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Apoptosis-Signal Regulating Kinase-1 Is Involved in the Low Potas-
sium-Induced Activation of p38 Mitogen-Activated Protein Kinase
and c-Jun in Cultured Cerebellar Granule Neurons
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Previously, we reported that p38, which belongs to the mitogen-activated protein
kinase (MAPK) superfamily, has an important role in the induction of apoptosis of
cultured cerebellar granule neurons. However, the molecular mechanisms upstream
of p38 activation remain unclear. Apoptosis signal-regulating kinase-1 (ASK1), a
MAPK kinase kinase (MAPKKK) protein, is known to activate both c-Jun N-terminal
kinase (JNK) and p38 via MAPK kinase (MKK) 4/7 and MKK3/6, respectively. Here, we
examined whether ASKI1 is involved in the activation of p38 in the low potassium
(LK)-induced apoptosis of cerebellar granule neurons. We found that ASK1 was acti-
vated after a change to LK medium. In addition, the expression of ASK1-KM, a domi-
nant-negative form of ASK1, using an adenovirus system was found to inhibit the acti-
vation of p38 and c-Jun and to prevent apoptosis. On the other hand, the expression
of ASK1-AN, a constitutively active form of ASK1, activated p38 and c-Jun, but not
JNK, another possible downstream target of ASK1. Furthermore, we examined the
relationship between phosphatidylinositol 3-kinase (PI3-K) and ASK1. The addition
of LY294002, a specific inhibitor of PI3-K, enhanced the ASK1 activity. These results
indicate that ASK1 works downstream of PI3-K to regulate the p38-c-Jun pathway
and apoptosis in cultured cerebellar granule neurons.

Key words: apoptosis signal-regulating kinase-1, c-Jun, low potassium, LY294002, p38,
phosphatidylinositol 3-kinase.

Abbreviations: ASK1, apoptosis-signal regulating kinasel; HK, high potassium; JNK, c-Jun N-terminal kinase;
LK, low potassium; MAPK, mitogen-activated protein kinase; MAPKKK, MAPK kinase kinase; MKK, MAPK

kinase; MOI, multiplicity of infection; PI3-K, phosphatidylinositol 3-kinase.

Programmed cell death is an active process that occurs
during both normal maturation of the nervous system
and under pathological situations such as neurodegener-
ative diseases (I-3). A major type of programmed cell
death is apoptosis with chromatin and cytoplasmic con-
densation and fragmentation (4). Culture systems with
cerebellar granule neurons are widely used as models for
studying neuronal apoptosis. Cerebellar granule cells
from early postnatal rats can be cultured and maintained
in serum-containing medium by elevating the extracellu-
lar potassium level (26 mM, high K*; HK) (5) or by adding
a low concentration of N-metyl-D-asparatate (NMDA) (6).
NMDA and HK-stimulated depolarizations are presumed
to mimic endogenous excitatory activity (7). After the
maturation, a change to medium containing 5 mM potas-
sium (low K*; LK) induces neuronal apoptosis. In addi-
tion, this culture system provides a large homogeneous
neuronal population. Therefore, these neurons are widely
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used as a primary cell culture system to investigate the
biochemical and molecular mechanisms underlying neu-
ronal apoptosis in the CNS.

Members of the mitogen-activated protein kinase
(MAPK) family are involved in the signal transduction of
apoptosis as well as in cell growth and differentiation (8,
9). Two different MAPK cascades that converge on c-Jun
N-terminal kinase (JNK; also known as SAPK, stress-
activated protein kinase) and p38 are preferentially acti-
vated by cytotoxic stresses such as UV radiation, X-rays,
heat shock and osmotic shock, and by extracellular
cytokines such as tumor necrosis factor and interleukin-1
(10-12). Apoptosis signal-regulating kinase 1 (ASK1) is a
ubiquitously expressed serine/threonine MAP kinase
kinase kinase (MAPKKK) that activates the MKK4/7-
JNK and MKK3/MKK6-p38 signaling cascades (13). The
overexpression of ASK1 in epithelial cells under low
serum conditions induces apoptosis, and in ovarian can-
cer cells, the expression of a kinase-inactive mutant of
ASK1 inhibits microtubule-interfering agent-induced
apoptosis, suggesting that ASK1 plays an essential role
in the mechanism of stress-induced apoptosis (13-15). In
addition, although the moderate expression of a constitu-
tively active form of ASK1 induces neuronal differentia-
tion in naive PC12 cells (16), overexpression of constitu-
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tively active ASK1 induces apoptosis in nerve growth
factor-differentiated PC12 cells and primary cultured rat
superior cervical ganglion (SCG) neurons (17). In cul-
tured cerebellar granule neurons, p38, but not JNK, is
important for the phosphorylation of c-Jun and for the
induction of apoptosis by lowering the potassium level
(18). However, the pathway upstream of p38 in the LK-
induced apoptosis of cerebellar granule neurons is still
unknown.

Here, we report that ASK1 is involved in the mecha-
nisms to activate the p38-c-Jun pathway in LK-induced
apoptosis of cultured cerebellar granule neurons. The
expression of constitutive-active ASK1 using an adenovi-
rus system was found to enhance the phosphorylation of
both p38 and c-Jun, but not JNK. On the other hand,
overexpression of dominant negative ASK1 attenuated
the p38 and c-Jun phosphorylation in cerebellar granule
neurons cultured in LK medium. Furthermore, the
expression of dominant-negative ASK1 prevented LK-
induced apoptosis. These results indicate that ASK1
plays a pivotal role in the activation of the p38—c-Jun
pathway in the LK-induced apoptosis of cultured cerebel-
lar granule neurons.

EXPERIMENTAL PROCEDURE

Cell Culture—Primary cultures of dissociated cerebel-
lar granule neurons were prepared from the cerebella of
postnatal day 9 (P9) rats (Wister ST, both sexes) as
described previously (19—22). Briefly, cells were gently
dissociated with a plastic pipette after digestion with
papain (90 U/ml, Worthington) at 37°C. The cells were
then cultured in medium consisting of 5% precolostrum
newborn calf serum (Mitsubishi Kasei), 5% heat-inacti-
vated horse serum (55°C, 30 min; Life Technologies) and
of 90% a 1:1 mixture of Dulbecco’s modified Eagle’s
(DME) medium and Ham’s F12 medium containing 15
mM HEPES buffer, pH 7.4, 30 nM selenium and 1.9 mg/
ml of sodium bicarbonate, at a final cell density of 5 x 105
cells/cm? on a polyethyleneimine-coated surface in ¢6 cm
dishes (21 cm? culture surface area, Sumitomo Bakelite).
After culture for 1 day in a humidified CO2 (5%) incuba-
tor, the medium was changed to 26 mM potassium-con-
taining (high K*; HK) minimum essential medium (MEM)
supplemented with 5% heat-inactivated horse serum and
1 mM cytosine arabinoside (AraC). MEM was supple-
mented with 2.2 mg/ml glucose and 2.2 mg/ml sodium
bicarbonate. HK-MEM was prepared by increasing the
KHCOj; concentration from the normal low value of 5.4 to
26 mM, with the omission of a corresponding concentra-
tion of NaHCO;. After 4 days in culture in a 10% CO,
incubator, the medium was changed to serum-free 5.4
mM potassium-containing (low K*; LK) MEM or HK-
MEM. The assays described below were then performed.

Infection of Recombinant Adenoviruses—Recombinant
adenoviruses encoding HA-tagged ASK1-KM, ASK1-AN,
and B-galactosidase (LacZ) were prepared as described
previously (14). They were propagated in HEK 293 cells
and purified by cesium gradient centrifugation. The viral
titer was determined by plaque-forming assay on HEK
293 cells (23). After 4 days maturation, cerebellar gran-
ule neurons were infected with recombinant adenovi-
ruses in HK-MEM supplemented with 5% HS and 1 uM

S. Yamagishi et al.

Ara C. After incubation with adenoviruses for 24 h, the
viruses were deprived. One day after the deprivation,
nearly 100% infection by recombinant adenoviruses of
cerebellar granule neurons was achieved at a multiplicity
of infection (MOI) of 100 as determined by anti-HA anti-
body staining (data not shown).

Assay of Neuronal Survival—Neuronal survival was
determined by MTT assay according to the original pro-
cedure (24) with some modifications (25). Briefly, the
tetrazolium salt MTT [3-(4,5-dimethyl-2-thizolyl)-2,5-
diphenyl-2H tetrazolium bromide] was added to cultures
to a final concentration of 1 mg/ml. After incubation for 2
h at 37°C, the assay was stopped by adding an 80% vol-
ume of lysis buffer (10% SDS in 50% N,N-dimethyl for-
mamide, pH 4.7). Following overnight incubation at 37°C,
the absorbance was measured spectrophotometrically at
570 nm. The percent survival was defined as [Abs.(exper-
imental — blank)/Abs.(control — blank)] x 100; the blank
value was taken from wells without cells.

In Vitro Kinase Assay—Lysates were prepared from
cerebellar granule neurons cultured for 0, 1, 3,5, and 7 h
after a change to LK medium, using Triton lysis buffer
containing 1% Triton X-100, 20 mM Tris-HC1 (pH 7.4),
150 mM NaCl, 5 mM EDTA (pH 8.0), 10 mM NaF, 2 mM
Naz;VO,, 0.5 mM phenylarsine oxide (PAO), and 1 mM
phenylmethylsulfonyl fluoride (PMSF). The lysates were
then clarified by centrifugation, and the supernatants
were immunoprecipitated overnight with anti-ASK1
antibody. Protein G-Sepharose (10-ul gel) was then added
and the mixtures were rotated at 4°C for 1 h. The
immune-complexes were pelleted by centrifugation at
10,000 xg for 1 min at 4°C and then washed twice with
Triton lysis buffer and twice with wash buffer containing
150 mM NaCl, 20 mM Tris-HCI (pH 7.5), 5 mM EGTA, 2
mM DTT, and 1 mM PMSF. The ASK1 kinase reaction
was carried out for 10 min at 30°C with the immunopre-
cipitate and 2 pg of GST-MKKG6 (human) as a substrate in
kinase buffer containing 20 mM Tris-HCl (pH 7.5), 20
mM MgCl, 0.3 uCi [y-32P] ATP and 25 pM ATP. After
SDS-PAGE, the incorporation of 2P into GST-MKK6 was
visualized using a Fuji BAS2000 image analyzer.

Immunoblotting—Cells were lysed in SDS lysis buffer
containing 1% SDS, 20 mM Tris-HCI (pH 7.4), 5 mM
EDTA (pH 8.0), 10 mM NaF, 2 mM Na;VO,, 0.5 mM PAO,
and 1 mM PMSF. The lysates were boiled for 3 min, then
clarified by ultracentrifugation at 60,000 xg for 30 min at
8°C. The protein concentration was determined using a
BCA protein assay kit (PIERCE), and then 10 pg aliquots
of protein were resolved by electrophoresis in 10% SDS—
polyacrylamide gels. Proteins were transferred onto poly-
vinylidene fluoride (PVDF) membranes (Millipore Corp.)
in 0.1 M Tris base, 0.192 M glycine and 20% methanol
using a semi-dry electrophoretic transfer system. The
membranes were blocked with 0.1% Tween 20/Tris-buff-
ered saline (T-TBS) containing 5% nonfat dried milk at
room temperature for 1 h. Membranes were probed with
1:10,000 anti-ASK1 antibody, 1:500 anti-phospho-JNK
antibody, 1:500 anti-JNK antibody, 1:500 anti-phospho-
p38 antibody, 1:500 anti-p38 antibody, 1:500 anti-phos-
pho-c-Jun antibody and 1:1000 anti-c-Jun antibody in T-
TBS containing 1 or 5% nonfat dried milk at room tem-
perature for 1 h. After three washes with T-TBS, the
membranes were incubated with horseradish peroxidase-
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Fig. 1. ASK1 activation during LK-induced apoptosis of cul-
tured cerebellar granule neurons. After the cells had matured
for 4 days, lysates were prepared in Triton-X lysis buffer from gran-
ule neurons cultured for 0, 1, 3, 5, and 7 h in serum-free LK-MEM.
ASK1 was immunoprecipitated from the lysates with anti-ASK1
antibody. The in vitro kinase reaction was carried out for 10 min at
30°C with the ASK1 immunoprecipitate and 2 ng of GST-MKKS6 as a
substrate in kinase buffer. After SDS-PAGE, the 32P incorporated
into GST-MKK6 was visualized using a Fuji BAS2000 image ana-
lyzer (upper). The same immunoprecipitates were immunoblotted
with anti-ASK1 antibody (bottom). IB, immunoblot.

conjugated goat anti-rabbit IgG secondary antibody
(Jackson ImmunoReserch Laboratories) diluted 1:1500
with T-TBS containing 1% nonfat dried milk at room tem-
perature for 1 h. The membranes were then washed at
least 4 times with T-TBS, and visualized using an
enhanced chemiluminescence system (ECL; Amersham
Pharmacia Biotech) or Immunostar (Wako).

Antibodies and Reagents—Anti-ASK1 antibody (DAV)
was prepared as described previously (14). Anti-phospho-
p38, anti—phospho-JNK, anti-JNK and anti-phospho-c-
Jun antibodies were purchased from New England
Biolabs. Anti-p38 and anti-c-Jun antibodies were obtained
from Santa Cruz Biotechnology. LY294002 was obtained
from Calbiochem and dissolved at 10 mM in dimethyl
sulfoxide (DMSO) as a stock solution.

RESULTS

ASK1 Is Activated in LK-Induced Apoptosis of Cul-
tured Cerebellar Granule Neurons—ASK1, which works
upstream of stress-responsive protein kinases such as
JNK and p38, is a key protein in induction of apoptosis in
various types of cells (13-15). We have reported that the
activation of p38 is an important event in the LK-induced
apoptosis of cultured cerebellar granule neurons (18). We
thought that ASK1 might also be involved in the activa-
tion of p38 in LK-induced apoptosis. As a first step, we
examined ASK1 activity during LK-induced apoptosis of
cultured cerebellar granule neurons. The lysates for
immunoprecipitation with anti-ASK1 antibodies (DAV)
were prepared from cultured granule neurons at 0, 1, 3,
5, and 7 h after the change to LK medium. The immuno-
precipitates were subjected to in vitro kinase assay using
GST-MKK6 as a substrate (Fig. 1). At 3 h after the
change to LK medium, the ASK1 activity was increased,
but it declined to the basal level within 5 h. This result
implies that ASK1 is involved in the LK-induced apopto-
sis of cultured granule neurons. ASK1 may regulate p38
activity during apoptosis.

Dominant-Negative ASKI Prevents the LK-Induced
Activation of p38 and c-Jun, but Not JNK, and Cell Death
of Cultured Cerebellar Granule Neurons—Next, we exam-
ined whether the activated ASK1 is involved in the
induction of LK-induced apoptosis in cultured cerebellar
granule neurons. After maturation in HK medium for 4
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Fig. 2. Effect of dominant-negative ASK1 on the phosphoryla-
tion of JNK, p38 and c-Jun and on cell death. (A) Cerebellar
granule neurons were infected with or without recombinant adeno-
viruses expressing ASK1-KM at a MOI of 100. One day after infec-
tion, cell lysates were prepared using SDS lysis buffer. The same
lysates were immunoblotted with anti-ASK1 and anti-HA antibody.
IB, immunoblot. (B) Cerebellar granule neurons were infected with
or without recombinant adenoviruses expressing ASK1-KM at a
MOI of 100. One day after the infection, the medium was switched
to serum-free LK- or HK-MEM. At 0 and 3 h after the medium
change, lysates were prepared in SDS lysis buffer. The lysates were
immunoblotted with anti-phospho-p38, anti-phospho-JNK and
anti-phospho-c-Jun antibodies. The blots shown came from the
same lysates. IB, immunoblot. (C) One day after infection with
recombinant adenoviruses encoding LacZ or ASK1-KM at a MOI of
100, the medium was changed to LK-MEM. After medium change,
the cells were cultured for 24 h, then cell survival was quantified by
MTT assay. Data represent means + SD (n = 4). Statistical analysis
was performed with Student’s ¢-test. *p < 0.05

days, dominant-negative ASK1 (ASK1-KM) or B-galactos-
idase (LacZ) as a control was expressed in cultured cere-
bellar granule neurons using the adenovirus expression
system. First, we checked the expression of these exoge-
nous proteins in cultured granule neurons. Cultured
granule neurons were infected with recombinant adeno-
viruses expressing ASK1-KM or LacZ tagged with hemag-
glutinin (HA) epitope, and then stained with anti-HA anti-
body 24 h after infection. At a MOI of 100, all of the
cultured neurons were positive for anti-HA antibody stain-
ing (data not shown). In Western blot analysis using anti-
ASKI1 and anti-HA antibodies, a high level of ASK1-KM
expression was detected one day after infection at a MOI
of 100, as compared with endogenous ASK1 (Fig. 2A).

In this system, we examined the effects of ASK1-KM
on the phosphorylation of JNK, p38 and c-Jun in the LK-
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Fig. 3. Activation of p38 and c-Jun, but not JNK, by the
expression of constitutive-active ASK1. Cerebellar granule
neurons were infected with or without recombinant adenoviruses
expressing HA-tagged ASK1-AN at MOI of 0, 10, and 30. One day
after infection, lysates were prepared using SDS lysis buffer. The
lysates were immunoblotted with anti-ASK1, anti-HA, anti-phos-
pho-JNK, anti-JNK, anti-phospho-p38, and anti-phospho-c-Jun
antibodies. The blots shown came from the same lysates. The
arrowhead indicates endogenous ASK1 and arrows indicate exoge-
nous ASK1-AN. IB, immunoblot.

induced apoptosis of cultured cerebellar granule neurons
(Fig. 2B). Three hours after potassium deprivation, an
increase in p38 phosphorylation was detected as described
in our previous report (I8). The ectopic expression of
ASK1-KM at a MOI of 100 inhibited the phosphorylation
of p38, however, the phosphorylation of JNK was not
affected by the exogenous expression of ASK1-KM. In our
previous report, we showed that p38 regulates the phos-
phorylation and activation of c-Jun in cultured cerebellar
granule neurons (I8). Immunoblot analysis using anti-
phospho-c-Jun antibody showed that the increase in c-
Jun phosphorylation during LK-induced apoptosis was
also blocked by the ectopic expression of ASKI1-KM.
These results suggest that ASK1 is specifically involved
in the phosphorylation of p38 and c-Jun, but not JNK, in
the LK-induced apoptosis of cultured cerebellar granule
neurons. Next, we examined whether LK-induced apop-
tosis is inhibited by the expression of ASK1-KM (Fig. 2C).
After infection with ASK1-KM or LacZ adenovirus at a
MOI of 100, apoptosis was induced by lowering the potas-
sium concentration. Twenty four hours after the induc-
tion of apoptosis, cell survival was quantified by MTT
assay. Only 46.5% of LacZ-expressing cells survived in
LK medium, as compared with HK medium. On the other
hand, the expression of ASK1-KM, a dominant negative
form of ASK1, markedly prevented LK-induced apoptosis
(86.2%). This result shows that ASK1 plays a pivotal role
in the induction of apoptosis by lowering potassium con-
centration.
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Fig. 4. LY294002 enhances ASKI1 activation in LK-induced
apoptosis of cultured cerebellar granule neurons. After mat-
uration for 4 days, lysates were prepared in Triton-X lysis buffer
from granule neurons cultured for 0 and 3 h in serum-free LK-MEM
with or without 10 uM LY294002. ASK1 was immunoprecipitated
with anti-ASK1 antibody. The in vitro kinase reaction was carried
out for 10 min at 30°C with the ASK1 immunoprecipitate and 2 pg
of GST-MKKS® as a substrate in kinase buffer. After SDS-PAGE, the
32P incorporated into GST-MKK6 was visualized using a Fuji
BAS2000 image analyzer (upper panel). The same immunoprecipi-
tates were immunoblotted with anti-ASK1. The lysates prepared as
above were immunoblotted with anti-phospho-p38, anti-p38 and
anti—phospho-c-Jun antibodies. IB, immunoblot.

IB:p-c-Jun

Constitutive-Active ASK1 Activates p38 and c-Jun, but
Not JNK, in Cultured Cerebellar Granule Neurons—To
examine whether the activation of ASK1 is sufficient to
induce the activation of p38 and c-Jun in cultured cere-
bellar granule neurons, we used an adenovirus express-
ing an N-terminal-deleted constitutive-active ASK1
(ASK1-AN) (Fig. 3). The expression level of ASK1-AN
was determined by Western blotting analysis with anti-
ASK1 and anti-HA antibodies. The level of exogenous
ASK1-AN protein is much higher than endogenous
ASKlat MOI of 10 and 30. Then, the same samples were
immunoblotted with anti-phospho-p38 antibody. As a
result, even in cultured granule neurons in HK medium,
ASK1-AN expression induced a remarkable phosphoryla-
tion of p38. However, the phosphorylation of JNK was not
affected even by a high level of expression of ASK1-AN.
Next, we investigated c-Jun phosphorylation by immuno-
blotting with anti-phospho-c-Jun antibody. Phosphoryla-
tion of c-Jun was increased by infection with ASK1-AN
adenovirus at MOI of 10 and 30, despite the high potas-
sium conditions. These results indicate that the activa-
tion of ASK1 is sufficient to activate p38 and c-Jun, but
not JNK, in cultured cerebellar granule neurons.

ASK1 Is Regulated by the PI3-K Pathway—Recently,
we found that BDNF and IGF-1 inhibit p38 and c-Jun
activation via the PI3-K pathway in cultured cerebellar
granule neurons (Yamagishi et al., unpublished data). It
is an intriguing question whether PI3-K inhibits the acti-
vation of ASK1 upstream of p38. To answer this question,
we examined the effect of LY294002, a specific inhibitor
of PI3-K, on the activity of ASK1 in cultured granule neu-
rons (Fig. 4). An in vitro kinase assay was carried out
using GST-MKKG®6 as a substrate. The activation of ASK1
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caused by lowering the potassium concentration was fur-
ther increased by the addition of LY294002. In addition,
LY294002 also enhanced the phosphorylation of p38 and
c-Jun. These results suggest that PI3-K negatively regu-
lates ASK1, leading to an attenuation of the activation of
p38 and c-Jun in cultured cerebellar granule neurons.

DISCUSSION

In cultured cerebellar granule neurons, the activation of
c-Jun plays an important role in the induction of apopto-
sis by lowering the potassium concentration (26). In our
previous report, we showed that p38 directly phosphor-
ylates c-Jun in the LK-induced apoptosis of cerebellar
granule neurons. In an attempt to identify a mediator of
p38 activation in the LK-induced apoptosis of cultured
cerebellar granule neurons, we examined the role of
ASK1. ASK1 has been reported to be involved in several
apoptotic processes (13—15). ASK1 belongs to the MAP-
KKK family and activates the JNK and p38 pathways via
MKK4/7 and MKK3/6, respectively. In the present study,
we found that ASK1 regulates the p38 activity in LK-
induced apoptosis of cultured cerebellar granule neurons.

Cells are continuously exposed to multiple opposing
“death” and “survival” triggers. Akt is a key molecule
that switches between cell survival and death in various
ways. For example, Akt phosphorylates and inactivates
two pro-apoptotic molecules, BAD and FKHR, promoting
cell survival (27, 28). The withdrawal of survival factors
leads to the inactivation of Akt, resulting in the dephos-
phorylation of BAD and release of cytochrome C from
mitochondria, or in the activation of FKHR followed by
the expression of pro-apoptotic proteins such as Fas (28).
Yamaguchi et al. have reported that Akt inactivation
causes Bax translocation to mitochondria, leading to
mitochondrial dysfunction (29). Recently, Kim et al.
reported that the N-terminal Ser® of ASK1 is phosphor-
ylated by Akt, resulting in the inactivation of ASK1 (30).
As shown in Fig. 4, LY294002, a specific inhibitor of PI3-
K, enhances the ASK1 activity in cultured cerebellar
granule neurons. LY294002 also enhances the phosphor-
ylation of p38 and c-Jun. Furthermore, we found that
BDNF and IGF-1, both known to activate PI3-K, inhib-
ited the activation of ASK1 as well as p38 and c-Jun in
LK-induced apoptosis (Yamagishi et al., unpublished
data). These findings indicate that the PI3-K-Akt path-
way negatively regulates ASK1, preventing the activa-
tion of p38 and c-Jun in cultured cerebellar granule neu-
rons.

c-Jun is a very important molecule for the induction of
apoptosis in superior cervical ganglia (SCG), pheochro-
mocytoma PC12 cells, and cerebellar granule neurons
(26, 31). However, the upstream regulators of c-Jun are
distinct among these cells. In SCG and PC12 cells, JNK
phosphorylates c-Jun after the withdrawal of NGF. Kan-
amoto et al. have reported that ASK1 plays an important
role in the activation of JNK downstream of cdc42 in the
NGF withdrawal-stimulated apoptosis of SCG neurons
and NGF-differentiated PC12 cells (I17). On the other
hand, in cultured cerebellar granule neurons, p38 rather
than JNK phosphorylates c-Jun when the potassium con-
centration is lowered. The expression of constitutive-
active ASK1-AN increases the level of p38 phosphoryla-
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tion, but not that of JNK phosphorylation in cultured cer-
ebellar granule neurons (Fig. 3). These results indicate
that ASK1 regulates the activation of p38, but not JNK,
in cultured cerebellar granule neurons.

ATF2 is well known as a substrate of p38 and JNK
(32—24). It is possible that p38 phosphorylates not only c-
Jun but also ATF2 during LK-induced apoptosis. We per-
formed Western blotting with anti-phospho ATF2 anti-
body (data not shown). At 3 h after the change to LK
medium, the phosphorylation of ATF2 increased as well
as that of c-Jun. However, the phosphorylation of ATF2
was not inhibited by the expression of dominant-negative
ASK1-KM. Furthermore, constitutively active ASK1-AN
did not enhance the ATF2 phosphorylation (data not
shown). Taken together, ATF2 is unlikely to work down-
stream of ASK1 and p38 in cultured cerebellar granule
neurons. The LK-induced increase in the phosphoryla-
tion of ATF2 may be mediated by kinases other than p38
in cultured cerebellar granule neurons. The MEF2 family
is another possible substrate for p38. Mammalian MEF2
proteins are encoded by four genes (MEF2A, MEF2B,
MEF2C, and MEF2D). Recently, Li et al. reported that
MEF2A and 2D, but not MEF2B and MEF2C, are phos-
phorylated and degraded in the LK-induced apoptosis of
cultured cerebellar granule neurons (35). p38 may also
phosphorylate MEF2A and 2D, although further study is
required.

Recently, Coffey et al. have reported that JNK 2/3 are
activated after the change to LK medium, and play an
important role in the phosphorylation of c-Jun. It may be
possible that ASK1 regulates not only p38 but also JNK
2/3 (36). However, we could detect the activation of p38,
but not JNK, in the case of the overexpression of consti-
tutive active ASK1 (Fig 3). In our previous paper, we
showed that the phosphorylation of c-Jun is blocked by
the inhibition of p38 (18). This suggests that p38 is
important in ASK1-mediated c-Jun phosphorylation, but
further experiments are needed to clarify this inconsist-
ent phenomenon.
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