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Numerous biochemical experiments have invoked a model in which B-cell antigen receptor (BCR)-Fc
receptor for immunoglobulin (Ig) G (Fc�RII) coclustering provides a dominant negative signal that blocks
B-cell activation. Here, we tested this model using quantitative confocal microscopic techniques applied to ex
vivo splenic B cells. We found that Fc�RII and BCR colocalized with intact anti-Ig and that the SH2
domain-containing inositol 5�-phosphatase (SHIP) was recruited to the same site. Colocalization of BCR and
SHIP was inefficient in Fc�RII�/� but not gamma chain�/� splenic B cells. We also examined the subcellular
location of a variety of enzymes and adapter proteins involved in signal transduction. Several proteins (CD19,
CD22, SHP-1, and Dok) and a lipid raft marker were corecruited to the BCR, regardless of the presence or
absence of Fc�RII and SHIP. Other proteins (Btk, Vav, Rac, and F-actin) displayed reduced colocalization with
BCR in the presence of Fc�RII and SHIP. Colocalization of BCR and F-actin required phosphatidylinositol
(PtdIns) 3-kinase and was inhibited by SHIP, because the block in BCR/F-actin colocalization was not seen in
B cells of SHIP�/� animals. Furthermore, BCR internalization was inhibited with intact anti-Ig stimulation or
by expression of a dominant-negative mutant form of Rac. From these results, we propose that SHIP recruit-
ment to BCR/Fc�RII and the resulting hydrolysis of PtdIns-3,4,5-trisphosphate prevents the appropriate
spatial redistribution and activation of enzymes distal to PtdIns 3-kinase, including those that promote Rac
activation, actin polymerization, and receptor internalization.

B lymphocytes function to process and present foreign an-
tigen to T lymphocytes and to proliferate and produce antigen-
specific immunoglobulin (Ig). These responses are initiated by
antigen binding to the B-cell antigen receptor (BCR) and by
stimulation of the attending signal transduction process.

The BCR is composed of surface immunoglobulin associ-
ated with an immunoreceptor tyrosine-based activation motif
(ITAM)-containing �/� heterodimer. BCR clustering is critical
to B-cell activation and can be accomplished by antigen or
anti-Ig to mimic antigen binding. Upon BCR clustering, ty-
rosine residues within ITAMs are phosphorylated by Src family
protein tyrosine kinases (10a). The nascent phosphotyrosine
residues become docking sites for the Src homology 2 (SH2)
domains of various downstream signaling molecules, which
activate additional signaling enzymes, including phosphatidyl-
inositol (PtdIns) 3-kinase, Ras, and phospholipase C�.

Earlier studies established the ability of existing antibody to
inhibit a humoral response to new epitopes on the same par-
ticle (12b–12d; reviewed in reference 22f). The inhibitory
event, termed negative signaling, occurs through coclustering
of the BCR and the Fc IgG receptor Fc�RII (6a, 26a). This
hypothesis was inferred from experimental evidence showing
that a blocking monoclonal antibody directed against Fc�RII
reversed the inhibitory effect of intact anti-Ig on B-cell pro-

liferation (22a, 22b) and antigen presentation to T cells (31).
Furthermore, stimulation of B cells with Fc-bearing intact
anti-Ig antibodies blocks activation events, such as Ca2�

influx (8a) and B-cell proliferation (15a). Although a BCR-
Fc�RII coclustering model of negative signaling is consis-
tent with existing data, there is no direct evidence that these
receptors actually cocluster.

Fc�RII contains a 13-residue cytoplasmic immunoreceptor
tyrosine-based inhibitory motif (ITIM) sequence common to
other inhibitory receptors (reviewed in reference 22e). The
tyrosine within the ITIM motif of Fc�RII is phosphorylated
upon BCR-Fc�RII coclustering (19a). Studies using synthetic
ITIM phosphopeptides (8, 9a, 27, 28a) or Fc�RII coimmuno-
precipitation (5, 28) identified the SH2 domain-containing
inositol 5�-phosphatase (SHIP) and the protein phosphatase
SHP-1 as capable of engaging the phosphorylated ITIM of
Fc�RIIb. B-cell lines deficient in SHIP expression lose the
ability to undergo negative signaling, as defined by changes in
cytoplasmic Ca2� (12a, 19b, 21a, 27, 30). Thus, in vitro bio-
chemical evidence supports a role for SHIP in negative signal-
ing, but there is no direct evidence indicating that SHIP is
recruited to the Fc�RII. More importantly, specific biological
events affected by SHIP recruitment to Fc�RII are unclear.

Enzymes involved in signal transduction pathways are acti-
vated by a change in their subcellular location, providing new
access to substrates or initiating noncovalent protein interac-
tions that modify activity. Here, we have investigated the sub-
cellular localization of several enzymes involved in B-cell signal
transduction and of the two phosphatases thought to contrib-
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ute to the negative signaling process. Using a novel quantita-
tive method applied to confocal microscopic images of splenic
B cells, we provide direct evidence that Fc�RII and BCR are
coclustered under negative signaling conditions. Likewise,
SHIP was recruited to the site of colocalized BCR and Fc�RII.
Colocalization of BCR and SHIP was impaired in Fc�RII�/�

but not gamma chain�/� B cells.
We examined BCR recruitment of signaling proteins that

might be affected by SHIP-mediated hydrolysis of PtdIns 3-ki-
nase lipid products (phosphatidylinositol 3,4,5-trisphosphate
[PtdIns-3,4,5-P3]), including Btk, Vav, Rac, and F-actin. Re-
cruitment to the BCR of these proteins was reduced under
conditions leading to BCR-Fc�RII-SHIP colocalization, and
their reduction was associated with a block in antigen receptor
internalization. We hypothesize that hydrolysis of PtdIns-
3,4,5-P3 by recruitment of the inositol 5�-phosphatase SHIP to
the BCR/Fc�RII cap site disturbs recruitment and activation
of enzymes responding to PtdIns 3-kinase. Consistent with this
hypothesis, we found that colocalization of BCR and F-actin
was reduced by treatment with PtdIns 3-kinase inhibitor.
Moreover, the reduction in colocalization of F-actin and BCR
under intact anti-Ig was abolished in B cells from SHIP�/�

animals. Together, our findings provide a spatial and temporal
description of molecules involved in positive and negative sig-
nal transduction events in B cells.

MATERIALS AND METHODS

Animals and commercial antibodies. Animals were purchased from Jackson
Laboratories (Bar Harbor, Maine) or Taconic Farms (Germantown, N.Y.) and
bred at our facility. Antibodies were purchased from commercial suppliers and
labeled with N-hydroxysuccinimidyl biotin (Pierce Chemical Co., Rockford, Ill.).
Nonlabeled and indodicarbocyanine (Cy5)- and fluorescein isothiocyanate
(FITC)-labeled rabbit anti-mouse Ig were purchased from Pierce Biochemicals
and Jackson Immunoresearch Laboratories (West Grove, Pa.). Antibodies to
SHIP (27) were labeled with AlexaFluor 488 (Molecular Probes, Eugene, Oreg.).
Monoclonal antibodies (MAbs) to mouse Fc�RII/III, CD19, CD22, and B220
were purchased from Pharmingen (San Diego, Calif.). Antibodies to Vav,
Dok, SHP-1, I�B, Btk, and Rac were purchased from Santa Cruz Biotech-
nology (Santa Cruz, Calif.). AlexaFluor 488-labeled phalloidin and anti-FITC
antibody were purchased from Molecular Probes. FITC-cholera toxin B sub-
unit and LY294002 were purchased from Sigma Chemical Co. (St. Louis,
Mo.).

Splenic B-cell preparation, stimulation, and immunostaining. B cells were
prepared from splenocytes as previously described (22c) and stimulated with 10
or 15 �g of Cy5-conjugated F(ab�)2 fragment or intact rabbit anti-mouse Ig per
ml at 37°C for 1 to 2 min. Stimulations were stopped by fixative solution (1%
formaldehyde in phosphate-buffered saline [PBS] containing 0.1% NaN3) or by
cold PBS and fixation as above. Unstimulated cells were incubated at 37°C in
buffer only and fixed before staining. Fixed cells were washed in staining buffer
(3% fetal bovine serum [FBS], 0.1% NaN3 in PBS), incubated with 1 �g of
biotinylated MAb for 2 h at 4°C, washed, and stained with 1 �g of FITC-
streptavidin or AlexaFluor 488-streptavidin.

The stained cells were added to poly-L-lysine (0.1%, wt/vol; Sigma)-coated
cover slips and mounted to slides. For intracellular staining, cells were fixed and
permeabilized in PBS with 2% bovine serum albumin (BSA), 2% FBS, 1 mM
sodium vanadate, 1 mM EDTA, 0.2% Tween 20, and 0.01% sodium dodecyl
sulfate (SDS), supplemented with the indicated biotinylated antibodies. The cells
were incubated at 4°C for 4 to 16 h. After staining, cells were washed and
incubated with FITC- or AlexaFluor 488-streptavidin.

A Leica TCS laser scanning confocal microscope was used for image acquisi-
tion. Fluorescein or AlexaFluor 488 was excited at 488 nm using an argon laser;
Cy5 was excited using a helium-neon laser at 633 nm. Emission wavelengths
between 530 and 560 nm were collected for FITC and AlexaFluor 488, and
emission wavelengths greater than 645 nm were collected for Cy5. Image analysis
of double-labeled cells was performed by determining the correlation coefficient,

as previously described (22d). Briefly, correlation analysis of double-labeled cells
was performed by determining the correlation coefficient (	):
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where xi and yi are the intensities of each point in equatorial images of double-
labeled cells and �x� and �y� are the corresponding average values.

The operation for calculating 	 was as follows. The mean fluorescence of the
plasma membrane was measured and subtracted from each pixel associated with
the plasma membrane. This was performed for each image to generate a pair of
difference images defined by the terms


xi � �x� and 
yi � �y�.

The corresponding difference images were multiplied and squared to generate
images corresponding to


xi � �x�
yi � �y�, 
xi � �x�2, 
yi � �y�2

Next, the region corresponding to the plasma membrane in the last three images
was summed and divided by the area (in pixels). Square root and division
operations of the resulting integers were performed as defined by equation 1. All
calculations were made using IP Lab Spectrum software (Signal Analytics Corp.,
Vienna, Va.).

B-cell receptor internalization assay. B cells were incubated with FITC-la-
beled anti-Ig for 30 min at 4°C and washed to remove unbound antibody. The
cells were then incubated at 37°C for the indicated time. The reaction was
stopped and separated into two equal volumes. Mean fluorescence intensity from
one set of the duplicate samples represented total internalized and surface-
bound FITC-anti-Ig. The other set of samples were incubated for 1 h with
anti-FITC antibody to quench noninternalized, surface-bound FITC-anti-Ig.
Mean fluorescence intensity was measured and represented internalized fluores-
cence. Percent internalized BCR was obtained by dividing internalized mean
fluorescence intensity by total mean fluorescence intensity. Values at the zero
time points represent cells incubated with FITC-anti-Ig at 4°C for the entire
experiment, followed by anti-FITC to quench.

Transfection of A20 B cells. A20 B cells were transfected as described earlier
(14a) with either green fluorescent protein (GFP) vector or a dominant negative
mutant of Rac (N17Rac-GFP). Transfectants were incubated with Cy5-labeled
F(ab�)2 anti-Ig for 30 min at 4°C and moved to 37°C for 10 min. The reaction was
stopped with cold staining buffer and fixation. Cy5 staining of BCR at 4°C was
used to indicate the noninternalized BCR from transfected cells.

Internalization measurements were modified from earlier studies (31a).
Briefly, cells were stimulated with nonlabeled F(ab�)2 anti-Ig for the indicated
times to permit receptor internalization. Reactions were stopped, and remaining
noninternalized BCR was stained with Cy5-labeled F(ab�)2 anti-Ig. GFP-positive
cells were gated, and mean fluorescence intensity was measured by flow cytom-
etry. Mean fluorescence intensity at 4°C represented the total amount of BCR
and mean fluorescence intensity at each time point represented by noninternal-
ized BCR. Percent internalized BCR was measured as a loss of Cy5 fluorescence
by subtracting noninternalized BCR from the total amount of BCR and divided
by the total amount of BCR.

RESULTS

Coclustering of BCR-Fc�RII with intact anti-Ig. Biochemi-
cal studies examining inhibitory signaling events in B cells
treated with F(ab�)2 or intact anti-Ig antibodies suggest that
BCR and Fc�RII colocalized with the latter reagent and that
colocalization was essential to block B-cell activation. To ob-
tain direct evidence that the two receptors are juxtaposed,
splenic B cells were stimulated with Cy5-labeled anti-Ig, either
as an F(ab�)2 fragment or as intact antibody. The cells were
fixed and costained with FITC-labeled MAb directed against
mouse Fc�RII/III (Fig. 1A) or against CD45/B220 as a control
(Fig. 1B). Images of the FITC label are shown in the left set of
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panels. Cy5 label data for the same microscopic field are shown
are the middle set, and the merged images are shown on the
right.

In resting cells, both the BCR and Fc�RII receptors exhib-
ited a random distribution. After stimulation with anti-Ig, the
BCR rapidly formed a cap at one pole of the cell. Receptor
capping occurred regardless of the nature of the anti-Ig re-
agent. B cells stimulated with F(ab�)2 fragments of anti-Ig

maintained a random distribution of Fc�RII identical to that in
resting cells. Likewise, B220 remained randomly distributed on
the surface of B cells before and after stimulation with F(ab�)2
fragments of anti-Ig. In contrast, Fc�RII but not B220 cocap-
ped with the BCR when the cells were stimulated with intact
anti-Ig.

While such images are direct and therefore informative, they
can be subjective and hence less instructive than other quan-
titative techniques. Earlier reports described a statistical
means to quantify colocalization of molecules from confocal
images (22d). Briefly, the image of each cell is scanned around
the perimeter, and fluorescent signals from the two fluoro-
chomes are quantitated at each position. The resulting histo-
grams display overlapping peaks of high signal intensity if the
two proteins colocalize. Fluorescent peaks can be statistically
evaluated to derive correlation coefficients for each individual
cell and each marker within a cell. The correlation coefficient
rises to 1.0 when the two molecules are perfectly colocalized.
Average correlation coefficients of fluorescent signals from
cells stimulated in different ways and times can then be com-
pared.

Fluorescent histograms of the BCR and Fc�RII signals from
a single cell, resting or stimulated with F(ab�)2 or intact anti-Ig,
are shown in Fig. 2A to C. Panel D of Fig. 2 shows average
correlation coefficients for 10 to 30 cells. BCR and Fc�RII
were randomly distributed in unstimulated B cells (Fig. 2A),
with a correlation coefficient of �0.5 (Fig. 2D). After stimula-
tion with F(ab�)2 or intact anti-Ig, the BCR cap showed a peak
of fluorescence in the corresponding fluorescence histograms
(Fig. 2B and C). However, Fc�RII remained randomly distrib-
uted in B cells stimulated with F(ab�)2 anti-Ig. Hence, the
correlation coefficient does not significantly change from the
resting state. In contrast, B cells stimulated with intact anti-Ig
showed a nearly perfect correlation of BCR and Fc�RII, with
a corresponding correlation coefficient of 0.91 (Fig. 2C and D).
These findings confirm that the BCR and Fc�RII colocalize
when B cells are stimulated with intact anti-Ig antibodies.

Differential recruitment of SHIP but not SHP-1 to Fc�RII.
Earlier experiments by us and others demonstrated that the
phosphatases SHIP and SHP-1 can engage a synthetic phos-
phorylated ITIM peptide of Fc�RII. These observations pre-
dicted that SHIP would associate with Fc�RII in B cells stim-
ulated by intact but not F(ab�)2 fragments of anti-Ig
antibodies, since the ITIM is phosphorylated only in the
former case.

To address this issue, B cells were stimulated with Cy5-
labeled F(ab�)2 or intact anti-Ig, then fixed and permeabilized
before staining with rabbit polyclonal anti-SHIP antiserum di-
rectly conjugated with AlexaFluor-488. Antibodies to I�B were
used as a negative control because I�B is not associated with
receptors upon stimulation. In resting and F(ab�)2 anti-Ig stim-
ulation conditions, SHIP showed a diffuse cytoplasmic staining
pattern with a corresponding low degree of colocalization with
BCR (Fig. 3A). However, consistent with the earlier biochem-
ical data using synthetic phosphopeptides, BCR and SHIP
showed a high degree of colocalization when the cells were
stimulated with intact anti-Ig. B cells stained for I�B showed
little colocalization with the BCR regardless of the form of
anti-Ig stimulation (Fig. 3B).

The extent of BCR-SHIP colocalization was quantitated by

FIG. 1. Fc�RII and BCR colocalize under intact anti-Ig stimula-
tion conditions. (A) Splenic B cells were stimulated with Cy5-labeled
anti-Ig, either F(ab�)2 fragment [F(ab�)2 anti-Ig] or as intact antibody
(intact anti-Ig). Cells were stimulated for 2 min and costained with
FITC-labeled 2.4G2 to visualize Fc�RII. FITC-labeled isotype anti-
body for 2.4G2 was used as a negative control for confocal microscopy
(data not shown). Unstimulated samples (No stimulus) were fixed
before staining with Cy5-labeled F(ab�)2 anti-Ig for 1 h at 4°C, washed
twice, and stained with FITC-labeled 2.4G2. (B) B220 was visualized
using FITC-conjugated anti-B220 antibodies. All cells were examined
by confocal microscopy using argon and helium-neon lasers and visu-
alized at mid-plane at �100 magnification.
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determining the correlation coefficient in a number of identi-
cally stimulated cells. The results (Fig. 3C) showed a correla-
tion coefficient of �0.4 for unstimulated B cells, which in-
creased to 0.55 in F(ab�)2 anti-Ig-stimulated B cells. The
average correlation coefficient after stimulation with intact an-
ti-Ig antibodies increased to 0.9, confirming the high degree of
colocalization of SHIP and BCR under these conditions. How-
ever, the correlation coefficient of BCR and I�B was less than
0.36 in resting, F(ab�)2, or intact anti-Ig stimulation conditions
(Table 1). Thus, as indicated by in vitro experiments using
phosphopeptides, BCR-SHIP colocalization was inefficient
when the cells were stimulated with F(ab�)2. In contrast, SHIP
(Fig. 3), Fc�RII, and BCR (Fig. 1 and 2) are efficiently colo-
calized when B cells are stimulated with intact anti-Ig.

Of the murine IgG receptors, only Fc�RII bears an ITIM
motif capable of engaging inhibitory phosphatases like SHIP
and SHP-1. The other IgG receptors, Fc�RI and Fc�RIII, are
associated with an ITAM-containing gamma chain, and hema-
topoietic cells from gamma chain�/� animals do not express
these receptors (24). Thus, B cells lacking Fc�RII but not
gamma chain should display deficient BCR-SHIP colocaliza-
tion.

To test this prediction, we isolated B cells from wild-type
animals and from animals deficient in Fc�RII, the gamma
chain, or both. B cells were stimulated with F(ab�)2 or intact
anti-Ig, stained with antibodies to SHIP, and examined as
above to determine the degree of colocalization of the BCR
with SHIP (Fig. 4A). We found that B cells from gamma

FIG. 2. Quantitative analysis of confocal microscopy image. Confocal microscopic images were obtained from resting cells or cells stimulated
with either F(ab�)2 or intact anti-Ig. Fluorescence intensities of positions around the perimeter of a single cell stained for BCR and Fc�RII were
determined. Fluorescence intensities were plotted for a single cell without stimulus (A), stimulated with F(ab�)2 anti-Ig (B), or stimulated with
intact anti-Ig (C). (D) The degree of codistribution of two fluorochrome signals (FITC-labeled 2.4G2 and Cy5-labeled BCR) measured from single
cells was assessed with correlation coefficients, as described in the text. The results shown are averages of correlation coefficients and standard
errors from cells with no stimulus or F(ab�)2 or intact anti-Ig stimulus for 1 or 2 min. F(ab�)2 and intact anti-Ig treatments at each time point were
statistically analyzed for significance of differences using the paired t test. For both cases, the P value was less than 0.0001.
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chain�/� and wild-type mice displayed a higher correlation
coefficient when the cells were stimulated under negative sig-
naling conditions. In contrast, B cells from Fc�RII-deficient or
gamma chain/Fc�RII doubly deficient mice showed a signifi-
cantly lower correlation coefficient of SHIP and BCR upon
intact anti-Ig stimulation. Thus, consistent with earlier exper-
iments using phosphopeptides (27), SHIP colocalization with
the BCR under negative signaling conditions is optimal in cells
expressing Fc�RII.

Experiments using the phosphorylated ITIM motif of
Fc�RII in peptide pull-down experiments identified the pro-
tein phosphatase SHP-1 as being able to engage this motif (8).
If SHP-1 is specifically recruited to Fc�RII, the correlation
coefficient of SHP-1 and BCR should be higher under negative
signaling conditions. We applied correlation coefficient analy-
sis of cells stained with anti-SHP-1 and -BCR antibodies to
address this issue. The results (Fig. 4B) revealed a low corre-
lation coefficient (0.23) of SHP-1 and the BCR in resting cells.

Interestingly, SHP-1 was recruited to BCR upon stimulation
with F(ab�)2 anti-Ig as well as intact anti-Ig, with correlation
coefficients of 0.70 and 0.77, respectively. The difference in the
correlation coefficients was not significant (Table 1). Hence,
despite the increased presence of the ITIM-bearing Fc�RII in
the BCR cap, SHP-1 recruitment to the BCR was not im-
proved under negative signaling conditions. Furthermore, re-
cruitment of SHP-1 to BCR upon stimulation with any form of
anti-Ig still occurred in Fc�RII�/� B cells (Fig. 4B). These
results indicate that SHP-1 recruitment to the BCR is not
mediated by Fc�RII.

Differential recruitment of other signaling molecules to
Fc�RII. We applied this technique to analyze intracellular
effector molecules involved in positive or negative signal trans-
duction pathways. These molecules are listed in Table 1. The
data shown are the average correlation coefficients of the BCR
with each molecule in resting B cells and activated B cells. P
values have been calculated to determine whether the corre-

FIG. 3. SHIP recruitment to the BCR-Fc�RII coclustering site, (A) Colocalization of SHIP and BCR was examined by cytoplasmic staining of
SHIP. Cells were unstimulated or stimulated for 2 min with F(ab�)2 or intact anti-Ig antibodies. The location of SHIP was examined by AlexaFluor
488-labeled anti-SHIP antibody. (B) Cytoplasmic staining of I�B was performed using biotinylated anti-I�B followed by streptavidin-AlexaFluor
488. (C) Average correlation coefficient for SHIP and BCR from cells unstimulated or stimulated with F(ab�)2 or intact anti-Ig stimulus for 1 or
2 min. N is number of cells examined for each experimental condition, and standard error is indicated as a bar. F(ab�)2 and intact anti-Ig treatment
at each time point was analyzed for significance of difference as P value. For both cases the P value was less than 0.0001.
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lation coefficients are significantly different. Several molecules,
including Btk, Vav, Rac, and F-actin, showed low values of
BCR colocalization in the resting state, increased values upon
activation by F(ab�)2 anti-Ig, but significantly reduced values
upon activation by intact anti-Ig. CD19 and CD22 both dis-
played high degrees of colocalization with BCR in resting cells,
as observed previously (4, 16), and the association increased
slightly upon stimulation. The adapter protein Dok and ty-
rosine-phosphorylated proteins showed a random pattern of
BCR colocalization in resting cells, which increased upon BCR
stimulation. Increased colocalization of BCR and Dok was not
different under positive and negative signaling conditions, sug-
gesting that Dok recruitment to the BCR is not affected by the
presence of SHIP or Fc�RII.

The BCR showed a stimulation-induced increase in colocal-
ization with lipid rafts, marked by the cholera toxin subunit B,
which binds gangliosides present in rafts (6). BCR migration
into lipid rafts was not affected by stimulation conditions that
led to colocalization with Fc�RII and the inositol phosphatase
SHIP.

SHIP prevents PtdIns 3-kinase-dependent colocalization of
F-actin to BCR cap. The observation that association of Vav,
Rac, and F-actin with the BCR is reduced under negative
signaling suggests an effect on the actin cytoskeleton, which
might alter antigen receptor internalization. Colocalization of
F-actin and BCR might be a crucial prerequisite for functional
BCR signaling and internalization, since perturbing actin fila-
ments with cytochalasin D reduced the rate of BCR internal-
ization and blocked the movement of the BCR to late endo-
somes (2). Moreover, it has been reported that engagement of
Fc�RII with BCR negatively regulated antigen internalization,
processing, and presentation (19, 31).

To explore the effect of the presence of SHIP in the BCR
cap on cytoskeletal rearrangement, we measured the kinetics
of BCR colocalization with Vav, Rac, and F-actin when B cells

were stimulated with F(ab�)2 or intact anti-Ig. Figure 5 shows
the averages of three independent experiments measuring co-
localization of BCR with Vav (Fig. 5A), Rac (Fig. 5B), and
F-actin (Fig. 5C). In all cases, the data show that BCR colo-
calization with these molecules was reduced in B cells stimu-
lated under conditions leading to SHIP recruitment.

Interestingly, although colocalization of these molecules and
BCR was reduced under conditions leading to SHIP recruit-
ment, it was not completely abrogated. Percent cocapping be-
tween BCR and Vav or BCR and Rac was measured by visually
comparing the staining pattern of more than 100 cells at each
time point (insets in Fig. 5A and 5B). Both the correlation

FIG. 4. Differential recruitment of SHIP but not SHP-1 to Fc�RII.
(A) Splenic B cells were derived from wild-type animals or mice de-
ficient in Fc�RII, gamma chain, or both receptors. Subcellular loca-
tions of SHIP and BCR were visualized after stimulation with Cy5-
labeled F(ab�)2 or intact anti-Ig. Confocal microscopic analysis was
done as described for Fig. 2. Numbers of cells analyzed after F(ab�)2
or intact anti-Ig treatment are shown below the label. The asterisks
indicate a significant difference with a P value of �0.0003. (B) Splenic
B cells of wild-type or Fc�RII�/� mice were stimulated with Cy5-
labeled F(ab�)2 or intact anti-Ig, fixed, permeabilized, and stained with
biotinylated SHP-1 antibody followed by streptavidin-FITC. The stim-
ulated samples showed no significant difference.

TABLE 1. Association of BCR with molecules implicated
in B-cell signal transductiona

Marker
Avg correlation coefficient � SE (no. of cells)

P value
Resting F(ab�)2 �-Ig Intact �-Ig

Btk 0.13 � 0.05 (8) 0.80 � 0.05 (10) 0.50 � 0.08 (9) �0.0045
Vav 0.39 � 0.06 (8) 0.87 � 0.02 (24) 0.59 � 0.04 (41) �0.0001
Rac 0.024 � 0.04 (10) 0.83 � 0.03 (46) 0.61 � 0.07 (48) �0.0001
F-actin 0.28 � 0.03 (10) 0.55 � 0.04 (21) 0.38 � 0.06 (23) �0.0226
Fc�RII 0.49 � 0.03 (21) 0.42 � 0.06 (11) 0.87 � 0.01 (10) �0.0001
CD19 0.76 � 0.03 (5) 0.84 � 0.03 (7) 0.86 � 0.04 (8) NS
CD22 0.63 � 0.04 (8) 0.77 � 0.02 (19) 0.85 � 0.02 (15) �0.0105
Dok 0.30 � 0.05 (10) 0.77 � 0.05 (10) 0.71 � 0.02 (12) NS
pTyr 0.42 � 0.08 (9) 0.82 � 0.03 (12) 0.80 � 0.04 (9) NS
SHIP 0.41 � 0.04 (12) 0.55 � 0.06 (17) 0.91 � 0.01 (12) �0.0001
SHP-1 0.23 � 0.03 (10) 0.70 � 0.04 (28) 0.77 � 0.03 (28) NS
GM1 0.21 � 0.04 (11) 0.68 � 0.04 (12) 0.67 � 0.05 (11) NS
I�B 0.23 � 0.05 (5) 0.36 � 0.05 (10) 0.27 � 0.05 (9) NS

a B cells from BALB/c mouse spleens were stimulated with Cy5-labeled
F(ab�)2 or intact anti-Ig for 2 min. The cells were fixed, permeabilized, and
counterstained with biotinylated antibodies against the various intracellular pro-
teins listed in the table, followed by FITC-labeled streptavidin. The cells were
visualized by confocal microscopy, and colocalization of the BCR was quanti-
tated as described in the text. The data are average correlation coefficients �
standard errors for N cells for the BCR and the molecules listed. The last column
shows the P values obtained by paired t tests, representing the significance of
difference between the correlation coefficient obtained using F(ab�)2 and intact
anti-Ig reagents. NS, not significant (P � 0.05). pTyr, phosphotyrosine.
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coefficient and the percent cocapping under negative signaling
conditions were significantly lower than those under positive
signaling conditions. We also measured BCR internalization
by staining cells with FITC-labeled anti-Ig reagents and
quenching extracellular fluorescence with anti-FITC antiserum
after incubation for the indicated times. The results (Fig. 5D)
likewise showed a reduction of internalization at all time points
in B cells stimulated with intact anti-Ig.

The data indicate that recruitment of SHIP to BCR reduces
the level of the PtdIns 3-kinase product, PtdInse-3,4,5,-P3,
which is needed for Rac activation and thus contributes to the
initiation of actin polymerization and antigen receptor inter-
nalization.

To directly test the role of PtdIns 3-kinase in actin reorga-
nization, we examined BCR-F-actin colocalization in B cells

from wild-type animals untreated or treated with LY294002, a
PtdIns 3-kinase inhibitor. Although F-actin distribution was
not exclusively present on the BCR cap, the accumulation of
F-actin with the BCR cap region was apparent upon treatment
with F(ab�)2 anti-Ig. Beginning at 2 min after stimulation, the
BCR formed a condensed protrusion that was highly enriched
with F-actin. B cells from wild-type mice showed reduced co-
localization of BCR and F-actin (Fig. 6A) after stimulation
with intact anti-Ig, as described above.

B cells treated with LY294002 and stimulated with F(ab�)2
fragments of anti-Ig appeared like those stimulated with intact
anti-Ig, showing reduced BCR-F-actin colocalization. These

FIG. 5. Differential recruitment of Vav, Rac, and F-actin to BCR
and reduced BCR internalization under intact anti-Ig stimulation con-
ditions. (A) Splenic B cells stimulated with Cy5-labeled F(ab�)2 or
intact anti-Ig and stained with biotinylated anti-Vav antiserum were
visualized by confocal microscopy and correlation coefficients were
calculated. The inset shows the percentage of B cells exhibiting BCR
cocapping with Vav, assessed visually by counting �100 cells. Corre-
lation coefficient values of intact anti-Ig-stimulated samples at all time
points showed a significant difference with P � 0.0001. (B) B cells were
stimulated as in panel A, stained with anti-Rac antiserum, and ana-
lyzed for average correlation coefficients of the BCR and Rac. The
inset shows the percentage of B cells exhibiting BCR cocapping with
Rac, assessed visually by counting �100 cells. Correlation coefficient
values of intact anti-Ig-stimulated samples at all time points showed a
significant difference, with P � 0.0001. (C) B cells were stimulated as
in panel A, stained with phalloidin, and analyzed for the average
correlation coefficient of the BCR and F-actin. Correlation coefficient
values of intact anti-Ig-stimulated samples at all time points showed a
significant difference, with P � 0.0226. (D) A20 B cells were labeled
with FITC-conjugated F(ab�)2 or intact anti-Ig and incubated at 37°C
for the indicated times. The percent internalized BCR was derived as
described in the text. (A to D) Open circles, F(ab�)2 stimulation; solid
circles, intact anti-Ig stimulation.

FIG. 6. SHIP recruitment reduces PtdIns-3 kinase dependent co-
localization of F-actin to BCR cap. (A) B cells from wild-type or
SHIP�/� mice were stimulated with F(ab�)2 or intact anti-Ig in the
presence or absence of 25 �M LY294002, as indicated. Cells were
stained for BCR and F-actin as described for Fig. 5. (B) Codistribution
of F-actin and BCR was examined as described in the text by correla-
tion coefficient. Gray bar, wild-type B cells; black bars, SHIP�/� B
cells. The white bar represents the average correlation coefficient of
BCR and F-actin of splenic B cells treated with the PtdIns-3 kinase
inhibitor LY294002.
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findings show that receptor-initiated actin reorganization re-
quires PtdIns 3-kinase and hence might be subject to inhibition
by SHIP.

To directly test the influence of SHIP in BCR-initiated actin
reorganization, we measured BCR-F-actin colocalization in B

cells derived from SHIP�/� animals. SHIP�/� B cells showed
a pronounced colocalization of F-actin and BCR upon stimu-
lation with intact anti-Ig. The correlation coefficient data for
both experiments are shown in Fig. 6B. Since B cells of
SHIP�/� mice have Fc�RII and SHP-1, these observations
indicate that SHIP is required for the Fc�RII-mediated inhi-
bition of F-actin redistribution. The data are consistent with
our central hypothesis that SHIP reduces F-actin colocaliza-
tion with BCR by hydrolysis of PtdIns-3,4,5-P3.

Rac is essential for antigen receptor internalization. Vav
promotes nucleotide exchange and activation of Rac, and the
exchange activity of Vav is dependent on PtdIns 3-kinase (12).
G protein-coupled receptors reorganize the cytoskeleton
through the activation of PtdIns 3-kinase, Vav, and Rac (18).
In conjunction with these earlier findings, our data suggest that
SHIP-mediated hydrolysis of PtdIns 3-kinase products may
prevent activation of Vav and Rac, resulting in reduced colo-
calization of BCR and F-actin and reduced antigen receptor
internalization.

To explore the role of Rac in BCR internalization, we trans-
fected B cells with a dominant-negative form of Rac (N17Rac)
fused to the GFP sequence or with GFP alone. The cells were
incubated with F(ab�)2 fragments of Cy5-labeled anti-Ig and
transferred to 37°C to induce receptor internalization. Mid-
point confocal images of the transfectants held at 4°C and
those incubated at 37°C are shown in Fig. 7. The GFP-only
transfectants (Fig. 7A) showed surface labeling of the BCR in
cells held at 4°C, with no attending receptor internalization, as
indicated by a lack of Cy5 fluorescence in the cytoplasm.
Transfer of the cells to 37°C initiated receptor internalization.
Internalized BCR was apparent in the images of both the
untransfected cells and the GFP�-transfected subpopulation.
Cy5-anti-Ig labeling of B cells transfected with N17Rac (Fig.
7B) and held at 4°C likewise showed a surface staining pattern.
When the temperature was raised to 37°C, the GFP� cells in
this population, which do not express N17Rac, displayed in-
ternalized BCR. In contrast, the GFP� cells expressing the
transfected dominant-negative N17Rac showed Cy5-labeled
BCR on the surface only.

We quantified the effect of N17Rac expression on BCR
internalization by analyzing the GFP-labeled cells using flow
cytometry. The data in Fig. 7C represent the loss of surface
BCR relative to the amount present on B cells held at 4°C
before initiation of receptor internalization. Using this assay,
we found that cells expressing GFP alone internalized the BCR
rapidly, so that approximately 80% of Cy5-anti-Ig binding ac-
tivity was lost after 10 min. B cells expressing N17Rac showed
a similar rate of receptor internalization but failed to achieve
the same extent of internalization as the GFP-only control.
These observations show that Rac is essential in BCR inter-
nalization following its engagement by ligand.

DISCUSSION

Enzymes involved in a signal transduction process are pri-
marily regulated by subcellular location. Alteration in enzyme
location is a function of protein interaction domains and the
ligand-induced generation of specific binding elements. Thus,
tyrosine-phosphorylated proteins are generated upon receptor
clustering to recruit SH2 domain-containing enzymes. Like-

FIG. 7. Rac is required for BCR internalization. (A) A20 cells were
transfected with either GFP vector control (A) or dominant negative
form of Rac (N17Rac-GFP) (B). After 24 h, Cy5-labeled F(ab�)2
anti-Ig was added for 30 min at 4°C. The anti-Ig-treated cells were held
at 4°C or moved to 37°C for 10 min to permit receptor internalization.
Internalized BCR was visualized using confocal microscopy. Cells ap-
pearing green represent those transfected with the GFP vector (A) or
GFP-N17Rac (B). (C) To quantify receptor internalization from GFP
vector- and N17Rac-GFP-transfected cells, cells were stimulated with
unlabeled F(ab�)2 anti-Ig for the indicated times to allow internaliza-
tion. The reactions were stopped using cold staining buffer, and re-
maining uninternalized BCR was labeled with Cy5-labeled F(ab�)2
anti-Ig and quantitated by flow cytometry. GFP-positive cells were
gated, and mean fluorescence intensity of Cy5-labeled F(ab�)2 anti-Ig
was measured at each time point. This value represented noninternal-
ized BCR. Mean fluorescence intensity at 4°C was used to represent
the total amount of BCR. Percent internalized BCR was measured as
a loss of Cy5 fluorescence by subtracting noninternalized BCR from
the total amount of BCR and divided by the total amount of BCR.
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wise, 3-phosphoinositides are generated by PtdIns 3-kinase to
recruit proteins containing a pleckstrin homology (PH) do-
main. Consistent with this paradigm, our earlier studies (5, 22,
27, 28) and those of others (8, 21) using a variety of biochem-
ical techniques reported findings consistent with the notion
that the Fc�RII provokes an inhibitory signal by recruitment of
the SH2 domain-containing inositol phosphatase SHIP to
Fc�RII and the BCR.

Here, we have explored the subcellular localization of sev-
eral enzymes and regulatory proteins involved in B-cell signal
transduction. By quantitative confocal microscopic methods,
we identified colocalized complexes composed of the BCR,
Fc�RII, and SHIP when B cells were stimulated with intact
anti-Ig. Formation of these complexes required that respond-
ing B cells express the ITIM-bearing Fc�RII. Conditions lead-
ing to SHIP-containing receptor complexes were accompanied
by decreased recruitment of PH domain-containing proteins
Vav and Btk, reduced recruitment of Rac and F-actin, as well
as decreased receptor internalization.

Consistent with a role for the inositol phosphatase SHIP in
reducing receptor recruitment of these molecules, the block in
BCR-F-actin association was not seen in SHIP-deficient B
cells. Likewise, inhibition of PtdIns 3-kinase or expression of
dominant-negative Rac prevented F(ab�)2 anti-Ig-triggered
BCR-F-actin association and receptor internalization, respec-
tively. From these findings, we suggest the model shown in Fig.
8. Coclustering of BCR and Fc�RII promotes the recruitment
of SHIP, which consumes the PtdIns 3-kinase product, PtdIns-
3,4,5-P3. PtdIns-3,4,5-P3 hydrolysis by SHIP inhibits the re-
cruitment and activation of Vav and the subsequent activation
of Rac. The resulting disruption of the actin cytoskeleton
causes a defect in antigen receptor internalization.

When the BCR is clustered by antigen or anti-Ig, it becomes
physically associated with the detergent-insoluble cytoskeletal
components and undergoes patching, capping, and endocyto-
sis. Actin polymerization and antigen receptor redistribution
are critical for this process, since disturbing actin filaments
with cytochalasin D, which blocks actin polymerization, inhib-
ited BCR internalization as well as BCR targeting to late
endosomes (2). Treatment of T cells with the same reagent was
shown to inhibit capping of the T-cell antigen receptor and
produce defects in the signaling pathways leading to interleu-
kin-2 (IL-2) transcription (14). How the signals generated from
BCR link to reorganizing actin cytoskeleton is not yet under-
stood, but the importance of Vav and Rac in this process has
been demonstrated (reviewed in reference 10).

Vav is a guanine nucleotide exchange factor for rho-family
GTPases such as Rac, which are involved in reorganizing the
actin cytoskeleton (3). Vav is essential for T-cell receptor cap-
ping, effective actin polymerization in response to antigen re-
ceptor activation (14, 29, 32), and actin-dependent receptor
translocation to the interface between the lymphocyte and the
antigen-presenting cell (32). Moreover, T and B cells of Vav-
deficient mice show defects in development, antigen-induced
proliferation, calcium influx, and IL-2 production (26, 34). Vav
is regulated both by phosphorylation and by the binding of
PtdIns 3-kinase products to its PH domain (12) and acts prox-
imal to Rac activation (7). The hydrolysis of PtdIns-3,4,5-P3 by
SHIP could therefore perturb actin cytoskeleton rearrange-
ment by preventing Vav and Rac activation.

However, it is noteworthy that Btk, another PH domain-
containing protein, was reported to be involved in actin rear-
rangement, acting as a link between PtdIns 3-kinase and Rac
(20). These observations strongly suggest a role for PtdIns
3-kinase in regulating PH domain-containing molecules during
cytoskeleton reorganization. We observed that the colocaliza-
tion of polymerized actin and BCR was severely inhibited
when SHIP was recruited to the BCR-Fc�RII complex. Treat-
ment with PtdIns 3-kinase inhibitor produced the same effect,
and the inhibition was not seen in the SHIP�/� B cells. These
findings demonstrate that SHIP reduces F-actin and BCR co-
localization by consumption of PtdIns 3-kinase products.

SHIP has a documented role in the regulation of actin-

FIG. 8. Model of inhibition of actin redistribution and receptor
internalization by Fc�RII-SHIP. Upon receptor clustering, the BCR
forms a cap that includes CD22, CD19, and intracellular signaling
molecules PtdIns 3-kinase, Vav, and Rac. BCR clustering activates
PtdIns 3-kinase to form PtdIns-3,4,5-P3, which acts to recruit and
stimulate Vav. Active Vav stimulates the small GTPase Rac to elicit
actin reorganization. When Fc�RII and SHIP are present with the
BCR, formation of PtdIns-3,4,5-P3 is reduced, and hence all events
distal to PtdIns-3,4,5-P3 are blocked.
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dependent processes such as chemokine-dependent migration
(15, 30). Splenocytes from SHIP�/� mice demonstrated en-
hanced F-actin levels and increased migration towards chemo-
kines (15). SHIP inhibited insulin-induced GLUT4 transloca-
tion as well as membrane ruffling triggered by growth factor in
adipocytes and fibroblasts (30). Interestingly, recent findings
suggested that PTEN (phosphatase and tensin homolog de-
leted on chromosome 10), an inositol 3-phosphatase and neg-
ative regulator for PtdIns 3-kinase, suppresses cell migration
by hydrolysis of PtdIns-3,4,5-P3 and consequently downregu-
lating Rac and Cdc42 in fibroblasts (17).

The protein phosphatase SHP-1 is capable of binding the
phosphorylated ITIM peptide corresponding to Fc�RII (8).
This in vitro binding activity was invoked to account for the
reduction in CD19 phosphorylation upon stimulation of B cells
with intact anti-Ig reagent (13). However, we demonstrate here
that SHP-1 is not differentially recruited to receptor clusters
containing BCR or BCR-Fc�RII and that BCR colocalization
of SHP-1 does not require Fc�RII expression. Likewise, CD22
is coclustered with the BCR regardless of the form of the
stimulating anti-Ig reagent. Phosphopeptide pull-down exper-
iments indicated that SHP-1 can engage phosphotyrosines of
CD22 (1, 9, 23, 33), a receptor bearing several cytoplasmic
tyrosines in an ITIM configuration. Thus, a more likely sce-
nario is that SHP-1 acts to negatively regulate BCR signal
transduction independent of Fc�RII and possibly through its
interaction with other ITIM-containing receptors like CD22.

Stimulation of B cells with intact anti-Ig antibodies causes a
block in stimulation of the Ras pathway. Dok is an adapter
protein that recruits the Ras GTPase-activating protein Ras-
GAP. Dok is more efficiently phosphorylated upon BCR-
Fc�RII coclustering relative to BCR clustering alone (25). It
was proposed that SHIP acts to recruit a complex of proteins
containing Dok and RasGAP upon BCR-Fc�RII coclustering
and that the Dok-associated RasGAP blocks GTP loading of
Ras (25), which implies differential recruitment of Dok to
SHIP or Fc�RII. However, we found essentially identical
BCR-Dok colocalization when B cells were stimulated with
intact or F(ab�)2 fragments of anti-Ig. Other experiments in
fibroblasts suggest that Dok is recruited to the plasma mem-
brane and exerts its inhibitory effect on Ras by engaging
3-phosphoinositides via the Dok PH domain (35).

The Dok PH domain appeared to have equivalent affinity for
PtdIns-3,4,5-P3, the SHIP substrate, and PtdIns-3,4-P2, the
SHIP product (35). Neither our studies of BCR-Dok localiza-
tion nor the recent experiments in fibroblasts on the role of the
Dok PH domain can account for the reported differential ty-
rosine phosphorylation of Dok and its association with Ras-
GAP (25). It is possible that these events occur at later times
than used in this study. Indeed, Dok phosphorylation and as-
sociation with RasGAP are submaximal 2 min after stimulation
(25), the time used in our experiments.

The BCR cap shown here with its accumulation of various
signaling molecules may describe the signalosome of BCR
signal transduction (11). According to the signalosome model,
a complex composed of phospholipase C�2, Syk, Btk, and
B-cell linker protein (designated BLNK) is initiated by PtdIns-
3,4,5-P3 formation and recruitment and phosphorylation of the
adapter molecule BLNK. Thus, gene-targeted disruption of
any of the components could result in destabilizing the com-

plex. Accordingly, animals deficient in any single component of
the signalosome exhibit a phenotype similar to that of xid mice,
which are deficient in Btk (11). PtdIns-3,4,5-P3 produced by
PtdIns 3-kinase in the BCR cap nucleates the signalosome by
recruiting PH domain-containing enzymes. Polymerized actin
in the signalosome may stabilize the complex, thereby gener-
ating prolonged and sustained mediators. Consumption of Pt-
dIns-3,4,5-P3 by SHIP would attenuate the formation of sig-
nalosome and decrease the presence of polymerized actin in
the BCR cap. This notion predicts that the BCR cap would be
enriched with respect to PtdIns-3,4,5-P3 and the enrichment
would be decreased upon stimulation under conditions leading
to recruitment of SHIP.

These findings demonstrate the importance of the subcellu-
lar location of proteins involved in signal transduction path-
ways. Protein location depends on the receptor-induced pro-
duction of intracellular mediators like 3-phosphoinositide
lipids and tyrosine-phosphorylated proteins. The levels of
these mediators are in turn regulated by phosphatases like
SHIP and SHP-1. Our findings reported here provide direct
visual evidence for such negative regulation. Furthermore, vi-
sualizing and quantitating movements of molecules provide a
powerful technique to resolve mechanisms of signal transduc-
tion in lymphocytes and their regulation by phosphatases.
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