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Abstract. Hematotoxicity is associated with exposure to chemotherapeutic drugs and
numerous other agents. Most measurements of the hematopoietic effects of prospective
therapeutic drugs and environmental agents have been made in animal models. We
tested the influence of various drugs on hematopoiesis in long-term cultures of Long-
Evans rat bone marrow cells. These cultures were established on nylon screen-bone
marrow stromal cell templates that were suspended in liquid medium. Previous pheno-
typic analyses of adherent zone cells of suspended nylon screen bone marrow cultures
(NSBMC) using monoclonal antibodies and flow cytometry indicated that they maintain
a multilineage character for extended periods in culture and display continuous prolif-
eration of hematopoietic progenitors (colony-forming unit culture [CFU-C]). NSBMC of
various ages were incubated for 21 hr with several concentrations of 3-p-cytosine
arabinofuranoside, 5-fluorouracil, cyclophosphamide, or methotrexate. Adherent zone
cells were dissociated enzymatically, phenotyped by flow cytometry, and assayed for
colony-forming unit culture content. 3-o-cytosine arabinofuranoside, 5-fluorouracil, and
methotrexate treatment of bone marrow cultures resulted in a dose-related diminution
in colony-forming unit culture numbers in the adherent zones of NSBMC. Phenotypic
analyses revealed similar trends but certain of these drugs manifested lineage specific-
ities. Toxicity was also related to cyclophosphamide dose, but the presence of bone
marrow stroma was necessary to demonstrate this effect in vitro. A subpopulation of
these cells was found to metabolize ethoxyfluorescein ethyl ester to fluorescein after
induction with 2,3,7,8-tetrachlorodibenzo-p-dioxin, an effect which was quantified by
flow cytometry. NSBMC may be used to ascertain lineage-specific toxicities and evaluate
the effects of drugs on the proliferation of hematopoietic progenitor cells.
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of industrial, environmental, and therapeutic
agents. The dosage and treatment duration of
cell-cycle specific and nonspecific drugs for malignancy

Bone marrow is a target tissue for a wide variety
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are often contingent upon the coincident hematopoietic
suppression (1, 2). Although the use of hematopoietic
growth factors to offset this suppression has become
more widespread (3, 4), the possible co-stimulation of
both malignant and normal hematopoietic cells cannot
be discounted fully (5). The mechanisms underlying
the inhibition of hematopoiesis resulting from drug
exposure vary, but the majority of these agents interrupt
DNA synthesis. Methotrexate (MTX), a folate analog,
slows DNA synthesis by inhibiting thymine production
(6). Other agents, such as cyclophosphamide (CP), re-
quire bioactivation to toxic metabolites by the cyto-
chrome mono-oxygenases, an event that occurs pri-
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marily within the liver (7); CP metabolites exert their
hematosuppressive effects ostensibly after transit to the
bone marrow via the peripheral blood. Animal models
are the primary tools to assess the potential hematotox-
icity of prospective chemotherapeutic drugs and other
agents. The benefit of such models is that they can be
used to measure drug effects in an integrated organism,
even though animal responses to drugs are not always
identical to those in humans. However, the costs of
animal experimentation are very high in this period of
shrinking research funding and societal pressures are
being placed upon the scientific community to limit
the use of animals in research.

Several in vifro methods that measure potential
hematopoietic toxicity have been published. Most of
these procedures employ bone marrow progenitor-de-
rived clonogenic assays to assess drug effects (8-10).
Typically, the drug is added to semi-solid agar plates or
suspensions of cells supplemented with serum or var-
ious hematopoietic growth factors. The ability of bone
marrow cells to form gel colonies of the various lineages
with and without the presence of the drug is compared.
Another group has reported consistent prediction of
toxicity to MTX by assaying progenitors derived from
murine, long-term, bone marrow cultures (11). The
putative benefit of the long-term bone marrow culture
is that it contains not only hematopoietic cells, but
stromal cells as well. Stromal cells have been reported
to possess drug-metabolizing capabilities (12) and to
support hematopoiesis by secreting growth and regula-
tory factors and extracellular matrix proteins. In this
regard, MTX treatment failed to alter stromal cell
colony-stimulating factor production in long-term cul-
ture, but still reduced the ability of stromal cells to
support colony growth (11), possibly by inhibiting the
synthesis of critical extracellular matrix components.
In contrast to monolayer-based bone marrow cultures,
we employ a nylon filtration screen-stromal cell matrix
as a template for hematopoietic cell attachment and
proliferation. This template, which is suspended in
liquid medium, promotes active progenitor cell prolif-
eration and maintains its multilineage character for
extended periods in culture (13-15). These nylon screen
bone marrow cultures (NSBMC) were used to study the
differential effects of drug exposure on hematopoiesis.
Hematopoietic potential was measured by the ability of
the cells derived from drug-treated cultures to generate
colony-forming units culture (CFU-C). The toxicity of
MTX, 8-p-cytosine arabinofuranoside (Ara-C), CP, and
5-fluorouracil (SFU) to cells of different lineages was
assessed by phenotypic characterization using flow cy-
tometry. In addition, the ability of hematopoietic or
stromal cells to metabolize ethoxyfluorescein ethyl ester
by cytochrome P-450-dependent enzymes was assessed
by cytofluorographic methods.
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Materials and Methods

Bone Marrow Cultures. The methods used to cul-
ture bone marrow cells from rats and other species have
been reported in detail previously (13-15). Briefly, sin-
gle-cell suspensions of Long-Evans male rat (250-400
g body wt) femoral bone marrow cells were plated into
25-cm? flasks containing 5-7 ml of Fischer’s medium
conditioned with 10% fetal bovine serum and 10%
equine serum (HyClone Laboratories, Logan, UT) and
supplemented with 10~ M hydrocortisone hemisuccin-
ate, (Sigma Chemical Co., St. Louis, MO), nonessential
amino acids, fungizone, and penicillin/streptomycin
(Gibco, Grand Island, NY). After incubation for 2 to 4
hr (33°C, 5% CO;, humidity =90%), the nonadherent
(hematopoietic) cells were removed and were frozen
incrementally and cryopreserved in the vapor phase of
liquid nitrogen (13). Adherent (stromal) cells were
grown in monolayer culture until sufficient cell num-
bers were achieved to inoculate onto nylon screens
(~three to four passes). Nylon filtration screens (3-210/
36; Tetko Inc., Eimsford, NY) were pretreated with 1.0
M acetic acid, coated with solubilized Type IV mouse
collagen (Gibco), and soaked in fetal bovine serum to
enhance cellular attachment. Treated screens were in-
oculated with 10°-107 stromal cells in Tissue Tek slide
chambers (Nunc, Inc., Napersville, IL) following har-
vest from monolayer cultures and transferred 6-12 hr
later to 25-cm? flasks. Stroma was allowed to grow until
cytoplasmic processes projected across three to four out
of every five mesh openings. At this point, the stromal
cell-nylon screen templates were transferred to slide
chambers and inoculated with 1-2 X 10° viable hema-
topoietic cells that were either freshly isolated or re-
trieved from cryopreservation (viability, 78-94% after
thawing). Medium (2 ml) was added to each chamber
and the cultures were transferred to 25-cm? flasks 6-24
hr later. The screens are suspended in the medium with
sufficient density to remain below the surface, but with
enough buoyancy not to touch the bottom of the flask.
The co-cultures were fed twice weekly with complete
medium.

Drug Treatment. At 10, 33, 100, 150, 170, or 208
days of culture, NSBMC were fed with medium con-
taining 0.025% (0.4 mg/ml), 0.05% (0.8 mg/ml), or
0.1% (1.6 mg/ml) CP; 107® M to 107* M MTX; 0.01,
0.02, 0.05, 0.1, 0.2, 2.0, 3.0, or 5.0 mg/ml of Ara-C; or
0.05, 0.1, and 1.0 mg/ml of 5FU (Sigma). The cultures
were removed 21 hr later, washed, and placed in flasks
containing drug-free medium for 24 hr before measure-
ments were performed. Adherent zone cells were dis-
sociated into single-cell suspensions using a 1:1 mixture
of collagenase Type IV and dispase and analyzed. Since
the majority of hematopoietic progenitor and precursor
cells were located in the adherent zones of NSBMC,
only these cells were assessed in this study. Cells of the



nonadherent zone, which were mostly mature cells with
low progenitor activity, were not assayed.

Methods of Analysis. CFU-C assay. Cells derived
from the adherent zone of NSBMC were incubated in
complete medium for 2 hr at 37°C and 5% CO,. Non-
adherent cells (5-10 X 10%) were plated into 10 mm X
35 mm Lux dishes (Nunc) containing 0.6 g of Noble
agar in 100 ml of Dulbecco’s modified Eagle’s medium
with 75 mg of DEAE dextran, 3 g of L-asparagine, and
250 ml of decomplemented rat plasma. Pokeweed mi-
togen rat spleen cell conditioned medium was used as
a source of colony-stimulating activity (16). Since
widely variant numbers of CFU-C were expected in
NSBMC treated with various drugs and doses, colonies
were scored several days earlier than usual to eliminate
potential problems of enumerating colonies in over-
crowded plates. For this reason, groups of =30 cells
were considered to be colonies and were quantified
after 8 days of culture. The CFU-C assay was only
performed on cells derived from the adherent zones of
NSBMC.

Flow cytometry. Phenotypic analysis. Adherent
zone cells were incubated with 100 ul of the following
monoclonal antibodies as described previously (17):
MRC 0OX-33 (directed against the leukocyte common
antigen on rat B cells [18]), MRC W3/25 (recognizing
T, lymphocytes and some macrophages [19]), MRC
0OX-8 (against T cytotoxic/suppressor cells and natural
killer cells [20]), MRC MOM/3F12/F2 (recognizing
epitopes on mature granulocytes [21] and myeloid pre-
cursors [22]) (Serotec Inc., Cambridge, UK), or mouse
IgG, (Coulter Immunology, Hialeah, FL). After wash-
ing, the cells were labeled for 35 min (4°C) with goat
antimouse IgG, conjugated to fluorescein isothio-
cyanate (Cappel Inc., Cochranville, PA). Cells labeled
with mouse IgG, followed by secondary monoclonal
antibodies were used as indirect controls. Specimens
were analyzed using an EPICS C flow cytometer (Coul-
ter Electronics) tuned to a wavelength of 488 nm, with
the fluorescence gain adjusted to exclude =98% of the
control cells. Windows were established around the
various cell populations using the forward light scatter
(FLS) versus side scatter (SS) two-parameter histogram
and the percentage of positively fluorescent events was
determined. Absolute numbers were calculated as the
product of this percentage and the adherent zone cell
count.

Cytochrome P-450 assay. Monolayer cultures of
bone marrow stromal cells and freshly isolated bone
marrow nonadherent cells were assayed for cytochrome
P-450 mono-oxygenases by flow cytometry. One na-
nomole of a 1-uM stock solution of 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (Chemical Carcinogen Repository,
National Cancer Institute, Kansas City, MO) in di-
methylsulfoxide (Sigma) was added to cell cultures for
18 hr to induce enzyme activity (23). This nonfluores-

cent compound was found to be an ideal inducer for
this assay. Cells in monolayer cultures were lifted using
a trypsin-collagenase mixture (13), pelleted and resus-
pended in phosphate-buffered saline at a density of ~5
X 10° cells/ml, stored on ice for 1 hr, and gradually
warmed to 37°C. Cells were analyzed for evidence of
cytochrome mono-oxygenase activity by quantifying
incremental fluorescein fluorescence in cells taking up
ethoxy-fluorescein ethyl ester (EFEE) (24, 25). Cells
were incubated with 50 nM EFEE (Molecular Probes,
Eugene, OR) in phosphate-buffered saline for 5 min at
37°C and examined for green fluorescence on a flow
cytometer with a 515-nm long-pass filter and tuned to
the 488-nm band. Fluorescence was gated on various
populations of cells based on differences in FLS versus
SS characteristics and was measured once per minute
for 8 min in samples maintained at 37°C. Fluorescein
accumulation in cells over time was indicative of cyto-
chrome P-450 activity (24-26).

Statistical analysis. Flow cytometry measurements
were taken in triplicate on sample sizes of 5,000 to
10,000 events. Data representing percentages of con-
trols were calculated using drug-treated versus un-
treated cultures from each time interval of culture.
These percentages were pooled for each drug and dose.
All results are expressed as mean + 1 SE. Levels of
significance ( P) were determined using Student’s ¢ test.
Data with P < 0.05 were considered significantly dif-
ferent from controls.

Results

The adherent zones of NSBMC contain stromal
cells (fibroblasts, macrophages, adipocytes, and endo-
thelia) and blasts that are representative of all of the
hematopoietic lineages (13-15). Treatment of these
cultures with increasing concentrations of drugs re-
sulted in dose-related decreases in the absolute numbers
of specific hematologic cell types, an effect which, in
some instances, was exerted differentially. In this re-
gard, myeloid MOM/3F12/F2*; 59% decrease) and B
(OX-33%; 67% decrease) cells were more sensitive to
the highest dose of Ara-C (3 mg/ml) than either T,
(W3/25%; 28% decrease) or Tg (OX-8%; 43% decline)
lymphocytes isolated from 33-day NSBMC (Fig. 1).
However, myeloid cells appeared to be sensitive to Ara-
C at lower doses than the other cells (Fig. 1). In general,
these findings were demonstrable in individual cultures
of the same age as well as pooled cultures of different
ages, which were treated with the same drug and dose
range (Tables I and II). In pooled cultures, Ara-C tox-
icity toward lymphoid cells was evident at doses =2
mg/ml, whereas significant (P < 0.02) myeloid toxicity
was observed at the 0.2-mg/ml dose (Table I). Although
CP caused a linear depletion in the percentages of W3/
25% (T,), OX-8" (Ty), and MOM/3F12/F2* (myeloid
cells) in dose ranges of 0.025-0.1%, no linearity was
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Figure 1. The effect of Ara-C on different hematologic lineages in NSBMC. Vertical bars through the means =

myeloid; OX-33, B; W3/25, T,; and OX-8, Ts.
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Table I. The Effects of Various Doses of CP, Ara-C, MTX, and 5FU on the Phenotypic Distribution of
Hematopoietic Cells in the Adherent Zones of Rat Nylon Screen Bone Marrow Cultures®

MOM/3F12/F2
DrUg—dose 0OX-33 (B) W3/25 (T4) OX-8 (TS) (m§e|°|d)/

Untreated 7.84 = 0.99 [100] 562 +0.83 [100] 6.01 = 0.96 [100] 12.88 £ 0.72[100]
cp

0.025% 8.09 £ 0.11[103] 571 £0.71 [102] 5.94 = 0.62 [99] 15.41 = 4.72 [120]

0.05% 4.80 + 0.96 [59° 3.74 + 0.95 [67F 2.97 + 0.39 [49]° 8.26 + 2.03 [64]°

0.10% 5.09 + 2.02 [65] 2.94 + 0.91 [38] 273 % 0.70 [45]° 7.63 + 1.25 [59]°
Ara-C

002mg/mi  837+110[107]  596+089[106]  7.54+084[125]  16.35 = 0.56[127]

0.20 mg/ml 8.52 +1.93 [108] 4.41 +1.31[78] 7.58 + 0.90 [126] 8.46 + 0.82 [66]°

2.0 mg/ml 4.49 + 0.77 [57]° 4.08 + 0.54 [73] 4.60 + 0.73 [77]° 5.77 + 0.96 [45]
MTX

10-° M 7.02 + 0.48 [90] 752+ 170[134]  6.03+148[100]  10.36 = 1.10[80]

10-5 M 819+172[104] 532+ 0.11 [95] 9.51 + 1.83 [158] 7.61 + 0.54 [59]°

107 M 553 = 0.74 [71) 3.78 £ 0.72 [67]° 3.93 + 0.53[65]" 7.47 £ 0.83 [57)°
5FU

0.1 mg/mi 4.47 +0.92 [57F 5.41 + 0.75 [96] 3.51 = 0.89 [58]° 9.52  0.88 [74]

0.2 mg/mi 326 + 061 [42] 4.39 + 0.38 [78]° 2.32 % 0.14 [39] 8.75 + 0.70 [68]

2.0 mg/ml 1.23 + 0.24 [16] 0.82 + 0.08 [15]° 0.69 + 0.09 [11]° 2.42 + 0.36 [19]

2 Represents the mean positive fluorescent events for each antibody and each drug and dose level as pooled from cultures of various ages
(10, 38, 100, 150, 170, and 208 days). n = 3-11. The bracketed numbers indicate percentage of control.

b Significantly different from controls.

noted in the B cell (OX-33*) response to CP at these
doses (Table I). Similar trends were evident with MTX.
S5FU treatment, however, appeared to diminish the
percentages of all of these cell types in a dose-related
manner (Table I).

The effect of these agents on CFU-C progenitor
cells was measured as well. Ara-C treatment of NSBMC
in a dose range of 0.05-5.0 mg/ml resulted in a signif-
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icant diminution in the concentrations of CFU-C, but
only at doses =1.0 mg/ml. In this regard, 1.0, 2.0, and
5.0 mg/ml doses of Ara-C resulted in a drop of 29% (P
< 0.05), 64% (P < 0.01), and 73% (P < 0.01) of CFU-
C numbers, as compared with untreated control
NSBMC (Table II). In addition, CFU-C colonies de-
rived from adherent zone cells of NSBMC were mark-
edly larger (>1 mm in diameter) when cultures were



Table ll. Mean Numbers of CFU-C Derived from the
Adherent Zones of Suspended Nylon Screen Bone
Marrow Cultures after Treatment with Either Cytosine
Arabinoside, Methotrexate, or 5-Fluorouracil®

_ CFU-C  Percentage of  Cuiture
Drug—dose {m control ages’
Ara-C
0 mg/ml 2219 100 33/100
0.05 mg/ml 2332 105.1 £ 9.1 33/100
0.10 mg/mi 2096 945+77 33/100
0.50 mg/ml 2070 93.3+6.8 33/100
1.0 mg/mi 1575 71.0+8.2 33/100
2.0 mg/mi 801 36.1 £ 4.4 33/100
5.0 mg/mi 590 26.6 £ 5.4 33/100
MTX
oM 2293 100 100/170
107 M 1650 712+ 112 100/170
107° M 718 31215 100/170
1074 M 598 25017 100/170
5FU
0 mg/ml 534 100 10/33
0.05 mg/ml 423 793 +6.2 10/33
0.10 mg/ml 394 73.7+5.6 10/33
1.0 mg/ml 214 40089 10/33

# Means are derived from cultures of various ages that were treated
with the same dose of drug. Mean percentages of controls = 1 SE
are listed also.

¢ Calculated from the percentage of applicable controls for each time
interval of culture.

¢ Indicates the cultures from which data were pooled for each dose
level.

treated with high doses of Ara-C (Fig. 2). This effect
was not observed with any of the other test agents.
Concentrations of Ara-C =0.5 mg/ml had no significant
effect on these progenitor cells. MTX in doses of 107¢
M to 107* M exhibited a dose-related inhibition of
CFU-C numbers (29-75%; P < 0.05-P < 0.025). Sim-
ilar findings were observed with the S5FU-treated
NSBMC.

Although the number of CFU-C and the pheno-
typic distribution of cells within the adherent zones of
NSBMC vary with age, all cultures exhibited a dose-
related decrease in CFU-C numbers following treat-
ment with CP when compared with untreated (0%)
cultures of the same age (Fig. 3). Toxicity of hemato-
poietic cells to this synthetic alkylator was apparent
only if stromal cells were present. Exposure of freshly
isolated bone marrow nonadherent cells (depleted of
adherent stromal cells) to CP did not significantly in-
hibit their ability to generate CFU-C colonies in agar
culture (Fig. 3). Differences in CFU-C concentration
were apparent in CP-treated NSBMC of different ages.
Thus, the percentage of decrease in CFU-C in 10-day
cultures evoked by 0.1% CP was 64%, as compared
with 89% and 81% for the 170-day and 208-day
NSBMC, respectively. In an effort to define the cell
type(s) that was responsible for metabolizing CP, bone

marrow suspensions that were depleted of adherent cells
or monolayer cultures of bone marrow stroma that are
used to establish the templates were treated with EFEE
after induction with 2,3,7,8-tetrachlorodibenzo-p-
dioxin. Modulation of FLS and SS gain, as well as laser
power, was used to produce histograms when a mini-
mum of three distinct cell populations could be defined
based upon their physical characteristics. For stroma,
these attributes were: Map 1, small agranular cells; Map
2, moderately sized granular cells; and Map 3, large
granular cells (Fig. 4). Log green fluorescence accumu-
lation gated on each map was measured as a function
of time. The larger, more granular subpopulation of
bone marrow stromal cells displayed active metabolism
of EFEE to fluorescein as indicated by the appearance,
with time, of increased numbers of fluorescing cells and
an increased fluorescence intensity (peak channel num-
ber) (Table III) (Fig. 4). The smaller, granular cells also
exhibited a modicum of enzyme activity, but no ability
to convert EFEE to its fluorescent product was found
in the small to moderately sized agranular stromal cells
(Map 1) or any of the bone marrow nonadherent (he-
matopoietic) cell populations (Table III).

Discussion

Toxicity to bone marrow can be induced by a wide
variety of therapeutic drugs and industrial/environ-
mental agents. Many of the anticancer drugs suppress
hematopoiesis at the higher dose levels which are often
required to achieve therapeutic benefit (1, 2). Although
hematotoxicity of prospective therapeutic drugs is as-
sessed in animal models prior to use in humans, rela-
tively few laboratories attempt to measure the effects of
drugs on hematopoiesis in vitro. The use of hemato-
poietic, progenitor-derived, clonogenic assays to predict
cytotoxicity (8-10) primarily provides information con-
cerning the direct effects of drugs upon hematopoietic
cells. The relatively low numbers of stromal cells in
these preparations is one potential problem with this
approach, since these cells have been shown to exhibit
drug metabolizing capabilities as well as important
support functions for hematopoiesis (12, 27-30). The
generation of colonies in these clonogenic assay systems
is stimulated by the addition of exogenous growth and
regulatory factors, many of which have been reported
to originate from stromal cells (27, 30). Inhibition of
the ability of stromal cells to elaborate trophic/regula-
tory factors, or to proliferate, may be indirectly respon-
sible for the suppression of hematopoiesis that is noted
following exposure in vivo to certain drugs. In contrast
to the progenitor assay systems, long-term bone marrow
cultures contain all of the cell types found in bone
marrow in vivo, and provide a more natural milieu for
hematopoietic proliferation and differentiation (27, 31).
One group used a murine long-term bone marrow
culture system to assess the toxicity of MTX, which
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Figure 2. CFU-C assay plate showing a large colony that is >1 mm in diameter (large arrow) versus colonies containing ~30-60 cells (small
arrows). The cross-hatched pattern at the bottom of the plate is used to facilitate counting. Cells were derived from the adherent zones of
NSBMC treated with 5.0 mg/ml of Ara-C. A mean 17% of the total colony numbers were substantially larger. Total magnification, 30x.
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Figure 3. CP-induced decreases in the numbers of CFU-C derived from NSBMC of various ages as compared with its relative lack of effect
on bone marrow nonadherent cells. The y axis is on log scale, but the numbers represented on this axis are actual. Vertical bars through the

means represent = 1 SE.

suppressed myelopoiesis (CFU-C generation) at dose
ranges of 107°-1073 M and also diminished the ability
of stromal cells to support hematopoiesis. This effect,
perhaps, was mediated by interference with the ability
of stroma to synthesize extracellular matrix compo-
nents, rather than their capacity to synthesize colony-
stimulating activity, which was not altered by this drug
(11). Monolayer-based bone marrow cultures primarily
express myeloid cells; no attempt was made in this
study to measure the effect of MTX on other cell types.
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NSBMC contain actively cycling hematopoietic
progenitors and produce blasts representing all of the
hematologic lineages (13-15). The stromal cell content
of these cultures is ~40-50% (14). A dose-related dim-
inution in the numbers of CFU-C progenitor cells in
NSBMC was demonstrable with all of the drugs used
(Fig. 3 and Table II). The percentages of decrease in
the concentrations of CFU-C induced by 0.1% CP in
the 170-day and 208-day cultures were 89% and 81%
of the untreated NSBMC of the same ages, respectively.
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Figure 4. FLS versus SS histogram depicting the maps used to
assess the conversion of EFEE to fluorescein in rat bone marrow
stromal cells. FLS is an indicator of cell size, whereas SS measures
granularity. Log green fluorescence accumulation by cells within each
population was measured.

In contrast, 0.1% CP diminished CFU-C in 10-day
cultures by only 64%. This finding might be attributable
to the presence of relatively fewer numbers of stromal
cells in the 10-day as compared with the older cultures,
or to a greater sensitivity of the recently seeded hema-
topoietic cells to activated products of this drug. The
progenitor potential and phentoypic characteristics of
cells within NSBMC are related to the age of the culture
as well as the stromal cell “stock” culture that was used
to establish the nylon screen template. Since bone
marrow stromal cells are somewhat heterogeneous with
regard to the type of hematopoietic cells which they
support, additional variations may result from random
seeding (attachment) of these cells to the pretreated
nylon screen. For these reasons, the effects of drugs on
cultures of different ages (Fig. 1, e.g.) were interpreted
relative to the “0” dose level (untreated) control.
Leukocytic cells, present in the adherent zones of
NSBMC, did not react in a uniform manner to all of
the drugs used in this study (Table I). Myeloid cells
exhibited a greater sensitivity to MTX and Ara-C than
did lymphoid cells. Although a dose of 2 mg/ml of SFU
appeared to inhibit all of the leukocytes to a similar
degree, CP exhibited greater inhibitory effects against
T lymphocytes than either B or myeloid cells at the

Table Ill. Fluorescein Fluorescence® as a Function of
Time after EFEE Introduction in Rat Bone Marrow
Stromal Cells or Freshly Isolated Stromal Cell-
Depleted, Bone Marrow Nonadherent (Hematopoietic)
Cells 21 hr after Induction with TCDD?

Time BMS-tlotaI oy Map Map Map BMNA-total .
(min) p?fpu a- 1 2 3  population®
ion
0 0 40 0 0 O 0 40
1 1.8 42 0 0.27 040 0.14 45
2 193 50 0 0.37 421 0 40
3 373 62 0 073 815 0 48
4 316 80 0 0.62 6.89 0 40
5 270 47 0 0.50 5.59 0 40
6 252 49 0 049 549 0 43
7 226 47 0 0.30 4.03 0 42
8 209 42 0 017 255 0 40

¢ Log green fluorescence gain was adjusted so that the baseline
channel for fluorescence measurements (40) was 0%.

b Peak channel numbers (CH) and the mean percentages of positively
fluorescent cells in three populations of bone marrow stromal cells
(defined based on the FLS versus S8 histogram; the mean percent-
ages of cells within each map were, 1. 49%, 2. 19%, and 3. 23%)
are indicated also. Additional abbreviations used in this table: TCDD,
2,3,7,8-tetrachlorodibenzo-p-dioxin; BMS, bone marrow stromal
cells; BMNA, bone marrow nonadherent cells.

°No detectable positively fluorescent cells were observed either in
the total bone marrow nonadherent celi population or any of the three
subpopulations. The mapped regions are, therefore, not included in
the Table.

dose levels we employed (Table I). Since CP requires
activation to its toxic metabolites by enzymes of the
cytochrome P-450 system (7), this phenomenon may
be attributed to metabolism of CP by stromal cells,
which are relatively abundant in the adherent zones of
these cultures. The toxic effects of CP were manifested
only if stromal cells were present; bone marrow non-
adherent cells that were treated with CP prior to inoc-
ulation into agar gel cultures displayed only nonsignifi-
cant decreases in their ability to generate CFU-C colo-
nies (Fig. 3). CP did not appear to exert any direct
effects on hematopoietic cells in this study, but we
cannot preclude the possibility that this agent might
influence a parameter that we did not measure. Cyto-
chrome P-450 activity has been reported to exist in a
number of different types of cells, including fibroblasts
and macrophages (12, 32-34). In this regard, bone
marrow stromal cells have been reported to metabolize
benzene derivatives (29). In addition, human skin fi-
broblasts display cytochrome oxidase activity, a func-
tion that apparently is altered in individuals with Zell-
weger syndrome (32). Cytochrome P-450-dependent
mono-oxygenases were induced in alveolar macro-
phages following exposure to benzopyrene (33) and
macrophages derived from peripheral blood have been
shown to metabolize ethanols, sodium phenobarbitone,
chlorpromazine, and other xenobiotics (12, 34). This
macrophage function was abrogated by the addition of
SKF-525A or other agents known to inhibit cytochrome
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mono-oxygenases. Developing hematopoietic cells may
be uniquely sensitive to the generation of toxic metab-
olites by macrophages, since erythroid and myeloid cells
often develop around these cells, ostensibly because
they provide nutrients and cytokines essential to growth
and differentiation (27). The metabolism of xenobiotics
by bone marrow has been reported previously (35) and
this capacity has been ascribed to hematopoietic cells
(36). In this regard, the localization of arylhydrocarbon
hydroxylase, a cytochrome mono-oxygenase, was ob-
served in clonogenic murine erythroid and granuloid/
monocytic colonies (36). The potential role of stromal
cells in this phenomenon is difficult to assess since no
adherent cell depletion was performed prior to inocu-
lation of the bone marrow cells into the assay system.
In addition, there may be some qualitative differences
with regard to cytochrome oxidase activity between
recently isolated bone marrow cells and cells that have
been hormonally stimulated to form colonies in vitro.
Bone marrow stromal cells exhibit inducible cyto-
chrome P-450 enzyme activity. EFEE conversion to
fluorescein was localized to the large sized, granular cell
subpopulation and, to a lesser extent, the smaller gran-
ular cells (Fig. 4). Similar activity was not observed
with other stromal cell populations or with any bone
marrow nonadherent cells (Table III), although this
does not necessarily rule out xenobiotic metabolism by
these cells. More sensitive cytofluorographic methods,
such as the benzo(a)pyrene fluorescence reduction assay
(23, 25), may be required to demonstrate cytochrome
P-450 activity by other populations of cells that express
low levels of these enzymes. However, with the EFEE
conversion assay, stromal cells display measurable
drug-metabolizing capacity, whereas hematopoietic
cells do not. The larger more granular cells in the
stromal cell cultures were morphologically similar to
macrophages and react with a monoclonal antibody,
ED-1, specific for monocytic cells. In a previous study,
the toxic effects of CP on bone marrow cultures were
exacerbated by the presence of nylon screen hepatocyte
cultures during the 21-hr exposure period (37).

In general, Ara-C, when introduced into NSBMC
at higher dose levels, significantly diminished the num-
bers of CFU-C (Table I). However, many of the CFU-
C generated after dosing with 5 mg/ml of Ara-C were
considerably larger in size than “normal” colonies con-
sisting of 30-60 cells (Fig. 4). The reason(s) underlying
the production of these large colonies is unclear. Irra-
diated stroma or stroma derived from a cloned adherent
cell line (TC-1) was reported to induce the formation
of giant leukocytic colonies in an agar overlay system
(38), ostensibly because of colony-stimulating activity
production by the stromal cells. Although cells derived
from NSBMC are adherent-cell depleted prior to being
placed into the CFU-C assay, the potential contribution
of contaminating stromal cells in eliciting this effect
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cannot be fully discounted. However, exposure to high
levels of Ara-C may modify the differentiation of leu-
kocytic cells derived from NSBMC or select for cells
with an enhanced ability to proliferate. Cells derived
from the bone marrows of SFU-treated mice generated
large colonies in vitro reportedly due to a higher per-
centage of cells within the colony with high proliferative
potential (39). Immature cells have also been identified
in giant colonies formed by cells taken from murine
bone marrow regenerating after radiation exposure (40).
Of interest to us in this study was the observation that
these large colonies appeared during early stages of
culture and became smaller witu time. For practical
reasons, our CFU-C assays were enumerated after only
8 days in culture. The larger colonies generated by high
doses of Ara-C probably reflect enhanced proliferative
activity, rather than megaloblastic alterations, since
similar changes were not observed in the MTX-treated
cultures.

The toxic effects of Ara-C, SFU, MTX, and CP
also were assessed using the 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide and neutral red
assays (41). In general, higher drug doses were required
to demonstrate toxicity using the dye uptake/release
assays as compared with the progenitor cell prolifera-
tion or phenotypic characterization indices (41). For
example, MTX caused a significant diminution in the
numbers of T and myeloid cells at doses =107° M,
whereas significant (P < 0.05) decreases in CFU-C
numbers were observed at doses of MTX as low as 107°
M (Table II). In contrast, a MTX dose =1072 M was
required to kill 50% of the cultured cells as measured
by the neutral red assay. Similar trends were noted with
5FU, Ara-C, malathion, and CP (41). The greater sen-
sitivity of the progenitor cell assays and phenotypic
characterizations in assessing hematotoxicity as com-
pared with the dye uptake/release viability assays may
be ascribed to the differential sensitivities of hemato-
poietic and stromal cell populations of our co-cultures.
The latter are less sensitive to many drugs because they
manifest a capacity to metabolize these agents and are
less mitotically active than their hematologic counter-
parts. These findings indicate that indices of cellular
proliferation and differentiation may be more sensitive
indicators of the susceptibility of hematologic cells to
toxic substances than dye uptake/release viability as-
says.

In summary, (i} NSBMC can be used to measure
hematotoxicity; this was evaluated using CFU-C assay
and flow cytometry; (ii) measurements of differential
hematotoxicity are possible because NSBMC display
the ability to produce several hematologic cell lines
concurrently; (iii) the effects of Ara-C and MTX were
most pronounced on myeloid cells, whereas CP pri-
marily influenced lymphoid cells of NSBMC; (iv) al-
though hematopoiesis in NSBMC varies with the age



of culture and other factors, hematotoxicity versus 0
dose level controls was still quantifiable; (v) CP exhib-
ited toxic effects on hematopoietic cells only when
stromal cells were present during exposure; (vi) because
of their ability to metabolize EFEE to fluorescein, the
larger, more granular stromal cells were identified as
possessing cytochrome P-450 activity; and (vii) long-
term bone marrow cultures may prove to be useful
tools for the assessment of drug toxicities.

This work was supported by grant 7-70984 to the Research

Foundation of the City University of New York from Marrow Tech
Inc., La Jolla, California.

10.

11,

12.

13.

14,

. Evans WE, Clinical pharmacodynamics of anticancer drugs: A

basis for extending the concept of dose intensity. Blut 56:241-
248, 1988.

. Gale RP. Myelosuppressive effects of antineoplastic chemother-

apy. In: Testa NG, Gale RP, Eds, Hematopoiesis. Long-Term
Effects of Chemotherapy and Radiation. New York: Marcel
Dekker, pp63-73, 1988.

. Antman KS, Griffin JD, Elias A, Socinski MA, Ryan L, Cannistra

SA, Oette DD, Whitley M, Frei E, Schnipper LE. Effect of recom-
binant human granulocyte-macrophage colony stimulating factor
on chemotherapy induced myelosuppression. N Engl J Med
318:593-598, 1988.

. Herrmann F, Schulz G, Lindemann A, Meyenburg W, Oster W,

Krumwiek D, Mertelsmann R. Hematopoietic responses in pa-
tients with advanced malignancy treated with recombinant hu-
man granulocyte-macrophage colony stimulating factor. J Clin
Oncol 7:159-167, 1989.

. Berdel WE, Danhauser-Riedl S, Steinhauser G, Winton EF,

Various human hematopoietic growth factors (interleukin-3,
GM-CSF, G-CSF) stimulate the clonal growth of nonhemato-
poietic tumor cell lines. Blood 73:80-83, 1989,

. Bertino JR, Johns DG. Folate antagonists. Annu Rev Med 18:27-

34, 1967.

. Sladec NE. Metabolism of cyclophosphamide by rat hepatic

microsomes. Cancer Res 31:901-908, 1971.

. Beran M, Andersson BS, Wang Y, McCredie KB, Farquhar D.

The effects of acetaldophosphamide, a novel stable aldophos-
phamide analog, on normal human and leukemic progenitor
cells in vitro. Cancer Res 48:339-445, 1988,

. Gallichio V, Casale GP, Watts T. Inhibition of human bone

marrow derived stem cell colony formation (CFU-E, BFU-E, and
CFU-GM) following in vitro exposure to organophosphates. Exp
Hematol 15:1099-1102, 1987.

Nakarai T, Koizumi S. Effects of calcium antagonists on anti-
cancer drug toxicity to haematopoietic progenitor cells in normal
human bone marrow. Leuk Res 14:401-405, 1990,

Williams LH, Udupa KB, Lipschitz DA, Long-term bone marrow
culture as a model for host toxicity: The effect of methotrexate
on hematopoiesis and adherent layer function. Exp Hematol
16:80-87, 1988.

Wickramasinghe SN. Evidence of drug metabolism by macro-
phages: Possible role of macrophages in the pathogenesis of drug-
induced tissue damage and in the activation of environmental
procarcinogens. Clin Lab Hematol 9:271-280, 1987.

Naughton BA, Preti RA, naughton GK. Hematopoiesis on nylon
mesh templates. I: Long-term culture of rat bone marrow cells. J
Med 18:219--250, 1987.

Naughton BA, Naughton GK. Hematopoiesis on nylon screen

15.

20.

21

22.

23,

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35

MEA

templates: Modulation of long-term bone marrow culture by

stromal support cells. In; Orlic D, Ed. Cellular and Molecular

Controls of Hematopoiesis,. Ann NY Acad Sci 554:140-1355,

1988.

Naughton BA, Jacob L, Naughton GK. A three dimensional

culture system for the growth of hematopoietic cells. In: Gross S,

Gee AP, Worthington-White D, Eds. Bone Marrow Processing

and Purging. Progress Clin Biol Res 333:435-445, 1990.

. Bradley TR, Metcalf D. The growth of mouse bone marrow cells
in vitro. Aust J Exp Biol Med Sci 44:287-300, 1966.

. Naughton BA, Dornfest BS, Bush ME, Carlson CA, Lapin DM.
Immune activation is associated with phenylhydrazine-induced
anemia in the rat. J Lab Clin Med 116:498-507, 1990.

. Woollett GR, Barclay AN, Puklavec M, Williams AF. Molecular
and antigenic heterogeneity of the rat leukocyte-common antigen
from thymocytes and T and B lymphocytes. Eur J Immunol
15:168-173, 1985.

. Brideau RJ, Carter PB, McMaster WR, Mason DW, Williams

AF. Two subsets of rat T lymphocytes defined with monoclonal

antibodies. Eur J Immunol 10:609-615, 1980.

Billett EE, Gunn B, Mayer RJ. Characterization of two monoclo-

nal antibodies obtained after immunization with human liver

mitochondrial membrane preparations. Biochem J 221:765-776,

1984.

Williams AF, Galfre G, Milstein C. Analysis of cell surfaces by

xenogeneic myeloma-hybrid antibodies: Differentiation antigens

of rat leukocytes. Cell 12:663-673, 1977,

Naughton BA, Tjota A, Sibanda B, Naughton GK. Hemato-

poiesis on suspended nylon screen/stromal cell microenviron-

ments. J Biomech Eng 113:171-177, 1991.

Miller AG, Whitlock JP. Efficient metabolism of benzo(a)pyrene

at nanomolar concentrations by intact murine hepatoma cells.

Cancer Res 42:4473-4478, 1982.

Taylor IW. A rapid single step staining technique for DNA

analysis by flow microfluorometry. J Histochem Cytochem

28:1021-1024, 1980.

Miller AG. Ethylated fluoresceins: Assay of cytochrome P-450

activity and application to measurements in single cells by flow

cytometry. Anal Biochem 133:45-57, 1982.

White INH, Green ML, Legg RF. Fluorescence-activated sorting

of rat hepatocytes based on their mixed function oxidase activities

towards diethoxyfluorescein. Biochem J 247:23-28, 1987,

Tavassoli M, Minguell JJ. Homing of hemopoietic progenitor

cells to the marrow. Proc Soc Exp Biol Med 196:367-373, 1991.

Kushner BH, Siena S, Castro-Malaspina H. Myeloablation with

diaziquone: In vitro assessment, Blood 69:1747-1752, 1987.

Thomas DJ, Sadler A, Subrahmanyam VV, Siegel D, Reasor MJ,

Wierda D, Ross D. Bone marrow stromal cell bioactivation and

detoxification of the benzene metabolite hydroquinone: Com-

parison of macrophages and fibroblastic cells. Mol Pharmacol

37:255-262, 1990.

Zipori D. Cell interactions in the bone marrow microenviron-

ment: Role of endogenous colony-stimulating activity. J Supra-

mol Struct Cell Biochem 17:347-357, 1981.

Dexter TM. Stromal cell associated haemopoiesis. J Cell Physiol

11:87-99, 1982.

Santos MJ, Ojeda JM, Garrido J, Leighton F. Peroxisomal or-

ganization in normal and cerebrohepatorenal (Zellweger) syn-

drome fibroblasts. Proc Natl Acad Sci USA 82:6556-6560, 1985.

Jones GS, Holland JF, Fouts JR. Benzo[a]pyrene hydroxylase

activity in enriched populations of Clara cells and alveolar type

II cells from control and 3-napthoflavone-pretreated rats. Cancer

Res 42:4658-4663, 1982.

Wickramasinghe SN. Observations on the biochemical basis of

ethanol metabolism by human macrophages. Alcohol Alcohol

21:57-63, 1983,

. Dresner JH, Abraham NG, Levere RD. Presence and induction

SUREMENT OF HEMATOTOXICITY IN VITRO 489



36.

37.

38.

490

of drug metabolizing enzymes in rat bone marrow. Res Commun
Chem Pathol Pharmacol 32:281-298, 1981.

Lutton JD, Solangi JY, Cooper JD, Goodman A, Abraham NG,
Levere RD. Development of a cytochrome P-450 monooxygen-
ase system in clonogenic hemopoietic cells. Res Commun Chem
Pathol Pharmacol 56:87-99, 1987.

Naughton BA, Sibanda B, Triglia D, Naughton GK. Measure-
ment of hematotoxicity using bone marrow cultured alone or in
the presence of liver cell cultures. In: Goldberg A, Ed. Alternate
Methods in Toxicology, Vol 8. In Vitro Toxicology. New York:
Mary Ann Liebert Press, pp451-462, 1991.

Quesenberry P, Song Z, Alberico T, Gualtieri R, Stewart M,
Innes D, McGrath E, Cranston S, Kleeman E. Bone marrow

MEASUREMENT OF HEMATOTOXICITY IN VITRO

39.

40.

41.

adherent cell hemopoietic growth factor production. Progr Clin
Biol Res 184:247-256, 1985,

McNeice 1K, Kriegler AB, Bradley TR, Hodgson GS. Subpopu-
lations of mouse bone marrow high-proliferative-potential colony
forming cells (HPP-CFC). Exp Hematol 14:856-861, 1986.
Cronkite EP, Carsten AL, Inoue T, Bullis J. Colossal granulocytic
and erythropoietic colonies and bursts formed by culture of
regenerating bone marrow in plasma clot diffusion chambers
(PCDC). In: Baum SJ, Ledney GD, van Bekkum D, Eds. Exper-
imental Hematology Today. Basel: S. Karger Press, pp255-264,
1980.

Naughton BA, Sibanda B, Triglia D, Naughton GK. Rat bone-
marrow cell proliferation as an index of the effects of xenobiotics
in vitro. Toxicol In Vitro 5:389-394, 1991,





