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S u m m a r y  

Surface IgM (slgM) stimulation induces the tyrosine phosphorylation of multiple cellular sub- 
strates, including phospholipase C (PLC)-'~/2, which is involved in the activation ofphosphati- 
dyhnositol pathway. DT40 B cells underwent apoptotic cell death when activated through 
slgM, a phenomenon that is related to elimination of  self-reactive B cells. To examine the roles 
of  PLC-~/2 in slgM signaling, we have generated DT40 cells deficient in PLC-y2 Cross-link- 
ing ofslgM on PLC-y2-deficient cells evoked neither inositol 1,4,5-trisphosphate nor calcium 
mobilization. In PLC-T2- or Syk-deficient DT40 cells, the induction of  apoptosis was 
blocked, but was still observed in Lyn-deficient cells. Src homology 2 domains of PLC-T2 
were essential for both its activation and slgM-induced apoptosis. Since tyrosine phosphoryla- 
tion of  PLC-T2 is mediated by Syk, these results indicate that activation of  PLC-T2 through 
Syk is required for slgM-induced apoptosis. 

S timulation of surface IgM (slgM) 1 on B cells by antigen 
or anti-IgM antibody initiates a cascade of biochemical 

events including protein tyrosine kinase (PTK) activation, 
phosphatidylinositol (Ptdlns) hydrolysis, and calcium mobi- 
lization (for review see references 1-6). Functional analysis 
of  the intracytoplasmic domains of  Igor and Ig]3, which are 
subunits of the slgM complex, revealed that an 18-amino 
acid motif based on a tandem YXXL stretch, the immu- 
noreceptor tyrosine-based activation motif (ITAM), cou- 
ples the slgM complex to these early signaling events (7- 
11). Two types of  PTKs, Src-PTK and Syk kinase, are 
shown to associate with the slgM complex through Iget/ 
Ig]3 heterodimer (12-22). It has also been demonstrated 
that both Src-PTK and Syk are required for coupling slgM 
to the induction of protein tyrosine phosphorylation and 
that these enzymes mediate the phosphorylation of  at least 
partially distinct sets of  substrates (23). One of the phos- 
phorylated substrates mediated by Syk is phospholipase C 
(PLC)-y2 (23-28). Phosphorylation of  PLC-'y2 is responsi- 
ble for an increase in its catalytic activity (29, 30). Activated 
PLC-~/2 catalyzes the hydrolysis ofphosphoinositides, lead- 
ing to the generation of second messengers, inositol 1,4,5- 
trisphosphate (InsP3) and diacylglycerol (31, 32). 

Calcium mobilization induced by slgM ligation is a bi- 
phasic response composed of an initial release of  internally 

1Abbreviations used in this paper: InsP3, inositol 1,4,5-trisphosphate; Ptdlns, 
phosphatidylinositol; PLC, phosphohpase C; PTK, protein tyrosine ki- 
nase; SH2, Src homology 2; slgM, surface immunoglobulin M. 

stored calcium, and a subsequent entry of  extracellular cal- 
cium (31, 33). Although it is widely accepted that InsP 3 
is involved in release from intracellular calcium stores 
through binding to its receptor, it has not been well estab- 
lished that the calcium influx is also a downstream event of 
PLC-y2 activation (34). 

To avoid production of autoantibodies, two key censor- 
ing mechanisms are known to operate in B lymphocyte 
repertoires: functional silencing of self-reactive ceils, termed 
ctonal anergy, and physical elimination of  stir-reactive cells, 
termed clonal deletion (for review see references 35-37). 
The existence of such an irreversible censoring mechanism 
(clonal deletion) was first suggested by the failure of  a ma- 
ture B cell repertoire to develop in chickens and mice 
treated from hatching or birth with antibodies to IgM (38). 

Elimination of B cells bearing self-reactive Ig molecules 
is initiated by the binding of  self antigens to slgM on im- 
mature B cells. Indeed, cross-linking of  slgM on immature 
B cell lines such as WEHI-231 induces apoptosis (39-47). 
However, it has not been elucidated which of the early 
biochemical signals are critical for inducing apoptosis upon 
slgM cross-linking. 

We have previously established Lyn- and Syk-deficient 
cells from chicken DT40 B cell line by gene targeting, 
exploiting unusually high homologous recombination pro- 
ficiency of this cell line (23, 48). To further dissect the 
pathways downstream of PTK activation in slgM signaling, 
we established a mutant B cell line that lacks PLC-y2. 
Upon slgM cross-linking, PLC-',/2-deficient cells completely 
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abolished calcium mobilization and Ptdlns hydrolysis. By 
transfection of  the PLC-~/2 cDNA with Src homology 2 
(SH2) mutations, we show that the SH2-phosphotyrosine 
interaction is essential for PLC-y2 activation in sIgM fig- 
naling. Moreover, our results clearly indicate the require- 
ment  of PLC-y2 activation for sIgM-induced apoptosis. 

Materials and Methods  

Cells, Expression Constructs, and Antibodies. Wild-type and var- 
ious mutant DT40 cells were maintained in RPMI 1640 supple- 
mented with 10% FCS, penicillin, streptomycin, and glutamine. 
Construction of chicken expression vector pApuro was already 
described (23). Mutations in SH2 domains of rat PLC-~,2 cDNA 
were created by PCR. The resulting constructs were confirmed 
by DNA sequencing. The mutant and wild-type PLC-3'2 (24) 
and M1 muscarinic receptor (49) cDNAs were subcloned into 
pApuro vector and were electroporated into PLC-~/2-deficient 
DT40 cells. Selection was performed in the presence ofpuromy- 
cin (0.5 ~g/ml). Expression of transfected cDNAs was confirmed 
by Western blot analysis (PLC-y2) or binding assay (M1 muscar- 
inic receptor). Anti-chicken IgM mAb M4 (50) and anti-rat 
PLC-'y2 antisera (51) were already described. Antiphosphoty- 
rosine mAb 4G10 was purchased from Upstate Biotechnology 
Inc. (Lake Placid, NY). 

Generation of PLC-y2-de_ficient DT40 Cells. Chicken PLC-2/2 
and PLC-2J2 cDNA clones were obtained by screening a chicken 
spleen cDNA library (Clontech Laboratories Inc., Palo Alto, CA) 
with rat PLC-y2 cDNA under a low stringent condition. Cloned 
genomic DNA corresponding to the chicken PLC-y2 locus was 
isolated from a library of chicken liver DNA (Clontech Laborato- 
ries Inc., Palo Alto, CA). The targeting vectors, pPLC-neo and 
pPLC-hisD, were constructed by replacing the 4-kb genomic se- 
quence, which contains exons corresponding to amino acid resi- 
dues 857-947 of rat PLC-y2 cDNA, with neo or hisD cassette, 
respectively. The upstream 1.3 kb genomic sequence was gener- 
ated by PCR using oligonucleotides containing XbaI restriction 
sites and was subcloned as an Xbal-XbaI fragment. The upstream 
sequence was a 6.2-kb BamHI-BgllI genomic fragment, pPLC- 
neo was linearized and transfected into DT40 cells by electropo- 
ration (550 V, 25 I.zF). G418 selection (2 mg/ml) was started 24 h 
after transfection. Cells were cultured for N14 d, expanded, and 
screened by Southern blot analysis. Similarly, pPLC-hisD was 
transfected into neo-targeted clone, and selection was performed 
with both G418 (2 mg/ml) and histidinol (1 mg/ml). 

Western and Northern Blot Analyses. Cells were solubilized in 
lysis buffer (1% NP-40, 150 mM NaC1, 20 mM Tris, pH 7.5, 1 
mM EDTA) containing 50 mM NaF, 10 ~M molybdate, 0.2 
mM sodium vanadate supplemented with protease inhibitors (1 
mM PMSF, 2 ~g/ml aprotinin, 0.5 mM benzamidine hydro- 
chloride, 10/~g/ml chymostatin, 0.1 mM N-o~-p-tosyl-L-lysine- 
chloromethyl ketone, 0.1 mM N-l-tosylamide-2-phenylethylchlo- 
romethyl ketone, 10 I-tg/ml leupeptin, 10 p~g/ml antipain, 10 
p~g/ml calpain inhibitor I, and 10 ~g/ml pepstatin). PLC-~/2 pro- 
tein was immunoprecipitated by sequential incubation with anti- 
PLC-~/2 serum and protein A-Sepharose. Immunoprecipitates 
were resolved by SDS-PAGE, transferred to nitrocellulose mem- 
brane, and probed with antibodies. Filters were developed with 
horseradish peroxidase-conjugated secondary antibodies and en- 
hanced chemiluminescence system (Amersham Corp., Arlington 
Heights, IL). RNA was prepared from wild-type and mutant 
DT40 cells using guanidium thiocyanate method. Total RNA 

(20 p,g) was separated by 1.2% agarose, transferred to a Hybond- 
N membrane, and probed with a chicken PLC-~2 cDNA frag- 
ment. 

In Vitro PLC Assay. PLC activity was assayed by quantitating 
InsP 3 production (27). Briefly, PLC-~2 protein was imnmnopre- 
cipitated from the transfected COS cell lysate using specific antis- 
era as described above, washed extensively, resuspended in PLC 
assay buffer (20 mM NagPO4, pH 6.8, 70 mM KC], 0.125% oc- 
tylglucoside, 0.8 mM EGTA, 0.8 mM CaC12). Substrate contain- 
ing 5 Ci/mmol [3H]phosphatidylinositol 4,5-bisphosphate (Am- 
ersham) was added, then reaction was allowed to proceed at 37~ 
for 30 min and was stopped by adding TCA and BSA. After cen- 
trifugation, radioactivity in the supernatant was assayed by a liq- 
uid scintillation counter. 

Calcium Measurements. Cells (5 • 106) were loaded with 3 
~M fura-2/AM in PBS containing 20 mM Hepes, pH 7.2, 5 mM 
glucose, 0.025% BSA, and 1 mM CaC12 at 37~ for 45 min. Cells 
were then washed twice and adjusted to 106 cells per ml. Fluores- 
cence of the cell suspension was monitored continuously with a 
fluorescence spectrophotometer (F-2000; Hitachi Instruments, 
Inc., San Jose, CA) at an excitation wavelength of 340 nm and an 
emission wavelength of 510 nm. Calcium levels were calibrated 
and calculated as described (52). 

PhosphoinositidesAnalysis. Cells (106/m]) were  labeled with 
myo-[3H]inositol (10 btCi/rnl, 105 Ci/mmol; Amersham) for 6 h 
in inositol-free RPMI 1640 supplemented with 10% dialyzed 
FCS, then stimulated with M4 mAb in the presence of 10 mM 
LiC1. The soluble inositol phosphates were extracted with TCA 
at indicated time points and were applied to AG 1-X8 (formate 
form) ion exchange columns (Bio Rad Laboratories, Richmond, 
CA) pre-equilibrated with 0.1 M formic acid. The columns were 
washed with 10 ml water and 10 ml of 60 mM ammonium for- 
mate/5 rnM sodium tetraborate. Elution was performed with in- 
creasing concentrations of ammonium formate (0.1-0.7 M) (53). 

DNA Fragmentation Assay. After treatment of cells with or 
without M4 mAb, cells (~1 X 106) were pelleted in 1.5-ml 
tubes. Pellets were gently resuspended in 20 p,1 of 10 mM 
EDTA/50 mM Tris-HC1, pH 8.0, containing 0.5% sodium laur- 
ylsarkosinate and 0.5 mg/ml proteinase K, and incubated for 2 h 
at 50~ RNaseA (10 btl, 0.5 mg/ml) was added to each sample 
and incubation was continued for an additional 2 h at 50~ Sam- 
ples were heated to 70~ and mixed with 10 ILl o f l0  mM EDTA 
containing 1% low melting-temperature agarose, 0.25% bro- 
mophenol blue, and 40% sucrose before applying into 2% agarose 
gel (54). 

Flow Cytometric Analysis. For DNA content analysis, stimu- 
lated or unstimulated cells ('~1 X 106) were pelleted, and resus- 
pended in 1.5 ml hypotonic DNA staining solution (50 I.zg/ml 
propidium iodide, 0.1% sodium citrate, 0.1% Triton X-100). 
Samples were kept at 4~ overnight, and subjected to analysis by 
FACSort | (Becton Dickinson & Co., Mountain View, CA). De- 
bris and doublets were excluded by appropriate gating (55). For 
cell surface expression of slgM, DT40 cells were washed, subse- 
quently incubated with FITC-conjugated anti-chicken IgM (13e- 
thyl Laboratories, Inc., Montgomery, TX), and analyzed using 
FACSort. 

B(nding Assay for M I Muscarinic Receptor Expression. Cells (,--,1('/') 
were incubated for 90 rain with muscarinic receptor agonist 
[3H]quinuclidinyl benzilate ([3H]QNB, 100 pM, 47 Ci/mmol; 
Amersham) at room temperature. After incubation, cells were 
collected on a GF/B membrane (Whatman Inc., Clifton, NJ) and 
washed extensively. Bound radioactivity was determined by a liq- 
uid scintillation counter. All samples were assayed in duplicate, 

908 Role ofPhospholipase C-~2 in Surface Immunoglobulin M Signaling 



and background binding activity was determined in the presence 
of 10 ~M atropine. 

Results  

Targeted Disruption of PLC-y2. To examine the roles of 
PLC-~/2 in sIgM signaling, we established DT40 cells defi- 
cient in PLC-y2 by gene targeting. For disruption of  the 
PLC-~/2 gene locus, the mutations of the two PLC-~/2 alle- 
les were introduced in DT40 cells by sequential homolo- 
gous recombinations (Fig. 1, A-C). The targeting vectors 

have a neomycin or histidinol resistance gene cassette 
replacing the chicken genomic sequence, which contains 
exons corresponding to the region that is essential for PLC- 
~/2 catalytic activity (Fig. 1 /3) (24). Homologous recombi- 
nation events were screened by Southern blot analysis, and 
two independent clones beating homozygous mutations at 
the PLC-~/2 locus were identified (Fig. 1 D). Southern blot 
analysis revealed a single integration of  each vector in these 
clones (data not shown). To verify null mutations, North- 
ern and Western blot analyses using specific probes were 
carried out. Both RNA and protein expression of PLC-~/2 
were abrogated in these mutant cell clones (Fig. 1, E and 
F). Furthermore, Northern blot analysis showed that PLC- 
2t2 is not expressed in DT40 ceils (data not shown). The 
level of  cell surface expression of sIgM on the PLC-~/2- 
targeted clone was essentially the same as that of  parental 
DT40 cells (Fig. 2). 

PLC-72 Activation Is Essential for both Ca 2+ Release from 
Intracellular Pools and Ca 2+ Influx. To assess the contribu- 
tion of  PLC-~/2 to sIgM-induced signaling, we first ana- 
lyzed early events in PLC-~/2-deficient DT40 cells. Cells 
were stimulated with anti-chicken IgM mAb (M4), and in- 
duction of protein tyrosine phosphorylation was analyzed 
by immunoblotting with antiphosphotyrosine mAb 4G10. 
Compared with wild-type DT40, PLC-~2-deficient cells 
showed an essentially similar pattern of tyrosine phospho- 
rylation (Fig. 3 A), indicating that PLC-~/2 does not affect 
the global tyrosine phosphorylation upon receptor cross- 
linking. In contrast to wild-type cells, PLC-~/2-deficient 
cells abrogated PtdIns hydrolysis upon receptor stimulation 
(Fig. 4 B), providing the direct evidence that PLC-~/2 is re- 
sponsible for sIgM-induced PtdIns pathway. In addition, 
M4-induced calcium mobilization was completely abol- 
ished (Fig. 4 A). Loss of PLC-~/2 did not affect calcium 

Figure 1. Gene targeting of  the chicken PLC-'y2 locus. (A) Partial re- 
striction map of  PLC-~/2 locus. (B) Structure of  the targeting vectors 
pPLC-~2 neo and pPLC-hisD. (C) Predicted structure of  the targeted 
PLC-~/2 locus. Only the exons that are disrupted or deleted are indicated 
as black boxes. The location of  the hybridization probe and expected sizes 
of  the XbaI fragments that hybridize with the probe are shown. X, Xbal; 
B, BamHI; Bg, BglII; S, SacI. (/9) Southern blot analysis of  wild-type 
DT40 cells ( + / + ,  lane 1), neo-targeted cells ( + / - ,  lane 2), neo- and 
hisD-targeted cells ( - / - ,  lane 3). Genomic DNA was digested by Xbal. 
(E and F) Expression of  PLC-'y2 in wild-type and targeted DT40 cells. 
(E) PLC-~/2 protein was immunoprecipitated with anti-PLC-~/2 serum 
and was detected by Western blot analysis. Positions of  molecular weight 
standards are shown. (F) R N A  expression was analyzed by Northern blot 
analysis using chicken cDNA probes for PLC-~/2 (upper panel) or [3-actin 
(lowerpanei) (56). Positions of  28S and 18S 1LNA are shown. 
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Figure 2. Cell surface expression ofslgM on various DT40 mutant cells. 
DT40 cells were stained with FITC-conjugated anti-chicken IgM. Un-  
stained cells were used as negative controls. PLC-~2-deficient cells ex- 
pressing wild-type and SH2 mutant of  PLC-"y2 are indicated as w t / P -  
and mSH2/P- ,  respectively. 



Figure 3. Tyrosine phosphorylation of whole-cell lysate and PLC-'y2 in 
various DT40 cells after activation with anti-IgM. (A) At the indicated 
times after the addition of M4 (4 p~g/ml), whole-cell lysates prepared 
from 2.5 • 10 ~' cells were loaded onto an 8% SDS-PAGE gel. (B) PLC- 
212 was immunoprecipitated from cells (2 • 106 cells per lane) before 
stimulation (-)  or after stimulation (+) with M4 (4 p,g/ml) for 3 min, 
and the immunoprecipitates were separated on a 6% SDS-PAGE gel. Af- 
ter transfer to nitrocellulose, the filters were incubated with antiphospho- 
tyrosine mAb 4G10. To check the content ofPLC-'/2 (B, lower panel), the 
filter was reprobed with anti-PLC-"/2 Ab after deprobing. 

mobil izat ion induced by stimulation o f  M1 muscarinic re- 
ceptor (49), as shown by transfectant wi th  M1 receptor  in 
PLC-y2-def ic ien t  cells (Fig. 4 A). These observations 
demonstrate that both calcium release from intracellular 
pools and entry across the plasma membrane  are the down-  
stream events o f  P L C - y 2  activation in s lgM signaling. 

SH2 Domains of PLC-T2 Are Required for its Activation 
through slgMStimulation. Tyrosine kinase growth factor 
receptors interact with P L C - y 2  by recruiting the enzyme 
via its SH2 domains to the tyrosine-phosphorylated recep- 

tor (57, 58). To examine the role o f  SH2 domains o f  PLC-  
"y2 in signaling responses upon slgM stimulation, we mu-  
tated the phosphotyrosine-binding site in the two SH2 do-  
mains o f  rat PLC-'y2 (both Arg 564 and Arg 672 to Ala; 
mSH2).  This mutated c D N A  was transfected into PLC-  
y2-def ic ien t  DT40  cells (mSH2/P+).  As shown in Fig. 3 
B, expression extent o f  mutated PLC-'y2 was about the 
same level as that o f  the transfectant with wi ld- type PLC-  
~/2 (wt/P+). In the transfectant with wi ld- type  PLC-y2 ,  
s lgM-induced  calcium mobilization was restored, and the 
Ptdlns hydrolysis was more vigorous than that in wi ld- type 
DT40  cells (Fig. 4, A and B). This is probably caused by 
the overexpression o f  PLC- ' /2  since this hydrolysis in an- 
other transfectant expressing lower level o f  wi ld- type PLC-  
~/2 was less remarkable (data not  shown). In contrast to 
wi ld- type PLC-~/2, the SH2 mutant  o f  PLC-~/2 was unable 
to evoke both PtdIns hydrolysis and calcium mobil izat ion 
upon sIgM stimulation (Fig. 4, A and B). The  inability o f  
this mutant  to induce PtdIns hydrolysis correlated well 
with the mutated PLC-~/2 molecule 's  loss o f s IgM- induced  
tyrosine phosphorylat ion (Fig. 3 B). Catalytic activity o f  
the SH2 mutant  o f  PLC-y2  was comparable to that o f  
wi ld- type PLC-~/2 in C O S  cells (data not  shown). These 
observations suggest that recruitment o f  PLC-~/2 to phos- 
phorylated tyrosine via its SH2 domains is a prerequisite for 
s IgM-induced tyrosine phosphorylat ion o f  PLC-~/2. 

Activation of PLC-y2 through Syk Is Required for slgM- 
coupled Apoptosis. It is well known  that sIgM stimulation 
eventually leads to growth inhibit ion and apoptosis in im-  
mature B cell lines. Thus, we sought to examine whether  
sIgM stimulation can induce apoptosis in this cell line. 
Treatment  o f  wi ld- type  DT40  cells for 24 h with mAb M4 
resulted in a drastic increase o f  the percentage o f  apoptotic 
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Figure 4. Early signaling events 
in wild-type and mutant DT40 
cells. (A) lntracellular free cal- 
cium mobilization, fura-2-1oaded 
cells were monitored by a spec- 
trophotometer upon stimulation 
with M4 (2 p,g/ml) or carbachol 
(500 p~M). Arrows indicate time 
points at which stimulants were 
added. PLC-~2-deficient cells 
expressing M1 muscarinic recep- 
tor are indicated as M1/P-. (B) 
InsP 3 generation. Soluble inositol 
were extracted from cells stimu- 
lated with M4 and were sepa- 
rated by AG1-X8 anion ex- 
change columns. Data are shown 
as fold increase of the value be- 
fore stimulation with M4. 
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Figure 5. Induction of apoptosis in wild-type and mutant DT40 cells. 
Cells were cultured with (+) or without (-) M4 (10 I~g/ml, 24 h), 
treated in hypotonic DNA staining solution containing 50 txg/rnl propid- 
ium iodide and were subjected to analysis by FACSort | (Becton- Dickin- 
son). The percentage of fragmented nuclei is indicated. 

cells, as assessed by propidium iodide staining and flow cy- 
tometric analysis (Fig. 5) (55). Also, analysis of  genomic 
DNA from anti-IgM-treated DT40 cells revealed a charac- 
teristic fragmentation pattern ofnucleosomal ladder on aga- 
rose gel (data not shown). These results indicate that DT40 
cells undergo apoptosis by signaling through slgM. 

PLC-~/2-deficient DT40 cells, along with Syk- or Lyn- 
deficient cells, were treated with mAb M4 for 24 h and the 
induction of apoptosis was analyzed. Stimulation of Lyn- 
deficient cells with M4 induced apoptotic cell death similar 
to wild-type cells, whereas Syk- or PLC-~/2-deficient cells 
treated with M4 showed a dramatically reduced percentage 
of  fragmented nuclei (Fig. 5). This blockade of apoptosis 
was not caused by low level expression of slgM in Syk- or 
PLC-~/2-deficient cells because both cells expressed the 
same level ofslgM as wild-type cells (Fig. 2). Furthermore, 
transfection of  Syk or PLC-~/2 cDNA into these deficient 
cells restored the defect (Fig. 5 and data not shown). 

Since the SH2 domains of  PLC-~/2 are essential for Syk- 
mediated PLC-~/2 activation in slgM signaling, we exam- 
ined the effect of  the SH2 mutation on slgM-induced apo- 
ptosis. Similar to PLC-~/2-deficient cells, cells expressing 
the SH2 mutant of PLC-~/2 showed the blockade of slgM- 
induced apoptosis (mSH2/P + in Fig. 5). These observa- 
tions demonstrate that activation of  PLC-'y2 through Syk is 
critical for slgM-induced apoptosis. 

Discussion 

Lyn- or Syk-deficient DT40 cells respond to slgM stimula- 
tion with a limited tyrosine phosphorylation of cellular 
substrates (23), whereas PLC-~/2-deficient cells exhibited 
almost the same pattern of  tyrosine phosphorylation as the 
wild- type cells upon slgM cross-linking (Fig. 3 A). This 
observation, together with the evidence that slgM-induced 

tyrosine phosphorylation of  PLC-~2 is dependent on Syk 
(23), supports the concept that PLC-~2 activation is a 
downstream event of  PTK activation in slgM signaling. 

Experiments in which PLC-~/2 cDNA with SH2 muta- 
tions was introduced into PLC-~/2-deficient cells demon- 
strate that the SH2 domains are critical for activation of 
PLC-~/2 through sIgM. Since slgM-induced phosphoryla- 
tion of PLC-~2 was also abolished in this SH2 mutant (Fig. 
3 B), it appears that SH2-phosphotyrosine interaction is a 
prerequisite for phosphorylation of PLC-~/2. These obser- 
vations raise the possibility that, as in the case of receptor 
tyrosine kinase signaling (57, 58), PLC-~/2 is recruited via 
its SH2 domains to inducibly phosphorylated proteins such 
as slgM complex or associated PTKs. Indeed, various phos- 
phoproteins, including Src-PTKs, are shown to associate 
with SH2 domains of PLC-~2 isoform in vitro (59-64). 
Because tyrosine phosphorylation of PLC-~2 is still in- 
duced by slgM stimulation in Lyn-deficient DT40 cells 
(23), candidates to which PLC-~/2 is recruited include 
those inducibly phosphorylated proteins in Lyn-deficient 
cells. 

Rapid calcium mobilization following slgM stimulation 
presents two phases: the initial phase consists of a transient 
release of  calcium from intracellular stores and is followed 
by a sustained calcium influx caused by the opening of the 
calcium channels present in the plasma membrane (31, 33). 
Although it has been well established that InsP 3 is primarily 
responsible for mobilizing calcium from intracellular stor- 
age sites through binding to its receptor, the regulatory 
mechanisms for calcium entry are less clear (34). The pre- 
vailing hypothesis is that calcium entry is somehow cou- 
pled to the InsP3-induced depletion ofintracellular calcium 
stores, a process termed capacitative calcium entry. The 
most compelling evidence for this hypothesis comes from 
the observation that inducers of  intracellular calcium pool 
depletion, such as thapsigargin, mimic the ability of  surface 
receptors to activate calcium entry (33). On the other 
hand, receptor-operated calcium mobilization in the ab- 
sence of detectable Ptdlns hydrolysis have previously been 
noted in several systems, suggesting the presence of  InsP 3- 
independent calcium entry mechanism (65-69). Abolish- 
ment of slgM-induced calcium mobilization in PLC-~2- 
deficient cells (Fig. 4 A) provides the direct evidence that 
both calcium release from endoplasmic reticulum and entry 
from outside of  the cells are downstream events of PLC-~/2 
activation. This conclusion supports the capacitative cal- 
cium entry hypothesis, and the previously observed dis- 
crepancy might be explained by relative insensitivity of Ptdlns 
assays. 

In this study, we have demonstrated that activation of  
PLC-~/2 is required for slgM-induced apoptosis. The 
blockade ofslgM-induced apoptosis in Syk-deficient DT40 
cells supports this conclusion because Syk, not Lyn, is es- 
sential for coupling slgM to the Ptdlns pathway (23). The 
requirement of PLC-~/2 activation suggests that second 
messengers, InsP 3 and diacylglycerol, as well as calcium 
mobilization, are crucial for the induction of apoptosis. In- 
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deed, sustained calcium elevation has been implicated in 
apoptosis o f  various cell systems (70, 71). It appears un-  
likely, however, that these second messengers alone initiate 
apoptosis through slgM signaling. Transfectant with mus- 
carinic M1 receptor in DT40  cells cannot undergo apopto- 
sis upon carbachol stimulation despite the activation o f  the 
Ptdlns pathway and calcium mobilization (Takata, M., and 
T. Kurosaki, unpublished result). An explanation is that in 
addition to activation o f  Ptdlns pathway, PLC-~/2 might 
have another activity, yet undefined, which is required for 
the induction o f  apoptosis. It is also possible that slgM-in- 
duced apoptosis requires another biochemical event(s) 
other than PLC-~/2 activation through slgM signaling. An 

observation that simultaneous stimulation through slgM 
and transfected M1 receptor failed to induce apoptosis in 
PLC-'u cells (Takata, M., and T. Kurosaki, un-  
published result) may support the first possibility. 

The process o f  apoptosis is dependent on R N A  and pro- 
tein synthesis, leading to the concept o f  death genes that 
are responsible for the phenomena (72, 73). Recently, sev- 
eral genes implicated in apoptosis o f  different cell types 
have been identified, including c-myc (47, 74, 75), nur77 
(76, 77), bd-2 (45, 78-82), bd-x (83), and bax (84). Thus, 
understanding the relationship between early signaling 
events and regulation o f  these genes should elucidate the 
mechanisms ofsIgM-induced B cell apoptosis. 

We thank M. Kurosaki for expert technical assistance, C.-L. Chen and M. Cooper for M4 mAb, and S. 
Nishikawa for critical reading of the manuscript. 

Address correspondence to Tomohiro Kurosaki, Department of Cardiovascular Molecular Biology, Lederle 
Laboratories, Building 200, Room 4611, 401 North Middletown Road, Pearl River, NY 10965. 

Received for publication 6 March 1995 and in revised form 28 April 1995. 

References 
1. Cambier, J.C., and K.S. Campbell. 1992. Membrane immu- 

noglobulin and its accomplices: new lessons from an old re- 
ceptor. FASEB (Fed. Am. Soc. Exp. Biol.) J. 6:3207-3217. 

2. Desiderio, S.V. 1992. B-cell activation. Curt. Opin. Immunol. 
4:252-256. 

3. Reth, M. 1992. Antigen receptors on B lymphocytes. Annu. 
Rev. Immunol. 10:97-121. 

4. Gold, M.R., and A.L. DeFranco. 1994. Biochemistry of B 
lymphocyte activation. Adv. Immunol. 55:221-295. 

5. Pleiman, C.M., D. D'Ambrosio, and J.C. Cambier. 1994. 
The B cell antigen receptor complex: structure and signal 
transduction. Immunol. Today. 15:393-399. 

6. Weiss, A., and D.R. Littman. 1994. Signal transduction by 
lymphocyte antigen receptors. Cell. 76:263-274. 

7. Samelson, L.E., and R.D. Klausner. 1992. Tyrosine kinases 
and tyrosine-based activation motifs. J. Biol. Chem. 267: 
24913-24916. 

8. Kim, K.-M., G. Alber, P. Weiser, and M. Reth. 1993. Sig- 
naling function of the B-cell antigen receptors. Immunol. Rev. 
132:125-146. 

9. Law, D.A., V.W.F. Chan, S.K. Datta, and A.L. DeFranco. 
1993. B-cell antigen receptor motifs have redundant signal- 
ling capabilities and bind the tyrosine kinases PTK72, Lyn 
and Fyn. Curr. Biol. 3:645-657. 

10. Sanchez, M., Z. Misulovin, A.L. Burkhardt, S. Mahajan, T. 
Costa, R. Franke, J.B. Bolen, and M. Nussenzweig. 1993. 
Signal transduction by immunoglobulin is mediated through 
Igci and Ig~.J. Exp. Med. 178:1049-1055. 

11. Taddie, J.A., T.R. Hurley, B.S. Hardwick, and B.M. Sefton. 
1994. Activation of B- and T-cells by the cytoplasmic do- 
mains of the B cell antigen receptor proteins Ig-(x and Ig-13.J. 
Biol. Chem. 269:13529-13535. 

12. Burkhardt, A.L., M. Brunswick, J.B. Bolen, and JJ. Mond. 

1991. Anti-immunoglobulin stimulation of B lymphocytes 
activates src-related protein-tyrosine kinases. Proc. Natl. Acad. 
Sci. USA. 88:7410-7414. 

13. Hutchcroft, J.E., M.L. Harrison, and R.L. Geahlen. 1991. B 
lymphocyte activation is accompanied by phosphorylation of 
a 72-kDa protein-tyrosine kinase. J. Biol. Chem. 266:14846- 
14849. 

14. Taniguchi, T., T. Kobayashi, J. Kondo, K. Takahashi, H. 
Nakamura, J. Suzuki, K. Nagai, T. Yamada, S. Nakamura, 
and H. Yamamura. 1991. Molecular cloning of a porcine 
gene syk that encodes a 72-kDa protein-tyrosine kinase 
showing high susceptibility to proteolysis.J. Biol. Chem. 266: 
15790-15796. 

15. Yamanashi, Y., T. Kakiuchi, J. Mizuguchi, T. Yamamoto, 
and K. Toyoshima. 1991. Association of B cell antigen recep- 
tor with protein tyrosine kinase Lyn. Science (Wash. DC). 
251:192-194. 

16. Campbell, M.-A., and B.M. Sefton. 1992. Association be- 
tween B-lymphocyte membrane immunoglobulin and multi- 
ple members of the Src family of protein tyrosine kinases. 
Mol. Cell. Biol. 12:2315-2321. 

17. Clark, M.R., K.S. Campbell, A. Kazlauskas, S.A. Johnson, 
M. Hertz, T.A. Potter, C. Pleiman, andJ.C. Cambier. 1992. 
The B cell antigen receptor complex: association of Ig-(x and 
Ig-~ with distinct cytoplasmic effectors. Science (Wash. DC). 
258:123-126. 

18. Hutchcroft, J.E., M.L. Harrison, and R.L. Geahlen. 1992. 
Association of the 72-kD protein-tyrosine kinase PTK72 
with the B cell antigen receptor. J. Biol. Chem. 267:8613- 
8619. 

19. Yamada, T., T. Taniguchi, C. Yang, S. Yasue, H. Saito, and 
H. Yamamura. 1993. Association with B-cell-antigen recep- 
tor with protein-tyrosine kinase p72 syk and activation by en- 

912 Role ofPhospholipase C-~/2 in Surface Immunoglobulin M Signaling 



gagement of membrane IgM. Eur. J. Biochem. 213:455--459. 
20. Burg, D., M.T. Furlong, M.L. Harrison, and R.L. Geahlen. 

1994. Interactions of Lyn with the antigen receptor during B 
cell activation.J. Biol. Chem. 268:28136-28142. 

21. Clark, M.R., S.A. Johnson, andJ.C. Cambier. 1994. Analysis 
of  lg-o~-tyrosine kinase interaction reveals two levels of bind- 
ing specificity and tyrosine phosphorylated Ig-o~ stimulation 
of Fyn activity. EMBO (Eur. Mol. Biol. Organ.) J. 13:1911- 
1919. 

22. pleiman, C.M., C. Abrams, L.T. Gauen, W. Bedzyk, J. Jong- 
stra, A.S. Shaw, and J.C. Cambier. 1994. Distinct p53/p56 lyn 
and p59 cyn domains associate with nonphosphorylated and 
phosphorylated Ig-oc Proc. Natl. Acad. Sci. USA. 91:4268- 
4272. 

23. Takata, M., H. Sabe, A. Hata, T. Inazu, Y. Homma, T. 
Nukada, H. Yamamura, and T. Kurosaki. 1994. Tyrosine ki- 
nases Lyn and Syk regulate B cell receptor-coupled Ca 2+ mo- 
bilization through distinct pathways. EMBO (Eur. Mol. Biol. 
Organ.)J. 13:1341-1349. 

24. Emori, Y., Y. Homma, H. Sorimachi, H. Kawasaki, O. Na- 
kanishi, K. Suzuki, and T. Takenawa. 1989. A second type of 
rat phosphoinositide-specific phospholipase C containing a 
src-related sequence not essential for phosphoinositide-hy- 
drolyzing activity. J. Biol. Chem. 264:21885-21890. 

25. Carter, R.H., D.J. Park, S.G. Rhee, and D.T. Fearon. 1991. 
Tyrosine phosphorylation of phospholipase C induced by 
membrane immunoglobulin in B lymphocytes. Proc. Natl. 
Acad. Sci. USA. 88:2745-2749. 

26. Hempel, W.M., and A.L. DeFranco. 1991. Expression of 
phospholipase C isozymes by murine B lymphocytes. J. Im- 
munol. 146:3713-3720. 

27. Coggeshall, K.M., J.C. McHugh, and A. Altman. 1992. Pre- 
dominant expression and activation-induced tyrosine phos- 
phorylation of phospholipase C- in B lymphocytes. Proc. 
Natl. Acad. Sci. USA. 89:5660-5664. 

28. Hempel, W.M., IL.C. Schatzman, and A.L. DeFranco. 1992. 
Tyrosine phosphorylation of phospholipase C- upon cross- 
linking of membrane lg on murine B lymphocytes. J. Immu- 
nol. 148:3021-3027. 

29. Nishibe, S., M. Wahl, S.M.T. Hemfindez-Sotomayer, N.K. 
Tonks, S.G. Rhee, and G. Carpenter. 1990. Increase of the 
catalytic activity of phospholipase C- tyrosine phosphoryla- 
tion. Science (Wash. DC). 250:1253-1256. 

30. Kim, H.K., J.W. Kim, A. Zilberstein, B. Margolis, J.G. Kim, 
J. Schlessinger, and S.G. Ikhee. 1991. PDGF stimulation of 
inositol phospholipid hydrolysis requires PLC-'y2 phosphory- 
lation on tyrosine residues 783 and 1254. Cell. 65:435-441. 

31. Berridge, M.J. 1993. Inositol trisphosphate and calcium sig- 
nalling. Nature (Lond.). 361:315-325. 

32. Nishizuka, Y. 1992. Intracellular signaling by hydrolysis of 
phospholipids and activation of protein kinase C. Science 
(Wash. DC). 258:607-614. 

33. Putney, J.W., Jr., and G.St.J. Bird. 1993. The signal for ca- 
pacitative calcium entry. Cell. 75:199-201. 

34. Meldolesi, J., E. Clementi, C. Fasolato, D. Zacchetti, and T. 
Pozzan. 1991. Ca 2+ influx following receptor activation. 
TIPS (Trends Pharmacol. Sci.). 12:289-292. 

35. Nossal, G.J.V. 1994. Negative selection oflymphocytes. Cell. 
76:229-239. 

36. Schwartz, R.H. 1989. Acquisition of immunologic self-toler- 
ance. Cell. 57:1073-1081. 

37. Goodnow, C.C. 1992. Transgenic mice and analysis of B-cell 
tolerance. Annu. Rev. Immunol. 10:489-518. 

38. Lawton, A.R., and M. Cooper. 1974. Modification of B 
lymphocyte differentiation by anti-imnmnoglobulins. Con- 
temp. Topics lmmunobiol. 3:193-225. 

39. Al&-Martinez, J.E., G.L. Warner, and D. Scott. 1988. Im- 
munoglobulins D and M mediate signals that are qualitatively 
different in B cells with an immature phenotype. Proc. Natl. 
Acad. Sci. USA. 85:6919-6923. 

40. Benhamou, L.E., P.-A. Cazenave, and P. Sarthou. 1990. 
Anti- immunoglobulin induce death by apoptosis in WEHI- 
231 B lymphoma. Eur.J. Immunol. 20:1405-1407. 

41. Hasbold, J., and G.G.B. Klaus. 1990. Anti-immunoglobulin 
antibodies induce apoptosis in immature B cell lymphomas. 
Eur. J. Immunol. 20:1685-1690. 

42. Page, M.D., and A.L. DeFranco. 1990. Antigen receptor-in- 
duced cell cycle arrest in WEHI-231 B lymphoma cells de- 
pends on the duration of signaling before the Gi phase re- 
striction point. Mol. Cell. Biol. 10:3003-3012. 

43. Kim, K.-M., T. Yoshimura, H. Watanabe, T. Ishigami, M. 
Nambu, D. Hata, Y. Higaki, M. Sasaki, T. Tsutsui, M. 
Mayumi, and H. Mikawa. 1991. Growth regulation of a hu- 
man mature B cell line, B104, by anti-IgM and anti-IgD an- 
tibodies.J. Immunol. 146:819-825. 

44. Valentine, M.A., and K.A. Licciardi. 1992. Rescue from anti- 
IgM-induced programmed cell death by the B cell surface 
protein CD20 and CD40. Eur.J. Immunol. 22:3141-3148. 

45. Cuendo, E., J.E. Al~s-Martinez, L. Ding, M. G6nzalez- 
Garcia, C. Martlnez-A, and G. Nunez. 1993. Programmed 
cell death by bcl-2-dependent and independent mechanisms 
in B lymphoma cells. EMBO (Eur. Mol. Biol. Organ.) J. 12: 
1555-1560. 

46. Tsubata, T.,J. Wu, and T. Honjo. 1993. B-cell apoptosis in- 
duced by antigen receptor crosslinking is blocked by a T-cell 
signal through CD40. Nature (Lond.). 364:645-648. 

47. Fischer, G., S.C. Kent, L. Joseph, D.1L. Green, and D.W. 
Scott. 1994. Lymphoma models for B cell activation and tol- 
erance. X. Anti-Ix-mediated growth arrest and apoptosis of 
routine B cell lymphomas is prevented by the stabilization of 
myc.J. Exp. Med. 179:221-228. 

48. Buerstedde, J.-M., and S. Takeda. 1991. Increased ratio of 
targeted to random integration after transfection of chicken B 
cell line. Cell. 67:179-188. 

49. Kubo, T., K. Fukuda, A. Mikami, A. Maeda, H. Takahashi, 
M. Mishina, T. Haga, K. Haga, A. Ichiyama, K. Kangawa, 
M. Kojima, H. Matsuo, T. Hirose, and S. Numa. 1986. 
Cloning, sequencing and expression of complementary DNA 
encoding the muscarinic acetylcholine receptor. Nature 
(Lond.). 323:411-416. 

50. Chen, C.-L.H., J.H. Lehmeyer, and M.D. Cooper. 1982. 
Evidence for an IgD homologue on chicken lymphocytes. J. 
Immunol. 129:2580-2585. 

51. Homma, Y., Y. Emori, F. Shibasaki, K. Suzuki, and T. Tak- 
enawa. 1990. Isolation and characterization ofa ~/-type phos- 
phoinositide-specific phospholipase C (PLC-',/2). Biochem. J. 
269:13-18. 

52. Grynkiewicz, G., M. Poenie, and R.Y. Tsien. 1985. A new 
generation of Ca > indicators with greatly improved fluores- 
cence properties.J. Biol. Chem. 260:3440-3450. 

53. Berridge, M.J., R.M.C.  Dawson, C.P. Dowues, J.P. Heslop, 
and R.F. Irvine. 1983. Changes in the levels ofinositol phos- 
phates after agonist-dependent hydrolysis of membrane phos- 
phoinositides. Biochem.J. 212:473-482. 

54. Smith, C.A., G.T. Williams, R. Kingston, E.J. Jenkinson, 
and j.j.T. Owen. 1989. Antibodies to CD3/T-cell receptor 

913 Takata et al. 



complex induce death by apoptosis in immature T cells in 
thymic cultures. Nature (Lond.). 337:181-184. 

55. Nicoletti, I., G. Migliorati, M.C. Pagliacci, F. Grignani, and 
C. Riccardi. 1991. A rapid and simple method for measuring 
thymocyte apoptosis by propidium iodide staining and flow 
cytometry.d. Immunol. Methods. 139:271-279. 

56. Kost, T.A., N. Theodorakis, and S.H. Hughes. 1983. The 
nucleotide sequence of the chick cytoplasmic ]3-actin gene. 
Nucleic Acids Res. 11:8287-8301. 

57. Koch, C.A., D. Anderson, M.F. Moran, C. Ellis, and T. 
Pawson. 1991. SH2 and SH3 domains: elements that control 
interactions of cytoplasmic signaling proteins. Science (Wash. 
DC). 252:668-674. 

58. Pawson, T. 1995. Protein modules and signalling networks. 
Nature (Lond.). 373:573-580. 

59. Gilliland, L.K., G.L. Schieven, N.A. Norris, S.B. Kanner, A. 
Aruffo, and J.A. Ledbetter. 1992. Lymphocyte lineage- 
restricted tyrosine-phosphorylated proteins that bind PLCy2 
SH2 domains.J. Biol. Chem. 267:13610-13616. 

60. Ohmichi, M., S.J. Decker, and A.R. Saltiel. 1992. Nerve 
growth factor stimulates the tyrosine phosphorylation of a 
38-kDa protein that specifically associates with src homology 
domain of phospholipase C- .  J. Biol. Chem. 267:21601- 
21606. 

61. Weber, J.R., G.M. Bell, M.Y. Han, T. Pawson, andJ.B. Im- 
boden. 1992. Association of the tyrosine kinase LCK with 
phospholipase C- after stimulation of the T cell antigen re- 
ceptor.d. Exp. Med. 176:373-379. 

62. Pleiman, C.M., M.R. Clark, L.K.T. Gauen, S. Winitz, K.M. 
Coggeshall, G.L. Johnson, A.S. Shaw, and J.C. Cambier. 
1993. Mapping of sites on the Src family protein tyrosine ki- 
nases p55 blk, p59 fyn, and p566'n which interact with the effec- 
tor molecules phospholipase C - ,  microtubule-associated pro- 
tein ki 

63. Maa, M.-C., T.-H. Leu, B.J. Trandel, J.-H. Chang, and S.J. 
Parsons. 1994. A protein that is highly related to GTPase-ac- 
tivating protein-associated p62 complexes with phospholipase 
Cy. Mol. Cell. Biol. 14:5466-5473. 

64. Sieh, M., A. Batzer, J. Schlessinger, and A. Weiss. 1994. 
G1KB2 and phospholipase C- associate with a 36- to 38-kilo- 
dalton phosphotyrosine protein after T-cell receptor stimula- 
tion. MoI. Ceil. Biol. 14:4435-4442. 

65. Monroe, J.G., V.L. Seyfert, C.S. Owen, and N. Sykes. 1989. 
Isolation and characterization of a B lymphocyte mutant with 
altered signal transduction through its antigen receptor. J. 
Exp. Med. 169:1059-1070. 

66. Yellen, A.J., W. Glenn, V.P. Sukhatme, X. Cao, and J.G. 
Monroe. 1991. Signaling through surface IgM in tolerance- 
susceptible immature murine B lymphocytes. Developmen- 
tally regulated differences in transmembrane signaling in 
splenic B cells from adult and neonatal mice.J. Immunol. 146: 
1446-1454. 

67. Felder, C.C., M.O. Poulter, andJ. Wess. 1992. Muscarinic 
receptor-operated C a  2+ influx in transfected fibroblast cells is 
independent ofinositol phosphates and release ofintracellular 
Ca 2+. Proc. Natl. Acad. Sci. USA. 89:509-513. 

68. Niklinska, B.B., H. Yamada, J.J. O'Sheo, C.H. June, and 
J.D. Ashwell. 1992. Tyrosine kinase-regulated and inositol 
phosphate-independent Ca 2+ elevation and mobilization in T 
cells.J. Biol. Chem. 267:7154--7159. 

69. Morris, D.L., and T.L. Rothstein. 1993. Abnormal transcrip- 

tion factor induction through the surface immunoglobulin M 
receptor of B-1 lymphocytes.J. Exp. Med. 177:857-861. 

70. Ashwell, J.D. 1994. Lymphocyte programmed cell death. In 
Handbook of B and T Lymphocytes. E.C. Snow, editor. Ac- 
ademic Press, Inc., San Diego, CA. pp. 63-89. 

71. McConkey, D.J., P. Nicotera, and S. Orrenius. 1994. Signal- 
ing and chromatin fragmentation in thymocyte apoptosis. Im- 
munol. Rev. 142:343-363. 

72. Smith, C.A., E.A Grimes, N.J. McCarthy, and G.T. Will- 
iams. 1994. Multiple gene regulation of apoptosis: signifi- 
cance in immunology and oncology. In Apoptosis 11. The 
Molecular Basis of  Apoptosis in Disease (Current Communi- 
cations in Cell and Molecular Biology: 8). L.I). Tomei, and 
F.O. Cope, editors. Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, NY. pp. 43-87. 

73. Wyllie, A.H., J.F.R. Kerr, and A.R. Currie. 1980. Cell 
death: the significance of apoptosis. Int. Rev. Cytol. 68:251- 
306. 

74. Shi, Y., J.M. Glynn, L.J. Guilbert, T.G. Cotter, R.P. Bisson- 
nette, and D.R. Green. 1992. Role for c-myc in activation- 
induced apoptotic cell death in T cell hybridomas. Science 
(Wash. DC). 257:212-214. 

75. Evans, G., A.H. Wyllie, C.S. Gilbert, T.D. Littlewood, H. 
Land, M. Brooks, C.M. Waters, L.Z. Penn, and D.C. Han- 
cock. 1992. Induction of apoptosis in flbroblast by c-myc 
protein. Cell. 69:119-128. 

76. Woronicz, J.D., B. Calnan, V. Ngo, and A. Winoto. 1994. 
Requirement for the orphan steroid receptor Nur77 in apop- 
tosis ofT-cell hybridomas. Nature (Lond.). 367:277-281. 

77. Liu, Z.G., S.W. Smith, K.A. McLaughlin, L.M. Schwartz, 
and B.A. Osborne. 1994. Apoptotic signals delivered through 
the T-cell receptor of a T-cell hybrid require the immediate- 
early gene nur77. Nature (Lond.). 367:281-284. 

78. Tsujimoto, Y., L. Finger, J. Yunis, P.C. Nowell, and C.M. 
Croce. 1984. Cloning of the chromosome breakpoint of 
neoplastic B cells with the t(14;18) chromosome transloca- 
tion. Science (Wash. DC). 226:1097-1099. 

79. Sentman, C.L., J.tK. Shutter, D. Hockenbery, O. Kanagawa, 
and S.J. Korsmeyer. 1991. bcl-2 inhibits multiple forms of 
apoptosis but not negative selection in thymocytes. Cell. 67: 
879-888. 

80. Garcia, I., 1. Martinou, Y. Tsujimoto, and J.-C. Martinou. 
1992. Prevention of programmed cell death of sympathetic 
neurons by the bcl-2 proto-oncogene. Science (Wash. DC). 
258:302-304. 

81. Nakayama, K., I. Negishi, K. Kuida, Y. Shinkai, M.C. Louie, 
L.E. Fields, P.J. Lucas, V. Stewart, and F.W. Alt. 1993. Dis- 
appearance of the lymphoid system in Bcl-2 homozygous 
mutant chimeric mice. Science (Wash. DC). 261:1584-1588. 

82. Veis, D.J., C.M. Sorenson, J.R. Shutter, and S.J. Korsmeyer. 
1993. Bcl-2-deficient mice demonstrate fulminant lymphoid 
apoptosis, polycystic kidneys, and hypopigmented hair. Cell. 
75:229-240. 

83. Boise, L.H., M. Grnzalez-Garcia, C.E. Postema, L. Ding, T. 
Lindsten, L.A. Turka, X. Mao, G. Nunez, and C.B. Thomp- 
son. 1993. bcl-x, bcl-2-related gene that functions as a domi- 
nant regulator ofapoptotic cell death. Cell. 74:597-608. 

84. Oltvai, Z.N., C.L. Milliman, and S.J. Korsmeyer. 1993. Bcl-2 
heterodimerizes in vivo with a conserved homolog, Bax, that 
accelerates programmed cell death. Cell. 74:609-619. 

914 Role of Phospholipase C-y2 in Surface Immunoglobulin M Signaling 


