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Summary. Tardive dyskinesia (TD) is one of the major side effects of long –
term neuroleptic treatment. The pathophysiology of this disabling and com-
monly irreversible movement disorder is still obscure. The traditional concept
of supersensitivity of striatal dopamine receptors as the mechanism involved
in the development of TD is not satisfying, and current studies have focused
on the role of neuroleptic – induced neuronal toxicity in the development of
TD. We performed a series of experiments to gain a better understanding on
the mechanisms involved in induction of TD. We have evaluated the direct
neurotoxic effect of haloperidol (HP), a widely – used neuroleptic drug, and
its three metabolites, in mouse neuronal cultures and in PC-12 cells.
We found that the features of HP-induced cell death were apoptotic rather
than necrotic, as indicated by different DNA-staining methods and specific
caspases inhibitors. Moreover, cotreatment with antioxidants such as vitamin
E and N-acetylcysteine (NAC) significantly protected the cultures. Further
studies on the mechanisms underlying HP-induced toxicity may lead to the
development of new neuroprotective therapeutic strategies.

Keywords: Tardive dyskinesia, haloperidol, apoptosis, antioxidants, N-
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Introduction

Tardive dyskinesia (TD) continues to be one of the main adverse effects
appearing after prolonged use of neuroleptic (anti-psychotic) drugs in psychi-
atric patients (Latimer, 1995). This involuntary movement disorder consists
of mouth and tongue movements, such as, lip smacking, sucking or chewing
and facial grimacing. The wide repertoire of abnormal movements may
include choreoathetoid-like movements of the limbs and trunk. This severe
complication develops during chronic use of neuroleptics and also after



a reduction or termination of treatment (Gerlach and Casey, 1988; Casey,
1990). TD is cosmetically disfiguring and can be functionally disabling, causing
swallowing, breathing or walking difficulties. In many cases, this iatrogenic
phenomenon is irreversible. It is estimated that the overall mean prevalence
of TD among chronically treated patients is approximately 24 percent and can
be even higher in those over 45 years of age (30 percent) (Jeste and Caligiuri,
1993). Although there are at-risk populations, such as children, the elderly,
particularly elderly women, patients with mood disorders and those with prior
brain damage, it is difficult to predict whether TD will develop in any indi-
vidual patient as a result of the neuroleptic treatment (Casey, 1990; Jeste and
Caligiuri, 1993).

Until recently, there were no obvious differences in the risk of TD follow-
ing the use of most typical neuroleptic drugs. The avoidance of this phenom-
enon was a prime motive for the development of the atypical neuroleptics
such as clozapine, which rarely cause TD (Jann, 1991). Although efforts in
various directions have been expended in the development of efficient thera-
peutic approaches to treat TD, the results have been disappointing (Feltner
et al., 1993), the reason being that the pathophysiology of TD itself is not
sufficiently clear.

The typical neuroleptic drugs blocks type D2 dopaminergic receptors in
the basal ganglia. The prevailing theory suggests that the persistent blockade
of the dopaminergic receptors causes a compensatory reaction of the post-
synaptic cells, expressed by an increase in the density and sensitivity of the
striatal dopaminergic receptor (Ben-Shachar, 1991; Dewey et al., 1983). This
theory is supported by observations that dopamine agonists aggravate the
syndrome while dopaminergic receptor blockers reduce the TD symptoms.
Thus, paradoxically, treatment with the offending agent, the neuroleptic drug,
is the most effective suppressor of TD symptoms.

Over the years, there have been increasing observations that brought into
question the dopamine receptor supersensitivity theory. There is no correla-
tion between the increase in the amount of dopaminergic receptors in
the striatum and the presence or absence of TD in schizophrenic patients
(Kornhuber et al., 1989; Crow et al., 1982) and in animal models (Knable et
al., 1994). Moreover, the number of post synaptic receptors rapidly decrease
in all patients after termination of treatment, while TD may be irreversible.
Therefore, although the dopaminergic system is important in the develop-
ment of the phenomenon, it does not offer a satisfactory sole explanation.

Another theory suggests that a reduction in the activity of the inhibitory
neurotransmitter GABA plays a decisive role in the establishment of TD.
This theory is based on research showing reduction in the enzymatic activity
of glutamic acid decarboxylase (GAD), the enzyme essential for the GABA
synthesis, in the basal ganglia of rats and primates that developed dyskinesia
after prolonged neuroleptic treatment (Delfs et al., 1995; Johansson et al.,
1990). Additional support for this theory is gained from reports of clinical
experience where treatment with GABA agonists reduced dyskinesia in rats
(Kaneda et al., 1992) and schizophrenic patients (Morselli et al., 1985). How-
ever, other studies did not report an improvement following treatment with
GABA agonists (Giao et al., 1987; Perry et al., 1989).
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Additional research demonstrated changes in the noradrenergic function
in animal models and in patients with TD (Kaufman et al., 1986) but other
studies refuted the noradrenergic theory (Glazer et al., 1987). Integration of
the studies concerning the level of various neurotransmitters led to the con-
clusion that chronic neuroleptic treatment affects several neurotransmitter
systems. It seems that TD is associated with increased central dopaminergic
and noradrenergic activity and with a reduction of gabaergic and cholinergic
activity (Jeste, 1993; Ebadi and Hama, 1988; Ogawa et al., 1984). A different
approach concentrated on the importance of oxidative stress in the pathogen-
esis of TD (Lohr, 1991). This hypothesis suggests that dopaminergic blockade
by neuroleptic drugs may cause a secondary increase in the turnover and
metabolism of dopamine which may lead to increased formation of active
dopamine products, such as quinones and oxygen free radical species. In
addition, it is known that the dopaminergic function depends upon a normal
metabolism of iron. It has been demonstrated that HP changes the blood
brain barrier (BBB) for iron in rats and encourages the transport, which is
usually limited, of iron into the brain (Ben-Shachar et al., 1993). An increased
iron content was observed in the brains of patients who were chronically
treated with HP (Campbell et al., 1985), consistent with a recent MRI study
that demonstrated enhanced iron deposition in their basal ganglia (Bartzokis
et al., 1987). Additional support for the theory of oxidative stress comes from
studies showing an increase in lipid peroxidation products in the spinal fluid
of TD patients compared with controls (Lohr et al., 1990). However, other
reports claimed that in schizophrenia there is an increase in free radical
activity, regardless of the presence or absence of TD (Mccreadie et al., 1995).
To determine whether a reduction in free radical burden could improve TD,
a series of experiments were conducted using vitamin E, a potent scavenger of
free radicals. Some had promising results (Lohr and Caliguiri, 1996) but
others failed to show any therapeutic efficacy by vitamin E (Shriqui et al.,
1992). In cases where lipid peroxidation products were measured in the
plasma of patients treated with vitamin E, an improvement was noted in
dyskinesia, without a corresponding change in the level of oxidative products
in the blood (Peet et al., 1993).

The existence of many theories trying to illustrate the pathogenesis of TD
suggests that it is still a mystery. In recent years, the research on TD has
focused on the possible toxicity of the neuroleptics towards neuronal tissue.
There is pathological evidence of morphological changes in brain autopsies
of patients with TD, such as swelling of neuron in the dentate nucleus of
the cerebellum (Arai et al., 1987). It was also demonstrated that glioma cells
exposed to neuroleptics stop dividing and die (Vilner and Bowen, 1993). In an
analogy with the toxin MPTP which undergoes metabolism to its pyridinic
derivative MPP1 which is toxic to dopaminergic cells and causes parkin-
sonism, it was found that HP also metabolizes in vivo to pyridinic derivatives,
one of which was detected in urine and brains of animals treated with HP
(Subramanyam et al., 1990). In patients, HP undergoes hepatic metabolism
through cytochrome P-450 to its pyridine derivatives. The main metabolite,
HPP1, inhibits complex I of the mitochondrial electron chain as does MPP1
(Rollema et al., 1994). Moreover, HPP1 is toxic to neuroblastoma cells in
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vitro, affects the integrity of the membrane and cell viability in a time and
dose dependent manner (Fang et al., 1995). Since toxicity is not associated to
the binding of HP to the dopaminergic receptor, it was assumed that lipo-
philic metabolites of HP gradually accumulate in brain tissue exposed to
neuroleptics and their gradual accumulation within weeks, months and years
may explain the tardive appearance of the dyskinesia long after initiation
of therapy (Bloomquist et al., 1994). A combination of the oxidative stress
theory and the theory of HP toxicity is very tempting. It is possible that HP is
metabolized to its pyridinic and lipophilic derivatives which are neurotoxic,
through formation of free radicals. The following experiments were under-
taken with the aim to determine the toxicity of HP and its metabolites in PC12
cells and mouse embryo neuronal cultures and to characterize, whether HP-
induced cytotoxicity it through necrosis or apoptosis and whether antioxi-
dants are able to rescue the cells.

Material and methods

Cell culture

PC12 cells were maintained in DMEM supplemented with 8% fetal calf serum (FCS), 8%
horse serum, penicillin (25ug/ml), streptomycin (25ug/ml), 2 mM glutamine, and 400ug/
ml G418 (Gibco/BRL). Confluent cultures were washed with phosphate-buffered saline
(PBS), pH 7.0, detached with 0.5mM EDTA, centrifuged, and subcultured in a poly
lysine-coated 96-wells microtiterplates (Nunc)100u1 of 5 3 105 cells/ml in each well.

Brain primary cultures

Highly enriched neurons were obtained from brains of 14 day old embryo ICR mice. Cells
(about 106 neurons per brain) were dissociated by trypsinization and then plated in basal
medium Eagle (BME), 10% fetal calf serum, 25mM KCI, 2 mM glutamin gentamycin,
250 ng/ml amphotericin B) supplemented with glucose (Schram et al., 1990) on dishes
coated with poly-L-lysine (cell density 3 3 105/well in 96-well plate) B-arabinosylcytosine
(10 uM ARA-C) was added to the medium 18–22 hours after plating to prevent replica-
tion of nonneuronal cells.

Cell viability

Neutral red (0.34%) in DCCM-1 medium (0.1 ml/well) was incubated for 2h at 37°C. The
cells were then washed with cold PBS containing 10mM MgCl2 and the dye was dissolved
in 50% ethanol in 50% Somerson buffer (70 mM sodium citrate, 30mM citric acid, 0.1 N
HCl). The remaining color intensity was measured by ELISA reader (550nm).

Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick
end-labeling (TUNEL)

The TUNEL method was performed as described by Gavrieli et al. (1992). PC12 cells
were subcultured in chamber slides (Nunc) for 24h in the presence of haloperidol me-
tabolites. The slides were first washed with PBS and fixed in 4% formaldehyde in saline
for 30 mm and then washed with double-distilled water (DDW). Endogenous peroxidase
was inactivated by flooding the cells with 3% H2O2 for 5 mm at room temperature
(RT). The slides were rinsed with PBS and incubated with 2% BSA in PBS for 30mm
at RT and rinsed again with PBS. Slides were then incubated for 5min with terminal
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deoxynucleotidyl transferase (TDT) buffer (Promega), followed by addition of the en-
zyme TDT (0.3 um/ul) and biotinylated dUTP in TDT-buffer, and further incubated for
1h at 37°C in a humid atmosphere. The reaction was stopped by incubation with termina-
tion buffer (300mM sodium chloride, 30 sodium citrate) for 15mm at RT. The slides were
rinsed with PBS and Extra-avidin peroxidase (Sigma, diluted 1 :50 with PBS) was added
for 30mm incubation at 37°C. Slid1es were washed in DDW and PBS and incubated with
AEC kit (Sigma) for 30mm at 37°C. The slides were rinsed in DDW and mounted on
glycerol-gelatin (Sigma).

Statistical analysis

All experiments were performed in triplicate, and the P values were calculated in two-tail
unpaired t-test.

Materials

Haloperidol metabolites 4-(4-chlorophenyl) 4-hydroxypiperidine (HP-1), reduced halo-
peridol 4-(4-chlorophenyl) a-(4-fluorophenyl-) 4-hydroxy-1-piperidenebutanol (HP-2),
3-(4-fluorobenzoyl) propionic acid (HP-3). The metabolites (from RBI, SIGMA) were
dissolved in 0.1% lactic acid which is not toxic to the cells.

Inhibitors against the apoptosis-associated proteases, the caspase ICE and CPP32,
were purchased from Bio-Mol (USA). N-acetylcysteine (NAC), vitamins C and E and the
enzymes superoxide dismutase (SOD) and catalase were purchased from Sigma (Israel).

Results

We found that HP1 and HP2 were both highly toxic, more than HP by itself,
while HP-3 is not toxic, up to a concentration of 2mM (Fig. 1).

To determine whether HP toxicity is associated with necrosis or apoptosis
in our experimental systems, we exposed PC12 cells, grown on slide chamber,
to 0.5mM HP, using the terminal deoxyneucleotidil transferase-meditated
biotin nick end-labeling (TUNEL), as described by Gavrieli et al. (1992). We
found a significantly higher nuclear staining in the HP-treated PC12 cells as
compared to control PC12 cells (Fig. 2). Such staining is typical to apoptosis
and indicates DNA fragmentation. Similarly, acridine orange staining showed
condensed nuclei fractions in HP-treated PC12 cells as compared to one big
nucleus in the control cells (not shown).

Addition of the specific cell-permeable inhibitors against the apoptosis-
associated proteases, the caspase ICE and CPP32, significantly rescued cells
from HP-induced toxicity (401/26 vs. 631/29 and 611/24 respectively,
Fig. 3).

Since the HP toxicity hypothesized to work thorough generation of reac-
tive oxygen species, we tried to elucidate the possible protective effects of
various antioxidants in HP-treated PC12 cells. We found that the thiol-
containing antioxidant NAC was highly protective, while vitamins C and E
induced a moderate protection, to the same extent as the enzymes catalase and
SOD (Fig. 4). We found that HP was also toxic to mouse brain embryo
neuronal culture and HP (0.1mM) caused 521/20.7% cell death. This was
effectively antagonised by vitamin E (0.1 and 1mM) which rescued the
cells up to 80.01/212.6 and 90.01/2 2.8%, respectively (p , 0.01). NAC
(0.3mM) also showed protective activity (741/25.2%, p , 0.01), while other
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Fig. 1. Toxicity of HP and its metabolites. PC12 were incubated for 24h with HP and its
metabolites in the indicated concentrations, and cell viability was determined by neutral

red assay (mean 1 SE, n 5 4)

Fig. 2. HP induces apoptosis in PC12 cells. PC12 cells, grown on a slide chamber were
exposed to 0.5 mM HP for 24h. Using the terminal deoxyneucleotiaidal transferase-
mediated biotin nick end-labeling (TUNEL) method the nuclei were stained, indicating

to apoptotic DNA fragmentation (left panel – untreated cells)
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Fig. 3. Apoptosis inhibitors rescues PC12 cells from HP toxicity. Cell permeable inhibi-
tors to the caspases ICE and CPP32 and were added to HP-treated cells for 24h and
the cell viability was determined by neutral red assay (mean 1 SE, n 5 4, *P , 0.05,

**p , 0.01)

Fig. 4. HP toxicity in PC12 cells is attenuated by antioxidants. Antioxidants were incu-
bated 4h before HP treatment and the cell viability was determined 24h later by neutral

red assay (mean 1 SE, n 5 4, *p , 0.01)
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antioxidants (vitamin C, SOD and catalase) failed to alter HP-induced toxic-
ity. Microscopic pictures of the primary neuronal tissues treated with HP alone
and combined with vitamin E, stained with neutral red are shown in Fig. 5.

Discussion

Our studies were undertaken to assess the neurotoxic potential of HP. Pre-
sented data are consistent with a number of recent reports suggesting that HP,
even at low concentrations is toxic towards PC-12 cells. Exposure to HP
dramatically reduced the viability of the cells, as measured by the MTT and
the Neutral Red methods.

We have demonstrated that the pyridine derivative of HP, HPP1, which
is a structural analogue of the neurotoxin MPP1, is more toxic than the
parent compound.

Until recently, the features of HP-induced cell death were unknown. The
past few years have witnessed a controversy in the literature concerning
this topic. Some investigators characterized the mechanism involved in HP-
neurotoxicity as necrotic (Behl et al., 1995), while others demonstrated that
HP induced apoptosis (Lezoualc’h et al., 1996; Brent et al., 1996). Our study
supports the thesis that HP-induced cell death is apoptotic, as was confirmed
by the presence of nuclear fragmentation in the TUNEL method and the
acridine orange stain. We further demonstrated, using the innovative method,
a caspase inhibition that HP indeed exerts its toxicity via apoptosis. Inhibitors
of caspases partially rescued cells from HP-toxicity. There are reports suggest-
ing that HP exert its toxic effects by formation of free radicals. The possible
involvement of toxic free radicals in the death mechanisms induced by HP has
prompted us to investigate the potential protective effects of a variety of anti-
oxidants. Our results showed that NAC and vitamin E pretreated improved
PC12 cell viability after exposure to HP. Partial prevention of cell death by
the scavengers of free radicals strongly suggests the involvement of these toxic
components in HP-induced toxicity (Post et al., 1998; Sagara, 1998). Our
findings are also consistent with recent clinical observation that vitamin E
ameliorate the condition of those suffering from TD, especially when admin-
istered a short time after the onset of TD in schizophrenic patients. From a
clinical perspective, our data suggest a possible potential benefit of vitamin E
supplementation for patients undergoing long term treatment with HP. It is
generally well accepted that neuroleptics exert more side effects in elderly
than in younger patients. This might be explained in part by the fact that
the natural antioxidant defense system is decreased in the elderly, which
makes them more susceptible to agents that induce oxidative stress. Recent
studies have shown that the HP concentration in human brain tissue was 10–
30 times higher than optimal serum concentration used in the treatment of
schizophrenia (Kornhuber et al., 1999). Furthermore, the half-life of HP is
relatively high (6.8 days), which may increase its toxic effect. We therefore
suggest co-administration of vitamin E and neuroleptics (at least in at-risk
populations for developing TD) in order to protect them from neuroleptic-
induced TD.
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Fig. 5. Vitamin E rescues mice brain neuronal culture from HP toxicity. Vitamin E was
added to cultures of mice neurons 4h before HP treatment and 24h later the culture was
stained with neutral red. Upper panel – untreated cells, middle panel HP-treated cells,

lower panel HP-treated cells in the presence of vitamin E
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