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FIG. 4. Expression of MEKKIA causes induction of FasL and thereby leads to apoptosis. (A) Clone 21 cells were incubated with 1077 M Dex, and total cellular RNA was extracted at the indicated times. Expression of
Fas, FasL, and GAPDH mRNAs was determined by quantitative RT-PCR using specific primers. To confirm the PCR product as a fragment of FasL cDNA, the reaction products were blotted and detected with a rat FasL
c¢DNA probe (bottom panel). In addition, the nucleotide sequence of this fragment was determined and found to correspond to that of rat FasL cDNA (data not shown). d, days. (B) Clone 21 cells were incubated with or without
1077 M Dex in the absence or presence of SB202190 (SB; 3 or 30 p.M) for 6 h, followed by two washes to remove the drug. Dex-containing medium was added for an additional 18 h, at which time the cells were collected
and lysed. After separation by SDS-PAGE, c-Jun phosphorylation was examined by immunoblotting with antibody against c-Jun phosphorylated at S63. Expression of FasL and GAPDH mRNAs was determined by RT-PCR
(bottom two panels). (C) To determine the role of FasL in MEKK1A-induced apoptosis, clone 21 cells were cultured for the indicated times with Dex (10”7 M) in the presence of chimeric Fas-Fc protein (20 ug/ml) or purified
1gG (20 wg/ml). At the indicated times, the cells were stained with acridine orange-ethidium bromide and the percentage of apoptotic cells was determined. The results shown are averages of two experiments done in duplicate.
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FIG. 6. Neurons from gld mice are less sensitive to induction of apoptosis following KCI withdrawal. (A) Detection of apoptotic nuclei by hematoxylin staining 12 h
after KCI withdrawal. CGCs of wt type and gld C3H/HeJ mice were cultured in 25 mM KCI for 7 days, at which time the KCI concentration was lowered to 5 mM.
(B) Time course of appearance of apoptotic nuclei in wt and gld CGC cultures after KCI deprivation, with and without addition of Fas-Fc (40 pM). Apoptotic nuclei
were detected by hematoxylin staining, and their frequency as a percentage of the total neuronal population was determined. Five fields were counted for each
experiment; all experiments were repeated five times in triplicate. (C) RT-PCR analysis of FasL mRNA expression in wt and gld CGC cultures under control conditions
(25 mM KClI) and 12 h after KCl deprivation (5 mM KCI). The number of PCR cycles was determined as described in Materials and Methods, and B-actin mRNA was
used as a control. (D) Parallel samples of CGCs treated as described above were collected and lysed, and the levels of c-Jun phosphorylation at S63, activated JNK,

and total c-Jun were determined by immunoblotting.

increase in the total amount of c-Jun protein is not as high
(Fig. 6D). Such discordance between induction of c-jun mRNA
and c-Jun protein was described previously (1). It should be
noted, however, that at early time points (6 to 8 h) after
placement of the cultures in 5 mM KCl, the first cells to react
positively with the FasL probe have glial rather than neuronal
morphology (data not shown). While these cells may contrib-
ute to the initiation of the apoptotic response (see Discussion),
our results, nevertheless, demonstrate that neuronal cells such
as CGCs have the capacity to express FasL and respond to it.

DISCUSSION

The results described above chart a signaling pathway that
explains how activation of JNK following stress or elimination
of survival factors can lead to neuronal apoptosis. Previous
studies have indicated that induction of c-jun transcription and
elevated c-Jun expression are associated with apoptosis in sym-
pathetic neurons, differentiated PC12 cells (which closely re-
semble sympathetic neurons), and central neurons. In addition
to a correlation between c-Jun induction and neuronal cell

death, interference with c-Jun function either by expression of
dominant-negative c-Jun mutants or microinjection of neutral-
izing c-Jun antibodies protect sympathetic neurons or postmi-
totic PC12 cells from apoptosis induced by NGF withdrawal or
MEKK expression (20, 31, 93). The most conclusive evidence
for the involvement of JNK in neuronal apoptosis is provided
by the phenotype of mice that are deficient in the neuron-
specific INK3 isoform (94). While these mice are apparently
normal in their gross and neurologic anatomies, they are re-
sistant to induction of hippocampal neuron apoptosis by injec-
tion of kainic acid (94), a potent glutamate agonist (3).
These studies, however, did not explain how JNK activation
(which can be elicited by kainic acid administration or removal
of survival signals) can trigger apoptosis. The molecular mech-
anism responsible for execution of the apoptotic program ap-
pears to be universally conserved (58, 59). A key step is acti-
vation of the caspase cascade, which occurs in the cytoplasm
(61). Thus, it was not clear how interference with c-Jun func-
tion in the nucleus can prevent caspase activation. One pos-
sible explanation for this quandary is that elevated c-Jun ex-
pression and transcriptional activity (through JNK-mediated
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performed on CGCs cultured in the presence of 25 mM KCI (A and D) or on CGCs incubated for 12 h in medium containing only 5 mM KCI (B, C, E, and F). As
a specificity control, the cells in panels C and F were hybridized to the probes in the presence of a 10-fold excess of unlabeled competitor.

phosphorylation) (40) serve to induce the transcription of a
gene(s) whose product triggers the apoptotic process. Indeed,
it was previously shown that inhibitors of RNA and protein
synthesis protect sympathetic neurons from death caused by
NGF withdrawal (54). The experiments described above dem-
onstrate that an important mediator of cell death either in
PC12 cells or CGCs undergoing apoptosis in response to either
direct activation of the JNK cascade or withdrawal of survival
signals (KCl or NGF) is FasL. Interference with binding of
FasL to its receptor, Fas, through incubation with the chimeric
Fas-Fc protein, which acts as a molecular decoy (6, 77), results
in significant but incomplete protection of both cell types from
apoptosis. Binding of FasL to Fas rapidly activates the apo-
ptotic machinery through a series of protein-protein interac-
tions (11, 58, 87). The time delay required for maximal FasL
induction provides an attractive explanation for why stress-
induced neuronal apoptosis is a rather slow process in com-
parison to apoptosis induced by direct Fas activation. The
strongest evidence for the involvement of FasL in neuronal
apoptosis comes from comparing the responses of CGCs de-
rived from wt and gld mice after KCl withdrawal. The survival
of such neurons depends on cultivation in the presence of 25
mM KCl (a depolarizing K* level), and once placed in 5 mM
KCI they undergo apoptosis within 12 to 24 h (19). Both the
onset and the rate of apoptosis are significantly decreased in
CGCs derived from gld mice, which express a nonfunctional
FasL protein (80). Furthermore, apoptosis in wt CGC caused
by KCI withdrawal is attenuated upon incubation in the pres-
ence of Fas-Fc (Fig. 6A and B).

Expression of FasL, like other members of the TNF family
to which it belongs (76), is inducible (58, 59, 78). Recent results

indicate that, similar to expression of TNF (66, 79), expression
of FasL is transcriptionally regulated and that transcription
factors NF-kB and AP-1 play an important role in this induc-
tion process (21, 42). These results also suggest that activation
of the JNK pathway is required for induction of FasL promoter
activity in response to various genotoxic stimuli (21, 42). We
find that in both CGCs and PC12 cells, JNK activation in
response to elimination of survival signals, as diverse as 25 mM
KCI and NGF, occurs with kinetics that are consistent with a
causal role in FasL induction. Treatment of PC12 cells with an
inhibitor of p38 and JNK (and possibly other protein kinases),
SB202190, at a dose that inhibits both JNK and p38 but not at
a dose that inhibits only p38 results in inhibition of both JNK
activity measured by c-Jun N-terminal phosphorylation and
FasL induction in response to either MEKK1 expression (Fig.
4B) or NGF withdrawal (Fig. 5B). A likely mediator of FasL
induction in this case is the N-terminally phosphorylated c-Jun
protein, a component of transcription factor AP-1 (40). This
possibility is supported by the strong correlation between c-Jun
N-terminal phosphorylation in the three experimental systems
that we examined, FasL induction, and the onset of apoptosis.
In addition, we find that expression of a nonphosphorylatable
c-Jun mutant, c-Jun(A63/73), protects PC12 cells from apopto-
sis caused by MEKK1 activation (Fig. 3A and B). These results
suggest that an important downstream mediator leading from
JNK activation to FasL induction is the N-terminally phos-
phorylated c-Jun transcription factor. A clear demonstration of
the role of JNK in AP-1 activation is provided by the jnk3 ™/~
mice, which exhibit a large decrease in induction of an AP-1-
dependent reporter in response to kainic acid in comparison to
their wt counterparts (94).
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While the results described above strongly support a role for
FasL as an important mediator of neuronal apoptosis caused
by stress or elimination of survival factors, it is important to
realize that the protection conferred by Fas-Fc or the gld mu-
tation is incomplete. It is very likely that in addition to FasL,
JNK activation may result in induction of several other death
mediators that belong to the TNF family, including TNF itself
(96), TRAIL (53, 90), or TRANCE (92). A role for AP-1 in
TNF induction has been established (66, 79).

It is also important to note that both jnk3 ™/~ (94) and gld
(80) mice do not exhibit any obvious behavioral or neuroana-
tomical abnormalities. Therefore, it is unlikely that either JNK,
FasL, or probably N-terminally phosphorylated c-Jun is in-
volved in the apoptotic cell death that occurs during develop-
ment of the central nervous system (CNS) (64). Most likely,
the JNK-to-c-Jun-to-FasL pathway is used strictly to activate
the apoptotic program in response to stress signals. One such
form of stress is caused by the massive activation of glutamate
receptors after kainic acid injection leading to death of hippo-
campal neurons (3). The jnk3~'~ mice appear to be completely
resistant to glutamate excitotoxicity (94). Massive activation of
glutamate receptors may also be caused by cerebral ischemia-
reperfusion (69). Indeed, it was recently found that cerebral
ischemia-reperfusion results in JNK activation, c-Jun N-termi-
nal phosphorylation, induction of FasL, and apoptosis, all
within the same group of neurons affected by this lesion (33).
Thus, it is quite possible that the JNK-to-c-Jun-to-FasL path-
way plays an important role in triggering neuronal apoptosis in
response to a variety of lesions and insults. Consistent with this
hypothesis, gld mice were shown to be relatively resistant to
development of experimental autoimmune encephalitis, not
because they do not mount an immune response to the en-
cephalitogenic peptide but because of reduced apoptosis in
their CNS (86).

It has also been suggested that another cytokine, IL-1, is in-
volved in neuronal cell death (25, 37, 50, 84). The major source
of IL-1 and other proinflammatory cytokines in the CNS are
microglial cells (37). Although glial cells are a minor contam-
inant in our primary CGC cultures, they appear to be the first
cell type to express FasL mRNA after incubation in 5 mM KCl
(data not shown). While they may be a minor contributor to
the apoptotic response seen in this culture system, they are
likely to be important players in the apoptotic response to CNS
injuries due to their ability to produce IL-1. Although IL-1
does not bind and activate a death receptor, it is a potent JNK
and NF-kB activator (18, 29) and known to be capable of
inducing members of the TNF family (8). The exact source of
FasL and other death mediators produced in response to var-
ious neuronal injuries remains to be determined. It is also not
yet clear whether FasL and related factors act in an autocrine
or a paracrine manner in the experimental systems that we
have used. Nevertheless, our experiments show that neuronal
cells can produce FasL and respond to it. The description of
the JNK to c-Jun to FasL neuronal cell death pathway and its
further exploration are likely to have important practical im-
plications, as it appears that interference with at least two
components of this pathway can prevent or decrease the extent
of several cases of stress-induced neuronal apoptosis.

Finally, as a word of caution, it is important to realize that
not every situation that leads to JNK activation or c-Jun N-
terminal phosphorylation results in FasL induction and apo-
ptosis. For instance, we find that treatment of PC12 cells with
NGF also leads to JNK activation, but in this case no FasL
induction or apoptosis ensues (Fig. SA and data not shown).
Most likely, NGF activates protective pathways such as the one
mediated by the protein kinase AKT (23). Alternatively, NGF
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either fails to activate additional signals that could be required
along with JNK activation for FasL induction or may generate
signals that interfere with the ability of activated JNK to induce
FasL. Like other MAPKSs, the biological effects of JNK activa-
tion are cell type dependent. In other cell types, therefore,
these protein kinases may be involved in cell proliferation or
even protection from apoptosis.
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