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Mast cells possess distinct secretory granule subsets
whose exocytosis is regulated by different
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Mast cells degranulate and release the contents of intracellular
secretory granules in response to the cross-linking of Fc�RI by
multivalent antigens. These granules contain a variety of biolog-
ically active inflammatory mediators; however, it is not clear
whether these granules are homogenous or whether there is
heterogeneity within the secretory granule population in mast
cells. By using genetically altered mice lacking specific vesicle-
associated SNARE membrane fusion proteins, we found that
VAMP-8-deficient mast cells exhibited defects in Fc�RI-regulated
exocytosis, whereas synaptobrevin 2- or VAMP-3-deficient mast
cells did not. Surprisingly, the defect in secretion in VAMP-8-
deficient mice was limited to the subpopulation of mast cell
secretory granules containing serotonin and cathepsin D, whereas
regulated exocytosis of secretory granules containing histamine
and TNF-� was normal. Confocal microscopy confirmed that sero-
tonin and histamine were present in distinct intracellular granules
and that most serotonin-containing granules were VAMP-8-posi-
tive. Thus, this study demonstrates that mast cells do indeed
possess distinct subsets of secretory granules and that these
subsets use different SNARE isoforms for exocytosis.

serotonin � histamine � VAMP-8

M ast cells are specialized secretory cells that play an
important role in host defense by discharging a variety

of proinf lammatory mediators, chemotactic factors, and im-
munoregulatory cytokines (1, 2). After stimulation of their
surface Fc receptors with IgE, mast cells release their large
population of secretory granules containing histamine, sero-
tonin, and other inf lammatory mediators. These mediators
play central roles in both the immediate and late-phase
inf lammatory reactions. In addition, these secreted products
also regulate the acquired immune response by altering the
polarization of T lymphocytes (3).

As in other hematopoietic cells, the secretory granules of mast
cells possess a number of proteins present almost exclusively in
lysosomes in nonhematopoietic cells, and for this reason, these
organelles have been referred to as ‘‘secretory lysosomes’’ (4).
For example, Fc�RI stimulation induces the release of lysosomal
hydrolases such as �-hexosaminidase and cathepsin D, in addi-
tion to the more conventional secretory granule cargo molecules
serotonin and histamine (1). Furthermore, in addition to lyso-
some-like secretory granules, mast cells possess conventional
lysosomes that can fuse with the plasma membrane when mast
cells receive a strong calcium flux after addition of calcium
ionophore or after extensive cross-linking of Fc�RI (5). Despite
the clear difference between lysosome-like secretory granules
and conventional lysosomes, it is not known whether there is
heterogeneity within the secretory granule population in mast
cells.

Granule exocytosis in mast cells is controlled by membrane–
membrane fusion proteins termed SNAREs. There are distinct
SNARE proteins on different intracellular organelles in all cell
types, and these proteins function by linking specific SNAREs on
vesicles (termed vesicle SNAREs, or v-SNAREs) with cognate

SNAREs on target membranes (termed t-SNAREs). SNAREs
are a class of proteins that mediate membrane–membrane fusion
in eukaryotic cells (6). Although there have been numerous
studies examining the repertoire of granule-associated SNARE
proteins present in mast cells (7–10), there have been no
conclusive data revealing a role for specific v-SNARE isoforms
in regulated exocytosis of secretory granules from these cells.

We now report the surprising finding that mast cells do indeed
possess distinct subsets of secretory granules that can be defined
based on the requirement for the vesicle fusion protein VAMP-8
for their release. Whereas histamine release from mast cells
derived from VAMP-8-deficient mice is normal, we observed
profound perturbations in the release of serotonin and cathepsin
D from secretory lysosomes in these same mast cells. To our
knowledge, these results reveal for the first time the presence of
functionally distinct mast cell secretory granule subsets and
indicate that VAMP-8 is a key regulator of serotonin and
cathepsin D release from mast cells.

Results and Discussion
Characterization of Mast Cells in v-SNARE-Deficient Mice. The liber-
ation of all mast cell inflammatory mediators is regulated by
signaling after aggregation of Fc�RI by multivalent antigens (1,
2). For this reason, it has been difficult to know whether all mast
cell secretory granules are the same or whether there is heter-
ogeneity within the secretory granule population of mast cells.
Furthermore, although the release of �-hexosaminidase is a
widely used indicator of Fc�RI-mediated secretory lysosome
exocytosis from mast cells, it is unclear whether the release of
this single granule marker accurately reflects the behavior of all
secretory granules in mast cells. To determine the extent to
which genetic deletion of specific SNARE proteins affects
regulated exocytosis from mast cells, we analyzed mice deficient
in the major granule-associated v-SNAREs present in these cells
(7, 8). Mice deficient in synaptobrevin 2 (11) and VAMP-3 (12)
have been described previously. We also obtained mice in which
the VAMP-8 gene was disrupted via gene trapping approach
[supplementary information (SI) Fig. 6]. Although VAMP-7 has
been reported to be present on secretory granules of mast cells
(7–10), mice deficient in this v-SNARE isoform are not avail-
able. Flow cytometry revealed that mast cells derived from
synaptobrevin 2-deficient, VAMP-3-deficient, and VAMP-8-
deficient mice expressed normal levels of Fc�RI and c-kit on
their surface (SI Fig. 7), grew at the same rate and possessed
similar amounts of granule-associated �-hexosaminidase, sero-
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tonin, and histamine as their wild-type littermates (data not
shown), confirming normal development of mast cells from each
mouse strain.

Pancreatic acinar cells and platelets isolated from VAMP-8-
deficient mice have slightly increased expression of the v-
SNARE synaptobrevin 2 (13, 14). For this reason, we performed
immunoblot analyses to determine whether compensatory
changes in VAMP-expression occurred in mast cells derived
from each knockout animal used in this study. As expected, the
v-SNAREs synaptobrevin 2, VAMP-3, and VAMP-8 were ab-

sent in the respective null mouse-derived mast cells, and these
proteins were expressed at half the wild-type levels in mast cells
derived from the respective heterozygous mice (Fig. 1). Unlike
results obtained in pancreas and in platelets (13–15), we did not
observe dramatic compensatory increases in expression of the
v-SNAREs synaptobrevin 2, VAMP-3, VAMP-7, and VAMP-8
in any of the mice used in our study.

VAMP-8, but Not Synaptobrevin 2 or VAMP-3, Is Important for Reg-
ulated Secretion from Mast Cells. Because mast cells appeared
phenotypically normal in v-SNARE-deficient mice, we exam-
ined the requirement for these proteins in regulated exocytosis
from mast cells. For these initial studies, we measured regulated
�-hexosaminidase release. There was no significant difference in
�-hexosaminidase release from mast cells isolated from synap-
tobrevin 2- or VAMP-3-deficient mice in response to Fc�RI
cross-linking or direct stimulation with PMA/ionomycin (Fig. 2
A and B). Control experiments confirmed that PMA/ionomycin
treatment caused significant release of �-hexosaminidase with-
out affecting mast cell viability or plasma membrane integrity (SI
Fig. 8). Mast cells generated from bone marrow of lethally
irradiated mice reconstituted with fetal liver stem cells isolated
from synaptobrevin 2-deficient embryos also showed normal
exocytosis in response to Fc�RI cross-linking (data not shown),
demonstrating that mast cells generated from either bone mar-
row- or fetal liver-derived stem cells from synaptobrevin 2-de-
ficient mice behaved identically. By contrast, Fc�RI-dependent
secretion of �-hexosaminidase was significantly inhibited in
VAMP-8-deficient mast cells (Fig. 2 A) and partial inhibition of
�-hexosaminidase release was observed even when PMA/
ionomycin (Fig. 2B) were used as triggers, demonstrating that

Fig. 1. Expression of v-SNAREs in synaptobrevin 2�/�, VAMP-3�/�, and
VAMP-8�/� mast cells. Whole-cell lysates from 4 � 106 mast cells derived from
synaptobrevin 2�/�, VAMP-3�/�, and VAMP-8�/� mice (and corresponding
wild-type and heterozygous littermate controls) were analyzed by reducing
SDS/PAGE and immunoblotting by using antibodies recognizing synaptobre-
vin 2, VAMP-3, VAMP-7, VAMP-8, SNAP-23, and �-tubulin.

Fig. 2. Loss of VAMP-8, but not synaptobrevin 2 or VAMP-3, partially inhibits regulated �-hexosaminidase release from mast cells. (A and B) Mast cells derived
from synaptobrevin 2�/�, VAMP-3�/�, and VAMP-8�/� mice (and corresponding wild-type littermate controls) were sensitized overnight with anti-DNP-specific
IgE and induced for secretion the next day by cross-linking Fc�RI by using 10 ng/ml DNP–BSA for 30 min (A) or by using PMA and ionomycin together for 15 min
(B). The data shown are means � SEM of at least five independent experiments. (C) Mast cells from VAMP-8�/�, VAMP-8�/�, and VAMP-8�/� mice were triggered
for secretion by cross-linking Fc�RI-associated IgE with different concentrations of DNP–BSA for 30 min. The data shown are means � SEM of at least eight
independent experiments. (D) Mast cells from VAMP-8�/� or VAMP-8�/� mice sensitized overnight with anti-DNP-specific IgE were stimulated for various times
by IgE cross-linking by using 10 ng/ml DNP–BSA. The release of �-hexosaminidase into the cell supernatant was assayed as described in Materials and Methods.
The data shown are means � SEM of two independent experiments. In all experiments shown, asterisks indicate statistically significant differences between
wild-type and knockout mast cells (*, P � 0.01; **, P � 0.001).
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bypassing Fc�RI still resulted in diminished secretory granule
exocytosis in VAMP-8-deficient mast cells. Basal release of
�-hexosaminidase was not affected in VAMP-8-deficient mast
cells and Fc�RI-dependent exocytosis of �-hexosaminidase was
inhibited in both VAMP-8 heterozygous and VAMP-8-deficient
mast cells at all doses of antigen used to crosslink Fc�RI (Fig.
2C). Kinetic studies showed that the partial inhibition of �-hex-
osaminidase was observed at all time points examined after
Fc�RI cross-linking (Fig. 2D). The defect in exocytosis in
VAMP-8-deficient mast cells was not a consequence of defective
Fc�RI signaling, because protein tyrosine phosphorylation and
Fc�RI down-regulation in response the Fc�RI cross-linking
were normal in these mice (SI Fig. 9). These results demonstrate
that whereas deletion of synaptobrevin 2 or VAMP-3 does not
affect secretory granule exocytosis from mast cells, deletion of
VAMP-8 leads to either (i) partial inhibition of exocytosis of all
secretory granules or (ii) complete inhibition of exocytosis from
a subset of secretory granules in mast cells.

Deletion of VAMP-8 Inhibits Serotonin and Cathepsin D Release from
Mast Cells. To determine whether release of �-hexosaminidase
faithfully indicates exocytosis of all secretory granules in mast
cells and whether only a subpopulation of secretory granules is
affected in VAMP-8-deficient mast cells, we analyzed secretion
of the secretory granule cargo serotonin from these cells.
VAMP-8-deficient mast cells showed a partial inhibition in
regulated secretion of [3H]serotonin in response to Fc�RI
cross-linking, PMA and ionomycin together, or ionomycin alone
(Fig. 3A), and the extent of inhibition was similar to that
observed when analyzing �-hexosaminidase release. In agree-
ment with our results measuring �-hexosaminidase release, there
was no defect in Fc�RI-dependent exocytosis of serotonin from
mast cells isolated from either synaptobrevin 2- or VAMP-3-
deficient mice (data not shown). These data demonstrate that
exocytosis of serotonin-containing secretory granules from mast
cells is regulated, in part, by the v-SNARE VAMP-8.

In addition to monitoring �-hexosaminidase and serotonin

Fig. 3. VAMP-8 regulates serotonin and cathepsin D release from mast cells. (A) Mast cells from VAMP-8�/� mice (and their wild-type littermates) were incubated
with [3H]serotonin overnight. The cells were then induced for secretion by IgE cross-linking by using the indicated concentrations of DNP–BSA for 30 min or by
treatment with PMA/ionomycin or ionomycin alone for 15 min. The net [3H]serotonin secretion in each condition (triggered release minus control release) is
shown. The data shown are means � SEM of seven independent experiments. (B) Mast cells isolated from VAMP-8�/� mice (and their wild-type littermates) were
induced for secretion by IgE cross-linking by using different doses of DNP–BSA for 30 min. The concentrated supernatants and lysates from 8 � 105 cells were
analyzed by SDS/PAGE and immunoblotting by using cathepsin D antibodies. Lysates were also blotted for �-tubulin as a loading control. The shown blots are
representative of at least three independent experiments. (C) The intensity of the bands corresponding to mature cathepsin D were quantitated by densitometry,
and the amount of cathepsin D released after IgE cross-linking with the indicated concentrations of DNP–BSA for 30 min or after treatment of the cells with
PMA/ionomycin or ionomycin alone for 15 min was expressed as a percentage of the total amount of cathepsin D present in the supernatant and cells. The data
shown are means � SEM of three independent experiments. In all experiments shown, asterisks indicate statistically significant differences between wild-type
and VAMP-8-deficient mast cells (*, P � 0.05; **, P � 0.005).
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release from mast cells, we measured the release of mature
cathepsin D from mast cells after Fc�RI stimulation. Like
�-hexosaminidase, cathepsin D is present in lysosome-like se-
cretory granules, as well as conventional lysosomes in mast cells
(5). We observed a profound (� 80%) reduction of cathepsin D
release in response to the Fc�RI cross-linking in VAMP-8-
deficient mast cells (Fig. 3 B and C). It is interesting to note that
at the lowest dose of Fc�RI cross-linking used in our studies, we
observed the most profound inhibition of cathepsin D exocytosis
in VAMP-8-deficient mast cells, suggesting that more robust
signaling could partially bypass the requirement for VAMP-8 in
secretory granule exocytosis.

Because strong calcium signals are known to mobilize both
secretory granules and conventional lysosomes in a variety of cell
types (16), we set out to examine whether all cathepsin D release
from mast cells utilizes a VAMP-8-dependent mechanism or
whether only Fc�RI-stimulated secretory granule release was
affected. Stimulation with PMA and ionomycin together or
ionomycin alone resulted in almost complete release of cathep-
sin D from wild-type mast cells, and deletion of VAMP-8
resulted in a partial (albeit statistically significant) inhibition of
exocytosis even in response to these strong stimuli (Fig. 3C).
Curiously, �30% of the total pool of cathepsin D was retained
intracellularly after ionomycin stimulation of VAMP-8-deficient
mast cells. This value was similar to amount of cathepsin D
released from the secretory granules of wild-type mast cells
stimulated by Fc�RI cross-linking, suggesting that VAMP-8 only
regulates lysosome-like secretory granule exocytosis and does
not play a role in ionomycin-stimulated conventional lysosome
release from mast cells.

Deletion of VAMP-8 Does Not Affect Histamine or TNF-� Release from
Mast Cells. Having observed that Fc�RI-induced secretion of
serotonin was inhibited in VAMP-8-deficient mast cells, we set
out to determine whether regulated exocytosis of other secretory
granule cargo was also defective in VAMP-8-deficient mast cells.
In marked contrast to the results obtained by examining the
Fc�RI-mediated release of either [3H]serotonin (Fig. 3A) or
endogenous serotonin (Fig. 4A) from wild-type and VAMP-8-
deficient mast cells, we were surprised to find that there was no
defect in the release of either histamine (Fig. 4B) or TNF-� (Fig.
4C) in these same supernatants. It can also be noted that the
percentage of release of histamine after 30 min of stimulation
was considerably less than the release of serotonin or TNF-�, a
finding that has been observed by others and attributed to the
decreased ability of histamine to dissociate from the proteogly-
can core of mast cell secretory granules (17). Nevertheless, even
bypassing Fc�RI-signaling by directly stimulating mast cells with
PMA and ionomycin showed that histamine release is VAMP-
8-independent (Fig. 4D). These unexpected findings demon-
strate that histamine/TNF-� and serotonin are present in distinct
secretory granule subtypes in mast cells and that exocytosis of

these distinct granules is regulated by distinct SNAREs.
Whether histamine and TNF-� are present in the same granules
or distinct granules remains to be determined.

VAMP-8 Is Present on Serotonin-Containing Lysosome-Like Secretory
Granules. The different effects on serotonin and histamine exo-
cytosis from VAMP-8-deficient mast cells could be explained if
VAMP-8 were present on serotonin-containing secretory gran-
ules and if histamine were not present on these same granules.
Confocal microscopy and digital image analysis of individual
confocal planes from �20 individual cells revealed the percent-
age of colocalization between various markers of secretory
granules, lysosomes, and the plasma membrane in mast cells
(Fig. 5). Cathepsin D colocalized very well with the lysosome-
associated membrane protein LAMP-2 (90.4 � 0.8%), whereas
the plasma membrane SNARE SNAP-23 colocalized poorly
with the secretory granule-associated cargo serotonin (4.7 �
0.9%). Serotonin colocalized with VAMP-8 (62.8 � 2.4%) and
with cathepsin D (69.5 � 2.3%), indicating that most serotonin-
containing secretory granules are VAMP-8� and contain the
lysosomal enzyme cathepsin D (Fig. 5 A and D). Examination of
multiple cells by using quantitative analyses of a variety of focal
planes of cells stained with anti-histamine, anti-serotonin, and
anti-LAMP-2 antibodies revealed little colocalization of hista-
mine with either serotonin (29.1 � 4.3%) or LAMP-2 (20.6 �
2.6), indicating that most histamine-containing secretory gran-
ules in mast cells do not contain serotonin and are not lysosomal
in nature (Fig. 5 B–D). These data are consistent with our finding
that VAMP-8 regulates release of serotonin but not histamine
from secretory granules of mast cells and support the hypothesis
that mast cells possess distinct secretory granules that possess
histamine but not serotonin (and VAMP-8).

Mast cells are major regulators of allergy and inflammation
whose soluble secretory granule contents mediate most of their
functions (1, 2). Because the secretory granules of mast cells and
other hematopoietic cells contain a variety of lysosomal en-
zymes, many investigators have conveniently relied on the
release of enzymes such as �-hexosaminidase as an indicator of
regulated exocytosis from mast cells. The underlying assumption
in such an approach is that there is not significant functional
heterogeneity in the secretory granule population in these cells
and that �-hexosaminidase release accurately reflects the be-
havior of all Fc�RI-dependent secretory granules in mast cells.
In this study, we demonstrate that this assumption is incorrect
and show that mast cells do indeed possess distinct subsets of
secretory granules that can be defined based on the requirement
of the v-SNARE VAMP-8 in exocytosis. We found that deletion
of VAMP-8 profoundly inhibited Fc�RI-mediated exocytosis of
serotonin and cathepsin D from mast cells but had no effect on
either histamine or TNF-� release. In addition, VAMP-8 does
not appear to play a significant role in ionomycin-induced
exocytosis of conventional cathepsin D� lysosomes from mast

Fig. 4. Loss of VAMP-8 does not affect histamine and TNF-� release from mast cells. Mast cells isolated from VAMP-8�/� mice (and their wild-type littermates)
were induced for secretion by IgE cross-linking by using 10 ng/ml DNP–BSA for 30 min (A–C) or with PMA/ionomycin for 15 min (D). The release of endogenous
serotonin (A), histamine (B and D), or TNF-� (C) was determined and was expressed as a percentage of the total amount present in the supernatant as well as
remaining in the cells. The data shown are means � SEM of nine independent experiments (serotonin), five independent experiments (histamine), or three
independent experiments (TNF-�). Asterisks indicate statistically significant differences between wild-type and VAMP-8-deficient mast cells (**, P � 0.005).
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cells. For technical reasons (because of the requirement for
different fixation conditions for anti-histamine and anti-
VAMP-8 immunoreactivity), we were unable to examine the
colocalization of histamine and VAMP-8 in mast cells. Never-
theless, our functional data demonstrate that histamine-
containing secretory granule exocytosis is not VAMP-8-
dependent, suggesting that either VAMP-8 is not present on
histamine-granules or that additional SNARE isoforms can
compensate for the lack of VAMP-8 during exocytosis of these
granules. Subcellular fractionation data have shown that hista-
mine-containing secretory granules cofractionate with granules
that contain �-hexosaminidase (but not cathepsin D) in the RBL
mast cell line (5). Our finding that Fc�RI-dependent exocytosis
of histamine, but not �-hexosaminidase, is normal in VAMP-
8-deficient mast cells argues that the subcellular fractionation
data show that histamine-containing secretory granules have a
buoyant density that is similar to that of �-hexosaminidase-

containing lysosome-like secretory granules. Characterizing the
nature of these granules will be important to help understand the
mechanisms regulating histamine release from mast cells.

Our study demonstrates that mast cells must now be added to
the list of hematopoietic cells that possess distinct secretory
granule subsets, each with different cargo, different functions,
and in some cases distinct SNARE proteins regulating their
fusion with the plasma membrane. Neutrophils possess second-
ary/specific granules and gelatinase-rich tertiary granules, and
exocytosis of these granules is inhibited by interfering with
VAMP-2 function (18). By contrast, inhibition of VAMP-7
prevents azurophilic granule release from these cells, whereas
inhibition of VAMP-2 does not affect this granule subset (18).
However, the differential regulation of discrete secretory gran-
ules by distinct SNAREs is not universally true, because
VAMP-8 regulates release of all three major secretory granule
subtypes in platelets (14). Clearly, this must be addressed on a

Fig. 5. Histamine and serotonin are present in distinct secretory granule subsets in mast cells. Mast cells isolated from wild-type mice were stained with the
indicated antibodies and analyzed by confocal immunofluorescence microscopy. (A) Single 0.4-�m-thick optical sections of representative images are shown.
(Scale bar: �6 �m.) (B) Three-dimensional reconstruction of serial sections from two representative mast cells stained with histamine (green) and serotonin (red)
antibodies and an overlay (yellow) are shown. An overlay of individual serial sections of a mast cell stained with histamine (green) and serotonin (red) antibodies
reveals heterogeneity within the secretory granule population. (C) Three-dimensional reconstruction of serial sections from a representative mast cell stained
with histamine (green) and LAMP-2 (red) antibodies and an overlay (yellow) are shown. (D) The percentage of colocalization was calculated for each combination
of markers by voxel analysis of each confocal plane of �20 cells. There was a statistically significant difference in the colocalization of cathepsin D with serotonin
as compared with colocalization of histamine with serotonin (**, P � 0.001).
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cell type-specific basis, although our findings are consistent with
the hypothesis that, like neutrophils, mast cells also possess
functionally distinct secretory granule subsets whose function is
regulated by different SNARE proteins. Knowing that such
granule heterogeneity exists in mast cells will allow us to
investigate the machinery regulating the fusion of each distinct
granule subtype, potentially allowing one to specifically target
one granule subtype in these cells in an attempt to regulate the
side-effects of allergic reactions.

Materials and Methods
Antibodies. The synaptobrevin 2 mAb clone 69.1 and VAMP-8 rabbit serum
were obtained from Synaptic Systems. VAMP-3 rabbit antiserum was from
Abcam. The VAMP-7 mAb clone 158.2 was a generous gift from Thierry Galli
(Institut National de la Santé et de la Recherche Médicale, Paris). Rabbit
antiserum recognizing the SNAP-23 carboxyl terminus has been described
(19). The �-tubulin mAb was obtained from Sigma Chemical Co.. Goat anti-
cathepsin D antibody C20 (Santa Cruz Biotechnology) was used for immuno-
blotting, and rabbit anti-cathepsin D serum was used for immunofluorescence
(a gift from Stuart Kornfeld, Washington University, St. Louis). Rabbit anti-
histamine serum was obtained from Immunostar, Inc. Rat mAb recognizing
LAMP-2 was obtained from the Developmental Studies Hybridoma Bank.
Anti-serotonin mAb was obtained from DAKO. Anti-2,4-dinitrophenyl (DNP)
IgE (clone TIB-142) was obtained from the American Type Culture Collection.
Alexa dye-conjugated secondary antibodies were obtained from Molecular
Probes.

Mice and Genotyping. Synaptobrevin 2�/� mice, on a C57BL/6 background (11),
were from Thomas Sudhof (University of Texas Southwestern Medical Center,
Dallas, TX). VAMP-3�/� mice, on a mixed C57BL/6–129Sv background (12), were
from Dr. Jeffery Pessin (State University of New York, Stony Brook, NY). VAMP-
8�/� mice, on a mixed C57BL/6–129Sv background, were obtained from The
Jackson Laboratory. Because VAMP-8�/� mice have not been used in the litera-
ture, complete characterization of these mice is described in SI Text. To lessen the
effects of the genetic backgrounds, all mice were obtained by heterozygous
mouse matings, and littermate controls were used for all experiments.

Generation of Mast Cells. Femurs and tibias were isolated aseptically from 8-
to 12-week-old VAMP-8�/� and VAMP-3�/� mice (and their littermates), and
bone marrow cells were isolated by repeated flushing with mast cell medium
(RPMI medium 1640, 20% FBS, 4 mM L-glutamine, 5 � 10�5 M �-mercapto-
ethanol, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, and
antibiotics). The cultures were maintained in mast cell medium at 37°C (5%
CO2) in the presence of murine IL-3 (20 ng/ml; Peprotech) and murine stem cell
factor (SCF) (20 ng/ml; Peprotech), with adherent cells being discarded. After
4 weeks, the cultures were �90% positive for both c-kit and Fc�RI, as deter-
mined by flow cytometry.

Mast cells were generated from stem cells derived from spleen and liver of
18-day embryos isolated from synaptobrevin 2�/� matings. The spleen and
liver cells were cultured at 1.0 � 106 per milliliter in complete medium [DMEM
containing 20% FBS, 4 mM L-glutamine, 5 � 10�5 M �-mercaptoethanol, 10%
NCTC 109 medium (Sigma Chemical Co.), 0.1 mM nonessential amino acids, 1
mM sodium pyruvate, and antibiotics]. The medium was supplemented with
50 ng/ml IL-3 and 50 ng/ml SCF, and the cells were cultured as described above.

Stimulation of Mast Cells. Mast cell exocytosis was triggered by using 1 �M
ionomycin alone, 10 nM PMA and 1 �M ionomycin together, or by cross-
linking Fc�RI as described previously (20). Aliquots of the culture supernatant
were saved at the indicated times after induction of exocytosis, and at the end
of the assay, the cells were lysed by using 1% Triton X-100 in RPMI medium
1640. Release of �-hexosaminidase was determined by using an enzymatic
assay (20); release of serotonin (Fitzgerald Industries), histamine (Immuno-
tech), and TNF-� (R&D Systems) was measured by ELISA. In some experiments,
mast cells were incubated with 1 �Ci/ml [3H]serotonin (New England Nuclear)
overnight, washed, and incubated for 1 h at 37°C before inducing them for
secretion as above. Cell-associated and -released [3H]serotonin was measured
in a scintillation counter. Cathepsin D was assayed by concentrating culture
supernatants by using Microcon centrifugal filter devices (10-kDa cutoff;
Millipore) and analyzing concentrated supernatants and remaining cell ex-
tracts by SDS/PAGE and immunoblotting with an anti-cathepsin D serum. The
amount of the fully processed (43-kDa) form of mature cathepsin D present in
cells or released into the medium was determined by densitometry. In all
experiments, the amount of release was expressed as a percentage of the total
amount of each marker secreted into the medium as compared with the total
amount of each marker secreted into the medium plus that remaining cell
associated. The significance of any differences was calculated by using a
one-tailed distribution in a two-sample equal variance Student’s t test.

SDS/PAGE and Immunoblotting. Immunoblot analysis of cell lysates, concen-
trated culture supernatants, and lysates from stimulated cells was performed
as described previously (9). The bands were revealed with Western Lightening
Chemiluminescence Reagent Plus (PerkinElmer Life Sciences Inc.). The inten-
sity of the bands was determined by using a Molecular Dynamics densitome-
ter, and the results obtained by at least three exposures of identical blots were
averaged. The significance of any differences was calculated by using a
one-tailed distribution in a two-sample equal variance Student’s t test.

Confocal Microscopy. Mast cells were allowed to adhere to poly(L-lysine)-
coated coverslips and fixed with 4% paraformaldehyde in PBS. For examina-
tion of histamine distribution, mast cells were fixed by using 40 mg/ml 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide HCl (EDC) (Pierce Biotechnology,
Inc.) before addition of PFA (Sigma). The cells were then permeabilized in PBS
containing either 1% Nonidet P-40/0.05% saponin/3% normal goat serum or
0.1% saponin/3% normal goat serum (for cathepsin D), stained with the
appropriate primary and secondary antibodies, and analyzed by confocal
microscopy (9). Confocal images were collected with a Zeiss 510 META laser-
scanning microscope with a �100 Plan-Apochromat (N.A. 1.4) lens, 100 nm per
pixel xy sampling, and a pinhole diameter set to provide an optical slice
thickness of 1.0 �m. Image z-stacks were collected through the depth of the
cell by using a 0.4-�m step size. The extent of colocalization of two labels was
measured by using the Colocalization module of Imaris 4.2.0 (Bitplane AG), as
described in SI Text.
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