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ABSTRACT Binding of antigen to IgE-receptor complexes on the surface of RBL-2H3 rat 
basophilic leukemia cells is the first event leading to the release of cellular serotonin, histamine, 
and other mediators of allergic, asthmatic, and inflammatory responses. We have used 
dinitrophenol-conjugated bovine serum albumin (DNP-BSA) as well as the fluorescent antigen, 
DNP-B-phycoerythrin, and the electron-dense antigen, DNP-BSA-gold, to investigate dy- 
namic membrane and cytoskeletal events associated with the release of [3H]serotonin from 
anti-DNP-IgE-primed RBL-2H3 cells. These multivalent antigens bind rapidly to cell surface 
IgE-receptor complexes. Their distribution is initially uniform, but within 2 min DNP-BSA- 
gold is found in coated pits and is subsequently internalized. Antigen internalization occurs in 
the presence and absence of extracellular Ca 2÷. The F-actin content of the detergent-extracted 
cell matrices analyzed by SDS PAGE decreases during the first 10-30 s of antigen binding and 
then increases by 1 min to almost double the control levels. A rapid and sustained increase is 
also observed when total F-actin is quantified by flow cytometry after binding of rhodamine- 
phalloidin. The antigen-stimulated increase in F-actin coincides with (and may cause) the 
transformation of the cell surface from a finely microvillous to a highly folded or plicated 
topography. Other early membrane responses include increased cell spreading and a 2-3- 
fold increase in the uptake of fluorescein-dextran by fluid pinocytosis. The surface and F- 
actin changes show the same dependence on DNP-protein concentration as stimulated [3HI 
serotonin release; and both the membrane responses and the release of mediators are 
terminated by the addition of the non-cross-linking monovalent ligand, DNP-lysine. These 
data indicate that the same antigen-stimulated transduction pathway controls both the mem- 
brane/cytoskeletal and secretory events. However, the membrane and actin responses to IgE- 
receptor cross-linking are independent of extracellular Ca 2+ and are mimicked by phorbol 
myristate acetate, whereas ligand-dependent mediator release depends on extracellular Ca 2+ 
and is mimicked by the Ca 2+ ionophore A23187. 

The release of histamine, serotonin, and other inflammatory 
mediators from mast cells and basophils is the precipitating 
event in a variety of acute allergic, asthmatic, and inflamma- 
tory reactions (38). This release occurs by the fusion of 
cytoplasmic granules with each other and with the plasma 
membrane, leading to the discharge of granule matrix and 
soluble mediators (13). Current studies of the sequence of 
biochemical and morphological events leading to degranula- 

tion are focused on the rat basophil-like cell line, RBL-2H3 
(43). In this cell line degranulation is measured by the release 
of [3H]serotonin or histamine after cross-linking of surface 
IgE-receptor complexes with multivalent antigen. Biochemi- 
cal studies have shown that antigen binding stimulates phos- 
phatidylinositol turnover and generates two second messen- 
gers, diacylglycerol to activate protein kinase C and inositol 
trisphosphate to release Ca 2÷ (2, 3). 
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We report here our studies of the membrane and cytoskel- 
etal changes associated with IgE-receptor cross-linking on 
RBL-2H3 cells. A companion paper describes the specific 
impairment of these responses during mitosis (34). Some of 
these results have appeared in abstract form (12, 35). 

MATERIALS AND METHODS 

Cells: The RBL-2H3 cell line developed by Siraganian et al. (43) was a 
generous gift of Dr. C. Fewtrell, Cornell University. The cells were grown 
routinely on bacteriological plates in Dulbecco's modified Eagle's medium with 
15 % fetal calf serum. RBL-2H3 are readily detached from these plates by gentle 
pipetting or scraping. Cell monolayers were grown on 13-ram glass coverslips 
in 35-mm bacteriological plates. 

Reagents: Mouse monoclonal anti-dinitrophenol IgG (anti-DNP-IgE) ~ 
(27) was a generous gift from Dr. H. Metzger, National Institutes of Health. 
Dinitrophenol-conjugated bovine serum albumin (DNP-BSA) and dinitrophe- 
nol-conjugated B-phycoerythrin (DNP-PhE) were prepared by Dr. Rosaria 
Haugland, Molecular Probes, Inc. (Junction City, OR). To ensure maximal 
release of [3H]serotonin, the conjugates used here had at least 40 DNP substi- 
tuents per molecule. 2 Gold conjugates (~20-nm diam) of BSA and DNP-BSA 
were prepared according to Frens (16). Rhodamine-phalloidin (300 U/ml) was 
from Molecular Probes, Inc.; 5-[l,2-(3H)N]-hydroxytryptamine binoxalate 
([3H]serotonin; 24.1 Ci/mmol) was from New England Nuclear, Boston, 
MA; and fluorescein isothiocyanate-conjugated dextran (fluorcscein-dextran, 
70,000 mot wt) was from Sigma Chemical Co. (St. Louis, MO). 

[3H]Serotonin Loading and IgE Labeling: Cells grown on bac- 
terial plates or coverslips were incubated overnight with [3H]serotonin (2 ~Ci/ 
ml), washed respectively by centrifugation or aspiration, and then incubated 
for at least 2 h in fresh Dulbecco's modified Eagle's medium with 15% fetal 
calf serum containing 3 ~g/ml anti-DNP-IgE. They were washed into modified 
Hanks' medium (4) with 0.05% bovine serum albumin (Hanks'-BSA) imme- 
diately before use. Except as noted, the Hanks'-BSA contained 1.7 mM Ca 2+. 

[3H]Serotonin Release: The release of [3H]serotonin from cell sus- 
pensions was measured by modification of the procedures of Taurog et al. (45). 
Ceils (0.2 ml; 2 x l06 cells/ml) were added to plastic tubes containing 0.02 ml 
of either 10 mM HEPES buffer pH 7.4 or an 1 lx concentration of DNP- 
protein in l0 mM HEPES buffer. After incubation at 37"C for specified times, 
the reaction was terminated by addition of 0.5 ml of ice-cold Dulbecco's 
phosphate-buffered saline (PBS) and a 3-min centrifugation. [3H]Serutonin in 
0.5-ml portions of the supernatant was measured by liquid scintillation counting 
in 4 ml Aquasol. The total serotonin content was determined from the super- 
natant radioactivity when 0.5% Triton X-100 was added to the cells. Each 
assay was performed in duplicate or triplicate. Percent [3H]serotonin release 
was calculated for each condition. Stimulated release was the difference between 
the percent of total serotonin released in the absence of DNP-protein (sponta- 
neous release) and the percent of total serotonin released in the presence of 
DNP-protein (spontaneous plus stimulated release). 

Cells grown on monolayers were treated similarly except that the coverslips 
were transferred to 0.2 ml Hanks'-BSA in the 15-mm diameter wells of a 24- 
well microtiter plate (Costar, Cambridge, MA), followed by addition of 0.02 
ml of buffer or DNP-protein to the wells. [3H]Serotonin release was determined 
by transfer of 0.175 ml of reaction mixture into 0.5 ml ice-cold PBS in 1.5-ml 
plastic tubes, followed by 3-min centrifugation and liquid scintillation counting 
of the superuatant fraction. Total radioactivity was again determined from 
supernatant radioactivity when the cells were treated with 0.5% Triton X-100. 

fluid Pinocytosis: Cells were incubated with fluorescein--dextran (10 
mg/ml except as noted) in Hanks'-BSA for various times, then washed once, 
fixed with 2% paraformatdehyde in PBS for 10 rain, washed twice more, and 
their relative fluorescence intensity and Coulter volume quantified using a 
Becton-Dickinson FACS analyzer (Becton-Dickinson & Co., Paramus, N J). In 
each experiment fluorescence intensity was also measured for a series of 
standard beads (Beeton-Dickinson, Co.). Using the resulting standard curve, 

~ Abbreviations used in this paper." anti-DNP-IgE, anti-dinitrophenol 
IgE; DNP-BSA, dinitrophenol-conjugated bovine serum albumin; 
DNP-PhE,  dinitrophenol-conjugated B-phycoerythrin; fluorescein- 
dextran, fluorescein isothiocyanate-conjugated dextran; Hanks ' -  
BSA, modified Hanks'  medium with 0.05% bovine serum albumin; 
PMA, phorbol myristate acetate. 

Seagrave, J. C., G. G. Deanin, J. Martin, B. H. Davis, and J. M. 
Oliver. Manuscript submitted for publication. 
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mean channel number (log scale) for each sample was converted to mean 
fluorescence intensity. Further details are given in reference 33. 

Electron and Fluorescence Microscopy: For electron micro- 
scopic studies, cells were fixed in 2% glutaraldehyde in 0.1 M Na cacodylate 
pH 7.4 for 30 min at room temperature, rinsed with cacodylate, and processed 
as described before (11). A Hitachi 600 transmission electron microscope and 
an ETEC scanning electron microscope (Perkin Elmer-ETEC, Inc., Hayward, 
CA) were used. 

For fluorescence microscopy of fluid and ligand endocytosis, cells were 
incubated with fluorescein--dextran or DNP-PhE for various times, then fixed 
with 2% paraformaldehyde in PBS for l0 min, rinsed in PBS, and wet mounted 
in 50% glycerol in PBS. F-actin labeling was performed by fixing cells for 1 h 
in 2% paraformaldehyde, followed by 1 h in rhodamine-phalloidin (0.2 ml; 5 
U/ml in PBS with 5% methanol) and washing. Cells were observed by epillu- 
mination in a Zeiss Photomicroscope 1II (Carl Zeiss, Inc., Thornwood, NY). 
They were photographed on Kodak Tri-X-Pan film. 

Flow Cytometry: The binding of DNP-PhE to IgE-primed RBL-2H3 
cells was measured over time using the facilities of the National Flow Cytometry 
Resource at Los Alamos National Laboratories, Los Alamos, NM (44). DNP- 
Phe (1 gg/ml) was added to IgE-primed cell suspensions (0.5-1.0 x 106 cells/ 
ml). Simultaneously the ramp generator was activated to provide a time signal 
(28). The cells were placed in a 37°C sample holder, and fluorescence intensity 
due to DNP-PhE was measured on a log scale. The cells were excited using the 
514-nm line of an argon laser, and fluorescence emission was measured above 
540 nm. Data collection was begun within 20-30 s of ligand addition. Results 
were plotted as DNP-PhE fluorescence against time using the LACEL data 
reduction programs (40). 

The relative amounts of polymerized actin (F-actin) in RBL-2H3 cells were 
determined by flow cytometry, based on the binding of rhodamine-phalloidin 
to F-actin in paraformaldehyde-fixed cells. The labeling protocol was modified 
from Howard and Meyer (22) and Wallace et al. (47). Portions (0.5 ml) of 
RBL-2H3 (0.5-1.0 x 106 cells/ml) were fixed for 1 h with 0.5 ml 4% paraform- 
aldehyde in PBS, pH 7.4, washed with PBS containing 0.1% BSA, then 
incubated for I h in 0.2 ml PBS containing a 1:20 dilution of rhodamine- 
phalloidin. The suspensions were diluted to 1 ml with PBS-BSA, and the 
relative fluorescence intensity of the cells was measured on a linear scale using 
Sorter 1 at the National Flow Cytometry Resource or a Coulter Epics V flow 
cytometer at Upstate Medical Center. The cells were excited at 514 nm, and 
fluorescence emission was measured through 540-nm dichroic and 550-nm- 
long pass filters. The LACEL programs or the programs of the Coulter MDADS 
computer were used to derive the mean channels of fluorescence intensity of 
10,000 cells. 

Preparation and SD5 PAGE Analysis of Detergent-extracted 
Cell Matrices: Cell suspensions (0.22 ml) were incubated for various 
times with and without DNP-BSA, and then ice-cold 1.5% Triton X-100 in 
Hanks' medium with 0.1 mg/ml leupeptin (0.4 ml) was added. The suspensions 
were incubated 5-10 min on ice, then gently layered over 0.8 ml ice-cold 8% 
sucrose, 1% Triton X-100 in Hanks'-leupeptin without BSA. The tubes were 
centrifuged for 30 s in an Eppendorf microcentrifuge (13,000 g). The superna- 
taut was carefully aspirated, and the pellet was washed with 0.2 ml of the 
sucrose-Triton-leupeptin solution. The pellets were then suspended in 0.075 
ml of a 2x SDS-sample buffer (26) with 50 mM dithiothreitol and incubated 
at 75"C for 1 h, until solubilized. These extracts were diluted 1:1 with distilled 
water, and their constituent proteins were separated on 10% SDS polyacryl- 
amide gels with 3% acrylamide stacking gels by the procedure of Laemmli (26). 
Molecular weight and actin standards were included in each gel. 

The relative intensities of protein bands were determined by scanning the 
Coomassie Blue-stained gels with a Zeineh soft laser densitometer (BioMed 
Instruments, Inc., Fullerton, CA). Analysis of actin standards established that 
the peak heights of the densitometer tracings of actin were linear with concen- 
trations over the range observed. 

RESULTS 

Kinetics of [3 H]Serotonin Release 

Fig. 1 A shows time courses of antigen-stimulated [3H]- 
serotonin release from anti-DNP-IgE-primed RBL-2H3 cell 
suspensions and cell monolayers. [3H]Serotonin release is 
detected at 1 min after addition of I ~g/ml DNP-protein to 
cell suspensions and continues at a linear rate for ~20 min. 
Release may be initiated in <1 rain; however, our assay does 
not show significant differences between spontaneous and 
stimulated release at very early times. The kinetics of release 
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FIGURE 1 The time course (A) and concentration 
dependence (B) of DNP-protein-stimulated [SH]- 
serotonin release from RBL-2H3 cells. In A, [SH]- 
serotonin release was measured in anti-DNP-IgE- 
primed cells incubated in suspension with 1/~g/ml 
DNP-BSA (O), or with 1 ~g/ml DNP-PhE (&); and 
in cell monolayers incubated with 1 /~g/ml DNP- 
BSA (I-I). Addition of DNP-lysine (10/~M; arrow) to 
DNP-BSA-treated cells abruptly terminates [SH]- 
serotonin release (O). In B, [SH]serotonin release 
was measured in anti-DNP-IgE-primed cells in- 
cubated with DNP-BSA between 0.1 and 100 ng/ 
ml. Curve fitting was performed using the method 
of least squares. 

are essentially identical when cell suspensions are stimulated 
by l /~g/ml DNP-PhE and when DNP-BSA is added to cell 
monolayers. A l: 100 dilution of the 20 nm DNP-BSA-gold 
particles also induced maximum [SH]serotonin release (data 
not shown). Addition of an excess of the monovalent, com- 
petitive ligand, DNP-lysine prevents further binding of 
polyvalent ligand (25) and terminates degranulation. 

Fig. l B shows the kinetics of [SH]serotonin release as a 
function of DNP-BSA concentration. [SH]Serotonin release 
is maximal at or above 5 ng/ml DNP-BSA. At lower concen- 
trations there is a decline in both the rate and extent of 
mediator release. Nevertheless, stimulated [SH]serotonin re- 
lease is detectable to concentrations as low as 0.5 ng/ml DNP-  
BSA. Similar results were obtained with the fluorescent con- 
jugate, DNP-PhE, except that maximum release requires at 
least 50 ng/ml DNP-PhE, and no release occurs at concen- 
trations below 5 ng/ml DNP-PhE. 2 

Other investigators have reported that essentially no release 
of [SH]serotonin occurs from IgE-primed cells incubated with 
antigen in medium lacking Ca 2+, with or without the addition 
of EGTA, and that the Ca 2÷ ionophore A23187 in the pres- 
ence of Ca 2÷ directly stimulates the release of [SH]serotonin 
(15, 45). The same results were obtained in our laboratory 
(data not shown). 

In rat mast cells, phorbol esters such as phorbol myristate 
acetate (PMA) do not stimulate mediator release even though 
they potentiate A23187-induced release (20). Similarly we 
find no stimulation of [SH]serotonin release from RBL-2H3 
cells incubated with PMA at concentrations between l and 
100 nM (data not shown). 

Kinetics of Ligand-lgE-Receptor Binding 
The binding of DNP-PhE and DNP-BSA-gold was mea- 

sured respectively by flow cytometry and by counting gold 
particles in the electron microscope. In both cases the cross- 
linker concentration used causes maximal [3H]serotonin re- 
lease. Fig. 2 shows the kinetics of DNP-PhE (1 ~g/ml) binding 
to untreated and IgE-primed RBL cells. This binding mea- 
surement is made in the continuous presence of the ligand. 
There is no binding to cells lacking cell surface IgE; essentially 
all IgE-primed cells bind DNP-PhE, and maximum binding 
is achieved in < l  min. The kinetics of binding are the same 
in the presence or absence of Ca 2+ (data not shown). 

In apparent contrast with the flow cytometry data, the 
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The time course of DNP-PhE binding to IgE-receptor FIGURE 2 
complexes. DNP-PhE (1 /~g/ml) binds rapidly to IgE-primed cells 
(upper curve). There is no binding to cells without surface IgE (lower 
curve). 

DNP-BSA-gold particles show a progressive increase in bind- 
ing to cells over a 2-10-min period (Table I). In this analysis, 
cells were washed after labeling with antigen. A progressive 
increase in binding was also observed when cells were labeled 
with DNP-PhE (1 tzg/ml), then fixed and washed before 
analysis by flow cytometry (not shown). We postulate that an 
initial rapid but readily reversible binding event (measured 
only in the continuous presence of ligand) is followed by a 
less reversible binding process (measured in washed cells). 
These kinetic observations are explored further in a separate 
report.  2 

Distribution and Mobility of Ligand-lgE- 
Receptor Complexes 

The fluorescence micrographs in Fig. 3 show the progres- 
sion of DNP-PhE (1 ~g/ml) from a uniform distribution at 
4"C (A), into a patchy distribution on the cell surface by 1 
min at 37"C (B), and into cytoplasmic vesicles by 10 min at 
37"C (C). The same rapid internalization of DNP-PhE was 
observed by fluorescence microscopy of cells incubated with 
antigen in the presence or absence of extracellular Ca 2+. The 
Ca2+-independence of antigen uptake has been confirmed by 
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TABLE I. Binding and Distribution of Gold Conjugates on RBL-2H3 Cells 

Surface-bound 
Total gold parti- Particles on the particles in Coated pits/20 

Gold conjugates Labeling conditions cles/20 cells cell surface coated pits cells 

BSA-gold 5 rain, 37°C 13 100 0 108 

DNP-BSA-gold 20 min, 4°C 638 97 5 - -  

DNP-BSA-gold 0.05% glutaraldehyde (10 min), 97 100 0 - -  
then 5 min, 37"C 

DNP-BSA-gold 2 min, 37"C 332 86 26 109 
DNP-BSA-gold 5 min, 370C 708 47 33 100 
DNP-BSA-gold 10 min, 37"C 1,262 36 19 101 

All cells were incubated with anti-DNP-IgE before labeling with 20 nm-diam gold conjugates (1:100 dilution). 20 cells were selected at random for each 
condition and examined for their total number and distribution of BSA-gold (control) and DNP-BSA-gold (experimental) 9articles. In most samples the total 
number of coated pits per cell was also recorded. 

FIGURE 3 The distribution and internalization of cross-linked IgE-receptor complexes: fluorescence microscopy. Ant i-DNP-IgE- 
treated RBL-2H3 were incubated with 1 /~g/ml DNP-PhE for 10 rain at 4°C (A); or at 37°C for 1 rain (B) and 5 rain (C). Bar, 5/~m. 

flow cytometry of cells incubated for various times with 
antigen followed by DNP-lysine to displace most of the 
surface-bound DNP-PhE. 2 

This sequence of events is revealed in detail by electron 
microscopy (Table I and Fig. 4). On cells labeled at 4"C or 
after light fixation (0.05% glutaraldehyde, l0 rain) essentially 
all the gold particles are on the cell surface and <5% of these 
particles are associated with coated pits. After labeling at 37"C 
for 2 min, the majority of DNP-BSA-gold particles are still 
on the cell surface (Fig. 4A). However, 26% of particles are 
now associated with coated pits or vesicles. An average of 
26% of the surface-associated particles are also in coated pits 
when cells are incubated with iigand at 37"C for 5 or l0 min. 
However after 5 min, almost half of the gold particles are 
located in intracellular, smooth vesicles near the plasma mem- 
brane (Fig. 4B), and after l0 rain, >60% of the gold particles 
are located in intracellular smooth vesicles that concentrate 
in the region of the Golgi complex (Fig. 4 C). The number of 
coated pits per cell remains constant throughout the process 
of ligand redistribution and internalization (Table I). 

Surface Topography 
DNP-protein causes a remarkable transformation in RBL- 

2H3 cell surface topography. Whereas control cells maintain 
a finely microvillous cell surface (Fig. 5A), essentially every 
cell incubated with DNP-BSA develops a series of broad 
membrane ridges (plicae, lamellipodia) that form an inter- 
secting, often honeycomb-like pattern on the cell surface. This 
transformation occurs very quickly. Ridges are visible on cells 
exposed to DNP-BSA (1 tzg/ml) for only 30 s (Fig. 5 B) and 
the maximal response, characterized by a honeycombed mor- 
phology, is apparent by 5 min (Fig. 5 C). This transformation 
requires the continued occupation of cell surface receptors by 
multivalent antigen. The ridges regress within 2 min after 
addition of DNP-lysine (Fig. 5 E), and reversal of the surface 
transformation is essentially complete after 5 min (Fig. 5/7). 

The extent of surface transformation varies with DNP-BSA 
concentration. The lowest concentration that induces the 
surface change is 0.5 ng/ml DNP-BSA (Fig. 6B). Surface 
stimulation is more clearly evident at 1 ng/ml DNP-BSA 

FIGURE 4 The distribution and internalization of cross-linked IgE-receptor complexes: electron microscopy. Ant i-DNP-IgE- 
treated RBL-2H3 were incubated with 20 nm DNP-BSA-gold particles (I :100 dilution) at 37°C for 2, 5, and 10 rain. Cells labeled 
for only 2 rain (A) show little if any internalization. However  a high proport ion of surface-associated particles are in coated pits 
(arrows; see inset of A). There is a progressive redistribution with time of gold particles (circles) from the cell surface, first to 
cytoplasmic smooth vesicles near the cell surface (B) and then to smooth vesicles that accumulate in the region of the Golgi 
stacks (C). Bars, 0.5 p.m. Bar of inset, 0.1 /~m. 
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FIGURE 5 The induction and reversal of surface transformation after IgE-receptor cross-linking. The microvillous surface 
topography of cells incubated with IgE alone is shown in A. The cells were stimulated with 1 /~g/ml DNP-BSA for 0.5 min (B), 5 
min (C), or 10 rain (D). The development of broad membrane folds or plicae and increased cell spreading are detectable at 0.5 
min and maximal by 5 min. Surface topography was reversed from plicated to microvillous by exposing cells to 1 /~g/ml DNP- 
BSA for 10 min, fol lowed by incubation with 10 ~m DNP-lysine for 2 min (E) or 5 min (F). Bar, 10 ~m. 
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FIGURE 6 The effect of varying DNP-BSA concentrations on surface transformation. Anti-DNP-IgE-primed RBL-2H3 cells were 
incubated for 15 min at 37°C with Hanks'-BSA containing DNP-BSA at 0.1 ng/ml (A); 0.5 ngJml (B); 1 ng/ml (C); and 5 ng/ml (D). 
Bar, 10 #m. 
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FIGURE 7 Quantitation of fluorescein-dextran uptake after IgE- 
receptor cross-linking. A shows there is a linear relationship be- 
tween fluorescein-dextran concentration in the medium and its 
uptake into control (lower line) and DNP-BSA (1 #g/ml) treated 
(upper line) RBL-2H3 cells over 20 rain. B shows that the uptake of 
fluorescein-dextran by anti-DNP-IgE-primed cells during a 20-min 
incubation is stimulated at all concentrations of DNP-BSA above 1 
ng/ml. C shows the time course of fluorescein-dextran uptake (10 
mg/ml) for anti-DNP-IgE-primed cells incubated with buffer alone 

(Fig. 6 C), and the maximum response is seen at and above 5 
~g ng/ml DNP-BSA (Fig. 6 D). 

Further scanning electron microscopic analyses (not illus- 
trated here) established that the transformation of surface 
topography from microviUous to plicated is completely inde- 
pendent of the presence of Ca ~+ in the incubation medium. 
It was also shown that I nM PMA was sufficient to cause 
moderate ruffling and that 10 nM PMA caused the same 
surface transformation as occurred in response to 1 ~g/ml 
DNP-protein. PMA-induced ruffling is illustrated in the com- 
panion paper (34). The Ca 2+ ionophore A23187 caused no 
ruffling when added to cell monolayers in medium lacking 
Ca 2+ or in medium containing between 10 uM and 1.7 mM 
C a  2+. 

Cell Spreading 
The scanning electron micrographs show that IgE-receptor  

(O), and with 1 /~g/ml DNP-BSA (0). Uptake is essentially the same 
in the presence ( ) or absence ( - - - )  of Ca ~+. The stimulated 
uptake of fluorescein-dextran is inhibited by the addition after 5 
rain of 10 #M DNP-lysine (A). D shows that a dose-dependent 
increase in fluid pinocytosis occurs when cells are incubated in 
Hanks'-BSA with concentrations of PMA between 1 and 10 nM. 
The stimulation of pinocytosis is reduced at higher PMA concentra- 
tions. 
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cross-linking causes a dramatic increase in cell spreading. This 
response is evident in cells incubated for 30 s with 1 #g/ml 1~0 - 
DNP-BSA (compare Figs. 5, A and B) and is maximum by ~0 - 
5-10 rain (Figs. 5D and 6D). It occurs at concentrations as 120 
low as 1 ng/ml DNP-BSA (compare Fig. 6A with 6 C). ~ ~ 110 

Fluid Pinocytosis ~_ ~ ~oo 

Unstimulated RBL-2H3 cells internalize fluorescein--dex- ~ ~ 
90 

tran by a process that is linear with fluorescein--dextran con- 
centration and with time (Fig. 7, A and C, lower curves), z0 
These are the kinetics predicted for fluorescein-dextran up- 60 
take by fluid pinocytosis (33). IgE-receptor cross-linking in- so 
duces a rapid stimulation of this uptake process. Thus, DNP-  0 
BSA (1 #g/ml) increases the amount of fluorescein ingested 
in l0 min by 2-3-fold (Fig. 7A), and it increases the rate of 
fluorescein-dextran uptake, at least over 15 min (Fig. 7C). 
The antigen-induced stimulation of fluorescein-dextran up- 
take shows the same ligand concentration-dependence as 
[3H]serotonin release (Fig. 7B); it occurs whether or not the 
incubation medium contains Ca 2+ (Fig. 7 C) and is terminated 
by the addition of DNP-lysine (Fig. 7C). A23187 does not 
stimulate fluid uptake (data not shown), but PMA increases ~3o 
pinocytosis over a concentration range of 1-10 nM. Fluid 
uptake declines at 50 nM and higher concentrations of PMA 
(Fig. 7 D). Fluorescence micrographs of the distribution of 120 

fluorescein-dextran in control and stimulated cells are given ~ -~ 
in the companion paper (34). 

F-Actin Content of RBL-2H3 Cel ls ~ ~ u0 

The SDS polyacrylamide gel in Fig. 8 shows the effect of 

100 

FIGURE 8 SDS PAGE analysis of RBL-2H3 Triton-insoluble mat- 
rices. Triton X-100 extracts were prepared after incubation of 5 x 
106 cells for various times with DNP-BSA (1 pg/ml) in medium 
containing Ca 2+. The extracts were separated by SDS PAGE on 10% 
poIyacrylamide gels. The first two lanes show molecular weight 
markers (MW) and whole cell extract (E), respectively. The last lane 
contains only authentic actin (A). The intermediate lanes show the 
proteins remaining after detergent extraction of cells that were 
incubated with antigen for increasing times (marked in seconds and 
minutes). The cells in the lane marked 5C were incubated in 
Hanks'-BSA alone for 5 rain before extraction. 
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TIME (MIN) 

FIGURE 9 Quantification of actin as a function of IgE-receptor 
cross-linking. The actin peak heights taken from densitometric 
traces of the gel in Fig. 8 were plotted against time. This typical 
experiment shows an initial decrease and later increase in actin 
associated with matrices prepared from antigen-stimulated cells. 

FIGURE 10 

T j ~  

TIME (MIN) 

Quantification of rhodamine-phalloidin binding to 
RBL-2H3 cells. RBL-2H3 cells were incubated with DNP-BSA (1/~g/ 
ml) for the times indicated, then fixed, and F-actin was labeled with 
rhodamine-phalloidin. Results are the mean _ SD for four separate 
experiments. The F-actin content continued to increase slowly 
beyond 5 min, reaching a maximum of 31.5 _ 2.6% above control 
after 15 min. 

IgE-receptor cross-linking on the major proteins of the RBL- 
2H3 cell matrix. A band that co-migrates with actin is prom- 
inent in both untreated and antigen-stimulated RBL-2H3 
cells. The intensity of this band is reduced during the first 
seconds after addition of DNP-BSA to ceils and is increased 
during the subsequent l - l  0 min. 

The kinetics of the sequential drop and increase in F-actin 
content of detergent-extracted cell matrices was established 
by densitometric analysis of this and similar gels. Fig. 9 shows 
that the relative actin content of the detergent-extracted mat- 
rices decreases over the first 30 s after addition of DNP-BSA 
(1 ug/ml). The actin content subsequently increases to almost 
twice the control level. Qualitatively similar results were ob- 
tained in replicate experiments performed in the presence and 
absence of Ca 2+. Thus, in four separate analyses in medium 
containing Ca 2+ and in two additional analyses without Ca 2+, 
the minimum F-actin content, reached at times varying from 
l0 to 30 s after addition ofDNP-BSA (1 ug/ml), was 25.00% 
+ 14.4% (SD) below the corresponding control values. In 



FIGURE 1 1 The distribution of rhodamine-phai loidin in resting and stimulated RBL-2H3 cells. IgE-primed cells were exposed to 
DNP-BSA (1 #tg/ml) for 0 min (A), 5 min (B), and I0 rnin (C) then fixed and their F-actin labeled with rhodamine-phalloidin. The 
transformation of surface topography from microvillous to plicated is illustrated. Bar, 10 t~m. 

eight analyses, three performed without Ca 2+, the maximum 
F-actin content, reached between 1 and 5 rain after addition 
of antigen, was 78.4% + 30.84% (SD) above the correspond- 
ing control values. The Ca 2+ ionophore A23187 (0.4 #M) had 
no consistent effect on the actin content of matrices prepared 
from RBL-2H3 cells incubated between 15 s and 15 rain in 
medium without Ca 2÷ or with 1.7 mM Ca 2+ (data not shown). 

Flow cytometric analysis of F-actin content based on the 
binding of rhodamine-phalloidin revealed a similar but not 
identical pattern of reorganization. Fig. 10 shows the average 
fluorescence intensity measured in four separate experiments. 
An initial lag during the first seconds of stimulation was 
followed by an abrupt increase to - 1 rain, then a plateau and 
a further gradual increase in cellular fluorescence. The final 
level of fluorescence, which was 31.5% _+ 2.6% (SD) above 
the control level, was reached after 15 rain. The fluorescence 
due to rhodamine-phalloidin outlined the surface lamellae of 
the stimulated cells, indicating that the F-actin-phalloidin 
complexes were associated to a large extent with the plasma 
membrane (Fig. 11). 

We confirmed by flow cytometry that the increase in F- 
actin varies as a function of DNP-protein concentration (Fig. 
12) and is independent of extracellular Ca 2÷ (data not shown). 
By analyzing fluorescence intensity as a function of Coulter 
volume, we also established that the shift in rhodamine- 
phalloidin fluorescence intensity occurs in all cells and not 
simply in a subpopulation of cells. 

DISCUSSION 

The receptor for IgE is univalent, mobile, and uniformly 
distributed on the RBL-2H3 cell surface (29, 30). It has been 
established that limited receptor cross-linking is adequate to 
stimulate mediator release (l 4), and it is known that localized 
aggregation is followed by the clustering and internalization 
of cross-linked IgE-receptor complexes (31). The receptor has 
been purified from RBL-2H3 cells and characterized by Metz- 
ger and colleagues (2 l, 39). 

We show here that antigen binds rapidly to IgE-receptor 
complexes and that the resulting complexes redistribute into 
coated pits on the cell surface. About 25% of the surface- 
associated DNP-BSA-gold particles are in pits within 2 min 
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CONCENTRATION OF DNP-BSA (NG/ML) 

The binding of rhodamine-phalloidin increases with 
DNP-BSA concentration. IgE-primed cells were incubated for 15 
min with DNP-BSA at concentrations between 1 ng/ml and 1 /~g/ 
ml. A dose-dependent increase in fluorescence intensity was ob- 
served. 

of ligand binding, and this same high proportion of particles 
bound to pits is maintained after 5 and 10 min of incubation. 
Thus a continuous process of antigen binding and redistri- 
bution to coated pits occurs during the period of antigen- 
stimulated [3H]serotonin release. Internalization follows re- 
distribution, and the gold particles eventually accumulate in 
the peri-Golgi region of the cell. Cells incubated with antigen 
in the absence of extracellular Ca 2÷ internalize antigen-IgE- 
receptor complexes at the same rate as cells incubated in 
medium with Ca 2÷. However no mediator release occurs in 
Ca/+-free medium. We postulate that the progressive loss of 
degranulation competence (desensitization) that occurs when 
RBL-2H3 cells are incubated with antigen in Ca2+-free me- 
dium (2) results in part from this Ca2+-independent removal 
of antigen-IgE-receptors from the cell surface. Furuichi et al. 
(17) have advanced a similar hypothesis. 

We obtained no evidence for long-range movement of 
ligand-IgE-receptors into surface caps. This result is different 
from Carson and Metzger's (6) evidence for capping but not 
internalization of complexes between IgE-receptor complexes 
and fluoreseein-anti-IgE. However these investigators studied 
the parental RBL-1 line that does not release mediators after 
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cross-linking of IgE-receptor complexes. More recently sev- 
eral groups have reported that fluorescent multimeric IgE, as 
well as radiolabeled DNP-proteins, are rapidly internalized 
and rarely capped on RBL-2H3 cells (17, 23, 3 I). 

A series of dynamic changes in the cell surface and cyto- 
skeleton of RBL-2H3 cells accompanies the cross-linking and 
redistribution of anti-DNP-IgE-receptor complexes. The 
most dramatic membrane response is the transformation of 
cell surface topography from a microvillous appearance to a 
highly plicated appearance. This transformation is apparent 
within 30 s of DNP-protein addition to anti-DNP-IgE- 
treated cells, it persists through the entire period of degranu- 
lation, and the plicae regress rapidly after addition of the 
monovalent ligand, DNP-lysine, that prevents further bind- 
ing of multivalent antigen. Surface transformation can be 
detected on cells exposed to DNP-BSA concentrations at the 
lower limits for stimulated release of [3H]serotonin. The trans- 
formation of surface topography is associated with increased 
cell spreading and with a 2-3-fold increase in the rate of 
fluorescein-dextran uptake by fluid pinocytosis. 

IgE-receptor cross-linking also results in dramatic changes 
in the actin content of detergent-extracted RBL-2H3 cell 
matrices. Antigen binding causes a decrease in the actin 
content of detergent-extracted matrices to 25% below control 
levels. The decrease occurs during the first 10-30 s of stimu- 
lation and thus precedes the membrane responses. It is fol- 
lowed between 30-60 s by an increase to almost twice that of 
control levels. This increase is sustained for at least 20-30 
min. Flow cytometric analyses of rhodamine-phalloidin-la- 
beled cells confirm the sustained increase in F-actin content 
of stimulated cells and establish that the increase can be 
detected at the lowest concentrations of DNP-protein that 
stimulate [3H]serotonin release. Fluorescence microscopy of 
the rhodamine-phalloidin-labeled cells indicates that much 
of the F-actin is localized to the surface plicae or lamellipodia 
that form in response to IgE-receptor cross-linking. 

The flow cytometric analysis does not show the dramatic 
initial decrease in F-actin content that is revealed by SDS 
PAGE analysis of detergent-insoluble matrices. This differ- 
ence, as well as the smaller overall increase in F-actin mea- 
sured by the fluorescence analysis, may reflect the somewhat 
different parameters measured by the two techniques. The 
fluorescence method reflects the total F-actin content of the 
cells, whereas the SDS PAGE analysis is weighted towards 
membrane-associated actin. Thus, if a proportion of the F- 
actin remains polymerized but is dissociated from the plasma 
membrane during the initial 10-30 s of stimulation, it might 
be included in the analysis of total F-actin but might not 
appear in the analysis of membrane-associated F-actin. Sim- 
ilarly the majority of the newly polymerized actin may be 
membrane-associated, yielding a higher final increase in F- 
actin by SDS PAGE analysis of detergent-insoluble matrices 
than by fluorescence analysis of rhodamine-phalloidin bind- 
ing. Of course different rates of F-actin stabilization or fixation 
by the two methods could also be involved. 

What is the relationship of these membrane and cytoskeletal 
responses to the process of degranulation? We show here that 
the ligand concentration dependence of ruffling, pinocytosis, 
and increased actin assembly exactly parallels the ligand con- 
centration dependence of [3H]serotonin release. Furthermore 
both the membrane changes and mediator release are rapidly 
terminated by the monovalent competitive ligand, DNP- 

2154 THE JOURNAL OF CELL BIOLOGY • VOLUME 101, 1985 

lysine. These data indicate that the same antigen-stimulated 
transduction pathway controls both the membrane responses 
and the release of mediators. On the other hand, the mem- 
brane and cytoskeletal events can be dissociated from degran- 
ulation based on their different responses to drug treatment. 
Thus antigen-stimulated mediator release depends on extra- 
cellular Ca 2÷ and the ionophore A23187 plus Ca 2÷ can sub- 
stitute for ligand in causing the release reaction. In contrast 
ligand-stimulated ruffling, fluid pinocytosis, IgE-receptor in- 
ternalization, and actin assembly all occur in the absence of 
extracellular Ca 2÷, and A23187 plus Ca z÷ elicits no membrane 
or cytoskeletal responses. Furthermore, PMA, the tumor pro- 
moter that activates protein kinase C, stimulates ruffling, 
spreading, and fluid pinocytosis without inducing [3H]sero- 
tonin release. 

It now appears that the specific responses of a range of 
target cells to appropriate hormones, growth factors, and 
immune mediators begin with the activation ofa GTP binding 
protein(s) (8) that in turn stimulates phospholipase C and 
leads to the increased hydrolysis of phosphatidylinositol 4,5- 
bisphosphate (32). Phosphatidylinositol 4,5-bisphosphate hy- 
drolysis leads to the generation of diacylglycerol that activates 
protein kinase C and to the formation ofinositol trisphosphate 
that may mobilize cytoplasmic Ca 2÷ stores. Cross-linking of 
IgE-receptors with antigen stimulates inositol phospholipid 
turnover and also promotes the uptake of extracellular Ca 2÷ 
by RBL-2H3 cells (2, 3). We postulate that the common event 
leading to membrane/cytoskeletal responses and mediator 
release may be the activation of a GTP binding protein and 
the resulting increase in phospholipase C activity and Ca 2÷ 
influx. Mediator release may depend most importantly on the 
mobilization of Ca 2÷, while the membrane and cytoskeletal 
responses may depend principally on the activation of protein 
kinase C. 

This pharmacological dissociation indicates that membrane 
and cytoskeletal reorganization is not an essential component 
of the final degranulation pathway. Nevertheless the mem- 
brane/cytoskeletal responses may modulate the ligand-stim- 
ulated triggering of the Ca2÷-dependent release pathway. Thus, 
Vale and Shooter (46) and others (24, 41) have suggested that 
the interaction of cortical actin with receptors or other mem- 
brane proteins can modulate the kinetics of ligand-receptor 
interaction and may thereby modulate specific cellular re- 
sponses. In neutrophils and lymphocytes, this modulation is 
thought to be associated with the actin-dependent stabilization 
of receptors against detergent extraction (24, 48). A similar 
stabilization may occur in RBL-2H3 cells; recently Baird et 
at. (1) reported an increased association of the IgE-receptor 
with RBL-2H3 detergent-insoluble matrices after cross-link- 
ing with IgE multimers. The significance of the transient 
decrease in membrane-linked actin, which precedes the mem- 
brane responses, is presently unknown. 

A very similar series of membrane responses follows inter- 
action of a range of hormones, mitogens, and immune me- 
diators with their receptors. For example increased membrane 
ruffling, fluid pinocytosis, and/or cell spreading are common, 
as well as early responses to the binding of nerve growth 
factor, epidermal growth factor, insulin, and melanocyte- 
stimulating hormone to target tissues (7, 10, 18, 19, 37). 
In the immune system, binding of formylmethionylleucyl- 
phenylalanine (f-Met-Leu-Phe) to neutrophil membrane re- 
ceptors similarly induces immediate increases in ruffling, 



pinocytosis, and spreading (11). Furthermore, an increased 
association of  actin with detergent-extracted cell matrices, 
commonly called cytoskeletons, has been observed after bind- 
ing of  a variety of  other ligands to target cells. These include 
concanavalin A-treated Dictyostelium discoideum (9), anti- 
Ig-treated B lymphocytes (5), neutrophils incubated with 
concanavalin A and chemotactic peptides (22, 42, 47), and 
thrombin-treated platelets (36). Thus the same series of  cyto- 
skeletal and membrane responses may modulate specific re- 
sponses to ligand binding in a wide range of  target cells. 
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