way to benzene. In this case,
neither the stem cells nor the synthesis of nucleic acids are affected per se.
However, there is ample evidence that the membranes of circulating red cells are
injured and that their life-span is shortened. The resulting haemolysis provokes an
increase in the proliferative activity of the immature red cell precursors in the bone
marrow (i.e. erythroblasts EI-E5), but lead also affects haem synthesis as well as
globin synthesis so that premature death of nucleated red cell precursors in the bone
marrow also occurs. In turn, this triggers an increase in stem-cell replication and
differentiation in order to compensate for the decreased effectiveness of
erythropoiesis. Brookfield (1928) showed that the administration of lead to human
beings resulted in an initial decrease of erythrocytes in the blood (increased
haemolysis) followed by reticulocytosis as well as basophilic stippling of red cells, a
sign of ineffective erythropoiesis. Griggs (1964) published data on the appearance
and disappearance of coproporphyrins and 5-amino-levulinic acid in the urine after
oral lead administration; it takes about 5-6 days in man before these biochemical
parameters start to increase. This may be taken as an indication that lead accumu-
lates in the marrow before haemoglobin synthesis is disturbed.

12.6 SIMULATION MODELS

Simulation models are useful for predicting the potential influence of single or chronic
exposures either to a single chemical, or to a mixture of chemicals. It is assumed that

the haematopoietic system will attempt to compensate for injury to anyone compo-
nent by changes that will result in the number of cells in the functional pool (usually
blood) being maintained. Except in those cases where the dose is sufficiently high that

the primary toxic effect (e.g. haemolysis) causes death, the ability of the stem cell pool
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to compensate for cell loss by increased production becomes the limiting factor. This

is, in turn, dependent upon the number of unaffected stem cells and their ability to
function through replication and differentiation; this may be affected also by the
influence of chemicals on the microenvironment.

A simulation model of erythropoiesis in a mouse, using all known cell parameters
of the mouse, has been developed (Fliedner et al., 1982; Pabst, 1984). In this model
it is assumed that a defined number of red cells is lost (and needs to be replaced) per
unit time. It is then possible to assume increased cell loss rates in the different
compartments of the cell renewal system and to compare the simulated effects with
biological observations. In Figure 12.2 (upper panel) it is assumed that a substance
A (for instance, lead) primarily damages the circulating red cells resulting in in-
creased demands on the proliferation and maturation pools. After a time, a second
substance B (for instance, benzene), which has different targets, is added. In the
lower panel of Figure 12.2, substance B is given first followed by substance A.
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Figure 12.2 Changes in erythroid cell numbers provoked by noxious substances (model
simulation). Upper panel: exposure to substance A followed by substance A + B; lower
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Exposure to substance A results first in a decline of red cells as a consequence of
increased haemolysis. This causes an increase in erythroblasts of the bone marrow
and a decrease of the stem cell flux. The erythroblasts are then damaged by inter-
ference with haemoglobin metabolism and this causes a further increase in erythro-
blast turnover. If substance B is added (affecting proliferation of erythroblasts and
stem cells) then there is a sudden decrease of stem cells and erythroblasts, causing
the red blood cells to decrease further. If one reverses the experiment (see Figure
12.2, lower panel), then there is first an effect on stem cells and erythroblasts,
causing a decline of the mature red cells in the blood. If substance A is added-
causing an increase in haemolysis-then there is a further decline of red cells, but
the erythroblasts cannot respond with increased proliferation, nor can the stem cells
make up for the increased cell loss.

Each chemical, in so far as haematopoietic effects are concerned, must be con-
sidered in relation to its action on the different elements of cell renewal systems.
Direct effects on cells or their metabolism will result in compensatory feedback
causing other parts of the system to respond (indirect action). Simulation models
based on these principles are useful in predicting the ability of haematopoietic cell
systems to tolerate single or chronic exposure to one or more chemicals.

12.7 SUMMARY

Different chemicals affect haematopoietic cell renewal systems in different ways.
The cause of the resulting disease state depends on which cells of the system are
affected and how they are altered. It is important to realize also that haematopoietic
cell renewal systems may tolerate cytotoxic injury provided the stem-cell pool is not
reduced to a level from which a spontaneous recovery becomes impossible. If the
life-span of cells is shortened, if the rate of destruction of cells is increased, or if
qualitative changes of cell function occur, then these effects cause an increase in cell
production in order to compensate for overall cell loss to assure a sufficient level of
circulating blood cells. However, irreversible injury to stem cells eventually results
in a breakdown of the haematopoietic systems.

In most toxicity studies, mice or rats are used to provide initial information
concerning the toxicity of a chemical, including effects on haematopoietic end-
points. Mice are preferred because of the possibility to study all end-points from the
mature blood cells to the most immature, but, nevertheless, highly sensitive pluripo-
tent stem cells. If larger animals are used, they have many advantages (large blood
volume for sampling, haematopoiesis more comparable to that of man, etc.) but they
are much more expensive.

Results from haematological studies in laboratory animals may be used to predict
possible chemical toxicity in human beings because human haematopoietic cell
renewal systems are similar in their principal structure and function to those of

laboratory animals. However, care must be taken in the interpretation of observed
changes; for example, it would be misleading to predict the time of maximum
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depression of the white cell count in man based on a study of this effect in mouse in
response to administration of a certain chemical. The basic mechanisms that are
operative in each species must be considered. However, if such factors are taken
into consideration, a predictive analysis is possible.

The study of circulating blood cells will reflect direct chemical effects on these
cells-at least during the initial period after exposure. In this sense, the relatively
long-lived red cells should receive the highest degree of attention. Haemolysis is a
well-known effect; on the other hand, the oxygen-carrying capacity of red cells is
also very sensitive (e.g. following exposure to carbon monoxide). In contrast,
changes in granulocytes or platelets more probably reflect effects on the bone
marrow precursor pool.

To be most useful, all blood cell changes (increase or decrease or metabolic
differences) that occur within four weeks of the administration of the chemical

should be observed. Cytological and histological examinations of bone marrow may
be considered a second step in chemical toxicity evaluation. This step might have to
be followed by a third step involving the use of functional studies. These are much
more expensive, time-consuming and require sophisticated methods. Studies using
radionuclides may be necessary to characterize metabolic effects (e.g. iron metabol-
ism, nucleic acid metabolism).

In vitro test systems are useful but have severe limitations. One can expect that
blood or bone marrow cells will be injured or damaged by almost any chemical if it
is given in a sufficiently high dose. Nevertheless, the end-points available for in
vitro studies (specific cell suspensions of red cells, granulocytes, platelets, etc.) can
be used to test certain types of toxicity (metabolic, functional, etc.). In addition,
modem haematological cell culture systems (for stem as well as for progenitor cells)
will help to identify certain detrimental effects of the chemical on proliferation and
differentiation, as well as their mechanisms.

More research is needed in the field of haematotoxicology. Systematic investiga-
tions should be carried out in order to evaluate which haematological end-points
may be most relevant. But, in general, it may be concluded that haematology offers
a wide range of suitable test systems to predict the type of cellular damage that may
be inflicted by chemicals.
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