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ABSTRACT Despite intensive efforts, the intracellular
signaling pathways that mediate apoptosis remain unclear.
The human B lymphoma cell line, B104, possesses character-
istics that make it an attractive model for analysis of receptor-
mediated apoptosis. Although these cells express both mem-
brane IgM (mIgM) and membrane IgD (mIgD) crosslinking
mIgM results in significant apoptosis while crosslinking
mIgD does not. Our results show that crosslinking mIgM but
not mIgD induced a delayed and sustained activation of the
mitogen-activated protein kinase (MAPK) family members
stress-activated protein kinase (SAPK) and p38 MAPK. The
calcium ionophore ionomycin, which also induces apoptosis in
B104 cells, stimulated a similar SAPK and p38 MAPK re-
sponse. Cyclosporin A, a potent inhibitor of apoptosis induced
by either mIgM or ionomycin, inhibited activation of both
SAPK and p38 MAPK, suggesting that stimulation of these
kinases may be required for induction of apoptosis. Collec-
tively, our results indicate that SAPK and p38 MAPK may be
downstream targets during mIgM-induced, calcium-
mediated, apoptosis in human B lymphocytes.

Apoptosis is an active process, invoked during development,
proliferation, and disease, whereby defective, destructive, or
redundant cells are eliminated from the body. The process of
apoptosis consists of an evolutionarily conserved cascade of
characteristic changes including, the induction of critical genes,
metabolic and electrochemical changes, condensation of chro-
matin, and the activation of endonucleases, activation of
proteases, and changes in membrane morphology (1). The
molecular mechanisms that regulate apoptosis have been the
subject of intense investigation (2, 3). An understanding of
these mechanisms will be vital to our understanding of the
development and function of cell systems such as the nervous
and immune systems.
Lymphoid development is tightly controlled by both positive

and negative selection to ensure that individuals will be able to
respond appropriately to self and foreign antigens (4). Nega-
tive selection of B lymphocytes occurs by multiple mechanisms
including antigen-induced inactivation or clonal anergy and
antigen-induced deletion or apoptosis. Factors thought to
influence the outcome of receptor ligation include the strength
of the interaction with antigen, the involvement of auxiliary
signals, and the developmental state of the lymphocyte (4, 5).
During development of B cells their surface Ig expression
pattern changes; immature mIgM1 B cells express little or no
mIgD, while mature mIgM1D1 B cells express more mIgD
than IgM (4, 6). This has led to the suggestion that mIgM and
mIgD may transduce qualitatively different signals during B

cell development (7). However, the role of mIgD and whether
mIgM andmIgD transmit distinct signals remain controversial.
The mitogen-activated protein kinase (MAPK) family of

enzymes, activated by dual phosphorylation on both tyrosine
and threonine residues, has been implicated in the transduc-
tion of a wide variety of extracellular signals (8). The first
members of this family to be identified were p42 and p44
extracellular signal-regulated kinases (ERKs) that are acti-
vated by growth factors and many other mitogenic stimuli (9).
Subsequently, p54 and p46 stress-activated protein kinases
(SAPKs) were identified (10, 11). These kinases, also referred
to as c-Jun N-terminal kinases, are strongly activated by
stressful stimuli such as pro-inflammatory cytokines, UV light,
and protein synthesis inhibitors (10, 11). However, they are
also responsive to comitogenic stimuli in lymphocytes (12, 13).
Recently, a third group of MAPKs, termed p38 MAPKs, has
been identified (14–16). The p38 MAPK cascade is also
responsive to stress-related stimuli such as osmotic shock,
arsenite, and lipopolysaccharide as well interleukin 1 and
thrombin (17–20).
The cellular roles of the respective MAPK pathways are

not understood. The ability of stressful signals to stimulate
SAPK and p38 MAPK activity has led to the suggestion that
these pathways may function to communicate growth inhib-
itory and apoptotic signals within the cell. Activation of
SAPK and p38 MAPK has been shown to occur during
apoptosis of PC12 cells induced by withdrawal of nerve
growth factor (21). In this system, stimulation of p38 and
SAPK activities appear to be critical for the induction of
apoptosis. However, the signal transduction pathways in-
volved are uncharacterized, and it is not clear whether these
observations can be extended to other cell types. We present
evidence that SAPK and p38 MAPK are activated during
mIgM-induced apoptosis of B lymphocytes, by a calcium-
mediated, cyclosporin A (CsA)-sensitive, pathway.

MATERIALS AND METHODS.

Reagents and Cells. Goat F(ab9)2 anti-m, anti-d, and anti-g
sera were obtained from Jackson ImmunoResearch and South-
ern Biotechnology Associates. CsA was obtained from Sandoz
Pharmaceutical. Phorbol 12-myristate 13-acetate and ionomy-
cin were purchased from Calbiochem–Behring. Anisomycin
was obtained from Sigma. Rabbit polyclonal antiserum raised
against SAPK (C17) was obtained from Santa Cruz Biotech-
nology. Rabbit polyclonal against p38 has been described (20).
Myelin basis protein was from GIBCOyBRL, glutathione
S-transferase-Jun, and glutathione S-transferase-activating
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transcription factor-2 were prepared as described (18, 22). The
B104 human B lymphoma line, kindly provided by Mitsufumi
Mayumi (Kyoto University Hospital), was grown in culture as
described (23).
Immunoprecipitation and Kinase Assays. Following incu-

bation with the indicated stimuli, 5–10 3 106 cells were lysed
in 1 ml of lysis buffer (20 mMHepes, pH 7.4y2 mM EGTAy50
mM b-glycerophosphatey1% Triton X-100y10% glyceroly1
mM DTTy1 mM phenylmethylsulfonyl f luoridey25 mg/ml
leupeptiny25mg/ml aprotininy2mMNa2VO4y10mMNaF) for
15 min on ice. Cell debris was removed by centrifugation at
10,000 3 g for 10 min at 48C. SAPK or p38 MAPK was then
immunoprecipitated by 0.5mg of the appropriate antiserum for
3 hr with the addition of 50 ml of 1:1 protein-A Sepharose
slurry for the final hour. The beads were pelleted by centrif-
ugation and then washed three times each in lysis buffer, wash
buffer (500 mM LiCly100 mM TriszCl, pH 7.6y0.1% Triton
X-100y1 mMDTT), and assay buffer (20 mMMops, pH 7.2y2
mM EGTAy10 mM MgCl2y0.1% Triton X-100y1 mM DTT).
The beads were left as a 1:1 suspension in assay buffer and 20
ml (0.3 mgyml) of either glutathione S-transferase-Jun (for
SAPK) or glutathione S-transferase-ATF2 (for p38 MAPK)
was added. Kinase reactions were initiated by the addition of
15 ml of 32P-labeled Mg.ATP solution (50 mMMgCl2y500 mM
ATPy10 mCi [g-32P]ATP; 1 Ci5 37 GBq) and were carried out
at 308C for 20 min. Reactions were stopped by the addition of
25 ml of 6 3 Laemmli sample buffer and boiling for 3 min.
Samples were separated on a SDSy10% polyacrylamide gel
and, after drying, were subjected to autoradiography. Quan-
titation by densitometry was performed with an imaging
densitometer (Bio-Rad).
ERK activity was measured as described previously (24).

Briefly, cells were lysed in 1 ml of buffer H1 (50 mM
b-glycerophosphate, pH 7.4y1.5 mM EGTAy0.1 mM
Na3VO4y1 mmDTTy25 mg/ml aprotininy25 mgyml leupeptiny
0.5 mM phenylmethysulfonyl f luoride). ERK activity was
determined by the incorporation of radioactivity from
[g-32P]ATP into myelin basic protein after a 15-min incubation
at 308C.
Cell Death and Flow Cytometric Assays. Dead cells were

quantified using flow cytometry as described (25). Briefly, the
cells were washed and then resuspended in PBS containing 1%
BSA. Hoechst 33342 was added to a final concentration of 1
mgyml 3 106 cells, and the cells were placed in a humidified
incubator for 7 min. The cell suspension was then placed on ice
and 1 mgyml 7-amino-actinomycin D added prior to analysis
using a FACStar Plus flow cytometer (Becton Dickinson).
Apoptotic cells were considered to be the population that
exhibited DNA damage or loss of plasma membrane integrity.
Flow cytometric analyses were performed with a FACScan
analyzer (Becton Dickinson) and [Ca21]i was monitored using
an Indo-1 assay as described (26).
Statistical Analysis. All experiments shown are represen-

tative of between three and five repeats. Where applicable,
data are shown 6 SEM.

RESULTS

Characteristics of the Human B Lymphoma Cell Line B104.
The human B lymphoma B104 expressed about 20-fold more
mIgM than mIgD (Fig. 1A). As previously reported, crosslink-
ing mIgM with anti-IgM antisera induced B104 cells to die
within hours, whereas crosslinking mIgD resulted in a small
decline in cell viability (Fig. 1B). IgG was used as an irrelevent
control and had no effect on cell viability (Fig. 1B) (23).
Similar results were obtained with isotype-matched mAb to m
or d chains and with heterologous F(ab9)2 anti-m or anti-d sera
(data not shown). Treatment of B104 cells with the calcium
ionophore ionomycin also induced a rapid loss of viability (Fig.
1B) (27). Graded doses of mAb to m or d chains induced a

dose-dependent elevation of [Ca21]i, as determined by changes
in Indo-1 ratios (Fig. 1 C and D). Despite the fact that B104
cells express substantially less mIgD than mIgM (Fig. 1A), the
calcium responses to ligation of either mIgD or mIgM were
quantitatively and qualitatively similar.
Activation of ERKs by Either Anti-IgM or Anti-IgD. To

further characterize the signaling pathways stimulated by
mIgM and mIgD, we measured p42 and p44 ERK activity
induced by either anti-IgM or anti-IgD. Crosslinking either
mIgM or mIgD stimulated a time-dependent activation of
ERKs (Fig. 2A). The ERK response to anti-IgD was consis-
tently observed to be weaker and somewhat shorter than that
stimulated by the same dose of anti-IgM. However, doses of
anti-IgM and anti-IgD that produced quantitativelty compa-
rable ERK responses retained their differential ability to
induce apoptosis (Fig. 2B). Ionomycin treatment alone did not
induce measurable ERK activity (data not shown).
Activation of SAPK and p38 MAPK by Anti-IgM or Iono-

mycin But Not Anti-IgD. To determine if SAPK and p38
MAPK kinases were stimulated when B104 cells undergo
apoptosis, we measured the activities of these kinases at
various times after ligation of either mIgM or mIgD. No
detectable SAPK activity in response to anti-IgM was detected
time points from 5 min to 1 hr. However, anti-IgM-did
stimulate a late and sustained increase in SAPK activity (Fig.
3A). This increase was detectable after 2–4 hr of mIgM
crosslinking and was maximal by 8 hr. A similar time-
dependency was observed for activation of SAPK by treatment
with the calcium ionophore ionomycin. Treatment of cells with
anti-IgD had a small effect on SAPK activity. SAPK activity
in response to mIgD crosslinking was much weaker than was
observed with either ionomycin or anti-IgM. For example, 8 hr
after mIgD crosslinking, SAPK activity was 9% of that ob-
served in response to anti-IgM at this time point. Crosslinking
mIgM or treatment with ionomycin also stimulated a late and
sustained increase in p38 MAPK activity (Fig. 3B). The

FIG. 1. Characteristics of the mIgM1IgD1 human B cell lym-
phoma line, B104. (A) Flow cytometric analysis of B104 cells with
mAbs specific for IgM (4B8), IgD (dTA-1), or CD8 (G10-1). (B) Effect
of treatment with anti-IgM (●) (1 mgyml), anti-IgD (Ç) (1 mgyml), IgG
(E) (1 mgyml), or ionomycin (m) (200 mgyml) on B104 cell viability.
(C and D) Effect of graded doses of anti-IgM (solid symbols) or
anti-IgD (open symbols) on B104 [Ca21]i levels as measured by
changes in Indo-1 ratio. Antibody doses were 1.0 mgyml (circles), 0.1
mgyml (squares), and 0.01 mgyml (triangles).
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time-dependency of anti-IgM- and ionomycin-induced p38
MAPK activity was similar to that observed with SAPK
activity (Fig. 3A). A weak effect of anti-mIgD on p38 MAPK
activity was observed.
Fig. 4 shows a comparison of the effects of anti-IgM on the

activities of ERKs, SAPK, p38 MAPK, and B104 cell apopto-
sis. Activation of SAPK and p38 MAPK occur significantly
later than activation of ERKs in response to anti-IgM. How-
ever, the increase in SAPK and p38 MAPK activities are
amongst the earliest biochemical events that we have observed
to correlate with apoptosis in these cells and may temporally
precede induction of DNA damage and loss of viability.
Western blotting with reagents specific for either SAPK or p38
MAPK indicated that no change in the level of expression of
these protein kinases occurred during the time course of these
experiments (data not shown).
CsA Inhibits SAPK and p38 MAPK Activation in B104

Cells. CsA inhibited both anti-IgM- and ionomycin-induced
apoptosis of B104 cells (Fig. 5A) (28, 29). Apoptosis induced
by mIgM crosslinking was almost completely blocked by
treatment with CsA while a partial inhibition of ionomycin-
induced apoptosis was observed (Fig. 5A). Since CsA inhibits
both anti-IgM- and ionomycin-induced apoptosis of B104 cells,
we investigated the effect of CsA on the activation of SAPK
and p38 MAPK by these stimuli. Treatment of B104 cells with
CsA almost completely blocked the late SAPK response to
anti-IgM (Fig. 5B). Consistent with its partial inhibition of
ionomycin-induced apoptosis, CsA only partially blocked iono-
mycin-induced SAPK activation. Similar results were obtained

when the effects of CsA on activation of p38 MAPK were
investigated (Fig. 5C). CsA significantly blocked the ability of
mIgM crosslinking to stimulate p38 MAPK and also partially
inhibited ionomycin-induced p38 MAPK activity. CsA had no
effect on ERK activity observed in response to crosslinking
mIgM or mIgD (data not shown).

DISCUSSION

Why some B cells express both mIgM and mIgD and what
function mIgD serves remains unclear. While some studies
have suggested that crosslinking either mIgM ormIgD induced

FIG. 4. Comparison of the kinetics of induction of ERK, SAPK,
p38 MAPK activities, and with apoptosis induced by crosslinking of
mIgM. The effect of anti-IgM on induction of ERK (M), SAPK (●),
and p38 MAPK (E) activities and apoptosis (Ç), expressed as per-
centages of the maximum response at the indicated times.

FIG. 2. Crosslinking of mIgM or mIgD stimulates ERK activity.
(A) Effect of treatment of B104 cells with anti-IgM (●) or anti-IgD (E)
(1 mgyml) for the indicated times on ERK activity. (B) B104 cells were
treated with either 0.5mgyml anti-IgMor 1.0mgyml anti-IgD. (Left) ERK
activity measured at 3 min. (Right) Cell viability measured at 24 hr.

FIG. 3. Crosslinking of mIgM or treatment with ionomycin stim-
ulates activation of SAPK and p38 MAPK. B104 cells were treated for
the indicated time with either anti-IgM (●; 1 mgyml), anti-IgD (E; 1
mgyml), or ionomycin (m; 200 ngyml). SAPK (A) or p38 MAPK (B)
activities were measured by immune complex kinase assay. (Left)
Autoradiograms. (Right) Activities, as determined by densitometric
quantification. The effect of treatment with anisomycin (20 mgyml)
(A) or sorbitol (500 mM) (B) for 2 hr are also shown.
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similar responses, other studies have reported clear differences
(7). In B104 cells, crosslinking either mIgM or mIgD induces
tyrosine phosphorylation, phosphatidylinositol breakdown, el-
evation of intracellular free calcium concentration ([Ca21]i),
activation of protein kinase C, and induction of immediate
early genes (30, 31). However, while mIgM ligation strongly
induces apoptosis in these cells, crosslinking mIgD provides a
very weak apoptotic signal. The ability of either anti-IgM or
anti-IgD to induce comparable elevation in [Ca21]i suggests
that this early calcium signal is not a determinant factor in the
transduction of apoptotic signals. Crosslinking either mIgM or
mIgD also resulted in a rapid, transient activation of p42 and
p44 ERKs. The response to anti-IgD was somewhat weaker
and more transient than that observed upon crosslinking of
anti-IgM. However, a lower dose of anti-IgM that produced an
ERK response quantitatively and qualitatively similar to that
obtained with the indicated dose of anti-IgD still induced
apoptosis. This result suggests that the differential ability of
mIgM andmIgD to activate the ERKs does not account for the
contrasting effects of mIgM and mIgD crosslinking on B104
cell apoptosis.
A clear difference was observed in the abilities of anti-IgM

and anti-IgD to induce activation of SAPK and p38 MAPK.
Crosslinking of mIgM induced activation of both SAPK and
p38 MAPK that was detectable 2–4 hr after stimulation and
was maximal by 8 hr. In contrast, anti-IgD had a weak
stimulatory effect on SAPK and p38 MAPK activity. These
results are consistent with the fact that mIgD crosslinking
induces a small amount of apoptosis in B104 cells (Figs. 1B and
2B) (23). The relative abilities of anti-IgM and anti-IgD to
stimulate SAPK and p38 MAPK activities correlated well with
their effects on B104 cell viability, suggesting that these kinases
may function in signaling pathways by which mIgM induces
apoptosis.
Calcium signaling has been implicated in the induction of

apoptosis in response to a variety of stimuli (32). Calcium
ionophores induce apoptosis in many cell systems suggesting
that targets of calcium signaling play an important role in
apoptotic pathways. Persistent elevation of [Ca21]i may lead to
stimulation of the activities of proteases, phospholipases, and
endonucleases. The calcium ionophore ionomycin induces

apoptosis of B104 cells (Fig. 1A) (27). Ionomycin stimulated a
delayed and sustained activation of SAPK and p38 that was
quantitatively and qualitatively similar to that observed upon
mIgM crosslinking. These results are consistent with SAPK
and p38 MAPK representing downstream targets for Ca21
signaling pathways in the induction of apoptosis by both
ionomycin and mIgM. However, both anti-IgM and anti-IgD
elicit increases in [Ca21]i, suggesting that this early calcium
signal is insufficient to induce apoptosis. Although our data
suggests that calcium plays an important role in signaling
apoptosis in response to anti-IgM, it appears likely that other
signals are also required.
The ability of CsA to inhibit apoptosis in many cells suggests

that one important target may be the calcium-dependent
phosphatase calcineurin (32–34). CsA inhibited apoptosis as
well as activation of SAPK and p38MAPK by either ionomycin
or anti-IgM. However, CsA was observed to be a much more
effective inhibitor of apoptosis and SAPKyp38 MAPK acti-
vation induced by mIgM than by ionomycin. One possible
explanation for this differential sensitivity is that ionomycin
treatment results in the activation of multiple calcium-
mediated pathways, only some of which are sensitive to
inhibition by CsA. Collectively, these data suggest an impor-
tant role for calcineurin, upstream of SAPK and p38 MAPK,
in a calcium-mediated pathway of apoptosis stimulated by mIgM.
Several lines of evidence suggest that p42 and p44 ERKs do

not function in the pathway whereby mIgM induces apoptosis
in B104 cells. First, ERK activity is stimulated in response to
ligation of either mIgM, or mIgD. Second, CsA treatment did
not inhibit ERK activation upon crosslinking of mIgM. Third,
ionomycin does not significantly induce ERK activity at either
early or late timepoints. These results do not, however, rule out
the possibility that ERK activation may regulate the induction
of apoptosis. In this respect, the ERKs have been suggested to
deliver a signal that promotes survival in antagonism of signals
derived from SAPK and p38 MAPK (21).
One interesting feature of the SAPK and p38 MAPK

responses measured in this study is their comparatively delayed
and sustained kinetics. Most stimuli that have been identified
to stimulate SAPK or p38 MAPK activity show rapid and
transient kinetics (10, 11, 18). Although anti-IgM- and iono-

FIG. 5. Effect of CsA on induction of apoptosis, SAPK, and p38 MAPK activities by crosslinking of mIgM or ionomycin treatment. B104 cells
were treated with anti-IgM (squares) (1 mgyml) or ionomycin (circles) (200 ngyml) for the indicated times in the presence (solid symbols) or absence
(open symbols) of CsA (150 ngyml). At the indicated times, the following characteristics were measured: (A) Cell viability; (B) SAPK activity; and
(C) p38 MAPK activity.
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mycin-induced SAPK and p38MAPK activation were delayed,
they appeared to precede induction of DNA damage and loss
of cell viability. One possibility is that temporal differences in
the activation of these kinases may lead to different cellular
outcomes. A similar paradigm has been suggested for the ERK
pathway to explain its role in both proliferative and differen-
tiative responses (35). This model would reconcile the appar-
ently contradictory roles that have been suggested for SAPK
in both mitogenic and growth inhibitory responses. Thus,
delayed and persistent activation of SAPK and p38 MAPK
may be an essential requirement for apoptosis.
A major question concerns the mechanism of induction of

the delayed SAPKyp38MAPK response by calcium and mIgM
crosslinking. This process could involve either persistent acti-
vation of upstream kinases or inhibitionydown-regulation of
specific phosphatases. One possibility is that mIgM crosslink-
ing induces an autocrine factor that is responsible for activation
of SAPKyp38 MAPK and triggers apoptosis. Alternatively,
SAPK and p38 MAPK may be activated as a direct conse-
quence of the apoptotic program initiated by mIgM. Although
activation of these kinases appears to precede induction of
DNA damage, we cannot rule out the possibility that a very low
threshold of DNA damage is required to initiate SAPK and
p38 MAPK activation. Consistent with a role for DNA dam-
age, SAPK activity is known to be activated during apoptosis
induced by DNA damaging agents such as gamma irradiation
(36). Since activation of a highly conserved cascade of pro-
teases is another early event observed during apoptosis, it is
also possible that SAPKyp38 MAPK activation is the result of
the proteolytic cleavage of upstream regulatory components.
The differential abilities of mIgM and mIgD to induce

apoptosis may provide an opportunity to elucidate the mech-
anism by which SAPK and p38 MAPK are activated during
apoptosis. The resulting persistent activation of SAPK and p38
MAPKmight serve to amplify the apoptotic response initiated
by mIgM. In this regard, it will be important to determine the
precise roles of SAPK and p38 MAPK in mIgM-induced and
Ca21-mediated apoptosis. Identification of critical substrates
will also facilitate a greater understanding of the role of these
stress-activated kinases in apoptotic responses. Such informa-
tion might significantly advance our ability to develop treat-
ments that may alter the pathogenesis of human diseases, such
as autoimmune diseases and lymphomas, where changes in cell
survival have been implicated.
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