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IgE and adenosine 5’ triphosphate receptors 
on immature murine mast cslEs are 
functionally linked to signal 
transduction mechanisms 

Gian Luigi Rossi, MD, An Yen, MD,” and Kim Elaine Barrett, PhD 
Sun Diego, Calij. 

Culcium mobilization in response to &E-receptor cross-linking by antigen was assessed in 
immature murine mast cells cultured from bone marrow to determine whether the early 
expression of IgE receptors on such cells may be of functional signijcance. IgE receptors were 
expressed by approximately 30% of cells after 1 week in culture and by un increased proportion 
at 2 and 3 weeks. The abiliry of a non-IgE-dependent stimulus, adenosine 5 triphosphate 
(ATP). to increase intracellular calcium in these cells was ulso tested. Calcium mobilization in 
large numbers of individual cells was monitored with use of a fluorimetric reugent and flow 
cytometry. Both antigen and ATP had signrjicant effects on intracellular culcium in cells 
cultured for as little as I week with interleukin-3, when few cells exhibited morphologic or 
functionul ehracteristics of mast cells. Longer times in culture were ussociated with an increase 
in the proportion of cells responding to these stimuli with calcium mobilization, but not with a 
change in the magnitude of the response. We conclude that the early expression of JgE receptor,r 
during mast cell development may be functionally sign$cant, since these receptors appear to be 
linked to cellular signal transduction mechanisms. The data additionally imply a possible role 
,for ATP in mast cell development. (J ALLERGY CLIN IUM~JNOL 1992;90:765-71 .i 
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New aspects of mast cell biology have recently been 
elucidated, supporting the opinion that mast cells 
could play important roles in normal physiology in 
addition to their well-recognized involvement in dis- 
ease.’ Although a body of data exists regarding the 
biologic activity of mature mast cells and the various 
stimuli and factors that lead to mast cell differentia- 
tion, growth, and activation,’ comparatively little is 
known about the functional capabilities of immature 
mast cells or mast cell precursors undergoing differ- 
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Abbreviations used 
ATP: Adenosine 5’ triphosphate 
IL-3: Interleukin-3 
DNP: Dinitrophenol 
BSA: Bovine serum albumin 

V/B ratio: Ratio of violet to blue Indo-l fluores- 
cence 

[Ca’+],: Cytoplasmic calcium concentration 
Fcr RI: High-affinity receptor for IgE 

IL-4: Interleukin-4 

entiation. However, it has recently been demonstrated 
that the expression of high-affinity receptors for IgE 
is an early event during the differentiation of mouse 
bone marrow-derived mast cells.‘, 3 These findings 
suggest that mast cells may have the ability to perform 
immunologically regulated functions before the de- 
velopment of a capacity to degranulate. Similarly, the 
purine nucleotide, adenosine 5’ triphosphate (ATP), 
has been shown to mobilize intracellular calcium in 
neutrophil/ monocyte progenitors and mouse masto- 
cytoma cells .4, 5 Since ATP has long been known to 
induce histamine release from mature rat peritoneal 
mast cells via a specific ATp4- receptor,6-8 it is con- 
ceivable that purinergic receptors also are expressed 
at an early time point in the differentiation of mast 
cells and other hemopoietic cell types, and further, 
that they may, like IgE receptors, be functionally sig- 
nificant. 

We have recently reported that flow cytometry and 
the fluorescent calcium indicator Indo-l (Sigma 
Chemical Co., St. Louis, MO.) can be used to monitor 
intracellular calcium mobilization in mature mast cells 
activated with both IgE-dependent and IgE-indepen- 
dent stimuli.’ A strength of this technique is that it 
permits the analysis of calcium mobilization events in 
large numbers of individual cells. In the present study 
we have applied this method to examine changes in 
intracellular calcium concentrations in mouse bone 
marrow mast cells at various stages of maturation. 
The cells were stimulated with either antigen or ATP 
to evaluate whether IgE or ATP receptors of immature 
mast cells are effectively linked to cellular signal 
transduction mechanisms. The findings are correlated 
with the proportion of cells expressing IgE receptors, 
the presence of granules within the cells, and the abil- 
ity of the cells to release a granule-associated mediator 
(P-hexosaminidase). 

MATERIAL AND METHODS 
Material 

Must cell culture. Bone marrow from femurs of 
BALBic mice was cultured in RPM1 1640 medium con- 
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taining 20% conditioned medium from the WEHI-3B cell 
line (a constitutive producer of interleukin-3 [IL-31) and 
fetal calf serum, as previously described.‘” Cells were pas- 
saged weekly, at which time aliquots were removed for 
analysis. 

Measurement of cytosolic [Ca*+l 

Mast cells, cultured as described above, were washed 
free of tissue culture medium. They were then incubated 
(30 minutes at 37” C) in RPM1 1640 medium, at a density 
of lo’/ ml, in the presence of antidinitrophenol (DNP) mono- 
clonal IgE (10 pg/ml) and the cell permeant acetoxymethyl 
ester of Indo-l (30 p,mol/L). The cells were then washed 
in Hanks’ balanced salt solution, resuspended at a density 
of lo61 ml in RPM1 1640 medium containing fetal calf serum 
(2%) CaCl, ( 1.8 mmol / L) and MgCl, ( 1 mmol / L) , and held 
on ice in the dark until analysis. Analyses of Indo-l fluo- 
rescence in individual cells were performed with use of an 
Ortho Cytofluorograph 11s (model 50H, equipped with a 
2151 computer; Ortho Diagnostic Systems, Westwood, 
Mass.), with a technique based on that reported by Rabi- 
novitch et al.” and previously described in detail.’ Cells 
( 106) in a volume of 1 ml were loaded into the cytofluo- 
rograph and were analyzed at 37” C at a rate of 500/set, 
before and after the addition of antigen (50 to 200 nglml) 
or ATP (0.1 to 1 mmol/L). 

Assessment of Fee RI Expression 

Cells were incubated with 1 p.g/ml IgE (1 pg/ lo6 cells) 
for 1 hour at room temperature, with gentle agitation every 
20 minutes. The cells were then washed and resuspended 
in calcium-free Tyrode’s buffer containing FITC-conjugated 
sheep anti-1gE (250 kg/ml), and sodium azide (0.02%, to 
prevent cellular activation via cross-linking of IgE recep- 
tors). The cells were then incubated for 1 hour in the dark 
at room temperature. After three washes with calcium-free 
Tyrode’s, the cells were analyzed for fluorescent intensity 
with use of a flow cytometer equipped with an argon laser 
(Ortho cytofluorograph 11s). 

P-hexosaminidase assay 

Mast cell degranulation was assessed by measuring the 
stimulated release of P-hexosaminidase.‘* In brief, cells 
were washed three times in Tyrode’s buffer lacking divalent 
cations to remove tissue culture medium and sensitized at 
37” C with anti-DNP IgE (1 kg/ml) for 30 minutes, fol- 
lowed by washing and challenge with either DNP-bovine 
serum albumin (BSA) antigen (200 rig/ml) or ATP 
(1 mmol/L) in complete Tyrode’s buffer at 37” C. After 10 
minutes of incubation, supematants and pellets were sep- 
arated by centrifugation at 2OOg for 10 minutes. The p- 
hexosaminidase content of each sample was measured en- 
zymatically with use of p-nitrophenyl-P-D-glucosamide as 
substrate.13 Total cellular content of P-hexosaminidase was 
calculated by adding values from supematant and pellet 
fractions, and the percent release of this mediator was cal- 
culated by comparing supematant P-hexosaminidase with 
total cellular content. 
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Cytochemical analysis 

Cultured cells were spun onto glass slides in a cytocen- 
trifuge (Cytospin; Shandon Southern Instruments. Sewick- 
ley. Pa. 1. air dried. and stained for 45 minutes with 0. l’h 
al&n blur at pH 1, then counterstained with 0.58 Safranin 
(Sigma) for 30 minutes. The number of cells positive to 
al&n blue were counted and averaged in at least 10 
high-power fields and expressed as a percentage of total 
cell\ 

RESULTS 
Antigen-induced calcium mobilization 

Cells from three different cultures of mouse bone 
marrow were analyzed after I week and 2 weeks of 
culture (see Methods for culture conditions); cells 
from culture no. 1 were also analyzed after 3 weeks. 
The cells were loaded with Indo-l (30 p,mol/L), pas- 
sively sensitized with IgE, and then challenged with 
specific antigen (DNP-BSA, 200 rig/ml) during flow 
cytometric analysis. Table I provides data for the in- 
crease in violet to blue fluorescence ratio (V/B ratio, 
reflective of cytoplasmic calcium concentration 
([Ca’- 1,“) over baseline, and the proportion of cells 
responding to the antigenic stimulus. As cells were 
cultured for longer periods, there was a progressive 
increase in the average magnitude of the elevation of 
V/B ratio and an increase in the proportion of cells 
that responded to DNP-BSA with an increase in 
[Ca’ ’ 1, (Table I). In the one culture examined at 3 
weeks, approximately 52% of cells responded, which 
is not markedly dissimilar from the value previously 
reported by us, 80% responding cells, for mature cul- 
tured mouse mast cells studied under the same ex- 
perimental conditions.” It is apparent from Table I that 
the progressive increase in responsiveness in terms of 
the mean elevation in V/B ratio that occurred with 
longer periods of culture was actually wholly ac- 
counted for by the increase in the proportion of re- 
sponding cells. In all cultures examined, an increase 
in the magnitude of the elevation in V/B ratio was 
accompanied by a parallel increase in the responding 
cell population. The ratio of V/B increase to percent 
of responding cells, an approximation of the average 
increase in ]Ca’ * ji in those cells that responded to 
antigen, was similar at 1, 2, and 3 weeks of culture 
(2.4 -c 0.5 131, 2.2 + 0.1 [3] and 2.1 [I], respec- 
tively, mean rt SEM for the number of experiments 
in parentheses). Similarly, at all time points, the ki- 
netics of calcium mobilization induced by antigen 
were similar. Thus addition of DNP-BSA increased 
the V/B ratio after a lag time of approximately 40 
seconds; the peak value of V/B ratio was achieved 
after approximately 80 seconds. The V/B ratio slowly 
declined thereafter. but remained substantially ele- 

TABLE 1. Effect of antigen on calcium 
mobilization in murine bone marrow celjs 
cultured for various times* 

_-__.- _--- _._. 
Time in Increase in Proportion of 
culture VIB ratiot cells responding 

(wk) (%I io/a) 

1 35.3 t. 19.4 I.&..’ 5.5 

2 69.3 I 19.7 t1 i 9.x 
3 109.8 i[ 1 

..-._-... -_--_._ 

*Antigen was DNP-BSA at 200 ngiml. Data arc mean L’ SEM 
for three experiments (1 and 2 weeks): only one culture examined 
at 3 weeks. 

tReflective of [Ca’ Il. 

vated above baseline values for the remainder of the 
observation period (up to 400 seconds). 

The ability of DNP-BSA to mobilize calcium was 
dose-dependent. Cells from two cultures were stim- 
ulated additionally with 50 mg/ml DNP-BSA at either 
1 week or 2 weeks of culture. In both cases, the effect 
of this dose of antigen on VIB ratio was less than 
that observed with the same cells stimulated with 200 
rig/ml of the antigen (data not shown). 

Expression of Fee RI 

Cells grown for 1, 2, and 3 weeks in culture were 
assessed for their expression of IgE receptors by flow 
cytometry. At 1 week, two populations of cells could 
be distinguished, large and small, on the basis of their 
forward scatter. The smaller cells had 16.3% that were 
positive for IgE receptor expression (mean of two 
determinations, range 15.7 to 16.9). Among the larger 
cells, 39.7% were positive for Fcr Rl (range 37.40/r 
to 42.0%). Overall, 30.3% of the total cells (range 
28.7 to 31.9%) were positive for Fee RI. At 2 weeks, 
a single population of cells was present as assessed 
by forward scatter. Of these, 64.8% (range 62.3% to 
67.3%) were positive for Fee RI. At 3 weeks, the 
corresponding value was increased still further to 
86.0% (range 85.2% to 86.8%). 

ATP-induced cat&m mobitlzation 

Cells from the cultures tested for antigen-induced 
calcium mobilization were also examined at the same 
times for calcium mobilization in response to ATP 
( 1 mmol/ L). Table II provides data for the mean 
changes in VI B ratio and the percentage of responding 
cells at 1, 2. and 3 weeks of culture. As seen for the 
response of cells to antigen challenge, there was a 
progressive increase in the degree of calcium mobi- 
lization as cells were cultured for longer periods. 
Again. this was accounted for by an increa>c in the 
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FIG. 1. Cellular content of P-hexosaminidase in mouse bone marrow cells grown for 1, 2, or 3 
weeks in the presence of IL-3. Values are mean r SEM for three determinations. The three 
means are significantly different (p < 0.001) by ANOVA. 

TABLE II. Effect of ATP on calcium 

mobilization in murine bone marrow cells 
cultured for various times* 

Time in Increase in Proportion of 
culture VIB ratiot cells responding 
(weeks] (%I (%I 

1 38.3 % 3.3 11.3 5 2.4 
2 143.2 k 14.a 53.7 t 13.6 
3 129.8 57.1 

*ATP dose was 1 mmol/L. Data are mean ? SEM for three ex- 
periments (1 and 2 weeks); only one culture examined at 3 weeks. 

tReflective of [C$‘],. 
Wgnificantly greater than corresponding value at 1 week of culture, 

p < 0.05 by Student’s t test for paired samples. 

proportion of cells responding to the stimulus. Of 
interest, however, is the evidence that the ability to 
respond to ATP may develop slightly more rapidly 
than that to antigen. Although l-week-old cultures 
contained similar proportions of cells responding to 
antigen and ATP (compare Tables I and II), at 2 weeks 
there was a significantly greater increase in V/B 
ratio induced by ATP in these cells than by antigen 
(143.2 k 14.8% vs 69.4 2 19.7%, mean ? 
SEM, n = 3, p < 0.05 by Student’s f test for paired 

samples). The proportion of cells responding at 2 
weeks was correspondingly greater when ATP was 
used as stimulus (53.7% 2 13.6% vs 32.1% + 
9.8%, mean + SEM, n = 3), although not statisti- 
cally significantly so. 

The degree of calcium mobilization induced by ATP 
was dose-dependent. In one culture examined at 2 
weeks, 1 mmol/ L ATP increased the V/B ratio by 
154.3%, with 80.9% of cells responding, whereas 
addition of 0.1 mmol/L ATP to the same cells in- 
creased V/B ratio by only 64.6%,with 44.2% of cells 
responding. 

Development of capacity to degranulate 

We measured cellular content of B-hexosaminidase, 
a representative granule-associated mediator, and its 
release induced by antigen (DNP-BSA) or ATP in 
mouse bone marrow cells cultured for 1, 2, and 3 
weeks. Culture of bone marrow cells was associated 
with a progressive increase in their content of B-hex- 
osaminidase on a per cell basis (Fig. 1). The increase 
in content of this mediator was statistically significant 
as assessed by analysis of variance (ANOVA) (p < 
0 .OO 1). Although even 1 -week-old cultures contained 
appreciable amounts of B-hexosaminidase, mediator 
release from these immature cultures could not be 
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Tim0 In culture (wwks) 

FIG. 2. Net release of p-hexosaminidase induced by DNP-BSA (200 rig/ml; “antigen”) or ATP 
(1 mmol/L) from mouse bone marrow cells grown for 1, 2, or 3 weeks in the presence of IL-3 
Values are mean ? SEM for three determinations. 

specifically stimulated by either DNP-BSA (200 
rig/ml) or ATP (I mmol/L) (Fig. 2). There was a 
high degree of spontaneous release of this mediator 
from l-week-old cultures (10.2% 5 0.6%, mean ? 
SEM, n = 3), but little or no net release induced by 
the receptor-dependent stimuli. In contrast, cells ex- 
amined at 2 and 3 weeks of culture had low levels 
of spontaneous B-hexosaminidase release (1.1% 2 
O.l%, 2 weeks; 1.6% t O.l%, 3 weeks; mean rfr 
SEM, n = 3) and net release could be stimulated by 
either DNP-BSA or ATP (Fig. 2). Of interest, release 
induced by ATP appeared to be maximal at 2 weeks, 
whereas that induced by antigen was slightly higher 
at 3 weeks than at 2 weeks. 

Cytoehemical analysis 

Cytospin slides of I-, 2-, and 3-week-old cultures 
were prepared, stained with alcian bluelsafranin, and 
the proportion of cells scored as either ungranulated 
(no alcian blue-stained material in the cytoplasm), 
sparsely granulated (cell with less than 10 blue gran- 
ules), or well-granulated (cell with greater than 10 
alcian blue positive granules, often obscuring the nu- 
cleus), was determined by an observer blinded as to 
the age of the culture. As shown in Fig. 3, and de- 
scribed previously by others, growth of mouse bone 
marrow in the presence of IL-3 led to a progressive 

increase in the proportion of cells displaying the cy- 
tochemical and morphologic characteristics of mast 
cells. Of note, at 1 week in culture, less than 8% of 
cells were positive to alcian blue despite the fact that 
approximately 15% of such cells responded to IgE- 
dependent stimulation with an increase in cytoplasmic 
calcium levels (c.f. Table I), and approximately 30%, 
expressed Fee RI. 

DISCUSSION 

In the present study we have shown that mouse 

bone marrow cells, cultured in the presence of lL-3, 
develop the ability to respond to both an IgE-mediated 
stimulus (antigen) and to ATP at a very early stage of 
differentiation into mast cells. To assess whether re- 
sponsiveness had developed, we monitored the ability 
of the named stimuli to mobilize intracellular Ca’ + in 
large numbers of individual cells with use of flow 

cytometric techniques. Even after 1 week of cutture. 
a significant proportion of cultured cells (> 10%) were 
responsive to both antigen and ATP, and longer pe- 
riods in culture were associated with a progressive 
increase in the proportion of cells displaying a re- 
sponse to these stimuli. In contrast, l-week-old cul- 
tures had a low content of B-hexosaminidase. did not 
release this mediator specifically in response to stim- 
ulation, and contained few cells with morphologic 
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FIG. 3. Proportion of cells either negative for alcian blue staining (ungranulated,AB- ), containing 
less than 10 alcian blue-positive granules (sparsely granulated, AL?+), or containing greater 
than 10 alcian blue-positive granules (well-granulated, AB+ + ) in cytocentrifuge preparations 
of mouse bone marrow cells grown for 1,2, or 3 weeks in the presence of IL-3. Values are from 
a single experiment representative of three similar experiments. 

characteristics consistent with their identification as 
mature mast cells. 

Thompson et al3 recently reported that transcripts 
for the subunits (o, l3, and r) comprising the high- 
affinity receptor for IgE (Fee RI) are present in the 
cytoplasm of murine bone marrow cells within 1 week 
of culture in the presence of IL-3. Moreover, they 
reported that 75% of cells express membrane-asso- 
ciated Fee RI at this time point, whereas only 25% 
of the cells were identified as mast cells by the criteria 
used by these authors. Accordingly, the authors sug- 
gest that the early appearance of IgE receptors during 
mast cell differentiation may confer an ability to re- 
spond to IgE-dependent stimuli, in ways other than 
degranulating, before acquiring a significant comple- 
ment of granule-associated mediators. We also found 
that significant numbers of murine bone marow cells 
cultured with IL-3 express Fee RI at 1 week, although 
the proportion of cells in our study calcium (30%) 
was lower than that reported by Thompson et al. ,3 as 
was the proportion of cells identified as mast cells by 
alcian blue staining. 

A number of recent investigations have highlighted 
the ability of mast cells to act as a source of multiple 
cytokines . I43 Is In some cases, synthesis of such mol- 

ecules may be triggered via Fee RI. For example, Fee 
RI positive mouse bone marrow cells were reported 
to produce IL-4 in response to an IgE-dependent stim- 
~1~s.‘~ Likewise, bone marrow mast cell secretion of 
endothelin could be triggered via the IgE receptor but 
was independent of the release of granule constitu- 
ents.17 Our present finding that IL-3-dependent mouse 
bone marrow cells respond to antigen with mobili- 
zation of intracellular calcium, before being able to 
degranulate, is in keeping with the hypothesis that 
immature mast cells could play a physiologic role 
during their development. It is tempting to speculate 
that triggering of immature mast cells via their IgE 
receptors is directed toward the generation of cyto- 
kines such as IL-3 or IL-4, which in turn could stim- 
ulate cell growth and differentiation via a positive 
feedback loop. 

We have also shown here that immature mast cells 
are responsive to an IgE-independent stimulus, ATP. 
In fact, there was evidence that such responsiveness 
may develop somewhat more briskly than that to an- 
tigen. Although an intracellular role for ATP is well- 
recognized, its extracellular functions are less well- 
understood, although it can influence many biologic 
processes including neurotransmission, vascular tone, 
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platelet aggregation, and, notably, mast cell secre- 
tion.” A specific membrane receptor has been de- 
scribed in the rat mast cell, which is activated by the 
tetrabasic free acid ATP4- (a minor component of total 
ATP) and linked to phosphatidylinositol turnover and 
consequently calcium mobilization.‘. * Of interest, 
Cowen et a1.4 reported that extracellular ATP is a 
potent inducer of calcium mobilization in neutro- 
phili monocyte progenitors, raising the possibility that 
activation of the inositol phospholipid signaling sys- 
tem by ATP may play a role during cell differentiation. 
We found that intracellular ATP induces calcium mo- 
bilization in a significant proportion of immature 
mouse mast cells as .early as 1 week in culture, and 
that after 2 weeks the proportion of responding cells 
was greater than 40% in all cultures, with a maximum 
of 80.9% in one culture. There is accordingly a pos- 
sibility that ATP might also be involved in mast cell 
development. There are a number of conditions under 
which extracellular release of ATP is likely to occur. 
For example, ATP can be copackaged in both adren- 
ergic and cholinergic neurotransmitter granules and 
released during neurotransmission into synaptic 
spaces or stored with serotonin in platelet granules 
and released locally during platelet activation.“-” 
Given that the existence of mast cell/nerve interac- 
tions is now well-established,22 it is possible that ATP 
could be released in significant amounts in proximity 
to the mast cell membrane. Alternatively, stromal cells 
might release ATP in the microenvironment of the 
bone marrow, providing an efffective signal to pro- 
genitor cells during differentiation, as suggested by 
Cowen et al.’ 

In conclusion, we have found that immature mast 
cells are able to respond to both IgE-mediated and 
non IgE-mediated stimuli at early stages of matura- 
tion. This response is manifest as an active calcium 
signal transduction mechanism, and appears to de- 
velop before the ability to store and release appreciable 
quantities of granule-associated mediators. Further 
studies are necessary to clarify the biologic relevance 
of this ability. 

We thank Dennis Young for performing the FACS anal- 
ysis. C. L R. was the recipient of a grant from the Clinica 
de1 Lavoro Foundation, IRCCS, Medical Center of Pavia, 
Italy. A.Y. is the recipient of a postdoctoral fellowship from 
the Dermatology Foundation sponsored by Dermik Labo- 
ratories. 
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