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Antigen stimulation of mast cells via Fc«RI, the high-affinity re-
ceptor for IgE, triggers a signaling cascade that requires Ca21

mobilization for exocytosis of secretory granules during an allergic
response. This study investigates critical signaling components by
using mutant RBL mast cells that are defective in antigen-stimu-
lated phospholipase Cg (PLCg) activation, as well as other signaling
activities downstream of stimulated tyrosine phosphorylation. We
show that the expression of activated versions of the Cdc42 or Rac1
GTPase restores antigen-stimulated Ca21 mobilization necessary
for degranulation in these mutant cells. Wild-type Cdc42 and Rac1,
as well as activated Cdc42 containing effector domain mutations,
all fail to restore antigen-stimulated signaling leading to exocyto-
sis. Expression of oncogenic Dbl, a guanine nucleotide exchange
factor for Cdc42 and Rac1, partially restores sustained Ca21

mobilization and degranulation, suggesting that activation of
endogenous Cdc42 andyor Rac1 is impaired in the mutant cells.
Overexpression of PLCg1 with either activated Cdc42 or Rac1
synergistically stimulates degranulation, consistent with a criti-
cal defect in PLCg activation in these cells. Thus, our results point
to activation of Cdc42 andyor Rac1 playing an essential role in
antigen stimulation of early events that culminate in mast cell
degranulation.

Mast cells and basophils generate many of the symptoms that
accompany an allergic reaction by releasing secretory

granule contents, including histamine and serotonin, in response
to antigen-mediated crosslinking of IgE antibody bound to
Fc«RI, the high-affinity IgE receptor at the cell surface. Re-
ceptor aggregation initiates a signaling cascade involving the
recruitment and activation of several tyrosine kinases and other
signaling proteins that function to stimulate degranulation (1, 2).
A pivotal step in this signaling cascade is the activation of
phospholipase Cg1 (PLCg1) and 2 (PLCg2), which catalyze the
cleavage of the lipid substrate phosphatidylinositol-4,5-
bisphosphate into two important signaling intermediates in this
pathway, diacylglycerol, a stimulator of protein kinase C, and
inositol 1,4,5-trisphosphate (IP3), a ligand for the IP3 receptor
Ca21 channel in the endoplasmic reticulum (ER) membrane that
induces a rise in cytoplasmic Ca21 levels (3).

We have recently suggested that the Rho GTPases, Cdc42 and
Rac1, may regulate the IP3yCa21 signaling cascade in the
RBL-2H3 mast cell line (4). Members of the Rho family of
GTPases undergo activation by GTPyGDP exchange and have
been linked to the control of many critical cellular functions,
including cytoskeletal rearrangement, transcriptional activation,
and cell cycle progression (5). We found that RBL-2H3 cells
expressing activated Cdc42 and Rac1 displayed elevated levels of
antigen-stimulated IP3 formation, Ca21 mobilization, and de-
granulation, whereas dominant-negative mutants partially inhib-
ited these processes.

To more critically examine whether activation of Cdc42
andyor Rac1 is required for Fc«RI signaling leading to Ca21

mobilization and degranulation, we used a mutant RBL cell line
B6A4C1 that is defective in these processes. These cells were

originally isolated after chemical mutagenesis of RBL-2H3 cells,
displaying defects in antigen-stimulated degranulation and cell
surface expression of a mast cell-specific ganglioside (6, 7).
B6A4C1 cells were subsequently found to exhibit normal anti-
gen-stimulated tyrosine phosphorylation of signaling proteins,
but were defective in phospholipase activation and calcium
mobilization (8). Antigen-stimulated degranulation is minimal
in these mutant cells, but bypassing the IgE receptor with a Ca21

ionophore results in a full degranulation response. Because these
results indicated that some aspect of the IP3yCa21 signaling
pathway is impaired in the mutant cell line, we investigated
whether expression of activated Cdc42 andyor Rac1 could rescue
the mutant phenotypes. We show here that either activated
Cdc42 or Rac1 restores antigen-stimulated Ca21 mobilization
and degranulation to wild-type levels in the B6A4C1 cell line.
Furthermore, coexpression of activated Cdc42yRac1 and PLCg1
synergistically stimulates degranulation, indicating that these
Rho family proteins play an important role in an early Fc«RI-
coupled signaling event.

Materials and Methods
Cell Culture and Reagents. RBL-2H3 and B6A4C1 cells were
maintained in monolayer culture in modified Eagle’s medium
(MEM) supplemented with 20% FBSy2% L-glutaminey50 mg/ml
gentamicin sulfate at 37°C in a 5% CO2 incubator. Experiments
were typically performed 3–4 days after passage.

Vaccinia Virus Construction and Infection. Construction of wild-
type, dominant-active, and dominant-negative forms of myc-
tagged Cdc42 and Rac1 in vaccinia virus have been described
(4). The viruses encoding oncogenic Dbl (o-Dbl), PLCg1, and
the effector domain mutants Cdc42V12,F37 and Cdc42V12,Y40

were constructed in a similar manner. The o-Dbl construct
was hemagglutinin-tagged at the N terminus and includes
residues 498–925 of the full-length proto-Dbl. The PLCg1
construct was kindly provided by S. G. Rhee (National Insti-
tutes of Health, Bethesda) and subsequently modified with a
N-terminal hemagglutinin tag. Both of the effector domain
mutants of Cdc42 were myc-tagged at the N terminus. Viruses
that exhibited a high level of expression as determined by
Western blot were amplified in HeLa cells and stored in small
aliquots at 280°C. Titers of amplified viral stocks generally
ranged from 106-107 pfuyml.

Before infection, viruses taken from 280°C were sonicated
briefly, incubated with an equal volume of 0.25 mgyml trypsin for
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30 min at 37°C, and resonicated to disrupt viral aggregates. Cells
were infected with the indicated pfu per cell in MEM supple-
mented with 5% FBSy2% glutaminey50 mg/ml gentamicin sul-
fatey1 mg/ml anti-2,4-dinitrophenyl IgE for 6 h.

Degranulation Assays. RBL cells were plated in 48-well plates at
a density of 2.5 3 105 cells per well overnight at 37°C and infected
the following day. Infected cells were washed twice in Tyrode’s
buffer [135 mM NaCly5 mM KCly1.8 mM CaCl2y1 mM MgCl2y
5.6 mM glucosey1 mg/ml BSAy20 mM Hepes (pH 7.4)] and
stimulated with 100 ngyml multivalent dinitrophenyl-BSA
(DNPyBSA) for 1 h at 37°C. b-Hexosaminidase release was
measured as described (4).

Ca21 Measurements. RBL cells were plated in 100-mm plates at a
density of 4 3 106 cells per plate overnight at 37°C and infected
the following day. Infected cells were harvested, washed twice,
and resuspended in Tyrode’s buffer supplemented with 0.25 mM
sulfinpyrazone at 1 3 106 cellsyml, and then loaded with 0.5 mM
indo-1yacetoxymethyl ester (Calbiochem) for 1 h with constant
agitation at 37°C. Cells were then washed twice and resuspended
in Tyrode’s buffer and 0.25 mM sulfinpyrazone at 1 3 106

cellsyml. Aliquots (3 ml) of cell suspension were added to acrylic
cuvettes maintained at 37°C and constantly stirred during the
course of the experiment. DNPyBSA was added at 100 ngyml to
initiate Ca21 signaling. For experiments that specifically evaluate
release of Ca21 from ER stores, 4 mM EDTA was added to cells
before DNPyBSA stimulation. Indo-1 was excited at 330 nm and
fluorescence emission was monitored at 400 nm with a Perkin–
Elmer LS-5 fluorescence spectrophotometer.

Cell Lysis and Western Blotting. RBL cells infected for 6 h with virus
expressing PLCg1 or o-Dbl, or uninfected cells, were washed
with PBS and lysed in buffer A [40 mM Hepes (pH 7.4)y1%
Triton X-100y1 mM EDTAy150 mM NaCly50 mM NaFy1 mM
sodium orthovanadatey10 mg/ml leupeptiny10 mg/ml aproti-

niny1 mM PMSF) for 30 min rocking at 4°C. Lysates were
precleared by centrifugation at 12,000 3 g for 5 min and
denatured by boiling for 3 min in SDS sample buffer. Whole-cell
lysates were resolved by SDSyPAGE and transferred to nitro-
cellulose membranes. For Western blot detection, rabbit anti-
PLCg1 and rabbit anti-Dbl (both from Santa Cruz Biotechnol-
ogy) were used at a 1:1000 dilution. Blots were developed by
using donkey anti-rabbit coupled to horseradish peroxidase at a
dilution of 1:10,000 and the enhanced chemiluminescence de-
tection system (Amersham International).

Results
Activated Cdc42 and Rac1 Restore Degranulation to Wild-Type Levels
in B6A4C1 Cells. The dominant-active Cdc42V12 and Rac1V12

mutants have been extensively used as a means of sustaining
continual stimulation of effector targets to probe Rho GTPase
function. Cdc42V12 and Rac1V12 maintain their activated state by
being unable to hydrolyze bound GTP. By using a vaccinia virus
expression system, we introduced these mutants into B6A4C1
cells to determine whether activated Cdc42 and Rac1 can
reconstitute antigen-stimulated degranulation to the levels ob-
served in parental RBL-2H3 cells.

The B6A4C1 cell line exhibits a marked decrease in antigen-
stimulated degranulation compared with RBL-2H3 cells (Fig. 1).
Infection with an empty vaccinia virus vector control reduced
stimulated degranulation in both cell lines, such that it became
indistinguishable from spontaneous release in B6A4C1 cells. As
summarized in Fig. 1 for multiple experiments, infection of
B6A4C1 cells with the dominant-active mutants, Cdc42V12 and
Rac1V12, significantly enhanced antigen-stimulated degranula-
tion by '10-fold and 15-fold, respectively, compared with stim-
ulated mutant cells infected with empty vector, thereby restoring
stimulated degranulation to '80% and 120%, respectively, of
the levels obtained with RBL-2H3 cells infected with empty
vector. In contrast, expression of wild-type Cdc42 and Rac1 or
dominant-negative Cdc42N17 and Rac1N17 did not cause any

Fig. 1. Dominant-active Cdc42 and Rac1 rescue degranulation in B6A4C1 cells. b-Hexosaminidase release was measured in RBL-2H3 and B6A4C1 cells infected
with 20 pfuycell of vector or left uninfected and in B6A4C1 cells infected with different forms of Cdc42 and Rac1, on stimulation with 100 ngyml DNPyBSA or
left unstimulated. Degranulation is given as the percent of total cellular b-hexosaminidase released, as measured by treatment of cells in parallel with 0.5% Triton
X-100. Error bars represent the standard deviation of at least three independent experiments.
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significant change in antigen-stimulated degranulation. Consis-
tent with this, B6A4C1 cells expressed endogenous Cdc42 and
Rac1 as in RBL-2H3 cells (data not shown). Unstimulated
B6A4C1 cells expressing Rac1V12 exhibited a small amount of
degranulation during the secretion assay, suggesting that acti-
vated Rac1 can partially bypass the need for antigen stimulation
of degranulation in these cells. Total b-hexoaminidase content
was not significantly altered in cells infected with any of the
constructs used, indicating that degranulation did not detectably
occur during the initial vaccinia infection period. The different
mutants of Cdc42 or Rac1 were expressed at comparable protein
levels in B6A4C1 cells (data not shown), as seen in RBL-2H3
cells (4).

To examine the requirement for Rho GTPase binding to
downstream effector targets in restoring degranulation in
B6A4C1 cells, we introduced two point mutations, F37A and
Y40C, separately, into the Switch I effector-binding domain
(residues 32–40) of Cdc42V12. The F37A mutation blocks Cdc42-
dependent activation of Rac1-induced membrane ruff les,
whereas the Y40C mutation prevents interaction with targets
containing the CRIB domain such as PAK or WASP (9).
Expression of Cdc42V12,Y40 or Cdc42V12,F37 completely elimi-
nated the enhanced level of secretion observed on infection with
Cdc42V12 (Fig. 1), indicating that downstream targets necessary
for activating degranulation must bind to the Switch I region of
Cdc42yRac1.

Reconstitution of Ca21 Mobilization by Cdc42V12 and Rac1V12 in
B6A4C1 Cells. We next investigated whether sustained Ca21

mobilization could be restored in B6A4C1 on antigen stimula-
tion, because the signaling defect in these mutant cells was
previously determined to be upstream of IP3 production (8).
Ca21 mobilization is initiated by IP3-dependent opening of IP3
receptor Ca21 channels in the ER membrane (10, 11). The
resultant depletion of Ca21 from ER stores, in turn, activates the
influx of extracellular Ca21 necessary for sustained intracellular
Ca21 elevation (12). Antigen-stimulated changes in cytoplasmic
Ca21 were monitored by using indo-1 fluorescence (Fig. 2). On
antigen stimulation (Fig. 2b, ➩), B6A4C1 cells infected with
empty vector exhibited a transient increase in cytoplasmic Ca21

contributed primarily by the release of Ca21 from ER stores.
These cells did not maintain the more sustained increase in
cytoplasmic Ca21 derived primarily from influx, which is nor-
mally observed in wild-type 2H3 cells (Fig. 2a) (13). Expression
of either Cdc42V12 or Rac1V12 in B6A4C1 cells significantly
enhanced both the initial and sustained phases of antigen-
stimulated Ca21 signaling (Fig. 2 c and d). To determine whether
these GTPases play a role in stimulating the release of Ca21 from
ER stores, indo-1 experiments were performed in the presence
of EGTA to chelate extracellular Ca21. On EGTA addition (Fig.
2 e–h, ➡), indo-1 fluorescence decreased to a lower baseline
level, caused in part to the release of Ca21 from small amounts
of extracellular indo-1. Subsequent antigen stimulation of
B6A4C1 cells expressing Cdc42V12 or Rac1V12 (Fig. 2 g and h, ➩)
triggered an enhanced transient release of Ca21 from ER stores
compared with cells infected with empty vector (Fig. 2f ). This
indicates that both Cdc42 and Rac1 can act upstream of stim-
ulated Ca21 release from ER stores in restoring functional Ca21

mobilization in the mutant B6A4C1 cells. In contrast, mutant
cells expressing wild-type Cdc42yRac1 (Fig. 2 i and l), dominant-
negative Cdc42N17yRac1N17 (Fig. 2 j and m), and the two effector
domain mutants, Cdc42V12,F37 and Cdc42V12,Y40 (Fig. 2 k and n),
failed to restore sustained Ca21 signaling, consistent with the
degranulation results. Taken together, these results suggest that
the mutant cell line is unable to produce sufficient amounts of
antigen-stimulated IP3 to sustain the elevated levels of cytoplas-
mic Ca21 required to stimulate degranulation. By restoring this
capacity in the mutant cell line, Cdc42V12 and Rac1V12 can

effectively reconstitute antigen-stimulated Ca21 mobilization
and degranulation.

o-Dbl Partially Rescues Antigen-Stimulated Degranulation and Ca21

Signaling in B6A4C1 Cells. To examine whether the activation of
either Cdc42 or Rac1 is defective in the mutant cell line, we
constructed a vaccinia virus expressing o-Dbl, a truncated form
of proto-Dbl, that acts as a potent guanine nucleotide exchange
factor for these Rho GTPases (14, 15) (Fig. 3 Inset, lanes 1 and
2). B6A4C1 cells expressing o-Dbl displayed a significant en-
hancement of antigen-stimulated degranulation, although this
was less than the enhancement obtained with an equivalent
amount of Cdc42V12 virus (Fig. 3). Similarly, expression of o-Dbl
partly rescued Ca21 signaling, enhancing both the sustained
Ca21 influx (Fig. 4b) and release from ER stores (Fig. 4e), to
levels intermediate between those of the empty vector control
and Cdc42V12 in antigen-stimulated cells (Fig. 4 a and d). This
partial restoration of stimulated degranulation and Ca21 mobi-
lization by o-Dbl suggests that endogenous Cdc42 and Rac1 are
functional, and that B6A4C1 cells may be defective in the
upstream activation of these Rho GTPases. The less potent
effects of o-Dbl compared with Cdc42V12 and Rac1V12 may

Fig. 2. Dominant-active Cdc42 and Rac1 restore total Ca21 mobilization and
release of Ca21 from ER stores in B6A4C1 cells. RBL-2H3 cells were infected
with 20 pfuycell of vector (a and e) and B6A4C1 cells were infected with 20
pfuycell of vector (b and f ); Cdc42V12 (c and g); Rac1V12 (d and h); Cdc42 (i);
Cdc42N17 (j); Cdc42V12,F37 (k); Rac1 (l); Rac1N17 (m); and Cdc42V12,Y40 (n) for 6 h
at 37°C and loaded with indo-1. Overall Ca21 responses were monitored by
indo-1 fluorescence in response to stimulation with 100 ngyml DNPyBSA (➩).
To specifically measure the release of Ca21 from ER stores (e–h), loaded cells
were treated with 4 mM EDTA (➡) and then stimulated with 100 ngyml
DNPyBSA. For 2H3 cells infected with vector and for B6A4C1 cells infected with
vector, Cdc42V12 or Rac1V12 (a–h), measurements of the Ca21 responses in the
absence and presence of EGTA were performed concurrently. Traces shown
are representative of at least three independent experiments.
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reflect difficulties in achieving the proper localization of the
nucleotide exchange factor, given that Dbl is normally expressed
in brain and adrenal glands, and may not be properly localized
in the RBL mast cells.

Activated Cdc42yRac1 and PLCg1 Synergistically Activate Degranula-
tion in B6A4C1 Cells. We previously obtained evidence suggesting
that activated Cdc42 interacted with PLCg1, although we were
not able to establish that Cdc42 binding regulated PLCg1 activity
(4). To further examine a possible functional link between Cdc42
or Rac1 and PLCg1, we constructed a PLCg1 vaccinia virus to
determine whether PLCg1 overexpression (Fig. 3 Inset, lanes 3
and 4) could restore signaling in B6A4C1 cells and whether
Cdc42V12yRac1V12 could work together with PLCg1 to stimulate
Ca21 mobilization and degranulation.

Overexpression of PLCg1 restored antigen-stimulated de-
granulation to a modest extent in B6A4C1 cells, compared with
the more enhanced level of degranulation displayed by cells
infected with Cdc42V12 under the same conditions (Fig. 3). In
contrast, PLCg1 reconstituted total Ca21 signaling (Fig. 4c) and
initial release from ER stores (Fig. 4f ) as effectively as Cdc42V12

(Fig. 4 a and d). This differential rescue of degranulation and
Ca21 mobilization by PLCg1 suggests that reconstitution of the
stimulated Ca21 response by activated Cdc42yRac1 may only
partially account for the functional role of these Rho GTPases
in stimulated degranulation.

To examine the effects of coexpression of PLCg1 with
Cdc42V12yRac1V12, B6A4C1 cells were infected simultaneously
with 75% of each titer used in previous experiments. Under these
conditions, coinfection of empty vector with Cdc42V12, Rac1V12,
or PLCg1 produced smaller increases in antigen-stimulated
degranulation compared with infection with the single viruses

alone (compare Fig. 5 with Figs. 1 and 3). On coinfection of
PLCg1 with Cdc42V12 or Rac1V12, significant degranulation was
stimulated even in the absence of antigen (Fig. 5), with PLCg1y
Cdc42V12 generating '11% degranulation, and PLCg1y
Rac1V12, yielding '23% degranulation, whereas the individual
viruses generated a sum of '1% and 6%, respectively. Thus,
both activated Cdc42 and activated Rac1 can work in a syner-
gistic fashion with PLCg1 to promote degranulation and thereby
bypass the requirement for activation of the IgE receptor.

On antigen stimulation, coinfection of Cdc42 and PLCg1
further enhanced degranulation to '37%, which is more than
twice the value that would be expected if the actions of Cdc42V12

and PLCg1 were simply additive. Similarly, coexpression of
Rac1V12 and PLCg1 yielded '45% antigen-stimulated degran-
ulation, whereas the individual viruses generated a sum of
'33%. In contrast, coinfection of PLCg1 with dominant-
negative Cdc42N17 did not exhibit synergistic activation, but
instead yielded a lower level of degranulation ('5%) compared
with that displayed by PLCg1 expression alone ('9%), thus
suggesting that the activation of endogenous Cdc42 may be
necessary to stimulate PLCg1 activity. Furthermore, coinfection
of PLCg1 with either of the effector domain mutants,
Cdc42V12,F37 and Cdc42V12,Y40, also prevented the synergy be-
tween Cdc42V12yRac1V12 and PLCg1, producing antigen-
stimulated degranulation levels similar to that measured for
PLCg1 expression alone. The capacity of PLCg1 and Cdc42V12y
Rac1V12 to synergistically activate degranulation, in the presence
and absence of antigen, together with the inhibitory effects
produced by dominant-negative Cdc42, suggest that these pro-
teins are functionally coupled and play key roles in antigen-
stimulated degranulation.

Discussion
This study provides the first direct evidence for a critical role for
Cdc42yRac1 in receptor-stimulated Ca21 mobilization. This

Fig. 3. o-Dbl and PLCg1 partially restore degranulation in B6A4C1 cells.
B6A4C1 cells were infected with either 60 pfuycell of empty vector, Cdc42V12,
or o-Dbl, or 20 pfuycell of empty vector, Cdc42V12, or PLCg1 for 6 h at 37°C.
Degranulation assays were performed as described in Fig. 1 and Materials and
Methods. Error bars represent the standard deviation of at least three inde-
pendent experiments. B6A4C1 cells infected with 60 pfuycell of o-Dbl (Inset,
lane 2) or 20 pfuycell of PLCg1 (Inset, lane 4) for 6 h at 37°C, or left uninfected
(Inset, lanes 1 and 3) were lysed, proteins were resolved by SDSyPAGE, and the
virus-expressed proteins were detected by Western blotting by using anti-Dbl
or anti-PLCg1 antibodies.

Fig. 4. PLCg1 expression enhances Ca21 signaling to the same level as
dominant-active Cdc42, whereas o-Dbl exhibits partial rescue in B6A4C1 cells.
B6A4C1 cells were infected with 20 pfuycell of vector and Cdc42V12 (a and d);
o-Dbl (b and e); and PLCg1 (c and f ) for 6 h at 37°C and loaded with indo-1.
Overall Ca21 responses were measured in response to stimulation with 100
ngyml DNPyBSA (➩). To measure release of Ca21 from ER stores (d–f ), loaded
cells were treated with 4 mM EDTA (➡) and then stimulated with 100 ngyml
DNPyBSA. Measurements of the Ca21 responses in the absence and presence
of EGTA were performed concurrently. Traces shown are representative of at
least three independent experiments.
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conclusion is based on an analysis of the B6A4C1 mutant RBL
mast cell line, which exhibits a unique phenotype: normal
Fc«RI-mediated tyrosine phosphorylation, including phosphor-
ylation of the Syk tyrosine kinase substrates PLCg1 and PLCg2,
but no detectable PLCg activity, and a general absence of
downstream signaling, including phospholipase D activation,
phospholipase A2 activation, actin polymerization, and degran-
ulation (8). This phenotype suggests a defect in a key biochemical
event that couples the antigen-stimulated tyrosine phosphory-
lation cascade to downstream lipase activation. The capacity of
activated Cdc42 and Rac1 to restore antigen-stimulated Ca21

mobilization and degranulation to wild-type levels in these
mutant cells provides strong evidence that activation of these
Rho family members by antigen is a key event in the normal
sequelae of Fc«RI-mediated signal transduction in mast cells.

The mechanism by which activated Cdc42yRac1 participates
in the restoration of sustained Ca21 mobilization and degranu-
lation in B6A4C1 cells is not yet clear. Our previous study
provided evidence that GTP-bound Cdc42 binds selectively to a
PLCg1 species with a slightly faster mobility on SDSyPAGE than
bulk PLCg1 (4). Thus, Cdc42yRac1 may activate PLCg1 by
direct interaction, perhaps analogous to the direct activation of
PLCb2 by Rho family members (16). Alternatively, Cdc42yRac1
may activate a pathway that synergizes with activated PLCg to
stimulate IP3 production. Previous evidence that Cdc42 andyor
Rac1 participate in the activation of phosphatidylinositol 4-phos-
phate 5-kinase (17) and phospholipase D (18) may be relevant
to our findings, because the former enzyme catalyzes the syn-
thesis of phosphatidylinositol-4,5-bisphosphate, the substrate for
PLC, and the latter provides a key cofactor (phosphatidic acid)
for this synthesis (19). Consistent with our findings, Ali et al. (20)
previously showed that GDPbS prevents antigen-stimulated
inositol phosphate production in streptolysin O-permeabilized
RBL cells.

In addition to a role in antigen-stimulated Ca21 mobilization,
it is possible that Cdc42yRac1 activates a separate biochemical
event that is also important for antigen-stimulated degranula-
tion. We in fact observed that overexpression of PLCg1 fully
restores antigen-stimulated Ca21 mobilization, but only poorly

restores the degranulation response (Figs. 3 and 4). Further-
more, this response is fully restored by the synergistic effects of
cotransfected PLCg1 and activated Cdc42yRac1 (Fig. 5). Acti-
vation of phospholipase D has been shown to correlate with
reconstitution of antigen-stimulated degranulation in perme-
abilized RBL cells under conditions of buffered free Ca21 (21),
so it is possible that activation of phospholipase D by Cdc42y
Rac1 (18) accounts for this second step in the signaling cascade
that leads to stimulated exocytosis. Activation of Rho family
GTPases is also known to stimulate actin polymerization in
peritoneal mast cells (22, 23), but this function is unlikely to be
important for the role of Cdc42yRac1 in stimulated exocytosis
in RBL cells. Inhibition of these cytoskeletal changes by cy-
tochalasin D fails to inhibit exocytosis, and actually enhances the
earliest signaling events stimulated by antigen in these cells (13,
24). In summary, although the precise mechanism by which
activated Cdc42yRac1 restores antigen-stimulated Ca21 mobili-
zation and degranulation in the B6A4C1 cells is still not fully
understood, it is apparent that these Rho family proteins must
act early in the cascade of signaling events.

Our observations that o-Dbl can partially restore sustained
Ca21 mobilization and degranulation in B6A4C1 cells (Figs. 3
and 4) are consistent with the hypothesis that these cells are
defective in Cdc42yRac1 activation by antigen. However, the
endogenous guanine nucleotide exchange factor that normally
participates in this process in RBL-2H3 cells has not yet been
identified, and it is not yet clear whether the biochemical defect
in B6A4C1 cells exists at the level of, or is upstream from, the
exchange factor. Recent molecular genetic studies have shown
that the Rac1 exchange factor Vav plays an important role in T
and B cell signaling leading to IL-2 production (25, 26), but the
phenotype of the Vav2/2 T and B cells only partially resembles
that of the B6A4C1 cells. The capacity of activated Cdc42 but not
activated Rac1 to restore lipid raft biosynthesis in B6A4C1 cells
(8) suggests that activation of Cdc42 is the primary defect in
these mutant cells. The capacity of activated Rac1 to reconstitute
Ca21 mobilization and degranulation in these cells can be
explained by postulating that Rac1 is downstream of Cdc42 in the
Fc«RI signaling cascade but not in the effector pathways im-

Fig. 5. Coexpression of PLCg1 with either dominant-active Cdc42 or Rac1 synergistically activates degranulation in B6A4C1 cells. B6A4C1 cells were coinfected
with 15 pfuycell of each of two viruses (30 pfuycell total) as indicated, or infected with 30 pfuycell of vector, for 6 h at 37°C, or left uninfected. Degranulation
assays were performed as described in Fig. 1 and Materials and Methods. Error bars represent the standard deviation of at least three independent experiments.
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portant for lipid raft biosynthesis. Our finding that the F37A
mutation prevents Cdc42V12 from reconstituting antigen-
stimulated Ca21 mobilization (Fig. 2) and degranulation (Fig. 1)
is consistent with this hypothesis. Interestingly, this mutation
fails to prevent Cdc42V12 from reconstituting lipid raft biosyn-
thesis (E. Hong-Geller and D. Holowka, unpublished observa-
tions), suggesting that a region in Cdc42 distinct from this
effector domain may mediate lipid raft biosynthesis.

In conclusion, our results provide evidence for a key role for
Cdc42 and Rac1 in early Fc«RI-mediated signaling. They indi-

cate that these Rho family members are critical for antigen-
stimulated Ca21 mobilization leading to degranulation, and this
may turn out to be of more general importance for antigen
receptors in the immune response.
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