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Abstract: We examined patterns and mechanisms of cell
death induced by haloperidol. Cortical cell cultures ex-
posed to 10–100 mM haloperidol for 24 h underwent
neuronal death without injuring glia. The degenerating
neurons showed hallmarks of apoptosis, featuring cell
body shrinkage, nuclear chromatin condensation and ag-
gregation, nuclear membrane disintegration with intact
plasma membrane, and prominent internucleosomal
DNA fragmentation. Neither glutamate antagonists nor
antioxidants prevented the haloperidol-induced neuronal
apoptosis. The c-Jun-NH2-terminal protein kinase and
p38 mitogen-activated protein kinase were activated
within 1 h and were sustained over the next 3 h following
exposure of cortical neurons to 30 mM haloperidol. Hal-
operidol-induced neuronal apoptosis was partially atten-
uated by 10–30 mM PD169316, a selective inhibitor of
p38 mitogen-activated protein kinase. Inclusion of 1
mg/ml cycloheximide, a protein synthesis inhibitor, or 100
ng/ml insulin prevented activation of both kinases and
subsequent neuronal death. The present study demon-
strates that cortical neurons exposed to haloperidol un-
dergo apoptosis depending on activation of p38 mito-
gen-activated protein kinase and c-Jun-NH2-terminal
protein kinase sensitive to cycloheximide and insulin. Key
Words: Haloperidol—Apoptosis—p38—c-Jun-NH2-ter-
minal protein kinase—Insulin—Cycloheximide.
J. Neurochem. 75, 2327–2334 (2000).

Antipsychotic drugs used to treat several neuropsychi-
atric disorders produce extrapyramidal side effects in-
cluding tardive dyskinesia (TD), an iatrogenic syndrome
of hyperkinetic dyskinesia, which imposes the major
limitation on the use of this class of drugs (Diederich and
Goetz, 1998). However, the mechanism underlying drug-
induced TD is poorly understood. Hypersensitivity of
dopamine receptors (Clow et al., 1979) or a decrease in
the activity of glutamic acid decarboxylase, GABA-syn-
thesizing enzyme, following long-term administration of
antipsychotic drugs may contribute to the drug-induced
extrapyramidal effects (Gale, 1980; Gunne et al., 1984).
However, neither dopamine antagonists nor GABA ago-
nists showed beneficial effects in alleviating TD (Kors-
gaard et al., 1982; Glazer et al., 1985).

Neurotoxic effects of antipsychotic drugs have
emerged as potential pathogenic events of TD. Postmor-
tem study of TD brains showed ventricular dilatation,
atrophy in several brain areas, and neurodegeneration
and gliosis (Christensen et al., 1970; Mion et al., 1991;
Dalgalarrondo and Gattaz, 1994). More directly, intra-
muscular injections of flupenthioxol or fluphenazine de-
canoate caused loss of striatal neurons in adult rats
(Nielsen and Lyon, 1978; Jeste et al., 1992). Behl et al.
(1995) demonstrated that hippocampal neurons exposed
to haloperidol underwent necrotic cell death through free
radical-mediated mechanisms. To the contrary, we have
provided evidence that treatment with haloperidol pro-
duces neuronal apoptosis in cortical cell cultures (Noh
et al., 1997). To resolve controversial results and eluci-
date mechanisms of haloperidol neurotoxicity, we set out
experiments to examine patterns of haloperidol-induced
neuronal death, turning to multiple morphological and
interventional criteria. We also investigated the possibil-
ity that reactive oxygen species (ROS) and the mitogen-
activated protein kinases p38 and c-Jun-NH2-terminal
protein kinase (JNK), known as mediators of cell death,
mediate haloperidol neurotoxicity.
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MATERIALS AND METHODS

Cell culture
Cortical cell cultures were prepared as previously described

(Noh and Gwag, 1997). Neocortexes from 14- or 15-day-old
fetal mice for neuron–glia cocultures and 1-day pups for glial
cultures were dissociated and plated onto 24-well plates pre-
coated with 100mg/ml poly-D-lysine and 4mg/ml laminin at a
density of 5 hemispheres/plate, in minimal essential medium
(MEM; Earle’s salts) supplemented with 5% horse serum, 5%
fetal bovine serum, and 21 mM glucose. For mixed cultures of
neurons and glia, proliferation of nonneuronal cells was halted
by inclusion of 10mM cytosine arabinoside at 7–9 days in vitro
(DIV). After 2–3 days, cultures were fed with growth medium
identical to the plating medium without fetal serum. Cultures
were maintained at 37°C in a humidified 5% CO2 atmosphere.
Animal care and treatment were in compliance with a protocol
approved by our institutional animal care committee.

Experimental protocols
Cultures were exposed to various drugs in MEM supple-

mented with 21 mM glucose at 37°C. Cell death was analyzed
24 h later by measurement of lactate dehydrogenase (LDH)
released into the bathing medium. The LDH values were nor-
malized between the mean LDH values released 24 h after
exposure to sham wash (50% death) and 500mM NMDA in
neuron–glia cocultures (5100% neuronal death) or 1% Triton
X-100 in glial cultures (5100% glial death).

DNA damage analysis
Cortical cell cultures were incubated in 0.5mg/ml propidium

iodide for 10 min and fixed in 4% paraformaldehyde. The
fluorescence image of nuclear chromatin was examined using a
rhodamine filter.

To study patterns of DNA fragmentation, cultures were
lysed in solution containing 0.5% Triton X-100, 5 mM Tris (pH
7.4), and 20 mM EDTA. Lysates were microcentrifuged at
14,000g for 15 min at 4°C. Supernatants were extracted with
phenol/chloroform/isoamyl alcohol (25:24:1), precipitated in
75% ethanol containing 300 mM sodium acetate, and resus-
pended in Tris-EDTA buffer (pH 7.4). The soluble DNA sam-
ples were subjected to electrophoresis on a 1.2% agarose gel
(Gwag et al., 1997).

Transmission electron microscopy
Cultures were fixed in modified Karnovsky’s fixative solu-

tion in cacodylate buffer (pH 7.4) and postfixed in 1% osmium
tetroxide and 1.5% potassium ferrocyanide. Cells were en bloc
stained in 0.5% uranyl acetate, dehydrated through a graded
ethanol series, and embedded in resin (Polyscience, War-
rington, PA, U.S.A.). Then blocks were sectioned using a
Reichert–Jung Ultracut S and stained with Ultrostain 1H and 2
(Leica, Wien, Austria). Specimens were observed and photo-
graphed under a Zeiss EM 902 A electron microscope (Leo,
Oberkohen, Germany) (Sohn et al., 1998).

JNK and p38 assay
Cells were lysed in a buffer containing 50 mM Tris-HCl (pH

7.5), 150 mM NaCl, 1% Triton X-100, 0.5% deoxycholate,
10% glycerol, 1 mM sodium orthovanadate, and protease in-
hibitors (1 mM phenylmethylsulfonyl fluoride, 2 mM EDTA, 1
mg/ml pepstatin A, 10mg/ml leupeptin). Cell lysates were
centrifuged at 13,000 rpm for 10 min, the supernatants were
obtained, and protein concentrations were determined using a
Bio-Rad protein assay kit (Bio-Rad, CA, U.S.A.). Approxi-
mately 500mg of protein for each condition was immunopre-

cipitated with 1mg of a goat polyclonal anti-p38 antibody for
1 h at 4°C (Santa Cruz, CA, U.S.A.). Protein A-Sepharose
(Sigma, St. Louis, MO, U.S.A.) was then added to the reaction
mixture and reacted for 1 h at 4°C. The immunopellet was
collected after a brief centrifugation at 500g for 3 min and
incubated in a reaction mixture containing 10 mM Na3VO4, 50
mM dithiothreitol, 100 mM MgCl2, 2 mM HEPES (pH 7.4), 2
mCi of [g-32P]ATP, 1 mg of glutathioneS-transferase (GST)–
activating transcription factor 2 (ATF2) fusion protein, and 20
mM b-glycerophosphate. The reaction mixture was subjected
to electrophoresis on a 10% polyacrylamide gel. The gel was
dried, exposed to Kodak X-OMAT film in a standard cassette,
and exposed overnight at270°C.

Analysis of intracellular free radicals
Levels of intracellular free radicals were analyzed by mea-

suring the fluorescent signal of dichlorodihydrofluorescein di-
acetate (DCDHF-DA) (Molecular Probes, Eugene, OR, U.S.A.)
oxidized by ROS as described (Seo et al., 1999). Cultures
grown on a glass-bottom dish were loaded with 5mM DCDHF-
DA plus 2% Pluronic F-127 in HEPES-buffered control salt
solution containing 120 mM NaCl, 5 mM KCl, 1.6 mM MgCl2,
2.3 mM CaCl2, 15 mM glucose, 20 mM HEPES, and 10 mM
NaOH. Cultures were incubated for 20 min at 37°C, and the
fluorescence signal of the oxidized products of DCDHF-DA by
ROS (DCF) (Ex 5 490 nm,Em 5 510 nm) was analyzed on the
stage of a Nikon Diaphot inverted microscope equipped with a
100-W xenon lamp. To minimize background signal due to
direct oxidation of DCDHF-DA by illumination at 490 nm,
intracellular levels of ROS were analyzed within 3 s after
illumination using a Quanticell 700 system (Applied Imaging,
U.K.).

RESULTS

Haloperidol-induced neuronal apoptosis (HINA) in
cortical cell cultures

Neuronal death by haloperidol was performed in mixed
cortical cell cultures of neurons and glia at DIV 11. Con-
tinuous exposure to 10–100mM haloperidol produced
dose-dependent neuronal death over the next 24 h in the
absence of detectable glial toxicity (Fig. 1A). Shrinkage of
cell body and condensation of nuclear chromatin were
observed in degenerating neurons;20 h following expo-
sure to 30mM haloperidol (Fig. 1B). Electron microscope
study showed aggregated condensation of nuclear chroma-
tin and collapse of nuclear membrane, while plasma mem-
brane remained intact (Fig. 1B). Prominent internucleoso-
mal DNA fragmentation was observed by agarose gel elec-
trophoresis of soluble DNA extract from cortical cell
cultures exposed to 30mM haloperidol or 100 nM stauro-
sporine for 16 h (Fig. 1C). The morphology and DNA
damage of degenerating cortical neurons suggest that treat-
ment with haloperidol produces apoptotic neuronal death in
cortical cell cultures.

No mediation of HINA by free radicals
Recently, free radicals were shown to mediate the

toxic effects of haloperidol in C6 and NCB20 cells and
neurons (Behl et al., 1995). We also observed that levels
of free radicals were significantly increased at 8–12 h
following exposure to 30mM haloperidol (Fig. 2A).
However, compared with the gradual increase in [ROS]i
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following administration of Fe21, cortical neurons
treated with haloperidol produced slight and transient
increases (;14%) in [ROS]i. To examine if free radicals
are required for execution of HINA, several antioxidants
such as Trolox,N-acetyl-L-cysteine (NAC),N-tert-butyl-
a-phenylnitrone (PBN), and vitamin C were included
during exposure to haloperidol. Whereas these antioxi-
dants attenuate neurotoxicity induced by free radical-
inducing agents such as Fe21 or menadione (data not
shown), none of them attenuated HINA (Fig. 2B). This
implies that the slight and transient production of ROS
by haloperidol is not necessary for execution of HINA.
Neither inclusion of 10mM MK-801, an NMDA receptor
antagonist, nor 50mM 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX), an a-amino-3-hydroxy-5-methylisox-
azole-4-propionic acid/kainate receptor antagonist, inter-
fered with neuronal death following exposure to 30mM
haloperidol (Fig. 2B).

Activation of p38 and JNK during HINA
Extensive evidence indicates that p38 and JNK are

activated to execute apoptosis induced in PC12 cells and
sympathetic neurons deprived of nerve growth factor
(Xia et al., 1995; Kummer et al., 1997; Eilers et al.,
1998). In cortical cell cultures exposed to 30mM halo-
peridol, activity of p38 and JNK was increased within
1 h, lasted until 3 h, and then returned to the control level
by 4 h (Fig. 3A and B). Concurrent addition of 10–30
mM PD169316, a specific inhibitor of p38 kinase, par-
tially prevented HINA, suggesting a causative activation
of this kinase in the process of HINA (Fig. 3C–E).

Haloperidol-induced activation of p38 and JNK as
well as HINA attenuated by cycloheximide
or insulin

Postmitotic neurons deprived of appropriate growth
factors undergo apoptosis in a way sensitive to inhibitors

FIG. 1. Haloperidol induces neuronal apoptosis. A: Mixed cortical cultures of neurons and glia (DIV 11) or cultures of glia (DIV 11) were
exposed to indicated doses of haloperidol (HD). LDH in the bathing medium was measured 24 h later (mean 6 SEM, n 5 8 culture
wells/condition), scaled to the mean LDH value corresponding to the near-complete neuronal or glial death induced by 24-h exposure
to 500 mM NMDA (5100% neuronal death) in mixed culture or 1% Triton X-100 in glial culture (5100% glial death). *p , 0.05, significant
difference from the sham control, using analysis of variance and Student–Newman–Keuls test. B: Phase contrast (upper panels),
fluorescence (middle panels; staining with propidium iodide), and transmission electron photomicrographs (bottom panels) of mixed
cortical cell culture (DIV 11) taken 20 h after exposure to a sham wash (left) or 30 mM haloperidol (right). Note the shrunken cell body
and condensed nuclear chromatin in neurons treated with haloperidol. nm or pm indicates nuclear or plasma membrane, respectively.
Bars 5 20 mm. C: Agarose gel electrophoresis of soluble DNA samples extracted immediately after 16-h exposure to a sham wash
(sham), 30 mM haloperidol (HD), or 100 nM staurosporine (STA).
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of macromolecule synthesis (Martine et al., 1992). Con-
sistent with this, inclusion of 1mg/ml cycloheximide, a
protein synthesis inhibitor, protected cortical neurons
from apoptosis induced following exposure to 30mM
haloperidol (Fig. 4A and B). HINA was also attenuated
by inclusion of 100 ng/ml insulin or 100mM N-benzyl-
oxycarbonyl-Val-Ala-Asp-fluoromethyl ketone (Z-VAD),
a broad-spectrum inhibitor of caspases, that preferen-
tially prevented apoptotic neuronal death in cortical cell
cultures (Fig. 4A and B) (Ryu et al., 1999). Although
neither cycloheximide nor insulin alone influenced ac-
tivity of p38 and JNK, haloperidol-induced activation of
p38 and JNK was diminished in the presence of cyclo-
heximide or insulin (Fig. 4C and D). This implies that
cycloheximide and insulin likely prevent apoptosis by
interfering with activation or upstream signals of p38 and
JNK. Activity of p38 and JNK was increased within 2 h
after exposure to haloperidol and returned to basal level
4 h later. Interestingly, late application of cycloheximide
8 h after exposure to haloperidol when the activity of p38

FIG. 3. Activation of p38 and JNK during HINA. A and B: Cor-
tical cell cultures (DIV 11) were exposed to 30 mM haloperidol for
the indicated points of time. Cells were lysed immediately after
treatment, immunoprecipitated with anti-p38 or anti-JNK1 anti-
body, and the resulting immunoprecipitates incubated in a re-
action mixture containing [g-32P]ATP and GST-ATF2. Reaction
mixtures were subjected to polyacrylamide gel electrophoresis,
and x-ray images for activity of p38 and JNK were visualized (A)
and analyzed (B). BL, basal value. C: Cultures were exposed to
a sham control, 30 mM haloperidol (HD), 30 mM haloperidol 1 30
mM PD169316, or 30 mM PD169316 for 1 h. Cultures were then
subjected to assay of p38 kinase as described above. D: Phase
contrast photomicrographs of mixed cortical cell culture (DIV 11)
taken 20 h after exposure to 30 mM haloperidol, alone (left) or
with 30 mM PD169316 (right). Bar 5 30 mm. E: Sister cultures
were exposed to 30 mM haloperidol, alone or with indicated dose
of PD169316. Neuronal death was analyzed 24 h later by mea-
suring LDH in the bathing medium (mean 6 SEM, n 5 8 culture
wells/condition). *p , 0.05, significant difference from t 5 0,
using analysis of variance and Student–Newman–Keuls test.

FIG. 2. ROS does not mediate HINA. A: [ROS]i values in cortical
neuron (DIV 11) at indicated times after exposure to 30 mM
haloperidol (HD) or 50 mM Fe21 were analyzed by measuring
fluorescence intensity of oxidized DCDHF-DA (mean 6 SEM, n
5 25 neurons randomly chosen from three culture wells for each
condition), scaled to mean neuronal [ROS]i following a sham
control (5100). *p , 0.05, significant difference from t 5 0, using
analysis of variance and Student–Newman–Keuls test. B: Cocul-
tures of neurons and glia (DIV 11) were exposed to 30 mM
haloperidol, alone or with the following additions: 100 mg/ml
Trolox (TRX, a vitamin E analogue), 3 mM PBN, 100 mM NAC,
300 mM vitamin C (Vit-C), or 10 mM MK-801 plus 50 mM CNQX
(MK/CNQX). Neuronal death was analyzed 24 h later by mea-
suring LDH in the bathing medium (mean 6 SEM, n 5 8 culture
wells/condition), as described above.
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and JNK returned to the basal level significantly pro-
tected cortical neurons from HINA, suggesting that cy-
cloheximide attenuates HINA without interfering with
activation of p38 and JNK (Fig. 4E).

DISCUSSION

The antipsychotic drug haloperidol causes apoptotic
neuronal death. Neither excitotoxicity nor free radicals
mediate HINA. Transient activation of p38 and JNK
following exposure to haloperidol appears to be neces-
sary for neuronal apoptosis. Cycloheximide and insulin
attenuate HINA possibly via pathways linked to activa-
tion of p38 and JNK.

The neuroleptic drug haloperidol was shown to pro-
duce cytotoxicity in various cell types including primary

neurons (Behl et al., 1995; Sagara, 1998). Cell body
swelling and random DNA fragmentation have been
observed in the course of haloperidol toxicity, suggesting
that haloperidol causes necrotic cell death (Behl et al.,
1995). In the present study, however, we found that
treatment with haloperidol at micromolar concentrations
produced apoptosis of cortical neurons accompanied by
shrinkage of the cell body, prominent DNA ladders,
aggregation and condensation of nuclear chromatin,
early disruption of nuclear membrane, and sensitivity to
antiapoptosis agents. Although this conflict pattern of
cell death by haloperidol may be attributable to differ-
ences in types of cells, the culture condition appears to be
more relevant. In experiments reporting occurrence of
necrosis by haloperidol, cultures were exposed to halo-

FIG. 4. Attenuation of HINA by cycloheximide or in-
sulin. A: Phase contrast photomicrographs of cortical
cell cultures (DIV 11) were taken 20 h after exposure to
30 mM haloperidol, alone (left) or with 1 mg/ml cyclo-
heximide (middle) or 100 ng/ml insulin (right). Bar
5 30 mm. B: Sister cultures were exposed to 30 mM
haloperidol, alone or with 100 ng/ml insulin (INS), 1
mg/ml cycloheximide (CHX), or 100 mM z-VAD. Neu-
ronal death was analyzed 24 h later by measuring LDH
in the bathing medium (mean 6 SEM, n 5 8 culture
wells/condition). *p , 0.05. C and D: Cells exposed to
various conditions for 1 h were lysed, immunoprecipi-
tated with anti-p38 or anti-JNK1 antibody, and pro-
cessed for analysis of p38 and JNK as described for
Fig. 3. E: Sister cultures were exposed to 30 mM
haloperidol, alone or with delayed addition of 1 mg/ml
cycloheximide at indicated points of time. Neuronal
death was analyzed 24 h later by measuring LDH in
the bathing medium (mean 6 SEM, n 5 8 culture
wells/condition). *p , 0.05, significant difference from
the sham control, using analysis of variance and Stu-
dent–Newman–Keuls test.
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peridol in medium containing insulin, which possesses
antiapoptotic but prooxidant properties (Behl et al.,
1995; Ryu et al., 1999).

ROS have been proposed as a key mechanism under-
lying haloperidol neurotoxicity. ROS were generated in
degenerating cells after administration of haloperidol
(Post et al., 1998; Sagara, 1998). Vitamin E, melatonin,
and overexpression of bcl-2, known to protect cells
against free radical toxicity, prevented haloperidol-in-
duced cell death (Behl et al., 1995; Lezoualc’h et al.,
1996; Post et al., 1998). We also observed transient
increase in [ROS]i following exposure to haloperidol.
However, this increase was not enough to mediate HINA
as none of the antioxidants Trolox, NAC, PBN, or vita-
min C prevented HINA. Therefore, HINA appears to
move on through other routes irrespective of ROS.

Signaling molecules of cell death have been exten-
sively investigated to delineate mechanisms of apoptosis.
Among these, extensive evidence demonstrates that two
subgroups of MAPKs, p38 and JNK, play an essential
role in transduction of cell death. Overexpression of
mitogen-activated/extracellular response kinase kinase
kinase 1 (MEKK1), an upstream activator of JNK/stress-
activated protein kinase (SAPK), induces apoptosis in
mouse fibroblasts (Johnson et al., 1996). PC12 cells or
Jurkat T cells undergo apoptosis following overexpres-
sion of mitogen-activated protein kinase (MAPK) kinase
3 or MAPK kinase 6, upstream kinases of p38 (Xia et al.,
1995; Huang et al., 1997). COS7 cells andXenopus
embryos that are allowed to overexpress apoptosis sig-
nal-regulating kinase 1 or transforming growth factor-
b-activated kinase 1 for activation of JNK/SAPK and
p38 undergo apoptosis (Ichijo et al., 1997; Shibuya et al.,
1998). Moreover, maneuvers interfering with activity of
JNK/SAPK or p38 attenuate apoptosis induced by tumor
necrosis factor-a, ultraviolet C and gamma radiation, or
deprivation of nerve growth factor (Xia et al., 1995;
Chen et al., 1996; Verheij et al., 1996). These results
imply that activation of JNK/SAPK and p38 is required
for execution of apoptosis. In the present study, we
observed that p38 was activated as a causative mediator
necessary for apoptosis of cortical neurons treated with
haloperidol. It remains to be determined whether activa-
tion of JNK contributes to HINA in a synergistic fashion
with that of p38.

Protein phosphatases have been proposed as target
molecules for cellular action of antipsychotics. Admin-
istration of haloperidol results in direct inhibition of the
protein phosphatase 2B (PP2B) (Gong et al., 1996).
Cyclosporine A, an immunosuppressant known to selec-
tively inhibit PP2B, produced apoptosis of cultured cor-
tical neurons and oligodendrocytes (McDonald et al.,
1996). Cyclosporine A induced transient activation of
JNK and p38 in cortical neurons in a similar fashion to
haloperidol (Fig. 5). Therefore, activation of p38 and
JNK subsequent to inhibition of PP2B may mediate the
proapoptotic action of haloperidol.

The antiapoptotic action of insulin has been well doc-
umented in various types of cells (Estevez et al., 1995;
Jung et al., 1996; McDonald et al., 1996) and appears to
be exerted through inhibition of p38 (Kummer et al.,
1997). Treatment with insulin induces activation of phos-
phatidylinositol (PI) 3-kinase in cortical neurons, which
was necessary for preventing apoptosis of cortical neu-
rons deprived of serum (Ryu et al., 1999). Activated
PI3-kinase would interfere with activation of JNK and
p38 (Berra et al., 1998; Shimoke et al., 1999). It is
conceivable that insulin attenuates HINA by PI3-kinase-
mediated blockade of JNK and p38.

Selective inhibitors of protein synthesis prevented ap-
optosis by blocking activation of JNK and p38 (Shifrin
and Anderson, 1999), raising the possibility that activa-
tion of the MAPKs during apoptosis depended on protein
synthesis. This was further supported by the present
study that cycloheximide attenuated haloperidol-induced
activation of JNK and p38. However, delayed applica-
tion of cycloheximide that did not influence activation of
p38 or JNK resulted in decreased but substantial neuro-
protection against HINA (Fig. 4E). This suggests that
HINA should have a biphasic process of death depending
on protein synthesis: a rapid process leading to activation
of JNK and p38 and a slowly evolving death process
after activation of the MAPKs. Activated JNK and p38
MAPKs can induce mitochondrial cytochromec release
or expression of Fas ligand that triggers activation of

FIG. 5. Cyclosporine A activates p38 and JNK. X-ray images (A)
and densitometric analysis (B) show activity of p38 and JNK in
cortical cell cultures (DIV 11) exposed to a sham control (BL) or
20 mM cyclosporine A for the indicated periods of time.
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caspases for execution of apoptosis (Hatai et al., 2000;
Zhuang et al., 2000).

Accumulating evidence suggests that haloperidol can
cause brain damage and TD in psychotic patients after
chronic administration that results in accumulation of the
drug in brain (Sunderland and Cohen, 1987). In this
study, we have demonstrated that haloperidol produces
neuronal apoptosis through activation of p38 and JNK as
a necessary step. Insulin and other antiapoptotic agents
possess reasonable promise to treat undesirable neuro-
toxic effects of haloperidol and other antipsychotic
drugs.

Acknowledgment: This work was supported by KOSEF
through BDRC at Ajou University (J.S.N. and B.J.G.).

REFERENCES

Behl C., Rupprecht R., Skutella T., and Holsboer F. (1995) Haloperi-
dol-induced cell death—mechanism and protection with vitamin E
in vitro. Neuroreport7, 360–364.

Berra E., Diaz-Meco M. T., and Moscat J. (1998) The activation of p38
and apoptosis by the inhibition of Erk is antagonized by the
phosphoinositide 3-kinase/Akt pathway.J. Biol. Chem. 273,
10792–10797.

Chen Y. R., Wang X., Templeton D., Davis R. J., and Tan T. H. (1996)
The role of c-Jun N-terminal kinase (JNK) in apoptosis induced by
ultraviolet C and gamma radiation. Duration of JNK activation
may determine cell death and proliferation.J. Biol. Chem.271,
31929–31936.

Christensen E., Moller J. E., and Faurbye A. (1970) Neuropathological
investigation of 28 brains from patients with dyskinesia.Acta
Psychiatr. Scand.46, 14–23.

Clow A., Jenner P., Theodorou A., and Marsden C. D. (1979) Striatal
dopamine receptors become supersensitive while rats are given
trifluoperazine for six months.Nature278,59–61.

Dalgalarrondo P. and Gattaz W. F. (1994) Basal ganglia abnormalities
in tardive dyskinesia. Possible relationship with duration of neu-
roleptic treatment.Eur. Arch. Psychiatry Clin. Neurosci.244,
272–277.

Diederich N. J. and Goetz C. G. (1998) Drug-induced movement
disorders.Neurol. Clin.16, 125–139.

Eilers A., Whitfield J., Babij C., Rubin L. L., and Ham J. (1998) Role
of the Jun kinase pathway in the regulation of c-Jun expression
and apoptosis in sympathetic neurons.J. Neurosci.18, 1713–
1724.

Estevez A. G., Radi R., Barbeito L., Shin J. T., Thompson J. A., and
Beckman J. S. (1995) Peroxynitrite-induced cytotoxicity in PC12
cells: evidence for an apoptotic mechanism differentially modu-
lated by neurotrophic factors.J. Neurochem.65, 1543–1550.

Gale K. (1980) Chronic blockade of dopamine receptors by antischizo-
phrenic drugs enhances GABA binding in substantia nigra.Nature
283,569–570.

Glazer W. M., Moore D. C., Bowers M. B., Bunney B. S., and Roffman
M. (1985) The treatment of tardive dyskinesia with baclofen.
Psychopharmacology (Berl.)87, 480–483.

Gong C. X., Shaikh S., Grundke-Iqbal I., and Iqbal K. (1996) Inhibition
of protein phosphatase-2B (calcineurin) activity towards Alzhei-
mer abnormally phosphorylated tau by neuroleptics.Brain Res.
741,95–102.

Gunne L. M., Haggstrom J. E., and Sjoquist B. (1984) Association with
persistent neuroleptic-induced dyskinesia of regional changes in
brain GABA synthesis.Nature309,347–349.

Gwag B. J., Koh J. Y., DeMaro J. A., Ying H. S., Jacquin M., and Choi
D. W. (1997) Slowly triggered excitotoxicity occurs by necrosis in
cortical cultures.Neuroscience77, 393–401.

Hatai T., Matsuzawa A., Inoshita S., Mochida Y., Kuroda T., Sakamaki
K., Kuida K., Yonehara S., Ichijo H., and Takeda K. (2000)

Execution of ASK1-induced apoptosis by the mitochondria-de-
pendent caspase activation.J. Biol. Chem.25, 26576–26581.

Huang S., Jiang Y., Li Z., Nishida E., Mathias P., Lin S., Ulevitch R. J.,
Nemerow G. R., and Han J. (1997) Apoptosis signaling pathway
in T cells is composed of ICE/Ced-3 family proteases and MAP
kinase kinase 6b.Immunity6, 739–749.

Ichijo H., Nishida E., Irie K., ten Dijke P., Saitoh M., Moriguchi T.,
Takagi M., Matsumoto K., Miyazono K., and Gotoh Y. (1997)
Induction of apoptosis by ASK1, a mammalian MAPKKK that
activates SAPK/JNK and p38 signaling pathways.Science275,
90–94.

Jeste D. V., Lohr J. B., and Manley M. (1992) Study of neuropathologic
changes in the striatum following 4, 8 and 12 months of treatment
with fluphenazine in rats.Psychopharmacology (Berl.)106,154–
160.

Johnson N. L., Gardner A. M., Diener K. M., Lange-Carter C. A.,
Gleavy J., Jarpe M. B., Minden A., Karin M., Zon L. I., and
Johnson G. L. (1996) Signal transduction pathways regulated by
mitogen-activated/extracellular response kinase kinase kinase in-
duce cell death.J. Biol. Chem.271,3229–3237.

Jung Y., Miura M., and Yuan J. (1996) Suppression of interleukin-1
beta-converting enzyme-mediated cell death by insulin-like
growth factor.J. Biol. Chem.271,5112–5117.

Korsgaard S., Casey D. E., Gerlach J., Hetmar O., Kaldan B., and
Mikkelsen L. B. (1982) The effect of tetrahydroisoxazolopyridinol
(THIP) in tardive dyskinesia: a new gamma-aminobutyric acid
agonist.Arch. Gen. Psychiatry39, 1017–1021.

Kummer J. L., Rao P. K., and Heidenreich K. A. (1997) Apoptosis
induced by withdrawal of trophic factors is mediated by p38
mitogen-activated protein kinase.J. Biol. Chem.272, 20490–
20494.

Lezoualc’h F., Rupprecht R., Holsboer F., and Behl C. (1996) Bcl-2
prevents hippocampal cell death induced by the neuroleptic drug
haloperidol.Brain Res.738,176–179.

Martin D. P., Ito A., Horigome K., Lampe P. A., and Johnson E. M. Jr.
(1992) Biochemical characterization of programmed cell death in
NGF-deprived sympathetic neurons.J. Neurobiol.23,1205–1220.

McDonald J. W., Goldberg M. P., Gwag B. J., Chi S. I., and Choi D. W.
(1996) Cyclosporine induces neuronal apoptosis and selective
oligodendrocyte death in cortical cultures.Ann. Neurol.40, 750–
758.

Mion C. C., Andreasen N. C., Arndt S., Swayze V. W. 2., and Cohen
G. A. (1991) MRI abnormalities in tardive dyskinesia.Psychiatry
Res.40, 157–166.

Nielsen E. B. and Lyon M. (1978) Evidence for cell loss in corpus
striatum after long-term treatment with a neuroleptic drug (flu-
penithixol) in rats.Psychopharmacology (Berl.)59, 85–89.

Noh J. S. and Gwag B. J. (1997) Attenuation of oxidative neuronal
necrosis by a dopamine D1 agonist in mouse cortical cell cultures.
Exp. Neurol.146,604–608.

Noh J. S., Ko H. W., Ryu B. R., Sohn S., and Gwag B. J. (1997)
Haloperidol-induced neuronal apoptosis: blockade by neurotro-
phins and IGFs.Soc. Neurosci. Abst.24, 1046.

Post A., Holsboer F., and Behl C. (1998) Induction of NF-kappaB
activity during haloperidol-induced oxidative toxicity in clonal
hippocampal cells: suppression of NF-kappaB and neuroprotec-
tion by antioxidants.J. Neurosci.18, 8236–8246.

Ryu B. R., Ko H. W., Jou I., Noh J. S., and Gwag B. J. (1999)
Phosphatidylinositol 3-kinase-mediated regulation of neuronal ap-
optosis and necrosis by insulin and IGF-I.J. Neurobiol. 39,
536–546.

Sagara Y. (1998) Induction of reactive oxygen species in neurons by
haloperidol.J. Neurochem.71, 1002–1012.

Seo S. Y., Kim E. Y., Kim H., and Gwag B. J. (1999) Neuroprotective
effect of high glucose against NMDA, free radical, and oxygen-
glucose deprivation through enhanced mitochondrial potentials.
J. Neurosci.19, 8849–8850.

Shibuya H., Iwata H., Masuyama N., Gotoh Y., Yamaguchi K., Irie K.,
Matsumoto K., Nishida E., and Ueno N. (1998) Role of TAK1 and
TAB1 in BMP signaling in earlyXenopusdevelopment.EMBO J.
17, 1019–1028.

J. Neurochem., Vol. 75, No. 6, 2000

2333HALOPERIDOL-INDUCED NEURONAL APOPTOSIS



Shifrin V. I. and Anderson P. (1999) Trichothecene mycotoxins trigger
a ribotoxic stress response that activates c-Jun N-terminal kinase
and p38 mitogen-activated protein kinase and induces apoptosis.
J. Biol. Chem.274,13985–13992.

Shimoke K., Yamagishi S., Yamada M., Ikeuchi T., and Hatanaka H.
(1999) Inhibition of phosphatidylinositol 3-kinase activity ele-
vates c-Jun N-terminal kinase activity in apoptosis of cultured
cerebellar granule neurons.Brain Res. Dev. Brain Res.112,245–253.

Sohn S., Kim E. Y., and Gwag B. J. (1998) Glutamate neurotoxicity in
mouse cortical neurons: atypical necrosis with DNA ladders and
chromatin condensation.Neurosci. Lett.240,147–150.

Sunderland T. and Cohen B. M. (1987) Blood to brain distribution of
neuroleptics.Psychiatry Res.20, 299–305.

Verheij M., Bose R., Lin X. H., Yao B., Jarvis W. D., Grant S., Birrer
M. J., Szabo E., Zon L. I., Kyriakis J. M., Haimovitz-Friedman A.,
Fuks Z., and Kolesnick R. N. (1996) Requirement for ceramide-
initiated SAPK/JNK signalling in stress-induced apoptosis.Na-
ture 380,75–79.

Xia Z., Dickens M., Raingeaud J., Davis R. J., and Greenberg M. E.
(1995) Opposing effects of ERK and JNK-p38 MAP kinases on
apoptosis.Science270,1326–1331.

Zhuang S., Demirs J. T., and Kochevar I. E. (2000) p38 mitogen-
activated protein kinase mediates Bid cleavage, mitochondrial
dysfunction, and caspase-3 activation during apoptosis induced by
singlet oxygen, but not by hydrogen peroxide.J. Biol. Chem.25,
25939–25948.

J. Neurochem., Vol. 75, No. 6, 2000

2334 J. S. NOH ET AL.


