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1 Since the production of eosinopoietic cytokines (GM-CSF, IL-3, IL-5) is inhibited by
glucocorticoids, while responsiveness to these cytokines is enhanced in bone-marrow of allergic
mice, we studied the ability of glucocorticoids to modulate murine bone-marrow eosinopoiesis.

2 Progenitor (semi-solid) and/or precursor (liquid) cultures were established from bone-marrow of:
(a) normal mice; (b) ovalbumin-sensitized and challenged mice or (c) dexamethasone (1 ± 5 mg kg71)
injected mice. Cultures were established with GM-CSF (2 ng ml71) or IL-5 (1 ng ml71), respectively,
alone or associated with dexamethasone, hydrocortisone or corticosterone. Total myeloid colony
numbers, frequency and size of eosinophil colonies, and numbers of eosinophil-peroxidase-positive
cells were determined at day 7.

3 In BALB/c mice, dexamethasone (1077
M) increased GM-CSF-stimulated myeloid colony

formation (P=0.01), as well as the frequency (P=0.01) and size (P50.01) of eosinophil colonies.
Dexamethasone (1077

M) alone had no e�ect. Dexamethasone (1077 ± 10710
M) increased (P50.002)

eosinophil precursor responses to IL-5. Potentiation by dexamethasone was still detectable: (a) on
low density, immature, nonadherent BALB/c bone-marrow cells, (b) on bone-marrow from other
strains, and (c) on cells from allergic mice. Hydrocortisone and corticosterone had similar e�ects.
Dexamethasone administered in vivo, 24 h before bone-marrow harvest, increased subsequent
progenitor responses to GM-CSF (P=0.001) and precursor responses to IL-5 (P50.001). These
e�ects were blocked by RU 486 (20 mg kg71, orally, 2 h before dexamethasone, or added in vitro at
10 mM, P50.001).

4 Glucocorticoids, acting in vivo or in vitro, through glucocorticoid receptors, enhance bone-
marrow eosinopoiesis in naõÈ ve and allergic mice.
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Introduction

Glucocorticoids suppress peripheral blood and tissue eosino-
philia by inhibiting the production of cytokines required for

bone-marrow eosinopoiesis, by inducing apoptosis in mature
eosinophils and by antagonizing the in vitro survival-
promoting e�ects of Interleukin-5 (IL-5), granulocyte-macro-

phage colony stimulating factor (GM-CSF) and Interleukin-3
(IL-3; reviewed in Giembycz & Lindsay, 1999). However,
whether they also suppress the e�ects of IL-5, GM-CSF and

IL-3 on bone-marrow eosinophil progenitors and precursors
has not been thoroughly investigated, presumably because
such interaction is not expected to occur in individuals whose

eosinopoietic cytokine production has already been suppressed
by therapeutical doses of glucocorticoids (Barnes, 1996;
Schleimer & Bochner, 1994; Giembycz & Lindsay, 1999). This
remains, nevertheless, an important issue, because a Th2

pattern of cytokine production, including IL-5, may even be
induced by glucocorticoids, working synergically with Inter-
leukin-4 (reviewed by Wilckens & De Rijk, 1997), while

production of GM-CSF may resist high doses of glucocorti-
coids (Kunicka et al., 1993; Her et al., 1991).

The study of glucocorticoid e�ects on eosinopoiesis, which
has been centered on human progenitors, has yielded

con¯icting results, depending on the experimental conditions.
Early reports of inhibition of human eosinophil colony
formation by glucocorticoids are now considered di�cult to

interpret because the crude preparations used to stimulate
colony growth contain several factors with opposing e�ects
(reviewed by Schleimer & Bochner 1994, and Giembycz &

Lindsay, 1999). A careful study by Barr et al. (1987), following
the initial observations of Slovick et al. (1985), demonstrated
enhancement of eosinophil colony formation from human

bone-marrow by physiological and pharmacological concen-
trations of hydrocortisone. Butter®eld et al. (1986) reported
that hydrocortisone at pharmacological concentrations in-
creased eosinophil colony formation by bone-marrow cells of

normal subjects, but inhibited eosinopoiesis in an allergic
patient. Evidence for glucocorticoid resistance of human
peripheral blood eosinophil progenitors was also provided by

Barr et al. (1987) and Shalit et al. (1995).
We reported that allergen challenge of ovalbumin-sensitized

mice increases the responses of eosinophil progenitors and

precursors to IL-5 and IL-3 (Gaspar Elsas et al., 1997).
Because of the increasing interest in murine models of asthma,
it is important to evaluate whether glucocorticoids also
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modulate responsiveness to cytokines in murine eosinopoiesis.
Furthermore, it is necessary to de®ne whether their e�ects, as
those of the eosinopoietic cytokines themselves, are modi®ed

by immunization and challenge. To do so, we evaluated the
ability of glucocorticoids to modulate responses to GM-CSF,
IL-5 and IL-3 in bone-marrow culture established from naõÈ ve
or from ovalbumin-sensitized and challenged mice of six

di�erent strains, including those from the high IgE-producing
strain BP-2 (Eum et al., 1995). Furthermore, because of the
increased sensitivity of precursor assays, relative to progenitor

assays, to the e�ects of eosinopoietic cytokines (Sanderson,
1992), we have extended our analysis to the e�ects of
glucocorticoids on IL-5-stimulated eosinophil di�erentiation

in liquid culture, an issue which has not been addressed in
previous studies. We report that glucocorticoids, either present
at relatively low concentrations in bone-marrow culture, or

administered in vivo 24 h before bone-marrow harvest,
enhance eosinopoiesis in bone-marrow cultures of both naõÈ ve
and allergic mice.

Methods

Animals and animal procedures

For most of the study, male and female BALB/c mice bred at

FIOCRUZ (Rio de Janeiro, Brazil), were used at 6 ± 8 weeks of
age. BALB/c mice bred at Elevage Janvier (Le Genest Saint-
Isle, France), yielded comparable results. In selected experi-

ments, A/J, CBA/J, DBA/2, and C57BL/10 mice bred at
FIOCRUZ, and BP-2 mice, bred at Elevage Janvier, were also
used. BALB/c and BP-2 mice were immunized with two s.c.
0.4 ml injections of 100 mg ovalbumin mixed with 4 mg ml71

Al(OH)3 in 0.9% NaCl, at 7 day intervals. BALB/c mice were
intranasally challenged with 10 mg ovalbumin in 50 ml 0.9%
NaCl, 1 week after the second injection, a procedure that

increases responses to eosinopoietic cytokines (Gaspar Elsas et
al., 1997). BP-2 mice were submitted to repeated challenges
(twice a day, for 2 days), which induce bronchopulmonary

hyperreactivity in this strain (Eum et al., 1995). Both groups
were sacri®ced 24 h after completing the challenge procedure.
NaõÈ ve BALB/c mice were injected once with dexamethasone
i.p. (1 or 5 mg kg71), 24 h before bone-marrow harvest.

Control animals received an equivalent volume of saline.
Where indicated, animals were orally given RU 486
(20 mg kg71, Perretti & Flower, 1996) in 0.5% methylcellu-

lose, with the help of a spherical end stainless steel catheter, 2 h
before dexamethasone administration. Control animals re-
ceived an equivalent volume of 0.5% methylcellulose. Animal

handling followed the standard procedures adopted at the
Institut Pasteur, Paris (France).

Reagents

Heat-inactivated foetal calf serum (FCS), L-glutamine and
culture media were from Gibco (Life Technologies SARL,

Cergy Pointoise, France). Agar Noble from Difco (Detroit,
MI, U.S.A.), Di�-Quick from DADE Diagnostika GmbH
(Unterschleisshei, Germany) and Harris' Haematoxylin from

ReÂ actifs RAL (Paris, France). Recombinant haemopoietic
factors (rmIL-3, rmIL-5 and rmGM-CSF) were from
Pharmingen (San Diego, CA, U.S.A.). Methylcellulose,

dexamethasone 21-phosphate (disodium salt), hydrocortisone
(sodium succinate), corticosterone and mifepristone (RU 486,
ref. M-8046) were from Sigma (St. Louis, MO, U.S.A.).
Dexamethasone 21-phosphate was dissolved in serum-free

culture medium and diluted from a 1073
M stock solution in

medium or in saline for culture or in vivo administration,
respectively. RU 486 was dissolved in methylcellulose

(prepared as a 0.5% gel in water) for oral administration, or
used at 1075

M in culture medium (®nal concentration) in bone
marrow culture (Hardy et al., 1996). Ovalbumin (56 crystal-
lized) was from ICN Biomedicals, Inc. (Costa Mesa, CA,

U.S.A.), Al(OH)3 from Merck (Darmstadt, Germany).

Bone-marrow cell studies

Bone-marrow cell harvest, identi®cation and separation Bone-
marrow cells, collected by ¯ushing the two femurs of 5 ± 8 mice

with RPMI 1640 medium containing 10% FCS, were washed
and counted. The frequency of cells stained for eosinophil
peroxidase (EPO) following the protocol of Ten et al. (1989)

was determined in cytocentrifuge smears (Gaspar Elsas et al.,
1997). The cytochemical pattern of EPO+ cells in stained
bone-marrow preparations was identical to that described by
Horton et al. (1996). Where indicated, cells were submitted to

two cycles of adherence in 100 mm culture dishes (30 min,
378C, 5% CO2/95% air), and nonadherent cells were further
separated by centrifugation for 20 min on discontinuous

Percoll (75, 60 and 40%) density gradients, at 1006g, 208C
(Gaspar Elsas et al., 1997). Cells at the three interfaces (Layers
I ± III from top to bottom) were collected, washed, and

counted. Haemopoietic progenitors and precursors were
enriched in Layer II (see Results).

Progenitor assays Semi-solid cultures were established in
35 mm culture dishes, at least in triplicate. One ml of Iscove's
modi®ed Dulbecco's medium with 20% FCS, containing
26105 cells bone-marrow cells and GM-CSF (2 ng ml71 ®nal

concentration), with or without Interleukin-5 (0.2 ng ml71

®nal concentration), with or without dexamethasone, hydro-
cortisone or corticosterone (see Results for dose-response

relationships), were mixed with agar to 0.3% ®nal concentra-
tion (Metcalf, 1998). Murine bone-marrow colony formation,
unlike that in human cord blood (Schibler et al., 1994), was

strictly dependent on exogenous growth factors, in agreement
with observations from many laboratories (see Bagby, 1994,
for an extensive review). A colony was de®ned as a progenitor-
derived ensemble larger than 50 cells, as opposed to a cluster of

less than 50 cells (Bagby, 1994; Clutterbuck et al., 1989).
Colonies were scored at day 7 under the inverted microscope at
low magni®cation, and the frequency of eosinophil colonies

was determined on agar layers dried (508C), mounted on
microscope slides, stained for EPO, and scored under high
magni®cation (Gaspar Elsas et al., 1997). Colony morphology

was identical to that described in previous studies and included
mixed granulocyte-macrophage-eosinophil colonies, along
with pure eosinophil colonies (Clutterbuck et al., 1989;

Butter®eld et al., 1986; Gaspar Elsas et al., 1997). Dried/
stained agar layers were further used for morphometric
analysis (see below). We con®rmed, in preliminary experi-
ments, that these concentrations of GM-CSF and IL-5 were

adequate for colony growth, and that cell density was
appropriate for counting and for the morphological study of
murine eosinophil colonies. Colony formation was low at

56104 cells/plate and increased linearly between 1 and 26105

cells/plate. Glucocorticoid e�ects on colony growth (see
Results) were identical at low and high cell densities, did not

require glucocorticoid replacement, in agreement with ob-
servations by other groups (Inman et al., 1997; Barr et al.,
1987; Butter®eld et al., 1986), and culture at 26105 cells/plate,
which approximates the conditions used by many laboratories
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(Begley et al., 1997; Hisha et al., 1997; Rinehart et al., 1997;
Barr et al., 1987; Butter®eld et al., 1985) was used for all the
experiments shown, because it allowed adequate morphome-

trical study of eosinophil colonies, even at the low frequency
found in naõÈ ve mice.

Precursor assays Liquid bone-marrow cultures (106 cells in a

1 ml volume, in a 24-well cluster, Gaspar Elsas et al., 1997)
were seeded in RPMI 1640 medium, with 10% FCS, 2 mM L-
glutamine, and penicillin-streptomycin, at 378C, 5% CO2/95%

air, at least in triplicate, in the absence or in the presence of IL-
5 (0.01 ± 1 ng ml71), IL-3 (0.2 ng ml71), or GM-CSF
(2 ng ml71), with or without dexamethasone, hydrocortisone

or corticosterone (see Results for dose-response relationships).
The frequency of EPO+ cells was determined after 7 days of
culture in cytocentrifuge smears (Clutterbuck et al., 1989;

Gaspar Elsas et al., 1997), thus circumventing the problems
due to stronger induction of EPO expression by IL-5 as
compared to GM-CSF/IL-3 (Oskeritzian et al., 1998). EPO is a
constituent of the coreless granules, the earliest morphological

marker of the eosinophil lineage, detectable from the
promyelocyte stage onwards, which persists in all maturation
stages up to mature eosinophils (Egesten et al., 1997; reviewed

in Giembycz & Lindsay, 1999). EPO synthesis is an early event
and transcription of the EPO gene is decreased or absent in
mature forms (Gruart et al., 1992), but EPO protein

accumulates and remains stored in speci®c granules for the
lifetime of the cell. Cytokines and glucocorticoids were added
only once, at the beginning of the culture, at the same time,

and no replacement was necessary, in agreement with
observations from other laboratories (Strath et al., 1985;
Clutterbuck et al., 1989; Oskeritzian et al., 1998). In
preliminary experiments, we veri®ed that rmIL-5 from

Pharmingen, at 1 ng ml71, was as e�ective as plateau
concentrations (2 ± 6 ng ml71) of rmIL-5 from Immunogenex
(Los Angeles, CA, U.S.A.), that had been used in previous

studies (Gaspar Elsas et al., 1997). With both sources of IL-5,
signi®cantly higher responses were observed in cultures from
sensitized and challenged animals, relative to naõÈ ve mice

(Gaspas Elsas et al., 1997). Hence, rmIL-5 from Pharmingen
was used for all experiments shown here. Dose-response
relationships for IL-5 in liquid culture are described in Results.

Morphometric analysis of colony size Computer-assisted
morphometric analysis (Hall & Fu, 1985) of pure
eosinophil colonies in EPO-stained, haematoxylin-counter-

stained, dried agar layers was carried out by contouring
individual colonies, with the help of the Image Pro Plus
(MediaCybernetics, Inc.) software, calibrated with an

external standard, using an Olympus B-Max 50 micro-
scope, a Sony Video System and a 486 DX2 100 DPU.
The surface area was expressed in mm2. A total of 6 ± 11

colonies were randomly sampled from dried layers
originating in at least three separate experiments with
naõÈ ve or allergic bone-marrow, in order to calculate the
average surface area.

Electron microscopic studies

Cell suspensions were pre®xed with 1.6% glutaraldehyde in
0.1 M phosphate bu�er, pH 7.3. The cells were immobilized by
centrifugation at 4500 r.p.m., and after washing in bu�er the

pellets were dehydrated in ethanol and embedded in epoxy
resin. The ultra-thin sections were counter-stained with uranyl
acetate and lead citrate, and examined using a JEOL-JEM
1010 electron microscope.

Statistical analysis

The data were analysed with the help of the Systat for

Windows version 4 software, using factorial analysis of
variance, and with the Tukey (HSD) correction for multiple
comparisons between di�erent treatments. Eosinophil colony
size was not normally distributed and therefore the Mann-

Whitney nonparametric test was used.

Results

E�ect of dexamethasone on eosinophil progenitors in
naõÈve bone-marrow cultures

To de®ne the e�ect of dexamethasone on colony formation by

progenitors from naõÈ ve BALB/c mice, semi-solid bone-marrow
cultures were established in the presence of GM-CSF, alone or
with dexamethasone. As shown in Figure 1, a signi®cant
increase in the total number of colonies formed in the presence

of GM-CSF and dexamethasone (1077
M) was observed,

relative to the control cultures with GM-CSF alone
(P50.001). Dexamethasone by itself induced no colony

formation. At 1078
M, the e�ect of dexamethasone was not

signi®cant (P=0.092). At 10712
M, dexamethasone had no

e�ect, with or without GM-CSF. Over the entire series of

experiments (n=24), dexamethasone at 1077
M increased

colony formation, on the average, by a factor of 1.74.
Addition of 0.2 ng ml71 IL-5 did not further increase the

total colony formation in response to 2 ng ml71 GM-CSF.
However, addition of dexamethasone still enhanced signi®-
cantly colony formation relative to GM-CSF and IL-5-
stimulated controls (not shown).

To evaluate whether dexamethasone a�ected progenitor
commitment to the eosinophil lineage, in addition to a general
stimulation of myelopoiesis, di�erential counts of myeloid

colonies in EPO-stained dried agar layers were carried out. The
EPO-stained colonies corresponded to the morphological and
cytochemical patterns described before (Gaspar Elsas et al.,

1997; Butter®eld et al., 1986), and consisted of both pure
eosinophil colonies, and mixed colonies containing eosino-
phils, granulocytes and monocytes/macrophages (Bagby, 1994;
Clutterbuck et al., 1989). As shown in Table 1(a),

dexamethasone (1077 ± 1078
M) increased signi®cantly the

frequency of pure eosinophil colonies formed in the presence

Figure 1 E�ect of dexamethasone on GM-CSF-induced colony
formation. The data are mean+s.e.mean of the number of myeloid
colonies formed by bone-marrow from naõÈ ve BALB/c mice. GM-CSF
(2 ng ml71) alone, closed bar. GM-CSF in association with
dexamethasone, 1077

M, open bar, 1078
M, stippled bar, 10712

M,
cross-hatched bar. Data are derived from a total of 24 experiments,
each experiment performed with pooled bone-marrow cells from 5 ± 7
mice. Asterisk indicates signi®cant di�erence relative to the GM-CSF
control (P50.001).
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of GM-CSF, relative to GM-CSF-stimulated controls. On the
other hand, IL-5 also increased signi®cantly the formation of
pure eosinophil colonies, relative to the same GM-CSF-

stimulated controls, in agreement with its reported e�ect in
promoting eosinophil commitment of GM-CSF-stimulated
colony-forming cells in human bone-marrow (Shalit et al.,
1995; Clutterbuck et al., 1989). However, no further increase in

the frequency of pure eosinophil colonies was observed, when
both IL-5 and dexamethasone were added to GM-CSF-
stimulated cultures.

In order to evaluate whether dexamethasone a�ected
eosinophil colony size, which is a function of the number of
cell cycles undergone by the progeny of individual colony-

forming cells (Bagby, 1994), pure eosinophil colonies formed
in the presence of GM-CSF, alone or in association with
dexamethasone (1077 and 1078

M), were submitted to

morphometric analysis. As shown in Table 1(b), dexametha-
sone signi®cantly increased the mean area of eosinophil
colonies, in cultures stimulated by GM-CSF and dexametha-
sone (either 1077 or 1078

M), relative to GM-CSF-stimulated

controls.

E�ect of dexamethasone on eosinophil precursors in
naõÈve bone-marrow culture

To evaluate whether synergism between dexamethasone and

the eosinopoietic cytokines extended to eosinophil precursor
responses in a terminal di�erentiation assay (Strath et al.,
1985; Oskeritzian et al., 1998), which is more sensitive to

eosinopoietic cytokines than the commonly used eosinophil
colony formation assays (Sanderson, 1992), we established
liquid bone-marrow cultures in the presence of IL-5, of GM-
CSF, or of IL-3, alone or in association with dexamethasone,

and determined the frequency of EPO+ cells on cytocentrifuge
smears.

As shown in Figure 2, dexamethasone (1077 ± 10710
M)

increased signi®cantly (P50.002 for all four dexamethasone
concentrations, as compared to control cultures) the frequency
of EPO+ cells in cultures stimulated with 1 ng ml71 IL-5.

Dexamethasone, at these e�ective concentrations, did not
support eosinophil survival or di�erentiation by itself.
Dexamethasone, at 1076

M, or at 10711
M, had no signi®cant

e�ect, even in the presence of IL-5. Signi®cant synergism

between dexamethasone at the same concentration range

(1077 ± 10710
M) and 0.1 ng ml71 IL-5 was also observed

(P50.05 for all four dexamethasone concentrations, relative
to control cultures), even though both control responses and

the e�ect of dexamethasone were of a lesser magnitude.
Finally, at even lower (0.01 ng ml71) IL-5 concentrations,
eosinophil di�erentiation was minimal, and no signi®cant
enhancing e�ect of dexamethasone was detected.

On the other hand, the total number of EPO+ cells in
the culture (which is calculated as the product of the per
cent EPO+ cells and the total nucleated cell counts)

increased, from (4.91+0.48)6105 ml71 (mean+s.e.mean),
in cultures stimulated by IL-5 (1 ng ml71) alone, to
(12.53+ 0.06)6105 ml71, in cultures stimulated by IL-5

associated with dexamethasone (1077
M). This increase was

signi®cant (P50.001). This con®rms that the increase in per
cent EPO+ cells in cytocentrifuge smears is paralleled by

actual increases in the total numbers of EPO+ cells in
these cultures (as indirectly determined from total and
di�erential cell counts), in agreement with previous

Table 1 E�ect of dexamethasone on the frequency and the size of eosinophil colonies in naõÈ ve bone marrow cultures

(a)E�ect on the frequency of eosinophil colonies
% of total colonies P (relative to GM-CSF)

GM+CSF (2 ngml71) 0.77+0.22
GM+CSF+dexamethasone, 1077

M 7.30+0.53 0.011
GM+CSF+dexamethasone, 1078

M 7.10+0.06 0.023
GM+CSF+IL-5 (0.2 ngml71) 10.4+1.2 0.001
GM+CSF+dexamethasone, 1077

M+IL-5 12.05+0.01 0.001
GM+CSF+dexamethasone, 1078

M+IL-5 11.3+3.03 50.001

(b) E�ect on the size of eosinophilic colonies
Colony area (mm2)

GM+CSF (2 ngml71) 0.070 (7)
GM+CSF+dexamethasone, 1077

M 0.189 (8) P50.01
GM+CSF+dexamethasone, 1078

M 0.231 (6) P50.01

(a) Data are mean+s.e.mean of the frequency of pure eosinophil colonies (per cent of total colonies that stain positive for EPO)
induced by GM-CSF (or GM-CSF+IL-5). Data are derived from 3 ± 4 experiments. In GM-CSF+IL-5 treated cultures,
dexamethasone at 1077 or 1078

M had no signi®cant e�ect relative to controls. (b) Data are the average surface area of eosinophil
colonies formed in the presence of GM-CSF, as measured on dried and stained agar gels. The number (n) of colonies used to calculate
the average is indicated between parentheses. Signi®cance of the di�erences between dexamethasone-treated and control cultures was
calculated by the Mann-Whitney test.

Figure 2 E�ect of in vitro exposure to dexamethasone on IL-5-
driven eosinophil di�erentiation in liquid culture. Data are mean+
s.e.mean of the per cent EPO+ cells in liquid cultures established
from naõÈ ve BALB/c mice, in the presence of 1 (losenges), 0.1
(squares) or 0.01 (triangles) ng ml71 IL-5 and in the absence (0) or in
the presence of dexamethasone, at the indicated molar concentra-
tions. Data are derived from four experiments. Asterisks indicate
signi®cant di�erences relative to the respective IL-5 controls
(P50.002 for dexamethasone at 1077 ± 10710

M in the upper curve,
P50.05 for the same concentration range in the middle curve).
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observations from our own (Gaspar Elsas et al., 1997) and
other groups (Strath et al., 1985; Oskeritzian et al., 1998).

Based on these dose-response relationships, and on the

similar results from both methods, subsequent experiments in
liquid culture were carried out with 1 ng ml71 IL-5 (which
yielded plateau responses in control cultures, and presented
optimal synergism with dexamethasone), and the per cent

EPO+ cells was directly determined on cytocentrifuge smears.
Since GM-CSF and IL-3 also stimulate eosinophil

precursors (although less e�ciently than IL-5, Clutterbuck et

al., 1989; Sanderson, 1992), we evaluated the ability of
dexamethasone to increase responses to these cytokines in
liquid culture. The per cent EPO+ cells increased from

3.33+0.76 (mean+s.e.mean) in IL-3-treated cultures to
8.77+0.76 in cultures treated with IL-3 plus dexamethasone

(1077
M) (P50.001). Similarly, the per cent EPO+ cells

increased from 6+0.86 in GM-CSF-treated control cultures to
17+1.86 in cultures treated with GM-CSF plus dexametha-

sone (1077
M) (P50.001).

We examined the morphology of the EPO+ cells in IL-5
and dexamethasone-stimulated cultures. EPO+ cells in IL-5-
stimulated control cultures presented essentially as single cells

with strong brown cytoplasmic staining, dispersed among
EPO7 cells, which are recognizable after counterstaining with
haematoxylin, as shown in Figure 3a. In contrast, EPO+ cells

in cultures stimulated by IL-5 and dexamethasone were found
both as single cells and as clusters of rather uniform
appearance, as shown in Figure 3b. Under high magni®cation,

mature eosinophils (small, with abundant peroxidase-contain-
ing granules and donut-shaped nucleus) were seen in both

Figure 3 Morphological features of EPO+ cells grown in the presence of dexamethasone plus IL-5. Cytocentrifuge smears from 7
day-liquid bone-marrow cultures established in the presence of 1 ng ml71 IL-5 (a and c) or of IL-5 associated with 1077

M

dexamethasone (b and d) were stained for EPO, counterstained with Harris Haematoxilin and photographed under low (1006, (a),
1256, (b) or high (10006, under immersion, c and d) magni®cation.
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control (Figure 3c) and dexamethasone-treated (Figure 3d)
cultures. However, EPO+ cells in dexamethasone and IL-5-
stimulated cultures also included many immature cells (larger,

with fewer peroxidase-containing granules, and with larger,
incompletely segmented nuclei), usually presenting in clusters
(Figure 3d). Cells with pyknotic nuclei, most of which were
EPO7, were found in both control and dexamethasone-

treated cultures. Ultrastructural studies demonstrated the
characteristic eosinophil granule structure (crystalloid) in
morphologically intact, mature cells in cultures stimulated for

7 days with IL-5 and dexamethasone. Cells bearing eosinophil
granules could not be distinguished, on ultrastructural criteria,
from those found in IL-5-stimulated cultures.

E�ects of naturally occurring glucocorticoids on
eosinophil progenitors and precursors

To de®ne whether naturally occurring glucocorticoids acted like
dexamethasone, bone-marrow cultures were established in the
presence of GM-CSF and either hydrocortisone or corticoster-

one. Hydrocortisone (1076
M) increased total myeloid colony

formation from 82+4.9 (mean+s.e.mean) to 150+6.4 colonies
per 26105 cells (P=0.001, data from three experiments).

Hydrocortisone (1076
M) also increased the per cent EPO+

cells from 49+1 to 82+2 (P50.001, n=9). This e�ect of
hydrocortisone on frequency of EPO+ cells was paralleled by a

signi®cant (P=0.001, n=3) increase in absolute numbers of
EPO+ cells from (5.74+0.6)6105 ml71, in cultures stimulated
by IL-5 (1 ng ml71) alone, to (15.72+1.48)6105 ml71, in

cultures stimulated by IL-5 associated with hydrocortisone
(1076

M). Corticosterone (1078
M) had similar e�ects on both

progenitors and precursors (not shown).

Factors a�ecting the e�ect of glucocorticoids on
eosinophil progenitors and precursors

Because adherent, accessory cells play a major role in the
stimulation of haematopoiesis by glucocorticoids in human
bone-marrow (Rinehart et al., 1997), we examined whether

synergism would be detectable in cultures established from
murine bone-marrow depleted of adherent cells (as well as of
other mature myeloid cells) and enriched in progenitors and
precursors. As shown in Table 2, Layer II (lower density) cells

were enriched in haemopoietic progenitors, because they
formed about four times more colonies than unseparated
bone-marrow in identical conditions. Colony formation

stimulated by GM-CSF was signi®cantly enhanced by about

2 fold in both unseparated bone-marrow and in Layer II cells,
in the presence of dexamethasone (1077

M).
Because individual di�erences in responsiveness strongly

in¯uence the e�ect of glucocorticoids on human eosinopoiesis
(Barr et al., 1987; Butter®eld et al., 1986), we examined the
synergism between dexamethasone and GM-CSF, using a
broader panel of inbred strains, which di�er at both

histocompatibility and background genes. As shown in Table
3, dexamethasone enhanced signi®cantly GM-CSF-driven
colony formation in bone-marrow from C57BL/10, A/J,

DBA/2 and BP-2 mice. Dexamethasone also enhanced IL-5-
stimulated di�erentiation in bone-marrow from all of these
strains (not shown).

E�ects of dexamethasone on bone-marrow from
intranasally-challenged, immunized mice

We further determined whether the synergistic e�ect of
dexamethasone would still be detectable when bone-marrow
of immune, challenged BALB/c and BP-2 mice was cultured. In

a total of 10 experiments, there was no signi®cant increase in
the total number of myeloid colonies formed by sensitized/
challenged BALB/c bone-marrow, as compared with naõÈ ve

mice (P=0.595). On the other hand, as shown in Figure 4,
dexamethasone (1077

M), in the presence of GM-CSF,
signi®cantly increased colony formation by bone-marrow from

ovalbumin-sensitized, challenged mice of this strain, relative to
GM-CSF-stimulated cultures. As also shown in Figure 4,
signi®cant enhancement was still observed with ovalbumin-

sensitized BP-2 mice submitted to repeated intranasal
challenge, which induces bronchopulmonary hyperreactivity
in this hyper-IgE strain (Eum et al., 1995).

To con®rm that the e�ect of dexamethasone on

sensitized/challenged BALB/c mice, as on naõÈ ve animals,
involved selective modulation of the eosinophil lineage, in
addition to a general stimulatory e�ect on myelopoiesis, we

evaluated the frequency and size of eosinophil colonies in
bone-marrow cultures. As shown in Table 4, immunization
and challenge, by themselves, increased the frequency and

size of eosinophil colonies induced by GM-CSF alone,
relative to naõÈ ve mice (see Table 1), in agreement with
previously reported ®ndings (Gaspar Elsas et al., 1997). The
increase was signi®cant (P=0.032). Dexamethasone (1077

M)

further increased both the frequency and the mean size of
eosinophil colonies relative to GM-CSF-stimulated controls.
Dexamethasone (1078

M) had a signi®cant e�ect on colony

size, even though it did not signi®cantly increase eosinophil
colony frequency. Dexamethasone also increased eosinophil

Table 2 E�ect of dexamethasone on colony formation by
nonadherent, low density bone-marrow cells

GM-CSF

GM-CSF
+Dexamethasone,

1077
M

Unseparated
bone-marrow

62+2.8 116+8.5*

Layer II cells 237+5.6* 453+31*,**
Layer III cells 23+2.0

(NS)
45+3.6
(NS)

Data are mean+s.e.mean of colony numbers formed by
26105 cells, derived from 3 ± 9 cultures, established in the
several indicated conditions. *Signi®cantly di�erent from
unseparated bone-marrow cultures with GM-CSF (P50.001
for all comparisons). **Signi®cantly di�erent from Layer II
cells cultured with GM-CSF alone (P50.001). (NS) No
signi®cant di�erence relative to unseparated bone-marrow
cultured with GM-CSF.

Table 3 E�ect of dexamethasone on colony formation by
naõÈ ve bone-marrow cells from inbred strains of di�erent
genetic backgrounds

GM-CSF

GM-CSF
+Dexamethasone,

1077
M P

DBA/2 63+6.1 135+7.6 0.002
A/J 74+3.7 114+5.6 0.005
C57BL/10 141+9.6 245+8 0.001
BP-2 59+4.8 92+3.2 0.027

Data are mean+s.e.mean of colony numbers formed by
26105 cells, derived from 3 ± 5 cultures, established from
bone-marrow of the indicated strains. P values are for the
comparison between GM-CSF plus dexamethasone-treated
cultures and the respective GM-CSF control cultures.
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precursor responses to IL-5 in sensitized-challenged BALB/c
mice (not shown).

E�ect of the in vivo treatment with dexamethasone on
bone-marrow eosinophil progenitors and precursors

To con®rm that the enhancing e�ects of dexamethasone on

bone-marrow eosinophil progenitors and precursors were not
restricted to in vitro conditions, we injected normal BALB/c
mice with dexamethasone (5 or 1 mg kg71), i.p. Bone-marrow

from dexamethasone- or saline-injected mice was harvested
24 h later. Dexamethasone at either dose had no signi®cant
e�ect on the numbers of bone-marrow cells recovered per

femur, nor on the frequency of EPO+ cells, as assessed from
cytocentrifuge smears of freshly harvested bone-marrow.
Semi-solid cultures were established in the presence of GM-

CSF, and liquid cultures were established in the presence of IL-
5. Bone-marrow cultures were incubated for 7 days before
scoring colonies and EPO+ cells. As shown in Figure 5, in vivo

treatment with both doses of dexamethasone signi®cantly
increased colony formation in the presence of GM-CSF,
relative to cultures from saline-injected controls. Addition of

dexamethasone (1077
M) to the cultures signi®cantly enhanced

colony formation by bone-marrow from saline-injected
controls (P50.001), but not from both groups of dexametha-
sone-injected mice. In vivo treatment with both doses of

dexamethasone also signi®cantly increased the response of
eosinophil precursors in liquid culture relative to saline-
injected controls (not shown). Again, no further enhancement

was obtained by addition of dexamethasone (1077
M) to

cultures from dexamethasone-treated mice. Finally, a sig-
ni®cant increase in eosinophil colony size (P50.01) was also

observed in mice treated with dexamethasone (1 mg kg71),
con®rming that the in vivo e�ect of dexamethasone involves
selective stimulation of the eosinophil lineage, in addition to a

general enhancing e�ect on myelopoiesis.

Evidence for involvement of glucocorticoid receptors in
the e�ects of dexamethasone

To evaluate whether stimulation of bone-marrow progenitors
and precursors involved glucocorticoid receptors, the ability of

RU 486 (mifepristone) to block the e�ects of dexamethasone
was studied in naõÈ ve BALB/c mice. RU 486 at 20 mg kg71 (or
0.5% methylcellulose, used as vehicle) was administered orally

to mice 2 h before dexamethasone 5 mg kg71 (or saline) was
injected. Twenty-four hours after dexamethasone injection,
bone-marrow was harvested and used for semi-solid culture.

Administration of RU 486, or of methylcellulose, as a vehicle,
had no e�ect on bone-marrow cellularity, as assessed from the
numbers of bone-marrow cells recovered per animal. As shown
in Figure 6, colony formation by GM-CSF-stimulated bone-

marrow cultures derived from mice given methylcellulose, or
RU 486 in methylcellulose, was comparable to that of
untreated naõÈ ve mice (see Figure 1). In contrast, cultures from

mice given methylcellulose, followed by dexamethasone
injection, yielded signi®cantly increased (P50.001) colony
numbers. This e�ect of dexamethasone was totally abolished in

cultures established from bone-marrow of mice given by RU
486 in methylcellulose before glucocorticoid injection. Also,
RU 486, at 1075

M, was also able to block completely the
enhancing e�ect of dexamethasone (1077

M) on the eosinophil

Figure 4 E�ect of dexamethasone on GM-CSF-induced colony
formation in bone marrow culture from sensitized/challenged mice.
The data are mean+s.e.mean of the number of myeloid colonies
formed by bone-marrow of ovalbumin-sensitized, challenged BALB/c
mice (on the left), challenged once, or BP-2 mice (on the right)
challenged four times (26 day71). GM-CSF (2 ng ml71) alone,
closed bars; GM-CSF plus dexamethasone, 1077

M, open bars. Data
from BALB/c and BP-2 mice are derived from respectively 10 and
four experiments. Asterisks indicate a signi®cant di�erence relative to
the respective GM-CSF controls (respectively P=0.002 and
P=0.023).

Table 4 E�ect of dexamethasone on eosinophil colonies
from bone-marrow of sensitized/challenged mice

(a) E�ect on the frequency of eosinophil colonies
% of total colonies P

GM-CSF (2 ngml71) 6.57+2.65
GM-CSF+
dexamethasone, 1077

M

16.48+2.24 0.003

GM-CSF+
dexamethasone, 1078

M

11.30+2 NS

(b) E�ect on the size of eosinophilic colonies
Colony area (mm2)

GM-CSF (2 ngml71) 0.143 (11)
GM-CSF+
dexamethasone, 1077

M

0.352 (11) P50.01

GM-CSF+
dexamethasone, 1077

M

0.412 (11) P50.01

Data for (a) are mean+s.e.mean of the frequency (per cent
of total colonies) of pure eosinophil colonies induced by
GM-CSF, and are derived from 4 ± 7 experiments. Data for
(b) are the average surface area, of eosinophil colonies
induced by GM-CSF. The number of colonies used to
calculate the average is indicated between parentheses. For
both sections, P values are for di�erences relative to GM-
CSF controls. NS, not signi®cant.

Figure 5 E�ect of in vivo administration of dexamethasone on GM-
CSF-induced colony formation. The data are mean+s.e.mean of the
number of myeloid colonies formed after 7 days by cultured bone-
marrow from BALB/c mice that had been injected with saline (closed
bars), or dexamethasone, 5 mg kg71 (open bars) or 1 mg kg71

(cross-hatched bars), 24 h before bone-marrow harvest. 7, cultures
with GM-CSF (2 ng ml71) alone; +, cultures with GM-CSF plus
dexamethasone, 1077

M. Data are derived from seven experiments.
Asterisks indicate signi®cant di�erence relative to the GM-CSF
cultures from saline-injected mice (P50.001 in all cases).
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di�erentiation induced in liquid culture by IL-5 at 1 ng ml71

(not shown).

Discussion

The therapeutic e�ects of anti-in¯ammatory glucocorticoids
are often ascribed to inhibition of eosinopoietic cytokine

secretion, and to apoptosis of mature eosinophils (reviewed in
Schleimer & Bochner, 1994; Giembycz & Lindsay, 1999). Since
airway allergen exposure upregulates the responses of murine
bone-marrow to the haemopoietic cytokines after airway

allergen exposure in mice (Gaspar Elsas et al., 1997),
modulation of these enhanced responses is a potential target
for glucocorticoids. We have evaluated whether dexametha-

sone modulates responses of murine bone-marrow eosinophil
progenitors and precursors to eosinopoietic cytokines, and
how that relates to glucocorticoid enhancement of human

(Rinehart et al., 1997) and murine (Maruyama et al., 1999)
myelopoiesis.

In this study, dexamethasone increased the total number of
myeloid colonies formed, the fraction of myeloid colonies that

were committed to eosinophil production and the size of the
eosinophil colonies. By acting simultaneously on these three
parameters, it signi®cantly enhanced bone-marrow responses

to eosinopoietic cytokines in vitro, in general agreement with
earlier observations on humans (Barr et al., 1987; Butter®eld et
al., 1986). Dexamethasone further potentiated the response of

terminally di�erentiating precursors to IL-5. Both e�ects were
synergistic, because dexamethasone did not induce colony
formation nor eosinophil maturation by itself. The e�ects of

dexamethasone were blocked by RU 486, suggesting the
involvement of the glucocorticoid receptor (Perretti & Flower,
1996; Hardy et al., 1996).

Di�erently from human bone-marrow (Rinehart et al.,

1997), dexamethasone e�ects had no obvious requirement for
accessory cells. Also, unlike the reported e�ects of hydro-
cortisone on human eosinophil colony formation, which were

highly dependent on the bone-marrow donor (Barr et al., 1987;
Butter®eld et al., 1986), we found stimulation of eosinopoiesis
in bone-marrow cells from several unrelated inbred strains. In

these experiments, C57BL/10 mice yielded higher numbers of

colonies in the presence of GM-CSF than the other strains, in
comparable conditions. Despite this interstrain variability,
which is similar to that described by several laboratories

(Roberts et al., 1997; Pozzulo et al., 1993; see Johnson, 1984,
for a detailed analysis), dexamethasone had a signi®cant
enhancing e�ect on bone-marrow from all strains.

Our ®ndings con®rm and extend these earlier observations

in humans, since we have documented an enhancing e�ect on
eosinophil precursors, another potential glucocorticoid target.
Taken together, our ®ndings document both a nonselective

stimulation of myelopoiesis (as has also been reported by
Maruyama et al., 1999) and a selective stimulation of the
eosinophil lineage (as described by Barr et al., 1997, and

Butter®eld et al., 1986, on human bone-marrow). Stimulation
of myelopoiesis and of eosinopoiesis are not necessarily linked,
as shown by their di�erent dose-response pro®les. Signi®cant

enhancement of eosinopoiesis in liquid and semi-solid cultures
was still observed at dexamethasone concentrations that are
insu�cient to stimulate myelopoiesis (1078

M and lower). On
the other hand, synergism in stimulation of eosinophil

precursors followed a bell-shaped dose-response curve, with
the e�ect disappearing at high dexamethasone concentrations.

Despite stimulation of myelopoiesis, we have focused on the

eosinophil lineage because of its relevance to allergy and
asthma, which are treated with glucocorticoids. In this context,
several studies have documented apoptosis by dexamethasone

in mature eosinophils (mostly human, but also from other
species), which is, however, prevented by low concentrations of
eosinopoietic cytokines (as reviewed in Giembycz & Lindsay,

1999). It may, therefore, be asked whether dexamethasone
induces apoptosis in murine bone-marrow eosinophil progeni-
tors and precursors. By de®nition, eosinophil progenitors are
not killed by dexamethasone, since the numbers of eosinophil

colonies are increased. This closely parallels observations in
human bone-marrow (Barr et al., 1987; Butter®eld et al.,
1985). Also, human peripheral blood eosinophil progenitors

are not killed by dexamethasone (Shalit et al., 1995). We have
no evidence of dexamethasone-induced killing of eosinophil
precursors in liquid culture. EPO+ cells were viable, increased

in number, and morphologically intact. Granule crystalloid
ultrastructure indicated normal maturation (Giembycz &
Lindsay, 1999). These observations agree entirely with those
of Strath et al. (1985), who described intense and continuous

eosinopoiesis in liquid culture of murine bone-marrow in the
presence of hydrocortisone at 1076

M. Furthermore, they also
agree with observations by Das et al. (1997), who injected

eosinopoenic doses of dexamethasone in allergic animals (50 ±
100 mg mouse71, approximately 15 ± 30 mg kg71) and ob-
served increased numbers of bone-marrow eosinophils. Lefort

et al. (1996) reported similar observations. Hence, dexametha-
sone does not kill murine bone-marrow eosinophil progenitors
and precursors at concentrations in which it causes profound

peripheral blood eosinopaenia and prevents eosinophil
migration into in¯ammatory sites (Das et al., 1997).

Synergism between dexamethasone and the eosinopoietic
cytokines persisted after ovalbumin-sensitization and challenge

of BALB/c and BP-2 mice. The enhancing e�ect of
dexamethasone on the frequency and size of eosinophil
colonies seemed less evident in bone-marrow from sensitized

and challenged mice, suggesting that the potentiating e�ects of
glucocorticoids are partially lost as the animals become
allergic. However, this issue requires further study before the

signi®cance of this observation is established.
At present, it is unclear whether the e�ects of dexametha-

sone include an increase in IL-5 receptor expression. In
preliminary experiments using an antibody speci®c for IL-5

Figure 6 E�ect of pretreatment by RU 486 on colony formation by
bone-marrow of naõÈ ve BALB/c mice injected with dexamethasone.
Data are the numbers of colonies formed (mean+s.e.mean) by bone
marrow of naive BALB/c mice given methylcellulose (closed bars) or
RU 486 (20 mg kg71 in methylcellulose, open bars), 2 h before
injection of dexamethasone (5 mg kg71, +) or of saline (7), as a
control. Data are derived from three experiments. *P50.001 relative
to mice given methylcellulose and saline; **P50.001 relative to mice
given methylcellulose and dexamethasone.
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receptor (kindly provided by Drs R. Devos and J. Tavernier,
Roche Research Gent, Belgium), we found increased numbers
of receptor-positive cells in dexamethasone plus IL-5-

stimulated liquid cultures (as expected from our EPO+ cell
counts), but the intensity of staining per cell showed no
obvious increase. At any rate, the e�ect of dexamethasone is
not dependent upon modulation of the initial binding of IL-5

to its receptor, which is a very fast process (virtually complete
within minutes, as shown by Mita et al., 1993), because
dexamethasone added 24 or 48 h after bone-marrow was ®rst

stimulated with IL-5 is as e�ective as dexamethasone added
simultaneously with IL-5 (unpublished observations). It may
therefore act on cells that have already been stimulated by IL-5

to enhance their growth, as suggested by its positive in¯uence
on eosinophil colony growth and eosinophil precursor
di�erentiation.

This work has focused on bone-marrow, rather than blood,
because eosinopoiesis in normal individuals takes place
predominantly in bone-marrow (as reviewed in Giembycz &
Lindsay, 1999). While very small numbers of myeloid

progenitors are found in blood of normal mice, their study
requires methods distinct from those used in bone-marrow,
because they must ®rst be separated from the large numbers of

mature blood components. Such studies can be carried out
after the numbers of progenitors in peripheral blood are
arti®cially increased by a number of treatments (see, for

instance, Roberts et al., 1997), but they are di�cult to carry
out in normal animals, which were central to our study.
Because of the focus on bone-marrow eosinopoiesis, we did

not examine the number of mature eosinophils in the blood.
However, the doses we used in vivo induce blood eosinopoenia
in mice (Das et al., 1997), which is not necessarily related to
our ®ndings, because the passage of mature eosinophils from

bone-marrow to blood is in¯uenced by adhesive interactions
with stromal and endothelial cells, as well as by chemokines

and cytokines (reviewed in Giembycz & Lindsay, 1999). On the
other hand, an increase in immature eosinophil in bone-
marrow is not to be expected, because the production of

eosinopoietic cytokines is inhibited by dexamethasone (as
reviewed by Giembycz & Lindsay, 1999). However, as GM-
CSF-dependent eosinophil progenitors and IL-5-responsive
eosinophil precursors are demonstrably increased, when bone-

marrow from dexamethasone-treated mice is cultured in the
presence of exogenous cytokines, this indicates that dex-
amethasone has a priming e�ect on both targets, increasing

bone-marrow responsiveness to eosinopoietic cytokines. This
may be of relevance in conditions in which the synthesis of
these cytokines becomes resistant to glucocorticoids (Kunicka

et al., 1993; Her et al., 1991) or is induced by glucocorticoids
(Wilckens & De Rijk, 1997; Agarwal & Marshall, 1998).

These results may contribute to the understanding of the

e�ects of glucocorticoids in vivo, because they support a
number of studies in which glucocorticoids contribute to
allergic reactions, including the induction of a Th2 cytokine
secretion pattern (Wilckens & De Rijk, 1997; Agarwal &

Marshall, 1998) and enhancement of IgE-dependent immedi-
ate and late-phase skin reactions (Katayama et al., 1997).
These observations may also be related to the extensive

evidence for an association between stress and increased
susceptibility to allergy (Michel, 1994; Parker, 1991), which
has been recently linked to glucocorticoid e�ects (Agarwal &

Marshall, 1998). Taken together, our results and those of the
literature suggest that glucocorticoids have immunoregulatory
e�ects that are not necessarily immunosuppressive, and which

may play a role in the pathophysiology of allergic diseases.

Supported by grants from PAPES/FIOCRUZ, FINEP, CNPq/
RHAE, INSERM/FIOCRUZ, CAPES-COFECUB and by Institut
Pasteur/INSERM.
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