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Apoptosis plays an important role during neuronal development, and defects in apoptosis 
may underlie various neurodegenerative disorders. To characterize molecular mecha- 
nisms that regulate neuronal apoptosis, the contributions to cell death of rnitogen-acti- 
vated protein (MAP) kinase family members, including ERK (extracellular signal-regulated 
kinase), JNK (c-JUN NH,-terminal protein kinase), and p38, were examined after with- 
drawal of nerve growth factor (NGF) from rat PC-1 2 pheochrornocytorna cells. NGF 
withdrawal led to sustained activation of the JNK and p38 enzymes and inhibition of ERKs. 
The effects of dominant-interfering or constitutively activated forms of various compo- 
nents of the JNK-p38 and ERK signaling pathways demonstrated that activation of JNK 
and p38 and concurrent inhibition of ERK are critical for induction of apoptosis in these 
cells. Therefore, the dynamic balance between growth factor-activated ERK and stress- 
activated JNK-p38 pathways may be important in determining whether a cell survives or 
undergoes apoptosis. 

During mammalian development and in 
the mature organism, various extracellular 
stimuli act to promote survival and suppress 
cellular suicide programs (1 ). Because there 
is competition for limiting amounts of tar- 
get-derived survival factors in the nervous 
system, approximately half of all neurons 
produced by neurogenesis die during devel- 
opment (1, 2). The cells that die typically 
undergo apoptosis, a morphologically and 
biochemically distinct form of programmed 
cell death. The processes of both cell sur- 

vival and cell death involve highly regulat- 
ed signaling pathways that are currently the 
subject of intense investigation. 

The signaling pathways that lead to ap- 
optosis are beginning to be defined, and a 
number of proteins have been identified that 
either induce or prevent apoptosis (1). For 
example, recent studies involving the micro- 
injection of neutralizing antibodies or the, 
expression of dominant-interfering mutants 
have suggested a critical role for a transcrip- 
tion factor, the proto-oncogene encoding c- 

JUN, in apoptosis induced by NGF with- 
drawal from cultured sympathetic neurons 
(3, 4). However, the mechanism by which 
NGF withdrawal triggers c-JUN activation 
and how c-JUN itself contributes to apopto- 
sis are ~resentlv unclear. Studies of c-TUN 
regulation in other systems have identified 
several signaling pathways that regulate c- 
JUN expression and activity. For example, 
activation of JNK (also termed SAPK) caus- 
es phosphorylation of c-JUN at serine resi- 
due 63 (Ser63) and Ser73 and increases its 
transcriptional activating potential (5-9). 
Once activated, c-JUN stimulates its own 
ex~ression bv interacting with two AP-1 se- - 
quence elements within its promoter (10). 
c-JUN can function as a homodimer or as a 
heterodimer with parmer proteins such as 
ATF2. Like c-JUN, ATF2 is phosphorylated 
and activated by JNK (1 1, 12). ATF2 is also 
phosphorylated and activated by the p38 
mitogen-activated protein (MAP) kinase 
(1 3). ATF2 therefore serves as a mechanism 
for integration of the stress-regulated signal- 
ing pathways that activate JNK or p38. 

Activation of JNK and p38 by treat- 
ments that induce apoptosis. To elucidate 
the mechanism of c-JUN activation during 
apoptosis induced by NGF withdrawal, we 
examined the potential role of JNK and p38 
in this process. Although JNK and p38 are 
activated by several forms of environmental 
stress that are known to induce apoptosis 
under certain circumstances (1 ), the physi- 
ological functions of JNK and p38 in mam- 
malian cells are unknown (6, 7, 14, 15). A 
role for p38 in the regulation of the small 
heat shock protein HSP27 (1 6) and in the 
biosynthesis of inflammatory cytokines (1 7) 

Fig. 1. Apoptos~s of NGF-d~fferent~ated PC-12 
cells after NGF w~thdrawal (A) Phase-contrast 
photom~crograph (magnlflcat~on, x200) of PC-1 2 
cells d~fferent~ated Into sympathet~c-l~ke neurons 
w~th stable neurltes after culture In the presence of 
NGF (50 ng/ml) for 1 to 2 weeks (42). (B) Nucle~ of 
NGF-treated PC-12 cells wlth extended neurltes 
stalned un~formly wlth Hoechst 33258 (magnhca- 
t~on, x600), ~nd~cat~ng Intact nucle~ (43) (C) 
Phase-contrast photom~crograph (magnhcat~on, 
~ 2 0 0 )  of NGF-d~fferent~ated PC-12 cells 12 hours 
after NGF wlthdrawal (42). (D) Hoechst sta~n~ng 
(magn~f~cat~on, x600) after NGF w~thdrawal show- 
Ing apoptotlc nucle~ (condensed or fragmented, 
~nd~cated by arrows) In a fract~on of cells w~th re- 
tracted neurltes Dead cells loosely adherent to !. + 

the tlssue culture d~sh (C) detached from cover 
sllps durlng the flxatlon and stalnlng process (E) 
DNA fragmentat~on In NGF-d~fferent~ated PC-12 
cells after NGF w~thdrawal Agarose gel electro- 
phores~s of soluble cytoplasm~c DNA from NGF- 
d~fferent~ated PC-12 cells was performed In the 
presence of NGF (+) or after NGF w~thdrawal (-) 
Soluble cytoplasm~c DNA was ~solated from 4 X t -  r L& 

lo6 cells 17 hours after NGF removal and subject- 
ed to electrophoresis (44). Hoechst staining revealed that approximately analysis because of the lower sensitivity of this assay. However, upon NGF 
1 % of the cells in this experiment were apoptotic in the presence of NGF, withdrawal, DNA fragmentation was detectable and provided a clear indi- 
This very low level of apoptosis was not detectable by DNA fragmentation cation that there was an increase in apoptosis. 
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and a role for JNK in T cell activation and 
RAS-induced transformation (1 8) have 
been proposed. We induced PC-12 pheo- 
chromocytoma cells to differentiate by treat- 
ment with NGF and examined the function 
of the JNK and p38 signaling pathways in 
apoptosis caused by withdrawal of NGF. Dif- 
ferentiated PC-12 cells undergo pronounced 
and well-characterized apoptosis upon NGF 
withdrawal that resembles apoptosis in cul- 
tured sympathetic neurons (19). 

PC-12 cells differentiate into cells that 
resemble sympathetic neurons after culturing 
in serum-free media in the presence of NGF 
for 9 to 14 days (19, 20). Addition of NGF 
to PC-12 cells induces various cellular re- 
sponses, including ERK activation and the 
induction of immediate-early genes (21, 22). 
Morphological changes also occur, including 
membrane ruffling, flattening of cells, en- 
larged cell bodies, and the formation of sta- 
ble neurites (1 9,20) (Fig. 1A). The nuclei of 
NGF-treated PC-12 cells stained uniformly 
with Hoechst 33258, which indicated that 
the cells were alive and the nuclei were 
intact (Fig. 1B). Once the cells were differ- 
entiated in the presence of NGF, the with- 
drawal of NGF caused morphological chang- 
es that are characteristic of apoptosis, includ- 
ing retraction of neurites, shrinkage of the 
cell bodies, and blebbing of plasma mem- 
branes (Fig. 1C). Removal of NGF also 
caused fragmentation and condensation of 
nuclei (Fig. ID) and DNA cleavage (Fig. 
1E). The percentage of apoptotic cells de- 
tected at different times after NGF with- 
drawal was generally about 15%. This is 
clearly an underestimate of the percentage of 
cells in the population that undergo apopto- 
sis upon NGF withdrawal because cells that 
have progressed into the later stages of ap- 
optosis detach from the tissue culture dish 
and are not scored in the assay. 

To  determine if JNK and p38 MAP ki- 
nases are stimulated when NGF is removed 
and PC-12 cells undergo apoptosis, we 
quantitated the activities of these kinases at 
various times after NGF removal (Fig. 2, A 
and B). JNK and p38 activities increased 
during the first 6 hours after NGF removal 
[5.1-fold 2 0.4 (SEM) and 3.2-fold 2 0.6 
(SEM), respectively, from three experi- 
ments]. In contrast, in control cells that 
were washed once in NGF-free medium and 
then incubated in NGF-containing medi- 
um, only a small increase in JNK and p38 
MAP kinase activities was detected within 
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the first 6 hours (one- to twofold). This 
increase in kinase activity in the control 
cells was likely to be the result of stress 
during washing. The magnitude of the ac- 
tivation of JNK detected upon NGF with- 
drawal was comparable to that seen when 
differentiated PC-12 cells were exposed to 
ultraviolet (UV) light or heat shock (23), 
two stimuli that are known to be effective 
activators of the JNK and p38 pathways. 

The kinetics of apoptotic progression 

upon NGF withdrawal were compared with 
those of the activation of the JNK and p38 
MAP kinases (Fig. 2, A and B). Stimulation 
of JNK and p38 preceded the induction of 
apoptosis, which suggests that activation of 
these kinases may contribute to cell death. 
In addition to NGF withdrawal, staurospo- 
rine, another inducer of apoptosis (24), also 
induced JNK activity in undifferentiated 
PC-12 cells (Fig. 2C). Staurosporine-in- 
duced apoptosis was rapid and was preceded 
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Fig. 2. Activation of JNK and p38 MAP kinase before apoptosis. (A) Time course of JNK activation and 
apoptosis after NGF withdrawal from NGF-differentiated PC-12 cells (42, 43). Open squares, kinase 
activity after NGF withdrawal; closed squares, kinase activity in control cells; closed circles, percentage 
of cells undergoing apoptosis. Data shown are representative of five independent experiments. (B) Time 
course of p38 MAP kinase activation in control (closed squares) or NGF-depleted PC-1 2 cells (open 
squares) (42). Data shown are representative of three independent experiments. (C) Induction of apop- 
tosis and JNK activation by staurosporine (1 pM) in undifferentiated PC-1 2 cells (42, 43). It was not 
necessary to differentiate PC-1 2 cells with NGF in this experiment because undifferentiated PC-1 2 cells 
were responsive to staurosporine. Data shown are averages of three independent experiments, and 
reported errors are SEM. Open squares, JNK activity in the presence of staurosporine; closed circles, 
percentage of apoptotic cells. (D) lnhibition of JNK activation by agents that prevent apoptosis caused by 
NGF withdrawal. NGF-differentiated PC-1 2 cells were deprived of NGF (Anti-NGF) (42) in the presence of 
forskolin (FSK, 10 pM), bFGF (40 ng/ml), or insulin (5 pM) and assayed 6 hours later for JNK activity (42) 
or 12 hours later for apoptosis (43). The data are averages from five independent experiments. Error bars 
represent SEM. (E) lnhibition of p38 activation by agents that prevent apoptosis caused by NGF 
withdrawal. NGF-differentiated PC-12 cells were deprived of NGF (42) in the presence of forskolin (FSK, 
10 pM), bFGF (40 ng/ml), or insulin (5 pM) and assayed for p38 activity (42). Error bars represent SEM. 
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by increased JNK activity (13-fold). The 
kinase activities of JNK and p38 were also 
measured in the presence of several agents 
that prevent apoptosis. These agents in- 
cluded adenosine 3',5'-monophosphate 
(CAMP), basic fibroblast growth factor 
(bFGF), and insulin (19, 25). All three 
agents prevented apoptosis induced by NGF 
withdrawal and inhibited the activation of 
JNK and p38 kinase (Fig. 2, D and E). 
Taken together, these initial experiments 
suggested that activation of INK or p38 
MAP kinase or both may contribute to the 
induction of apoptosis in PC-12 cells. 

Role of the MEKK1-MKK4-JNK sig- 
naling pathway in apoptosis. Extracellular 
stimuli, such as tumor necrosis factor* 
(TNF-a) or interleukin 1 (IL-I), activate 
INK through a kinase cascade in which 
MAP kinase kinase kinase 1 (MEKKl) 
phosphorylates and activates a dual speci- 
ficity Thr-Tyr protein kinase (MKK4, also 
termed SEKl or JNKK), which then phos- 
phorylates and activates INK (26-31). By a 
similar mechanism, extracellular stimuli 
such as UV light, osmotic shock, TNF-a, or 
IL-1 activate MKK3, a protein kinase relat- 
ed to MKK4 that phosphorylates and acti- 
vates p38 (1 3, 30). 

To test the hypothesis that activation of 
JNK or p38 MAP kinase or both contributes 
to the induction of apoptosis, we introduced 
constitutively activated MEKKl, or a cata- 
lytically inactive mutant in which Lys432 was 
changed to Ala [MEKKl(K432A)], into 
NGF-differentiated PC-12 cells by transient 
transfection. The cells were cotransfected 
with an expression vector encoding P-galac- 
tosidase (CMV-P-Gal) as a marker for trans- 
fection. The presence of MEKK1, but not 
that of the kinase inactive mutant, increased 
the number of apoptotic cells 2.7-fold over 
that in control transfected cultures in the 
presence of NGF (Fig. 3, A and B), which 
suggests that the active kinase induces apop- 
tosis. Because transfected MEKKl activates 
p38 MAP kinase poorly in vivo (30,3 1 ) and 
preferentially activates JNK over the ERKs 
(27, 28), the apoptotic activity of MEKKl is 
most likely caused by the activation of the 
INK signaling pathway. 

To investigate further the role of MEKKl 
and JNK in apoptosis, we transfected NGF- 
differentiated PC-12 cells with dominant- 
interfering mutants of c-JUN, a downstream 
target of the MEKK1-JNK signaling path- 
way. Because JNK phosphorylates and acti- 
vates c-JUN, dominant-interfering forms of 
c-JUN might be expected to block apoptosis 
induced by MEKKl or NGF withdrawal in 
PC-12 cells. Two different dominant-inter- 
fering c-JUN expression vectors, pCDNA1- 
FlagA 169 (4) and CMV-TAM67 [A3-1221 
(32), were individually introduced into 
NGF-differentiated PC-12 cells. Both c-JUN 
mutants act as dominant-interfering mutants 

because of a deletion in the NH,-terminal 
transactivation domain that includes the 
binding site for INK. For pCDNA1- 
FlagA169, immunohistochemical analysis 
confirmed that the transfected c-JUN mu- 
tant was efficiently expressed in NGFdiffer- 
entiated PC-12 cells and correctly localized 
to the nucleus (23). Expression of either 
dominant-interfering c-JUN construct 
blocked apoptosis induced by MEKKl or 
NGF withdrawal (Fig. 3, C and D), which 
suggests a central role for the MEKKl- 
MKK4-JNK signaling pathway in mediating 

Fig. 3. Induction of apoptos~s A MEKKl 

these apoptotic processes. Expression of 
MKK4(Ala), a dominant-interfering mutant 
of JNK kinase, also prevented apoptosis in- 
duced by NGF withdrawal (23), which is 
consistent with the hypothesis that the 
MEKK1-MKK4-JNK pathway is required for 
this form of cell death. 

Role of the p38 MAP kinase signaling 
pathway in apoptosis. To investigate the 
importance of the p38 MAP kinase path- 
way for apoptosis, we examined whether 
ectopic expression of the kinases in this 
signaling pathway induced cell death. To 

Control 
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distinguish the effects of p38 from those of and UV treatment, also stimulate JNK ac- 
JNK, it was necessary to induce the activity tivity. MKK3(Glu) is a constitutively acti- 
of p38 by cotransfection with its activator vated form of the p38 MAP kinase kinase 
MKK3 because other methods of increasing (30) that activates cotransfected p38 MAP 
p38 kinase activity, such as osmotic shock kinase in vivo (33). MKK3(Ala) is a dom- 

Fig. 4. Induction of ap- 
optosis by activation of 
the p38 MAP kinase sig- 
naling pathway. (A) In- 
duction of apoptosis in 
NGF-differentiated PC- 
12 cells by expression of 
constitutively activated 
MKK3 together with the 
wild-type p38 MAP ki- 
nase. Cells were trans- 
fected with various com- 
binations of 1 pg each of 
pRc/RSV-Flag-MKKS- 
(Glu), pRc/RSV-Flag- 
MKK3(Ala), pCMV-Flag- 
~ 3 8  MAP kinase. and 
~ C M V ~  (the cloning vector for p38 MAP kinase). Cells were fixed for immunostaining with M2 antibody to 
Flag 48 hours after transfection (45). The data are averages from two independent experiments. The 
respective total number of transfected cells that were counted is given within each column. Error bars 
represent SEM. (B) Inhibition of apoptosis induced by NGF withdrawal after expression of a dominant- 
interfering mutant of MKK3. NGF-differentiated PC-12 cells were transfected with 0.5 kg of CMV-$-Gal 
together with 1.5 kg of either the empty cloning vector pRc/RSV (control) or the dominant-interfering MKK3 
mutant pRc/RSV-Flag-MKK3(Ala). NGF withdrawal and cell staining were done as described (45). The data 
are averages from three independent experiments. 

inant-interfering mutant of MKK3. NGF- 
differentiated PC-12 cells were cotrans- 
fected with Flag-MKIU(G1u) and Flag-p38 
MAP kinase and scored for apoptosis. 

In a control experiment, cells were co- 
transfected with Flag-MKK3 (Ala) and 
pCMV5, the empty cloning vector for p38 
MAP kinase. The expression of MKK3- 
(Glu), MKK3(Ala), and p38 MAP kinase 
was confirmed by immunostaining with an 
antibody to the Flag-epitope tag. Apoptotic 
cells were detected by Hoechst 33258 stain- 
ing. Coexpression of Flag-MKK3(Glu) with 
Flag-p38 MAP kinase led to a marked in- 
crease in p38 kinase activity in transfected 
cells (33) and induced a 4.5-fold increase in 
the number of apoptotic cells in the pres- 
ence of NGF as compared to that in cul- 
tures of control transfected cells (Fig. 4A). 
Intermediate increases in p38 MAP kinase 
activity resulting from expression of Flag- 
MKK3(Glu) with pCMV5, or expression of 
Flag-MKK3(Ala) with Flag-p38 MAP ki- 
nase (33), also induced apoptosis (twofold 
over the control), but the effect was not as 
large as when MKK3(Glu) and p38 were 
cotransfected. In contrast, the dominant- 
interfering mutant MKK3(Ala) blocked 
cell death induced by NGF withdrawal (Fig. 
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Fig. 6. Model for the roles of the ERK and JNK- 
p38 kinase pathways in apoptosis. Neuronal sur- 
vival and induction of cell death may be controlled 
by the opposing actions of the ERK and JNK-p38 
pathways. In the presence of NGF, the survival 
signaling pathway (through ERK) is activated, 
whereas the cell death signaling pathways (JNKor 
p38) are suppressed.\When NGF is removed, the 
ERK signaling pathway is deactivated while the 
JNK-p38 signaling pathways are activated. Other 
signaling pathways, including the CAMP and Ca2+ 
signal transduction systems, may also promote 
neuronal surv~val by stimulating the ERK or inhib- 
iting the JNK-p38 signaling pathways. 

4B). Taken together, these findings support 
the hypothesis that activation of the 
MKK3-p38 MAP kinase signaling pathway 
is required for induction of apoptosis in 
these cells. 

Inhibition of apoptosis by activation of 
the ERK signaling pathway. The above ob- 
servations suggest that the sustained over- 
stimulation of the JNK or p38 MAP kinase 
pathways, or both, is sufficient to induce cell 
death in PC-12 cells and that these pathways 
are required for the induction of apoptosis 
after NGF withdrawal. However, the activa- 
tion of JNK or p38 MAP kinase does not 
necessarily lead to apoptosis. For example, 
although IL-1 is a strong activator of JNK 
andp38MAPkinases(ll,  13, 16),IL-1 does 
not induce apoptosis under the conditions 
studied (34). This information suggests that 
activation of the JNK or p38 MAP kinase 
signaling pathways (or the activation of 
both) may be necessary, but not sufficient, 
for apoptosis under all conditions. Because 
NGF addition is known to induce the RAS- 
RAF-MKK1/2-ERK pathway and the activa- 
tion. of RAS promotes cell survival in some 
circumstances (20, 25, 35-37), we consid- 
ered the possibility that NGF withdrawal 
may not only trigger JNK and p38 MAP 
kinase activation but may also concurrently 
suppress the activity of ERKs. The inactiva- 
tion of ERKs together with the activation of 

JNK or p38 or both may be critical for ap- 
optosis. Thus, a greater amount of ERK ac- 
tivity relative to that of JNK or p38 may 
promote neuronal cell survival, whereas a 
greater amount of JNK or p38 activity rela- 
tive to that of ERK may trigger apoptosis. 

To test this hypothesis, we examined the 
effect of NGF withdrawal on p42ERK and 
p44ERK activities. Extracts prepared from 
control or NGF-deprived cells were analyzed 
for the presence of activated ERKs by pro- 
tein immunoblot analysis with antibodies to 
pho~phot~rosine (Fig. 5A, top). Before NGF 
withdrawal, the tyrosine-phosphorylated 
forms of p42ERK and p44ERK were easily de- 
tected. NGF withdrawal decreased the 
amount of tyrosine phosphorylation of both 
ERKs, which is indicative of decreased ERK 
activity (36). The ERK activity was directly 
measured by an immunocomplex kinase as- 
say (Fig. 5A, bottom). Removal of NGF for 
6 hours resulted in a reduction in ERK ac- 
tivity to one-tenth of previous levels. In 
addition, agents such as CAMP, bFGF, and 
insulin, which suppress apoptosis induced by 
NGF withdrawal (19, 25), stimulate ERK 
activity (36, 38). These anti-apoptotic 
agents also blocked the increase in JNK and 
p38 activity (Fig. 2, D and E). 

To obtain evidence that increased sig- 
naling through the ERK pathway prevents 
apoptosis induced by NGF withdrawal, we 
transfected cells with constitutively activat- 
ed forms of MKK1, a protein kinase that 
phosphorylates and activates ERKs (39). 
Two independent expression vectors were 
used [HA-MKKl(AN3-S218E/S222D) and 
pCDNA3-MKKl(SE218/222)]. Expression 
of either MKKl variant prevented apoptosis 
induced by NGF withdrawal (Fig. 5, B and 
C).  These data demonstrate that direct and 
selective activation of the ERK pathway 
prevents apoptosis and promotes the surviv- 
al of PC-12 cells, which suggests a mecha- 
nism for cellular survival involving ERK 
activation and suppression of the JNK and 
p38 signaling pathways. 

Although the ERK, JNK, and p38 MAP 
kinases are related structurally and are acti- 
vated by similar kinase cascades, they are 
activated by different extracellular stimuli 
(40). The ERKs are activated in response to 
growth factor stimulation, whereas the JNK 
and p38 MAP kinases are activated by var- 
ious forms of environmental stress. These 
different MAP kinase family members also 
have distinct substrate specificities (13, 36, 
40). These differences in the response to 
extracellular stimuli and in substrate speci- 
ficity may explain our results, which reveal 
that when activated, the ERK, JNK, and p38 
MAP kinases regulate distinct biological 
functions. Although growth factor-stimulat- 
ed activation of the ERK signaling pathway 
is critical for proliferation and differentiation 
(35-37), we found that in NGF-differentiat- 

ed PC-1 2 cells, activation of the ERK signal- 
ing pathway promotes cell survival. 

In contrast, stimulation of the JNK and 
p38 signaling pathways contributes to cell 
death. Activation of the ERK signaling 
pathway by NGF may suppress the activity 
of JNK or p38 by a direct or indirect mech- 
anism and thereby lead to the promotion of 
cell survival. By contrast, removal of NGF 
leads to inactivation of the RAS-RAF- 
MKK1/2-ERK signaling pathway, which 
may trigger the activation of JNK and p38 
kinase cascades so that cells undergo apop- 
tosis. It is possible that NGF withdrawal 
directly activates the JNK-p38 MAP ki- 
nases independently of its effect on ERK 
activity. For example, removal of NGF may 
stimulate signaling by the p75 NGF recep- 
tor (p75NGFR) and lead to activation of the 
JNK-p38 MAP kinases, perhaps by a ceram- 
ide-dependent mechanism (41 ). NGF with- 
drawal might also result in the release of 
cytokines such as IL-1 or TNF-a, which 
through the activation of their cognate re- 
ceptors lead to the activation of the JNK- 
p38 signaling pathways (1 1 , 13, 16). 

Our findings raise questions regarding the 
activation of the JNK-p38 signaling pathways 
during neuronal apoptosis. First, what are the 
physiologically relevant upstream activators of 
the JNK and p38 signaling pathways? Second, 
what is the relation of the JNK-p38 MAP 
kinase signaling pathways to the phenotypic 
changes associated with apoptosis? Our results 
suggest that the activation of the JNK or p38 
kinases can contribute to apoptosis. In addi- 
tion, our results indicate that apoptosis in 
NGF-differentiated PC-12 cells is regulated 
by the opposing actions of the ERK and 
JNK-p38 MAP kinase pathways (Fig. 6). 
This might explain how various extracellular 
stimuli, including growth factors, Ca2+, and 
CAMP, can prevent apoptosis and promote 
cellular survival. Because there are manv 
mechanisms for the regulation of the rele- 
vant MAP kinase ,pathways and various 
forms of cross talk between these signal 
transduction pathways probably exist, the 
decision for cellular life or death may depend 
on the integration of multiple signals. It is 
possible that the mechanisms proposed here 
function generally in the control of apoptosis 
in both neuronal and non-neuronal cells. 
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