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ABSTRACT

Schizophrenia affects 1-:1.5% of people in the United States alone. Haloperidol (HP), a
butyrophenone and a typical antipsychotic, has been used as an antipsychotic drug in
human. Unfortunately, the therapeutic effects of HP aso come with severe
extrapyramidal side effects, resulting in movement disorders in patients. Olanzapine, a
new atypical neuroleptic, seems to have better efficacy, with less severe adverse effects.
There has been increasing evidence of the role of reactive oxygen species (ROS) and
oxidative stress in the pathogenesis of Schizophrenia. We therefore hypothesized that the
differences between HP and Olz could be partly because of the differences in the
oxidative stress they cause. We studied the pro-oxidant and antioxidant effects of these
two drugs in vitro and examined the mechanism of their cytotoxicity in a neuronal cell
model using PC-12 cells. HP was found to be ineffective as a superoxide radical
scavenger but appeared to be a potent scavenger of hydroxyl radicals with arate constant

of ~6.78 X 109 M-1s-1, Olz on the other hand was found to scavenge hydroxy! radical at

a rate of 34.1 X 109 M-1s'1. This was shown using the hydroxyl radical dependent
deoxyribose degradation assay and EPR spin trapping methods. HP was also found to
guench singlet oxygen in a dose-dependent manner. HP was found to enhance the
microsomal lipid peroxidation in a dose-dependent manner and at 10 uM it augmented
the lipid peroxide accumulation by 100% whereas Oz, at the same concentrations had
trivial effects. Light microscopy and two cytometric apoptotic/viability probes (7-
aminoactinomycin D and Annexin-V) were employed to evaluate mechanisms of drug-
induced cell death in PC-12 pheochromocytoma cells exposed to HP or Olz. At low dose
(50 uM), HP was more cytotoxic than Olz. At high concentrations (150 niM) each of
these antipsychotic drugs caused a significant increase in cell death that was readily
detectable by all the techniques. Light microscopy with trypan blue staining indicated
that necrosis was the predominate form of cell death with both drugs. Apoptotic cells
were rarely observed by microscopy in vehicle or drug-exposed cells. Further, no
increase in early cellular apoptosis was observed using the Annexin-V probe. 7AAD and
Annexin-V both showed drug-related increases in the late apoptotic/necrotic cell death
window. These data, along with the cytologic evaluations suggest that cell death in PC-12
pheochromocytoma cells exposed to HP or Olz may primarily be necrotic in nature,
rather than apoptotic. Because Olz at a low dose was less cytotoxic and was found to
have lower pro-oxidant action than HP the secondary effects manifested in patients with
chronic treatment with HP may, at least in part, be attributed to the pro-oxidant effects of
the drug.
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BACKGROUND AND LITERATURE REVIEW

1.1: Schizophrenia and antipsychotics:

Schizophrenia is a debilitating disorder of the centra nervous system. Its
symptoms have been divided into two classes. positive symptoms, including
hallucinations, delusions and conceptual disorganization; and negative Symptoms,
including social withdrawal, blunted affect, and poverty of speech (Donaldson et al.,
1983). This disorder reduces the ability of the individua to interact with the society. The
typical neuroleptics used to treat schizophrenia are highly effective, but are associated
with severe extrapyramidal side effects (EPS). The most predominant among these
symptoms are dystonia, parkinsonian-like syndrome, and tardive dyskinesia. These
extrapyramidal side effects have been and still are major concerns in the society, as the
very drug that treats the patients for schizophrenialeaves them with life long disabilities.
Haloperidol, the most widely used typical antipsychotic is extremely efficient in treating
the positive and negative symptoms of psychoses and schizophrenia. Long-term use of
the drug, however, results in an irreversible motor disorder involving the orafacial
muscles and the extremities, which has been a source of major concern, in the medical
community (Andreasson, 1996). Recently, there has been development of the so-called
atypical antipsychotic drugs. These atypical drugs seem to have similar clinical efficiency
as the typical antipsychotics, but with minimal or no extrapyramidal symptoms (Borison,
1997). Clozapine was the first atypical antipsychotic drug introduced, but its use was
restricted because of the fatal agranulocytosis associated with it. A few of the new onesto
join the group are olanzapine, sertindole and quietapine which are equally potent as
clozapine with out apparent agranulocytosis or any other major adverse effects (Borison,
1997). Because reactive oxygen species (ROS) are known to cause cellular injury that
lead to various pathophysiological process, including neuropsychotic disorders, the
current study was under taken to compare the pro-oxidant and the anti-oxidant profile of
a typical antipsychotic haoperidol (HP), and an atypical antipsychotic olanzapine
(OLZ).

1.2: Typical antipsychotic drugs:




The standard antipsychotic drugs like haloperidol, chlorpromazine, and
perphenazine, have been used for a long time to treat psychotic diseases. Despite
significant advantages provided by these drugs, responders to these drugs have to deal
with the residual symptomatology that interferes significantly with their social and
occupational functioning (Breler et al., 1991). Some may develop disfiguring, disabling,
and potentially life-threatening adverse effects, including parkinsonian symptoms, tardive
dyskinesia, and neuroleptic malignant syndrome (Baldessarini, 1988; Levenson, 1985;
Sovner et d., 1978), whereas others are resistant to the treatment totally.

Haloperidol: Haloperidol is a typica potent neuroleptic drug or a magjor tranquilizer. It
was originally synthesized in 1956, clinically tested and in the market by 1960.
Haloperidol has been used clinically in psychiatry, obstetrics, and anesthesiology, and its
pharmacology has been extensively reported (Janssen, 1967; Kudo and Ishizaki, 1999;
Ichikawa and Meltzer, 1999). Chemically, haloperidol belongs to the butyrophenone
series of neuroleptic compounds, and the structure is as shown below.
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Haloperidol, is atertiary amine that tends to form interphase between water/air or
water/lipid at very low concentrations of the order of 107 M. It has been shown that
neuroleptic drugs tend to decrease the permeability of a variety of biological membranes
for various inorganic and organic molecules, including water, and that they exert this
effect in minute concentrations (Seeman & Bialy, 1963). That is to say that these drugs



act like potent membrane permeability blockers. HP is a dopamine antagonist. I1ts major
site of action is the dopamine D, receptors, which has high affinity for the drug. The
average dose of HP is about 20 mg/day per person.

Pharmacokinetics: Mean elimination ty» for HP is about 17.9 + 6.4 hr. The mean
distribution ty/, is anywhere between 0.19 + 0.07 and 2 + 1 hr after 0.125 mg/kg IV

dosage. After 0.5 mg/kg oral dosage, mean absorption ty, is about 0.37 = 0.18 hr.
Bioavailability of drug isabout 0.65 + 0.14 after oral doses (Holley et d. 1983).

Metabolism: Soujdin et al., 1967 (Soudijn et al., 1967) showed that the major
pathway of metabolism of HP is oxidative N-dealkylation yielding p-fluorobenzoyl-
propionic acid. HP is metabolized mainly by the liver cytochrome P450 3A (CYP 3A)
system (Igarashi et al., 1995). Forsman and colleagues, reported the presence of reduced
HP (RHP) as a mgjor metabolite in the plasma of patients (Forsman & Larsson, 1978).
The formation of these compounds is NADPH dependent. The pyridinium metabolite
(HPP") was identified by Subramanyam and coworkers (Subramanyam et al., 1991;
Subramanyam et al., 1990). Fang and Gorrod (1991) showed that the dehydrated product
of HP, haloperidol tetrahydropyridine (HTP) serves as an intermediate in the metabolism
of HP to HPP" (Fang & Gorrod, 1991). It is now known that the CY P 3A metabolizes HP
into its pyridinium metabolite (HPP") via the specific isozymes CYP 450 3A4 (Fang et
al., 1997; Usuki et al., 1996).

1.3: Atypical antipsychotic drugs

The term atypical antipsychotic refers to drugs that do not cause catalepsy in
animals and extrapyramidal symptoms or tardive dyskinesia in humans. Unlike typical
antipsychotics, which increase levels of prolactin (Petty, 1999; Gruen et a, 1978), the
atypical antipsychotic drugs have a minor or no effect on plasma prolactin levels are
effective in the treatment of negative symptoms, and may be effective in non-responders
to classical neuroleptics (Nordstrom et al., 1998).

In 1990, FDA approved clozapine as an antipsychotic medication for those with
treatment resistant schizophrenia. Because of a lower propensity of causing
extrapyramidal symptoms and raising serum prolactin levels, it was referred to as an
atypical antipsychotic. In spite of being highly efficient, it is associated with a major
adverse effect. Clozapine is associated with symptoms such as agranulocytosis, seizures,



weight gain and sedation (Baldessarini & Frankenburg, 1991). Research is currently
ongoing at the pharmaceutical industries at developing an agent that has superior efficacy
on the patients, with favorable effects and acceptable adverse effect profile and cost
effective.
A few of the drugs developed recently by various pharmaceutical companies, that meet
the above needs are olanzapine, sertindole and quietapine. In the current study we
focussed on olanzapine, which is marketed by Eli Lilly Corp. as Zyprexa™.

Olanzapine: The FDA approved Olanzapine, an antipsychotic drug manufactured by the
Eli, Lily and company, in October 1996, for the treatment of psychotic disorders. It isa
thieno-benzodiazepine analog with the chemical name of 2-methyl-4-(4-methyl-1-
piperazinyl)-10 thieno [2,3-b][1,5] benzodiazepine. Olz is a yellow crystalline solid and
practically insoluble in water. Its structure is as given below.
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Behavioral pharmacological in vivo studies show that olanzapine is an antagonist of
dopamine, serotonin, and acetylcholine (Moore et al., 1993; Tye et al., 1992). This
receptor profile paralelsthat of Clozapine (Borison, 1995; Moore et al., 1992).



Dose: The antipsychotic efficacy of olanzapine (Zyprexa) was demonstrated in
the dose range of 5-20 mg/day.
Pharmacology: Olanzapine displays a very broad pharmacologica profile, with potent

activity at dopamine, serotonin, muscarinic, histamine and adrenergic receptors (Bakshi
& Geyer, 1995; Bymaster et al., 1996; Coyle, 1996; Fuller & Snoddy, 1992; Moore et al.,
1992; Saller & Salama, 1993; Stockton & Rasmussen, 1996; White & Wang, 1983). Its
antagonism to muscarinic receptors may explain its anticholinergic properties. Animal
behavioral studies show that olanzapine has atypical antipsychotic characteristics, by
virtue of its in vitro receptor profile (Bakshi & Geyer, 1995; Coyle, 1996; Fuller &
Snoddy, 1992; Moore et al., 1992; Saller & Salama, 1993; Stockton & Rasmussen, 1996;
White & Wang, 1983). The initial animal screening tests suggested that olanzapine
possessed antipsychotic efficacy by virtue of its dopaminergic blocking properties.
Furthermore, the animal tests suggest that the clinical efficiency with minimum EPS
could be due to its specific action on the firing of the A10 region of the hippocampusthe
brain. The animal behaviora and electrophysiological studies show that at low doses, it
might act as an atypical antipsychotic whereas at very high doses, it might resemble the
typical antipsychotic.

Pharmacokinetics: There is complete absorption of olanzapine after oral administration.

The maximum concentration (Crna) and the time required to reach (tma) after single dose
of 12 mg in six healthy male subjects were 11 + 1 ng/mL and 4.9 + 1.8 hrs, respectively
(Obermeyer et al., 1993).

Metabolism and excretion: It is metabolized extensively in humans via glucuronidation,

alylic hydroxylation, N-oxidation, N-dealkylation and a combination thereof. Thisis the
most important pathway both in terms of contribution to drug related circulating species
and as an excretory product in the species (Kassahun et al., 1997). The magjor metabolites
found in humans are 10-N-glucuronide and 4-desmethylolanzapine (Kando et al., 1997).
In vitro evaluations of the human cytochrome P450 isoenzymesinvolved in the formation
of the three major metabolites of olanzapine have found that CYP 1A2, CYP 2D6, and
the flavin containing mono-oxygenase system are involved in the oxidation of olanzapine
(Ring et al., 1996).



The maor route of elimination seems to be urine (first pass metabolism) in humans
(Kassahun et al., 1997). It displays linear kinetics over the clinical dosing range. The
systemic clearance of olanzapine takes about 26.1 £ 12.1 hrs The plasma elimination
haf-life (tyop) i1s 33.1 £ 10.3 hrs (Obermeyer et al., 1993). Compared with young men,
young women demonstrated decreased clearance. Similarly, elderly subjects showed a
decreased clearance compared to younger patients (Bergstrom et al., 1995).

1.4: Oxidative stress and Schizophrenia :

There has been increasing evidence, implicating oxidative stress as a causative
factor in neuropsychotic disorders including schizophrenia (Lohr, 1991; Mahadik &
Scheffer, 1996; Ramchand et al., 1996). Free radicals have been implicated in the
pathogenesis and clinical course of neuropsychiatric disorders such as schizophrenia and
in the development of tardive dyskinesia (Cadet, 1988). There have been reports of
membrane pathologies and alterations in membrane phospholipids, essential fatty acids
and signal transduction (Horrobin et al., 1994; Van Kammen et al., 1989), which are
believed to be ROS mediated. Increased superoxide dismutase (SOD) activity has been
reported in the red blood cells of schizophrenic patients by some groups (Abdalaet al.,
1986; Reddy et al., 1993; Vaiva et al., 1994; Wang, 1992). Abnormal activity of catalase
(CAT) has also been reported (Abdalla et a., 1986; Reddy et a., 1993, 1991; Vaiva et
al., 1994; Wang, 1992). Similar results have also been reported from other labs (Glazov
& Mamtsev, 1976; Reddy et al., 1991). Soha et a. (1992) have shown decreased CAT
and increased SOD in schizophrenic patients (Soha & Orr, 1992). Increased blood levels
of malondialdehyde have been found in schizophrenic patients relative to normal controls
(Guliaevaet al., 1988; Reddy & Yao, 1996).

1.5: Reactive oxygen species:

Free radicals are highly reactive entities with an unpaired electron in their outer
orbital. Reactive oxygen species (ROS) consist of species like superoxide anion,
hydroxyl radical, singlet oxygen species and hydrogen peroxide, hypochlorous acid, etc.
ROS are produced ubiquitously during all aerobic metabolic processes. These reactive
species can cause damage to proteins, lipids, membrane, and deoxyribonucleic acid
(DNA). Free radicals accumulated in the tissues by various metabolic functions have a
deteriorating effect on the central nervous system and contribute to aging (Sastre et al.,



2000). Free hemoglobin acts as a natural Fenton’s reagent in the body, thus being a
source of hydroxyl radicals, detrimental to the membranes and lipids (Sadrzadeh et al.,
1984). Oxyradicals are produced during regular metabolism (e.g. oxyradical production
during metabolism of dopamine) and/or metabolism of xenobiotic substances
(metabolism of various drugs and other toxicants). It is also possible during metabolism,
that instead of generation of a reactive oxygen species, a xenobiotic substance might
itself get transformed into a reactive species. The prime example of this is metabolism of
carbon tetrachloride, CCl, (McCay et al., 1984). It metabolizes to trichloromethyl radical
species. These radical species are responsible for induction of lipid peroxidation in rat
liver microsomes (McCay et al., 1984). Reactive oxygen species, such as superoxide, are
also produced during the one electron transfer to oxygen in the mitochondrial electron
transport chain (Liu, 1997; Turrens, 1997). On the other hand, inhibition of the
respiratory chain, especially at complex-l also results in the production of ROS (Hodnick
et al., 1994; Hodnick et al., 1986).

Clinical studies have shown that schizophrenic patients have lower metabolic
rates in cortical and subcortical structures in the brain relative to controls (Wiesdl, 1992).
Other metabolic changes such as reduced levels of creatinine kinase in schizophrenic
brains have also been reported, suggesting aterations in local concentrations of ATP
(Klushnik et al., 1991). Burkhardt et al. (Burkhardt et al., 1993) found that neuroleptics
like HP, chlorpromazine and other similar drugs inhibit NADH:ubiquinone
oxidoreductase (complex -I) in vitro. They suggested that inhibition of complex-I could
potentially be the underlying cause of the irreversible extrapyramidal disturbances
observed with neuroleptic treated. Recently, Prince et al. (1997) confirmed the above
findings and further showed that the atypical antipsychotic drug, clozapine did not inhibit
complex-I. Thismay be a defining characteristic of atypicality.

Under physiological conditions there is a complex antioxidant defense system
consisting of antioxidant enzymes such as superoxide dismutase, catalase, and
glutathione peroxidase, which provides protection from damaging effects of these ROS.
Many small molecular weight antioxidants such as vitamin E, vitamin C, glutathione also
protect the cell against oxidative injury. A critical balance between the ROS and the
antioxidant defense is essential. Any tilt in this balance causes the organism to be under



oxidative stress (Halliwell, 1993). Oxidative stress has been shown to cause both
apoptotic as well as necrotic cell death (Mark et al., 1995; O'Neill & Katschmidt, 1997,
Richter et al., 1995).

There are various ways by which oxidative stress manifests itself. Few of the most
obvious manifestations are:

a) Induction of lipid peroxidation and upregulation of antioxidant enzymes -ROS can

damage macromolecules such as proteins, lipids and nucleic acids The toxicity is
manifested in form of lipid peroxidation (Darley-Ushmar & Haliwell, 1996;
Halliwell,1993). Upregulation of antioxidant defense enzymes like superoxide dismutase
(SOD), catalase (CAT) is observed immediately after oxidative insult (Lawler & Powers,
1998).

b) Nuclear transcription factor NF- kappaB: Induction of transcription factors like

NFkB and other genes like Bcl-2 and ¢jun occurs following oxidative stress. NFkB isa
transcription factor (DNA-binding protein) that regulates the expression of multiple
immune and inflammatory genes (Baeuerle & Henkel, 1994). NF-kB is normally held in
the cytoplasm in an inactive form bound to an inhibitory protein, IkB, of which several
types are recognized (Baeuerle & Henkel, 1994). Upon activation by a wide range of
external stimuli 1kB is phosphorylated by an as yet unknown protein kinase, then
ubiquinated and degraded by the proteasome (Hellerbrand et al., 1998). This alows
NFkB to translocate into the nucleus where it binds to the kB consensus sequence the
most common form of which is GGGACTTTCC (O'Nelll & Kaltschmidt, 1997). The
commonest complex that is activated in the mammalian system is the p50/RelA
heterodimer. Many stimuli activate NFKB in cells, one of which is oxidative stress,
mainly hydrogen peroxide (O'Nelll & Kaltschmidt, 1997), as antioxidants such as
pyrollidine dithiocarbamate (PDTC) and N-acetyl cysteine (Nac) can block the effect
(Schreck et al., 1992). The signals that lead to activation of the kinase are not fully
understood. It is generally believed that reactive oxygen species such as H,O, might be
common messengers (Baeuerle & Henke, 1994; Schoonbroodt et al., 1997).
Antioxidants are known to inhibit NFkB activation uniformly (Lahdenpohja et al., 1998).
Many target genes for NFkB have been identified, including genes for cytokines such as

TNF, IL-2, IL-6 and enzymes such as inducible forms of nitric oxide synthase and the



antioxidant enzyme Mn-SOD (Baeuerle & Henkel, 1994). Also recent studies have
demonstrated that knocking out NFkB sensitizes cells to apoptosis induced by TNF
(Abbadie et al., 1993). NFkB has also been shown to be activated by triggers of necrotic
cell death (Li et al., 1997). At the molecular level, HP specifically induced the DNA
binding activity and the transcriptional activity of the redox-sensitive transcription factor
NFkB. This enhanced NFkB activity could be blocked by the neuroprotective
antioxidants (Post et al., 1998)

c)_MAP kinase activation: Mitogen activated protein kinases (MAPKs) were

originally described as serine/threonine kinases that are activated commonly by various
growth factors and tumor promoters in mammalian cultured cells. They are thought to be
the key molecules in the signaling processes stimulated by the growth factors and
differentiating factors (Nishida & Gotoh, 1993). The mammalian MAP kinases can be
subdivided into the extracellular signal-regulated kinases (ERKS), the Jun N-terminal
kinases (JNKs), and the p38 MAP kinases (Kummer et al., 1997). MAPKS/p38 kinases
are activated by various cellular stressors including oxidative stress (Clerk et al., 1998;
Guyton et al., 1996; Kummer et a., 1997). p38 phosphorylates and activates the
transcription factors ATF-2 and MEF2C, which implies that it plays a role in
transcriptional regulation (Han et al., 1997; Raingeaud et al., 1996). It has been
demonstrated that a direct link between the MAP kinase signal transduction pathway and
ROS provides a unifying mechanism for activation of early and late response genes by
inducers of oxidative stress such as H,O, (Stevenson et al., 1994). It has also been shown
that oxidative stress is responsible for the activation of MAPK signal transduction
pathway (Stevenson et a., 1994). There is also good experimental evidence for a
connection between the NFk B and p38 pathways which may occur further downstreamin
the cell nucleus (Schulze-Ostoff et al., 1997). Long lasting changes triggered by short-
lived extracellular signals are known to be mediated by the induction of immediate early
genes that code for transcription factors. Early gene induction is not restricted to the
mitogenic response, and can be induced by depolarization and neurotransmitters
(Herschman, 1991). Esteve et a. (1995) have shown increased mRNA expression of the
proto-oncogenes c-fos and jun B in the striatum of rats treated with HP.

1.6: Haloperidol and oxidative stress:




Chronic treatment of HP is known to induce oxidative stress due to increased
turnover of dopamine (Shivkumar and Ravindranath, 1993). Haloperidol is cytotoxic to
primary hippocampal neurons, C6 glioma cells and NCB20 cells (Behl et a., 1995). It
was demonstrated that it causes necrotic death rather than apoptotic. Vilner and Bowen
(1993), reported the cytotoxic nature of HP but have not specified the type of cell death.
Behl et a. (1996) in their investigations have demonstrated that amyloid beta resistant
cells were resistant to HP toxicity, implying the role of free radicals in HP-induced cell
death. Also, Bcl-2 prevents cell death caused by HP (Lezouac'h et al., 1996), which also
implicates free radicals as a cause of the cell death. Typical neuroleptics such as HP and
chlorpromazine are known to cause oxidative stress (Behl et al.,1996; Shivkumar and
Ravindranath, 1993), which is thought to be responsible for its extrapyramidal side
effects (Cadet et al., 1986). It has also been shown that increasing doses of HP in rats
(Shivkumar & Ravindranath, 1992) attenuates the extrapyramidal side effects caused by
the same drug. As far as the atypical antipsychotics are concerned, there have been no
reports so far on their cytotoxic/cyto-protective effects.
1.7:Apoptosis and Necrosis

Cell death can follow two pathways: apoptosis or necrosis. Apoptosisis derived
from a Greek term meaning: the falling of leaves’. Kerr and associates (Kerr et al., 1972)
first coined it as aterm denoting cell death. It has unique biochemical, cytological and
molecular features, by virtue of which this can be distinguished from necrosis. Apoptosis
results in the condensation of the chromatin, and the fragmentation of DNA. Early
apoptosisis marked by membrane changes such as the translocation of the phosphatidy!
serine (PS, a phospholipid) from the inner membrane to the outer membrane. The cells
also shrink in size during apoptosis. These arein contrast to the phenomenon of necrosis,
which is apassive event, caused due to seriousinjury or traumato cells. During necrosis,
the cells often swell in size. Apoptosisisanormal physiologic processin living
organisms. Thereis no inflammatory response triggered by cells dying via apoptosis, and
thereisminimal damage to the surrounding cells (Kerr et a., 1972). Thisis because
apoptosis activates certain endonucleases that fragment the DNA and pack them into
apoptotic bodies, which are eliminated by macrophages thus minimizing inflammation. In
sharp contrast, a consequence of necrosisisinflammation of surrounding cells and
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tissues. Programmed cell death is sometimes used to describe apoptosis. Thisis because
apoptosis triggers the activation of specific genesin avery ordered fashion.

Initial studies used DNA fragmentation as the hallmark to detect apoptosis (Kerr
et a., 1972; Duke et a, 1983; Wyllie et a, 1980), which was visualized using gel
electrophoresis. However, recently the reliability of that test has been challenged, and it
has been shown that DNA laddering is not always indicative of apoptosis (Cohen et al.
1992). The use of various DNA binding dyes and fluorochrome labelled dyes in flow
cytometry is becoming increasingly popular. Donner and associates (Donner et al., 1999)
have compared the kinetics of various techniques used today to detect apoptosis. They
reported that FITC-Annexin-V staining and 7-amino actinomycin D (7AAD) assays were
comparable as markers of early apoptosis, and that cytology (using cytospins) could be
used as supporting evidence for early apoptotic studies. The newly developed CASY-1
cell counter and analyzer system was also used in that study.

Haloperidol has been known to cause cell death in various cell lines and has been
mostly been shown to be necrotic in nature (Vilner and Bowen, 1995; Behl et a.1996).
The cytotoxic effects of olanzapine on cells, however are not known yet. Our study
compares the effect of haloperidol and olanzapine on PC-12 cells and the type of cell
death occurring. For our study we decided to use the FITC-Annexin V staining assay and
the 7AAD assay using flow cytometry, cytology and the CASY-1 cell counter to study
apoptosis. FITC-Annexin-V binding assay is based upon the translocation of the PS from
the inner membrane to the outer membrane, whereas the 7AAD assay is based upon the
binding of the dye at the nicked DNA.

1.8: Cell line used for research

Clona cell line-PC-12, commonly known as pheochromocytomas, was used in

the following experiments. The use of clona cell lines in neurobiological research offers
the advantage that its genetically determined and specific functions remain intact through
numerous passages in culture (Brautigam et a., 1985). The advantage of using clonal cell
lines over preparations of organ tissues is the fact that a genetically stable cell material is
involved of which sufficient quantities for assays can be obtained in culture (Brautigam
et al., 1985). The clone PC-12 has been of specia interest to the pharmacologists and
toxicologists as it possesses the gene-dependent regulation for the synthesis of all
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enzymes that are characteristic for a dopaminergic or noradrenergic neuron (Brautigam et
al., 1985). PC-12 cells, because of their resemblance to sympathetic neurons and their
precursors, are a widely accepted neuronal model system (Greene & Tischler, 1976;
Greene & Tischler, 1982; Sdltiel and Decker, 1994; Tischler et a. 1990 ). The presence
of a dopamine receptor of the D2 subtype has been described in PC-12 cells (Courtney et
al., 1991; Inoue et al., 1992), which makes it an ideal cell line to study the effects of
antipsychotic drugs.

Significance:

Schizophrenia affects 1-1.5% of people in the United States. Haloperidol (HP)
was introduced in 1956, and since then has been the mainstay of treatment for
schizophrenia and other psychotic diseases, in spite of its drastic adverse effects. HP
specificaly binds to the D, receptors, which is believed to be responsible for its
therapeutic effects. It is also believed that oxidative stress may be responsible for the
extrapyramidal side effects associated with its use. Olanzapine (Olz) is a relatively new
drug in the market and its therapeutic and secondary effects are not fully characterized.

Olz has been found to be especially useful in treating refractory schizophrenic
patients. Long-term use of Olz has been shown to reduce rate of relapse in the patients.
Its (Olz) mode of action is attributed to its selective dopamine antagonism, specifically
D, receptors, and serotonin antagonism (specifically 5HT» receptors). Although, it has
proved to be very efficient in treating schizophrenia, with no or minimal side effects,
further research on OLZ is needed for the long term effects of this drug, and for the
medical community to be more receptive to the newer treatments. This study would
answer the question as to whether or not haloperidol and olanzapine are cytotoxic to
neuronal cells and compare their magnitude of oxidative stress they may cause.

Hypothesis and Specific Aims:

The overall objectives of this study were to correlate the therapeutic and
extrapyramidal side dfects of the antipsychotic drugs, HP and Olz, to their antioxidant
and pro-oxidant properties. It was hypothesized that both HP and Olz are effective
antioxidants and are capable of protecting the neuronal cells against oxidative stress as
seen in schizophrenic patients and HP has more pro-oxidant properties than Olz. This fact
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might attribute to the extrapyramidal side effects observed in patients treated with these
drugs. Furthermore, the pro-oxidant effects of these drugs are related to their cytotoxicity

in neurona cells.

The specific aims of the study were:

1. To study the the pro-/anti-oxidant properties of the typical neuroleptic
haloperidol, and compare it with atypical neuroleptic olanzapine in vitro. The
antioxidant effects of these drugs were demonstrated by monitoring their scavenging
ability on:

(a) superoxide anions,

(b) hydrogen peroxide,

(c) hydroxyl radicals, and

(d) singlet oxygen.

The pro-oxidant effects were monitored by examining their effects on microsomal

membrane lipid peroxidation system.

2. To investigate the mechanism of cyto-toxicity of HP and OLZ treatment on
neuronal cells.

The mechanism of cell death, apoptotic versus necrotic, were evaluated using rat
pheochromocytoma, PC-12 cell line. Two commonly used probes for apoptotic detection
were employed namely,

Annexin-V/Propidium lodide staining and 7Aminoactinomycin D staining, along with
cytology, trypan blue exclusion test and the light scatter analysis by an electron cell

counter.
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ABSTRACT

Haloperidol (HP), a butyrophenone with a potent sigma ligand, has been used as an
antipsychotic drug in humans. Unfortunately, the therapeutic effects of HP also come
with severe extrapyramidal side effects, resulting in movement disorders in patients.
There has been increasing evidence of the role of reactive oxygen species (ROS) and
oxidative stress in the pathogenesis of Schizophrenia. We investigated the pro-oxidant
and antioxidant properties of HP in vitro. HP was found to be ineffective as a superoxide
radical scavenger but appeared to be a potent scavenger of hydroxyl radicals with a rate

constant of ~6.78 X 109 M-1s-1. Electron paramagnetic resonance (EPR) spectroscopy in
combination with spin trapping techniques, using a Fenton type reaction and 5,5
Dimethyl-1-pyrroline-n-oxide (DMPO) as a spin trap, HP was found to cause a dose-
dependent inhibition of DMPO-OH adduct formation. HP was also found to quench
singlet oxygen in a dose-dependent manner. Singlet oxygen was generated using a
photochemical reaction with rose bengal as photo-sensitizer and was trapped using
2,2,6,6-teramethylpiperidine (TEMP). The amount of HP required to inhibit 50% of
singlet oxygen-dependent TEMPO production was 2.5 uM. Some of its analogs, such as
reduced HP and nor compound were aso effective in scavenging both the .OH and
singlet oxygen. HP was found to enhance the microsomal lipid peroxidation in a dose-
dependent manner and at 10 uM it augmented the lipid peroxide accumulation by 100%.
We propose that HP exerts its beneficial effects, at least in part, through its ability to
scavenge ROS and the side effects on the other hand may, in part, be due to the
peroxidation of membrane lipids.

INTRODUCTION

Haloperidol (HP), a member of the butyrophenone class of drugs, is commonly used in
humans for the treatment of various psychotic disorders such as mania, psychoses, Gilles
de la Tourettes syndrome and Schizophrenia (1). Since the introduction of the drug in
early 1960s in the United States, it has gained popularity and has been increasingly used
against both acute and chronic Schizophrenic patients (2). HP has also been shown to be
very effective in the treatment of acute and chronic brain syndrome, delirium tremens,
Huntington's chorea, and manic depressive psychosis, and in controlling hallucinations
and paranoid symptomatology (2,3). The clinical potency of HP is thought to be closely
related to its ability to bind to D, dopaminergic receptor (4). The sigmaligand of the drug
appears to be essential for the neuroprotective property (5). HP was shown to bind the D,
receptors in the hippocampus, and thereby reducing the excitability of cellsin CA1 (one
of the longitudinal lobes of the hippocampus) and as a result altering hippocampal
modulation of brainstem areas via descending projection (6). HP appears to inhibit ATP

gated ionic current thereby leading to attenuation of intracellular Ca2t ([Cal;) rise in
PC12 cells, that is independent of dopamine receptor-mediated mechanisms (7). The
competence of HP as a maintenance neuroleptic drug in preventing psychotic relapse in
chronic Schizophrenia patients has been well-established (8).

Apart from being an antipsychotic drug, HP appears to have other beneficial
effects. It has been reported to be a good analgesic, sometimes obviating the need for
narcotics, during surgery (2). Certain studies have shown that HP attenuates the Ehrlich

26



carcinoma (9,10) in mice in a dose-dependent manner. It was aso found to be very
effective in lowering the intraoccular pressure in normal and glaucomatous eyes, thus has
greater premise for the treatment of glaucoma (11).

Oxidative stress has been implicated in the etiology of psychosis in certain
individuals. The antioxidant defense appears to be compromised at the onset of psychosis
and oxidative injury has been implicated as a contributing factor in the pathogenic
cascade of schizophrenia (12, 13). The use of neuroleptics, especially butyrophenones, is
limited by their tendency to produce a range of extrapyramidal movement disorders such
as Parkinsonism, akathisia, dystonia, and finally chronic tardive dyskinesia (14). It was
also suggested that the depletion of essential fatty acids from erythrocyte membrane is
possibly the result of the schizophrenic process rather than antipsychotic drug treatment
(13). Moreover, lipid peroxidation has been implicated as a causative factor in the
development of tardive dyskinesia and other motor disorder movements (15). Because
production of excess oxyradicals can overwhelm the body's antioxidant defenses
resulting in cellular damage including peroxidation of lipids, oxidation of proteins and
damage to DNA (12, 16), we developed the hypothesis that HP might exert its beneficial
effects, in part, by scavenging free radicals. In this study, we present evidence that HP
and some of its analogs, such as reduced HP (RHP) and nor compound (see structural
formula below), are potent inhibitors of hydroxyl radicals and singlet oxygen, and are
capable of augmenting membrane lipid peroxidation.
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OH

OH
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H uced haloperidol (RHP)
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Nor compound of haloperidol (NOR)

Scheme 1: Structural formula of HP, RHP and NOR

MATERIALSAND METHODS

HP was obtained from RBI, Natick, MA. Its analogs were generous gifts from Janssen
Pharmaceuticals, Beerse, Belgium. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO), bovine
superoxide dismutase, cytochrome ¢ (Type Il1), trichloroacetic acid, thiobarbituric acid
(TBA), tartaric acid (solvent for the drugs), adenosine diphosphate (ADP), ferric
chloride, and deoxyribose were obtained from Sigma (St. Louis, MO). 2,2,6,6-
teramethylpiperidine (TEMP) was obtained from Aldrich (Milwaukee, WI). All other
materials were purchased at the highest available purity.

Preparation of liver microsomes. The microsomes were prepared as described by Das
and Misra (17). Briefly, bovine liver was collected on ice after sacrifice, and was minced
with scissors. The minced liver was homogenized for 3 minutes in a blender with 5
volumes of ice-cold 0.15M potassium phosphate buffer, pH 7.6, and filtered through a
triple-layered cheese cloth. The filtrate was centrifuged at 24,000 X g for 10 minutes to
remove mitochondria, nuclei, and cell debris. The supernatant was then centrifuged at
100,000 X g for 90 minutes, and the microsomal pellet was collected. The microsomes
were washed by resuspending in 0.15 M phosphate buffer, pH 7.6 to the original volume
and by sedimenting for 90 minutes at 100,000 X g. The washed microsomal pellet was
then resuspended in Tris-HCI buffer, pH 7.6, to yield a final concentration of 10 mg
microsomal protein/ml. The washing procedure removes most contaminants of
hemoglobin, superoxide dismutase, and catalase from microsomal protein. Protein
concentration was determined by Bradford protein assay using bovine serum albumin as
the standard (18).

Assay of Lipid Peroxidation: Lipid peroxidation was determined as thiobarbituric acid
(TBA)-reacting products as described (19). The experimental conditions were similar to
Cadtilho et al. (20) with dight modifications. Briefly, the reaction mixture, containing 3
mg of microsomal protein in 0.05 M Tris-HCI buffer, pH 7.6, 1. mM ADP, 50 uM ferric
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chloride, 100 UM ascorbate was incubated at 379 C for 15 minutes. Lipid peroxidation
was initiated by the addition of 50 mM H,O, and terminated by addition of 2 ml of 0.5%

TBA (w/v) and 2% trichloroacetic acid (TCA). This mixture was heated at 95°C for 10
minutes. Three ml of n-butanol was added after cooling and the mixture was vortexed for
30 s. Samples were centrifuged, and the supernatants, containing MDA, were read at 535
nm against a blank, which contained all reagents except H,O,, and were quantitated by

using an extinction coefficient of 1.56 X109 M 1ecm-1(19).

EPR studies: Hydroxyl radicals were generated in a Fenton type reaction. The hydroxyl
radicals generated were detected as DMPO-OH spin adducts exhibiting a well-
characterized 1:2:2:1 signal pattern with Ay = Anp =14.92 G (17). Effects of HP and
reduced HP were studied in reaction mixtures that contained the following reagents at the
final concentration: 32.2 uM H202, 32 uM FeSO4, 3.22 mM purified DMPO in 0.2M
boric acid-borax buffer, pH 7.8. The reaction was initiated by addition of ferrous sulfate.
Various levels of HP and reduced HP were used in the above system. The generation of
hydroxyl radicals was observed as DMPO-OH adduct on a Bruker D-200 X-Band EPR
spectrometer. Scan conditions, unless otherwise indicated were as follows. microwave
frequency, 100 kHz; modulation amplitude, 2.0 G; modulation frequency, 100 kHz; time

constant, 0.64 s, scan time, 200s; receiver gain, 1X105; center field setting, 3483 G. The
signa height of the second peak was used to calculate the percent inhibition.

Determination of Rate Constant: The degradation of deoxyribose by hydroxyl radicals
and the production of a pink chromogen monitored spectrophotometrically has been used
to determine the rate constants of various compounds and are in agreement with rate
constants determined by the pulse radiolysis method (18, 21, 22). Hence in this study we

have used the deoxyribose method (21) to determine the rate constant for reaction of OH
with HP and its analogs (reduced HP, and nor compound). Reaction mixtures contained,
in a final volume of 1.0 ml, the following reagents at the final concentrations stated:
deoxyribose (2.8 mM), potassium phosphate buffer, pH 7.4 (20 mM), EDTA (30uM),
H202 (1 mM), and ascorbate (100 uM) and FeCl; (50uM). Solutions of FeCls and
ascorbate were prepared immediately before use in de-aerated water. Reaction mixtures

were incubated at 370C for one hour, and one ml of 0.5 % TBA (w/v) and 1 ml of 2%
TCA (w/v) were added, and mixtures were heated at 80° C for 30 minutes. The rate of
deoxyribose degradation was found to be constant over the 1 hr incubation period.

Photolysis EPR studies. The generation of singlet oxygen by photochemical reactions of
rose bengal was studied by EPR spectroscopy using 2,2,6,6-tetramethylpiperidine
(TEMP) as a singlet oxygen trap (23). The characteristic EPR spectral pattern of three
lines of equal intensity of TEMPO nitroxide radical was observed (An =17.2G and g =
2.0056) when air-saturated agueous solution of rose benga (40 uM) was irradiated with
TEMP (65 mM) in 0.05 M potassium phosphate buffer, pH 7.8, with 10* M EDTA.
Photolysis studies were performed at room temperature in quartz capillary tubes
irradiated for various time periods at a distance of 30 cm from the lens of a Viewlex VR-
25 remote-controlled slide projector.
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X-ray studies: Because iron was present in the above procedures, to exclude the
possibility of the metal effects we have examined the oxidation of deoxyribose in an
assay performed in a metal free environment. The phosphate buffer (100 ml) was passed
twice through Chelex-100 column (1cm X 25 cm) to eiminate any trace of iron. All
containers including reaction vessels were polyethylene materia because there is
possibility that glass may leach some metals. The hydroxyl radicals were generated by X-
irradiation of water. Hydroxyl radicals were produced radiolytic cleavage of water, using
a Minishot cabinet X-ray machine, model M-110-NH, TFl Corp., West haven, CT.
Inhibition of the hydroxyl radical dependent deoxyribose degradation by the drugs was
studied by the TBA method. Thus, 2.8mM deoxyribose and 0.05M phosphate buffer, pH
7.8 were X-irradiated at a dose of 5 Gy/min for various time periods. The reaction was
stopped by the addition of 2% TCA and 0.5 % (w/v) TBA. The reaction mixture was then
heated to 90°C for 30 minutes and the TBA-reactive products generated during
degradation of deoxyribose were monitored spectrophotometrically at 535 nm. The
accumulation of TBA reactive products was found to be linear over a range of 0-40
minutes (data not shown). Based on that we X-irradiated the samples for 30 minutes for
all subsequent experiments.

Iron chelation studies: Direct iron chelation assays were performed using calcein, a
fluorescence dye, and diethylenetriaminepentaacetic acid (DTPA), an iron chelator, as
described (24). Calcein was used as a probe, whose florescence is rapidly and
stoichiometrically quenched by divaent metals such as Fe(ll). Addition of DTPA, a
known iron chelator, removes iron from the solution and augments the fluorescence. The
florescence of calcein was monitored at excitation wavelength of 487 nm and emission
wavelength of 517 nm. The reaction mixture contained 50uM calcein in 0.25M Tris-HCI
buffer, pH 7.6. Iron was added (2uM) in the form of ferrous ammonium sulfate or 2uM
ferric chloride. Florescence was recorded for 3 minutes and then either DTPA (250 uM)
or drugs (ImM) was added. Florescent reading was recorded every minute for an
additional 7 minutes.

Satistical analysis:
All experiments were performed at least three times and in triplicates. One way ANOVA
was used to perform the statistical analysis.



RESULTS
Effect of HP on microsomal lipid peroxidation

Lipid peroxidation has been implicated as a causative factor in the development of
tardive dyskinesia and other motor disorder movements (15). We have investigated the
role of HP on microsomal lipid peroxidation. The accumulation of lipid peroxides was
monitored as TBA-reactive products. As shown in Fig.1, HP was found to enhance
microsomal lipid peroxidation in a dose-dependent manner and as lttle as 10 uM HP
caused 100% enhancement of lipid peroxide
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Figure 1: Effect of HP on lipid peroxidation: The experimental conditions are as
described under “Materials and Methods’. The reaction mixture (total 1 ml)
containing 3 mg of microsoma protein in 0.05 M Tris-HCI buffer, pH 7.6, 1
mM ADP, 50 uM ferric chloride, 100 uM ascorbate was incubated at 370 C for
15 minutes. Lipid peroxidation was initiated by the addition of H,O, and was
terminated by the addition of 2 ml of 0.5% TBA, and 2% trichloroacetic acid.
*A p value £ 0.01 was considered significant.

formation. It is possible that the augmentation of membrane lipid peroxidation by HP
may, at least in part, be responsible for the extrapyramidal side effects observed in
patients treated with this drug. Unfortunately the RHP and NOR could not be tested in
this system because of only alimited amounts of the compounds available to us.

Effect of HP on reactive oxygen species (ROS) - Because ROS are known to be involved
in lipid peroxidation processes and oxidative injury is thought to contribute to the
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pathogenic cascade of schizophrenia (12), we investigated the role of HP and its analogs
in various ROS generating systems.

Superoxide anions are known to be produced when xanthine oxidase acts on xanthine in
the presence of molecular oxygen. The superoxide anion so generated has the ability to
reduce ferricytochrome c, and this has been taken advantage of to measure superoxide
dismutase activity (25). We tested the effects of HP, RHP and the NOR in this system.
At 0.1-2 mM concentrations these agents were found to be neither effective in scavenging
superoxide anions nor did they augment the generation of superoxide radicals. These
compounds do not alter xanthine oxidase activity as monitored by the accumulation of
uric acid in the absence of cytochrome c (data not shown). We further tested the
superoxide scavenging activities of HP in an epinephrine autoxidation assay. Thus, when
2.8 mM epinephrine was added to a 0.05 M bicarbonate buffer at pH 10.2 and rate of
oxidation of epinephrine to form adrenochrome was monitored at 480 nm (25), a linear
rate of accumulation of adrenochrome, after a short lag, was observed. HP was found to
have little effect on the rate of adrenochrome formation at 0.1 and 2 mM. These results
indicate that HP is neither an effective superoxide scavenger nor a generator of
superoxide radicals.

Hydroxyl radicals, produced in a Fenton type reaction (Fe2t + H2O2 --> -OH + OH- +

Fe3t), yield spin adducts with DMPO (26). Thus, as presented in figure 2 inset, awell
characterized
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Figure 2: Effect of HP(haloperidol) and RHP(reduced haloperidol) on the formation of
DMPO-OH adducts. The experimental conditions are as described under “Material and
Methods.” The DMPO-OH adduct was recorded immediately. Receiver gain was 1X
10°, and the scan rate was 200s. Other EPR parameters were as described under
“Materials and Methods.” Inset 1 shows the double reciproca plot of the above data.
Inset 2 shows the characteristic DMPO-OH signals.

1:2:2:1 pattern of DMPO-OH was obtained when 32.2 uM H202, 32 uM FeSO4, 3.22
mM purified DMPO, 0.01 mM tartaric acid (solvent for the drugs) in 0.2M boric acid-
borax buffer, pH 7.8. The EPR signa of DMPO-OH was stable for several minutes.
Addition of 1 mM thiourea inhibited the signal almost completely (data not shown). The
effect of HP and reduced-HP were tested in this system. As shown in the Fig. 2, HP and
RHP inhibited the DM PO-OH adduct formation in a dose-dependent manner.

The percent inhibition was calculated from signal heights of second peak and
presented as percent of control. The molar concentration of HP and reduced HP required
to cause 50% inhibition of the rate of DMPO-OH adduct formation was found to be 12.9

and 10.58 mM, respectively. When these data were presented on reciprocal coordinates
(Fig. 2, inset) inhibition in all cases appeared to be kinetically linear.

If the inhibition as shown in Fig.2 is truly areflection of interaction of these agents with

‘OH, then identical results should be obtained with a different assay. That this was the
caseisillustrated in Fig. 3 where a different assay, a deoxyribose colorimetric assay (21),
was adopted. In this assay a mixture of FeCI3-EDTA, H202, and ascorbic acid at pH

7.4, generates OH radicals that can be detected by their ability to degrade the sugar
deoxyribose into fragments generating a pink chromogen upon heating with TBA at low
pH.

Fe3t-EDTA + Ascorbate > F e2+-EDTA + oxidized ascorbate  (Rxn. 1)
Fe2t-EDTA +H202 - Fe3-EDTA + OH + OH" (Rxn. 2)
TBA
‘OH + deoxyribose - degraded sugar -  color product  (Rxn. 3)

The OH so generated (reaction 2) is equally accessible to deoxyribose (the detector
molecule) and to any other scavenger of OH added. Thus, the ability of a substance to
inhibit competitively with deoxyribose under these conditions is a measure of its ability
to scavenge OH and can be used to calculate the rate constant for reaction of OH (21).
HP, RHP, and the NOR, were able to compete with deoxyribose effectively in preventing
the TBA-reactive color product formation in a dose-dependent manner (Fig. 3A). The
second order rate constants for the reaction for HP, NOR and RHP with OH were
calculated (21) and were found to be 6.78 X 10°, 457 X 10°, and 6.51 X 10° Ms?,
respectively (Fig. 3B). Control experiments showed that none of the drugs interfered with
the assay system. Thus, when 1 mM each of the drug was added to the reaction
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Figure 3. Hydroxyl radical scavenging by HP and its analogs: determination of rate
constants. Deoxyribose degradation in the presence of various concentrations of
HP and its analogs was followed as described under “Materials and Methods’
using a final deoxyribose concentration of 2.8 mM in the reaction mixture. A:
Inhibition of deoxyribose degradation by HP, reduced HP, and nor compound;
B: Determination of rate constant. The rate constant was determined from the
slope of the line (k = slope X k[pr] X [DR] XA) as described in the text

yidlding the value of HP, 6.78 X 10°; NOR, 4.57 X 10°; RHP, 6.51 X 10°Ms™.



Further, when these drugs were allowed to react with the OH generating system in the
absence of deoxyribose, no TBA-reactive products were observed at 535 nm. In this
system, HP, NOR and RHP were found to scavenge hydroxyl radicals at rate constants of
6.78 X 10°, 4.57 X 10°, and 6.51 X 10° M"!s™®, respectively. This implies that HP and its
analogs are highly efficient hydroxyl radical scavengers.

Because singlet oxygen is thought to be involved in the lipid peroxidation process, we
investigated the role of HP in a known singlet oxygen generating system. The effect of
HP on singlet oxygen was monitored by EPR spectroscopic technique using TEMP as
singlet trap (23). The formation of TEMPO, as a nitroxyl radical, by the attack of singlet
oxygen on TEMP resulted in a characteristic EPR spectral pattern of three equal intensity
lines with a splitting constant of Ay = 17.2 G and g value of 2.0056, respectively (Fig 4
inset). Theeffect of HP on

% inhibition

0 0.001 0.002 0.003

HP concentration (mM)

Figure 4: Effect of HP on the formation of TEMPO adducts. The experimental conditions
were as described under “Materia and Methods.” *Significant at p £ 0.001.
Inset: Representative EPR signals of TEMPO.

singlet oxygen was studied in this system. The percent inhibition was calculated from the
signa intensity of first peak of the EPR signal as compared with the control. As shownin
Fig. 4, HP was found to be a potent scavenger of the singlet oxygen species. At a
concentration of 3 UM HP inhibited over 60% of TEMPO signal. Because of limited
availability of RHP and NOR, these compounds were not studied in this system.



Although HP and its analogs were found to scavenge ‘OH in both the EPR and the
deoxyribose assay, both these assays used H,O, and Fe?* in a Fenton type system to
generate the radical. Therefore, there is a reason to believe that these drugs could directly
interact with H,O, and/or Fe** and could lower their concentration in the system, thus

reduce the rate of generation of "OH and appear to inhibit the ‘'OH dependent reaction. In
order to lessen the likelihood of this subtle artifact, we have investigated the effects of HP
and itsanalogsin airon-free system aswell as
their direct effects on both H,O, and Fe?*. Thus, ‘OH were generated by X-irradiation of
water (passed through Chelex-100 column) and allowed to react with deoxyribose before
reacting with TBA.
hn

HO > OH+eyg+H"
The accumulation of TBA reactive products was found to be linear over a range of 0-40
minutes (data not shown). Based on that we X-irradiated the samples for 30 minutes for
all subsequent experiments. A dose response curve (X-ray dose vs. TBA reacting
product) that was linear upto 200Gy X-ray was obtained (data not shown). In this system,
at 150 Gy, the malondialdehyde (MDA) (TBA reactive products) in the absence of any
drugs was found to be 15.2 nmole/Gy. Addition of ImM of HP, RHP and NOR was
found to inhibit the formation of TBA-reactive products at 33.0, 33.0 and 30.0 %,
respectively (Table 1). These data indicate that the scavenging of hydroxyl radicals in
the deoxyribose assay was not because of the drugs chelating iron or decomposing H,0,
and

Table 1: Percent Inhibition of deoxyribose degradation as determined by X-ray studies.
The experimental conditions were as described under “Materials & Methods.”

Drug (ImM) | MDA %
nmole/Gy | Inhibition

Control 152X 10° | 0

HP 102X 10° | 32.7

RHP 102X 10° | 32.7

NOR 10.7 X 10° | 29.2

more likely due to a direct effect of the drugs on hydroxyl radicals. However, it does not
rule out completely the interaction of H,O, in this system, because ‘OH can dismute to
form H>O, and both the €4 and H can react with molecular O, to generate G, and
eventually produce H2O; asfollows:
‘OH + OH - H,0,
O+€4q >0
O+H > H++Oz_
0O, + 0Oy 2 HYO,
Therefore the following studies were conducted to rule out this possibility. On the basis
of the absorption curves of peroxide solution (27), the activity of catalase can be
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determined by direct measurements of the decrease in absorbance at 240nm caused by the
decomposition of H>O, by the enzyme. By replacing catalase with HP, RHP or NOR, no
such change in decomposition of H,O, was observed when 2 mM H,O, was allowed to
react on 0.5 or 1 mM of these compounds in 0.01 M phosphate buffer, pH 7.0 for 10

minutes at 250C (data not shown).

To further confirm and rule out the possibility of HP chelating iron, direct iron chelation
studies were performed using calcein as a fluorescence probe as described (24). The
effects of HP and its analogs were studied in this assay. As shown in Fig 5, addition of
Fe®* decreased the calcein florescence with time up to 3 minutes and then slowly came to
aplateau (line 1). In a similar experiment, addition of DTPA, an iron chelator, at the end
of this reaction negated the effects of iron and caused an increase in florescence as shown
in line 3. If HP reacts with F€?*, in a manner which leads to the formation of Fe** -HP
complex, then adding of HP to calcein + Fe?* reaction mixture should result in an
enhancement of florescence, smilar to DTPA (line 3). The results shown in Fig. 5
demonstrate that this was not the case. Thus as shown in line 2, up to ImM HP and its
analogs (data not shown) did not enhance the florescence. Further, when 2 uM ferric
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Figure 5 Effects of HP and its analogs on calcein florescence: The reaction mixture
contained: 50uM calcein, 2mM ferrous ammonium sulfate in 0.25M tris-HCI,
pH 7.6. At zero time (1% arrow), Fe?* was added and at 3 minutes (2™ arrow)
either DTPA or the drugs were added.
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chloride was added in place of ferrous ammonium sulfate a 50% slower rate of
fluorescence decay was observed and 1 mM HP and its analogs had no detectable effect
(data not shown). These data indicate that HP and its analogs do not interact with Fe** or
Fe?* under these experimental conditions.

DISCUSSION

In the present study, we have demonstrated that HP enhances microsoma lipid
peroxidation (Fig. 1) and scavenges some of the ROS such as hydroxyl radical and
singlet oxygen (Figs. 2-4). The hydroxyl radical scavenging ability of HP was found to be
similar to some of its analogs such as RHP and NOR. The hydroxyl radical scavenging
activities of these compounds were demonstrated both in the EPR spectroscopy in
combination with spin trapping techniques as well as in the deoxyribose degradation

assays (Figs 24). Thus when the -OH radicals were generated in a Fenton-type reaction
and detected as DMPO-OH adduct by EPR spectroscopic techniques, HP and RHP
inhibited DMPO-OH signa in a dose-dependent manner. The hydroxyl radica
scavenging effects of these compounds were also shown by their ability to protect. OH-
dependent deoxyribose degradation (Figs 3). HP was also shown to scavenge singlet
oxygen as evident by its ability to inhibit the TEMPO adduct signal in the EPR studies
(Fig 4). These data indicate that HP is both a pro-oxidant augmenting membrane lipid
peroxidation and an effective antioxidant that scavenges both hydroxyl radicals and
singlet oxygen. Thus, the beneficial effects of HP in patients, at least in part, are possibly
due to the ROS scavenging properties, and the secondary effects could be due to its pro-
oxidant properties. These observations can be discussed and explained most conveniently
by proposing a sequence of reactions. As shown in Scheme 2, lipid peroxidation is
associated with Fenton system in the consequence of the interaction of membrane lipids
with ferryl-ion [FeO?*], which is secondary to the formation of ‘OH. The step 1 presented
in the scheme is similar to Fenton’s reagent (2). The existence of such a mechanism
would not be unlikely because an agueous solution of Fe** and O, is capable of
promoting a variety of other oxidative reactions such as hydroxylation of aromatic
compounds (29-31), modification of proteins (32), and generation of bio- and
chemiluminescence (33, 34). [FeO?*] was also seen to be capable of hydrogen abstraction
from many organic compounds (35, 36). The augmentation of lipid peroxide by HP is
explained in Scheme 2.



HP

OH + OH'

H.O>
LOOH \/

Fe?* » Fe* 4 LH,

:

H,O, H'+OH [Fe*'O]
Scheme 2: proposed mechanism for Lipid Peroxidation

As shown in the reaction scheme (step 1), hydroxyl radicals would be a product of this
reaction without interacting directly with lipids (LH2) to form lipid hydroperoxide
(LOOH). The ferric iron could react with H,O, to form ferryl-ion [FeO?*], as shown in
step 3, which could form LOOH upon reacting with LH2 (step 4). In the presence of HP,
the Fe>*-OH formed in reaction 4 would be used up, asin steps 2’ and 5 to form HP-OH,
thus would accel erate the production of LOOH in step 4. In the absence of HP, the step 2
will predominate generating Fe**-OH thus, would slow down the step 4 to generate
LOOH. The augmentation of lipid peroxide by HP, is therefore the expected result.

Of coursg, it is possible that one or more of the intermediates formed during
hydroxylation of HP could be highly reactive that could augment lipid peroxidation. If
these intermediates could directly interact with lipidsto cause lipid peroxidation, the OH
scavenging action of HP would influence the rate of oxidation of lipids. It does however
establish that HP could be a potent antioxidant, but could cause membrane lipid
peroxidation viaits reactive intermediate or viaallowing to form iron-oxygen complex,
such asferryl-ion (37). Theferryl-ion has also received considerable attention asa
reactive species capable of replacing ‘OH in oxidative damage (38). The results of Jeding
et a. (39) could also be explained in this mechanism where HP was shown to accelerate
the arachidonic acid peroxidation by heme proteins. Evidence in support of this
hypothesis could also include elevated levels of lipid peroxidation on HP treated rats (40)
and in psychotic patients (41, 42).

Although numerous investigations have shown that Fenton reagents hydroxylate aromatic
substrates (43, 44), the interpretations have assumed free ‘OH to be the reactive
intermediate. Hage et al. (43) has shown that several iron complexesin combination with
hydrogen peroxide cataytically hydroxylate aromatic substrates. The base-induced
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nucleophilic addition of H>O, to the electrophilic iron center yields the reactive
intermediate of Fenton reagents (Fe-OOH complex) that reacts with aromatic rings to
givetheir hydroxylated derivatives. When thisis coupled with the recognition that the
hydroxylation of aromatic moleculesis afundamental processin biology (e.g.
phenylalanine hydroxylase, tyrosine hydroxylase and type | drug metabolism process by
cytochrome P450 system), thereis a clear need for a better understanding of Fe**/H,0
chemistry in hydroxylation of HP. Because both the RHP, a metabolite produced in vivo
(45) and the NOR were amost equally effective in scavenging ‘OH, we propose that
hydroxylation of the chlorophenyl ring of HP may be associated with its antioxidant
properties.

Severa theories have been presented for the variety of side effectsincluding reversible
Parkinsonism and TD in some individual s following long term treatment of some of the
patients with HP. Although dopamine receptor super-sensitivity has been noted for the
side effects of the drug (46), the TD appears to persist in some patients following
termination of drug treatment (47). It has been shown that the biotransformation of HP to
HPP*, to a phenolic pyridinium type species, occurs in humans treated with HP (47, 48).
The HPP' so generated appears to display neurotoxic properties (49, 50) resembling
those of the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-derived pyridinium
metabolite MPP". We have shown earlier (51, 52) that conversion of MPTP to MPP+ by
monoamine oxidase-B (MAO-B) generates ROS. Boismenu, et a. (53) have
demonstrated the formation of hydroxyl radical adducts of the neurotoxin MPP+ using
striatal microdialysis techniques. Therefore the extrapyramidal side effects observed in
some patients following long term treatment with HP may, at least in part, be associated
with excessive generation of ROS, which in the presence of iron or iron-containing
proteins (39) would lead to cell dysfunction and even cell death. Thereis evidence that
HP causes oxidative toxicity in clonal hippocampal cells viathe induction of intracellular
peroxide accumul ation followed by depletion of intracellular glutathione. The lipophilic
antioxidant vitamin E and other antioxidants blocked the immediate rise in peroxides and
prevented HP-induced cell death (54, 55). Hemoglobin and myoglobin can accelerate
freeradical damage in the presence of H2O, and this could occur in vivo after brain
hemorrhage (56, 57).

With respect to the involved mechanism, we propose that HP may have adua mode of
action. (1) It could block the highly reactive ‘OH -dependent neurodegeneration, and (2)
under the conditions of high intracellular peroxide levels, such as when accumulatesin
certain parts of brain (54) after neuroleptic treatment, would react with free or bound
forms of iron to cause peroxidation of membranes. The later mechanism has been
causally related to neuroleptic-induced increase in free radical production resulting in
degeneration of susceptible neurons (58, 59) |eading to secondary complications, such as
TD, of neuroleptic treatment. ROS-mediated lipid peroxidation has been implicated in
altered synaptic transmission, with decreased transport of dopamine and g-aminobutyric
acid (GABA) in synaptosomes (60) and decreased GABA receptor-gated chloride flux in
synaptic vesicles (61) in rat brain. Increased levels of TBA-reactive products have been
found in the cerebrospinal fluid of neuroleptic treated patients (41, 62) and also in plasma
of schizophrenic patients with (15) or without (63) TD. Support for lipid peroxidative
damage in patients with movement disorders comes also from reports of amelioration of



TD after treatment with vitamin E, alipid soluble antioxidant (15, 59, 64). It has been
suggested that adjunctive use of vitamin C in schizophreniaworks synergistically to
reduce some psychiatric symptom (65).

Regarding the possible clinical implications of the present findings, it is of note that
therapeutic plasma concentration of HP is ~0.05 uM (66, 67), which is orders of
magnitude lower than the concentration used in this study. However, plasma
concentrations do not necessarily reflect local cerebral concentrations. Thus high levels
of HP, alipophilic drug, at specific target sites are possible. Moreover, our certain
experimental conditions where HP is supposed to compete with high concentrations of
deoxyribose or with spin traps that interact with OH at aimost diffusion-controlled rate
needed high levels of HP to show any effect. Taken together, our findings suggest that
high levels of HP could potentiate oxidative stressin neuronal cellsresulting in
irreversible membrane damage, which among other clinical symptoms may lead to
tardive dyskinesiain certain vulnerable patients. The cytoprotective effects of the drug in
treating schizophrenia may be attributed to its antioxidant properties.
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ABSTRACT

Haloperidol (HP) and Olanzapine (Olz) are neuroleptic drugs used widely in humans for
the treatment of schizophrenia and other psychotropic disorders. Some of these drugs are
known to cause cell dysfunction in neurona cells. We employed light microscopy , two
flow cytometric apoptotic/viability probes (7-aminoactinomycin D (7AAD) and Annexin-
V), aong with light scatter analysis techniques to evaluate the mechanisms of drug-
induced cell death in cultured PC-12 pheochromocytoma cells exposed to haloperidol
(HP) or olanzapine (OLZ). Each of these antipsychotic drugs caused a significant
increase in cell death that was readily detected by all three techniques. Further, increase
in early cellular apoptosis was observed using the Annexin-V probe as well as 7AAD.
The results of 7AAD assay were comparable to trypan blue viability results. 7AAD and
Annexin-V aso detected different levels of early apoptosis in PC-12 cells exposed to the
cytotoxic agents, H,O, which was used as a positive control. 7AAD and Annexin-V both
showed HP and Olz-related increases in the late apoptotic/necrotic cell death window.
These data suggest that cell death in PC-12 pheochromocytoma cells exposed to HP or
Olz occurred both via apoptotic as well as necrotic pathways.



INTRODUCTION

Schizophrenia is a debilitating disorder of the centra nervous system. Its
symptoms have been divided into two classes. positive symptoms, including
hallucinations, delusions and conceptual disorganization; and negative Symptoms,
including social withdrawal, blunted affect, and poverty of speech (Donaldson et al.
1983). As a result, this disorder reduces the ability of the schizophrenic individual to
interact with society. The typical neuroleptic drugs, used to treat schizophrenia are highly
effective, but are also associated with potentially severe extrapyramidal side effects
(EPS). The most predominant among these symptoms are dystonia, Parkinsonian-like
syndrome, and tardive dyskinesia.

HP, the most widely used typical antipsychotic drug, is effective in treating both
the positive and negative symptoms of psychoses, Tourrette's syndrome and
schizophrenia. Further, it is commonly used as a tranquilizer following major surgeriesto
treat post-operative delerium. HP have been used clinically in psychiatry, obstretics, and
anesthesiology (Janssen, 1967; Kudo and Ishizaki, 1999; Ichikawa and Meltzer, 1999).
Long-term use of this drug, however, can result in an irreversible motor disorder
involving the orafacial muscles and the extremities, which have been a source of major
concern (Andreasson, 1996). Recently, there has been development of the so called
“atypical antipsychotic drugs’. These drugs appear to have similar clinical efficacy as the
typical antipsychotics, but with minimal or no extrapyramidal symptoms (Borison et al.
1995). Clozapine was the first such drug introduced, but its use has been restricted
because of the potential for development of fatal agranulocytosis sometimes associated
with it. The atypical antipsychotic drugs olanzapine (Olz), sertindole and quietapine are
equally potent as clozapine but do not produce agranulocytosis (Borison et a. 1997).

Extrapyramidal side effects of HP may result from direct neurotoxic effects of this
agent, resulting in cytotoxity. For instance, HP has been found to be cytotoxic to C6
glioma in vitro at very low concentrations (100nM; Vilner et a. 1993,1995). However
limited information is available, regarding the mechanisms of haloperidol cytotoxicity
and the potential cytotoxicity of atypical antipsychotic drugs. Therefore investigating the
potential cytotoxic effects of HP and Olz leading to cell death in a neuronal cell line rat
pheochromocytoma cell line, PC-12, could provide some useful information concerning
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cell death issues with these two drugs. The PC-12 cell line was chosen for these studies
because these cells resemble sympathetic neurons and their precursors, possess a
dopamine receptor of the D2 subtype (Greene & Tischler, 1976, 1982; Courtney et al.
1991), and are accepted as a neuronal model system to study neurotoxic effects of
antipsychotic drugs.

Cell death follows two different pathways, necrosis and apoptosis. These two
types of cell death differ from each other by unique biochemical, cytological and
molecular events. Currently many sensitive detection techniques are employed to
differentiate apoptosis from necrosis. These are based upon well-defined cellular events
that occur during cell death. In the present study, four different techniques were
employed to examine cytotoxicity in PC-12 cells exposed to a typical (HP) and an
atypical (olanzapine;Olz) antipsychotic drug. These techniques included: 1) light-scatter
analysis to detect changes in cell size associated with apoptosis or necrosis, 2) light
microscopy and trypan blue staining which permitted visual quantification of viable cells
and dead cells; 3) use of Annexin-V and propidium iodide to flow cyometrically quantify
viable cells and to detect translocation of phospatidyl serine (PS) from the inner
membrane to the outer membrane (the latter being an early marker of apoptosis (Vermes
et a. 1995); and 4) 7aminoactinomycin D (7AAD) via flow cytometry to detect end-
nicksin fragmented DNA.

The focus of the study was to evaluate the potential cytotoxic effects of HP and
Olz on cultured neurona cells. Further, another object was to assess the potential
application of two commonly employed apoptotic probes to the cultured PC-12 cdll line.
Each of these antipsychotic drugs caused a significant increase in cell death that was
readily detectable by all three assays. At lower concentration (50 M), Olz is less
cytotoxic to the PC-12 cells but at high concentrations Olz is equally toxic to the cells.

MATERIALSAND METHODS

Cell Culture: PC-12 cells were cultured in Dulbecco's Modified Eagle’'s Medium
(DMEM, Life Technologies, Rockville, MD) 5% Horse Serum (Intergen, NY) and 10%
Fetal Cafl Serum (Intergen, NY) in a humidified 37°C incubator and 5% CO,. Cell
viability was assessed using the standard trypan blue exclusion assay. PC-12 cells were
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obtained from the ATCC, Rockvillee MD. HP was purchased from Research
Biochemicals Inc., Natick, MA and Olz was received as a generous gift from Eli Lilly
and Co., Indianapolis, IN.

Determination of optimal PC-12 cell culture conditions: Cell proliferation assay was

evauated in the PC-12 cells using the Alamar Blue assay to determine optimal densities
for cell growth (Ahmed et al. 1994). Briefly, the dye is added in an oxidize form (bluein
color) and is reduced (red color) as the cells proliferate. Differences in the specific
absorbance of the oxidized form (600 nm)/or specific fluorescence (530 nm and emission
wavelength of 590 nm) reflect the level of proliferation. Cells were plated in a round
bottom 96 well plate (Corning, NY) at varying densities. Alamar Blue dye (20 pl;
Accumed International Inc., Westlake, OH) was added to plate wells and the plates were
placed in the incubator at 37°C and 5% CO,. Forty-eight hours after the dye was added,
the plates were removed from the incubator and evaluated as previously described
(Ahmed et a. 1994; Gogal et a.1999). Briefly, The plate was read in a Cytofluor
(Perspective Biosystems, Framingham, MA) with an excitation wavelength of 530 nm
and emission wavelength of 590 nm.

Annexin-V cell death probe The Annexin-V Fluos staining kit (Roche Bioscience, Palo

Alto, CA) was purchased and used in accordance with the manufacturer’ s recommended
procedure. The cells were cultured with the indicated drugs at 5 x 10° cellswell in a 96
well plate (Corning) for 23 hours in a 37°C incubator with 5% CO,. Following the
incubation, cells were rinsed once with PBS and evaluated as per Annexin-V kit
instructions. Briefly, the cells were resuspended in 100 ul kit binding buffer. To each
tube, 50 pl of the Annexin V-FITC- binding buffer (0.5 pg/ml) and 50 pl of kit
propidium iodide (0.125 pg/ml) were added. Each tube was gently mixed and incubated
at 23°C for 15 min in the dark. Cells were analyzed for uptake of fluorescent probe using
a Coulter EPICS XL flow cytometer (Hileah, FL). The excitation wavelength was 488
nm with an emission at 625 nm. Three staining-intensity regions were identified. A large
population of dull staining cells was evident, representing viable cells. In addition, a
small population of intermediate and large population of intense stained cells were
present, representing early apoptotic and late apoptotic/dead/necrotic cells, respectively.
The values were reported as percentages of total cells counted (i.e., 5000 events).



7AAD cell death probe We used 7AAD flow cytometric method to discriminate between
live cells, early apoptotic and |ate apoptotic/dead/necrotic cells. This procedure made use
of the fluorescent DNA binding agent 7AAD (Molecular Probes, Eugene, OR). We
followed previoudy published methods (Donner et al. 1999; Goga et al. 1999) as
follows. Briefly, cells were treated with the indicated drugs at 5 x 10° cells'well in a 96
well plate for 23 hours in a 37°C incubator with 5% CO,. Following the incubation, cells
were rinsed once with PBS and 100 pl of 10.0 pg/ml 7-AAD in acell stabilizing buffer
(0.1% BSA, 0.1% NaNs, 1.0% FBS in PBS) were added to wells containing 5 x 10°

cdlswdl. The culture plates were incubated on ice for 20 min and the cells then

evaluated as above for Annexin-V on a Coulter Epics XL flow cytometer. Apoptotic cells
were identified and quantified based on the method of Schmid et d., (1994a,b). In brief,
cells were gated based on size (forward scatter analysis) and granularity (side scatter
anaysis). The values were reported as percentages of total cells counted (i.e.,, 5000
events).

Trypan Blue cell viability: Trypan blue (Sigma, St. Louis, MO) exclusion was used to

visualy quantify numbers of dead and live cells under the microscope. This dye does not
differentiate between apoptotic and necrotic cells, but permits gross determination of the
number of dead cells and live cells. Early apoptotic cells are recognized as live cells (i.e.,

these cells do not uptake the viability dye).

Cdl sze evauation: The CASY-1 cell counter (Scharfe System GmbH, Reutlingen,
Germany) uses light scatter properties of cells to categorize cells based upon relative

diameter and volume. Following drug exposures, cells were rinsed with PBS and then
20m of the cells (control or treated) were added to 10 ml of sterile PBS (pH 7.2) and
evaluated for changes in cell size that might be reflective of necrosis (cell swelling) or
apoptosis (cell pyknosis).

Statistics: All assays were performed using triplicate well samples, and each
experiment was repeated at least three times. Data were expressed as arithmetic mean +
SEM. Analysis of variance (ANOVA) was used with Dunnett’ s' s t-test for comparison of
groups, using StatView™ (Berkeley,CA) to establish significant differences among
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groups. Results described as different in this paper indicate significantly different at p £
0.05. To be noted here is that in some cases, the standard error was extremely low,
disabling the software to expressin the bar graphs.

RESULTS
PC-12 cells: Optimization of proliferation with Alamar Blue: As shown in Fig.1, 125,000
cells showed increasing fluorescence for aimost 50 hours. As the cell numbers increased,
a dramatic lowering in fluorescence was observed within as little as 10 hours. This could
possibly be due to clustering of cellsin a single well. Hence in order to perform toxicity
studies using prolonged incubation periods, 125,000 cells per well were used in al
subsequent studies.

Viability test using Trypan Blue: Fig. 2 shows the viability of cells using the Trypan Blue
exclusion test after 24 hrs. in culture. As shown in Fig.2 H,O, (1mM) used as a positive
control, killed aimost all the cells in the system. Although the test enabled a gross
determination of the percentage of live and dead cells, the percentage of apoptotic cells
cannot be determined by this test. As shown in Fig.2, HP at both low (50 M) and high
dose (150 mM) significantly (p=0.05) reduced viabilities.

Measuring cell death with Annexin-V/PI double staining: Using the Annexin-V/PI double
staining, viable, early and late apoptotic/dead cells were visualized on the flow. As shown
in Fig. 3A, we observed that except the high concentration of HP (150 M), all other
groups showed a significant (p£ 0.05) decrease in viability. Fig. 3B which shows the
distribution of early apoptotic cells after a day in culture with the two antipsychotic
drugs, there was seen to be an increase in the apoptotic cells with 50 M HP, whereas
there was a decrease in early apoptotic cells in the 150 M HP treated group and a
dramatically lower percentage of early apoptotic cells in the hydrogen peroxide treated
group. In Fig. 3C, the distribution of late apoptotic or dead cells is shown. Only 150 M
HP shows a barely significant (p£ 0.05) increase in the necrotic cells as compared to the

control.



Measuring cell death with 7AAD: Using the 7AAD DNA binding dye, the viable, early
apoptotic, and late apoptotic/necrotic cells were visualized on the flow cytometer. As can
be seen in Fig. 4A, both low and high dose of HP, and hydrogen peroxide under the given
experimental conditions, decreased the viability of PC-12 cells. The percent apoptotic
cells increased significantly in the 50 M HP treated group. No other treatment group
showed any increase in apoptotic cell percentage (Fig. 4B). Distribution of late apoptotic
or necrotic cells is shown in Fig. 4C. All treatment groups, except, 50 "M Olz showed
significant increases in percentages.

Light scatter analysis of cultured PC-12 cells: Histograms from the electronic cell
counter are shown in Fig. 5A-D. Asis evident, the PC-12 cells showed a wide range of
cell sizes (Fig. 5A), and in culture with either HP, OLZ or H,O, a shift in peak towards

smaller sizeis seen (Figs, 5B-D).
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Figurel. Determining optimal cell concentrations for studies, using Alamar Blue
metabolic dye. PC-12 cells were plated in 96 well plates at varying cell densities, with
10% alamar blue and thereafter incubated at 37°C and 5% CO, 48 hours later, the plates
were removed and monitored in the Cytofluor with al ex =530nm and | em =590 nm.
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Figure 2. Viability of PC-12 cells was determined by using trypan blue exclusion test &
light microscopy as described under “ Materials and Methods’ ( n=9, p£0.05).
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Figure 3A. This figure represents the percentage of viable cells after the specified
treatment. PC-12 cells were plated on 96-well plates with medium and dmso/HP/Olz at
concentrations indicated, and thereafter incubated at 37°C. 24 hrs later, the cells were
centrifuged at 50 X g for 5 min. and rinsed with PBS, and 100m of the Annexin/Pl dye
were added. The plate was incubated in dark for 30 min, and was analyzed flow
cytometrically (n=9).
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Figure 3B: Shown above is the percentage of early apoptotic cells using Annexin-V/PI
staining. Experimental method is the same as described in Fig. 3A (n=9).
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Figure 3C. Represents the percentage of late apoptotic/dead cells using Annexin-V/PI
staining. Experimental method is the same as described in Fig. 3A (n=9).
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Figure 4A: This figure represents the percentage of viable cells after the mentioned
treatment. PC-12 cells were plated on 96-well plates with medium and dmso/HP/Olz at
concentrations indicated, and thereafter incubated at 37°C. 24 hrs later, the cells were
centrifuged at 50 X g for 5 min. and rinsed with PBS, and 100m of the 7AAD dye
(0.5ng/well) was added. The plate was incubated in dark for 30 min, and was analyzed
flow cytometrically. Data are represented as the means + S.E (n=9).
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Figure 4B. Represents the early apoptotic cells using 7AAD assay. The experimental
method is as described in Fig 4A. Data are represented as the means + S.E (n=9).
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Figure. 4C. Percentage of late apoptotic/dead cells. The experimental method is as
described in Fig 4A. Data are represented as the means + S.E (n=9).
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Figure 5. CASY-1 analysis: Representative histograms from the CASY counter are
presented. Experimental method is as described under “Materials and Methods’ section.
An increase in larger cells are apparent, when the PC-12 cells are treated with HO, or
high concentration of HP (150 niM), indicating that the cells may be undergoing necrosis

A:Cell count with media only B: Cell count with 150 niM HP

A A g i

e il ol B | W e

C: cdll countswith 1 mM H->0O» D: Cell count with 50 niM HP



DISCUSSION

In this study, we conducted a comparison of the two probes and evaluated the

effect of HP and Olz in cultured PC-12 cells. 7AAD assay indicated about 30% early
apoptosis with 1 mM H,O, while Annexin-V assay showed < 3% (10x difference).
Extensive vacuolization of the cells was observed in the low dose HP (50 niM) treatment
groups. Both probes identified numerous cells that were either apoptotic, late apoptotic or
necrotic. Also, apoptotic cells appear smaller while necrotic cells are initially swollen.
Light scatter analysis from the CASY cell counter showed a shift towards the left which
could be explained in two possible ways. Either the cell shrinkage during an apoptotic
event or the cell debris, a consequence of necrosis shifted the peak towards the left.
7TAAD was able to accurately quantify the viable cell populations, as compared to trypan
blue. Both 7AAD and Annexin-V/PI stains detected notable increase in apoptotic cellsin
the HP and Olz treated groups. Unfortuantely due to technical difficulties in fixing the
cells during cytospins, these results could not be co-related with light microscopic results
(App.3).
Collectively, our results suggest that HP injures cells by apoptosis at lower doses and at
higher doses, cell death is occuring via both necrosis and apoptosis. The necrosis
observed with HP appears to support the previous reports (Behl et al. 1995, 1996). Olz at
50 uM produced less cytotoxicity to PC-12 cells than did the same concentration of HP.
Both drugs at 150 uM concentrations, showed cytotoxicity in PC-12 cells. Thisisthefirst
time, apoptosis has been shown to be involved in HP-related cell death.

Cytotoxicity has been observed in neuronal cells following in vivo and in vitro
administration of HP in rodents and humans (Petzer et al. 2000; Eyles et al. 1996; Usuki
et a. 1996; Castagnoli et a. 1999; Subramanyam et al. 1991; Van der Schyf et al. 1994,
Van der Schyf et al. 1996; Avent et al. 1997; Lockhart et a. 1995; DeCoster et al. 1995).
Also, Vilner et a (1995) have shown the cytotoxic effect of HP in cultured C6 glioma
cells. It caused loss of processes, assumption of spherical shape, and cessation of cell
division. Lezoualc'h et a. (1996) and Sagara (1998) have further shown the involvement
of reactive oxygen species in the toxicity of HP. In in vivo studies, investigators were
unsuccessful in finding MPTP (1-methyl-4-phenyl 1,2,3,4 tetrahydropyridine) like
lesions in baboons treated with HP. Instead, there is evidence of lesions in the nucleus
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basalis of Mynert (Castagnoli et al.1999). Increased incidence of excitotoxic lesions
related to HP (one year treatment) have also been reported. Specific mechanisms leading
to HP-induced cell death, however, have remained poorly defined. An important first step
in understanding such mechanisms is the determination of the type of cell death caused-
necrotic or apoptotic or both.

The detection and quantitation of apoptotic cells is becoming increasingly
important in the investigation of the role of apoptosis in cellular proliferation and
differentiation and various disease processes. 7AAD and Annexin-V have been used to
detect apoptosis in lymphocytes and numerous tumor cell lines (Philpott et al, 1996;
Donner et a. 1999; Tobaet a. 1996; Gogal et al. 2000; King et a. 2000).

Annexin-V/Pl staining procedure uses double staining with Annexin-V and
propidium iodide to differentiate between apoptotic and necrotic cells. Annexin-V is a
Ca’* dependent phospholipid binding protein with high affinity for phospholipid.
Annexin-V can therefore be used as a sensitive probe to detect phospholipid exposure on
the outer membrane of the cells, as it occurs early on in apoptosis. Recently, there has
been a report that PS exposure may not always be an indicator of early apoptosis, as
phosphatidyl serine translocation can either precede or follow DNA cleavage (King et al.
2000). The phospholipid exposure upon the outer leaflet of the cell membrane can aso
occur during necrosis. It is therefore important to differentiate between apoptotic and
necrotic events. In this assay, simultaneous double staining with a vital dye propidium
iodide enablesto differentiate between the necrotic and the apoptotic cells positively.

7AAD is a fluorescent dye and binds to nicked DNA. In a flow cytometer, the
apoptotic cells are detected using fluorescence and the forward light scatter. Thisis a
quick and simple method and is inexpensive. Annexin-V FITC tagged kits utilizes the
phenomenon of the translocation of phosphatidyl serine during early apoptosis. In
lymphoid cells, both probes have been shown to be equally effective and compare well
(Donner et a. 1999; Gogadl et a. 2000).

In summary, both HP and Olz, when cultured with PC-12 cells resulted in
increased cell death. Both the drugs showed a dose dependent toxicity. At lower
concentrations, Olz was less cytotoxic as compared to HP, but at higher concentrations,
both the drugs were cytotoxic at varying degrees. Employing the apoptotic probes 7AAD
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and Annexin-V and light microscopy, the cell death appeared to be both apoptotic aswell
as necrotic. Furthermore, the results also indicate that a battery of techniques be used
simultaneously to get an accurate evaluation of the type of cell death mechanisms.
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CONCLUSION
We investigated the pro-oxidant and antioxidant properties of HP in vitro. HP was found
to enhance membrane lipid peroxidation and scavenges the reactive oxygen species.
Olanzapine also scavenges the hydroxyl radicals but does not significantly enhance
membrane lipid peroxidation. HP was found to be ineffective as a superoxide radical
scavenger but appeared to be a potent scavenger of hydroxyl radicals with a rate constant

of ~6.78 X 109 M-1s1. The rate constant of the reaction of Olz with hydroxyl radical

was found to be much higher (31.4 X 109) than HP. Electron paramagnetic resonance
(EPR) spectroscopy in combination with spin trapping techniques, using a Fenton type
reaction and 5,5-Dimethyl-1-pyrroline-n-oxide (DM PO) as a spin trap, HP was found to
cause a dose-dependent inhibition of DMPO-OH adduct formation. HP was found to
guench singlet oxygen in a dose-dependent manner. Singlet oxygen was generated using
photochemical reaction with rose benga as photo-sensitizer and 2,2,6,6-
teramethylpiperidine (TEMP) as trapping agent. The amount of HP required to inhibit
50% of singlet oxygen-dependent TEM PO production was found to be 2.5 uM. HP was
found to enhance the microsomal lipid peroxidation in a dose-dependent manner. At 10
MM concentration, HP was found to augment the lipid peroxide accumulation by 100%.
On the other hand Olz, upto 500 uM concentrations had trivial effects. Light microscopy
and two cytometric apoptotic/viability probes (7-aminoactinomycin D and Annexin-V)
were employed to evaluate mechanisms of drug-induced cell death in PC-12
pheochromocytoma cells exposed to HP or Olz. Each of these antipsychotic drugs
caused a significant increase in cell death that was readily detectable by all three assays.
At lower concentration (50 M), Olz is less cytotoxic to the PC-12 cells but at high
concentrations Olz is equally toxic to the cells.

Light microscopy with trypan blue indicated numerous dead cells with both the drugs,
but could not discriminate between apoptotic versus necrotic cells. Viability with 7AAD
was comparable to that of trypan blue exclusion studies. Both, 7AAD and Annexin-V
both showed drug-related increases in the apoptotic as well as necrotic cell death
window. Increase in early apoptotic cells was observed using the Annexin-V probe as
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well as 7AAD. These data suggest that cell death in PC-12 pheochromocytoma cells
exposed to HP or OLZ may be both apoptotic as well as necrotic in nature.
Thus, in this study we found that

1. HPisboth an antioxidant and a pro-oxidant

2. Olzisabetter antioxidant and appears to have little pro-oxidant effects

3. The cytotoxicity sudies indicate that at lower dose (50 M), HP appears to be
more cytotoxic than Olz, whereas at high doses (150 M), both HP and Olz seem
to be equally toxic. The differences could be supported by the observation that at
low concentrations, Olz did not significantly enhance membrane lipid
peroxidation as compared to HP, and also that the rate constant of reaction with
hydroxyl radical observed for Olz was higher than HP .

4. 7AAD was more accurate in quantifying the viability as well as apoptotic results,
in agreement with the light microscopic studies. Both Annexin-V/Pl and 7AAD
indicated a combination of apoptotic as well as necrotic process in the dying PC-
12 cells. The electronic cell counter CASY-1 was in agreement with the flow
cytometric evaluations as it showed a shift towards the left in cells cultured with
drugs or H,O,. Taken together, our findings suggest the high levels of HP could
potentiate oxidative stress in neuronal cells which could lead to secondary effects
(such as tardive dyskinesia) observed as a consequence of drug treatment. The
therapeutic effects of these drugs in treating schizophrenia may be attributed to its
antioxidant properties Furthermore, the atypical drug Olz is better than HP
because it seems to have little pro-oxidant properties. The secondary effects
manifested in patients with HP use may be minimized with the use of Olz.



FUTURE DIRECTION

1. Cytoprotective effects of the drugs will be investigated, in particular
a) protection against hydrogen peroxide mediated necrosis and
b) protection against DEX induced apoptosis.

2. Itispossiblethat haloperidol and olanzapine might differ in their signal
transduction pathway, and that could be the one of the reasons behind the
differencesin their observed adverse effects. For instance, haloperidol has been
shown to activate the NF kappa B system. Evaluation of the effect of Olz on the
NF kappa B system would throw some light on the mechanism. Also, actiavtion
of MAP kinases would be studied with both these agents.

3. Acid of p-florophenyl compound and the nor-compound are the result of the the
breakdown of haloperidol. We have already shown that the nor compoundisa
good inhibitor of the hydroxyl radical dependent deoxyribose degradation. We are
yet to find out if the acid of the florophenyl compound does the same. It would
give us an indication as to which end of the haloperidol is essential for its

therapeutic action.

69



REFERENCES

Abbadie, C., Kabrun, N., Bouali, F., Smardova, J., Stehelin, D., Vandenbunder, B. and
Enrietto, P. J. (1993) High levels of c-rel expression are associated with
programmed cell death in the devel oping avian embryo and in bone marrow
celsinvitro. Cell 75(5), 899-912.

Abdalla, D. S., Monteiro, H. P, Oliveira, J. A. and Bechara, E. J. (1986) Activities of
superoxide dismutase and glutathione peroxidase in schizophrenic and manic-
depressive patients. Clin. Chem. 32(5), 805-7.

Ahmed, SA., Goga ,R.M. Jr., Walsh, J.E. (1994) A new rapid and simple non-radioactive
assay to monitor and determine the proliferation of lymphocytes: an alternative
to [3H]thymidine incorporation assay. J. Immunol. Methods. 170(2):211-24

Akanmu, D., Cecchini, R., Aruoma, O.1., and Halliwell, B. (1991) The antioxidant action
of ergothioneine Archives of Biochemistry and Biophysics 288, 10-16

Andreassen, O.A., Aamo, T.0O., Jorgensen, H.A. (1996) Inhibition by memantine of the
development of persistent oral dyskinesiasinduced by long term haloperidol
treatment of rats. Br. J. Pharmacol. 119, 751-757.

Avent, K.M., Riker, R.R., Fraser, G,L., Van der Schyf, C.J., Usuki, E., Pond, SM. (1997)
Metabolism of haloperidol to pyridinium speciesin patients receiving high
dosesintravenously: isHPTP an intermediate? Life Sci. 61(24):2383-90

Baeuerle, P. A. and Henkel, T. (1994) Function and activation of NF-kappa B in the
immune system. Annu. Rev. Immunol. 12, 141-79.

Bakshi, V. P. and Geyer, M. A. (1995) Antagonism of phencyclidine-induced deficitsin
prepulse inhibition by the putative atypical antipsychotic olanzapine.
Psychopharmacol. (Berl) 122(2), 198-201.

Baldessarini, R. J. (1988) A summary of current knowledge of tardive dyskinesia.
Encephale 14 Spec No, 263-8.

Baldessarini, R. J. and Frankenburg, F. R. (1991) Clozapine. A novel antipsychotic agent
.N. Engl. J. Med. 324(11), 746-54.

70



Baldessarini, R.J., Cohen, B.M., Teicher, M.H. (1988) Significance of neuroleptic dose
and plasmalevel in the pharmacological treatment of psychoses. Arch. Gen.
Psychiatry 45(1):79-91

Beauclair, L., Vinogradov, S., Riney, S.J., Csernansky, J.G., Hollister, L.E. (1987) An
adjunctive role for ascorbic acid in the treatment of schizophrenia? J. Clin.
Psychopharmacol. 7(4):282-3.

Behar, D., Czupski G. Rabani, J.., Dorfman, L.M., and Shwarz, H.A. (1970) J. Phys.
Chem. 3209-3220

Behl, C., Rupprecht, R., Skutella, T., and Holsboer, F. (1995) Haloperidol-induced cell
death-mechanism and protection with vitamin E in vitro. Neurorep. 7, 360-364.

Behl, C., Lezoulac'h, F., Widmann, M., Rupprecht, R., and Holsboer, F. (1996) Oxidative
stress-resistant cells are protected against haloperidol toxicity. Brain Res. 717(1-
2), 193-195.

Behl, C., Davis, J. B., Klier, F. G. and Schubert, D. (1994) Amyloid beta peptide induces
necrosis rather than apoptosis. Brain Res. 645(1-2), 253-64.

Bergstrom, R. F., Callaghan, J. T., Cerimele, B. J., Nyhart, E. H., Kassahun, K., Hunt, T.
L. (1995) Pharmacokinetics of Olanzapine in elderely and young. Pharm. Res.
12, S-358.

Borison, R. L. (1995) Clinical efficacy of serotonin-dopamine antagonists relative to
classic neuroleptics. J. Clin. Psychopharmacol. 15(1 Suppl 1), 24S-29S

Borison, R. L. (1997) Recent advances in the pharmacotherapy of schizophrenia. Harv.
Rev. Psychiatry 4(5), 255-71.

Boismenu, D., Mamer, O., Ste-Marie, L., Vachon, L., Montgomery, J. (1996 ) J. Mass.
Spectrom. In vivo hydroxylation of the neurotoxin, 1-methyl-4-
phenylpyridinium, and the effect of monoamine oxidase inhibitors:
electrospray-M S analysis of intra-striatal microdialysates (10):1101-8.

Bradford, M. M. (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding Analytical
Biochemistry 72, 248-254

71



Brautigam, M., Kittner, B. and Herken, H. (1985) Evaluation of neurotropic drug actions
on tyrosine hydroxylase activity and dopamine metabolism in clonal cell lines.
Arzneimittelforschung 35(1A), 277-84.

Breler, A., Schreiber, J. L., Dyer, J. and Pickar, D. (1991) National Institute of Mental
Health longitudinal study of chronic schizophrenia. Prognosis and predictors of
outcome . Arch. Gen. Psychiatry 43(3), 239-46.

Breuer, W., Epsztegin, S., Millgram, P., Cabantchik, I.Z. (1995) Transport of iron and
other transition metalsinto cells as revealed by afluorescent probe. Am. J.
Physiol. 268(6 Pt 1):C1354-61.

Burkhardt, C., Kelly, J. P, Lim, Y. H., Filley, C. M. and Parker, W. D., Jr. (1993)
Neuroleptic medications inhibit complex | of the electron transport chain. Ann.
Neurol. 33(5), 512-7.

Bymaster, F. P., Hemrick-Luecke, S. K., Perry, K. W. and Fuller, R. W. (1996)
Neurochemical evidence for antagonism by olanzapine of dopamine, serotonin,
alpha 1-adrenergic and muscarinic receptorsin vivo in rats. Psychopharmacol
(Berl) 124(1-2), 87-94.

Cadet, J. L. (1988) Free radical mechanisms in the central nervous system: an overview.
Int. J. Neurosci. 40(1-2), 13-8.

Cadet, J. L., Lohr, J. B. and Jeste, D. V. (1986). Free radicals and tardive dyskinesia.
Trends Neuosci. 9, 107-108.

Cadet, J. L., Lohr, J. B. and Jeste, D. V. (1986) Freeradicals and tardive dyskinesia.
Trends Neuosci. 9, 107-108.

Casey, D.E. (1991) Neuroleptic drug-induced extrapyramidal syndromes and tardive
dyskinesia Curr. Opin. Psychiatry 4. 86-89

Castilho, R.F., Carvalho-Alves, P.C., Verced, A.E., Ferreira, S.T. (1996) Oxidative
damage to sarcoplasmic reticulum Ca(2+)-pump induced by
Fe2+/H202/ascorbate is not mediated by lipid peroxidation or thiol oxidation
and leads to protein fragmentation. Mol. Cell. Biochem. 159(2):105-14.

Castagnoli, N. Jr., Castagnoli, K.P., Van der Schyf, C.J., Usuki, E., Igarashi, K., Steyn,
S.J., Riker, R.R. (1999) Enzyme-catalyzed bioactivation of cyclic tertiary
amines to form potential neurotoxins. Pol. J. Pharmacol. 51(1):31-8.

72



Chance, B and Meaehly, A.C. (1955) Assay for catalase and peroxidases. Meth Enzymol
2. 764-775.

Clerk, A., Fuller, S. J., Michadl, A. and Sugden, P. H. (1998) Stimulation of "stress-
regulated" mitogen-activated protein kinases (stress-activated protein kinases/c-
Jun N-terminal kinases and p38- mitogen-activated protein kinases) in perfused
rat hearts by oxidative and other stresses. J. Biol. Chem. 273(13), 7228-34.

Cohen, G.M., Sun, X.M., Snowden, R.T., Dinsdale, D., Skilleter, D.N. (1992) Key
morphological features of apoptosis may occur in the absence of
internucleosomal DNA fragmentation. Biochem. J. 286 ( Pt 2):331-4.

Courtney, N. D., Howlett, A. C. and Westfall, T. C. (1991) Dopaminergic regulation of
dopamine release from PC12 cells via a pertussis toxin-sensitive G protein.
Neurosci. Lett. 122(2), 261-4.

Coyle, J. T. (1996) The glutamatergic dysfunction hypothesis for schizophrenia. Harv.
Rev. Psychiatry 3(5), 241-53.

Creese, |., Sibley, D. R., Hamblin, M.W., and Leff, S.E. (1983) The classification of
dopamine receptors: relationship to radioligand binding Annu . Rev. Neurosci. 6,
43-71

Darley-Usmar, V. and Halliwell, B. (1996) Blood radicals: reactive nitrogen species,
reactive oxygen species, transition metal ions, and the vascular system. Pharm.
Res. 13(5), 649-62.

Das, K. C., and Misra, H.P. (1992) Antiarrythmic Agents: Scavengers of hydroxyl
radicals and Inhibitors of NADPH-dependent lipid Peroxidation in Bovine Lung
Microsomes J. Biol. Chem. 267, 19172-19178

DeCoster MA, Klette KL, Knight ES, TortellaFC (1995) Sigma receptor-mediated
neuroprotection against glutamate toxicity in primary rat neuronal cultures.
Brain Res. 671(1):45-53

Donadson, S. R., Gelenberg, A. J. and Baldessarini, R. J. (1983) The pharmacologic
treatment of schizophrenia: a progress report. Schizophr. Bull. 9(4), 504-27.

Donner, K.J., Becker, K.M., Hissong, B.D., Ahmed, S.A. (1999) Comparison of multiple
assays for kinetic detection of apoptosisin thymocytes exposed to
dexamethasone or diethylstilbesterol. Cytometry. 35(1):80-90.

73



Duke RC, Chervenak R, Cohen JJ (1983) Endogenous endonuclease-induced DNA
fragmentation: an early event in cell-mediated cytolysis. Proc. Natl. Acad. Sci.
U. S A. 80(20):6361-5.

Egan, M.F., Hyde, T.M., Albers, G.W., Elkashef, A., Alexander, R.C., Reeve, A., Blum,
A., Saenz, R.E., Wyatt, R.J. (1992) Treatment of tardive dyskinesia with
vitamin E. Am. J.Psychiatry 149(6):773-7.

Esteve, L., Haby, C., Rodeau, J. L., Humblot, N., Aunis, D. and Zwiller, J. (1995)
Induction of c-fos, jun B and egr-1 expression by haloperidol in PC12 cells:
involvement of calcium. Neuropharmacol . 34(4), 439-48.

Eyles, D.W., McGrath, J.J., Pond, S M. (1996) Formation of pyridinium species of
haloperidol in human liver and brain. Psychopharmacol. (Berl) 125(3):214-9

Fang, J., Baker, G. B., Silverstone, P. H. and Couitts, R. T. (1997) Involvement of
CYP3A4 and CY P2D6 in the metabolism of haloperidol. Cell. Mol. Neurobiol.
17(2), 227-33.

Fang, J. and Gorrod, J. W. (1991) Dehydration isthe first step in the bioactivation of
haloperidol to its pyridinium metabolite. Toxicol. Lett. 59(1-3), 117-23.

Fenton, H.J. (1895) Proc. Chem. Soc. (London) 12: 1341-48

Forsman, A. and Larsson, M. (1978) Metabolism of haloperidol. Curr. Ther. Res. 24,
567-568.

Frusso-Filho R., Soares, C. G. S., Decio, R.C., Francischetti, |., Haber, V.A., and
Onimaru, A.T. (1991) Antitumor effects of dopaminergic blockersin mice
bearing Ehrlich tumors. Braz. J. Med. Biol. Res. 24, 611-614

Fuller, R. W. and Snoddy, H. D. (1992) Neuroendocrine evidence for antagonism of
serotonin and dopamine receptors by olanzapine (LY 170053), an antipsychotic
drug candidate. Res. Commun. Chem. Pathol. Pharmacol. 77(1), 87-93.

Gilbert, M.M., (1969) Haloperidoal in the treatment of anxiety-tension states Curr. Ther.
Res. 11, 520-523

Glazer, W.M., Moore, D.C., Schooler, N.R., Brenner, L.M., Morgenstern, H. (1984)
Tardive dyskinesia. A discontinuation study Arch. Gen. Psychiatry 41(6):623-7.

Glazov, V. A. and Mamtsev, V. P. (1976) [Catalase in the blood and leukocytes of
patients with nuclear schizophrenia]. Zh.Nevropatol. Psikhiatr. 76(4), 549-52

74



Goga RM Jr, Smith BJ, Kalnitsky J, Holladay SD (2000) Analysis of apoptosis of
lymphoid cellsin fish exposed to immunotoxic compounds. Cytom. 39(4):310-
8

Goga RM Jr, Smith BJ, Robertson JL, Smith SA, Holladay SD (1999) Tilapia
(Oreochromis niloticus) dosed with azathioprine display immune effects similar
to those seen in mammals, including apoptosis.Vet. Immunol. Immunopathol .
68(2-4):209-27

Goscin, SA., Fridovich, 1. (1972) Therole of superoxide radical in a nonenzymatic
hydroxylation Arch. Biochem. Biophys. 153(2):778-83

Greene, L. A. and Tischler, A. S. (1976) Establishment of a noradrenergic clona line of
rat adrenal pheochromocytoma cells which respond to nerve growth factor.
Proc. Natl. Acad. Sci. U. S A, 73(7), 2424-8.

Greene, L. A. and Tischler, A. S. (1982) PC 12 pheochromocytoma cellsin
neurobiological research. Adv. Cell. Neurobiol. 3, 373-414.

Groves, J.T., and McClusky, G.A. (1976) J. Am. Chem. Soc. 98: 859-61

Groves, J.T., and Van Der puy, M. (1974) J. Am. Chem. Soc.96: 5274-75

Gruen, P.H., Sachar, E.J., Langer, G., Altman, N., Leifer, M., Frantz, A., Halpern, F.S.
(1978) Prolactin response to neuroleptic drugs in normal and schizophrenic
subjects. Arch. Gen. Psychiatry 35(1):108-16

Guliaeva, N. V., Levshina, I. P. and Obidin, A. B. (1988) [Indices of lipid free-radical
oxidation and of antiradical protection of the brain--the neurochemical
correlates of the development of the general adaptation syndrome]. Zh. Vyssh.
Nerv. Deiat. 38(4), 731-7.

Guo, Q., Robinson, N. and Mattson, M. P. (1998) Secreted beta-amyloid precursor
protein counteracts the proapoptotic action of mutant presenilin-1 by activation
of NF-kappaB and stabilization of calcium homeostasis. J. Biol. Chem. 273(20),
12341-51.

Guyton, K. Z., Liu, Y., Gorospe, M., Xu, Q. and Holbrook, N. J. (1996) Activation of
mitogen-activated protein kinase by H202. Rolein cdll surviva following
oxidant injury. J. Biol. Chem. 271(8), 4138-42.

75



Hage, J.P., Llobet, A., Sawyer, D.T. (1995) Aromatic hydroxylation by Fenton reagents
(reactive intermediate [Lx+Fel lOOH(BH+)], not free hydroxyl radical
(HO.)).Bioorg Med Chem. Oct;3(10):1383-8.

Halliwell, B., Gutteridge, JM.C., and Aruoma, O.l. (1987) The deoxyribose method: a
simple "test-tube" assay for determination of rate constants for reactions of
hydroxyl radicals Anal. Blochem. 165, 215-219

Halliwell, B. (1992 ) DNA damage by oxygen-derived species. Its mechanism and
measurement in mammalian systems FEBS Lett. 59(5):1609-23.

Halliwell, B. (1993) Therole of oxygen radicalsin human disease, with particular
reference to the vascular system. Haemostasis 23 Suppl 1, 118-26.

Han, J,, Jang, Y., Li, Z., Kravchenko, V. V. and Ulevitch, R. J. (1997) Activation of the
transcription factor MEF2C by the MAP kinase p38 in inflammation. Nature
386(6622), 296-9.

Hellerbrand, C., Jobin, C., limuro, Y., Licato, L., Sartor, R. B. and Brenner, D. A. (1998)
Inhibition of NFkappaB in activated rat hepatic stellate cells by proteasome
inhibitors and an IkappaB super-repressor. Hepatol. 27(5), 1285-95

Herschman, H. R. (1991) Primary response genes induced by growth factors and tumor
promoters. Annu. Rev. Biochem. 60, 281-319.

Hodnick, W. F., Duval, D. L. and Pardini, R. S. (1994) Inhibition of mitochondrial
respiration and cyanide-stimulated generation of reactive oxygen species by
selected flavonoids. Biochem. Pharmacol. 47(3), 573-80.

Hodnick, W. F., Roettger, W. J., Kung, F. S., Bohmont, C. W. and Pardini, R. S. (1986)
Inhibition of mitochondrial respiration and production of superoxide and
hydrogen peroxide by flavonoids: a structure activity study. Prog. Clin. Biol.
Res. 213, 249-52.

Holley, F.O., Magliozzi, J.R., Stanski, D.R., Lombrozo, L., Hollister, L.E. (1983)
Haloperidol kinetics after oral and intravenous doses. Clin. Pharmacol. Ther.
33(4):477-84

Holstein, A.P, and Chen, C.H. (1965) Haloperidol--a preliminary clinical study Am. J.
Psychiatry 122, 462-463

76



Horrobin, D. F.,, Glen, A. |. and Vaddadi, K. (1994) The membrane hypothesis of
schizophrenia. Schizophr. Res. 13(3), 195-207.

Ichikawa, J., and Meltzer, H.Y. (1999) Relationship between dopaminergic and
serotonergic neuronal activity in the frontal cortex and the action of typical and
atypical antipsychotic drugs. Eur. Arch. Psychiatry Clin. Neurosci. 249 Suppl
4:90-8.

Igarashi, K., Kasuya, F., Fukui, M., Usuki, E. and Castagnoli, N., Jr. (1995) Studies on
the metabolism of haloperidol (HP): therole of CYP3A in the production of the
neurotoxic pyridinium metabolite HPP+ found in rat brain following ip
administration of HP. Life Sci. 57(26), 2439-46.

Inoue, K., Nakazawa, K., Watano, T., Ohara-lmaizumi, M., Fujimori, K. and Takanaka,
A. (1992) Dopamine receptor agonists and antagonists enhance ATP-activated
currents. Eur. J. Pharmacol. 215(2-3), 321-4.

Janssen, P. A. (1967). The pharmacology of haloperidol. Int .J. Neuropsychiatry 3(4),
Suppl 1:10-8

Jeding, I., Evans, P.J, Akanmu, D., Dexter, D. Spence, J.D., Aruoma, O.I., Jenner P., and
Haliwell, B. (1995) Characterization of the potential antioxidant and pro-
oxidant actions of some neuroleptic drugs Biochem. Pharmacol. 49 : 359-365

Kando, J. C., Shepski, J. C., Satterlee, W., Patel, J. K., Reams, S. G. and Green, A. I.
(1997) Olanzapine: a new antipsychotic agent with efficacy in the management
of schizophrenia. Ann. Pharmacother. 31(11), 1325-34.

Kassahun, K., Mattiuz, E., Nyhart, E., Jr., Obermeyer, B., Gillespie, T., Murphy, A.,
Goodwin, R. M., Tupper, D., Calaghan, J. T. and Lemberger, L. (1997)
Disposition and biotransformation of the antipsychotic agent olanzapine in
humans. Drug Metab. Dispos. 25(1), 81-93.

Kerr JF, Wyllie AH, Currie AR (1972) Apoptosis: a basic biological phenomenon with
wide-ranging implications in tissue kinetics. Br. J. Cancer 26(4):239-57.

Khosla, P. K. S, GuptaM.C., and Srivastava R.K. (1996) Evaluation of Haloperidol, A
Dopamine Antagonist, on Intraocular Pressure in Experimental Glaucoma. I1nd
J. Exp. Biol. 34, 580-581

77



King, M.A., Radicchi-Mastroianni, M.A., Wélls, J.V. (2000) Thereis substantial nuclear
and cellular disintegration before detectable phosphatidylserine exposure during
the camptothecin-induced apoptosis of HL-60 cells. Cytometry 40(1):10-8

Kleeb, S. R, Xavier, J.G., Frussa-Filho, R., and Dagli M.L.Z. (1997) Effect of
haloperidol on the development of the solid ehrlich tumor mice Life Sci.
60(4/5), PL 69-74

Klushnik, T. P., Spunde, A., Yakovlev, A. G., Khuchua, Z. A., Saks, V. A. and
Vartanyan, M. E. (1991) Intracellular alterations of the creatine kinase isoforms
in brains of schizophrenic patients. Mol. Chem. Neuropathol. 15(3), 271-80.

Koizumi, S, Ikeda, M., Nakazawa, K., Inoue, K., Ito, K., Inoue, K. (1995) Inhibition by
haloperidol of adenosine 5'-triphosphate-evoked responsesin rat
pheochromocytoma cells. Biochem. Biophys. Res. Comm. 210(2), 624-630

Koppenol, W.H. and Liebman, J.F. (1984) J.Phys. Chem. 88: 99-101

Kudo, S., and Ishizaki, T. (1999) Pharmacokinetics of haloperidol: an update.

Clin. Pharmacokinet. 37(6):435-56.

Kummer, J. L., Rao, P. K. and Heidenreich, K. A. (1997) Apoptosisinduced by
withdrawal of trophic factorsis mediated by p38 mitogen-activated protein
kinase. J. Biol. Chem. 272(33), 20490-4.

Lahdenpohja, N., Savinainen, K. and Hurme, M. (1998) Pre-exposure to oxidative stress
decreases the nuclear factor-kappa B- dependent transcription in T lymphocytes.
J. Immunol. 160(3), 1354-8.

Lawler, J. M. and Powers, S. K. (1998) Oxidative stress, antioxidant status, and the
contracting diaphragm. Can. J. Appl. Physiol. 23(1), 23-55.

Levenson, J. L. (1985) Neuroleptic malignant syndrome. Am. J. Psychiatry 142(10),
1137-45.

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(1), 176-9.

Li, Y., Zhang, W., Mantell, L. L., Kazzaz, J. A., Fein, A. M. and Horowitz, S. (1997)
Nuclear factor-kappaB is activated by hyperoxia but does not protect from cell
death. J. Biol. Chem. 272(33), 20646-9.

78



Liu, S. S. (1997) Generating, partitioning, targeting and functioning of superoxidein
mitochondria. Biosci. Rep. 17(3), 259-72.

Lockhart, B.P., Soulard, P., Benicourt, C., Privat, A., Junien, J.L. (1995) Distinct
neuroprotective profiles for sigma ligands against N-methyl-D-aspartate
(NMDA), and hypoxia-mediated neurotoxicity in neuronal culture toxicity
studies. Brain Res. 675(1-2):110-20

Lohr, J. B. (1991) Oxygen radicals and neuropsychiatric illness. Some speculations.
Arch. Gen. Psychiatry 48(12), 1097-106.

Lohr JB, Cadet JL, Lohr MA, Larson L, Wasli E, Wade L, Hylton R, Vidoni C, Jeste DV,
Wyatt RJ. (1988) Vitamin E in the treatment of tardive dyskinesia: the possible
involvement of free radical mechanisms Schizophr. Bull. 14(2):291-6.

Lohr, J.B., Kuczenski, R., Bracha, H.S., Moir, M., Jeste, D.V. (1990) Increased indices of
freeradical activity in the cerebrospina fluid of patients with tardive dyskinesia
Biol. Psychiatry 28(6):535-9.

Mahadik SP, Scheffer RE (1996) Oxidative injury and potential use of antioxidantsin
schizophrenia. Prostaglandins Leukot. Essent. Fatty Acids. 55(1-2):45-54.

Maltbie, A. A., and Cavenar, J.O. (1977) Haloperidol and Analgesia: Case Reports. Mil.
Med. 142, 946-948

Mark, R. J., Hendey, K., Butterfield, D. A. and Mattson, M. P. (1995) Amyloid beta-
peptide impairsion-motive ATPase activities. evidence for arole in loss of
neuronal Ca2+ homeostasis and cell death. J. Neurosci. 15(9), 6239-49.

Marsden, C.D., Jenner, P. (1980) The pathophysiology of extrapyramidal side-effects of
neuroleptic drugs Psychol Med. 10(1):55-72.

McCreadie, R.G., MacDonadd, E., Wiles, D., Campbell, G., Paterson, J.R. (1995) Br J
Psychiatry. The Nithsdale Schizophrenia Surveys. XI1V: Plasmalipid peroxide
and serum vitamin E levelsin patients with and without tardive dyskinesia, and
in normal subjects.167(5):610-7.

McCay, P. B., Lai, E. K., Poyer, J. L., DuBose, C. M. and Janzen, E. G. (1984) Oxygen-
and carbon-centered free radical formation during carbon tetrachloride
metabolism. Observation of lipid radicalsin vivo and in vitro. J Biol. Chem.
259(4), 2135-43.

79



Michelson, A.M. (1973) Chemica models of enzymic oxidations Biochimie 55(4):465-79

Minotti, G., Aust, S.D. (1989) Therole of iron in oxygen radical mediated lipid
peroxidation Chem. Biol. Interact. 71(1):1-19.

Misra, B.R., Misra, H.P. (1990) Vasoactive intestinal peptide, asinglet oxygen quencher
J. Biol. Chem. 265, 15371-15374

Misra, H.P. and Fridovich, I. (1972) The role of superoxide anion in the autoxidation of
epinephrine and a simple assay for superoxide dismutase J. Biol. Chem.
247:3170-3175

Moore, N. A., Calligaro, D. O., Wong, T. D., Byemaster, F. and Tye, N. C. (1993) The
pharmacology of olanzapine and other new antipsychotic drugs. Curr. Opin.
Invest. Drugs 2, 281-93.

Moore, N. A., Tye, N. C., Axton, M. S. and Risius, F. C. (1992) The behaviora
pharmacology of olanzapine, anovel "atypical" antipsychotic agent. J
Pharmacol. Exp. Ther. 262(2), 545-51.

Mukherjee S., Mahadik, P.S., Scheffer R., Correnti, E.E., and Kelkar, H. (1996) Therole
of superoxide anion in the autoxidation of epinephrine and asimple assay for
superoxide dismutase. Schizophr. Res. 19, 19-26

Nishida, E. and Gotoh, Y. (1993) The MAP kinase cascade is essential for diverse signal
transduction pathways. Trends Biochem. Sci. 18(4), 128-31.

Nofre, C. Cier, A., and Lefier, A. (1961) Bull. Soc. Chim. Fr. 430-435

Nordstrom, A. L., Nyberg, S., Olsson, H. and Farde, L. (1998) Positron emission
tomography finding of ahigh striatal D2 receptor occupancy in olanzapine-
treated patients [letter] . Arch. Gen. Psychiatry 55(3), 283-4.

Obermeyer, B. D., Nyahart, E. H. J., Mattiuz, E. L., Goodwin, R. M., BArton, R. D. and
Breau, R. P. (1993) The disposition of olanzapine in healthy volunteers.
Pharmacaol. 35, 176.

O'Nsill, L. A. and Katschmidt, C. (1997) NF-kappa B: acrucial transcription factor for
glia and neuronal cell function. Trends Neurosci 20(6), 252-8.

Pai, B.N., Janakiramaiah, N., Gangadhar, B.N., Ravindranath V (1994) Depletion of
glutathione and enhanced lipid peroxidation in the CSF of acute psychotics
following haloperidol administration Biol. Psychiatry 36(7):489-91.



Pdl, H.S., Williams, A.C., Blake, D.R., Lunec, J. (1987) Evidence of enhanced lipid
peroxidation in the cerebrospinal fluid of patients taking phenothiazines Lancet
2(8559):596-9.

Peet M., Laugharne J., Rangargjan N, Reynolds G.P. (1993) Tardive dyskinesia, lipid
peroxidation, and sustained amelioration with vitamin E treatment. Int. Clin.
Psychopharmacol. 8(3):151-3

Petty, R.G. (1999) Prolactin and antipsychotic medications. mechanism of action.
Schizophr. Res. 1999 35:567-73.

Petzer JP, Bergh JJ, Mienie LJ, Castagnoli N Jr, Van der Schyf CJ (2000) Metabolic
defects caused by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and by
HPTP (the tetrahydropyridinyl analog of haloperidol), inrats. Life. Sci.
66(20):1949-54

Philpott NJ, Turner AJ, Scopes J, Westby M, Marsh JC, Gordon-Smith EC, Dalgleish
AG, Gibson FM (1996) The use of 7-amino actinomycin D in identifying
apoptosis: simplicity of use and broad spectrum of application compared with
other techniques. Blood 87(6):2244-51

Prince, J. A., Yassin, M. S. and Oreland, L. (1997) Neuroleptic -Induced Mitochondrial
enzyme Alterationsin the rat brain. The Journal of Pharmacology and Exp.
Therap. 280(1), 261-267.

Post A, Holsboer F, Behl C. (1998) Induction of NF-kappaB activity during haloperidol-
induced oxidative toxicity in clonal hippocampal cells: suppression of NF-
kappaB and neuroprotection by antioxidants J. Neurosci 18(20):8236-46.

Rafalowska U, Liu GJ, Floyd RA (1989) Peroxidation induced changes in synaptosomal
transport of dopamine and gamma-aminobutyric acid Free. Rad. Biol. Med.
6(5):485-92.

Raingeaud, J., Whitmarsh, A. J,, Barrett, T., Derijard, B. and Davis, R. J. (1996) MKK 3-
and MKK6-regulated gene expression is mediated by the p38 mitogen-
activated protein kinase signal transduction pathway. Mol. Cell. Biol. 16(3),
1247-55

Ramchand, C. N., Davies, J.I., Tresman, R.L., Griffiths, 1.C., and Peet M. (1996)
Reduced susceptibility to oxidative damage of erythrocyte membranes from

81



medicated scizophrenic patients. Prosatglandins Leukot and Essent Fatty Acids
55(1-2), 27-31.

Reddy, R., Kelkar, H., Mahadik, S. P. and Mukherjee, S. (1993) Abnormal erythrocyte
catalase activity in schizophrenic patients. Schizophr. Res. 9, 227.

Reddy, R., Sahebarao, M. P., Mukherjee, S. and Murthy, J. N. (1991) Enzymes of the
antioxidant defense system in chronic schizophrenic patients. Biol Psychiatry
30(4), 409-12

Reddy, R. D. and Y ao, J. K. (1996) Free radical pathology in schizophrenia: areview.
Prostaglandins Leukot Essent Fatty Acids 55(1-2), 33-43.

Richter, C., Gogvadze, V., Laffranchi, R., Schlapbach, R., Schweizer, M., Suter, M.,
Walter, P. and Y affee, M. (1995) Oxidants in mitochondria: from physiology to
diseases. Biochim. Biophys. Acta. 1271(1), 67-74.

Ring, B. J., Catlow, J., Lindsay, T. J., Gillespie, T., Roskos, L. K., Cerimele, B. J,
Swanson, S. P., Hamman, M. A. and Wrighton, S. A. (1996) Identification of
the human cytochromes P450 responsible for the in vitro formation of the major
oxidative metabolites of the antipsychotic agent olanzapine. J. Pharmacol. Exp.
Ther. 276(2), 658-66.

Rollema, H., Skolnik, M., D'Engelbronner, J., Igarashi, K., Usuki, E., Castagnoli, N. Jr.
(1994) MPP(+)-like neurotoxicity of a pyridinium metabolite derived from
haloperidol: in vivo microdialysis and in vitro mitochondrial studiesJ.
Pharmacol. Exp. Ther. 268(1):380-7.

Rollema, H., Subramanyam, B., Sloknik, M.,d’ Engelbronner, J., and Castagnoli, N. Jr.
(1991) MPP+ like neurotoxicity of HPP+, a pyridinium metabolite of
hal operidol: amicrodiaysis study. In: Monitoring Molecules in Neuroscience,
pp367-372, University Center for Pharmacy, Groningen, The Netherlands.

Sadrzadeh, S. M., Grdf, E., Panter, S. S., Halaway, P. E. and Eaton, J. W. (1984)
Hemoglobin. A biologic fenton reagent. J. Biol. Chem. 259(23), 14354-6.

Sagara, Y. (1998) Induction of reactive oxygen species in neurons by haloperidol. J.
Neurochem. 71(3):1002-12

Saller, C. F. and Salama, A. 1. (1993) Seroquel: biochemical profile of a potential atypical
antipsychotic. Psychopharmacol (Berl) 112(2-3), 285-92

82



Sdtiel, A.R., Decker SJ(1994) Cellular mechanisms of signal transduction for
neurotrophins. Bioessays 16(6):405-11

Sastre. J., Pallardo, F.V., Garciadela Asuncion, J., Vina, J. (2000) Mitochondria,
oxidative stress and aging. Free Radic Res 32(3):189-98

Schmid, 1., Uittenbogaart, C.H., Giorgi, J.V. (1994b) Sensitive method for measuring
apoptosis and cell surface phenotype in human thymocytes by flow cytometry.
Cytometry.15(1):12-20

Schmid, I., Uittenbogaart, C.H., Keld, B., Giorgi, J.V. (1994a) A rapid method for
measuring apoptosis and dual-color immunofluorescence by single laser flow
cytometry. J. Immunol. Methods. 170(2):145-57.

Schoonbroodt, S., Legrand-Poels, S., Best-Belpomme, M. and Piette, J. (1997) Activation
of the NF-kappaB transcription factor in a T-lymphocytic cell line by
hypochlorous acid. Biochem. J321(Pt 3), 777-85.

Schreck, R., Grassmann, R., Fleckenstein, B. and Baeuerle, P. A. (1992) Antioxidants
selectively suppress activation of NF-kappa B by human T- cell leukemiavirus
type| Tax protein. J. Virol. 66(11), 6288-93

Schulze-Ostoff, K., Ferrari, D., Riehemann, K. and Wesselborg, S. (1997). Regulation of
NF-kappa B activation by MAP kinase cascades. |mmunobiol 198(1-3), 35-49.

Schwartz, R.D., Skolnick, P., and Paul, S.M. (1988) Regulation of gamma-aminobutyric
acid/barbiturate receptor-gated chloride ion flux in brain vesicles by
phospholipase A2: possible role of oxygen radicals J. Neurochem. 50(2):565-
71.

Sears, L. L. and Steinmetz, J.E. (1997) Effects of haloperidol on sensory processing in
the hippocampus during classical eyeblink conditioning. Psychopharmacol 130,
254-260

Seeman, P. M. and Biay, H.S. (1963) The Surface Activity of Tranquilizers. Biochem.
Pharamacol. 12, 1181-1191.

Shivkumar, B. R., and Ravindranath, V. (1993) Oxidative stress and Thiol Modification
Induced by Chronic Administration of Haloperidol. J. Pharmacol. Exp. Ther.
265(3), 1137-1141.



Shivkumar, B. R., and and Ravindranath, V. (1992) Oxidative stress Induced by
administration of the neuroleptic drug haloperidol is attenuated by higher doses
of haloperidol. Brain. Res. 595, 256-262.

Sohal, R. S. and Orr, W. C. (1992) Relationship between antioxidants, prooxidants, and
the aging process. Ann .N. Y. Acad. Sci. 663, 74-84.

Soudijn, W., Van Wijngaarden, |. and Allewijn, F. (1967) Distribution, excretion and
metabolism of neuroleptics of the butyrophenone type. I. Excretion and
metabolism of haloperidol and nine related butyrophenone-derivativesin the
Wistar rat. Eur. J. Pharmacol. 1(1), 47-57.

Sovner, R., Dimascio, A and Killam, F. (1978) Psychopharmacology: A generation of
progress. In: Extrapyrmidal syndromesand the other neurological side effects of
psychotropic drugs. (Lipton MA, D. A., Killam F, ed.), pp. 1021-1032. Raven
Press, New Y ork.

Steele, JA., Stockbridge, N., Majkovic, G., Welir, B. (1991) Free radicals mediate
actions of oxyhemoglobin on cerebrovascular smooth muscle cells Circ. Res.
68(2):416-23.

Stevenson, M. A, Pollock, S. S., Coleman, C. N. and Calderwood, S. K. (1994) X-
irradiation, phorbol esters, and H202 stimulate mitogen-activated protein kinase
activity in NIH-3T3 cells through the formation of reactive oxygen
intermediates. Cancer. Res. 54(1), 12-5.

Stockton, M. E. and Rasmussen, K. (1996) Electrophysiological effects of olanzapine, a
novel atypical antipsychotic, on A9 and A10 dopamine neurons.

Neur opsychopharmacol. 14(2), 97-105.

Subramanyam, B., Pond, S. M., Eyles, D. W., Whiteford, H. A., Fouda, H. G. and
Castagnoli, N., Jr. (1991) Identification of potentialy neurotoxic pyridinium
metabolite in the urine of schizophrenic patients treated with haloperidol.
Biochem. Biophys. Res. Commun. 181(2), 573-8.

Subramanyam, B., Rollema, H., Woolf, T. and Castagnoli, N., Jr. (1990) Identification of
apotentially neurotoxic pyridinium metabolite of haloperidol in rats. Biochem.
Biophys. Res. Commun. 166(1), 238-44.



Subramanyam, B., Pond, S. M., Eyles, D. W., Whiteford, H. A., Fouda, H. G. and
Castagnoli, N., Jr. (1991) Free radicals mediate actions of oxyhemoglobin on
cerebrovascular smooth muscle cells Biochem. Biophys. Res. Commun. 181(2),
573-8.

Taborsky G. (1973) Oxidative modification of proteinsin the presence of ferrousion and
air. Effect of ionic constituents of the reaction medium on the nature of the
oxidation products Biochem. 12(7):1341-8.

Thurman, R. G., Ley, H.G., and Scholz, R. (1972) Hepatic microsomal ethanol oxidation.
Hydrogen peroxide formation and the role of catalase. Eur. J. Biochem. 25,
420-430

Tischler, A.S,, Ruzicka, L.A., Periman, R.L. (1990) Mimicry and inhibition of nerve
growth factor effects: interactions of staurosporine, forskolin, and K252ain
PC12 cellsand normal rat chromaffin cellsin vitro. J Neurochem. 55(4):1159-
65

Toba, K., Kishi, K., Koike, T., Winton, E.F., Takahashi, H., Nagai, K., Maruyama, S,
Furukawa T, Hashimoto S, Masuko M, Uesugi Y, Kuroha T, TsukadaN.,
Shibata, A. (1996) Profile of cell cyclein hematopoietic malignancy by
DNA/RNA quantitation using 7AAD/PY . Exp Hematol 24(8):894-901

Turrens, J. F. (1997) Superoxide production by the mitochondrial respiratory chain.
Biosci. Rep. 17(1), 3-8.

Tye, N. C., Moore, N. A., Rees, G., Sanger, G., Calligaro, D. O. and Beaseley, C. M.
(1992) Second International Conference on Schizophrenia., Vancouver, British
Columbia.

Udenfriend, S., Clark, C., Axelrod, J, and Brodie, B.B. (1954) J. Biol. Chem.208:721-39

Usuki, E., Pearce, R., Parkinson, A. and Castagnol, N., Jr. (1996) Studies on the
conversion of haloperidol and its tetrahydropyridine dehydration product to
potentially neurotoxic pyridinium metabolites by human liver microsomes.
Chem. Res. Toxicol. 9(4), 800-6.

Van der Schyf CJ, Castagnoli K, Usuki E, Fouda HG, Rimoldi JM, Castagnoli N Jr
(1994) Metabolic studies on haloperidol and its tetrahydropyridine analog in
C57BL/6 mice. Chem. Res. Toxicol. 7(3):281-5



Van Putten T, Marder SR, Wirshing WC, Aravagiri M, Chabert N (1991) Neuroleptic
plasmalevels. Schizophr. Bull. 17(2):197-216

Vaiva, G., Thomas, P., Leroux, J. M., Cottencin, O., Dutoit, D., Erb, F. and Goudemand,
M. (1994) [Erythrocyte superoxide dismutase (eSOD) determination in positive
moments of psychosis]. Therapie 49(4), 343-8.

Van der Schyf, C.J., Castagnoli, K., Usuki, E., Fouda, H.G., Rimoldi, J.M., Castagnoli,
N. Jr. (1994) Metabolic studies on haloperidol and its tetrahydropyridine analog
in C57BL/6 mice. Chem. Res. Toxicol. 7(3):281-5

Van der Schyf, C.J., Usuki, E., Eyles, D.W., Keeve, R., Castagnoli, N. Jr., Pond, SM.
(1996) Haloperidol and its tetrahydropyridine derivative (HPTP) are
metabolized to potentially neurotoxic pyridinium speciesin the baboon. Life
Sci. 59(17):1473-82

Van Kammen, D. P,, Yao, J. K. and Goetz, K. (1989) Polyunsaturated fatty acids,
prostaglandins, and schizophrenia. Ann N 'Y Acad Sci 559, 411-23.

Vilner, B. J. and Bowen, W. D. (1993) Sigma receptor-active neuroleptics are cytotoxic
to C6 gliomacellsin culture. Eur. J. Pharmacol. 244(2), 199-201.

Vilner, B.J, De Costa, B.R., Bowen, W.D. (1995) Cytotoxic effects of sigmaligands:
sigma receptor-mediated alterationsin cellular morphology and viability. J
Neurosci. 15(1 Pt 1):117-34.

Wang, H. (1992) [An investigation on changes in blood CuZn-superoxide dismutase
contentsin type, Il schizophrenics]. Chung Hua Shen Ching Ching Shen Ko
Tsa Chih 25(1), 6-8, 60.

White, F. J. and Wang, R. Y. (1983) Differential effects of classical and atypical

antipsychotic drugs on A9 and A10 dopamine neurons. Science 221(4615), 1054-7.

Wiesd, F. A. (1992) Glucose metabolism in psychiatric disorders: how can we facilitate
comparisons among studies? J Neural Transm Suppl 37, 1-18.

Wyllie AH, Kerr JF, Currie AR (1980) Cell death: the significance of apoptosis. Int Rev
Cytol. 68:251-306.

Walling C. (1975) Acc Chem. Res. 8:125-126

WillsE.D. (1969) Biochem J. 113, 315-324

86



Y oussef, H.A. (1991) Duration Of Neuroleptic Treatment and Relapse Rate: A 5-Y ear
Follow - Up Study with Haloperidol Decanoate Clin. Neuropharmacol. 14, S16-
S23

Zang L.Y ., MisraH.P. (1993) Generation of reactive oxygen species during the
monoamine oxidase- catalyzed oxidation of the neurotoxicant, 1-methyl-4-
phenyl-1,2,3,6- tetrahydropyridine J. Biol. Chem. 268(22):16504-12

Zang L.Y ., Misra, H.P. (1992) EPR kinetic studies of superoxide radicals generated
during the autoxidation of 1-methyl-4-phenyl-2,3-dihydropyridinium, a
bioactivated intermediate of parkinsonian-inducing neurotoxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine J. Biol. Chem. 267(33):23601-8.

87



Appendix 1

Membrane lipid peroxidation studies with Olanzapine:

Effect of Olz on lipid peroxidation: The experimental conditions are as described under
“Materials and Methods™ in chapter 1. The reaction mixture (total 1 ml) containing 3 mg
of microsoma protein in 0.05 M Tris-HCI buffer, pH 7.6, 1 mM ADP, 50 uM ferric

chloride, 100 pM ascorbate was incubated at 370 C for 15 minutes. Lipid peroxidation
was initiated by the addition of H,O, and was terminated by the addition of 2 ml of 0.5%
TBA, and 2% trichloroacetic acid. *A p value £ 0.01 was considered significant.
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Appendix 2

Hydroxyl radical scavenging by Olz determination of rate constant. Deoxyribose
degradation in the presence of various concentrations of Olz was followed as described
under “Materials and Methods’, Chapter 1, using afinal deoxyribose concentration of 2.8
mM in the reaction mixture. A: Inhibition of deoxyribose degradation by Olz and
determination of rate constant (inset). The rate constant was determined from the slope of
the line (k = slope X Kpr] X [DR] XA) as described in the text (chapter 1) yielding the

valueof 31.4 X 10° M st
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Appendix 3

Cytology: Cdlstreated with HP, Olz, hydrogen peroxide or vehicle were rinsed with PBS
and examined following cytocentrifugation. Briefly, A 200 pl aiquot of 1.0 x 10° cells
was collected and placed into a cyto-centrifugation chamber (Cyto-TEK, Sakura, Japan)
containing 250 pul phosphate buffered saline (pH 7.2) and 50 pl of 15% Bovine Serum
Albumin (BSA, Sigma) in saline. The cellswere centrifuged at 50 X g, 23°C for 7 min.
The slides were fixed with 95% methanol and stained with Modified Wright stain
(Sigma). Slides were coverdlipped and sealed with Permount (Fisher Scientific). Cells
were examined under light microscope for the presence of apoptotic bodies under oil
immersion at 100x

Fig 3: Representative pictures fromthe cytologic and light microscopic evaluation of the

HP and Olz treated PC-12 cells (original magnification 100X):

&
o

A:Healthy PC-12 cells



B: Necrotic PC-12 cells (as indicated by arrows) when cultured with high drug
concentration of HP/OI z or H202.
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C: Highly granular cells after treatment with HP. Increased vacuolization is observed.
Mostly all the cells show this phenomena.
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