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Recombinant annexin V (rAnV) has been used to identify apoptotic cells based on its ability to bind phosphatidylserine (PS), a lipid
normally restricted to the cytoplasmic face of the plasma membrane, but externalized early during apoptosis. However, this
association of rAnV binding and apoptosis is not an obligatory one. We demonstrate that rAnV binds to a large fraction of murine
B cells bearing selectable Ag receptors despite the fact that these cells are not apoptotic. Phosphatidylserine, which is uniformly
distributed on resting B cells, is mobilized to co-cap with IgM on anti-IgM-treated B cells and to colocalize with GM1, a marker
of lipid rafts. Cross-linking PS before anti-IgM treatment sequesters this lipid and alters signaling through IgM. Thus, PS exposed
on the majority of B cells in vivo does not reflect early apoptosis, but, instead, plays a role in receptor-mediated signaling
events. The Journal of Immunology,2000, 164: 1322–1332.

B cells undergo selection at multiple stages during their
development based largely on their ability to express a
functional and self-tolerant B cell receptor (BCR)4 for

Ag (reviewed in Ref. 1). The genes encoding this receptor, Ig
heavy (IgH) and light (IgL) chain genes, are assembled by V(D)J
recombination in a highly regulated fashion during the early stages
of B cell development (reviewed in Ref. 2). Unsuccessful rear-
rangement of Ig genes results in the apoptosis of developing B
cells (3). After successful gene rearrangement, nascent, immature
B cells express sIgM, but not sIgD, while mature B cells express
both sIgM and sIgD. There are two subsets of peripheral B cells,
called B-2 and B-1 (reviewed in Ref. 4). These subsets express
distinct Ig repertoires, presumably reflecting their different func-
tions in the immune system (5). The B-2 cell Ig repertoire is ex-
ceptionally diverse, while the B-1 cell repertoire is more limited.
B-2 cells predominate in the blood, spleen, and lymph nodes and
participate in T cell-dependent immune responses. B-1 cells are
largely restricted to the peritoneum and other body cavities and
comprise the majority of B cells in these areas. B-1 cells have the
capacity for self-renewal and are responsible for secreting most of
the IgM present in the serum of unimmunized animals (6). Because

a large fraction of the B-1 subset is composed of cells with mea-
surable affinity for self Ags with repetitive structures, such as
phosphatidylcholine (PC) and DNA (7–9), it has been suggested
that developing B cells bearing certain self-specific Ag receptors
are positively selected into the B-1 cell repertoire (10).

Transgenic (Tg) mouse model systems have clearly demon-
strated that B cells that generate a BCR capable of recognizing self
Ag with high affinity may edit that receptor by replacing the IgH
and/or IgL chain gene segments through further V(D)J recombi-
nation (11–13). Self-reactive immature B cells that fail to edit their
receptors successfully are negatively selected at an immature stage
of development (14, 15) and die by apoptosis in situ, analogous to
thymocytes expressing an autoreactive TCR (16, 17). B cells that
survive this stringent selection process are exported to the periph-
eral lymphoid organs to participate in immune surveillance.

The plasma membrane of a healthy cell typically exhibits an
asymmetric distribution of its major phospholipids, maintained by
the activity of aminophospholipid translocase (18). Virtually all of
the phosphatidylserine (PS) and most of the phosphatidylethano-
lamine (PtE) and phosphatidylinositol (PI) molecules reside on the
inner leaflet of the plasma membrane, with sphingomyelin (SM)
largely confined to the outer leaflet, and PC distributed equally
between the leaflets (19). During the early stages of apoptosis,
cells lose their membrane phospholipid asymmetry and expose PS
on the outer leaflet of the plasma membrane, triggering their
phagocytosis by macrophages that bear PS receptors (20). Rapid
phagocytosis prevents secondary necrosis and inflammation within
the surrounding tissue (reviewed in Refs. 21 and 22).

Annexin V (AnV) is a member of a large family of Ca21 and
phospholipid binding proteins (23). In the presence of physiolog-
ical concentrations of Ca21, AnV has high affinity for negatively
charged phospholipids, especially PS. Based on its affinity for PS,
fluorescently labeled AnV is often used in flow cytometric assays
to detect cells undergoing apoptosis (24, 25). The original intent of
the studies described below was to use recombinant AnV (rAnV)
to study apoptosis at various stages during murine B cell devel-
opment. Contrary to our expectations, we found that rAnV binds to
the outer leaflet of the plasma membrane in healthy B cells, asso-
ciates with the BCR in membrane microdomains in anti-
IgM-activated B cells, and affects the signaling activity of the BCR
on splenic B cells.
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Materials and Methods
Mice

The Tg mice expressing the Ig H1L chain genes from the 3-83 BCR that
confers reactivity to the mouse MHC class I Ags H-2Kb and -Kk (26) were
provided by Dr. David Scott (American Red Cross, Rockville, MD) and
maintained on an H-2d background by continuous backcrosses to BALB/c
mice (National Cancer Institute, Frederick, MD). 3-83 Tg mice were also
bred to H-2b b2m

2/2 mice (27), which were the gift of Dr. Mark Soloski
(Johns Hopkins University). Mice expressing Ig H1L transgenes encoding
a BCR specific for HEL and anti-HEL/soluble HEL double Tg mice (28)
were obtained from Dr. Tim Behrens (University of Minnesota, Minneap-
olis, MN) or from The Jackson Laboratory (Bar Harbor, ME). VH12 Tg
mice (29), which carry a rearranged Ig H chain gene from a PC-specific
B-1a clone, were provided by Dr. Stephen Clarke (University of North
Carolina, Chapel Hill). Both anti-HEL Tg and VH12 Tg mice were main-
tained as heterozygotes by continuous backcrosses to C57BL/6 mice. Con-
trol non-Tg mice were offspring from these same matings. Mice were
maintained in specific pathogen-free conditions in our facility and unless
otherwise noted were used in experiments at 4–20 wk of age.

Reagents

Recombinant human AnV was cloned by PCR, expressed inEscherichia
coli, then purified and conjugated to FITC or biotin as previously described
(30). Our reagent gave results identical with those using commercially
prepared versions of FITC-rAnV (Clontech, Palo Alto, CA) or biotin-rAnV
(PharMingen, San Diego, CA). TUNEL assays were performed with a kit
(Roche, Indianapolis, IN) according to the manufacturer’s instructions.
49,6-Diamidino-2-phenylindole and DiOC6 were obtained from Molecular
Probes (Eugene, OR); 7AAD, MC540, Quantum Red (QR)-SA, and FITC-
cholera toxin (CTx;b subunit) were purchased from Sigma (St. Louis,
MO). Unlabeled SA used in cross-linking experiments was purchased from
ICN (Irvine, CA). Anti-B220-PE (clone RA3-6B2), anti-CD3e-biotin
(clone 2C11), and anti-CD19-biotin (clone 1D3) mAbs were obtained from
PharMingen. Unlabeled and PE-labeled goat anti-mouse IgM, PE-goat anti-
mouse IgG2a, and goat anti-mouse IgD-biotin were purchased from South-
ern Biotechnology Associates (Birmingham, AL). Both FITC- and biotin-
conjugated versions of 54.1, the mAb that recognizes the 3-83 Id, were
gifts from Terri Grdina (American Red Cross). The anti-mouse MHC class
I (H-2Kb, Ld) mAb 28-14-8, a mouse IgG2a mAb, was provided by Dr.
Mark Soloski (Johns Hopkins University, Baltimore, MD). The mouse anti-
a-fodrin mAb 1622 was purchased from Chemicon International (Te-
mecula, CA), and HRP-conjugated sheep anti-mouse Ig was purchased
from Amersham (Arlington Heights, IL). 4G10, a mouse anti-
phosphotyrosine mAb, was obtained from Upstate Biotechnology (Lake
Placid, NY). 60.815 is a human anti-human poly(A)DP-ribose polymerase
(PARP) antisera that cross-reacts on mouse PARP (31); HRP-conjugated
goat anti-human Ig was purchased from Southern Biotechnology
Associates.

Apoptosis control cell line

103-bcl2 cells (32) were obtained from Dr. Naomi Rosenberg (Tufts Uni-
versity, Boston, MA) and were grown in RPMI 1640 supplemented with
10% FBS, 4 mM glutamine, 10 mM HEPES, 50mM 2-ME, and antibiotics
at 33°C in a 5% CO2 incubator. For induction of apoptosis, the cells were
shifted to 39°C for 12–16 h.

Cell preparation and purification

BM cells were isolated from femurs and tibias by careful disruption in PBS
using a mortar and pestle. Cells were resuspended, depleted of bone frag-
ments by passive sedimentation, and pelleted at 10003 g. Splenocytes
were obtained by crushing spleens between glass slides, then resuspending
and pelleting the cells as described for BM. To avoid the potential loss or
gain of rAnV1 cells, BM and spleen samples were not depleted of RBC by
Ficoll treatment or hypotonic lysis; instead, RBC and dead cells were gated
out electronically after flow cytometric analysis. All cells were resus-
pended in FACS wash buffer (FACS WB; HBSS, 1% BSA, and 10 mM
HEPES, pH 7.4) at a concentration of 20–303 106 c/ml before staining.
To enrich for B cells, BM or spleen preparations were stained with anti-
CD19-biotin followed by a wash by SA-conjugated magnetic beads, then
passed over a MiniMacs separation column according to the manufactur-
er’s instructions (Miltenyi Biotec, Sunnyvale, CA).

Pronase digestion of splenocytes

Splenocytes were purified by Ficoll-gradient centrifugation and resus-
pended in HBSS and 10 mM HEPES, pH 7.5, before incubation for 5 min

at 37°C in the presence or the absence of 50mg/ml pronase (Roche). Cells
were transferred to an ice bucket, and an excess of ice-cold HBSS and 10%
newborn calf serum was added. Cells were then recovered by centrifuga-
tion and washed two additional times in HBSS and 10% newborn calf
serum. Finally, cells were resuspended in FACS WB and analyzed by flow
cytometry as described below.

Cell staining and flow cytometry

For staining with FITC- or biotin-rAnV, 1–1.53 106 cells were transferred
to 5-ml tubes and washed with 1 ml of FACS WB and 2 mM CaCl2 or WB
and 2 mM EGTA, then pelleted at 10003 g. The interaction between AnV
and PS is calcium dependent and as such should be abolished in the pres-
ence of EGTA. Cells were then incubated on ice for 20 min in the presence
of saturating amounts of the appropriate FITC-, PE-, and/or biotin-conju-
gated mAbs and FITC- or biotin-rAnV in a total volume of 100ml of FACS
WB with Ca21 or EGTA. Cells were washed with 1.5 ml of WB and Ca21

or EGTA, pelleted, then resuspended in 100ml WB and Ca21 or EGTA
containing a saturating amount of QR-SA. After another 20-min incubation
on ice, the cells were washed and pelleted as before, then resuspended in
0.5 ml of WB and Ca21 or EGTA and analyzed on a FACScan using
CellQuest software (Becton Dickinson, Mountain View, CA), except for
those analyses shown in Fig. 3B, which were performed on a Coulter EP-
ICS-EL cytometer (Coulter, Hialeah, FL) and analyzed with FloJo software
(Tree Star, San Carlos, CA). MC540 was added just before FACS analysis
at a final concentration of 0.1mg/ml. Cells were stained with DiOC6 (40
nM, final concentration) for 15 min at 37°C and were washed before stain-
ing with other reagents. Detectors for forward and side light scatter were
set on a linear scale, whereas logarithmic detectors were used for all three
fluorescence channels (FL-1, FL-2, and FL-3). Compensation for spectral
overlap between FL channels was performed for each experiment using
single-color-stained cell populations. Wherever possible, instrument set-
tings were saved to disk and used again with slight modifications if nec-
essary in related experiments. All cells were collected ungated to disk, and
data were analyzed using CellQuest software. Unless otherwise noted,
RBC and dead cells were excluded by electronically gating data on the
basis of FSC vs SSC profiles; a minimum of 104 cells of interest were
analyzed further.

Liposome inhibition of rAnV binding

Liposomes, generated essentially as previously described (33), were com-
posed of 70% PC and 30% of each of the phospholipids PS, PI, phospha-
tidic acid, SM, and PtE, or 100% PC. Pure preparations of lipids (Sigma)
were added to glass tubes in appropriate combinations, mixed gently, evap-
orated to dryness under N2 gas, resuspended in HEPES buffer to a final
concentration of 1 mM, then sonicated on ice for 5 min. Liposomes were
used within 2 h of preparation. Before staining cells with FITC-AnV, li-
posomes were added to the FITC-rAnV solution at a predetermined opti-
mal concentration (5mM), followed by incubation for 10 min at room
temperature. Cells were stained with the AnV/liposome mixture in the
usual manner, washed thoroughly, stained with B220-PE followed by
7AAD, and then analyzed on a FACScan.

Western immunoblotting

To analyze the status ofa-fodrin cleavage in various cell populations, cells
were washed twice with PBS, pelleted, and resuspended in an equal vol-
ume of PBS and 23 SDS gel loading buffer (17% glycerol, 5% SDS,
0.05% bromophenol blue, 1.4 M 2-ME, and 0.45 M Tris, pH 6.8), and then
boiled 10 min. Cellular debris was removed by centrifugation for 5 min at
14,000 rpm, and supernatants were transferred to fresh tubes. Extracts cor-
responding to 1.2–23 106 cell equivalents were loaded into each lane of
an 8.5% SDS-PAGE gel and blotted after electrophoresis to Hybond-ECL
nitrocellulose membrane (0.45mm pore size; Amersham, Arlington
Heights, IL) at 55 V for 5 h in transfer buffer (25 mM Tris, 192 mM
glycine, and 15% methanol). Nonspecific binding was blocked by over-
night incubation in BLOTTO (5% nonfat milk powder and 0.1% Tween 20
in PBS) at 4°C. Blots were probed with the anti-a-fodrin mAb 1622 at a
dilution of 1/2,500 in BLOTTO for 1 h atroom temperature. Filters were
washed three times for 5 min each time with PBS/0.1% Tween 20 (PBS-T),
then incubated for 30 min at room temp with BLOTTO containing a
1/2,500 dilution of HRP-conjugated sheep anti-mouse Ig (Amersham). Fil-
ters were washed extensively (once for 15 min, then twice for 5 min each
time) with PBS-T, and the specific protein complexes were identified using
the ECL-Western blotting detection system (Amersham). For subsequent
analysis of PARP cleavage, blots were stripped for 30 min at 50°C in strip
buffer (0.1 M 2-ME, 2% SDS, and 62.5 mM Tris-HCl, pH 6.7), washed
extensively with PBS-T, incubated in BLOTTO O/N at 4°C, then probed as
described above with the anti-human PARP mAb 60.815 at a dilution of
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1/5,000. After washing, the blot was incubated with goat anti-human Ig-
HRP at a 1/15,000 dilution, then developed by ECL. For anti-
phosphotyrosine immunoblotting, cells were stimulated as noted in the
text, washed twice in protein-free HBSS containing 1.5 mM CaCl2 and 1
mM Na3VO4, lysed for 10 min on ice in TNT lysis buffer (1% Triton
X-100, 150 mM NaCl, 50 mM Tris-Cl (pH 7.6), 1 mM Na3VO4, 1 mM
PMSF, 1 mg/ml aprotinin, and 1mg/ml leupeptin), then centrifuged to
remove debris. Supernatants (from 106 cells/lane) were run on 11% acryl-
amide gels and transferred to nitrocellulose. Filters were blocked overnight
in TBS/BSA (10 mM Tris-Cl (pH 8.0), 150 mM NaCl, and 2% BSA), then
incubated at room temperature for 1 h with 1mg/ml 4G10 diluted in TBS/
BSA. The blot was washed three times (10 min each time) with PBS-T,
incubated with sheep anti-mouse-Ig-HRP (1/6,000) for 30 min at room
temperature, then washed three times with PBS-T (10 min each) and de-
veloped by ECL.

Immunofluorescence microscopy

Cells were stained (or not) with mAbs as indicated in the text, fixed for 30
min at room temperature in fresh 2% paraformaldehyde solution, then cen-
trifuged and washed twice. For GM1 staining, fixed cells were incubated
with FITC-CTx (8 mg/ml) for 30 min, then washed before analysis. Con-
focal microscopy was performed on a scanning confocal microscope sys-
tem (model LSM 410, Carl Zeiss, Thornwood, NY).

Results
rAnV stains B cells induced to undergo apoptosis in vitro

We prepared rAnV and conjugated it to either FITC or biotin for
use in flow cytometry (30). To confirm the ability of rAnV to
detect cells undergoing apoptosis, we stained 103-bcl2, a temper-
ature-sensitive Abelson virus-transformed pro-B cell line (32).
This cell line can be induced to undergo apoptosis by shifting cells
from the permissive temperature (33°C) to a nonpermissive tem-
perature (39°C) (32). As predicted from previous studies (30),
when FITC-rAnV is used in combination with the DNA-binding
dye 7-aminoactinomycin D (7AAD; excluded from viable cells
with an intact plasma membrane) to stain 103-bcl2 cells cultured at
39°C overnight, we can readily detect both apoptotic
(rAnV17AAD2) and dead (rAnV17AAD1) cells (Fig. 1). The
light scatter characteristics of the latter cells correlate well with
their rAnV/7AAD profiles, as most of these are FSClowSSCint/high

(data not shown). Only sorted rAnV27AAD2 (viable) cells and

not rAnV17AAD2 (apoptotic) cells incorporated [3H]thymidine
upon subsequent culture for 72 h at the permissive temperature
(data not shown). The rAnV17AAD2 cells also exhibited mem-
brane blebbing and nuclear condensation, and their DNA displayed
internucleosomal fragmentation, all characteristic features of apo-
ptosis (30) (data not shown).

rAnV binds to viable B cells bearing a selectable BCR

Given that rAnV so clearly demarcates apoptotic 103-bcl2 cells in
vitro, we proceeded to use this reagent to stain primary B cells
directly ex vivo. We isolated BM cells and splenocytes from a
variety of mice, including normal nontransgenic (non-Tg) mice
and mice expressing transgenes encoding both the H and L chains
of an Ab specific for the MHC class I molecule H-2K (clone 3-83)
(26). The 3-83 Ab, isolated from a B-2 clone, binds to H-2Kk with
high affinity and to H-2Kb with moderate affinity, but does not bind
with appreciable affinity to H-2Kd (34, 35). Thus, in H-2d 3-83 Tg
mice or in H-2b b2m

2/2 3-83 Tg mice (whose cells lack surface
expression of MHC class I molecules) (27), nearly all the imma-
ture BM B cells and mature peripheral B cells express the Tg BCR
and stain with the 3-83 Id-specific mAb 54.1 (35, 36) (data not
shown). However, in H-2b or H-2k 3-83 Tg mice, B cell develop-
ment is arrested at an immature stage, and those Tg B cells re-
maining are IgMlowIgD2 (14).

We used anti-B220-PE and FITC-rAnV to stain BM and splenic
cells isolated from 3-83 Tg mice on both a negatively selecting
background (H-2b b2m

1/2) and a background permissive for the
survival of cells expressing the Tg BCR (H-2b b2m

2/2). Contrary
to expectation, we found that most of the live-gated B2201 cells in
the b2m

2/2 Tg BM and spleen bind rAnV despite the absence of
a self Ag that might trigger apoptosis (Fig. 2). These Tg B cells
bind rAnV at intermediate levels (rAnVint): significantly higher
than background staining in the absence of Ca21, but lower than
the levels found on dead or dying cells (Fig. 2 and see below).
Furthermore, a substantial proportion (;40–50%) of B cells in
both non-Tg and H-2b b2m

1/2 Tg BM and spleen also bind rAnV
at intermediate levels (Fig. 2).

FIGURE 1. rAnV staining can be used to discrimi-
nate apoptotic, dead, and viable 103-bcl2 pro B cells.
The temperature-sensitive pro-B cell line103-bcl2 was
induced to undergo apoptosis by shifting the cells from
33°C to 39°C for 15 h. Cells were harvested, stained
with FITC-AnV and 7AAD in the presence of CaCl2

(upper panels) or EGTA (lower panels), and analyzed
by flow cytometry. Data were gated on viable/early
apoptotic cells based on their light scatter characteris-
tics (left panels) or were analyzed ungated (right pan-
els). The percentages of cells falling within each quad-
rant are indicated.
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To determine whether affinity for rAnV is an idiosyncrasy of B
cells in the 3-83 Tg mice (and those in their non-Tg littermates),
we also analyzed BM from Ig Tg mice expressing H and L chains
with specificity for hen egg lysozyme (HEL) (28). Corroborating
our results with 3-83 Tg mice, we found that in anti-HEL Ig Tg
mice lacking the HEL Ag, a large proportion of BM B cells binds
FITC-rAnV (Fig. 2). We also stained cells from anti-HEL/soluble
HEL (sHEL) double-Tg mice, where the presence of HEL as a self
Ag induces anergy in the B cells expressing the anti-HEL BCR
(28). Again, a large fraction of the anergic Tg B cells in these mice
bound FITC-rAnV (Fig. 2).

Finally, we examined VH12 Tg mice, which bear an IgH trans-
gene isolated from a B-1 cell clone specific for PC. In VH12 Tg
mice, the rearranged IgH transgene efficiently mediates positive
selection of developing B cells into the B-1 cell subset (29). When
we stained BM and spleen cells from these mice with anti-
B220-PE and FITC-rAnV, we again found that a large fraction of
Tg BM cells bound rAnV, as did nearly all the splenic B-1 cells
(Fig. 2 and our manuscript in preparation). Interestingly, we did
not observe similar rAnV binding on splenic T cells. In general,

,10% of CD31 splenic T cells (Fig. 2) or thymocytes (data not
shown) in any of the mice we analyzed (including TCR Tg mice;
our manuscript in preparation), bind rAnV above background lev-
els. Thus, PS exposure on nonapoptotic cells is not a general char-
acteristic of all lymphocytes, but is instead a feature that is rela-
tively specific to the B cell lineage.

We performed two experiments to address the binding specific-
ity of rAnV. First, FITC-rAnV was preincubated with liposomes
prepared from a panel of phospholipids (33) before staining BM
cells. The rAnV binding to viable (7AAD2) non-Tg or H-2d 3-83
Tg BM B cells was strongly inhibited by 5mM PS-containing
liposomes and partially inhibited by PI (another negatively
charged phospholipid), but was virtually unaffected by PC, PtE,
phosphatidic acid, or SM (Fig. 3A). Thus, rAnV is binding in a
specific fashion to negatively charged phospholipids, especially
PS, exposed on the surface of BM B cells. Second, we sought to
determine whether rAnV was binding to a B cell-specific lipopro-
tein rather than to the lipid membrane itself. Splenocytes were
incubated with pronase before staining with anti-CD19-PE and
rAnV-FITC. As shown in Fig. 3B, pronase treatment completely

FIGURE 2. A large proportion of viable BM and
splenic B cells bearing selectable H1L Ig Tg BCRs
stain with FITC-rAnV.A, To establish background lev-
els of rAnV staining in the absence of Ca21, spleno-
cytes from a non-Tg mouse were stained with FITC-
rAnV, anti-B220-PE, and anti-CD3e-biotin followed by
QR-SA in buffer containing EGTA and analyzed by
flow cytometry. Similar profiles were obtained using
cells from all the mice analyzed below.B, BM cells (left
column) and splenocytes (middle and right columns)
collected from a non-Tg (top row), H-2b b2m

2/2 3-83
Tg (second row), H-2b b2m

1/2 3-83 Tg (third row),
anti-HEL Ig Tg (fourth row), anti-HEL/soluble HEL
double-Tg (fifth row), or VH12 Tg (sixth row) mice
were stained and analyzed as described inA, except for
the substitution of CaCl2 in the buffer in place of
EGTA. Note that theb2m

2/2 genetic background (sec-
ond row) is permissive to the 3-83 BCR, while the pres-
ence of H-2Kb in theb2m

1/2 mice (third row) leads to
negative selection of the 3-83 Tg B cells. Data were
gated on viable lymphocytes based on their light scatter
characteristics; separate analyses confirmed that
95–99% of the B2201rAnV1 cells in this gate exclude
7AAD (data not shown). B220 vs rAnV profiles are
shown for BM and spleen (left and middle columns),
and CD3 vs rAnV profiles are shown for spleen (right
column), with the percentage of cells in each of the
upper quadrants indicated. The rAnV staining of B cells
is highly reproducible; the data shown are representa-
tive of three (anti-HEL Tg) to 20 (3-83 and VH12Tg)
experiments, and we observed only minor mouse-to-
mouse variation within each Tg strain.
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eliminated anti-CD19 staining, but only reduced rAnV staining
2-fold. Thus, rAnV is almost certainly binding to PS in the plasma
membrane itself.

Most rAnV-binding B cells are not apoptotic

Our initial experiments suggested that most of the B cells that bind
rAnV in Ig Tg and non-Tg BM are not undergoing apoptosis. To
confirm this observation, we examined rAnV-binding BM B cells
using a wide variety of independent assays to detect apoptosis. One
of the hallmarks of the later stages of apoptosis is internucleosomal
DNA cleavage (37). This form of DNA degradation can be detected
either by agarose gel electrophoresis or by the TUNEL assay (38).
Cellular DNA isolated from FACS-sorted rAnVintB22017AAD2

H-2d 3-83 Tg BM cells did not exhibit laddering on agarose gels
(data not shown). Likewise, when we subjected non-Tg or H-2d

3-83 Tg BM cells to TUNEL analysis, we found that only a small
proportion of rAnV-binding cells were also TUNEL1, and that
these cells stained brightly with rAnV (rAnVhigh; Fig. 4A). Virtu-
ally none of the dominant rAnVint B cell population is TUNEL1.
Similar results were obtained using splenocytes from VH12 Tg
mice, again ruling out potential idiosyncrasies with the 3-83 Tg
mice (data not shown). These results are in striking contrast to the
staining patterns observed for induced 103-bcl2 cells, in which
nearly all the rAnV-binding cells are also TUNEL1 (Fig. 4A). We
also examined sorted rAnV17AAD2 3-83 Tg BM B cells by flu-

orescence microscopy after staining the cells with the DNA-bind-
ing dye 49,6-diamidino-2-phenylindole to mark nuclei. These cells
displayed a normal nuclear staining pattern, and their general mor-
phology did not reveal the membrane blebbing that generally ac-
companies apoptosis (data not shown).

We proceeded to assay the rAnV1 BM B cells for earlier apo-
ptotic events. Apoptotic cells lose their mitochondrial transmem-
brane potential (Dcm), an event that generally occurs concomitant
with or just before surface exposure of PS (39). To detect a pos-
sible loss ofDcm in rAnV1 B cells, we stained non-Tg and 3-83
Ig Tg BM cells with the lipophilic dye DiOC6 (40). Cells that have
lost theirDcm are unable to retain DiOC6, as we observed in con-
trol experiments with induced 103-bcl2 cells (Fig. 4B). In distinc-
tion to apoptotic 103-bcl2 cells, the majority of both non-Tg and
3-83 Tg rAnVint BM B cells retain DiOC6 at high levels (Fig. 4B).

Merocyanine 540 (MC540) is a dye that intercalates into loosely
packed lipid membranes (41). Cells at the later stages of apoptosis
begin to lose the integrity of their lipid arrangement and will bind
MC540 (42). As shown in Fig. 4C, apoptotic 103-bcl2 cells that
bind the highest levels of rAnV also stain with MC540. Similarly,
in 3-83 Tg or non-Tg BM, the cells binding the highest amounts of
rAnV also bind MC540. The dominant population of rAnVint Tg B
cells falls into both MC5401 and MC5402 subsets (Fig. 4C).
These results indicate that although the majority of these B cells
maintain their overall membrane integrity, there are alterations in

FIGURE 3. The specificity of rAnV staining.A, Preincubation of FITC-AnV with PS-containing liposomes inhibits its binding to BM B cells. Non-Tg
(hatched bars,top panel) or H-2d 3-83 Ig Tg (shaded bars,lower panel) BM cells were stained with anti-B220-PE, 7AAD, and FITC-rAnV premixed with
the liposomes indicated (as described inMaterials and Methods). Data were gated on B22017AAD2 cells. The mean fluorescence intensity (MFI) in the
FITC channel of the gated populations is plotted against the type of liposome(s) mixed with the FITC-AnV before staining. Samples tested with PS-
containing liposomes are indicated by asterisks. The MFI in the FITC channel for cells stained in the presence of EGTA was generally about 10, as indicated
by the arrows. Comparable patterns of liposome-mediated inhibition of AnV staining were observed on splenocytes from the same mice. Similar results
were obtained in three independent experiments.B, Pronase treatment fails to significantly diminish FITC-AnV binding to splenic B cells. Purified
splenocytes from a non-Tg mouse were incubated for 5 min at 37°C without (control) or with (1 pronase) pronase, washed extensively, and stained with
anti-CD19-PE (left panels) and FITC-rAnV (right panels). Control anti-CD19-PE staining (shaded) is compared with unstained cells (unshaded), and
control rAnV staining performed in the presence of Ca21 (shaded) is compared with staining performed in the presence of EGTA (unshaded). The data
were gated on live cells based on forward and side scatter.
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the lipid packing on those cells binding the highest levels of rAnV
(seeDiscussion).

Because most cytometric assays for apoptosis measure events
that occur after the exposure of PS, we next turned to biochemical
analyses of rAnV-binding B cells. One of the very earliest events
in cells undergoing apoptosis is the cleavage of various protein
substrates by caspases (reviewed in Ref. 43). The DNA repair
enzyme PARP is cleaved almost immediately after the onset of
apoptosis (44). A second target protein isa-fodrin (nonerythroid
spectrin), a ubiquitous membrane-associated cytoskeletal protein
whose cleavage during apoptosis is thought to play a role in mem-
brane blebbing (45). To determine whether these proteins have
been cleaved in rAnV-binding BM B cells, we prepared whole cell
lysates from immunoaffinity-purified CD191rAnV1 H-2d 3-83 Tg
BM B cells, non-Tg CD191 BM cells, or induced 103-bcl2 cells
and subjected them to immunoblot analysis with Abs specific for
a-fodrin or PARP. Although extensive cleavage ofa-fodrin (240
kDa) into its 150- and 120-kDa products is clearly evident in the
induced 103-bcl2 sample, none of the 150-kDa product and only a
small amount of the 120-kDa product were found in the BM B cell
samples (Fig. 5A). The presence of the 150-kDa product is most
indicative of active apoptosis, because it is only transiently formed
(46). The 120-kDa band is more ubiquitous, as it is generated even
in the largely rAnV2 splenocyte population (Fig. 5A) and in pu-

rified splenic T cells that are essentially rAnV2 (data not shown).
Strikingly, no degradation of PARP is detectable among rAnV1

BM B cells, in clear contrast to the induced 103-bcl2 cells, which
exhibit extensive PARP cleavage (Fig. 5B). Thus, by multiple in-
dependent criteria, these rAnV-binding B cells are not apoptotic.

PS externalized on viable B cells co-caps with the BCR

To examine the distribution of PS on the surface of B cells, we
used fluorescence microscopy to analyze both Ig Tg and non-Tg
splenocytes costained with FITC-rAnV and goat anti-mouse-IgM-
PE. Cells kept on ice and examined while still cold exhibited a
homogeneous staining pattern for both PS and IgM (Fig. 6A).
However, as the cells warmed to room temperature and the IgM
molecules began to cap at one pole of the cell (46), the PS clearly
traveled with the IgM into the cap (Fig. 6B). This co-capping phe-
nomenon did not depend upon cross-linking PS with rAnV, be-
cause we also found PS in caps of IgM formed before we stained
with rAnV (Fig. 6C). The co-capping we observed is specific; if
we first cross-linked IgM on splenic B cells, then fixed the cells
and stained with FITC-rAnV and an Ab to MHC class I, the PS
entered the IgM cap while the MHC molecules remained homo-
geneously distributed (Fig. 6D). We also found that B220

FIGURE 4. Most rAnV-binding primary B cells do not display other characteristic markers of apoptosis.A, 103-bcl2 cells shifted to 39°C for 12 h (left
panel) and BM cells from an H-2d 3-83 Ig Tg (right panel) or a non-Tg littermate (middle panel) were stained with anti-B220-PE (BM cells only) and
rAnV-biotin followed by QR-SA, then were fixed, permeabilized, and tested for the characteristic DNA breaks of apoptosis using the TUNEL assay. The
TUNEL vs rAnV FACS profiles for live-gated 103-bcl2 cells or for live-gated B2201 BM cells are shown. Note that the difference in the size and granularity
of 103-bcl2 cells vs BM B cells requires separate cytometer settings and precludes a direct comparison of their respective rAnV staining levels.B, Cells
described inA were stained with DiOC6, anti-B220-PE (BM cells only) and rAnV-biotin followed by PE-SA (103-bcl2) or QR-SA and analyzed on a
FACScan. The DiOC6 vs rAnV FACS profiles are shown for cells gated as described inA. C, Cells described inA were stained with FITC-rAnV, MC540,
and (BM cells only) CD19-biotin followed by QR-SA. The MC540 vs rAnV FACS profiles for live-gated 103-bcl2 cells or live-gated CD191 BM cells
are shown. The percentage of rAnV-binding cells varies inA, B, andC, because these sets of data were obtained in separate experiments using different
groups of mice.
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(CD45R) was generally absent from PS/IgM caps in anti-IgM-
treated cells (data not shown; seeDiscussion). Thus, to our sur-
prise, a lipid probe (rAnV) and a protein probe (anti-IgM Ab)
simultaneously altered their membrane distribution in capped B
cells.

The observation that PS redistributes along with the BCR in
capped B cells led us to consider whether both the BCR and PS
were colocalized within “lipid rafts.” These dynamic membrane
microdomains (,70 nm) were originally discovered on nonlym-
phoid cells and are known by several additional terms, including
glycolipid-enriched membrane domains and detergent-insoluble
glycolipid-enriched membrane domains (47–49). Rafts are char-
acterized by high concentrations of glycosphingolipids (e.g.,
GM1), cholesterol, GPI-anchored proteins, and several molecules
involved in signal transduction. It has been proposed that these
rafts move within the lipid bilayer and function as platforms for the
attachment of proteins whose localization and clustering may be
critical for signal transduction.

One of the components of lipid rafts is the GM1 glycosphingo-
lipid, which binds theb subunit of CTx (50). FITC-labeled CTx
can therefore be used to stain fixed cells and directly visualize
these raft domains (51, 52). To test whether GM1 is present in
IgM/PS caps, we stimulated splenocytes with unlabeled anti-IgM,
stained them with rAnV-biotin followed by Texas Red-streptavi-
din (TR-SA), then fixed the cells and stained them with FITC-CTx.
As shown in Fig. 6E, PS and GM1 colocalize in the anti-IgM-

induced caps. Interestingly, we found that PS, IgM, and GM1 also
colocalize on anti-IgM-treated anergic B cells from an anti-HEL/
sHEL double-Tg mouse (Fig. 6F) (28). This indicates that anergic
B cells are still capable of assembling IgM into rAnV- and CTx-
binding domains, and implies that their functional deficiencies lie
downstream of this early event (53, 54).

PS, IgM, and GM1 are frequently co-capped in vivo on B-1
cells and anergic B-2 cells

When we assessed the phenotypes of splenocytes directly ex vivo
by fixing the cells immediately after isolation and staining them
with FITC-CTx and anti-IgM-PE, we frequently found cells in the
anti-HEL Ig/sHEL double-Tg mice that had already capped their
surface IgM in vivo, presumably mediated by their interaction(s)
with Tg sHEL protein (Fig. 6H). This in vivo capping was never
observed in the anti-HEL Ig Tg B cells, which developed in the
absence of the sHEL Ag (Fig. 6G). Pre-capping in vivo was also
evident in many of the splenic B-1 cells from the VH12 Ig Tg mice
(data not shown), whose BCR recognizes PC, a ubiquitous lipid
species (Fig. 2). This constitutive capping of the BCR in B-1 cells
and in anergic B-2 cells may have implications for the signaling
activities of the BCR under these physiologic circumstances (see
Discussion).

Disruption of PS/IgM co-capping interferes with BCR signaling
events

Having found that PS associates with IgM undergoing capping in
anti-Ig-treated B cells, we investigated whether this association has
any influence on signaling by the BCR. We stained splenic B cells
with rAnV-biotin and then treated the washed cells with SA for 20
min at 37°C. Confocal microscopy revealed that this treatment
resulted in clustering of PS on the B cell surface without signifi-
cantly affecting the distribution of surface IgM (Fig. 7A). We then
incubated rAnV- plus SA-treated or untreated splenocytes with
various amounts of a cross-linking anti-IgM Ab for 5 min at 37°C.
Lysates from these cells were prepared and analyzed for changes
in the pattern of tyrosine-phosphorylated proteins by Western blot
(Fig. 7B). As expected, B cells treated with as little as 0.6mg/ml
anti-IgM showed a striking increase in the levels of many phos-
phorylated species compared with the pattern seen in lysates from
control unstimulated cells (Fig. 7B, lanes 5, 7, 9,and11). Notably,
one phosphoprotein with an approximate molecular mass of 16
kDa present in lysates of unstimulated cells lost its phosphoty-
rosine(s) after anti-IgM treatment (Fig. 7B, comparelanes 1and
5). Pretreatment of the B cells with rAnV-biotin and SA resulted
in at least one striking change in this pattern; phosphorylation of
the 16-kDa protein was maintained regardless of surface IgM
cross-linking, implying that the preclustering of PS disrupts the
dephosphorylation of this protein after BCR stimulation. If we
co-cross-link PS and IgM by adding SA to cells prestained with
rAnV-biotin and anti-IgM-biotin, the 16-kDa species is almost
completely dephosphorylated (Fig. 7B, lane 14), as it is with anti-
IgM-biotin and SA alone (lane 13). Pretreatment of B cells with
rAnV-biotin and SA resulted in several additional changes in the
phosphorylation pattern, including the accelerated disappearance
(i.e., from 10 to 4mg/ml anti-IgM) of a phosphoprotein of;150
kDa (Fig. 7B, comparelanes 7and 8). This result indicates that
sequestration of PS by rAnV cross-linking also interferes with ki-
nase activity in anti-IgM-treated B cells. Thus, we conclude that
the presence of PS or of membrane alterations associated with
rAnV binding can influence the nature of the BCR signal.

FIGURE 5. The rAnV-binding B cells do not exhibit protease activities
indicative of early apoptosis.A, Western blot analysis ofa-fodrin cleavage
in whole cell lysates from unfractionated BALB/c splenocytes (lane 1),
whole BM (lane 2), and CD191 BM (85% B2201/40% rAnV1; lane 3);
from H-2d 3-83 Ig Tg whole BM (lane 4) and CD191 BM (70% B2201/
65% rAnV1; lane 5); from VH12 Tg CD191 spleen (90% B2201rAnV1;
lane 6); and from induced 103-bcl2 cells (65% rAnV1; lane 7). The lo-
cations of intacta-fodrin (240 kDa) and its dominant cleavage products
(150 and 120 kDa) are indicated. CD191 cells were isolated using mag-
netic immunoaffinity columns; similar results were obtained using FACS-
sorted B2201rAnV17AAD2 3-83 Ig Tg BM (data not shown).B, The blot
in A was stripped, washed, and incubated with anti-PARP antisera, as de-
scribed inMaterials and Methods. The locations of PARP (116 kDa) and
its major cleavage product (85 kDa) are indicated.
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Discussion
PS exposure can be uncoupled from apoptosis in the B cell
lineage

The exposure of PS on the surface of apoptotic cells is a well-
documented phenomenon (reviewed in Ref. 21). We report here
our surprising finding that viable developing and mature B cells
bearing a BCR that can mediate positive selection, and thus inclu-
sion of a B cell into the peripheral repertoire, display an altered
membrane structure that allows rAnV binding to the plasma mem-
brane. Furthermore, we have shown that rAnVint B cells do not
display any of the other well-known biochemical or morphologic
characteristics associated with apoptosis, including internucleoso-
mal DNA fragmentation, loss of mitochondrialDcm, nuclear chro-
matin condensation, or the cleavage of proteins such asa-fodrin
and PARP (Figs. 4 and 5 and data not shown). Therefore, the
exposure of PS can be unlinked from the apoptosis pathway in
lymphocytes. Our data do not imply, however, that rAnV cannot
be used to detect apoptotic B cells. In addition to its clear utility in
identifying apoptotic B cells in vitro (25) (Fig. 1), this reagent does
detect small populations of rAnVhigh TUNEL1 DiOC6

2 BM B
cells that apparently are undergoing apoptosis (Fig. 4,A andB).

How do PS1 B cells escape engulfment by BM macrophages?

It is believed that morphological changes on the surface of cells
dying in vivo, including the exposure of PS, provide key signals to
neighboring phagocytes that induce these scavengers to engulf and
digest them (reviewed in Ref. 55). This specialized process of
cellular housekeeping prevents the induction of inflammation and

tissue damage that can arise when cells undergo a necrotic death.
If TUNEL1 self-reactive thymocytes can be found within thymic
macrophages (17), how can B cells with exposed PS escape phago-
cytosis by BM macrophages? One possibility is that the PS recep-
tors expressed by macrophages may be dependent upon the overall
density of PS on the target cell, allowing rAnVint B cells to survive
in an environment where rAnVhigh cells are targets for destruction.
However, it seems more likely that rAnVint B cells lack additional
surface changes present on apoptotic cells that are required to trig-
ger phagocytosis (55). At least five macrophage surface molecules,
including the vitronectin receptoravb3 integrin, CD36; the class A
scavenger receptor, CD14; and the ATP binding cassette trans-
porter, ABC-1, have been shown to be involved in the removal of
apoptotic cells, in some cases through adhesive bridging interac-
tions with extracellular matrix proteins on the apoptotic target (21,
55). In addition to PS redistribution on apoptotic cells, some car-
bohydrate changes at the cell surface may provide important li-
gands for phagocytes (56). It is therefore probable that the viable
PS1 BM B cells we have identified (Fig. 2) lack the full spectrum
of requisite ligands for the surveying macrophages (21, 55, 57).

The role of PS associated with the BCR

Mature B cells triggered through their Ag receptors initiate a sig-
naling cascade characterized by the phosphorylation and dephos-
phorylation of multiple cellular proteins. To achieve this signal
amplification, IgM is associated with several accessory molecules,
including Iga (CD79a) and Igb (CD79b), which trigger Src and
Syk family tyrosine kinases, the phosphatases CD45 (B220) and

FIGURE 6. PS exposed on viable B cells co-caps with IgM after IgM cross-linking and colocalizes with GM1, a component of lipid rafts. Confocal
microscopy analysis of splenocytes from anti-HEL Ig Tg (A, C, D, andG), VH12 Ig Tg (B), non-Tg (E), or anti-HEL/sHEL double Tg (F andH) mice
stained as follows.A, Cells were fixed immediately after isolation and stained with FITC-rAnV and goat anti-mouse IgM-PE.B, Cells stained with
FITC-rAnV and goat anti-mouse IgM-PE were incubated at 37°C for 30 min, then fixed.C, Cells were incubated with goat anti-mouse IgM-PE for 5 min
at 37°C, then fixed and stained with FITC-rAnV.D, Cells were incubated with unlabeled goat anti-mouse IgM for 10 min at 37°C, then fixed and stained
with FITC-rAnV and anti-MHC class I (Kb) followed by goat anti-mouse IgG2a-PE.E andF, Cells were prestained with rAnV-biotin, washed, incubated
with unlabeled goat anti-mouse IgM and TR-SA for 15 min, then fixed and stained with FITC-CTx.G and H, Cells were fixed and stained with goat
anti-mouse IgM-PE and FITC-CTx. Thefirst panel in each set of three depicts red (PE and TR) fluorescence; themiddle panelsshow green (FITC)
fluorescence, and thethird paneldepicts the merger of the red and green images; colocalization is indicated by yellow fluorescence in the merged images.
Except for specific differences noted in the text (G andH), similar results for each staining protocol were obtained using splenocytes from all mice tested;
representative images are shown.
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SH2-containing phosphatase-1 (SHP-1) (via its association with
CD22), and the costimulatory molecules CD40, CD19, and CD21
(54, 58, 59). Our results suggest that PS exposed on the surface of
viable B cells may play a role as a component of membrane mi-
crodomains (Fig. 6 and see below). Upon cross-linking with the
appropriate Abs, externalized PS co-caps with several proteins ex-
pressed on B cells, including IgM, CD19, and MHC class I, al-
though PS seems to co-cap most efficiently with IgM (data not
shown and Fig. 6). Importantly, disruption of the activation-in-
duced cosegregation of PS and IgM (by pretreating B cells with
rAnV-biotin and SA) led to at least two notable changes in the

phosphotyrosine patterns in lysates from cells subsequently stim-
ulated with anti-IgM (Fig. 7). Thus, we postulate that PS is an
important component of the membrane remodeling machinery in B
lymphocytes required to achieve optimal association of signaling
molecules with their intracellular targets.

Our results parallel several recent studies aimed at understand-
ing the three-dimensional structure of the synapse between T cells
and APC (52, 60–64). Discrete membrane microdomains, often
referred to as lipid rafts, have been associated with signal trans-
ducing molecules in both nonlymphoid and lymphoid cells. Using
FITC-CTx to detect GM1 in sphingolipid-cholesterol-rich rafts,
one group demonstrated that these rafts aggregate in the zone of
contact between T cells and anti-CD3-coated beads (52). Further-
more, these studies showed that CD28 exerts its costimulatory ef-
fects on T cells by recruiting rafts into the TCR/APC contact site,
rather than by integrating CD28 and TCR signals in the nucleus, to
affect gene expression (52, 62). The membrane compartmentaliza-
tion between rafts and nonrafts is required for efficient T cell ac-
tivation, probably by recruiting intracellular kinases to the synapse
while maintaining segregation of phosphorylated substrates from
phosphatases (60, 64). Interestingly, in line with a report that the
phosphatase CD45 is excluded from lipid rafts in T cells (65), we
found that B220 (CD45R) is generally absent from PS/IgM caps in
anti-IgM-treated cells (data not shown).

It remains unclear whether the association of IgM and PS in the
B cell membrane precedes signaling through the BCR or whether
this association is induced by BCR signaling. Experiments to ad-
dress this question, using fluorescence resonance energy transfer,
are currently in progress. It will also be of interest to elucidate
further the mechanism by which PS externalization is controlled in
healthy cells, perhaps by regulated expression of the aminophos-
pholipid translocase or scramblase enzymes known to affect lipid
movement in the plasma membrane (66).

Although very few resting mature T cells or thymocytes bind
rAnV ex vivo (Fig. 2 and data not shown), T cells activated with
Con A in vitro show a uniform increase in rAnV-FITC binding
(data not shown). Interestingly, the PS molecules exposed on Con
A blasts or on the small subset of splenic T cells that bind rAnV
(Fig. 2) also migrate into anti-CD3- or anti-Thy-1-induced caps
(data not shown). The infrequency of resting T cells compared
with resting B cells that bind rAnV in vivo (Fig. 2) might reflect
developmentally regulated differences in the signaling pathways
within B and T cells.

Endocytosis of IgM molecules bound to their cognate Ag leads
to Ag processing and presentation to T cells and is therefore an
integral part of the immune response. In addition to their role in
concentrating appropriate signaling molecules, rafts in membranes
are thought to function in sorting and trafficking transmembrane
proteins through the endocytic pathway (67). Our confocal exper-
iments have revealed that PS tagged with FITC-rAnV is not only
capped, but is also internalized with the BCR on anti-IgM-treated
B cells (data not shown). This suggests that PS may play a unique
and significant functional role in B cell Ag presentation and might
further explain its presence on a greater fraction of B cells vs. T
cells.

What is the nature of the altered membrane structure on rAnV-
binding B cells?

Although the liposome binding inhibition experiments (33) indi-
cated that FITC-rAnV binding to B cells is strongly inhibited by
preincubation of this reagent with PS-containing liposomes (Fig.
3A), it remains possible that rAnV binding reflects something other
than PS externalization on these cells. It is unlikely that rAnV is
binding to a lipid-modified glycoprotein, because binding was not

FIGURE 7. rAnV pretreatment alters the signaling properties of the
BCR. A, Confocal microscopic analysis of B cells pretreated with rAnV-
biotin and SA. Splenocytes from a VH12 Tg mouse were stained on ice
with rAnV-biotin, washed, and treated with PE-SA for 30 min at 37°C,
returned to ice, stained with anti-IgM-FITC for 15 min, then fixed and
analyzed by confocal microscopy. The PE (rAnV;left panel), FITC (IgM;
middle panel), and coincident fluorescence (right panel) patterns are
shown. Results are representative of analyses of cells from several types of
mice (data not shown).B, Splenocytes from an anti-HEL Ig Tg mouse were
prestained with rAnV-biotin (lanes 2, 4, 6, 8, 10,and 12), washed, and
incubated with (lanes 4, 6, 8, 10,and 12) or without (lane 2) 20 mg/ml
streptavidin for 20 min at 37°C. After the 20-min incubation, these rAnV-
stained cells or unstained splenocytes (lanes 5, 7, 9,and11) were incubated
with 10 mg/ml (lanes 5and6), 4 mg/ml (lanes 7and8), 1.6 mg/ml (lanes
9 and10), or 0.64mg/ml (lanes 11and12) goat anti-mouse IgM antisera
for 5 min at 37°C. Negative controls included unstained cells incubated
with SA alone (lane 3) or medium alone (lane 1) or cells stained with rAnV
and incubated with SA (lane 4). Co-cross-linking of PS and IgM was
achieved by staining cells with rAnV-biotin (lane 14) and/or goat anti-
mouse IgM-biotin (lanes 13and14), washing, then incubating the cells for
10 min at 37°C with SA. Note that this treatment protocol (asterisks) might
be expected to yield a less potent signal than that achieved using soluble
anti-IgM (lanes 5–12). All cells were lysed immediately after incubation in
buffer containing protease and phosphatase inhibitors. The lysates were
analyzed by Western immunoblotting as described inMaterials and
Methods.
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affected by pretreatment of cells with pronase (Fig. 3B). rAnV may
bind an additional, as yet unidentified, lipid bearing a binding site
identical or overlapping with that on PS. Alternatively, rAnV may
be detecting a specialized arrangement of lipids in the membrane,
perhaps a shift from a typical lamellar bilayer to hexagonal phases,
for instance (reviewed in Ref. 68). This hypothesis is supported by
our observation that a significant fraction (generally 20–25%) of
rAnV-binding B cells also stain with MC540 (Fig. 4C), a dye that
is sensitive to the molecular packing of membrane lipids and that
intercalates into loosely packed lipid membranes (69). An altered
lipid arrangement in localized regions of contact with Ag or with
other cells may increase the efficiency of delivering appropriate
signals to the B cell (Fig. 7B), as has been shown for T cells (52,
62). As discussed above, it seems reasonable to postulate that the
changes in membrane structure revealed by rAnV and CTx on
anti-IgM-stimulated cells (Fig. 6) may be analogous to those ob-
served in T cells receiving costimulatory signals (52, 62).

Caps containing IgM, PS, and GM1 exist on B-1 cells and
anergic B-2 cells ex vivo

Both B-1 and anergic B-2 cells are thought to receive continuous
stimulation through their Ag receptors. In the B-1 lineage, this
stimulus is thought to come from a low affinity interaction of the
BCR with self Ag, which may play a role in the initial selection of
these cells into the B-1 lineage (29). The BCR signaling differs
between B-1 and B-2 cells, especially with respect to synergy be-
tween IgM and CD19 (70). Anergic B-2 cells also display signal-
ing defects specific to the BCR as opposed to other accessory
molecules, such as CD40 and cytokine receptors (71, 72). Our
surprising finding that IgM, PS, and GM1 are cocapped in B-1 and
anergic B-2 cells examined immediately ex vivo (Fig. 6) may offer
an insight as to the mechanism of these signaling differences. The
BCR may be sequestered from interaction with other regulatory
surface receptors due to its highly focal distribution in the mem-
brane, leading to alterations in B cell signaling behavior. Further
experimentation will be required to determine which other signal-
ing molecules are specifically excluded from or included within
these BCR domains.
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