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Background: Mast cells are primary mediators of allergic
inflammation. Antigen-mediated crosslinking of their cell
surface immunoglobulin E (IgE) receptors results in de-
granulation and the release of proinflammatory mediators
including histamine, tumor necrosis factor-a, and leukotri-
enes.
Methods: Mast cells were stimulated to degranulate by
using either IgE crosslinking or ionophore treatment.
Exogenously added annexin-V was used to stain exocytos-
ing granules, and the extent of binding was measured flow
cytometrically. Release of the enzyme b-hexosaminidase
was used for population-based measurements of degranula-
tion. Two known inhibitors of degranulation, the phospha-
tidylinositol 3 kinase inhibitor wortmannin and overexpres-
sion of a mutant rab3d protein, were used as controls to
validate the annexin-V binding assay.
Results: Annexin-V specifically bound to mast cell gran-
ules exposed after stimulation in proportion to the extent

of degranulation. Annexin-V binding was calcium depen-
dent and was blocked by phosphatidylserine containing
liposomes, consistent with specific binding to this mem-
brane lipid. Visualization of annexin-V staining showed
granular cell surface patches that colocalized with the
exocytic granule marker VAMP–green fluorescent protein
(GFP). Wortmannin inhibited both annexin-V binding and
b-hexosaminidase release in RBL-2H3 cells, as did the
expression of a dominant negative rab3d mutant protein.
Conclusions: The annexin-V binding assay represents a
powerful new flow cytometric method to monitor mast
cell degranulation for functional analysis. Cytometry 36:
340–348, 1999. r 1999 Wiley-Liss, Inc.

Key terms: flow cytometry; mast cell; annexin-V; degranu-
lation

There is significant evidence that mast cells, basophils,
and their released mediators are primary effectors of
allergic inflammation (1–3). Mast cells may contribute to
the pathophysiology of a wide variety of diseases including
asthma (4), cardiomyopathy (5), schleroderma (6), arthri-
tis (7), and fibrotic lung disorders (8). It is believed that
many of the deleterious effects that mast cells mediate are
due to a variety of proinflammatory molecules exocytosed
with exposure to antigen and the subsequent crosslinking
of cell-surface-bound immunoglobulin E (IgE), including
histamine, serotonin, and the proteases tryptase, chymase,
and carboxypeptidase (2). Furthermore, mast cell activa-
tion results in the release and increased production of
cytokines including interleukins 4–6, tumor necrosis fac-
tor-a (9,10), prostaglandin D2, and leukotrienes A4 and C4

(11). Clearly, modulation of mast cell activation and
degranulation could significantly affect a number of dis-
ease states.

The process of exocytosis, both constitutive and regu-
lated, has been highly conserved through the course of
evolution (12). This process is the result of highly orga-

nized membrane trafficking pathways whereby cargo pro-
teins and small molecules are loaded into appropriate
vesicles and shuttled to different subcellular locales for
specific fusion events. A large number of protein families
has been identified which play important roles in this
pathway including the vamps, rabs, syntaxins, snaps, and
others (13). Mast cells and many other haematopoietic
lineage-derived cells are thought to use many of these
proteins in the process of degranulation through release of
multiple classes of granules including a lysosomal compart-
ment (14) containing enzymes such as b-hexosaminidase.
The measurement of mast cell degranulation has been
largely limited to the monitoring enzyme activity or the
levels of a particular mediator released by a population of
cells. Although methods have been used to monitor mast
cell degranulation using fluorescent probes such as acri-

*Correspondence to: Esteban Masuda, Ph.D., Rigel Inc., 240 E. Grand
Avenue, South San Francisco, CA 94080.

E-mail: emasuda@rigel.com

r 1999 Wiley-Liss, Inc. Cytometry 36:340–348 (1999)



dine orange (15), TMA-DPH (16), and berberine (17), they
have suffered from a lack of specificity for the exocytic
process or poor signal-to-noise ratios.

In the present study, we describe a novel flow-cytometry-
based exocytosis assay that can monitor the degranulation
of individual mast cells in a specific and sensitive manner.
The assay uses the protein annexin-V, which has been
widely used for its specific binding to phosphatidylserine
exposed on the plasma membrane during apoptosis (18).
With mast cell activation, exogenously added annexin-V
binds to cell surface secretory granules in proportion to
the degree of degranulation as measured by b-hexosamini-
dase release. Furthermore, annexin-V staining can be
combined with green fluorescent protein (GFP) expres-
sion or other exocytosis-sensitive dyes such as FM1–43 and
acidotropic probes in a multiparameter flow cytometric
assay. The development of a sensitive and specific flow
cytometric assay to measure the degree of degranulation of
individual mast cells represents a significant advance for
the study of mast cell biology.

MATERIALS AND METHODS
Materials

All chemicals were obtained from Sigma Chemical Co.
(St. Louis, MO), tissue culture media were obtained from
Mediatech (Herndon, VA), and sera were obtained from
JRH Biosciences (Kansas City, MO). Lysotracker dyes,
styryl dyes, and anti-green fluorescent protein antibodies
were obtained from Molecular Probes (Eugene, OR).
Annexin-V and conjugates were obtained from Caltag
Laboratories (Burlingame, CA). Cell lines MC-9 and RBL-
2H3 were obtained from American Type Culture Collec-
tion (ATCC, Manassas, VA). Liposomes (18:1) were ob-
tained from Avanti Polar Lipids, Inc. (Alabaster, AL).

Cell Culture

MC-9 cells were maintained as suspension cultures
according to ATCC protocol in media consisting of Dulbec-
co’s Minimum Eagle’s Medium with heat-inactivated fetal
bovine serum (FBS; 10%) and 10% T-stim conditioned
media (Collaborative Research, Inc., Franklin Lakes, NJ).
RBL-2H3 cells were maintained in Eagle’s Modified Essen-
tial Medium with Earl’s Balanced Salt Solution and 15%
heat-inactivated FBS.

Establishment of Bone-Marrow-Derived Mast Cell
(BMMC) Cultures

BMMCs were isolated as previously described (19) and
cultured in media containing 20% WEHI-3B conditioned
media, 10% heat-inactivated FBS, 25 mM HEPES (pH 7.4), 2
mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM
sodium pyruvate, 50 µM 2-mercaptoethanol, 100 IU/ml
penicillin–100 µg/ml streptomycin in RPMI 1640. Cells
were incubated at 37°C in 5% CO2/95% air and passaged
every 3–4 days; after 4–5 weeks, cultures were nonadher-
ent and uniform in appearance.

Exocytosis Stimulation Protocol

MC-9 cells were spun at 400g and then washed with
Modified Tyrode’s buffer (MT; NaCl, 137 mM; KCl, 2.7

mM; CaCl2, 1.8 mM; MgCl2, 1 mM; glucose, 5.6 mM;
Hepes, 20 mM, pH 7.4; and bovine serum albumin, or BSA,
0.1%), respun and aspirated, and resuspended in MT at a
density of 5 3 106 cells/ml. Cells were then treated with
either dimethyl sulfoxide (DMSO) or ionophore for differ-
ent times at 37°C. The cells were then pelleted with the
supernatant collected for enzymatic analysis; the cells
were then processed (see below) for flow cytometry.
Stimulations of RBL-2H3 cells (adherent cultures) were
performed by washing the cells once in MT and then
adding MT (1 ml/106 cells) containing the stimulus. The
cells were incubated at 37°C for 30 min, and the superna-
tant was harvested for further analysis. The plate-bound
cells were stained for annexin-V (see below) and then
removed from the flask using No-Zyme (Collaborative
Research, Inc.) containing 3 mM CaCl2 for further process-
ing for flow cytometry (see below). For stimulation of
RBL-2H3 cells with antigen crosslinking, the cells were
incubated for 2 h at 37°C with IgE anti-DNP in complete
media at different concentrations. Cells were washed once
in MT and stimulated as described above with the excep-
tion that BSA coupled to DNP was used as the stimulus at
100 ng/ml. BMMCs were stimulated by sensitization for 16
h with IgE anti-DNP at different concentrations. The cells
were the washed once in MT and stimulated as described
above. Experiments using wortmannin (Sigma Chemical
Co.) were performed by preincubating the cells for 5 min
with the compound prior to adding the stimulant.

Annexin-V Staining

MC-9 and BMMC cells after exocytic stimulus were
stained with annexin-V–fluorescein isothiocyanate (FITC)
at a dilution of 1:100 in MT for 15 min on ice. The cells
were then washed once in MT, taken up in MT, and
analyzed using both the flow cytometer and microscope.
For indirect labeling, annexin-biotin was added to the MT
during the stimulation procedure at a dilution of 1:200.
The cells were then pelleted in ice-cold MT, spun, aspi-
rated, and taken up in ice-cold MT with streptavidin-APC at
a dilution of 1:200 and kept on ice for 15 min. After
pelleting the cells and aspirating the streptavidin-APC, the
cells were resuspended in MT and viewed in the flow
cytometer. In some experiments, different secondary re-
agents were applied, such as streptavidin alexa-488 or
–568. RBL-2H3 staining involved the same steps, but
pelleting was not necessary. The cells were removed from
the plate after staining by scraping them with a cell lifter in
the presence of a No-Zyme solution containing an addi-
tional 3 mM calcium chloride. For calcium-dependence
studies, MT deficient in calcium, magnesium, and BSA was
prepared and calcium was added back at different levels.
The annexin-V was mixed with this buffer prior to expo-
sure to the cells that had previously been washed in the
calcium-deficient MT after stimulation. For competition
experiments, lipids (10 mg/ml stocks in chloroform) were
dried in a speed-vac and resuspended in BSA-free MT at
different concentrations. The liposomes were reduced in
size by treatment in a bath sonicator for 10 min at room
temperature. Annexin-V was preincubated on ice for 15
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min with the liposomes or proteoglycans prior to addition
to the cells. The cells were allowed to bind the annexin-V
on ice for 15 min and then analyzed in the flow cytometer.

Other Exocytosis Readouts

Lysotracker dyes (blue, green, and red) were loaded into
cells by diluting them to a final concentration of 1 µM in
complete media and incubating the cells for 30 min at
37°C in their presence. After loading, the cells were
washed two times in MT and then were ready for further
analysis or stimulation. The styryl dye FM1–43 was diluted
to a final concentration of 1 µM in MT and was incorpo-
rated into the stimulation buffer (see above).

b-Hexosaminidase Assays

Enzyme assays were performed on cell supernatants and
lysates following exocytic stimulation. After stimulation
(see above), the cells were spun at 5,000g for 1 min, and
the supernatants were collected and chilled on ice. The
remaining cell pellets were lysed in MT containing 0.1%
Triton X-100 (the same volume as that used for the
supernatant) on ice for 5 min and then spun at 5,000g; the
supernatant (cell lysate) was collected for enzyme activity
analysis. For each well, 100 µl of lysate or supernatant
were mixed with 100 µl of reaction buffer (40 mM citrate,
pH 4.5) containing 2 mM substrate (4-methylumbelliferyl
N-acetyl b-D glucosaminide; Sigma Chemical Co.) in a
solid-black 96-well plate (Costar, Inc., Acton, MA) and
incubated at 37°C for 15 min. The plate was read on a
fluorescence plate reader (Wallac, Inc., Gaithersburg, MD)
by using 380-nm excitation and 440-nm emission filters
every 5 min five times to obtain an enzymatic rate; analyses
were performed in triplicate.

Microscopy and Immunofluorescence

For immunofluorescence staining, MC-9 or BMMC cells
were spun onto slides (RBL-2H3 cells were plated onto
slides), washed in phosphate buffered saline (PBS), and
fixed for 15 min at room temperature with 4% paraformal-
dehyde in PBS. All washes and antibody incubations were
performed in buffer containing PBS, 5% normal goat
serum, and 0.1% Triton x-100 (for intracellular staining).
Primary antibodies were diluted 1:1,000 (anti-serotonin,
Sigma Chemical Co.; anti-GFP, Molecular Probes) and
incubated with the cells for 30 min at room temperature.
After three washes, the secondary antibodies, diluted to
1:1,000 (goat anti-mouse or anti-rabbit alexa-488 or alexa-
594; Molecular Probes) were incubated with the cells for
30 min at room temperature. After three washes, the cells
were mounted in Vectashield (Vector Laboratories, Burlin-
game, CA) and coverslipped. Cells before or after stimula-
tion that were stained with exocytosis marker dyes (see
above) were mounted onto glass slides and coverslipped.
All samples were visualized by brightfield and fluores-
cence microscopy on an inverted microscope (TE300,
Nikon, Torrance, CA) using FITC (ex 470/20nm, em
540/20nm) or tetramethylrhodamine isothiocyanate
(TRITC; excitation 5 540/25 nm, emission 5 605/55 nm)
filter sets. Some images were obtained with an inverted

confocal scanning microscope (Bio-Rad, Hercules, CA)
using a 488-nm laser line for excitation and FITC and
TRITC filter sets for detection.

Retroviral Expression Constructs

The retroviral delivery system has been described previ-
ously (20). Briefly, the vector contains only the sequences
from the provirus that are required for packaging, reverse
transcription, and integration. An internal ribosomal entry
site (IRES) is used to drive the coexpression of the
selectable marker, GFP. The Phoenix packaging cells, 293
cells stably transformed with retroviral elements, gag-pol
and env, are used for viral production after transfection
with the retroviral constructs. Wild-type mouse rab3D
and rab3D N135I mutants (obtained from G. Baldini, Co-
lumbia University, New York, NY) were transferred to the
retroviral vector by polymerase chain reaction (PCR) with
the 58 primer 58GATCGGATCCACCACCATGGGCGAACA-
AAAACTCATCTCAGAAGAGGATCTGAATGCATCCGCTAG-
TGAGCCCCCTGCC-38 and the 38 primer 58CAGCCGAG-
CAGCTGCAGCTGTTAAAACCATTAAATTGGAATTCGATC-38
after adding an N-terminal myc epitope tag.

VAMP-GFP Construct

The rat VAMP-2 cDNA (obtained from R. Scheller,
Stanford University) was PCR modified to introduce a 58
BstXI site encoding a consensus Kozak and glycine inser-
tion (a.a.2) to facilitate expression and in vivo stability,
respectively, and a serine-glycine linker (GSx 10) with a
BamHI site at the 38 end. The GFP coding sequence from
CdimGFP (Clontech, Inc., Palo Alto, CA) was PCR modi-
fied to introduce a 38 BstXI site encoding a stop codon.
The VAMP-GFP fusion was constructed by ligating the
modified rVAMP and GFP PCR fragments through a com-
mon BamHI site in the serine–glycine linker to create an
in-frame fusion protein. The VAMP-GFP fusion sequence
was cloned into the 96.7 retroviral vector with directional
BstXI sites to create pVG. The sequence was verified by
sequencing in both directions. Proper expression was
verified in transfected and infected cells by Western blot
analysis and fluorescence microscopy.

Transfections and Infections

To infect MC-9, RBL-2H3, and BMMC cells with recombi-
nant retroviral expression constructs, virus was generated
as previously described (21). Phoenix E or A cells (G.
Nolan, Stanford University, Stanford, CA) were transfected
with the retroviral vectors by using the calcium phosphate
precipitation method. The resulting viral supernatant from
the Phoenix cells was spun at 1,000g for 10 min, and
protamine sulfate was added to a final concentration of 5
µg/ml; this supernatant was added to the MC-9 or RBL-2H3
(freshly trypsinized) cells in a six-well plate (5 3 105

cells/well), and the mixture was spun at 1,000g for 90 min
at room temperature. The cells were then incubated at
32°C for 16 h. The viral supernatant was removed and
fresh medium was added; target gene expression was seen
24 h after infection.
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Flow Cytometry

Cells processed for stimulation and staining were taken
up in MT on ice and filtered through a 100-µm filter prior
to cytometry. Cells were analyzed with a FACScan (laser
line 5 488 nm; Becton Dickinson, San Jose, CA) or a
Mo-Flo (laser lines 5 350 nm ultraviolet broadband, 488
nm, and 647 nm; Cytomation, Fort Collins, CO) cytometer.
Cells were sorted, if desired, with the Mo-Flo for expan-
sion and analysis with the b-hexosaminidase release assay.

Western Blotting

Expression of myc-tagged fusion proteins was detected
by Western blot analysis with mouse anti-myc monoclonal
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA),
goat anti-mouse horseradish peroxidase (Sigma Chemical
Co.), and an enhanced chemiluminescence detection
system (Amersham, Arlington Heights, IL) according to the
manufacturer’s instructions.

RESULTS
Exogeneously Added Annexin-V Binds to Mast Cells

Following Degranulation

To characterize the ability of annexin-V to bind to
degranulated mast cells, the cloned murine mast cell line
MC-9 (22) was stimulated with different doses of the
calcium ionophore and ionomycin and assayed for an-
nexin-V staining by fluorescence-activated cell sorting
(FACS) analysis. The ionomycin-treated cells show in-
creased annexin-V staining over cells treated with DMSO
(Fig. 1A). Similarly, annexin-V binding can be observed in
rat basophilic leukemia RBL-2H3 (23) cells and in murine
BMMCs (19) stimulated to degranulate by IgE crosslinking
(Fig. 1B,C). To correlate the amount of annexin-V binding
with extent of degranulation, MC-9 cells, RBL-2H3 cells,
and BMMCs were treated with different doses of the
secretagogues and assayed for annexin-V binding by FACS
analysis and for the release of the granule component,
b-hexosaminidase, by using a fluorometric assay. At all
doses, the extent of annexin-V binding as measured by the
mean fluorescence shift increased in proportion to the
release of b-hexosaminidase (Fig. 1D–F). The extent of
annexin-V binding to stimulated MC-9 cells was decreased
by wortmannin, a phosphatidylinositol 3–kinase (PI3-
kinase) inhibitor, which has previously been shown to
inhibit exocytosis in mast cells (Fig. 1G,H). Furthermore,
the inhibition of annexin-V binding correlated with the
wortmannin inhibition of b-hexosaminidase release. These
results suggest that annexin-V binds specifically to degranu-
lated mast cells and that the extent of binding directly
reflects the extent of granule release as measured by the
b-hexosaminidase assay.

Annexin-V binding also correlated with other fluores-
cent markers of exocytosis, and these can be used in
combination to develop a more sensitive multiparameter
FACS-based assay for monitoring mast cell degranulation.
MC-9 cells loaded with lysotracker, a marker of acidic
granules (24,25), lose fluorescence after stimulation be-
cause the dye is released from the secretory granules. This

loss of fluorescence correlated with the increase in an-
nexin-V binding (Fig. 1I). The styrylpyridinium endocytic
dye FM1–43 was taken up after stimulation due to endocy-
tosis coupled to the stimulated exocytosis (26). The
observed increase in FM1–43 staining was proportional to
the increase in annexin-V binding following stimulation in
MC-9 cells (Fig. 1J).

Annexin-V Staining Is Granular in Nature
and Colocalizes With Granule Components

A series of microscopic studies were performed to
investigate the nature of the association between an-
nexin-V and mast cells. MC-9 cells showed little binding of
annexin-V in the resting state (Fig. 2A) but did show bright
cell surface punctate staining after exocytic stimulation
(Fig. 2B). This was clearly seen with both confocal (Fig.
2A,B) and conventional (Fig. 2C,D) microscopy; similar
patterns were observed in both RBL-2H3 and BMMC cells
treated with IgE crosslinking (data not shown). The
punctate staining pattern was distinctly different from that
seen in dying or dead cells, which show a uniform
fluorescence associated with the plasma membrane (data
not shown). To determine whether the stimulation-
dependent annexin-V staining was associated with secre-
tory granule membrane, we created a fusion protein of
VAMP-2, a known mast cell secretory granule component
(13,27), and GFP. With stimulation, annexin-V staining
colocalized with VAMP-GFP fluorescence (Fig. 2C,D),
suggesting that the annexin-V is binding at or near sites of
secretory granule fusion. When expressed in MC-9 cells,
VAMP-GFP appears to target to Golgi and granule mem-
branes (Fig. 2D,E,G); this is also apparent in RBL-2H3 and
BMMC cells (data not shown). Furthermore, additional
experiments have shown that VAMP-GFP colocalizes with
lysotracker red-loaded compartments (Fig. 2E–H) and
serotonin, a known mast cell granule component (data not
shown). Acidotropic dyes, such as the lysotracker series
and acridine orange, have been shown to accumulate in
low pH cellular compartments, such as lysosomes and
endosomes, and low pH secretory granules (24,25), and be
exocytosed with mast cell stimulation (Fig. 1I). Therefore,
annexin-V binding appears to occur at sites of secretory
granule exposure at the cell surface.

Annexin-V Binds to Exposed Phosphatidylserine
Following Degranulation

Annexin-V has been shown to bind specifically to
phosphatidylserine in a calcium-dependent manner and
has been used to stain dying cells that expose phosphatidyl-
serine on their cell surface (18). To determine the mecha-
nism of annexin-V binding to degranulated mast cells, the
calcium and phospholipid requirements for binding were
investigated. For the calcium-dependence determination,
a pool of MC-9 cells was stimulated with ionomycin and
divided into batches, each of which was stained with
annexin-V at different calcium concentrations (Fig. 3A,B).
There was a complete lack of annexin-V binding in the
absence of calcium. Increasing the calcium concentration
resulted in higher annexin-V binding. The phospholipid
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dependence of binding was determined by competition
studies; stimulated MC-9 cells were divided into batches
and stained with annexin-V in the presence of liposomes
containing either pure phosphatidylcholine (PC) or PC
mixed with phosphatidylserine, phosphatidylethanol-
amine, or sphingomyelin (Fig. 3C). Only phosphatidylser-
ine-containing liposomes competed for annexin-V bind-

ing, suggesting that annexin-V is binding to the membrane
phosphatidylserine. The specificity of the binding was also
tested by competition with two secretory granule matrix
polyanions; the lack of competition with heparin or
chondroitin sulfate suggests that annexin-V binding is
specific and is not simply associating with charged compo-
nents of the exocytosed granule (Fig. 3C).

FIG. 1. Fluorescence-activated cell sorting (FACS) histograms show the binding of annexin-V to (A) MC-9 cells treated with dimethyl sulfoxide (DMSO) or
4 µM ionomycin, (B) IgE-sensitized RBL-2H3 cells treated with DMSO or 100 ng/ml bovine serum albumin (BSA)–DNP, and (C) IgE-sensitized
bone-marrow-derived mast cells (BMMCs) treated with DMSO or 10 ng/ml DNP-BSA; in each case DMSO-treated cells are shown as solid black lines and
stimulus treatment is shown by the broken gray lines. All cells were stained with annexin-V–fluorescein isothiocyanate. The percentage of maximal response
of the annexin-V binding as measured by the shift in mean fluorescence above the DMSO control (gray bars) is compared with the percentage of maximal
bhexosaminidase release (black bars) in MC-9 cells treated with different doses of ionomycin (D). A similar comparison is shown for RBL-2H3 cells (E) and
BMMCs (F) treated with different doses of IgE anti-DNP. The maximal b-hexosaminidase release expressed as the percentage of the total cellular
b-hexosaminidase pool was 18% for MC-9, 35% for RBL-2H3, and 35% for BMMCs; the graphs have normalized all responses to these maximal values (called
100%). All data points represent the means 6 S.D. of measurements made in triplicate. Wortmannin inhibition was measured in MC-9 cells, and the maximal
annexin-V binding and hexosaminidase release is compared (G). RBL-2H3 cells were incubated with 0, 10, or 75 nM wortmannin and crosslinked; the
maximal annexin-V binding and b-hexosaminidase release is compared (H); graph symbols are as designated in D–F. Bivariate FACS histograms are shown of
MC-9 cells preloaded with lysotracker green (I) and treated with DMSO (left) or 2 µM ionomycin (right) and stained with annexin-biotin followed by
streptavidin-allophycocyanine (APC). J: A similar bivariate histogram is shown of MC-9 cells treated with DMSO (left) or 2 µM ionomycin (right) in the
presence of 1 µM FM1–43 and annexin stained.
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FIG. 2. Annexin-V stains externalized secretory granules on MC-9 cells. A–B: Confocal imaging of MC-9 cells stained with annexin-V–fluorescein
isothiocyanate, equatorial sections. A: Cells treated with dimethyl sulfoxide. B: Cells treated with 2 µM ionomycin. C: VAMP–green fluorescent protein (GFP)
fusion expressing MC-9 cells stimulated with 2 µM ionomycin and stained with annexin-V/streptavidin alexa-594. D: The same cell shown in C directly
visualizing the VAMP-GFP; arrows highlight areas of colocalization. E–H: VAMP-GFP fusion protein expressing MC-9 cells loaded with the lysotracker red
dye. E: VAMP-GFP visualization. F: The same cell from E loaded with lysotracker red. G: VAMP-GFP visualization. H: The same cell shown in G loaded with
lysotracker red. Scale bars 5 3 µm in A–B, 5 µm in C–D, 7 µm in E–H.
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The exposure of phosphatidylserine following degranu-
lation bears a superficial similarity to the phosphatidylser-
ine exposure that occurs during early apoptosis because
annexin-V-positive, degranulated cells are propidium io-
dide (PI) negative, and their light scatter characteristics are
consistent with those of viable cells. Following sorting,
annexin-V-positive populations were negative for Trypan
Blue for at least 24 h following stimulation (data not
shown), indicating that the annexin-V binding following
stimulation is distinct from that seen in the apoptotic
process. In our preparation, there was a small percentage
of dead cells that were observed in both the stimulated and
unstimulated conditions. These cells are easily distin-
guished from degranulated cells because dead cells exhibit
more intense annexin-V staining, have distinct forward
and side light scatter properties, and fail to exclude PI in
costaining studies (data not shown). An example of this
population is shown in the top left quadrant of the
bivariate histogram in Figure 1I. These cells are highly
annexin-V positive and lysotracker negative.

Retroviral Delivery of a Dominant Negative Rab3D
Mutant to RBL-2H3 Cells Inhibits Mast Cell

Degranulation and Results in Reduced
Annexin-V Binding

To validate the annexin-V binding assay for detection of
secretory modulators, a retroviral delivery system was
used to transduce RBL-2H3 cells with the dominant nega-
tive rab3d mutant protein N135I, previously shown to
inhibit b-hexosaminidase release following IgE crosslink-
ing in stable cell lines expressing it (21). A retroviral vector
was generated that contained the cDNA insert, either
wild-type rab3d or rab3d N135I, upstream of an IRES
driving the expression of GFP to allow detection of
infected cells (Fig. 4A). RBL-2H3 cells were infected with
viral particles generated by transfecting the Phoenix pack-
aging cell line with rab3d wild-type, rab3d N135I, or
vector only constructs. More than 90% pure GFP-positive
populations were isolated by sorting the infected cells,
which are typically 30–40% GFP positive after infection.

FIG. 3. Annexin binding to stimulated mast cells is calcium dependent and is competitively inhibited by phosphatidylserine-containing liposomes. MC-9
cells were treated with dimethyl sulfoxide or 2 µM ionomycin for 30 min at 37°C in Modified Tyrode’s buffer (MT) and washed in Ca, Mg, and MT withour
bovine serum albumin. A: Fluorescence-activated cell sorting (FACS) histograms show the fluorescence intensity of stimulated cells stained with
annexin-biotin followed by streptavidin-alexa-488 in MT containing different amounts of Ca. B: The mean fluorescence is plotted for the stimulated and
unstimulated cells. Competition studies were performed on MC-9 cells stimulated as in A. C: FACS histograms show the fluorescence intensity of cells that
were stained following stimulation with annexin-biotin preincubated with either polycations or the different liposome mixtures for 5 min, followed by
incubation in streptavidin-alexa-488.
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These enriched populations were stimulated with IgE
crosslinking and analyzed for annexin-V binding and
b-hexosaminidase release. The rab3d N153I mutant re-
duced the annexin-V binding and b-hexosaminidase re-
lease in parallel by approximately 30% relative to the
uninfected, vector, and rab3d wild-type infected cells
(Fig. 4B).

DISCUSSION
Methods for the identification of secretory modulators

have primarily used population-based measurements of
released mediators. We have described a flow-cytometry-
based screening assay for the detection of individual mast
cell degranulation by taking advantage of the unique
binding properties of annexin-V. The annexin family of
proteins has been found to have high affinity for aminophos-
pholipids in the presence of Ca21 ions (28), and much
experimental evidence exists implicating them in the
exocytic process (29–31). We have demonstrated that
exogenously added annexin-V does not bind to resting
mast cells but strongly binds to the membranes of degranu-
lating cells. The binding of annexin-V correlates very well
with the release of an established granule component
enzyme, b-hexosaminidase, in two different cell lines and
in BMMCs. This correlation of the two orthogonal readouts
is consistent when cells are treated with known inhibitors
of mast cell exocytosis, such as wortmannin (32) and the
rab3D dominant negative protein (21). In addition, stimula-
tion-dependent annexin-V binding is not indicative of
future cell death because the degranulated population

remains highly viable and can be restimulated days later
(data not shown). Because annexin-V binding correlates
well with b-hexosaminidase release in different cell types
under different stimulatory or inhibitory conditions and is
not an apoptotic marker in these systems, it appears to be
an excellent marker for mast cell degranulation.

Immunofluorescence experiments have suggested that
annexin-V is binding at sites of granule fusion on the mast
cell surface. The staining pattern observed after stimula-
tion is punctate and distinct from the diffuse distribution
that has been seen in apoptosing cells (18). Furthermore,
the colocalization of annexin-V binding with a secretory
granule membrane marker, a VAMP-GFP fusion protein,
also supports this hypothesis. We have demonstrated that
VAMP-GFP colocalizes with other granule markers, such as
the lysotracker dyes and serotonin, in MC-9 cells, and that
degranulation-dependent loss of the lysotracker dye is
inversely correlated with annexin-V binding. Competition
experiments have shown that annexin-V binding is Ca21

dependent and inhibited by phosphatidylserine-contain-
ing liposomes but not by other lipids or polyanions at
levels that block membrane binding in apoptosing cells
(18). Taken together, these data support a model whereby
annexin-V binds to membrane phosphatidylserine at or
near sites of granule fusion during mast cell exocytosis.
Phosphatidylserine may be a component of the granule
(33) membrane and may become exposed at the cell
surface during the fusion event; whether annexin-V will
bind to sites of granule fusion in other exocytic systems is
being investigated.

By using flow cytometry, it is possible to combine the
annexin-V binding measurement with other indicators of
exocytosis (lysotracker dyes or acridine orange) or coupled
endocytosis (styryl dyes such as FM1–43) simultaneously
for more complex phenotypic characterizations. The an-
nexin-V assay is capable of identifying both chemical
entities in addition to proteins, when expressed in mast
cells, which modulate the secretory response. We have
illustrated this by testing the annexin-V assay with a
well-established inhibitor of mast cell secretion, wortman-
nin, and by expressing a dominant negative rab3d protein
in the basophil line RBL-2H3. The annexin-V binding assay
represents a novel flow cytometric measurement of de-
granulation and should be very useful to investigators of
mast cell biology.
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