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ABSTRACT

AIM: To investigate possible intracellular signal molecules involved in diphenylhydantoin (DPH)-mediated apoptosis
of cerebellar granule neurons (CGN) and explore possible molecular mechanisms of neurotoxicity of DPH.
METHODS: Fluorescein diacetate (FDA) stain, hochest 33258 stain, and agar gel electrophoresis were used to test
morphological and biological characters of primary CGN and cortical neurons (CN) in the presence or absence of
100 µmol/L DPH; Western blot and RT-PCR were employed to further investigate apoptotic/survival signal moleculars
involved in the neuronal apoptotic signal transdution.  RESULTS: DPH 100 µmol/L induced a typical apoptosis of
CGN but had no toxicity on CN.  Cerebellar granule neural apoptosis induced by 100 µmol/L DPH was significantly
inhibited by pre-treatment with SB203580 (10 µmol/L) or CEP-11004 (1 µmol/L) for 1 h.  DPH markedly upregulated
the levels of phospho-c-Jun (active c-Jun), total c-Jun protein and c-jun mRNA in CGN.  The levels of phospho-
c-Jun dramatically elevated by DPH at 8 h were significantly inhibited by SB203580 (10 µmol/L) or CEP-11004
(1 µmol/L).  Moreover, the activities of p44/42 (ERK1/ERK2), other members of MAP kinases and generally
believed to be important survival effetors in CGN, were markedly suppressed.  However, the activities of both JNK
and p38 were little affected in the process of apoptosis of CGN induced by 100 µmol/L DPH.   CONCLUSION:
The selective toxicity of DPH on CGN is likely due to its ability to induce apoptosis of CGN, it is a process involved
activation of c-Jun and suppression of the activity of p44/42.

INTRODUCTION

Diphenylhydantoin (DPH), which was firstly
found to have the effect of anti-epilepsy in 1937, re-

mains one of the most commonly prescribed anti-con-
vulsants[1,2].  It requires to be administered for a long
period and sometimes must be given at a high dose to
treat epilepsy in clinic, which usually results in chronic
or acute toxicity that characterized by dysfunction of
central nervous system, such as ataxia, cerebellar atro-
phy etc.  Within the central neuron system, the cerebel-
lar and vestibular systems, are the most often affected
by acute and chronic DPH-mediated toxicity[3-5].

Our previous work showed that DPH could in-
duce a typical apoptosis of cultured cerebellar granule
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neuron (CGN)[6], which could explain the clinical symp-
tom of cerebellar atrophy and also provided a new cel-
lular model to investigate the molecular mechanisms on
neuronal apoptosis.  The neurotoxic action of DPH in
cultured CGN appeared to be due to its ability to block
the ion channels including Na+ channel and Ca2+ channel,
which means that DPH shares the same mechanisms
with its anti-epilepsy therapeutic effects (also by block-
ade of Na+ channels and Ca2+ channel)[1,6].  Action of
DPH on ion channels seems unable to clarify DPH thera-
peutic effects on CN but with toxicity on CGN. It is
hypothesized that DPH might evoke some special intra-
cellular molecular mechanisms, which is still unknown,
to make CGN dead in apoptotic way.

Amounts of studies have shown that MAP kinase
family (c-Jun N terminal kinases/JNK, p38 and extra-
cellular signal-regulated kinases/ERK ) play an impor-
tant role in regulation of cell death[7-10].  c-Jun, one of
transcription factors and one of substrates of JNK and
p38, was induced in many kinds of neural cells and cell
lines treated with various of inducible factors[11,12].  Phos-
phorylation of c-Jun was even considered to be neces-
sary to apoptosis of CGN by survival signal withdrawal
in CGN[13,14].  p44/42 (ERK), other important regulator
in cell death/survival signal transduction pathway, was
thought to have an important function of regulating the
intracellular concentrations of calcium ([Ca2+]i)

 and was
generally believed to function as an important survival
factor in cells[7,15].  At our present research, c-Jun and
its upstream kinases (JNK and p38) as well as p44/42
were studied with cultured cerebellar granule neurons
in the absence or presence of DPH.

MATERIALS  AND  METHODS

Materials  5,5'-Diphenylhydantoin, poly-lysine,
fluorescein diacetate, trypsin, soybean trypsin inhibitor,
cytosine arabinoside, dexamethasone, DNase and RNase
A were all obtained from Sigma Chemical Co (St  Louis,
MO); SB203580 was from RBI (Natick,MA); CEP-
11004 was presented by Cephalon, Inc.  And other
chemicals were obtained from Sigma.

Primary cerebellar granule neuron culture
Cultured rat cerebellar granule neurons were prepared
from 8-d-old Sprague Dawley rat pups (15-19 g) as
previously described[6].  Briefly, neurons were dissoci-
ated from freshly dissected cerebelli by mechanical dis-
ruption in the presence of trypsin and DNase, and then
plated in poly-lysine-coated 35-mm culture plates
(Nunc).  Cells were seeded at a density of (1.5-1.8)×109

cells/L in basal modified Eagle’s (BME) medium con-
taining 10 % fetal bovine serum and 25 mmol/L KCl, 2
mmol/L glutamine, penicillin 100 kU/L, and streptomy-
cin 100 mg/L.  Cytosine arabinoside (10 µmol/L) was
added to the medium 24 h after plating to arrest the
growth of non-neuronal cells.  D-Glucose (100 µL of
100 mmol/L solution prepared in sterile water) was added
to the cultures on d 7 and every fourth day thereafter.
After this protocol, 95 %-99 % of the cultured cells
were granule neurons.

Exposure of cerebellar granule neurons to
drugs  All experiments, unless otherwise stated, were
carried out with cerebellar granule neurons at 8 d in
vitro (DIV).  DPH was dissolved in dimethyl sulfoxide
(Me2SO) as a 1000×100 µmol/L stock solution and then
added to depolarizing medium (containing KCl 25 mmol/
L, serum free) and the final concentration of DPH was
100 µmol/L.  When experiments were performed, the
depolarizing medium with 100 µmol/L DPH was trans-
ferred to CGN to substitute for cultured medium for
48 h, depolarizing medium with 0.2 % Me2SO was used
as control.  In preliminary experiments, we found that
Me2SO concentrations up to 0.3 % did not affect neu-
ronal viability of cultured cerebellar granule neurons
within 120 h of exposure.  However, unless otherwise
stated, the final concentration of Me2SO was ≤0.2 %.
SB203580 and CEP11004 were added to the medium at
1 h before administration of  DPH 100 µmol/L.  Other
drugs were directly added to medium by gently shaking
at the time indicated.

Primary cortical neuron culture  Cortical neu-
rons were prepared using a modification of a previ-
ously described protocol.  Briefly, sixteen-day pregnant
Wistar rats were sacrificed and 9-12 fetuses were
removed.  Brain cortices were isolated from the fetuses
and chilled to 5 ºC D-Hanks’ solution.  Then brain tis-
sue was cutted into very small chips and then trans-
ferred in Dulbecco’s modified Eagle’s medium (DMEM)
with 20 % fetal bovine serum.  Cortical cells were dis-
persed by trituration with a thin caliber sucker and de-
bris was removed by filtration through Falcon cell
strainers.  Cells were seeded at a density of 1×109 cells/
L in 24-well plates and incubated in 5 % CO2 at 37 ºC.
New DMEM medium was changed two times each
week.  Cytosine arabinoside (10 µmol/L) was added to
the culture medium 24 h after plating to arrest the growth
of non-neuronal cells.  Experiments were performed
after 12-15 d in cultures.

Detection of chromatin condensation  Chroma-
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tin condensation was detected by nucleus staining with
Hoechst 33258 as described previously[6].  Hoechst
33258 (5 mg/L) was directly added to the culture me-
dium by gently shaking  at 4 ºC for 5 min.  Stained
nuclei were visualized with a Zeiss Axiophot fluores-
cence microscope at a 400×magnification with an ex-
citation wavelength of 355 to 366 nm and an emission
wavelength of 465 to 480 nm.  In this way, apoptotic
cerebellar granule cells and cortical neuronal cells would
be stained into brightly blue because of their chromatin
condensation, while normal CGN and CN were stained
into even slightly blue.

Detection of DNA fragmentation  DNA frag-
mentation was assessed with a soluble DNA prepara-
tion based on a method described previously[6].  Briefly,
granule neurons and cortical neurons were plated in poly-
lysine-coated 35-mm tissue culture dishes and collected
w ith cold PB S.  The neurons w ere centrifuged at 5000�g
(Beckman, JA-20 rotor) for 5 min.  The pellet was ly-
sed in 600 µL of a buffer consisting of 10 mmol/L Tris-
HCl, 10 mmol/L edetic acid and 0.2 % Triton
X-100 (pH 7.5).  After 15 min on ice, the lysate was
centrifuged at 12 000×g  at 4 ºC for 10 min.  The
supernatant (containing RNA and fragmented DNA, but
not intact chromatin) was extrated first with phenol and
then with phenol-chloroform: isoamylalcohol (24:1).
The aqueous phase was made to 300 mmol/L sodium
acetate and nucleic acids were precipitated with 1 vol-
ume of isopropanol over night.  The pellet was washed
with 70 % ethanol, air-dried and dissolved in 15 µL of
10 mmol/L Tris-HCl/edetic acid 1 mmol/L (pH 7.5).
After digesting RNA with RNase A (0.6 g/L, at 37 ºC
for 30 min), the sample was electrophoresed in 2 %
agarose gel with TBE buffer.  DNA was visualized by
ethidium bromide staining.

Assessment of neuronal viability  Granule neu-
ronal cell viability was quantified after staining of the
cells with fluroscein formed from fluorescein diacet-
ate[6], which is deesterifed only living cells.  After incu-
bation with fluorescein diacetate (10 mg/L), neurons
were examined and randomly photographed by UV light
microscopy and the number of neurons per representa-
tive low-power field were counted from the photomi-
crographies by a blind observer.

Western blot  Western blot analysis was per-
formed as described previously.  Briefly, neurons were
lysed by adding SDS sample buffer [62.5 mmol/L Tris-
HCl, pH 6.8, 2% (w/v) SDS, 10 % glycerol, 50 mmol/
L DTT, and 0.1 % (m/v) bromophenol blue].  Total cell

lysates were separated by SDS-PAGE with the use of
12 % acrylamide gels, as indicated in the legends.  Pro-
teins were transferred to polyvinylidene difluoride fil-
ters (Millipore Bed-CA).  The membranes were incu-
bated for 60 min at room temperature in Tris-buffered
saline (TBS) containing 0.05 % Tween-20 (TBST) and
5.0 % nonfat dry milk (NFDM) and then overnight at
4 ºC with antibody against phospho-p44/42 (1:2000,
New England Biolabs Inc), p44/42 (1:2000, New En-
gland Biolabs Inc.), phospho-c-Jun (KM-1) (1:500,
Santa Cruz Biotechnology Inc.), c-Jun (H79) (1:500,
Santa Cruz Biotechnology Inc.), phospho-JNK (1:1000,
New England Biolabs Inc.), or phospho-p38 (1:1000,
New England Biolabs Inc) pr imary antibody,
respectively.  Then, membranes were washed in TBST
(3×5 min) and incubated for 60 min in TBST/1 %NFDM
containing a 1:2000 dilution of a horseradish peroxi-
dase (HRP)-conjugated secondary antibody (Amersham
Pharmacia Biotech).  This was followed by washes
(3×15 min) in TBST and subsequently was developed
with an enhanced chemiluminescence system
(Amersham Pharmacia Biotech) and exposed to Kodak
autoradiographic film.  Quantitation was performed with
the Bio-Rad Quantity One software (Hercules, CA).  The
blots that had tested the levels of phospho-c Jun and c-
Jun were then incubated in stripping butter (67.5 mmol/
L Tris, pH 6.8, 2 % SDS, and 0.7 % β-mercaptoethanol)
at 50 ºC for 30 min and reprobed with anti-β-actin an-
tibody (1:2000,New England Biolabs) as loading controls.

Detection of c-jun mRNA in CGN by RT-PCR
Total RNA was isolated from CGN cells with TRIzol
r eagen t  (GIBCO-BRL) .   One - s tep  RT-PCR
(SUPERSCRIPTTM one-step RT-PCR reagent, GIBCO
BRL) was performed as protocol in a 50-reaction vol-
ume containing 3 µL total RNA, 25 µL 2×reaction buffer,
1 µL Tag/superscript II polymerase, 1 µL c-Jun primers,
and 0.2 µL β-actin primers.  Primers were used as
follows: rats c-Jun sense(5'-CGCATGAGAAACCGA-
ATCG-3') and antisense (5'-GTCCATGCAGTTCTTG-
GTCA-3'); β-actin sense (5'-AGCCATGTACGTAGC-
CATCC-3') and antisense (5'-GTCCATGCAGTTCTTG-
GTCA-3').  The PCR assay was performed with c-Jun
and β-actin primers in one tube at the same time.  The
products were detected by electrophoresis in 1.5 %
agarose gel.

Statistical analysis  Data are presented as
mean±SD from independent experiments.  For RT-PCR
and Western blots, each experiment was repeated at
least three times and in all cases, the same results were



Zhao LZ  et al / Acta Pharmacol Sin  2003 Jun; 24 (6): 539-548· 542 ·

obtained.  Statistical analysis of data was performed by
Student’s t test.

RESULTS

DPH selectively induced apoptosis of CGN  To
compare effects of DPH on its therapeutic organs and
its toxic organs, we investigated the action of DPH on
cultured CGN and CN.  After 48 h, CGN and CN treated
with or without DPH were stained by Hoechst 33258, a
classical way of identifying apoptotic cells, to test nu-
clei morphology of neurons.  The results indicated that
nuclei of most CGN treated with 100 µmol/L DPH were
stained into brightly blue; the nuclei of most CGN
control, CN control and CN treated with DPH showed
the average slightly blue (Fig 1).  Another biochemical
feature of apoptosis, DNA fragmentation, was also
tested.  We found that CGN exposed to 100 µmol/L
DPH for 24 h showed a typical internucleosomal DNA
fragmentation, while no ladders of oligonucleosomal-
length DNA were detected in CGN control and CN re-

gardless with or without DPH (Fig 2).  The results dem-
onstrated that 100 µmol/L DPH selectively induced CGN
to apoptosis, but had no toxic effects on CN.

SB203580 and CEP-11004 inhibited apoptosis
of CGN induced by DPH  To investigate the effects of
inhibitors related to JNK/c-Jun pathway, an important
dead signal pathway in many reports, on viability of
CGN treated with DPH, SB203580 (a widely used in-
hibitor of JNK or p38) and CEP-11004 (a new chemi-
cal compound that are reported by Cephalon,Inc to in-
hibit MLK, PKC, and TrkA), two inhibitors that act by
different mechanisms in JNK/c-Jun pathway, were
tested in this experiment.  SB203580 (10 µmol/L) and
CEP-11004 (1 µmol/L) were incubated for 1 h before
supplemented with 100 µmol/L DPH, respectively.
Survival of cells was assayed by counting the number
of cells in photomicrographs of fluorescein diacetate
(FDA)-stained cultures 48 h later.  As shown in Tab 1,
compared to the control group, the survival ratio of
neurons supplemented with 100 µmol/L DPH decreased

Fig 1.  DPH 100 µmol/L-induced apoptosis of cerebellar granule neurons but not cortical neurons.   Apoptotic cells were
stained into highly condensed, brightly staining nucleus, while normal cells were stained into average slightly blue.  Apoptotic
cells are marked by red arrows and normal cells are marked by green arrows.  About 80 % of CGN treated with DPH showed
the typical apoptotic nuclear morphology (Fig 1B), but only <5 % in control CGN (Fig 1A).  No typical apoptotic cortical
neuronal cells were seen no matter treated with or without DPH 100 µmol/L (Fig 1C and 1D).  The data above are from a
representative experiment repeated three times with similar results.  Hochest 33258 stain.  ×400.
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significantly (P<0.01).  SB203580 10 µmol/L and CEP-
11004 1 µmol/L markedly diminished the cell death me-
diated by DPH (100 µmol/L) (compared to the group
treated with 100 µmol/L DPH, P<0.01).  The results
revealed that SB203580 and CEP-11004 potently pro-
tected CGN from apoptosis mediated by 100 µmol/L
DPH.

c-Jun was induced by DPH in CGN  c-Jun me-
diates many kinds of neurons’ apoptosis.  In this
experiment, we found that phospho-c-Jun in CGN in-
creased 4 h after treatment with 100 µmol/L DPH and
got a peak level at about 8 h (Fig 3A).  The expression
of total c-Jun also got its high levels at about 8 h and
showed a similar pattern as phospho-c-Jun (Fig 3B).
Additionally, we performed RT-PCR to test c-jun mRNA
expression to determine whether the expression of
mRNA of c-jun changes in parallel with the changes of
c-Jun protein.  As expected, expression of c-jun mRNA
began to increase at about 2 h and dramatically increased
at about 8 h.  The dynamic change in c-jun mRNA was

similar to the pattern of c-Jun protein (Fig 4).  The
results indicated that c-Jun was actually induced in the
process of apoptosis of CGN induced by DPH.

SB203580 and CEP-11004 inhibited the in-
crease of phospho-c-Jun induced by DPH  To Fur-
ther study whether c-Jun contribute to cell death in-
duced by DPH, we examined effects of SB203580 and
CEP-11004, both of which have been proved by our
studies to protect CGN against apoptosis induced by
DPH, on the phosphorylation of c-Jun in CGN treated
with DPH.  Western blot indicated that the DPH-induced
phospho-c-Jun increase in CGN at 8 h when phospho-
c-Jun reached its peak level, was significantly inhibited
by SB203580 (10 µmol/L, administered 1 h before DPH
exposure) or CEP-11004 (1 µmol/L, administered 1 h
before DPH exposure, Fig 5).  The results suggested
that activation of c-Jun was involved in DPH-induced
apoptosis of CGN and possibly in a way concerned
with JNK, p38 or other upstream kinases.

Phosphorylation of JNK and p38 unaffected by
DPH in CGN  JNK and p38 were commonly consid-
ered to be two upstream kinases of c-Jun and can be
activated by phosphorylation at some special amino
acids.  Therefore, phospho-specific JNK antibody and
phospho-specific p38 antibody were used to examine
the levels of phospho-JNK and phospho-p38 in CGN in
the presence or absence of DPH.  The results showed
that phospho-JNK was highly expressed in normal CGN
while phospho-p38 is low in CGN, but no change was
observed for either phospho-JNK or phospho-p38 in
CGN treated with 100 µmol/L DPH at any time (Fig 6).
The results suggested that DPH seemed not to change
the levels of phospho-JNK and phospho-p38, although
it could dramatically induce elevation of phospho-c-Jun.

Fig 2.  DPH 100 µmol/L-induced nucleosomal size DNA
fragmentation in cultured cerebellar granule neurons.  The
180-bp ladder characteristic of endonuclease activation in
apoptosis was only detected in (100 µmol/L) DPH-treated
cerebellar granule neurons, but not in the control neurons
and nor in cortical neurons regardless with or without (100
µmol/L) DPH treatment.  Data in this experiment are from
at least three experiments and nucleosomal size DNA was
only present in CGN treated with DPH in all experiments.

Tab 1.  Effects of SB203580 10 µmol/L and CEP-11004 1
µmol/L on neuronal survival in CGN treated with DPH 100
µmol/L.  n=4 independent experiments.  Mean±SD.  cP<0.01
vs control.  fP<0.01 vs KCl 25 mmol/L+DPH.

          Group                             Neuronal survival/%

KCl 25 mmol/L+0.2 % Me2SO    100
KCl 25 mmol/L+DPH   34±8c

KCl 25 mmol/L+DPH+SB203580   95±8f

KCl 25 mmol/L+DPH+CEP-11004   93±8f

KCl 25 mmol/L+SB203580 100±7
KCl 25 mmol/L+CEP-11004   97± 9
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Suppression of p44/42 in CGN by DPH  To study
effects of DPH on another member of MAP kinase
family, p44 and p42 MAP kinases (ERK1 and ERK2) in
CGN, the levels of phospho-p44/42 and total p44/42
protein in DPH-treated neurons were tested by Western blot, respectively.  We found that phospho-p44/42 was

Fig 4.  DPH increased c-jun mRNA in CGN after exposure to
DPH 100 µmol/L.  β -Actin mRNA was used as an endog-
enous control and keep stable at any time.

Fig 3.  DPH upregulated the levels of phospho-c-Jun (A) and c-Jun (B) in CGN treated with DPH 100 µmol/L.  The panel below
phospho-c-Jun or c-Jun indicate levels of β -actin, as loading control.  The levels of phospho-c-Jun or c-Jun was normalized
by density ratio of phospho-c-Jun or c-Jun to β -actin on the same lane, and comparative phospho-c-Jun or c-Jun levels at
various time points was determined from normalized levels of phospho-c-Jun or c-Jun over controls cells which were given
a value of 1.  That is, relative phospho-c-Jun or c-Jun in columns over the blots represents comparative levels over control
after normalizing for loading.

Fig 5.  SB203580 and CEP-11004 abolished the elevation of
phospho-c-Jun induced by DPH in CGN.   The panel below
phospho-c-Jun or c-Jun indicates levels of β -actin, as load-
ing control.  The column over the blots represents compara-
tive levels over control after normalizing for loading.
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highly expressed in CGN, while it decreased rapidly and
markedly after DPH was added to the medium, and it
increased again 8 h later (Fig 7A).  The total p44/42
protein had no change regardless treated or untreated
CGN with 100 µmol/L DPH (Fig 7B).  The results dem-
onstrated that activity of p44/42 in CGN was signifi-

cantly suppressed by DPH.

DISCUSSION

DPH is a widely used anticonvulsant and is also a

valuable medicine in the treatment of cardiac arrhythmia,
chronic pain and spasticity[1,16].  However its toxicity in
central nervous system is a restrictive factor to its clini-
cal use.  Several hypotheses have been presented to
explain the toxic action of DPH[1,6], such as blockade of
Na+ channels, blockade of Ca2+ channels, and alteration
of Na+, K+-ATPase activity, while none has been
determined.  Additionally, all above mechanisms seem
to share the same targets (action on ion channels) with
its anti-epilepsy therapeutic effects.  Our results showed
that 100 µmol/L DPH markedly induced apoptosis of

Fig 6.  DPH did not affect the levels of phosphorylated JNK (A) and phosphorylated p38 (B) in DPH-induced apoptotic CGN.

Fig 7.  DPH decreased the levels of phosphorylated p44/42 (A) and total p44/42 protein (B) in CGN.  Columns above the blots
represented the relative density compared with the corresponding control.
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CGN, but had no toxic effects on cortical neurons.  Why
the same action of DPH on ion channels leads to quite
different results on CGN and CN is very interesting and
might be the key to solve the double-blade actions (anti-
epilepsy and neurotoxicity at the same time) of DPH.
Apoptosis, also called as programmed cell death, is a
process that cells died through the activation of intrin-
sic cell mechanisms that involve series of protein ki-
nases cascade reactions, which form intracellular sig-
nal transduction pathways.  It is most likely that special
intracellular signal transduction pathway agitated by DPH
in CGN could give the explanation.  However, the intra-
cellular molecular mechanisms which underly the ac-
tion of DPH on neuronal death is still unknown.

More and more studies have shown that induction
of c-Jun transcription activity and elevated c-Jun
expression are associated with apoptosis in sympathetic
neurons, differentiated PC12 cells, and central
neurons[11,12].  The transcriptional activity of c-Jun is
regulated by phosphorylation at serine 63 and 73 in the
c-Jun transactivation domain.  Phosphorylation of
c-Jun was even thought to be necessary for apoptosis
induced by survival signal withdrawal in CGN[13,14].  The
upstream kinases that can phosphorylate c-Jun were
commonly believed to be two members of MAPK family:
stress-activated protein kinase (SAPK) /Jun N-terminal
kinases (JNK) and p38[17].  JNK and p38 can be acti-
vated by their upstream kinases and cause cells apoptosis
by activating their substrates, c-Jun, and ATF-2, et
al[7-9].  Our previous studies proved that c-Jun was in-
volved in apoptosis of CGN induced by some physi-
ological and pathological effectors[18,19].  At present
study, we found that both activity and expression of
c-Jun were markedly induced in the process of DPH-
mediated apoptosis of CGN, and c-jun mRNA was in-
creased in parallel with the changes of c-Jun protein,
too.  Moreover, SB203580 and CEP-11004 could pro-
tect CGN from apoptosis induced by DPH and could
abolish the elevation of phospho-c-Jun in CGN induced
by DPH.  While, it is surprising that the activity of JNK
and p38 was little affected by DPH.  These paradoxical
results suggested that c-Jun was involved in apoptosis
of CGN treated with DPH, but it seems not to be phos-
phorylated in the way that we commonly considered.
Based on our results and others studies, we speculate
that there are three possibilities on mechanisms of
phospholation of c-Jun.  Firstly, CGN have high basal
levels of active JNK (phosphorylated JNK); and the
expression of c-Jun protein seems to always change in

parallel with phospho-c-Jun.  Then, is it possible that
increasing expression of c-Jun, which means elevation
of the amount of substrate of JNK, results in elevated
levels of phospho-c-Jun?  The second possibility is that
some mediators, such as JIP (JNK-interacting protein),
play a crucial role in regulating levels of phospho-c-Jun
by some special mechanisms besides phosphorylation.
JIP is a protein that can regulate the interactions of JNK
and can affect the transferability of JNK from cyto-
plasm to nucleolus[22], which would influence the abil-
ity of JNK to phosphorylate c-Jun in nucleolus, it is
possible that the distribution of phospho-JNK between
cytoplasm and nucleolus has changed even the levels
of total phospho-JNK did not show any change.
Additionally, it is not exclusive that there might be other
kinases unknown that might phosphorylate c-Jun.

Extracellular signal-regulated kinases (ERK), other
members of MAPK family and also called p44 and p42
MAP kinases, usually function in a protein kinase cas-
cade that plays a critical role in the regulation of cell
growth and differentiation[7].  However, persistent acti-
vation of p44/42 contributes to apoptosis induced by
oxidative stress in a neuronal cell line and primary cor-
tical neuron cultures[23-25].  There are also reports that
p44/42 might phosphorylate c-Jun in vitro[17].  More-
over, activation or inactivation of p44/42 is closely re-
lated to intracellular Ca2+ concentration[7,15].  Numerous
studies showed that elevated [Ca2+]i in neurons could
activate p44/42.  Our previous results suggest that
neurontoxic action of DPH seemed to result from the
drugs’ ability to lower the [Ca2+]i

[6].  Then, we tested
the activity of p44/42 in our experiments and found
that activity of p44/42 was suppressed quickly after
CGN were exposed to DPH, while total p44/42 had not
significant changes.  Phospho-p44/42 being decreased
rather than being increased by DPH in CGN suggests
that p44/42 exist not to be the kinases of phosphorylat-
ing c-Jun and not dead mediators in the process in-
duced by DPH, but a survival-related factor instead.
Suppression of p44/42 activity by DPH in apoptosis of
CGN seems to match the results of low [Ca2+] i in
apoptotic CGN caused by DPH.  It still remains to be
further investigated that low concentration of  intracel-
lular Ca2+ resulted from or resulted in suppression of
p44/42 activity.  Anyway, suppression of p44/42 in
CGN might be another evidence of effect of [Ca2+]i in
CGN on cell death induced by DPH.

Most anticonvulsants, such as carbamazepine,
have the similar neurotoxicity with DPH.  Clarification
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of the mechanisms of toxicity of DPH would contrib-
ute to understand common toxic characteristics of this
kind of medicines and provide specific targets to screen
new drugs that can a ttenuate  the toxicity of
anticonvulsants such as DPH but not influence their
therapeutic efficacy.  Additionaly, apoptosis of CGN
induced by DPH is typical and repeatable, which pro-
vides a new model to study molecular mechanisms of
neuronal apoptosis, besides the classical model that CGN
maintained in 5 mmol/L KCl.

Taken together, DPH, at the dose of having a sig-
nificant toxicity on CGN, can not affect viability of CN.
The selective toxicity of DPH on CGN in vitro is likely
due to neuronal apoptosis in a way involved activation
of c-Jun and suppression of p44/42 activity.  The in-
duction of c-Jun seems not by JNK or p38, but might
by some mechanisms presently unknown.
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