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Inflammation in asthma and other allergic diseases is characterized by excessive production of immuno-
globulin E (IgE) and the influx of leukocytes, especially eosinophils. Interleukin 4 (IL-4) and IL-5 are essential
for IgE production and eosinophilia, respectively, and are produced by mast cells in allergic conditions, for
which glucocorticoids are widely used therapeutically. We assessed the effect of glucocorticoids on IL-4 and
IL-5 mRNA production by the RBL-2H3 cell line, an analog of mucosal mast cells. IL-4 and IL-5 mRNAs were
induced by an antigen that is used to cross-link receptor bound IgE, by calcium ionophore, or by ionophore with
phorbol ester and were markedly inhibited by dexamethasone. In cells activated with ionophore and phorbol
ester, 1026 M dexamethasone reduced the IL-4 and IL-5 mRNA levels to only 12.8 and 5.7%, respectively, of
those in cells without dexamethasone, and 1029 M dexamethasone caused reductions to 27 and 56%, respec-
tively. Hydrocortisone at 1026 and 1027 M almost completely inhibited IL-4 and IL-5 mRNA production.
Dexamethasone was markedly inhibitory even if it was added after the cells were activated, provided that it was
present in the cultures for at least 1.5 h. These studies indicate that the expression of IL-4 and IL-5 mRNAs
by mast cells is highly sensitive to glucocorticoids. The data suggest that these inhibitory effects may contribute
to the clinical efficacy of glucocorticoids in the therapy of allergic diseases.

Cellular inflammation in asthma and other allergic diseases
is characterized by the influx of leukocytes, especially eosino-
phils. Such inflammation is critical in the airway obstruction in
asthma, and secreted products of eosinophils have been shown
to be toxic to respiratory mucosa (2). Cytokines are considered
to have a major role in the coordination of these cellular
inflammatory conditions. In particular, interleukin 4 (IL-4) and
IL-5 have prominent roles in allergic reactions. In IL-4 knock-
out mice immunoglobulin E (IgE) production is totally abol-
ished (17). IL-4 is also important in attracting eosinophils to
sites of inflammation (35). This may be achieved by upregu-
lating local endothelial expression of the cell surface adhesion
molecule VCAM-1 (33) or inducing the production of the
eosinophil chemotactic factor eotaxin (30). IL-5 is a very im-
portant cytokine for eosinophils; it accelerates their production
and has several actions on mature eosinophils, including prim-
ing for activation and prolongation of their life span (31).
Antigen-induced eosinophil infiltration into the lungs was ab-
sent in IL-5 knockout mice (12). Cells containing mRNA for
IL-5, detected by in situ hybridization, have been found at
increased frequency in the airways of patients with asthma
(15). Thus, production of IL-5 is particularly important in the
development of the cellular infiltrate in asthma and other con-
ditions with prominent eosinophilia.

Mast cells have the capacity to produce cytokines in re-
sponse to cross-linking of receptor-bound IgE by specific al-
lergen (13). Evidence for the mast cell as a source of cytokines
in vivo has been obtained by immunohistochemical analysis of
bronchial mucosal biopsy specimens from patients with
asthma. IL-4, IL-5, IL-6, and tumor necrosis factor alpha were
predominantly found in mast cells, although some IL-5 was

found in eosinophils (6). In studies in which mRNA was de-
tected in bronchoalveolar lavage fluid and bronchial biopsy
specimens from patients with asthma by in situ hybridization,
the number of cells expressing mRNA for IL-4 and IL-5 was
greatly increased, and expression was found in T cells, mast
cells, and eosinophils (43).

Glucocorticoids are widely regarded as the most effective
available treatment for asthma, and they are particularly able
to suppress cellular inflammation. Glucocorticoids can inhibit
the production of most cytokines, and this may be an important
general mechanism of their clinical efficacy (2). Glucocorti-
coids inhibit the expression of IL-4 (42) and IL-5 (28) by T
cells. In the present study we have assessed the effects of
glucocorticoids on the expression of IL-4 and IL-5 in the RBL-
2H3 cell line, an analog of rat mucosal mast cells (34). IL-4 and
IL-5 mRNAs were readily induced in these cells after activa-
tion by a variety of stimuli. Glucocorticoids markedly inhibited
the expression of IL-4 and IL-5 mRNAs, even when the glu-
cocorticoids were added well after the cells were activated.
These effects could account, at least in part, for the therapeutic
efficacy of glucocorticoids in the management of clinical aller-
gic conditions.

MATERIALS AND METHODS

Cells. RBL-2H3 cells were obtained from M. A. Beaven, National Institutes of
Health, Bethesda, Md., and were cultured and activated as described previously
(20, 21). For each aliquot taken from liquid nitrogen, the time course and
dose-response of release of granule contents in response to antigen used to
cross-link receptor-bound IgE were tested. Aliquots were used for no more than
20 passages. Cells were maintained as monolayers in minimal essential medium
(MEM) without CaCl2 (Gibco BRL, Life Technologies, Gaithersburg, Md.) and
with 2 mM glutamine (Gibco BRL) and 10% (vol/vol) fetal calf serum (P.A.
Biologicals, Sydney, New South Wales, Australia) at 37°C in 5% CO2. There is
sufficient calcium in the serum for normal cell growth and secretion (data not
shown). Cells were harvested by trypsin treatment, and 0.8 3 106 cells were
seeded into each well of 12-well culture dishes and were allowed to form mono-
layers overnight. Glucocorticoids were then added to the monolayers, and the
mixture was incubated overnight prior to activation unless otherwise stated.
Overnight glucocorticoid treatment did not affect cell number, cell viability, or
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total b-hexosaminidase content. Dexamethasone and hydrocortisone were ob-
tained from Sigma (St. Louis, Mo.); the water-soluble form of dexamethasone
was used. For experiments involving antigen activation, a 2,4-dinitrophenol
(DNP)-specific monoclonal IgE antibody (75 ng/ml; Sigma) was added at the
time that the cells were seeded.

Cells were washed twice with MEM (Gibco BRL) containing 200 mg of CaCl2
per liter but without fetal calf serum. All of the following activators were diluted
in MEM at the indicated concentrations unless stated otherwise: 100 ng of
DNP-bovine serum albumin (BSA) per ml (24 molecules of DNP conjugated
with 1 molecule of BSA, kindly donated by H. Metzger, National Institutes of
Health, Bethesda, Md.), 1,000 nM A23187 (Sigma), and 50 nM phorbol myristate
acetate PMA (Sigma). In preliminary experiments, IL-4 mRNA was elicited to a
similar extent by DNP-BSA concentrations of 10 to 1,000 ng/ml (data not
shown). The cells were incubated in the solutions for 30 min, and the superna-
tants were collected for analysis of b-hexosaminidase secretion. The activated
cells were then incubated for the remaining time in MEM without CaCl2 and
were then lysed for RNA extraction. For samples treated with glucocorticoids
overnight, prior to activation, cells were maintained in glucocorticoids through-
out the time between activation and RNA extraction.

Analysis of IL-4 and IL-5 mRNAs. The cells were harvested 4 h after activation
unless otherwise stated. Total cellular RNA was extracted as described previ-
ously (8), the RNA concentration was estimated by measuring the optical density
at 260 nm, and cDNA was prepared as described previously (23) from 1 mg of
RNA in 50-ml volumes with oligo(dT) (4 ng/ml) and 4 U of avian myelobastosis
virus reverse transcriptase (Promega, Madison, Wis.). PCR was performed with
cDNA derived from 0.1 mg of total RNA with 1 U of Taq polymerase (Boehr-
inger Mannheim, Mannheim, Germany) and 250 ng of each amplification primer
as described previously (23). PCR was performed in a Gene Machine (Innovon-
ics, Melbourne, Victoria, Australia) for 26 cycles for IL-4, 35 cycles for IL-5, and
22 cycles for b-actin. Denaturation, annealing, and extension conditions were
95°C for 60 s, 58°C for 30 s, and 75°C for 30 s, respectively. The primers, based
on published sequences (22, 25, 36), were 59-ACCTTGCTGTCACCCTGTTC-39
and 59-TTGTGAGCGTGGACTCATTC-39 for IL-4, 59-CTCTGTTGACGAGC
AATGAG-39 and 59-CTCTTGCAGGTAATCCAGGA-39 for IL-5, and 59-TA
ACCAACTGGGACGATATG-39 and 59-ATACAGGGACAGCACAGCCT-39
for b-actin. The expected product sizes were 351 bp for IL-4, 239 bp for IL-5, and
202 bp for b-actin. The primers were designed to anneal to different exons, so
that any contaminating genomic DNA in the cDNA samples would contain one
or more introns and would yield a product larger than that derived from cDNA.

PCR products were electrophoresed in 2% agarose gels and were stained with
ethidium bromide. The sizes of the PCR products were determined with refer-
ence to molecular size markers (fX174 cleaved with HaeIII; Boehringer Mann-
heim). In some experiments, the gels were photographed with reversed-image
film (Polaroid), and band intensities were measured by laser densitometry (Mo-
lecular Dynamics, Sunnyvale, Calif.). In other experiments, the specificities of the
products were confirmed by Southern blotting. The gels were transferred to a
nylon membrane (Hybond N1; Amersham, Amersham, Buckinghamshire, En-
gland) under vacuum, and the membranes were hybridized to oligonucleotide
probes designed to anneal to the PCR product but not to the amplification
primers. The hybridization probes were 59-TACCTCCGTGCTTGAAGAAC-39
for IL-4, 59-TCAGTATGTCTAGCCCCTGA-39 for IL-5, and 59-CAGCCATG
TACGTAGCCATC-39 for b-actin. These were end-labelled with [32P]ATP and
T4 polynucleotide kinase (Pharmacia, Uppsala, Sweden). The blots were washed
and exposed to X-ray film (DuPont, Wilmington, Del.). After development of the
films, band intensities were determined by laser densitometry as described above.

Reverse transcription-PCR (RT-PCR) for b-actin was performed with all
samples. Fewer than 5% of the samples had markedly reduced or absent b-actin
signals; these samples were excluded from further analysis. Semiquantitative
PCR data from time course studies was obtained by performing RT-PCR with all
samples and identifying the sample with the strongest signal. Threefold dilutions
of this sample were prepared, and PCR was repeated with all samples and these
dilutions. The dilutions were used to prepare a standard curve against which the
other samples were read. The undiluted specimen of the sample with the stron-
gest signal was defined as having a signal of 100%, and the other signal data were
expressed as a percentage of the signal for this sample. Similar procedures were
used to obtain semiquantitative data in the experiments with glucocorticoids,
except that the signals for the samples which were stimulated and not treated
with glucocorticoids were defined as being 100% and were used to prepare the
dilutions.

Assessment of release of granule contents. Secretion of granule contents by
RBL-2H3 cells was determined by measuring the release of the granule marker
b-hexosaminidase into the medium (26). Culture supernatants were collected 30
min after the cells had been activated. Supernatant (20 ml) was incubated with 20
ml of 5 mM p-nitrophenyl-N-acetyl-D-glucosamide (Sigma) in 0.05 M sodium
citrate buffer (pH 4.5) in triplicate in a 96-well plate at 37°C for 2 h. At the end
of the incubation, 200 ml of 0.1 M sodium carbonate-sodium bicarbonate buffer
(pH 11.0) was added, and the absorbance at 405 nm was read in an enzyme-
linked immunosorbent assay plate reader (Diagnostics Pasteur). The release of
b-hexosaminidase was expressed as a percentage of the total b-hexosaminidase
present in unactivated cells. Any effect of phenol red in the medium was ac-
counted for by the inclusion of medium as a control. The cell lysate was obtained
by incubating cells with 1 ml of 0.1% Triton X-100 for 10 min. Spontaneous

release in the absence of stimuli was in the range of 2 to 6% of the total
b-hexosaminidase and was subtracted from the values given above. Release from
cells stimulated with antigen or with the combination of PMA and A23187
(PMA-A23187) was typically in the range of 40 to 50% of total b-hexosamini-
dase. The means for triplicate samples were determined, and these were used to
calculate the means and standard errors of the means (SEMs) for replicate
experiments. Data were then expressed as a percentage of the release from
stimulated cells not treated with glucocorticoids.

RESULTS

Cytokine expression by RBL-2H3 cells. The capacity of
RBL-2H3 cells to express cytokines was assessed in response to
antigen cross-linking of receptor-bound IgE, to PMA, and to
the calcium ionophore A23187. At 4 h after activation, cells
were lysed and RT-PCR was performed for IL-4, IL-5, and
b-actin mRNA. The sizes of the principal products determined
by gel electrophoresis were within 10 bp of their predicted
sizes, and their identities were confirmed by Southern transfer
and hybridization to radiolabelled oligonucleotide probes (Fig.
1). In the Southern blots, in addition to the principal bands,
some samples contained other bands which hybridized specif-
ically. The bands with slower electrophoretic mobilities repre-
sent single-stranded PCR products (37); the bands with faster
electrophoretic mobilities probably arise from mispriming of
specific cDNA.

mRNAs for IL-4 and IL-5 were expressed at low levels in
unstimulated cells. After stimulation with antigen, mRNA lev-
els for IL-4 and IL-5 were markedly increased. Stimulation
with the combination of PMA and A23187 had similar effects
(Fig. 1a). IL-4 mRNA was very readily detected, with bands in
ethidium bromide-stained gels being visible after only 26 cycles
of PCR amplification of cDNA derived from 0.1 mg of total
RNA. Stimulation of cells with A23187 alone was almost as
effective as PMA-A23187 in inducing IL-4 and IL-5 mRNAs.
However, PMA alone had little or no effect (Fig. 1b). The
expression of IL-4 and IL-5 mRNAs in response to the differ-
ent activators correlated with granular secretion, measured by
the release of b-hexosaminidase (see the legend to Fig. 1).

To define the peak time of mRNA production, cells were
harvested from 15 min to 8 h after activation. There was dif-
ferential induction of IL-4 and IL-5 (Fig. 2). IL-4 mRNA was

FIG. 1. Inducible expression of IL-4 and IL-5 by RBL-2H3 cells. (a) Cells
were exposed to no stimulus (lane 1), antigen (lane 2), or PMA-A23187 (lane 3)
for 4 h, and RNA was then extracted. RT-PCR was performed, and products
were detected by electrophoresis and Southern hybridization. The control RNA,
b-actin RNA, was readily detected in all samples, attesting to the integrity of the
RNA. Negative controls were omission of reverse transcriptase enzyme from the
RT (lane 4, which was otherwise identical to lane 3) and omission of cDNA from
the PCR (lane 5). (b) Cells were exposed to no stimulus (lane 6), PMA (lane 7),
A23187 (lane 8), or PMA-A23187 (lane 9), and mRNA was detected as described
above. Percent b-hexosaminidase releases in this experiment were as follows: no
stimulus, 0.5%; PMA stimulus, 2.4%; A23187 stimulus, 43.8%; PMA-A23187
stimulus, 36.7%.
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induced earlier, with markedly increased production detect-
able within 1 h. IL-4 mRNA levels peaked at 2 h and returned
to baseline levels at 8 h. IL-5 had a slower induction rate, with
little change within the first hour, peak expression 4 h after
stimulation, and a slower decay of mRNA levels than those for
IL-4 mRNA. In these experiments, IL-5 mRNA was detectable
in unstimulated cells and IL-5 mRNA levels were not signifi-
cantly increased by PMA alone. On the basis of these findings,
subsequent mRNA harvest was performed 4 h after activation.

Effects of glucocorticoids. The effect of the synthetic glu-
cocorticoid dexamethasone on the production of IL-4 and IL-5
mRNAs in RBL-2H3 cells was determined. Concentrations of
dexamethasone ranging from 1026 to 10211 M were tested in
the presence of PMA-A23187 (Fig. 3). Dexamethasone at
10210 M reduced the level of IL-4 mRNA production signifi-
cantly and at 1026 to 1028 M almost abolished it (Fig. 3a), with
a 50% inhibitory concentration (IC50) of 10210.3 M. Dexa-
methasone at 1029 M reduced IL-5 mRNA levels significantly
and at 1027 and 1026 M reduced the mRNA to very low levels
(Fig. 3b), with an IC50 of 1028.8 M. At the higher doses tested,
dexamethasone was moderately inhibitory to granule secre-
tion, as measured by b-hexosaminidase release. However, even
at doses as high as 1026 M, only 40 to 50% inhibition of
granule release was observed (Fig. 3c).

The naturally occurring glucocorticoid hormone hydrocorti-
sone had effects similar to those of dexamethasone. There was
a dramatic concentration-dependent decrease in the levels of
expression of both IL-4 and IL-5, with the mRNAs of both
cytokines essentially being abolished at hydrocortisone concen-
trations of 1026 M (Fig. 4a and b). As with dexamethasone,

IL-4 mRNA production was more sensitive than IL-5 mRNA
production to hydrocortisone. The IC50s were 1028.9 M for
IL-4 and 1028.0 M for IL-5. Granule secretion was only mod-
erately inhibited by the highest concentrations of hydrocorti-
sone (Fig. 4c).

Studies were then performed to determine the effect of
dexamethasone on cells activated by antigen-induced cross-
linking of IgE receptors. These experiments were performed
because this is a more physiological method of mast cell acti-
vation than PMA-A23187 stimulation. Cells were incubated
with IgE antibody overnight and were exposed to specific an-
tigen. Production of IL-4 and IL-5 mRNAs was markedly in-
hibited by dexamethasone concentrations from 1028 to 1026 M
(Fig. 5). The IC50s were 1028.6 M for IL-4 and 1028.8 M for
IL-5. These effects were similar to those described in Fig. 3 for
cells stimulated with PMA-A23187. However, the inhibitory
effect of dexamethasone on the secretion of b-hexosaminidase
was much greater for cells stimulated with antigen (Fig. 5c)
than for cells stimulated with PMA-A23187 (Fig. 3c).

In the experiments described above, dexamethasone was
added overnight, prior to activation of the cells. The effects of
adding it at a range of times prior to and after activation were
assessed (Fig. 6). Cells were activated at time zero and 4 h later
were harvested for RNA extraction. Dexamethasone was
added at different times, from 16 h before activation to 4 h
after activation, i.e., immediately prior to cell lysis for RNA

FIG. 2. Time course of IL-4 and IL-5 mRNA production. Cells were acti-
vated with PMA-A23187 and were incubated for various times before lysis for
RNA extraction. IL-4 and IL-5 mRNAs were detected by RT-PCR, and band
intensity was determined by laser densitometry. Each value represents the mean
and SEM for four (IL-4) or three (IL-5) separate experiments.

FIG. 3. Effects of dexamethasone on cells stimulated with PMA-A23187.
Cells were incubated overnight in the presence of various concentrations of
dexamethasone and were stimulated with PMA-A23187. Cells were harvested 4 h
later for assessment of IL-4 (a) and IL-5 (b) mRNA levels. Supernatants were
collected 30 min after activation for determination of b-hexosaminidase secre-
tion (c). Data are expressed as a percentage of the values for the samples from
cells given no dexamethasone (dex). Each value represents the mean and SEM
for three (a) or two (b and c) separate experiments.
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extraction. Dexamethasone markedly inhibited IL-4 and IL-5
mRNA production when it was added 16 and 2 h prior to
activation. It was also markedly inhibitory when it was added at
the time of activation and at later times, as late as 2.5 h after
activation, which was only 1.5 h before the cells were harvested
for RNA extraction (Fig. 6). The effects were variable when
dexamethasone was added only 1 h prior to harvest (3 h after
activation), and there was no effect when it was added 30 min
prior to harvest (3.5 h after activation).

DISCUSSION

In this paper we demonstrate that expression of IL-4 and
IL-5 can be induced in the RBL-2H3 cell line, an analog of
mucosal mast cells, by cross-linking of receptor-bound IgE or
by a calcium ionophore. Induction of IL-4 and IL-5 mRNAs
was strongly inhibited by the glucocorticoids dexamethasone
and hydrocortisone. These findings are consistent with reports
that glucocorticoids inhibit the expression or production of a
number of cytokines by mast cells, including tumor necrosis
factor alpha, IL-1b, IL-3, IL-6, and IL-8 (18, 19, 38, 39, 41).
Inhibition of IL-4 mRNA by dexamethasone was recently re-
ported in the human mast cell line HMC-1 (38). In T cells, by
contrast, there are conflicting reports on the effect of glucocor-
ticoids on IL-4 production. High concentrations of glucocorti-
coids were reported to inhibit IL-4 production by human blood
T lymphocytes or mononuclear cells (7, 42) and by CD41 T
cells from rat lymph nodes (27). In a study with mice, however,

low concentrations of dexamethasone from 10211 to 1028 M
were reported to enhance IL-4 production by lymph node or
spleen cells (10). In the present studies, dexamethasone and
hydrocortisone doses from 10211 to 1026 M were tested, and
there was no evidence of the enhancement of IL-4 or IL-5
mRNA production at any concentration, but there was marked
inhibition at higher concentrations (Fig. 3 and 4).

The present findings confirm and extend other recent obser-
vations on the effects of glucocorticoids on the production of
IL-5 mRNA by mast cells. Dexamethasone inhibits the expres-
sion of IL-5 in rat peritoneal mast cells (41) and in human lung
explants stimulated with IgE (14). In these studies with cells
prepared from tissue, the possibility that glucocorticoids might
be acting on another cell population to induce a factor that
could inhibit IL-5 mRNA production by mast cells cannot be
completely excluded. The use of the RBL-2H3 mast cell line in
the present study demonstrates unequivocally that these inhib-
itory effects of glucocorticoids on IL-5 expression are directly
on the mast cells. In cells activated with PMA-A23187, lower
concentrations of either dexamethasone or hydrocortisone
were required to inhibit IL-4 mRNA compared with the con-
centrations required to inhibit IL-5 mRNA (Fig. 3 and 4). This
effect suggests that the cells may use different signaling path-
ways for IL-4 and IL-5 mRNA expression. However, differ-
ences in glucocorticoid concentrations were not observed in
cells activated by antigen (Fig. 5).

These findings raise the possibility that the beneficial ther-
apeutic effects of glucocorticoids in allergic diseases may be
mediated, at least in part, by inhibition of production of IL-4

FIG. 4. Effects of hydrocortisone. IL-4 mRNA (a), IL-5 mRNA (b), and
secretion (c) were determined as described in the legend to Fig. 3, but with
hydrocortisone instead of dexamethasone. Data are expressed as a percentage of
the values for the samples from cells given no hydrocortisone (HC). Each value
represents the mean and SEM for two (a and b) or three (c) separate experi-
ments.

FIG. 5. Effect of dexamethasone on cells stimulated with antigen. Cells were
activated with DNA-BSA to cross-link receptor-bound IgE. IL-4 mRNA (a),
IL-5 mRNA (b), and secretion (c) were determined as described in the legend to
Fig. 3. Data are expressed as a percentage of the values for the samples from cells
given no dexamethasone (dex). Each value represents the mean and SEM for
three (a and b) or five (c) separate experiments.
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and IL-5 by mast cells. An intriguing and novel observation was
that dexamethasone may be added after activation but still
markedly reduce the abundance of cytokine mRNA. When
dexamethasone was added 2.5 h after activation and the cells
were harvested 4 h after activation, the inhibition of IL-4 and
IL-5 expression was as marked as when dexamethasone was
added prior to activation (Fig. 6). These findings also suggest
that in a therapeutic setting, IL-4 and IL-5 production can be
inhibited by glucocorticoids after mast cells have been acti-
vated by an allergen. This effect may contribute to the clinical
efficacy of therapy with glucocorticoids when they are intro-
duced after the onset of an asthma attack.

It is interesting to speculate whether the glucocorticoid con-
centrations used in the present experiments are similar to
those achieved therapeutically. In a pharmacokinetic study
with humans, a single oral dose of 20 mg of hydrocortisone, a
modest glucocorticoid dose, was followed by a peak concen-
tration in plasma of 0.8 3 1026 M (11). In the present exper-
iments, IL-4 and IL-5 expression was almost completely abol-
ished by 1027 and 1026 M hydrocortisone (Fig. 4). It is difficult
to make exact comparisons between concentrations in vivo and
in vitro because of differences in protein binding, the more
rapid elimination of glucocorticoid in vivo, and different kinet-
ics of receptor occupation during changing extracellular con-
centrations. Nevertheless, it is reasonable to propose that
the concentrations of glucocorticoids achieved in the ther-
apy of allergic conditions are sufficient to inhibit IL-4 and
IL-5 mRNA expression. Dexamethasone was approximately 1
order of magnitude more potent than hydrocortisone (Fig. 3
and 4), a difference consistent with previous observations (5).

In T cells, IL-4 and IL-5 mRNA abundance is principally
regulated by control of the rate of gene transcription rather
than by alterations in mRNA stability (24, 29). From the data
presented in Fig. 6, the levels of IL-4 mRNA 4 h after activa-
tion were very low in cells given dexamethasone 2.5 h after
activation, by which time IL-4 mRNA levels have already

peaked (Fig. 2). In activated T cells, the half-life of IL-4
mRNA was 60 min (3). If IL-4 has a similar half-life in mast
cells, the findings in Fig. 6 could not be fully accounted for by
effects on the rate of gene transcription, and acceleration of
mRNA decay might also be involved. In the case of IL-5, peak
mRNA expression was not reached until 4 h after activation. In
mitogen-stimulated T cells, dexamethasone reduced total
mRNA levels by inhibition of IL-5 gene transcription, without
affecting mRNA stability (29a). The data therefore suggest
that the effects of glucocorticoids on IL-5 in mast cells are
based on inhibition of the rate of gene transcription.

The stimuli required for IL-4 and IL-5 gene expression are
similar to those required for granule release (Fig. 1b). Thus,
cross-linking of IgE receptors or calcium ionophore alone, but
not PMA alone, is sufficient for both responses. IgE receptor
cross-linking initiates a sequence of intracellular events leading
to an increased intracellular calcium ion concentration. These
elements of the signaling pathways may be required for both
granule release and cytokine mRNA production. In cells stim-
ulated with PMA-A23187, secretion was only partially inhib-
ited by glucocorticoids (Fig. 3 and 4), whereas in cells stimu-
lated with antigen, secretion of granule contents was markedly
inhibited (Fig. 5), as has been reported previously (9, 40). The
data in Fig. 3 and 4 suggest that the effects of glucocorticoids
on cytokine mRNA production may involve components of the
signaling pathway not required for granule release. A number
of possible mechanisms whereby glucocorticoids might inhibit
expression of cytokine genes have been described. Glucocor-
ticoids inhibit the effects of transcription factors AP-1 and
NF-kB, which are involved in the expression of cytokine genes.
The glucocorticoid receptor-hormone complex interacts di-
rectly with AP-1 to prevent it from binding to its DNA motifs
in promoter regions (16). Glucocorticoids stimulate produc-
tion of I-kB, which inhibits the translocation of NF-kB from
the cytoplasm to the nucleus (1, 32). Glucocorticoids can also
accelerate mRNA degradation, as has been described in the
reduction of IL-2 mRNA levels induced with dexamethasone
in T cells (4). The effects of glucocorticoids on IL-4 and IL-5
mRNA production in mast cells may be mediated by these
and/or other mechanisms.

The relative importance of mast cells as producers of cyto-
kines in allergic conditions is controversial. Mast cells are the
most numerous cells that contain IL-4 and IL-5 proteins in
immunohistochemical studies with biopsy specimens from
asthmatic patients (6). By contrast, in in situ hybridization
studies, IL-4 and IL-5 mRNAs were found more frequently in
T cells than in mast cells (43). Mast cells may be more effective
early in allergic reactions because they are able to be activated
rapidly after the arrival of antigen, which cross-links surface-
bound IgE. By contrast, before T cells can be activated, antigen
must be processed and presented by other cells. The rapid
induction of cytokine mRNA described in Fig. 2 is consistent
with a role for mast cells in the initiation of clinical allergic
reactions.
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