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A new model of busulphan-induced chronic bone
marrow aplasia in the female BALB/c mouse
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Summary. Aplastic anaemia (AA) is characterized by hypocellular marrow,
pancytopenia, and risk of severe anaemia, haemorrhage and infection. AA is
often idiopathic, but frequently occurs after exposure to drugs/chemicals. How-
ever, the pathogenesis of AA is not clearly understood, and there are no
convenient animal models of drug-induced AA. We have evaluated regimens
of busulphan (BU) administration in the mouse to produce a model of chronic
bone marrow aplasia showing features of human AA. Mice were given 8 doses
of BU at 0, 5.25 and 10.50 mg/kg over 23 days; marrow and blood samples
were examined at 1, 19, 49, 91 and 112 days after dosing. At day 1 post dosing,
in mice treated at 10.50 mg/kg, nucleated marrow cells, CFU-GM and
Erythroid-CFU were reduced. Similarly, peripheral blood erythrocytes, leuco-
cytes, platelets and reticulocytes were reduced. At day 19 and 49 post dosing,
there was a trend for parameters to return towards normal. However, at day 91
and 112 post dosing, values remained significantly depressed, with a stabilized
chronic bone marrow aplasia. At day 91 and 112 post dosing, marrow cell
counts, CFU-GM and Erythroid-CFU were decreased; marrow nucleated cell
apoptosis and c-kit* cell apoptosis were increased; peripheral blood erythro-
cyte, leucocyte, and platelet counts were reduced. We conclude that this is
a model of chronic bone marrow aplasia which has many interesting features
of AA. The model is convenient to use and has potential in several areas,
particularly for investigations on mechanisms of AA pathogenesis in man.
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Introduction

AA is characterized by hypocellular bone marrow result-
ing from damage to haemopoietic stem cells. This
produces pancytopenia with risk of severe anaemia,
major haemorrhage and life-threatening infections.
Once the patient has been stabilized with blood, platelet
transfusions and antibiotics, specific treatment com-
prises either allogeneic stem cell transplantation, or
immunosuppressive therapy with antithymocyte globulin
(ATG) and cyclosporin (Young 1995). Although AA is
a relatively rare disorder, the incidence being 1-3 per
million population per year (Gordon-Smith & Issaragrissil
1992), it is associated with significant mortality as well as
later complications of relapse and clonal evolution to
myelodysplasia, acute myeloid leukaemia and paroxys-
mal nocturnal haemoglobinuria (Tooze et al. 1999).

In many cases, AA is idiopathic. It may occur following
recovery from viral hepatitis, most often non-A, non-B,
non-C. Furthermore, AA may occur after exposure to
drugs or chemicals (Young 1995). Apart from the
predictable dose dependent bone marrow suppression
that occurs after antineoplastic chemotherapy, acquired
AA occurs unpredictably in a small proportion of the
population exposed to a particular drug, chemical or
other agent. The unpredictable nature of acquired AA
may reflect an underlying genetic predisposition (Marsh
et al. 1999), or a pre-existing bone marrow susceptibility
resulting from a previous marrow defect.

The fundamental pathophysiology of AA is not well
understood. The clinical response of AA to ATG implies
an involvement of the immune system. Indeed, there is
an extensive literature documenting numerous, though
nonspecific, changes in the immune system. However,
AA is not a classical autoimmune disease. Autoanti-
bodies have not been identified (Cline & Golde 1978),
and while auto-reactive T-cells can occasionally be
cloned from aplastic patients, similar clones can also
be obtained from normal individuals. Considering the
work of our laboratory and others showing intrinsic
abnormalities in the stem cells of AA patients, it is not
yet clear whether the involvement of the immune system
is primary, or whether it is secondary to a pre-existing
stem cell defect.

Recently we have shown an increase in the proportion
of apoptotic cells within the CD34" population of AA
bone marrow, compared with normal marrow, using
7-amino-actinomycin D (7-AAD) staining (Philpott ef al.
1995a,b). This increase was greatest where the absolute

number of CD34* cells is most reduced and appeared to
correlate with transfusion dependency as a marker of
disease severity. Therefore, accelerated apoptosis
appears to be a major contributor to the stem cell defi-
ciency in AA. It has also been shown that aplastic CD34*
cells have increased expression of Fas-receptor, which
correlates with increased sensitivity of cells to anti-Fas
antibody-mediated inhibition of colony formation
(Maciejewski et al. 1995; Killick ef al. 2000). In addition,
we have shown that the increased apoptosis and
increased expression of Fas-receptor in AA CD34" cells
is reduced after ATG therapy (Killick et al. 2000).

We and others have demonstrated a reduction in pro-
genitor cell production in AA in long-term bone marrow
culture (LTBMC) (Gibson & Gordon-Smith 1990; Marsh
et al. 1990; Novitsky & Jacobs 1991), and a deficiency in
the proportion of CD34* cells (Maciejewski et al. 1994)
and earlier CD34%/CD33™ cells (Scopes et al. 1994),
indicating a defect at the level of the haemopoietic
stem cell. In addition, long-term culture initiating cells
(LTCIC) are reduced (Maciejewski et al. 1996).

There is a general view that there are no convenient
animal models of drug-induced AA which have contrib-
uted significantly to understanding the pathogenesis of
the human disease (Benestad 1979; Appelbaum & Fefer
1981; Vincent 1986; Young & Maciejewski 1997). How-
ever, models of chronic marrow failure in animals
induced by benzene, BU, strontium-89 and irradiation
have been described (Haak 1980; Camitta et al. 1982;
den Ottolander et al. 1982; Vincent 1986; Young &
Maciejewski 1997), and studies in mice with genetic
anaemias have been carried out (Appelbaum & Fefer
1981). Similarly, mouse models of marrow failure
induced by immunological methods have been developed
(Barnes & Mole 1967; Kubota et al. 1978, 1979;
Wolk et al. 1998), and rat models of marrow aplasia
induced by irradiation have been investigated (Knospe
et al. 1966, 1968). However, none of these rodent
models have become widely used. Nevertheless, in a
series of reports, Morley and his coworkers described a
mouse model of BU-induced chronic hypoplastic marrow
failure (Morley & Blake 1974a,b; Morley et al. 1975). In
this model, BU was administered on four occasions,
at 14 day intervals, over a six week period, at 20, 20, 20
and 10 mg/kg, respectively, to female Swiss or BALB/c
mice, and the animals were studied over the following
300-400days. We have investigated these findings
(Andrews et al. 1993, 1997, 1998), but used the female
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B6C3F; mouse, and gave four fortnightly doses of BU at
dose levels from 10 to 40 mg/kg. However, in our experi-
ments, lasting up to 497 days, we have been unable to
obtain results which closely parallel those of Morley.
Accordingly, we have now re-examined various regimens
of BU administration in an attempt to produce an easily
used mouse model of chronic bone marrow aplasia
which shows features of the human disease, and which
develops within a relatively short period (about
100days). We now describe, in female BALB/c mice
treated with frequent low doses of BU, the induction of
chronic (late stage) bone marrow aplasia in a study
lasting 112days. Animals show statistically significant
reductions in peripheral blood WBC, neutrophils,
lymphocytes, monocytes, RBC, and platelets, and even
more severe reductions in humeral marrow cells, and
marrow committed progenitor cells; MCV is increased
(Diamanti et al. 1999; Macharia et al. 1999a,b). Interest-
ingly, apoptosis of marrow cells and specifically stem cell
apoptosis is increased, which is a key feature of human
AA (Maciejewski et al. 1995; Philpott et al. 1995b; Killick
et al. 2000).

We believe that this is a mouse model of mild chronic
bone marrow aplasia. We consider this new animal
model is convenient to use and has the potential for
further investigation and studies in four particular
areas. Firstly, to prove or refute evidence that AA
is caused by specific drugs/chemicals; secondly, to
evaluate the potential of new drugs to induce AA;
thirdly, to evaluate the usefulness of therapeutic
interventions; and fourthly, as a basis for investigating
mechanisms of the pathophysiology of the human disease.

Materials and methods
(1) Animals

Weanling female BALB/c mice (A. Tuck and Son Ltd,
Beeches Road, Battlesbridge, Essex) were caged in
groups of 10-12 on wood shavings with diet (Rat and
Mouse No.1, SDS Ltd, Witham, Essex), and mains drink-
ing water ad libitum. A temperature of 19-22°C was
maintained, with a relative humidity of 45-65%, and a
light:dark cycle of 12:12h (lights on at 07.00 hours).
Animals were acclimatized for at least seven days before
the start of each experiment; they were observed daily
for signs of ill health during the period of BU treatment,
and two or three times each week in the postdosing
period. Body weights were determined daily, or two or
three times each week, or at appropriate times. All ani-
mal procedures were carried out under local Ethical
Committee guidelines and approval for Project and Per-
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sonal Licences, and followed the UK Home Office (1989)
“Code of Practice for the Housing and Care of Animals
used in Scientific Procedures.”

(2) Administration of busulphan

BU (Sigma Chemical Co Ltd, Poole, Dorset) was dis-
solved in acetone at concentrations of 5-10mg/mL.
Immediately before administration, deionized water was
added to the BU-acetone solution at a volume of 3-10
(water) : 1 (acetone), and the solution given by intraperi-
toneal (ip) injection at a dose volume of 0.1-0.2mL per
mouse (a maximum of 10mL/kg body weight); control
mice were given acetone:water (vehicle) at the same
dose volume.

(3) Tissue sampling

Mice were killed by ip injection of pentobarbitone sodium
(Sagatal, Rhéne Mérieux Ltd, Harlow, Essex) and blood
removed from the right ventricle following a thoracotomy
incision. Blood (0.5mL) was anticoagulated with
1.5 mg/mL dipotassium EDTA (Teklab, Sacriston, Durham).
The contents of the right humerus or femur were
aspirated into 1.0mL phosphate buffered saline
(PBS) to prepare a marrow cell suspension; a marrow
smear was prepared from the contents of the left
humerus or femur. The right and left femora were
removed with surrounding muscle and placed in 5mL
sterile PBS; under sterile conditions, the muscle and
epiphyses were removed from each femur and the
marrow flushed into 3.5mL sterile Iscove’s modified
Dulbecco’s medium (IMDM; Life Technologies, Paisley,
UK) supplemented with 100 IU/mL penicillin/streptomycin.
The spleen and sternum were removed and placed
in 10.5% phosphate buffered formalin fixative.

(4) Analysis of blood and marrow suspensions

Blood samples and bone marrow suspensions were ana-
lysed with a Technicon H*1 hamatology analyser (Bayer
Diagnostics UK Ltd, Newbury, Berks) with mouse-specific
software (Technicon, Swords, County Dublin, Eire), as
described previously (Turton et al. 1999, 2000). Reticu-
locyte analysis was carried out with a Sysmex R-1000
(Toa Medical Electronics, Milton Keynes, Bucks), with
voltage gain adjusted optimally for mouse blood; three
equal divisions of the total number of reticulocytes gave
the percentage low (L), mid (M) and high fluorescence
ratio reticulocytes (HFR). For the humeral or femoral
marrow cell suspension in PBS, the total nucleated cell
count (humeral or femoral nucleated cell count; HNCC,
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FNCC), was obtained from the basophil chanel of the H*1.
Humeral or femoral marrow smears were stained with
May-Grinwald-Geimsa and differential counts per-
formed by eye on 200 cells to give the myeloid : erythroid
(M:E) ratio. Sternal marrow sections were assessed
for cellularity, myelopoiesis, erythropoiesis, megakaryo-
poiesis and the presence of fat. After fixation, the spleen
was weighed and weight expressed as absolute and
relative weight. Sections of spleen and sternum were
prepared and stained with haematoxylin and eosin for
histological examination.

(5) Bone marrow clonogenic assay

Femoral bone marrow was diluted 1:1 in IMDM, supple-
mented with 1001U/mL penicillin-streptomycin and
10 U/mL preservative-free heparin (Leo Laboratories Ltd,
Princes Risbrough, Bucks). Diluted marrow was centri-
fuged on Ficoll-Hypaque (Amersham Pharmacia Biotech,
St Albans, Herts) at 400 g for 25 min at room temperature
to obtain the mononuclear cells (BMMC) which were
washed twice in the above supplemented medium. Cells
were cultured at 5 x 10*in 1 mL IMDM supplemented with
15% preselected FCS, 1% deionized bovine serum
albumin (BSA; Sigma), 10~*M mercaptoethanol (Sigma),
and 0.8% methylcellulose (Stem Cell Technologies Inc,
Vancouver, Canada), with mouse stem cell factor (mSCF,
10ng/mL; R & D Systems, Abingdon, Berks), mouse
interleukin-3 (mIL-3, 10ng/mL; R & D Systems), human
interleukin-6 (hIL-6, 10 ng/mL; Novartis Pharmaceuticals
UK Ltd, Camberley, Surrey) and human erythropoietin
(EPREX, 2U/mL; Janssen-Cilag Ltd, High Wycombe,
Bucks) as growth factor stimulus. Cultures were set up
in duplicate in 35 mm dishes and incubated at 37 °C. On
day 14, granulocyte-macrophage colony-forming units
(CFU-GM), erythroid burst-forming units (BFU-E) and
colonies containing both granulocyte-macrophage and
erythroid elements (CFU-GEM) were counted. Results
were expressed as CFU-GM or total erythroid colonies
(BFU-E+ CFU-GEM) as percentages of the mean
colony numbers of the untreated control animals.

(6) Dual staining for c-kit/CD117 and 7-amino
actinomycin (7-AAD)

BMMC (0.5-1.0 x 10°%) were centrifuged, medium dis-
carded and the pellet resuspended in residual volume
of approximately 10uL. Two microlitres of undiluted
fluorescein isothiocyanate (FITC)-conjugated rat anti-
mouse c-kit/CD117 antibody (Clone 2B8; BD Pharmin-
gen, Oxford) was added and incubated for 30 min at

4°C. Negative controls consisted of isotype-matched
irrelevant rat 1gGo,-FITC antibody (Pharmingen). Cells
were then washed twice in PBS supplemented with 1%
FCS/0.05% azide, and stained for 7-AAD, as described
by Philpott (Philpott et al. 1995a,b). Samples were ana-
lysed on a FACScan flow cytometer (Becton Dickinson
BioSciences, Oxford) within 30 min of fixation with 200uL
2% paraformaldehyde. Data on 20000 cells was
acquired and processed using Lysys Il software
(Becton Dickinson). Regions were drawn around clear-
cut populations having negative (R2), dim (R3) and
bright (R3) 7-AAD fluorescence, corresponding to live,
apoptotic and dead cells, respectively (Philpott et al.
1995a). The proportion of cells within each region was
calculated. A second scattergram was created by com-
bining right-angle light scatter with c-kit fluorescence and
a region drawn around cells with low right-angle light
scatter and high c-kit fluorescence (c-kit*) (R1). A logical
gate was then defined to quantify cells satisfying both
c-kit* and 7-AAD-negative, -dim, and -bright regions.
Results are expressed as percentages of the controls
for the proportion of c-kit* cells, and the proportion of
apoptotic cells in the total mononuclear population and in
the c-kit* subpopulation.

(7) Statistical analysis

Treated and control (vehicle-treated) groups were com-
pared using Student’s ttests with Fig. P for Windows
(Biosoft) and GraphPad Prism (GraphPad Software, San
Diego, CA).

(8) Experimental design

Experiment 1: Preliminary study. Female BALB/c mice,
mean body weight 16.0g, were dosed with BU on 8
occasions over a period of 25days (day 1, 5, 8, 12, 16,
19, 23, 25) with vehicle, or with BU at 5, 10, 15, 20 and
25mg/kg (n=16-24). Animals were observed daily for
clinical signs of toxicity and weighed at frequent intervals
for 165 days post dosing; any animals showing evidence
of BU toxicity, from which it was considered they would
not recover, were immediately killed. At 1, 90 and
165days after the final BU dose, 5-7 mice from the
vehicle-dosed control group and from the groups dosed
at 5 and 10mg/kg BU, were sampled for blood and
marrow investigations.

Experiment 2: Main study. 201 BALB/c mice, mean body
weight 15.6 g were divided into 3 groups: group 1 (vehicle
dosed), n=71; group 2 (BU, 5.25mg/kg), n=63; group
3 (BU, 10.50mg/kg), n=67. Animals were dosed with
vehicle or BU on 8 occasions over a period of 23 days
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(day 1, 3, 8, 11, 15, 18, 21, 23) and observed as in
Experiment 1. At 1, 19, 49, 91 and 112days after the
final BU dose, mice from each group (n=6-12) were
sampled for blood and marrow examination, and bone
marrow cell culture and apoptosis measurement. A
group of 7 untreated (control) mice were also sampled
on the first day of vehicle/BU dosing.

Results
Experiment 1. Preliminary Study

Clinical signs and mortality. In groups dosed at 25 mg/kg
BU (n=24), 20mg/kg (n=21) and 15mg/kg (n=21),
some mice showed signs of BU toxicity, with loss of con-
dition after the fourth BU dose (day 12 of the dosing
period). The fur became dull and dry, there was a reduc-
tion in activity and responses, and an abnormal gait and
hunched posture developed. After the fifth BU dose (day
16), two mice died in the 25 mg/kg BU group, and one in
each of the 20 and 15mg/kg BU groups; the administra-
tion of BU to these three groups was therefore discon-
tinued. From day 17 to 23, in the 25 mg/kg BU group, the
remaining 22 mice lost condition and were either killed, or
in a small number of cases, were found dead, at the
morning inspection; all such mice are referred to as inter-
current death (ICD) animals. The paws, tail and ears of
mice which became ill often lost their pink colour (the
BALB/c is a white mouse), and became white. These
changes were also seen in the 20 mg/kg BU group mice,
with 20 ICD mice between day 17 and 23, and in the
15mg/kg group, with 20 ICD animals from day 19 to 40.

In control (vehicle-dosed) mice (n=17), and mice
treated with BU at 5mg/kg (n=16) and 10mg/kg
(n=20), there was no evidence of BU toxicity during or
after drug administration. In the 10mg/kg BU group,
there were 3 ICD mice, on days 11, 154 and 155 post
dosing; there were no ICD animals in the 5 mg/kg BU or
control groups.

B. Hematology findings. Blood and marrow samples
were taken from 5 mice treated with BU at 15 and
20mg/kg, and from 4 mice at 25 mg/kg, on day 19 or 23
after the first BU dose; control mice, and mice treated at
5 and 10 mg/kg were sampled at day 1, 90 and 165 post
dosing (n=5-7). In mice treated with 5 BU doses at 15,
20 and 25 mg/kg, sampled on day 19/23 after the first
BU dose, there was pronounced marrow depression as
shown by significant decreases in erythrocyte values, all
leucocytes, and in platelets, reticulocytes, and FNCC;
the changes were not dose related.

Chronic bone marrow aplasia in the busulphan-treated mouse

In mice given 8 doses of BU at 10 mg/kg, and sampled
at day 1 post dosing, red blood cell count (RBC), haemo-
globin (Hb), and haematocrit (HCT) were significantly
reduced; neutrophils, lymphocytes, monocytes and
eosinophils were decreased, as were platelets and reticu-
locytes. The FNCC was reduced to 23.5% of the controls.
At day 90 post dosing, in 10mg/kg BU mice, there were
significant decreases in RBC, Hb and HCT, lymphocytes
and FNCC; at day 165, there were significant reductions
in RBC, Hb and HCT, platelets, lymphocytes, monocytes
and FNCC. Changes in the 5 mg/kg BU mice compared
with animals treated at 10 mg/kg, but the alterations were
less pronounced.

Experiment 2. Main Study

A. Clinical signs, mortality, body weight changes. Mice
were dosed with BU on eight occasions over a 23-day
period at 10.50 mg/kg (n=67) and 5.25mg/kg (n=63);
there were 71 vehicle-dosed (control) animals. No mice
showed evidence of BU toxicity during the dosing period,
either at 10.50 or 5.25mg/kg BU. However, on day 5
post dosing, there were 3 ICD mice in the 10.50 mg/kg
group as a result of BU toxicity, and between day 6 and
76 post dosing, there were a further 30 ICD mice in this
group. These deaths were unexpected. The mean day of
death for the 33 ICD mice was 23.5days post dosing.
The clinical signs of toxicity shown by these animals
paralleled the changes seen in Experiment 1. Marrow
and blood samples from the ICD mice were not taken for
analysis as the haematological and marrow picture of
such animals had been defined in Experiment 1. There
were no ICD animals in the 5.25mg/kg BU group after
the dosing period, nor in any control mice during or after
the dosing period.

The mean body weights of mice on the first day of
dosing were, 16.0g (control), 15.5¢g (5.25mg/kg), and
16.1g (10.50 mg/kg); at the end of the dosing period the
mean weights were 19.1g, 18.1g and 17.2g, giving
body weight increases of 19.2%, 12.4% and 5.7% during
the dosing period, respectively.

At day 109 post dosing, the mean body weights were
241g (control), 22.2g (5.25mg/kg) and 22.9¢g
(10.50 mg/kg), giving post dosing increases of 26.2%,
22.1% and 33.3%, respectively. From the end of dosing
to day 109, mice were weighed on 14 occasions. The
patterns of body weight gain in both BU treatment
groups were similar (there was no dose-related effect).
However, in both BU groups, the mean body weights, at
all time points, were lower than the controls. Over the 14
weighing points, the reductions in body weight averaged
5.56% in the 5.25mg/kg BU group in comparison with
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the controls, and in the 10.50 mg/kg group the average
reduction was 5.81%.

B. Haematology findings. At day 1 post dosing, the
administration of BU at 10.50 mg/kg induced a “predict-
able” marrow depression (Table 1). There were statisti-
cally significant reductions in RBC, Hb and HCT, and
increases in MCV and MCH. There were significant
decreases in neutrophils, lymphocytes, monocytes and
eosinophils. Platelet counts were also reduced, as were
total reticulocytes and LFR and MFR. HNCC and relative
spleen weight were decreased. This pattern of changes
was also generally evident in the 5.25 mg/kg BU-dosed
mice, but the effect was not as great as at 10.50 mg/kg
BU.

At day 19 post dosing, in mice treated at 10.50 mg/kg,
the effect on some erythrocyte parameters was greater
than at day 1 post dosing (RBC, Hb, HCT, MVC, MCH);
however, total reticulocyte, LFR, MFR and HFR counts
were higher than the controls (a rebound reticulo-
cytosis), as was relative spleen weight (see Table 1 for
statistically significant changes). Other blood parameters,
in 10.50 mg/kg mice, although reduced, appeared to be
returning to normal (lymphocytes, monocytes, platelets,
HNCC).

On day 49 post dosing, at 10.50 mg/kg BU, although
many parameters were still reduced, there was general
evidence of a trend of a return towards control values; this
applied to erythrocyte values (RBC, Hb, HCT), leucocytes
(lymphocytes, monocytes), and platelets and HNCC;
MCV and MCH were still raised. However, reticulocytes,
neutrophils and relative spleen weight were normal.

On day 91 and 112 post dosing, there was clear evi-
dence that the trend of a general return towards normal,
seen at day 49 post dosing, had not been completed;
many blood parameters were still significantly affected at
these late-stage time points. This was particularly evi-
dent in the 10.50mg/kg BU group, but parameters in
mice treated at 5.25mg/kg also showed some effects.
At day 91 and 112 post dosing, at 10.50 mg/kg, there
was evidence of stastically significant late-stage reduc-
tions in RBC, neutrophils, lymphocytes, monocytes,
eosinophils, platelets, HNCC and spleen relative weight;
MCV and MCH showed significant increases. Figure 1
illustrates the stabilized late stage reductions in RBC,
platelets and lymphocytes, and the increase in MCV, in
mice treated with 10.50 mg/kg BU; results are expressed
as percentage increase/decrease, in relation to the
mean control value, at each time point.

C. Bone marrow and spleen cellularity and morphology.
Humeral marrow smears and sternal marrow sections

from 5 randomly selected control and BU-treated
(10.50 mg/kg) mice were examined at day 1, 19, 49, 91
and 112 post dosing; spleen sections from 1 control
and 2 BU-treated (10.50 mg/kg) mice at day 1, 49 and
112 post dosing were also studied.

Humeral marrow myeloid cells at day 1 post dosing in
BU-treated mice were reduced to 0.4% of the control
value (Table 2). The count then showed some recovery
towards normal at day 19 and 49 post dosing. However,
on day 91 and 112 post dosing, the counts remained
reduced, at 41.2% and 35.5% of the control, respect-
ively. Humeral erythroid cells were reduced to 1.2% of
control at day 1 post dosing. There was a recovery
towards control values at day 19 and 49, but on days
91 and 112 after dosing the counts remained reduced at
50.6% and 60.1% of controls, respectively. Humeral
lymphoid cells were relatively spared at day 1 and 19
(31.4% and 27.2% of control values, respectively). At
day 49 and 91, there was evidence of a recovery, with
counts of 64.5% and 71.0% of the control mean; how-
ever, on day 112 post dosing the count was only 29.4%
of the control mean.

Microscopic examination of sternal marrow sections
from 5 control and 5 BU-treated mice, was carried out at
each time point. At day 1 post dosing, BU-treated mice
showed marked marrow hypoplasia with fatty replace-
ment (Table 3); there was an almost complete absence
of haematopoietic elements, but where these were
present, they consisted of small foci of active cells
(Fig. 2A,2B,2C). At day 19 post dosing, very slight mye-
loid activity was present, but this was still a localized
response (Fig.2D); erythropoiesis and megakaryo-
poiesis were generally absent. At day 49 after dosing,
myelopoiesis was comparable to the controls (i.e.
approximately grade 3; Table 3) in 3 of 5 mice; however,
very slight erythropoiesis was only evident in 1 of the
5 animals; very slight megakaryopoiesis was present in
4 mice, and slight megakaryopoiesis in 1 animal. On day
91 after BU administration, erythropoietic activity was
generally slight/very slight. At day 112 post dosing eryth-
ropoiesis was slight in 4 mice, or very slight in 1 mouse
(Fig. 2E,2F); myelopoiesis had returned to normal (mod-
erate) levels, and megakaryopoiesis remained as very
slight in 3 animals and slight/moderate in 2 animals. One
BU mouse at day 112 post BU administration had a
lymphoreticular tumour which had infiltrated into tissue
adjacent to the sternum.

Examination of marrow smears from 5 BU-treated
mice at each time point showed considerable variability
in comparison with the controls. At day 1 post dosing
(Table 2), BU mice showed marked hypocellularity, and
this was also evident at day 19. Furthermore, at day 49,
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presented vertically above the data
points (see Table 1).

91 and 112 post dosing, 1 or 2 of the 5 animals examined
at each time point continued to show marked hypocellu-
larity (Fig. 3a,3b,3c). The clastogenic effects of BU
were evident at day 1 post dosing, with increased
Howell-Jolly bodies (micronuclei, Fig.3d). At day 19
post dosing, when erythroid regeneration was taking
place, diserythropoietic morphology, such as multi-
nucleation (Fig.3e) and megaloblastosis (Fig.3f) was
seen.

Spleens from 1 control, and 2 BU mice (10.50 mg/kg),
were examined at day 1, 49 and 112 after the adminis-
tration of BU. At day 1 post dosing, in BU mice, haema-
topoietic activity was reduced in the red pulp;
myelopoiesis and erythropoiesis was very slight in 1
animal, but in the other mouse examined there were
foci of haematopoiesis of primitive cells of both lineages.
Megakaryopoiesis was reduced or absent. On day 49
post dosing, there was very marked haematopoiesis in
both erythroid and myeloid lineages; megakaryopoiesis
was moderate. At 112 days post dosing, haematopoietic
activity was very pronounced; myelopoiesis, erythropoiesis
and megakaryopoiesis were all marked/very marked.

D. Bone marrow clonogenic assay. Figure4a and 4b
show the effect of BU on CFU-GM and erythroid colony
numbers, respectively. 5.25 mg/kg BU reduced the CFU-
GM counts at day 1 post dosing to 67% of the control,
was comparable to the control group at days 19 and 49
post dosing (102% and 137% of the control, respect-
ively), before decreasing at days 91 and 112 post
dosing to 87% and 89% of the control, respectively.
10.50mg/kg BU had a greater effect, with significant
decreases at days 1 and 19 post dosing (to 3% and
16% of the control, respectively), returned to control
levels at day 49 (79% of the control) and becoming

© 2003 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 84, 31-47

Time post dosing (days)

statistically significantly decreased again at days 91
and 112 post dosing to 40% and 47% of the control,
respectively (Fig. 4a).

Similar effects were observed for the erythroid colony
counts (Fig. 4b). 5.25 mg/kg BU significantly reduced the
counts at days 1 and 19 post dosing (18% and 22% of
the control, respectively), was comparable to the control
group at day 49 (131% of the control), decreased at day
91 to 71% of the control and returned to normal levels at
day 112 post dosing (105% of the control). The effect of
10.50mg/kg BU on the erythroid colony counts was
highly significant. At all time points post dosing, there
was a significant reduction in the counts compared to the
controls. On day 1, 19, 49, 91 and 112, erythroid colony
counts were reduced in comparison to control levels, to
0%, 2%, 47%, 13% and 15%, respectively.

E. Bone marrow apoptosis. Figure 5(a) shows the pro-
portion of apoptotic cells in the BU-treated mice as a
percentage of the control groups at each time point.
Apoptosis after a 5.25-mg/kg dose was reduced to 86%
of the control on day 1 after BU dosing, significantly
reduced to 26% of the control on day 19, returned to
normal levels on day 49 (105% of the control), and sig-
nificantly increased to 129% and 131% of the control on
days 91 and 112 post dosing, respectively. Apoptosis after
10.50 mg/kg treatment was reduced to 69% of the control
on day 1 post dosing, significantly reduced to 31% of the
control on day 19, returned to normal levels on day 49
(79% of the control), and significantly increased to 143%
and 132% of the control on days 91 and 112 post dosing,
respectively.

Figure 5(b) shows the proportion of c-kit* cells in the
BU-treated mice as a percentage of the control mice. On
day 1 after BU dosing, c-kit* cells were reduced by 70%

39



F. M. Gibson et al.

1000 > d s *+0'0>dux 1G0°0 >d ‘S[EWIUE [03UOD WO JUBIBYIP Apuedyubis,

"JUNOD ||90 pajes|onu
[esawiny = HDONH "1UN0I ||99 [BUSIBHIP SY} WO} Pae|Nd|eD |19 ploydwA| pue ploiyihia ‘piojaAw Jo Jaquinu 8njosge ay} pue ‘s|dwes moirew [esdwny Buisoddo ay) wouy paulejqo sem junod
||90 pajes|onu [esawNy [0} 8Y] "JESWS MOLBW [BISWNY 8y} U0 848 AQ N0 paLLIed (S]192 00g) JUNOJ [|90 [BljUSIaIP B puk ‘quiod awi} YOES Je S[ewlue pajeali-Ng PUE [0JJU0d U} WOJj Wopuel
Je Pa}0a|as aIaM 21W G "BN[eA [01]U0D UBaW 8U} Jo abejuadlad e Se 0lW pajesl)-Ng Woij pue ‘9ol pajesll-ng PUE [0JJUOD WOl S||99 JO SIaquinu S}N|oSAe Ueaw Se passaldxa ale synsay,

L'68  «8V2 ¥2'9 v'1Z2 €00 2o 7’62 €S0 28l L'09 «£6°0 e G'GE 860 9/2 2Ll
0Ly w9LE 2L9 L'0v9 120 ¥0°0 oLL ¥8°0 8Lt 905  .660 16°1 A4 F0'1 €62 16
88r  .0Pe 26 0°€6 010 L0 Sv9 680 2eL €2r w190 ShlL Oly  xa¥80 G0z  6f
L'LZ 9L v oy 0Lo 220 TLZ 950 502 GYZ  wlbO 06'L €0l €20 2z 6l
Gl w90 (0 €Ll 200 zLo YIE  xlS0 €8l L w200 9g't Y0 w00 681 L

(lonuod %)  (0Lx)  (0Lx)  (1onuod %)  (0Lx)  (0Lx)  (10muoD %)  (g0Lx)  (0Lx)  (onuoDd %)  (g0Lx)  (0kx)  (jonuod %)  (g0Lx)  (0Lx) Ae@

ng ng  1o4u0d ng ng |onuo)d ng na |onuod ng ng |onuod ng na  |onuo)d
OONH SEINTe) ploydwA ploiyifig piojeAN

£9S0p Ng [euly ay} jole sAkep gL | pPue L6 ‘6% ‘6L ‘L 1e pajdwes pue ‘skep £z JoA0 SuoIsed20 g uo By/Bw 050l 1.
Ng YiM pajeal} 991w 9/g1vg Sews} Ul ‘SJunod |99 pajes|onu [eijawny [0} pue ‘s|[9o ploydwA| pue pioiyifia ‘piojoAw Jeaws moilew [eiswny Jo (G =u) siequinu uesy\ "g a|qeL

© 2003 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 84, 31-47

40



Chronic bone marrow aplasia in the busulphan-treated mouse

Table 3. Histological examination of sternal marrow sections from female BALB/c mice dosed with BU at 10.50 mg/kg on 8 occasions
over 23 days, and sampled at 1, 19, 49, 91 and 112 days after the final BU dose®

Cellularity Myelopolesis Erythropoiesis Megakaryopoiesis Fat
Day Control BU Control BU Control BU Control BU Control BU
1 3.0 0.6 3.0 0.2 3.0 0.0 3.0 0.0 0.0 4.8
19 3.0 1.2 3.0 1.2 3.0 0.0 3.0 0.4 0.2 4.6
49 3.0 2.4 3.0 2.6 3.0 0.2 3.0 1.2 0.2 1.8
91 3.0 2.0 3.0 2.2 3.0 1.6 3.0 1.4 0.2 2.2
112 3.0 2.8 3.0 3.0 3.0 1.8 3.0 1.6 0.4 2.4

2Values are means; n=5 for control and BU-treated mice at each point. Sections were assessed for cellularity, myelopoiesis, erythropoiesis,
megakaryopoiesis and the presence of fat and graded on a 6 point scale: 0 =absent; 1 =very slight; 2 =slight; 3 =moderate; 4 = marked,;

5=very marked. Results were not analysed stastically.

compared to the control after 5.25 mg/kg treatment and
to 15% of the control after 10.50 mg/kg treatment. On
day 19 post dosing, c-kit* cells decreased to similar
levels (30% of the control) at both 5.25 and 10.50 mg/
kg, while on day 49 increased to 80% of the control at
both BU levels. On day 91 and 112 post dosing, counts
at 5.25 and 10.50 mg/kg increased to levels comparable
to the controls. Figure5(c) shows the proportion of
c-kit* cells that were apoptotic as a percentage of the
control groups. The percentage of apoptotic cells in
both the BU-treated groups was low compared to con-
trols from day 1 to day 49 post dosing, but on day 91

Figure2. H&E stained sections of mouse
sterna from control (vehicle-treated) and
BU-treated (10.50 mg/kg) animals. (a) and
(b), control mouse at day 1 after vehicle
dosing showing normal marrow cellularity. (A,
original magnification [OM] x 100; B,

OM x 400). (c), BU-treated mouse at day 1
after dosing, showing marked hypocellularity,
fatty replacement (arrow heads), small
megakaryocytic foci (arrows), and a haemor-
rhagic area (H). (OM x 100). (d), mouse
treated with BU at 19 days after dosing; there
is marked hypocellularity with fatty replace-
ment, a large cystic space, and an occasional
myeloid focus (arrow) (OM x 100). (d) and (f),
sternal marrow from a BU-treated mouse at
112 days after dosing; there is some hypo-
cellularity, but with only slight erythroid activity
(E, OM x 100; F, OM x 400).

apoptosis increased by 30% compared to the controls at
both BU dose levels. On day 112, apoptosis was signifi-
cantly increased for both 5.25 and 10.50 mg/kg dose
groups, by 55% and 89% compared to the control,
respectively.

Discussion

Experiment 1 (Preliminary study) followed on from a
series of investigations (Andrews et al. 1993, 1997,
1998) where BU was administered to female B6C3F;
mice, and the experimental design was based on

© 2003 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 84, 31-47 41



F. M. Gibson et al.

Morley & Blake (1974a,b) involving BU dosing on four
fortnightly occasions. However, Experiment 1, a dose-
ranging study, demonstrated that BU could be adminis-
tered repeatedly (on 8 occasions), over a relatively short
period (25days), and indicated dose levels of BU that
could be used. The clinical features of BU toxicity were
also defined and the blood and marrow parameters of
ICD animals with significant marrow depression charac-
terized. In Experiment 2, the dosing regimen was modi-
fied further. BU was again given on 8 occasions, at the
level of 10.50 (and 5.25) mg/kg, and over a reduced
period of 23 days. At 10.50 mg/kg, an initial “predictable”
marrow depression was induced, characterized by
decreased RBC, platelets, neutrophils and lymphocytes,
and a reduced HNCC and relative spleen weight
(Table 1). At day 19 and 49 post dosing there was a
return of parameters towards normal, however, at a late
stage (day 91 and 112 post dosing), evidence of a stable,
chronic, mild bone marrow aplasia was present.

Our present studies in the BALB/c mouse derive from
the earlier work of Morley & Blake (1974a,b) and Morley
et al. (1975, 1976, 1978). However, there are relevant
new features in our model. The mouse model of Morley
& Blake (1974a) involves four fortnightly doses of BU at

Figure 3. May-GrinwaldBGiemsa
stained mouse humeral marrow smears
(a-f.) from control (vehicle-treated) and
BU-treated (10.50mg/kg) animals.

(a), control mouse at day 1 after vehicle
dosing illustrating the normal distribution
of myeloid (arrow), erythroid (open
arrow) and lymphoid (arrow head)
elements (OM x 1000). (b), BU-treated
mouse at day 91 after dosing, showing
hypocellularity, with fat cells and mast
cells predominating; normal haemopoie-
tic elements are absent (OM x 1000). (c),
BU-treated mouse at day 112 post
dosing; the marrow shows significant
depletion of erythroid precursors

(OM x 1000). (D), BU-treated mouse at
day 19 post dosing; the marrow is
hypocellular, with few myeloid cells, and
many Howell-Jolly bodies (arrows) are
present (OM x 1000). (e), day 19 after
BU dosing: dyserythropoiesis; many late
normoblasts (arrows) are multinucleated
(OM x 1000). (f), day 19 after BU dosing:
dyserythropoiesis; megaloblastic devel-
opment (arrows) of intermediate and late
normoblasts (OM x 1000).

20, 20, 20 and 10 mg/kg (total 70 mg/kg), administered
over 42 days. With such a regimen, BU dosing at 14 day
intervals allows the depressed marrow to return towards
normal by the time of the next dose. In our present
model, a lower dose level of BU (10.50 mg/kg) was
used, but administered repeatedly (every 2-5days).
Previous studies (Andrews et al. 1993) have shown
that the nadir of marrow depression after a single BU
dose, occurs at day 2—7. Thus with our present dosing
regimen, doses of BU are given during the nadir.

We have also attempted to reduce from 42 to 23 days
the time period over which BU is given. However, the
total dose of BU administered (84 mg/kg) is higher than
the 70mg/kg used by Morley. The time period of the
experiment has also been significantly reduced; Morley
& Blake (1974a,b) studied animals for 300—-400 days,
and other workers who have based their techniques on
Morley’s regimen, have continued their experiments for
200-350days (Robin et al. 1981; Bhoopalam et al.
1986), or 12—18 months (Hays et al. 1982), or 40 weeks
(McManus & Weiss 1984).

In the initial paper of Morley & Blake (1974a), high
mortality was reported during and after BU dosing.
After day 60, mice were described as being in a “latent”

42 © 2003 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 84, 31-47
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Figure 4. Committed progenitor cell content of femoral marrow
from mice treated with BU at 1, 19, 49, 91 and 112 days after
BU dosing. CFU-GM (A) and erythroid colony numbers (B) in
BU-treated mice (A BU, 5.25mg/kg; @ BU, 10.50 mg/kg) as
percentages (mean + SEM) of the control mice. *P<0.05,
*P<0.01, **P<0.001.

phase, showing only minor haematological abnormal-
ities, but at some time during the period 60—-313 days,
individual latent animals began to show a developing
marrow aplasia, with body weight loss, pallor and iliness,
and a marked depression of all circulating blood cells
and tibial marrow cell count. This condition developed
rapidly and the affected animals sickened and died;
these animals were referred to as “aplastic” mice. In this
way therefore, Morley’s BU-treated animals consisted of
two changing populations of mice, an initially larger group
of latent mice, and at various times, individuals developing
or showing clear evidence of frank aplasia.

In comparing the above observations of Morley & Blake
(1974a) with our present findings, mice sampled at day
91 and 112 post BU dosing may equate with Morley’s
latent animals. Morley & Blake (1974a,b) and Morley
et al. (1975, 1976, 1978) give information on peripheral
blood and marrow cell counts of latent animals: platelet

Chronic bone marrow aplasia in the busulphan-treated mouse
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Figure 5. Apoptosis of femoral marrow from mice treated with
BU at 1, 19, 49, 91 and 112 days post dosing. Marrow nucleated
cell apoptosis (A), proportion of c-kit* cells (B), and apoptosis in
c-kit* cells (C) in BU-treated mice (A BU, 5.25mg/kg; @ BU,
10.50 mg/kg) as percentages (mean + SEM)) of the control mice.
Asterisks indicating degree of significance are as for Figure 4.

counts were normal, HCT was minimally depressed,
reticulocyte counts were normal, neutrophil/lymphocyte/
monocyte counts were moderately depressed, as were
tibial marrow cell counts. Our present findings (day 91
and 112 post dosing) would therefore probably compare
with these data in respect to RBC (HCT), neutrophil/
lymphocyte/monocyte counts, and marrow cell and reticu-
locyte counts. However, in contrast, platelet counts
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were significantly depressed in the present study
(Table 1), to 58% of control values. Also, interestingly,
at all time points studied in mice treated with both 5.25
and 10.50 mg/kg, MCV was significantly increased which
is a characteristic feature of patients with AA.

However, Morley & Blake (1974b) reported that during
the latent period, CFU-S and CFC were severely
depressed. This is in agreement with our demonstration
of reduced bone marrow CFU-GM and erythroid colo-
nies (BFU-E + CFU-GEM) (Fig. 4). In addition, in Experi-
ment 2, the marrow of BU-treated mice contained a
greater proportion of apoptotic cells than the controls,
and although the proportion of stem cells (c-kit* cells)
was normal or slightly above normal on days 91 and 112
post dosing, a greater proportion of such cells were
apoptotic (Fig. 5). The mechanism by which BU-treated
marrow is able to maintain a relatively mild cytopenia in
peripheral blood, in spite of significantly reduced marrow
cell counts and marrow progenitor cells, and increases in
the proportion of apoptotic stem cells, is unclear but
does parallel the human condition in patients with AA
even after recovery after immunosuppressive ATG ther-
apy (Marsh et al. 1990, 1991; Maciejewski et al. 1994;
Philpott et al. 1995b). Podesta et al. (1998), who fol-
lowed patients after ATG for up to 20years, observed
that although all achieved normal peripheral blood
counts, the marrow cell counts and numbers of com-
mitted progenitor cells remained subnormal, and there
was an even more significant reduction in LTCIC. This
suggests that even a severely reduced stem cell popula-
tion is able to maintain steady-state haemopoiesis. Pro-
liferation potential of LTCIC was also reduced in these
patients and this may suggest that more stem cells in AA
are unable to enter the cell cycle to proliferate normally
(Podesta et al. 1998). Increased division by more mature
progenitor cells may compensate for this. In addition, we
have demonstrated reduced regeneration of progenitors
from 5-fluorouracil-treated AA marrow cells (Gibson et al.
1996). These reports suggest dysfunctional and defi-
cient primitive noncycling stem cells in this disease,
reflecting abnormal proliferation and differentiation
kinetics, with increased apoptosis as a major contributor
to this stem cell defect.

Botnick et al. (1976) showed by serial transplantation
that the proliferation capacity of stem cells from
BU-treated mice was permanently damaged which may
explain why the animals progress from this latent phase
of normal/near normal peripheral blood counts and
markedly reduced stem cell number to a period of severe
aplasia (Morley & Blake 1974a,b).

Normal haemopoiesis is sustained by interactions
between stem cells and marrow stroma, which consists

of a wide variety of cell types and extracellular matrix
(Toogood et al. 1980; Strobel et al. 1986; Wilkins &
Jones 1995). Marrow stroma in vivo as seen in trephine
biopsies and in vitro in LTBMC consists of macrophages,
fat cells, T cells, endothelial cells and fibroblasts. Several
studies have investigated stromal function in BU-treated
mice in addition to stem cells and propose that although
the principal defect is one of stem cells, a contributing
factor may be abnormal stroma (Morley et al. 1975;
Hays et al. 1982; McManus & Weiss 1984). Interestingly,
defective stromal function has also been reported by
a number of groups in a few cases of AA (Hotta et al.
1985; Juneja & Gardner 1985; Marsh et al. 1990).

We feel justified in using the term “chronic” to describe the
late-stage bone marrow aplasia of the present studies.
The mean life-span of the BALB/c mouse is about
595days (Festing 1979). In Experiment 2, mice were
treated with BU for 23days and studied for 112days
post dosing (135 days in total), that is, about 23% of the
life-span. If human life expectancy is taken as 75years,
23% of a human life span would equate to the presence
of aplasia at 17 years after first exposure to the drug.

We appreciate that further studies are required on the
present mouse model, to define its characteristics more
fully, in comparison with those of human AA. However,
we believe that, the present model could be adapted to
evaluate the potential of drugs to cause AA. Studies
might commence with compounds which have been
associated with the induction of AA in man (e.g. gold
salts, phenylbutazone, penicillamine, phenytoin)
(Baumelou et al. 1993; Young & Alter 1994; Issaragrisil
et al. 1997). The usefulness of the mouse model should
also be defined by investigating the potential of the
three drugs recently associated with AA in clinical use,
remoxipride (Comitttee on Safety of Medicine/Medicines
Control Agency 1993; Philpott et al. 1993), felbamate
(Brodie & Pellock 1995), and ticlopidine (Mataix et al.
1992; Troussard et al. 1992; Lesesve et al. 1994;
Rodriguez et al. 1994), to induce marrow aplasia in the
mouse. Future studies should also involve using this
model to investigate the pathogenesis of the disease,
and in therapeutic interventions to inhibit or prevent the
development of AA (e.g. ATG, cyclosporin A and anti-
apoptotic drugs, such as pentoxifylline and ciprofloxacin)
(Shetty et al. 1996). In addition, it is interesting that full
recovery was not seen in this model, and investigations
into whether chronic bone marrow failure leads to
secondary myelodysplasia, involving clonal events and
karyotypic abnormalities, should be performed.

We consider the present model of chronic bone marrow
aplasia (consisting of a predictable marrow depression
immediately post dosing, and developing into an appar-
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ently stable, long-lasting mild marrow aplasia), is con-
venient to use and has several advantages. First, the
model is easy to generate and use; second, the BALB/c
mouse has advantages, being a robust, easily available,
commonly used, docile, genetically defined, inbred
strain; third, the marrow aplasia develops rapidly; fourth,
many features of AA in man are present (Marsh et al.
1990, 1991; Maciejewski et al. 1994; Philpott et al.
1995b; Podesta et al. 1998). However, there are draw-
backs: the unexpectedly high mortality; the lack of a
pronounced anaemia, reticulocytopenia and neutro-
penia; the generally mild nature of the aplasia. Experi-
ments are in progress to address these points,
particularly the first. Preliminary studies indicate that
further modification of the 10.50mg/kg BU dosing
regimen, with slightly reduced dose levels, will produce
mice with a chronic marrow aplasia but without high
mortality. We are also attempting to define the patterns
of the various cellular responses, to identify more clearly
the time periods of the “predictable” marrow depression
and the late stage aplasia.
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