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Abstract. Benzo[a]pyrene (BaP) has been reported to exert
a differential effect on murine hematopoiesis that is mouse
strain specific. Interpretation of these results based solely
- on experimental data is restricted and leaves important
questions unanswered. Therefore, a mathematical model of
murine hematopoiesis was applied in order to: (1) identify
the targets of BaP, (2) quantify the damage to target cells
and (3) based on these results, interpret differences in
strain susceptibility. Model analysis of the hematopoietic
response of D2 and BDF mice to a daily oral administra-
tion of 125 mg/kg BaP showed that proliferating hemato-
poietic cells are the targets of BaP. Within this group it was
found that; (a) erythropoietic cells were the most suscepti-
ble to BaP, (b) granulopoietic cells showed a susceptibility
half that of erythropoietic cells and (c) the susceptibility of
stem cells ranged between that of erythropoietic and
granulopoietic cells. This damage pattern was the same for
both strains, indicating that the difference between the
strains was quantitative. As cell destruction rates were
about 3-fold higher for D2 than BDF) mice, it was con-
cluded that D2 mice were about three times as susceptible
to BaP as BDF; mice. The study showed that the mathe-
matical model, in addition to experimental methods,
provided an efficient tool for the analysis of BaP hemato-
toxicity.
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Introduction

Benzo[a]pyrene (BaP) is a ubiquitous polycyclic aromatic
hydrocarbon (PAH) that exhibits a wide range of adverse
toxicologic effects in animals as well as humans. Numer-
ous studies have described its carcinogenic, mutagenic and
teratogenic potency (reviewed in IARC 1983; Nebert
1989; Collins et al. 1991).

In general, BaP-mediated toxicity is paralleled by Ah
responsiveness, with bone marrow toxicity being an im-
portant exception: Ah-responsive mice have a greater sus-
ceptibility to benzo[a]pyrene-initiated subcutaneous sar-
comas than non-responsive mice but they are extremely
resistant to oral benzo[a]pyrene-induced hematotoxicity
(Nebert et al. 1977; Nebert and Jensen 1979). Anselstetter
and Heimpel (1986) performed a detailed study on the
evolution of BaP-induced hematopoietic changes in
C57Bl/6 x DBA/2 (BDFi) and DBA/2 (D2) mice. They
found that a daily oral dose of 120 mg/kg BaP led to
marked changes in hematopoiesis in D2 mice, i.e. severe
decreases of pluripotent stem cells as well as erythropoietic
and granulopoietic precursor cells. BDF] mice also showed
marked changes in stem cells and erythropoietic precur-
sors; however, the overall decreases were less pronounced
and there were no significant changes in granulopoietic
precursors.

Even though the basis for the strain-dependent differ-
ence in BaP-induced hematotoxicity was identified by Ne-
bert and co-workers to be the result of genetically deter-
mined effectiveness of first pass elimination (Nebert et al.
1977, 1980; Legraverend et al. 1983), the available hema-
tological data still leave important questions open. First, 1s
it possible to identify the hematopoietic targets of BaP? Is
it correct to conclude that whereas stem cells, erythro-
poietic and granulopoietic cells were destroyed in D2 mice,
in BDF; mice granulopoietic cells were not destroyed by
BaP? Second, to what extent do changes in cell number
reflect treatment-dependent cytotoxicity and to what extent
do they reflect treatment-induced compensatory mecha-
nisms? And finaily, is it possible to quantify cell distruc-
tion rates in different cell stages?
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Fig. 1. Structure of the model: granulopoiesis and erythropoiesis are
descendent from stem cells (CFU-S). Thrombopoiesis is net considered.
Hematopoiesis is regulated by three types of feedbacks. Feedback L
autoregulation of stem cells. Feedback II: intramedullary feedback from
erythropoietic and granulopoietic bone marrow cells to CFU-8, BFU-E,
and CFU-GM. Feedback III: feedback from reticulocytes (RET) and
erythrocytes (ERY) to CFU-E and proliferating erythropoietic precursor
cells (PEP); feedback from proliferating (PGP) and maturing (MGP)
granulopoietic precursors and granulocytes (GRA) to CFU-GM. The
hormones involved in erythropoiesis and granulopoiesis are denoted by
EPO (eryhtropoietin} and CSF [colony stimulating factor(s)] respec-
tively

These questions cannot be answered by experimental
methods alone. Our objective was to demonstrate how this
quandary can be approached by a mathematical model of
murine hematopoietic cell regulation (Wichmann and
Loeffler 1985). The model is particularly suitable for ad-
dressing these problems since it allows one to simulate
various toxicity scenarios with well defined parameters,
such as cell destruction rates. With this model, discrimina-
tion between different factors responsible for the {measur-
able) biological changes becomes possible as shown pre-
viously for irradiation and benzene intoxication (Loeffler
et al. 1985; Scheding et al. 1992).

Materials and methods

Standard model and definitions

The mathematical model is schematically summarized in Fig. 1. It is a
combination of a stem cell (Wichmann and Loeffler 1985) and a mature
erythropoiesis model (Loeffler et al. 1989). An additional compartment
for granulocytes has been added with humoral feedback from bone
marrow and blood granulocytes to CFU-GM.

Briefly, the mathematical description is based on compartments each
of which comptises a defined stage of cell differentiation. Compartments
are characterized by a transit time “T”, a cell cycling activity “a” and
either an amplification coefficient “Z” (in non-self-renewing compart-
ments) or a self-renewal probability *p”. Changes in a compartment size
Y with time t are described by ordinary differential equations of type:

dY/dt = Clo x Z —a x Y/T

with Cin representing the cell input rate from the preceding compartment.

The model parameters either are taken directly from the literature or
are fixed in the course of simulating various experiments {Wichmann and
Loeffler 1985; Wichmann et al. 1988; Loeftler et al. 1989).
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Control processes

The regulation of hematopotesis is governed by three interrelated feed-
back loops: autoregulation of stern cells {feedback 1), intramedullary
feedback (feedback IT) and feedback from mature cells to progenitors and
precursors (feedback III;.

Stem cell (CFU-S) reguiation. Two distinct properties of stem cells are
regulated via feedback loops I and IT; namely. their cycling activity and
their self-renewal. The first parameter is defined as the fraction of cells in
active cell cycle (acru-s). It determines the turnover rate of stem and thus
the rate of cell production. Self-renewal is defined as the property of stem
cells to maintain, after cel] division, the same characteristics as the cells
of origin. It is quantified by the self-renewal probability “pcrus”. A
reduction in CFU-S numbers increases self-renewal and cycling (feed-
back 1), a lack of differentiated cells stimulates stem cell cycling but
decreases peru-s (feedback II).

Regulation of committed erythropoietic and granulopeietic cells. The
mode] assumptions on erythropoietic and granulopoietic regulation have
been described in detail elsewhere (Loeffler et al. 1989; Schmitz et al.
1990). Briefly, three porperties of committed cells are regulated:

1. Variable cell cycling activities are assumed for BFU-E and CFU-GM.
Decreases in CFU-S and/or progenitors and precursors of both cell
lines increase the cycling activities apme-g and acru-gm (feedback IT);

2. The proliferating erythroid precursor’s transit time (Tpep} depends on
erythropoietin (EPQ) such that high levels of EPO induce a shortening
of Teep:

3. Numbers of cell divisions in CFU-E and proliferating erythropoietic
precursors (PEP) are controlled by EPO and in CFU-GM by CSF
(colony stimuiating factor(s)) {feedback III).

Stimulation of benzofa]pyrene toxicity and identification
of target cells

The hematotoxic effect of BaP is modeled by subtracting a relative
fraction of cells per time from those compartments that are assumed to be
targeted by BaP. Mathematically, this leads to the following equation:

’

dYidt = CGiv x Zi — a x Yi/Ti — ki x Y;

with the loss coefficient k; quantifying the cell loss per hour in the
affected compartment *{”. BaP targets, i.e. those cell stages that are

-affecied by BaP metabolites, are identified by means of “time-curve

analysis” {Scheding et al. 1992). Briefly, model time curves are created
by running computer simulations with different assumptions about cer-
tain cell stages. A possibie example would be that BaP destroys 3% of
CFU-S per hour but spares all other cell stages. This scenario would lead
to loss coefficients of kcru.s = 0.03 br! for CFU-S and k = 0.0 b1 for the
other compartments. Simulations of this kind yield model curves for
every cell stage that can be directly compared to the experimental data
with respect to the time course and extent of changes. Analysis starts with
the simplest scenario, i.e. assuming that only a single cell stage is
affected by BaP. A continuous broadening of the assumptions is made
until a reproduction of the experimental data is achieved. The decision as
to whether or not the model curve fits the experimental data is obtained
by visual inspection. For example, in Fig. 24, curves 2, 3 and 4 ade-
quately reproduce the data for CFU-S while curve 1 does not.

Model results

As described in the introduction, experimental data showed
that CFU-8, erythropoietic and granulopoietic progenitors
and precursors were markedly reduced in D2 mice by
125 mg/kg BaP. To a lesser extent, CFU-S and erythro-
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poietic cells were also reduced in BDF; mice. The latter,
however, did not show a decrease of granulopoietic bone
marrow cells. This basic data pattern therefore represented
the criteria which the model simulation and assumptions

- had to meet. Special emphasis was put on the reproduction

of the differential effect of BaP on the granulopoietic series
(severe reduction of D2 and no reduction of BDF granulo-
poietic cells).

The model analysis started with the simplest assump-
tion, i.e. that only the cells of a single cell stage were
destroyed by BaP. Although a reproduction of the data on
that particular cell stage and its progenies was always
possible by adequate adjustment of the loss coefficient, a
reasonable fit of the entire data set was not possible. For
example, the assumption that BaP affected only CFU-S led
to an appropriate decrease of stem cell numbers; however,
this decrease was by no means sufficient to reduce erythro-
poietic grogenitors and precursors to the experimentally
observed levels. Extending the assumptions to several cell
stages of any one cell lineage being affected did not repro-
duce the data either. An example for scenarios like this
would be that BaP destroyed erythropoietic cells but not
stern and granulopoietic cells.

We then went on to assume that more than one cell
lineage was affected by BaP. Reproduction of the data was
obtained by assuming that all proliferating cell stages, i.e.
CFU-S, proliferating erythropoietic and granulopoietic
progenitors and precursors, were targets of BaP. It was
sufficient to assume that cells of any one cell lineage were
affected to the same degree. Thus, only three loss coeffi-
cients kcru-s, ki and ki were needed to quantify the extent
of damage.

The considerable reduction of erythropoietic celis in D2
and BDF; mice exposed to 125 mg/kg BaP could be repro-
duced only by assuming severe damage to the erythro-
poietic system quantified as 3.5% and 1.25% cell loss per
hour (i.e. kgP2 = 0.035 and kgBDF! = 0.0125 h-1) for D2
and BDF) mice, respectively. Thus, simulations were car-
ried out assuming these kgs while the loss coefficients for
CFU-S (kcru-s) and granulopoietic cells (kg) were varied.
It was sufficient to assume that the loss coefficients could
have only three values for each strain, i.e. kcru-s and ka
could be “severe” (1xkg), “moderate” (0.5xkg) or
“none” (0.0 x kg), corresponding to cell destruction rates
of 3.5%, 1.25% (“‘severe”™); 1.75%, (1.625% (“moderate”);
and 0% (“none™) for D2 and BDF1 mice, respectively.
These three factors generated nine different loss factor
combinations (“toxicity patterns”) that were tested for each
strain. Model toxicity patterns assuming either severe or no
damage to proliferating granulopoietic cells and/or no
damage to CFU-S, resulted in considerable differences
with the data. Only two combinations (representing severe
damage to proliferating erythropoietic cells, moderate
damage to granulopoietic cells and either moderate or se-
vere damage to CFU-S) led to an adequate fit of the experi-
mental data of both D2 and BDF| mice.

Figures 2 (BDF; model curves and data) and 3 (DBA/2
model curves and data) illustrate the fit of some model
toxicity patterns and their corresponding model time
curves with the experimental data: data for BDF, mice
(Fig. 2) were well reproduced by model curves 2 and 3.
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Fig. 2. Comparison of model curves (left column) with experimental data
(right column) for BDF; mice exposed to a daily oral dose of 125 g/kg
BaP. All model simulations were calculated based on the assumption that
erythropoiesis is severely affected (“severe” damage, kg = 0.0175 h-1).
Loss coefficients and cotresponding model curves were: {1) kcru-s
=k =00h"; (2) kerus = kg = 0.5 x ke; (3) kerrs=ke; kg =0.5 x ke
(4} keru-s = ki = ka; (5) keru-s = kg, ko = 0.0 h-! (not shown in Fig. 2).
Experimental data by Anselstetter and Heimpel (1986) (@), and An-
selstetter (unpublished data) () :

They were calculated based on the assumption that
granulopoietic cells were moderately damaged, whereas
stem cells were moderately (curve 2) or severely (curve 3)
affected. In contrast, curve 1 (no damage to stem and
granulopoietic cells) predicted an increase in BDF-CFU-S
(Fig. 2 a), whereas the experimental data showed a signifi-
cant reduction. The assumption of severe damage to both
stem cells and granulopoietic cells (curve 4) led to model
curves that were inconsistent with the granulopoietic bone
marrow cells (PGP+MGP; Fig. 2¢). As seen in the case of
BDF; mice, model curves 2 and 3 also reproduced the data
for D2 mice well (Fig. 3), but curve 1 showed an increase
in CFU-S (Fig. 3a) that contrasted with the experimental
data. Furthermore, curve 1 increased for granulopoietic
bone marrow cells (Fig. 3¢), whereas the experimental
data clearly showed a significant reduction. Curve 5 (se-
vere damage to stem cells and no damage to granulopoietic
cells) predicted an initial increase of granulopoietic bone
marrow cells rather than the decrease that was measured
experimentally (Fig. 3¢).
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Fig. 3. Comparison of model curves {left column) with experimentat data
(right column) for D2 mice exposed to a daily oral dose of 125 mg/kg
BaP. Al! model simulations were calculated based on the assumption that
erythropoiesis is severely affected (“severe” damage, ke = 0.035h1).
Loss coefficients and corresponding model curves: (1) kcrus
=kGg=0.0h1; (2) kcrus=ks=05x%xke; (3) kcrus=ke ko
=0.5%kg; (4} kcros =ke =kg (not shown in this ftgure); (5) kcrus
= kg, kg=0.0h". Experimental data by Anselstetter and Heimpel
(1986) (@), and Anselstetter (unpublished data) (R}

Figure 4 summarizes the results of the analysis: experi-
mental data for both strains could be simulated assuming
identical toxicity patterns with BaP metabolites affecting
proliferating hematopoietic cells. Within this group, ery-
thropoietic cells were the most susceptible, granulopoietic
cells were half as susceptible as erythropoietic cells and the
susceptibility of stem cells ranged between that of erythro-
poietic and granulopoietic cells. However, loss coefficients
for D2 mice were about threefold higher than those of
BDF; mice, indicating a quantitative difference in suscep-
tibility between both of these strains.

Discussion

A mathematical model of murine hematopoiesis was ap-
plied to analyze the hematotoxic effects of in-vivo
benzo[a]pyrene exposure in BDF) and D2 mice. By com-
parison of theoretical and experimental curves with respect
to the time course of toxicity, target cell stages for BaP-in-
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Fig. 4. Model view of benzo[alpyrene (BaP) hematotoxicity. BaP af-
fected all proliferating cell stages (harched area) with loss coefficients
kerus, ke, and kg guantifying the damage in CFU-S (kcru-s), proliferat-
ing erythropoietic (ke) and granulopoietic cells (kg). Erythropoietic cells
were the most susceptible to BaP, granulopoietic cells were half as
susceptible as eryhropoietic cells, and the susceptibility of stem cells
ranged between that of eryhtropoietic and granulopoietic cells. This
damage pattern was the same for D2 as well as BDF, mice, Cell destiuc-
tion rates were about 3-fold higher for D2 than BDR mice

duced toxicity were identified and damage quantified for
both strains.

The mathematical model! analysis identified the pro-
liferating hematopoietic cells, i.e. CFU-S progenitors and
proliferating precursors, as the target of BaP. This finding
indicates that BaP preferably killed cells that are capable of
cell division. Among the proliferating cells, erythropoietic
cells were found to be the most susceptible with respect to
BaP toxicity; damage to CFU-S ranged between that of
ervthropoietic and granulopoietic cells.

These findings corresponded with the conclusions that
can be drawn directly from the experimental measure-
ments. Beyound that, however, model analysis enabled the
quantification of cell losses. Furthermore, considering only
the experimental data, one might conjecture that although
all hematopoietic cell lines in D2 mice were affected,
granulopoiesis in BDF| mice was not damaged by BaP.
Here, the model analysis was useful since it considered the
interaction of the granulopoietic lineage with the stem cells
and the erythropoietic lineage as well as with hemato-
poietic regulation. It demonstrated that a toxic effect on
granulopoiesis in BDF mice is likely since the experimen-
tal data could be reproduced only by assuming moderate
damage to granulopoietic cells. Experimental data re-
flected the net changes in certain cell stages; therefore,
clear reduction of cell numbers were observable only if
BaP-induced cell losses exceeded exposure-triggered regu-
latory ceil production increases.

Data for both strains could be reproduced on the basis of
an identical toxicity pattern, i.e. the ratio of loss factors
kcru-s to kg and kG to kg was identical for D2 and BDF:
mice. This indicated that the difference between the two
strains was quantitative (e. g. resulting from different con-
centrations of toxic metabolites). Model analysis showed
that D2 loss factors were about three times higher than
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BDF; loss factors, in turn supporting the conclusion that
D2 mice were about threefold more susceptible to the
hematopoietic effects of BaP than BDF| mice.

Several factors could be involved in the observed strain
differences. For example, differences in Cyplal-depen-
dent metabolism of BaP due to Ah locus polymorphism are
an important consideration (reviewed in Nebert 1989 and
Nebert 1991). Briefly, the Ah locus encodes the Ah recep-
tor which regulates the two P450@ genes (Cyplal,
Cypla2). Ah-responsive mice show a marked Cyplal in-
duction response when exposed to polycyclic aromatic hy-
drocarbons, whereas non-responsive mice lack this induci-
bility. The difference in BaP bone marrow toxicity be-
tween responsive and non-responsive mice was ascribed to
Ah-responsive mice exhibiting a more effective first pass
elimination (Nebert et al. 1977; Nebert et al. 198(; Le-
graverend et al. 1983). Over a 12-day BaP exposure period,
Ah-responsive strains developed, on the average, about
three times as much Cyplal activity as did Ah non-respon-
sive mice and covalent binding of BaP metabolites to bone
marrow was 5 times lower for the Ah-responsive mice than
for the non-responsive mice (Nebert et al. 1977, 1980).
These findings of a 3 to 5-fold Ah-dependent difference
corresponded well with the threefold difference identified
by the model. The data analyzed in this report, however,
are derived from two strains of mice (D2 and BDF,) that,
beside the Ah locus difference, differ in numerous other
aspects; therefore, there might be other factors that poten-
tially may influence the hematopoietic changes.

Twerdok et al. (1992) recently suggested that the differ-
ence in bone marrow toxicity between DBA/2 and C57Bl/6
mice may be related to their ability to bioactivate xenobiot-
ics through oxidant dependent mechanisms. They reported
a two-fold enhancement of oxidant-dependent chemi-
luminescence produced by BaP-diol in stimulated neutro-
philic cells from DBA/2 mice as compared to cells from
C57BL/6 mice.

Model analysis cannot be used to determine whether
Cyplal and/or oxidant dependent metabolism are respon-
sible for BaP hematotoxicity and the observed strain differ-
ence. Nevertheless, the model has allowed us to quantify
the overall difference between the different strains and the
mode] results fell within the range of the experimental data.

Besides being used to quantify observed strain differ-
ence, model analysis showed that differences exist among
the different hematopoietic cell types within the same
strain. Thus, differences in metabolism may exist between
pluripotent stem, granulopoietic and erythropoietic cells.
To our knowledge, no data exist that address this aspect
and, clearly, it is a potential area for further investigation.

In summary, this study has demonstrated how a mathe-
matical model can be applied to address questions that are
not answerable by experimental methods alone. The model
has proved to be an efficient tool for the analysis of
benzo{alpyrene-induced hematotoxicity.
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