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ABSTRACT 

Neuronal alterations resulting from exposure to Parkinsonian-inducing 1-methy]-4- 

phenyl-1,2,3,6-tetrahydropyridine (MPTP) in an in vitro model SH-SYSY human 

neuroblastoma cells were explored using cytotoxic effects, neurochemical changes and 

pathological injury as endpoints. The results suggested that: 

MPTP entered the SH-SYS5Y human neuroblastoma cells through a non-dopamine 

transport mechanism, and was metabolized to 1-methyl-4-phenyl-2,3-dihydropyridium 

(MPDP*") and 1-methyl-4-phenylpyridium (MPP*) by monoamine oxidase (MAO). MPP", 

the neurotoxic analog of MPTP, was taken up into cells through a dopamine (DA) uptake 

mechanism. 

MPTP, via its metabolite MPP’, inhibited NADH dehydrogenase activity. The 

MPTP-induced alterations of morphology included formation of blebs, attenuated 

neutrites, abnormal mitochondria with electron-density of matrix and disorganization of 

cristae, and abnormal aggregation of filamentous material of the cytoskeleton. 

MPTP was neurotoxic to the dopaminergic system, inhibiting monoamine oxidase 

(MAO) activity, and decreasing levels of dopamine (DA) and other catecholamines. In 

addition, MPTP enhanced °H-DA release from cells, and its metabolite MPP* inhibited *H- 

DA uptake.



MPTP was found to directly act on the cholinergic system in SH-SY5Y cells, 

causing dose-related decreases in the binding at muscarinic and nicotinic receptors. MPTP 

also inhibited acetylcholinesterase (AChE) activity and increased choline levels. The 

MPTP-induced increase in DA release and the decreases in catecholamines in SH-SYSY 

cells were blocked by pretreatment with acetylcholine receptor antagonists atropine and d- 

tubocurarine. 

MPTP caused increases in tau proteins, and also caused an increased expression of 

the reverse transcriptase polymerase chain reaction (RT-PCR) product after treatment for 

2 to 5 days at 10° to 10° M. The results, for the first time, demonstrated that MPTP 

affected cytoskeletal associated tau protein and altered its mRNA. 

These results demonstrated that the human neuroblastoma cell line, SH-SYSY, can 

be used as an in vitro model for the study of the neurotoxicity of MPTP, including the 

mechanisms associated with exposure to this neurotoxicitant.



EXTENDED ABSTRACT 

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) can produce a clinical, 

pathological and neurochemical state that closely resembles Parkinson’s disease in humans 

and primates. Although the most noticeable MPTP-induced manifestations of the 

neuropathy involve the dopaminergic system, it has been noted that MPTP neurotoxic 

actions are somewhat more complex, and the exact mechanisms are unclear. In this 

present study, the SH-SY5Y human neuroblastoma cell line was used as an in vitro model 

to determine whethe the cholinergic system, as well as tthe dopamine system, contribute to 

the effects of MPTP on neuronal cells, and whether alterations of cytoskeletal tau proteins 

are a marker for MPTP neurotoxicity. 

The results of these studies indicate that: 

1. SH-SYS5Y cells exhibited the ability to specifically take up 1-methyl-4-phenyl- 

pyridinium (MPP’), the neurotoxic metabolite of MPTP, through a dopamine (DA) uptake 

mechanism with a transport constant (K,) of 18.65 nM and a maximum velocity (Vmax) of 

54.88 fmol/min/mg protein. In contrast, MPTP entered the cells through a non-DA 

transport mechanism. SH-SY5Y cells were also capable of metabolizing MPTP to 1- 

methyl-4-pheny]-2,3-dihydropyridinium (MPDP”) and MPP’. 

2. The SH-SYSY cell culture was useful for the study of MPTP cytotoxicity when 

using mitochondrial NADH dehydrogenase inhibition and/or morphological changes as 

indicators. MPTP, via its metabolite MPP’, inhibited NADH dehydrogenase activity. The 

K; for MPTP was 2.4 x 10° M; the K; for MPP* was 3 x 10° M. The MPTP-induced 

morphological alterations were evident between a few hours to a few days of exposure. 

These changes included formation of membranous blebs, attenuated neutrites, abnormal 
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mitochondria with electron-dense matrix and disorganization of cristae, and abnormal 

aggregation of cytoskeletal filamentous material. 

3. The neurotoxic effects of MPTP on the dopaminergic system were significant in 

SH-SY5Y cells. MPTP inhibited monoamine oxidase (MAO) activity in a dose and time 

dependent manner with a K; of 5 x 10° M. MPTP significantly decreased levels of 

dopamine (DA) and other catecholamines; it also reduced serotonin (5-HT) and 5-HIAA 

concentrations. In addition, MPTP enhanced °H-DA release from cells, and its metabolite 

MPP* inhibited *H-DA uptake. Pretreatment with the MAO inhibitor pargyline protected 

the cells from MPTP-induced alterations of catecholamines and the decrease in 5-HT. 

4. MPTP was found to act directly on the cholinergic system in SH-SYSY cells. 

MPTP caused a dose-related decrease in the binding of [°H]-methylscopolamine CH- 

NMS) at the muscarinic receptors with a median inhibition concentration (ICso) of 1.82 x 

10% M, and also caused a decrease in ['”°I]-c-bungarotoxin ('”I-Bgt) binding at the 

nicotinic receptors with an ICso of 1.95 x 10° M._ In addition, MPTP inhibited 

acetylcholinesterase (AChE) activity in a dose and time dependent manner (K; 2.115 x 10° 

M). Pretreatment with MAO inhibitors clorgyline and pargyline did not prevent these 

MPTP-induced changes. MPTP also caused an increase in choline levels. These results 

suggest that MPTP itself could act on acetylcholine receptors and on acetylcholinesterase. 

5 MPTP, like the cholinergic agonists acetylcholine and nicotine, and the 

acetylcholinesterase inhibitor DFP, was found to enhance DA release. The MPTP-induced 

increase in DA release and the decrease in catecholamines in SH-SYSY cells were blocked 

by pretreatment with acetylcholine receptor antagonists atropine and d-tubocurarine. The 

results suggested that MPTP itself can act as an agonist to stimulate muscarinic and 

nicotinic receptors. The MPTP-induced inhibition of AChE could indirectly enhance DA



release. These effects suggested a interaction of the cholinergic system and the 

dopaminergic system upon exposure to MPTP. 

6. Western blots, using anti-tau-1 antiboby, demonstrated that there were at least six 

isoforms of tau proteins, three of which were phosphorylated, in SH-SYSY cells. MPTP 

caused increases in tau proteins. The results of RT-PCR using primers coding the entire 

tau protein length confirmed the expression of this protein in SH-SYSY cells. The PCR 

product was a fragment of about 1050 base pairs (bp). MPTP caused an increased 

expression of the PCR product after treatment for 2 to 5 days at 10° to 10° M. These 

results, for the first time, demonstrated that MPTP affects cytoskeletal associated tau 

protein and altered its MRNA. 

In summary, these results demonstrated that the human neuroblastoma cell line, SH- 

SYSY, is a useful in vitro model for the study of MPTP neurotoxicity. Additionally, the 

studies provide insights into the mechanisms of MPTP-induced neurotoxicity. Both the 

DA and the cholinergic systems were affected by MPTP. In addition, the effects of MPTP 

on the cytoskeletal tau protein provides a new marker for MPTP neurotoxicity. 
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PART I. INTRODUCTION



I. HYPOTHESIS AND PURPOSE 

The hypothesis tested in the present study was that Parkinsonian-inducing 1-methyl- 

4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) has an effect on the cholinergic system and 

that its effect on the cholinergic system would affect its action on the dopaminergic 

system. To test this hypothsis, the neuronal alterations resulting from exposure to MPTP 

were investigated in an in vitro model, SH-SYSY human neuroblastoma cells. This study 

was carried out using three different types of endpoints to measure MPTP’s effects, 

including cytotoxic effects, neurochemical changes and morphological alterations. 

Emphasis was placed on the effects of on the cholinergic system and the cytoskeletal tau 

protein. These studies were done to determine whether the human neuroblastoma cell 

line, SH-SYSY, could be used as an in vitro model for examination of MPTP 

neurotoxicity, including cholinergic and dopaminergic interactions, and the possibility that 

cytoskeletal tau protein could be a marker of MPTP neurotoxicity.



Il. LITERATURE REVIEW 

A. Historical background 

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was first identified as by- 

product in the synthesis of meperidine analog (Langston and Ballard, 1983). In 1982, the 

neurotoxicity of MPTP was recognized for the first time when a group of addicts in 

northern Califonia injected this substance and subsequently exhibited virtually all of the 

motor features seen in Parkinson’s disease (Langston et al., 1983). After that, the 

observations of morphological and biochemical alterations in human and other primates 

also revealed neuronal changes produced by MPTP were consistent with Parkinsonism. 

This discovery not only stimulated a great deal of work on the neurotoxic mechanisms of 

MPTP and the possible relationship to idiopathic Parkinson’s disease, but also led to 

speculation that exposure to compounds structurally related to MPTP, which may be 

present in the environment and/or produced in vivo, might contribute to the pathologic 

processes associated with idiopathic Parkinson’s disease. 

B. MPTP neurotoxicity and proposed mechanisms 

1. Neurotoxicity 

MPTP can produce a clinical, pathological and neurochemical state that closely 

resembles Parkinson’s disease in human and primates. 

After exposure to MPTP, people exhibit symptoms including immobility, increased 

muscle tone, inability to speak intelligibly, fixed stare, diminution of blinking, facial 

seborrhea, and flexed posture typical of fully-developed Parkinson’s disease (Davis et al., 

1979; Langston et al., 1983; Ballard et al., 1985). In non-human primates, MPTP also 

produced altered motor activity such as akinesia, rigidity, freezing episodes, drooling,



postural abnormalities, loss of vocalization and diminished blink reflex (Burns et al., 1983; 

Jenner et al., 1984; Langston et al., 1984a). Chronic exposure to low doses of MPTP can 

induce cognitive deficits in primates (Schneider and Kovelowski, 1990). In rodents, 

however, MPTP can cause reduced locomotion only at relatively high doses (Hallman et 

al., 1985; Fields 1986). 

Degeneration of the substantia nigra (SN) and locus ceruleus has been seen in a 

single postmortem study in a human patient (Davis et al., 1979). In non-human primates, 

MPTP also caused selective damage and loss of the tyrosine hydroxylase-positive 

dopamine-containing cells of the SN (Burns et al., 1983; Langston et al., 1984a; Elsworth 

et al., 1987). This is similar to the pathologic findings in the SN of patients who died of 

Parkinson’s disease. 

Biochemical studies of MPTP toxicity have revealed a profound persistent loss of 

caudate-putamen dopamine (DA) in non-human primates (Burns et al., 1983; Chiueh et 

al., 1985a and 1985b; Jenner et al., 1986a; Elsworth et al., 1987; Russ et al., 1991). 

Changes in norepinephrine (NE) and serotonin (5-HT) induced by MPTP have been 

observed in both SN and extrastriatal areas in non-human primates (Chiueh et al., 1985a; 

Pift et al., 1991). There are no consistent alterations in glutamic acid decarboxylase 

(GAD) and choline acetyltransferase (CAT) in non-human primates exposed to MPTP 

(Jenner et al., 1986a and 1986b; Garvey et al., 1986). These changes, however, have been 

seen in idiopathic Parkinson’s disease. 

2. Proposed mechanisms 

Various biochemical mechanisms have been considered to explain the selective 

dopaminergic neurotoxicity of MPTP. Current evidence suggests that MPTP, a lipophilic 

molecule, rapidly enters the brain and is metabolized by the B form of monoamine oxidase 

(MAO-B), probably of astroglial cells (Glover et al., 1986; Ransonm et al., 1987; Uhl et 

al., 1985; Marini et al., 1989), to MPDP*. MPDP” then is further oxidized to MPP* 

(Chiba et al., 1984 and 1985b; Petersen et al., 1985). MPP” is taken up selectively by the



high-affinity DA uptake pump into dopaminergic neurons (Javitch et al., 1985; Schinelli et 

al., 1988; Chiba et al., 1985a), and concentrated in the mitochondria (Ramsay and Singer., 

1986). MPP” may also be bound to neuromelanin, which may contribute to its 

intracellular accumulation and neurotoxicity (D’ Amato et al., 1986 and 1987). 

The exact mechanisms that lead to cell death are still not well understood. 

According to a current hypothesis, the accumulation of MPP* within the inner 

mitochondrial membrane (Ramsay et al., 1986; Hoppel et al., 1987) may be responsible for 

neuronal death, because there MPP” inhibits NADH dehydrogenase (Nicklas et al., 1985; 

Sayre et al., 1989; Saporito et al., 1992), interrupts the electron transport chain and 

depletes ATP (Kutty et al., 1991; Chan et al., 1991 and 1992). 

The other alternative neurotoxic mechanisms which may be involved in MPTP 

neurotoxicity include oxidative stress, effects on the cholinergic system (Hadjiconstantinou 

et al., 1985; Rollema et al., 1988; Suh et al., 1989; Hsu et al., 1993a, 1993b, and 1994), 

effects on the excitatory amino acid system (Klockgether et al., 1991; Wullner et al., 1993; 

Fornai et al., 1996), effects on the serotonin system (Rollema et al., 1991 and 1994), and 

disruption of Ca homeostasis (Frei and Richter, 1986; Kass et al., 1988; Chiueh et al., 

1993). 

2.1 Bioactivation of MPTP by monoamine oxidase (MAO) 

In vitro studies with purified enzymes show that MPTP is an effective substrate for 

MAO-B, but it is also oxidized, although more slowly, by the A form of the enzyme 

(Salach et al., 1984; Singer, 1985). In the brain, MPTP undergoes two successive steps of 

MAO-mediated conversion, first to MPDP* and then to MPP" (Fig.1) ( Johannessen et al., 

1985; Langston et al., 1984b). In the peripheral tissues, particularly in the liver, two 

additional pathways, such as formation of MPTP N-oxide by flavin monooxygenase and 

N-demethylation of MPTP by cytochrome P450, are involved (Cashman and Ziegler, 

1986; Chiba et al., 1988). The peripheral metabolism of MPTP may represents



detoxification since the metabolites these tissues do not appear to cause significant toxicity 

(Chiba et al., 1988). 

Many studies suggest that MPTP itself is not neurotoxic, but oxidation by MAO-B, 

which leads to the formation of reactive metabolites, is a critical step in the expression of 

MPTP neurotoxicity. The fact that MPTP neurotoxicity is prevented by MAO-B inhibitors 

confirms this hypothesis (Cohen et al., 1984; Fuller et al., 1985; Langston et al., 1984c; 

Bradbury et al., 1985b). 
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Figure 1. Pathways of metabolism of MPTP in mammalian tissues. I, MPTP; II, 

MPDP"; III, MPP’; IV, demethylated MPTP; V, N-oxide MPTP; VI, 

1-methy]-4-phenyl-5,6-dihydro-2-pyridone; VII, 1-methyl-4-phenyl]-2- 

pyridone; AO, amine oxidase; MFMO, microsomal flavoprotein mono- 

oxygenase. From Singer et al. (1987).



MPDP’ is a substrate of both MAO-A and B (Singer et al., 1986), but it is not as 

good a one as MPTP (Singer et al., 1986; Ramsay et al., 1987). The report that MAO 

inhibitors do not protect isolated hepatocytes from MPDP” toxicity (Di Monte et al., 

1987) not only suggests that oxidation of MPTP is a limiting process in its toxicity, but 

also implies that the cytotoxicity may result from MPDP”. 

Besides being substrates for MAO, MPTP and its two oxidized products MPDP* 

and MPP” are effective inhibitors of MAO (Kinemuchi et al., 1985; Krueger, 1990; May, 

1993; Singer et al., 1986) by interacting with and modifying functional groups on the 

enzyme protein or its co-enzyme FAD (Itzhak et al., 1991; Singer et al., 1986; Krueger et 

al., 1990). MPTP and MPDP” can cause a time-dependent, irreversible inhibition of 

MAO-A and B (Kinemuchi et al., 1985; Krueger., 1990; May, 1993; Singer et al., 1986). 

MPP* is a simple inhibitor of MAO-A and B, and causes a reversible competitive inhibition 

of the enzyme (Singer et al., 1986; Krueger et al, 1990). 

Studies show that the rate of inactivation of MAO-B during the oxidation of MPDP* 

to MPP” is faster than that of MPTP to MPDP” (Krueger et al., 1990). This also suggests 

that the oxidation of MPTP is a self-limiting process in production of its active 

metabolites. 

2.2 Uptake of MPP" by dopaminergic neurons 

Although the production of MPP* by MAO-B is a necessary first step in eliciting 

toxicity, it cannot account for the selective effects on dopaminergic neurons since MAO-B 

is not in high concentration in these cells. MAO-B is found in serotonergic neurons and in 

glia (Westlund et al., 1985); therefore, the metabolic activation of MPTP presumably 

occurs outside dopaminergic neurons. In vitro experiments (Marini et al., 1989; Ransom 

et al., 1987; Di Monte et al., 1992) demonstrated a time-dependent production and release 

of MPP” by astrocytes exposed to MPTP. It is thought that the uptake of the active 

metabolite MPP” by dopaminergic neurons explains, at least in part, the selective toxicity 

of MPTP.



Studies show that dopaminergic cells take up MPP" through a transport mechanism 

that normally carries the monoamine transmitter DA (Javitch et al., 1985a and 1985b; 

Snyder et al., 1986; Giros et al., 1992). The inhibition of the transport activity with DA 

transport (DAT) inhibitors prevents MPTP neurotoxicity (Melamed et al., 1985; Javitch et 

al., 1985a). The expression of the plasma membrane-associated DAT in transfected cells 

such as neuronal SK-N-MC cells and nonneuronal African green monkey kidney COS 

cells increases sensitivity to MPP” (Pifl et al., 1993; Kitayama et al., 1992). These results 

confirm the role of DAT in MPTP neurotoxicity. 

2.3 Mitochondrial inhibition as a hypothesis for the mechanism of MPTP toxicity 

It has been reported that MPTP caused abnormalities in the mitochondria of the 

nigral neurons. MPTP induced expanded mitochondria and _ variously-shaped 

intramitochondrial inclusion bodies in monkeys (Tanaka and Nakamura 1988; Nakamura 

et al., 1989), and ATP loss in mouse brain (Chan et al., 1991 and 1992). 

In vitro studies suggested that MPP” inhibited NADHD activity, and blocked 

mitochondrial electron transport by interrupting electron flux from NADH dehydrogenase 

to coenzyme Q at the same site as rotenone and piericidin A (Krueger et al., 1993; 

Ramsay et al., 1986,1987, 1991a and 1991b). The fact that MPP” does not inhibit 

reduction of the iron-sulfur clusters of NADH dehydrogenase confirms that the point of 

inhibition in complex I is between the highest potential Fe-S cluster in NADH 

dehydrogenase and coenzyme Q (Ramsay et al., 1986 and 1987). Studies suggested that 

MPP", like rotenone and piericidin A, inhibits NADH dehydrogenase via binding to two 

sites on NADH dehydrogenase, a hydrophilic and a hydrophobic site (Krueger, 1993; 

Ramsay et al., 1991a and 1991b), and the occupancy of both sites is required for complete 

inhibition (Krueger, 1993). How the cessation of electron transport from NADH 

dehydrogenase to coenzyme Q fits with a mechanism for MPP” toxicity is not yet 

understood, however. Whether the complex II is a target of MPP” is controversial (Fields 

et al., 1992; Ramsay et al., 1987). A recent study showed that MPP” only partially



inhibited mitochondrial succinate oxidation even at very high concentrations (Krueger et 

al., 1993). 

2.4 Oxidative stress as a mechanism for MPTP toxicity 

The oxidative stress hypothesis, an alternative explanation of MPTP neurotoxicity, 

is based on the similarity of chemical structures between MPP" and paraquat. Paraquat 

causes oxidative toxicity (Bus et al., 1976; Sandy et al., 1986). However, the low redox 

potential of MPP* (-1.07v) precludes its reduction in the cells (Frank et al., 1987). It is 

postulated that decomposition of MPDP”, a unstable intermediate metabolite of MPTP, to 

MPP” may involve one-electron oxidation/reduction producing superoxide anion radicals 

(O2) from oxygen, at least via a spontaneous autoxidation (Sayre, 1989). 

Electron spin resonance (ESR) and other studies have demonstrated the formation 

of free radical adducts after aerobic MPTP treatment of mouse brain mitochondria and 

mitochondrial MAO (Adams et al., 1993; Rossetti et al., 1988; Wu et al., 1993; Chiueh et 

al., 1992). The antioxidant superoxide dismutase (SOD) suppresses the adduct signal 

(Rossetti et al., 1988). Moreover, a microdialysis study in rats provides in vivo evidence 

of hydroxyl radical (.OH) formation (Chiueh et al., 1992). 

Studies show that MPTP and MPP” can cause increase in lipid peroxidation in 

mouse brain homogenates (Rios and Tapia 1987), mitochondrial preparations (Ramsay 

and Singer 1992; Hasegawa et al., 1990) and in cell culture (Lai et al., 1993). In addition, 

in MPTP-treated monkeys, the basal thiobarbituric acid reactive substance, which defines 

the rate of lipid peroxidation, is significantly increased (Marzatico et al., 1993). Several 

studies also indicate that antioxidants attenuate MPTP and MPP” neurotoxicity (Corsini et 

al., 1985; Wagner et al 1986; Yong et al., 1986), whereas SOD inhibitors exacerbate 

MPTP toxicity (Corsini et al., 1985 ). These results suggest a possible role of oxidative 

stress and lipid peroxidation in MPTP-induced Parkinson’s disease. 

2.5 Alternative mechanisms



Although many studies focused on the DA system to explain the neurotoxicity of 

MPTP, others show that MPTP neurotoxic actions are somewhat more complex, and 

include other systems such as the cholinergic system, the EAA system, and Ca™ 

homeostasis. These additional actions may be also important in the neurotoxicity of 

MPTP. 

Effects on the cholinergic system 

It has been reported that MPTP and MPP” can cause increased ACh in the 

neostriatum of rat and mouse (Cavalla et al., 1985; Hadjiconstantion et al., 1985 and 

1986). ACh increases could be caused by increases in choline acetyltransferase (CAT) or 

decreases in acetylcholinesterase (AChE). Studies examining CAT have given inconsistent 

results in primates (Garvey et al., 1986). The ability of MPTP to decrease AChE in mouse 

brain (Hadjiconstantion et al., 1986) and in neuronal cell cultures (Rowles and Ehrich, 

1992; Rowles et al., 1995) has been demonstrated. These changes in ACh and AChE are 

accompanied by a decrease in DA (Cavalla et al., 1985; Hadjiconstantion et al., 1985 and 

1986; Mizukawa et al., 1987), and can be prevented by use of anticholinergic drugs 

(Hadjiconstantion et al., 1985 and 1986). These results suggest that the cholinergic 

system may be a target of MPTP toxic action, and its neurotoxicity may be, in part, related 

to excessive activity of cholinergic neurons or stimulation of ACh receptors (AChR). 

The effects of MPTP and MPP* on AChR have been demonstrated (Mizukawa et 

al., 1987; Ogawa et al., 1987a and b; Suh et al., 1989). In animals, a temporary increase 

in muscarinic AChR (m-AChR) occurs shortly after administration of MPTP; chronic 

exposure causes a decrease in receptor binding capacity (Ogawa et al., 1987a and b; Suh 

et al., 1989). Whether the decrease represents a down regulation in response to increased 

ACh is still not clear. 

One study noted that the binding of >H-QNB (quinuclidinylbenzilate), a cholinergic 

receptor antagonist, to mouse striatal membrane was inhibited by MPTP and MPP’ with a 

potency similar to muscarinic agonists (ACh, carbamylcholine and methacholine), and the 

MPTP-induced decrease was not prevented by pargyline. The authors suggested that 
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MPTP may be a muscarinic agonist, and MPTP itself may play a role in producing 

Parkinson’s disease by directly affecting the m-AChR in vivo (Suh et al., 1989). 

Recent studies show that, in addition to having effects on the CNS, MPTP elicits a 

neuromuscular blocking action in the mouse phrenic nerve-diaphragm and in cultured 

embryonic Xenopus muscle cells. This occurs through a curare-like action, by binding of 

MPTP to the nicotinic AChR (n-AChR) (Hsu et al., 1993a, 1993b, and 1994). The 

antagonist action of MPTP on postsynaptic n-AChR was not prevented by the MAO 

inhibitor pargyline, suggesting a direct action of MPTP on the n-AChR. This 

neuromuscular (NM) blocking action of MPTP is considered to be involved in the 

respiratory failure associated with acute intoxication with MPTP. 

Effects on the excitatory amino acid (EAA) system 

Some investigaters have suggested that changes in EAA system neurotransmission 

may play an important role in the development of parkinsonian symptoms (Greenamyre 

and O’Brien, 1991). The neurotransmitters of the EAA include glutamate and aspartate, 

and perhaps certain of their analogs. These agents mediate most of the excitatory synaptic 

transmission by acting on receptors such as those for N-methyl-D-aspartate (NMDA), a- 

amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA), amino cyclopentyl 

dicarboxylic acid (ACPD), and L-2-amino-4-phosphonopropionic acid (L-AP4). The 

mechanisms by which activation of glutamate receptors contribute to Parkinsonism, 

however, are unknown. 

Experiments in MPTP-treated primates revealed that the loss of striatal DA led to 

overactivity of the striatal projection to the lateral segment of the globus pallidus, which 

inhibits its projection to the subthalamic nucleus (Miller et al., 1987; Mitchell et al., 1989). 

This subsequently led to increased activity of glutaminergic projections from the 

subthalamic nucleus (STN) to the medial pallidal segment, which in turn, dramatically 

inhibited neuronal activity in the ventrolateral thalamus and pedunculopontine nucleus. 

Studies show that the focal injection of NMDA antagonist MK 801 or the 

nonspecific glutamate antagonist kynurenic acid into the medial pallidal segment of 
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primate and rat brain reversed MPTP-induced parkinsonism (Graham et al., 1990; 

Brotchie et al., 1991). In aged MPTP-treated rhesus monkeys, the intramuscular 

administration of AMPA receptor antagonist 6-nitro-7-sulphamobenzo[f] quinoxaline-2,3- 

dione (NBQX) produced apparent clinical improvement, and induced a neuroprotective 

action in cerebellar granule cells (Klockgether et al., 1991; Marini and Paul., 1992). 

NMDA antagonists MK 801 and 3-(2-carboxy-piperazin-4-yl)-propenyl-phosphonic acid 

(CPP) also protected SN neurons from MPTP-induced degeneration in primates and 

rodents (Chan et al., 1993; Lange et al., 1993). These results suggest the possible role of 

glutamate receptor (GR) in MPTP-induced Parkinson’s disease. A recent study has 

suggested that the activation of GR subtypes in the basal ganglia may be different when 

MPTP-induced parkinsonian is expressed (Klockgether and Turski, 1993). 

However, some conflicing results have been reported. MK801 failed to reverse 

motor deficits in primates (Crossmm et al., 1989), and failed to protect from dopaminergic 

neuronal injury produced by systemic administration of MPTP to mice (Kupsch et al., 

1992). This could have been expected because the neurotoxicity of intraniagral MPP” in 

rats was not prevented by MK801 (Sonsalla et al., 1992). Furthermore, in primary culture 

of fetal rat mesencephalic DA neurons, MK801 did not diminished the MPTP-induced 

toxicity (Finils-Marlier et al., 1993). These results do not support NMDA receptor 

mediating MPTP or MPP’-induced neurodegeneration. 

Disturbance of calcium (Ca™*) homeostasis 

MPTP-induced disturbances of Ca** homeostasis have been noted (Kass et al., 

1988; Frei and Richter, 1986; Chiueh et al., 1993). In mitochondrial preparations, MPP” 

caused Ca‘ release from mitochondria, resulting in a collapsed mitochondrial 

transmembrane potential (Ay) due to mitochondrial damage. In isolated hepatocytes, 

MPTP also caused the depletion of mitochondrial Ca™, followed by a marked elevation of 

cytosolic Ca™, as well as a decreased Ca™* efflux across the plasma membrane, which may 

be the specific biochemical event tied most directly to cell death. 

Alterations of cytoskeleton 
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Relatively few studies focus on the MPTP-induced alterations of cytoskeleton. It 

has been noted, however, that the MPTP-induced neuronal injury in mice may be 

associated with alterations in the expression of glial fibrillary acid protein, the glia specific 

intermediate filament protein (Reinhard, 1988). Furthermore, PC12 cells treated with high 

concentrations of MPTP were not able to extend neurites in the presence of nerve growth 

factor (NGF) (Denton and Howard, 1984), and the MPTP-treated N2AB-1 cells lost 

neurites (Notter et al., 1988), suggesting an effect on microtubule formation. An MPTP- 

induced modification of the actin and tubulin network of microfilaments and microtubules 

in Swiss 3T3 cells (Cappelletti et al., 1991) and the MPP*-induced alterations of 

microtubule associated protein tubulin in PC12 cells were observed (Cappelletti et al., 

1995). In a single postmortem study in a human, it was shown that MPTP destroyed cells 

of the zona compacta of the substatia nigra (SN), and a single eosinophilic inclusion body, 

perhaps representing a Lewy body, made up of an accumulation of altered neurofilament 

(NF) triplet subunits, was found (Davis et al., 1979). In brains from aged primates 

exposed to MPTP, eosinophilic intraneuronal inclusions were seen and their distribution 

was the same as Lewy bodies in Parkinson’s disease (PD) (Forno et al., 1988; 1996). 

However, Lewy bodies from these MPTP-treated monkeys did not display all of the 

morphological and immunocytochemical features of PD (Forno et al., 1993). 

C. Studies on structurally related compounds 

The discovery of MPTP-induced Parkinson’s disease has led to speculation that 

exposure to compounds structurally related to MPTP present in the environment and/or 

produced in vivo may contribute to the neuronal degeneration processes involved in 

idiopathic Parkinson’s disease. 

It is noted that among MPTP analogs, only relatively small numbers have been 

found to exert dopaminergic neurotoxicity. All the neurotoxic MPTP analogs studied so 
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far are oxidized by MAO-A, MAO-B, or both (Youngster et al., 1987b and 1989). In 

mice, 2’-F-MPTP, 2’-CH,F-MPTP, 2’-Cl-MPTP, 2’-Me-MPTP and 2’-ethyl-MPTP are 

more neurotoxic than MPTP (Harik et al., 1993; Youngster et al, 1986; Sonsalla et al., 

1987). Like MPTP, 2’-F-MPTP is exclusively oxidized by MAO-B and its toxicity is 

blocked by the MAO inhibitor pargyline or MAO-B inhibitor deprenyl, but not by MAO-A 

inhibitor clorgyline (Harik et al., 1993). In contrast, 2’-CH,F- MPTP and 2’-Me-MPTP 

are oxidized by both MAO-A and MAO-B, and their toxicity was not blocked by 

pargyline, clorgyline or deprenyl when given separately but required clorgyline and 

depreny! be given together. The toxicity of 2’-ethyl-MPTP was blocked only by clorgyline 

(Harik et al., 1993; Sonsalla et al., 1987; Heikkila et al., 1988). 

Like MPTP, two important factors governing MPTP analog neurotoxicity are the 

initial formation of MPDP” analogs that can be efficiently oxidized to the corresponding 

MPP” analogs, and the uptake of MPP” analogs into sensitive cells by the DAT. PTP (4- 

phenyl-1,2,3,6-tetrahydropyridine) is a substrate and an inhibitor of MAO-B (Sullivan and 

Tipton, 1992), yet is not neurotoxic (Bradbury et al., 1985a; Irwin et al., 1987) since PTP 

is Oxidized readily by MAO-B to dihydropyridine species, but further oxidation to 4- 

phenyl-pyridinium does not occur readily (Sullivan and Tipton, 1992). Furthermore, PTP 

is not an effective inhibitor of mitochondrial respiration, because it is not charged and, 

therefore, not concentrated in the mitochondria by electrochemical gradient. Other MPTP 

analogs such as MBnTP, 2’-MeMO-, 2’-HO-, and 3’-Me- analogs are excellent substrates 

for MAO, yet are non-neurotoxic in mice (Youngster et al., 1986 and 1987a; Fuller and 

Hemrick-Luecke, 1986). MBnP, for example, undergoes little metabolism to a pyridinium 

end-product (Nicklas et al., 1987). 

A number of MPP* analogs can inhibit mitochondrial respiration and NADH 

oxidation in the complex I region (Gluck et al., 1994; Krueger et al., 1993), but inhibition 

potencies are not the same among them. The cationic inhibitors are more effective than the 

neutral analogs with similar hydrophobicity (Gluck et al., 1994). Among them, the 4’- 
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alkyl derivatives of MPP” are the most potent inhibitors in mitochondial membrane 

(Ramsay et al., 1991a). 

Haloperidol (HP), an antipsychotic agent, has a variety of neurologic side effects, 

including a parkinsonian syndrome and tardive dyskinesias (Baldessarini and Tarsy, 1980; 

Waddington, 1990). Although HP is not a substrate for purified bovine liver MAO-B 

(Subramanyam et al., 1991a), it can be changed chemically and/or enzymatically to 

1,2,3,6-tetrahydropyridine derivative (HPTP), which is structurally similar to MPTP 

(Subramanyam et al., 1991a; Fang et al., 1991), then further metabolized to the pyridintum 

species HPP’, an analog of MPP", which is neurotoxic in humans (Subramanyam et al., 

1991b) and animals (Rollema et al., 1994). It has been suggested that the side effects of 

HP may be mediated in part by the metabolite HPP”. 

The effects of HPP” has been found to be, in some aspects, similar to that of MPP’. 

HPP* causes MPP*-type dopaminergic neurotoxicity in rats (Subramanyan et al., 1990). 

Like MPP", intrastriatal perfusion of HPP* leads to the irreversible depletion of striatal DA 

and 5-HT (Rollema et al., 1994; Subramanyan et al., 1990). A similar result was observed 

in cell culture of embryonic mensecephalic cells, although the effects of HPP” were less 

than MPP* (Bloomquist et al., 1994). HPP” inhibits the uptake of DA and 5-HT by 

synaptosomes in vitro (Bloomquist et al., 1994 ). It is interesting to note that HPP* 

inhibits NADH-supported mitochondrial respiration in vivo with less potency than MPP* 

and in vitro with more potency than MPP” (Rollema et al., 1994). However, unlike 

MPP", HPP” also inhibits SDH (Burckhardt et al., 1993). This inhibition of mitochondrial 

activity by HPP* may be similar to the MPP*-type mechanism. 

Studies also found that there is a potential important difference between HPP” and 

MPP*. HPP’, unlike MPP’, displays greater potency against 5-HT neurons than DA 

neurons with regard to uptake inhibition and/or depletion of transmitters (Bloomquist et 

al., 1994; Rollema et al., 1994; Subramanyan et al., 1990 ). 

Paraquat, a widely used herbicide, has been found to cause multiple tissue injuries 

in the lung, liver, heart, kidney, and adrenal gland (Bullivant 1966; Smith and Health, 
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1974; Rose et al., 1976). However, there is still controversy regarding the MPTP-like 

neurotoxicity of paraquat. In general, neurotoxicity of paraquat is considered to be minor 

in humans because of poor penetration of paraquat through the blood-brain barrier (Grant 

et al., 1980). In C57 black mice, the subcutanous administration of paraquat failed to 

damage DA nigrostriatal neurons and Parkinson’s disease-like behavioral syndromes did 

not develop (Perry et al., 1986; Markey SP et al., 1986). However, in the frog, Rana 

pipiens (Barbean et al., 1985), and in rat given paraquat by intracerebroventricular or 

microperfusion (Iannone et al., 1988; De Gori et al., 1988; Calo et al., 1990), behavioral 

alterations, decreased DA, neuropathological changes of dendritic spines, and neuronal 

degeneration and cell loss have been observed. 

The toxic mechanisms of paraquat are thought to be involved in redox cycling and 

formation of superoxide free radicals (Bus et al., 1976; Sandy et al., 1986). A recent 

study showed that paraquat induced neurotoxicity may be associated with increased 

[Ca**]; levels in brain neuronal cells, and that paraquat might alter membrane stability 

(Yoshimura et al., 1993). 

D. In vivo and in vitro models 

1. In vivo (animal) models 

Administration of MPTP to nonhuman primates causes a behavioral, pathological, 

and biochemical state that closely resembles MPTP-induced parkinsonism and idiopathic 

Parkinson’s disease in humans (Burns et al., 1983; Jenner et al., 1984; Langston et al., 

1984b). This disorder in primates responds to classical antiparkinsonian therapy (Burns et 

al., 1983; Jenner et al., 1984; Langston et al., 1984b). At this point in time, nonhuman 

primates represent the best animal model of MPTP-induced Parkinson’s disease (Davis et 

al., 1979; Burns et al., 1983; Langston et al., 1983; Forno et al., 1993, 1995, and 1996). 
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However, their cost and limited availability make primates less than ideal for long term 

multidose, multidrug pharmacological and toxicological studies. 

Studies of MPTP neurotoxicity have also been carried out on other species of 

animals. However, there are differences in susceptibility to MPTP among various species, 

and even across strains (Chiueh et al., 1984a and 1984b; Muthane et al., 1994). Among 

rodent species, mice are sensitive to MPTP (Heikkila et al., 1984a; Chiueh et al., 1984b 

and 1985b). After exposure to MPTP, mice exhibit significant striatal DA depletion and 

nigral neuronal loss, but they do not show obvious clinical signs (Heikkila et al., 1984a 

and 1984b; Mayer et al., 1986), or show only slight behavior change even after repeated 

injections at high doses (Hallaman et al., 1985). Rats, guinea pigs, hamsters, as well as 

other species, such dogs and cats, are also affected by MPTP, but are relatively insensitive 

since high doses are needed (Heikkila et al., 1984a and 1984b; Chiueh et al., 1984a and b; 

Schneider and Markham 1986; Johannessen et al, 1989). 

2. In vitro models 

A variety of in vitro systems have been developed for the study of the metabolism, 

cytotoxic effects, and toxic mechanisms of MPTP. These in vitro systems are derived 

from different species and different tissues, and include primary cell cultures (Di Monte et 

al., 1987 and 1988; Danias et al., 1989; Ekstrom et al., 1987; Heyer et al., 1986; Di Monte 

et al., 1992; Wu et al., 1992), tissue explants (Mytilineou et al., 1985; Saporito et al., 

1992; Schinelli et al., 1988; Chiba et al., 1985), brain slices (Feuerstein et al., 1988; Pai 

and Ravindranath., 1991), brain aggregate cultures (Atterwill et al., 1992), co-cultures 

(Marini et al., 1989), and cloned cell lines (Basma et al., 1990, 1992; Bitler et al., 1986; 

Kutty et al., 1991; Marongiu et al., 1988; Naoi et al., 1987a, 1987b, 1988a and 1988b; 

Umemura et al., 1990; Lai et al., 1993; Spina et al., 1992; Pifl et al., 1993). 

The selection of in vitro systems usually is dependent on the purposes of the 

experiment and the properties of the in vitro system. Thus, primary hepatic cells and 

astrocytes were used for the study of biotransformation of MPTP and analogs (Di Monte 
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et al., 1987, 1988 and 1992), primary mesencephalic neurons and co-cultures were used 

for the study of the DA uptake system, metabolism, and cytotoxicity (Chiba et al., 1985a 

and 1985b; Mytilineou et al., 1985; Saporito et al., 1992; Schinelli et al., 1988; Danias et 

al., 1989; Marini et al., 1989), Swiss 3T3 mouse fibroblasts were used for the study of 

cytoskeletal alterations (Cappelletti et al., 1991), DAT transfected cells such as COS-7 

(American green monkey kidney), CHO (Chinese hamster ovary), Ltk- (mouse fibroblast), 

NG 108-5 (mouse neuroblastoma x rat glioma hybrid), NS20Y (mouse neuroblastoma) 

and SK-N-MC (human neuroblastoma) were used for the study of uptake and cytoxicity 

(Pifl et al., 1993), and cell lines of neuronal origin expressing MAO-B and A were used 

for toxicity studies (Buckman 1990; Basma et al., 1990, 1992; Bitler et al., 1986; Denton 

and Howard., 1987; Kutty et al., 1991; Marongiu et al., 1988; Naoi et al., 1987a, 1987b, 

1988a, and 1988b; Umemura et al., 1990; Lai et al., 1993; Spina et al., 1992). 

Established neuronal cell lines have been shown to be a useful tool for study of the 

neurotoxicity of MPTP and analogs since they have appropriate surface receptors, and 

neurotransmitters, and they differentiate morphologically and biochemically into mature 

neurons. Importantly, they facilitate studies on MPTP because they represent a 

homogeneous population with specific parameters in large numbers of cells. 

PC12, aclonal cell line of rat pheochromocytoma cells, synthesizes, stores, secretes, 

and takes up DA by processes similar to those for dopaminergic neurons (Greene and Rein 

1977; Schubert and Klier 1977; Rebois et al., 1980). These properties of PC12 make it a 

widely used model system to investigate the features of uptake, release, metabolism, and 

cytoxicity of MPTP, MPP” and analogs (Basma et al., 1990, 1992; Bitler et al., 1986; 

Denton and Howard., 1987; Kutty et al., 1991; Marongiu et al., 1988; Naoi et al., 1987a, 

1987b, 1988a and 1988b). This cell line, however, lacks MAO-B, which is important for 

the metabolism of MPTP to MPP” (Basma et al., 1990). 

It has been noted that, except for investigations in PC12 cells, few studies have 

been done that detail metabolism, cytoxicity, and mechanisms simultaneously in an in vitro 

system. It is possible that the limited properties of a system make it only suitable for 
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relatively specific aspects of investigation. For example, primary astrocytes remain 

unaffected by MPTP, and therefore, are only suitable for metabolism studies (Marini et al., 

1989). Similar results have been seen in co-culture of neuroblastoma N2AB-1 cells and 

glioma C6 cells, the latter being a rat astroglial line containing only MAO-A (Nagatsu et 

al., 1981) and resistant to MPTP (Notter et al., 1988). Even PC12 cells, which are 

susceptible to MPTP and MPP", require much higher concentrations for lethality than 

those to kill neurons in tissue culture (Danias et al., 1989; Basma et al., 1990; Denton and 

Howard 1987; Snyder et al., 1986). The decreased sensitivity of PC12 cells to MPTP 

relative to those of nigrostrial dopaminergic neurons is, in part, because the PC12 cells 

only can use MAO-A to convert MPTP to MPP” (Basma et al., 1990). Metabolism of 

MPTP occurs less readily in cells expressing only MAO-A than in cells expressing MAO- 

B (Naoi et al., 1987a; Salach et al., 1984). 

E. SH-SYSY cell line as an in vitro system for study of neurotoxic compounds 

1. General biological characteristics 

The SH-SYSY human neuroblastoma cell line is derived from the parent cell line 

SK-N-SH, which originates from a bone marrow metastatic site of a child with 

neuroblastoma (a neoplasm of the autonomic nervous system that is commonly found in 

children). It was cloned sequentially by subcloning from two other earlier subclones, 

SHSY and SH-SY5 (Biedler et al., 1973; Ross et al., 1983). 

SH-SY5Y is a stable, nearly diploid cell line with 46 chromosomes (Perez-Polo et 

al., 1979), but trisomy 7 was seen in 25% of the cells as in its parent cell SK-N-SH 

(Biedler et al., 1973; Ross et al., 1983). Studies showed that SH-SYSY is a small cell, 

displaying a neuroblast-like phenotype, with short to medium length processes called 

neurites that extend radically from the cell soma (Pahlman et al., 1981). 
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SH-SYSY cells contain high levels of DA B-hydroxylase, a key enzyme in 

catecholaminergic neurotransmitter synthesis, and moderate levels of TH, which is 

involved in melanin and catecholamine synthesis (Biedler et al., 1978). SH-SY5Y cells 

have the ability to take up and release DA (Willets et al., 1993) and NE (Atcheson et al., 

1993 and 1994; Murphy et al., 1991). They also express DA receptors (Rowles et al., 

1995). Based on these properties, SH-SYSY cells are generally classified as dopaminergic 

neurons (Pahlman et al., 1984). 

Pharmacological evidence based on receptor binding and Northern-blotting studies 

suggested that SH-SYSY cells also express acetylcholinergic muscarinic receptors 

(m1,m2,m3) and nicotinic receptors in undifferentiated and differentiated cells (Koman et 

al., 1993; Kukkonen et al., 1992; Wall et al., 1991; Lukas et al., 1993; Gould et al., 1992). 

AChE and CAT were determined to be present and could be significantly increased by 

treatment of cells with differentiating agents (Adem et al., 1987). Furthermore, SH-SYSY 

cells express 5 and it opioid receptors (Syed et al., 1986; Smart et al., 1994), 5-HT 

receptors (Schmuck et al., 1994), and glutamate receptors (Naarala et al.,1993). 

Several kinds of cytoskeletal proteins such actin (Sadee et al., 1987), tau protein 

(Pope et al., 1994; Lew et al., 1993), MAP2c and NF-L (Taylor et al., 1995), have been 

determined to be present in SH-SYSY cells. 

2. Use in neurotoxicological research 

SH-SYSY cells have been shown to be a useful tool for the study of neuronal 

development and differentiation (Pahlman et al., 1981; Biedler et al., 1978) because they 

can express the appropriate surface receptors, neurotransmitters, and morphological and 

biochemical characteristics of differentiated mature neurons. Furthermore, in 

pharmacological and toxicological studies, SH-SYSY cells have been employed for 

investigating the toxicities of such diverse compounds as lead (Reuveny and Narahashi 

1991), 6-OH-DA (Castiglioni and Polo 1980; Castiglioni et al., 1982 and 1986), halothane 

and isoflurane (Smart et al., 1994), imipramine and desipramine (Rana et al., 1993), the 
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selective inhibitor of K” channel glibenclamide (Reeve et al., 1991), the abuse drugs 

phencyclidine (Lew 1992a), and cocaine (Lew 1992b), organophosphates (Ehrich et al., 

1994), aluminium (Wood et al., 1994), and others (Spengler et al., 1986). 

Based on the biologic characteristics of SH-SY5SY cells, we hypothesized that they 

would be a more suitable in vitro system than others to provide insights on the 

neurotoxicity of MPTP and analogs. To date, only a few papers have appeared using this 

cell line for the study of MPTP neurotoxicity. These examined MPTP- and MPP” induced 

oxidative stress and cytotoxicity in SH-SYSY (Spina et al., 1992; Fang et al., 1995), and 

in its parent cell line SK-N-SH (Lai et al., 1993). 

F. Tau and its role in neurotoxicity 

Tau protein is a class of microtubule-associated proteins (MAPs) found in 

abundance in most cell types within the central nervous system of mammals (Weingarten 

et al., 1975; Binder et al., 1985). Most studies indicate that tau is largely an axonal 

protein (Binder et al., 1985; Kowall and Koski, 1987), and also exists in the 

somatodendritic compartment of neurons (Papasozomennos and Binder, 1987). The 

function of tau is usually thought to involve microtubule assembly and stability in the 

nervous system (Weingarten et al., 1975; Drubin and Kirschner, 1986). Recently, some 

studies indicated that nonmicrotubule functions of tau in both the cytoplasm and the 

nucleus may exist (Wang et al., 1993). 

The biochemical characteristics of tau are complex, due to its multiple isoform 

compositions, which are generated from a single gene through alternative RNA splicing, 

resulting in the stage- and cell type-specific expression of different forms (Lee et al., 1988; 

Goedert et al., 1988). In the central nervous system, tau is translated to 5 to 7 isoforms of 

45-65 kD (Lee et al., 1988; Himmler et al., 1989a, 1989b). The primary structure of tau 

contains a stretch of 31-32 amino acids that repeats three or four times in the carboxy- 
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terminal half of the molecular representing the microtubule binding domains (Aizawa et 

al., 1988; Lee et al., 1989). In the amino-terminal half, insertions of 29 to 58 amino acids 

combined with three or four repeats may be related to the formation of six human tau 

isoforms (Goedert et al., 1989). Some high molecular weight tau (110 to 130 kD) have 

been observed in the central and peripheral nervous systems, which is coded by an 8-kb 

message (Oblinger et al., 1991; Georgieff et al., 1993). 

It is noted that abnormal expression of tau is involved in various neurologic diseases. 

The abnormally hyperphosphorylated tau is a major antigenic component of the paired 

helical filaments (PHFs) (Grundke-Iqbal et al., 1986; Lee et al., 1991; Greenberg et al., 

1992) which contribute to neurofibrillary tangles and have been implicated in the 

pathology of various neurologic diseases, including postencephalitic Parkinsonism, 

Parkinson’s dementia, and Alzheimer’s disease (Harrington et al., 1994; Kroski et al., 

1986; Lee et al., 1991; Trojanowski et al., 1993). In Alzheimer’s disease (AD), the 

acummulation of abnormally hyperphosphorylated tau was thought to be the structural 

basis of the cellular disturbance (Grundke-Iqbal et al., 1986; Lee et al., 1992). Ina 

neurotoxicological study, the chemical-induced alteration of tau has been observed as 

aluminium-induced neurofibrillary tangles increased immunoreactivity to tau in 

neuroblastoma IMR 32 cells (Guy et al, 1991). 
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I. JUSTIFICATION FOR THE STUDY 

In this study, SH-SYSY human neuroblastoma cells were proposed as an in vitro 

model for MPTP neurotoxicity because they have properties associated with the action of 

MPTP in vivo. 

As noted in the previous section, a variety of biochemical mechanisms have been 

considered to explain the selective dopaminergic neurotoxicity of MPTP. Current 

evidence suggests that MPTP rapidly enters the brain where it is metabolized by 

monoamine oxidase B (MAO-B) to 1-methyl-4-phenylpyridinium (MPP") (Chiba et al., 

1984 and 1985; Petersen et al., 1985). MPP” is taken up selectively by the high-affinity 

DA uptake pump into dopaminergic neurons (Javitch et al., 1985; Schinelli et al., 1988; 

Chiba et al., 1985), and concentrated in mitochondria (Ramsay and Singer, 1986). MPP* 

accumulates in the inner mitochondrial membrane (Ramsay et al., 1986; Hoppel et al., 

1987), where it inhibits NADH dehydrogenase (Nicklas et al., 1985; Sayre et al., 1989; 

Saporito et al., 1992). SH-SYSY cells were found to oxidize MPTP and transport MPP* 

into cells. Exposure to MPTP caused inhibition of NADH dehydrogenase and 

mitochondrial alterations in the SH-SYSY cells. 

Although the most noticeable MPTP-induced manifestations of the neuropathy 

involve the DA system, studies have shown that other neurotransmitter systems are 

affected by MPTP. These include the cholinergic system (Hadjiconstantinou et al., 1985 

and 1986; Rollema H et al., 1988; Suh et al., 1989; Hsu et al., 1993a and b, 1994; Villa et 

al., 1994), excitatory amino acid (EAA) system (Klockgether et al., 1991; Klockgether 

and Turski., 1993; Wullner et al., 1993), and 5-HT system (Gasper et al., 1993; Rollema 

et al., 1991 and 1994). The cytoskeleton (Notter et al., 1988; Reinhard et al., 1988; 

Cappelletti et al., 1991; 1995) also has been affected in animals and cells in culture 

exposed to MPTP. SH-SY5Y cells contain features of multiple neurotransmitter systems 

and an appropriate cytoskeleton, making them suitable for studies of MPTP toxicity. 
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In order to understand the mechanisms of MPTP neurotoxicity, this study examined 

the general cytotoxicity, damage to mitochondria, and the effects that MPTP had on the 

dopaminergic and cholinergic systems. This study included investigation of possible 

relationships between cholinergic and dopaminergic system changes. 

A. SH-SYSY human neuroblastoma cells ----- a model for study of MPTP 

neurotoxicity 

SH-SYSY cell line is the third subclone of the SK-N-SH human neuroblastoma cell 

line (Biedler et al., 1973; Ross et al., 1983). The cell line displays the ability to transport 

DA (Willets, 1993) and norepinephrine (NE) (Murphy et al., 1991), and expresses 

enzymes for the synthesis and metabolism of DA (Biedler et al., 1978). SH-SYS5SY cells 

also contain neuro-specific enolase (Pahlman et al., 1981). In addition, these cells express 

receptors for DA (Rowles et al., 1995). Furthermore, our previous studies showed that 

SH-SY5Y cells contain monoamine oxidase A and B (MAO-A and B) (Song et al., 1996; 

Zhu et al., 1992), which is necessary for the metabolism of MPTP. These basic 

characteristics of the SH-SYSY cell line suggested that it would be a suitable in vitro 

system for study of neurotoxicity of MPTP and analogs in intact cells. 

B. Cholinergic system ----- a possible component of MPTP neurotoxixity 

MPTP-induced alterations of cholinergic system have been seen in in vivo and in 

vitro studies. MPTP and MPP” can cause increased ACh in the neostriatum of rat and 

mouse (Cavalla et al., 1985; Hadjiconstantion et al., 1985 and 1986), and decreased 

acetylcholinesterase (AChE) in mouse brain (Hadjiconstantion et al., 1986) and in human 

neuroblastoma cell culture (Rowles and Ehrich, 1992; Rowles et al., 1995). These 

changes were accompanied by a decrease in DA (Cavalla et al., 1985; Hadjiconstantion et 
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al., 1985 and 1986; Mizukawa et al., 1987), and could be prevented by anticholinergic 

drugs (Hadjiconstantion et al., 1985 and 1986). These results suggested that the 

cholinergic system may be a target of MPTP toxic action, and its neurotoxicity may be, in 

part, related to excessive activity of cholinergic neurons or stimulation of cholinergic 

receptors. The effects of MPTP and MPP” on the muscarinic acetylcholine receptor (m- 

AChR) in the central nervous system (CNS) and the nicotinic acetylcholine receptor (n- 

AChR) in the peripheral nervous system (PNS) have been observed (Mizukawa et al., 

1987; Ogawa et al., 1987a and b; Suh et al., 1989; Hsu et al., 1993a, 1993b, and 1994). 

This study investigated the possible cholinergic component in MPTP neurotoxicity 

by focusing on: 1, the interactions of MPTP with the cholinergic receptors of SH-SYS5Y 

cells; 2, the actions of MPTP at AChR and their effects on DA release; 3, the extent to 

which MPTP is an AChE inhibitor; and 4, alterations of ACh and/or Ch, caused by direct 

or indirect actions of MPTP. 

The regulation of adrenergic neurotransmitter release by cholinergic receptors has 

been well documented in brain slices and synaptosomes (Raiteri et al., 1984; Chesselet 

1984; Middiemiss 1988; Wonnacott et al., 1989), as well as in SH-SYSY cell cultures 

(Murphy et al., 1991; Gould et al., 1992; Vaughan et al., 1993). This study compared the 

effects of MPTP, the cholinergic agonists ACh and nicotine, and antagonosts atropine and 

tubocurarine on °H-DA release. Competition by cholinergic agonists and antagonists on 

the MPTP action was also investigated. This was done because, if MPTP acts as an 

agonist at AChR, it could be expected to cause increased DA release, which could be 

expected to be blocked by AChR antagonists and enhanced by agonists. 

The effects of MPTP on AChE were studied because changes in AChE activity have 

been observed in various neurological diseases, such as Alzheimer’s dementia (Perry et al., 

1985), Huntington’s disease (Soreq and Zakut, 1993), amyotrophic lateral sclerosis 
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(Soreq and Zakut, 1993), and Parkinson’s disease (PD) (Perry et al., 1985a; Ruberg et al., 

1986). MPTP and its metabolite MPP” were first reported to cause a decrease in AChE 

activity in 1986 when studies were done in mouse (Hadjiconstantinou et al., 1986). We 

previously reported that MPTP and its metabolite MPP” could inhibit AChE in SH-SYSY 

cell culture (Rowles et al., 1995). 

AChE plays an important role in the hydrolysis of neurotransmitter ACh. The 

inhibition of AChE will be consequently followed by accumulation of ACh at cholinergic 

receptors, which may result in dysfunction of neuronal cells (Lemercier et al., 1983). 

MPTP and MPP’-induced increases in ACh have been observed in the neostriatum of 

animals (Cavalla et al., 1985; Hadjiconstantinou et al., 1985 and 1986). This present study 

attempted measurement of acetylcholine and choline concentrations in SH-SYSY cells 

exposed to MPTP. Although ACh increase could be caused by an increase in choline 

acetyltransferase (CAT) or a decrease in AChE, studies in primates examining CAT have 

given inconsistent results (Villa et al., 1994). The MPTP-induced decrease in AChE 

probably was relevant to the increase in ACh, which consequently extends the activation 

of cholinergic receptors. 

The inhibition of AChE by MPTP may be relevant to its neurotoxicity. It has been 

reported that the excess amount of ACh after acute AChE inhibition is accompanied by 

changes in the metabolism of other neurotransmitters, including DA (Fosbraey et al., 1990; 

Hernandez-Lopez et al., 1992; Lo, et al., 1990; Potter et al., 1985a; Soininen et al., 1990). 

Behmand and Harik (1992) and Hadjiconstantinou et al. (1994) reported that the 

cholinergic agonist nicotine and the AChE inhibitor DFP enhanced MPTP-induced 

neurotoxicity. The present studies compared the effects of MPTP and the cholinesterase 

inhibitor DFP on 7=H-DA release, and also determined the possible effects of DFP on MPTP 

action. 

C. Alterations of morphological and cytoskeletal proteins ----- possible markers 

of MPTP neurotoxicity 
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In this study, the MPTP-induced alterations of cellular morphology were examined 

by phase contrast microscopy and by transmission electron microscopy. In addition, the 

effects of MPTP on cytoskeletal tau proteins were determined. 

The mitochodrial effects of MPTP were examined because MPTP has been reported 

to cause abnormalities in the mitochondria of the nigral neurons in monkeys (Tanaka et al., 

1988; Nakamura et al., 1989) and ATP loss in mouse brain (Chan et al., 1991 and 1992). 

These studies suggested that the mitochondria are a primary site of MPTP-induced toxic 

effects. 

Relatively few studies have focused on the MPTP-induced alternations of the 

cytoskeleton. Cytoskeletal changes have, however, been noted in brain from humans 

(Davis et al., 1979), other primates (Forno et al., 1986; 1988; 1993; 1996) and mice 

exposed to MPTP (Reinhard., 1988), and in cell culture systems used for studies of MPTP 

(Denton and Howard, 1984; Notter et al., 1988; Cappelletti et al., 1991, 1995). These 

studies, therefore, suggested that the cytoskeleton could be a target for MPTP. The 

experiments done in this study investigated disturbances of the cytoskeletal components 

such as microtubular tau protein when SH-SYSY cells were exposed to MPTP. This 

approach was used to determine if an in vitro system could be used for detection of 

pathological events that occur in animals exposed to MPTP. Tau protein was chosen 

because previous studies indicated a positive immunological reaction between tau protein 

and the cytoskeletal inclusions associated with neuronal injury and death in Parkinson’s- 

dementia and other neurodegenerative disorders (Pollanen et al., 1992; Buee-Scherrer et 

al., 1995; Matsumoto et al., 1990 ; Hof et al., 1994; Oyanagi et al., 1994a, 1994b; 

Vermersch et al., 1993). Morever, SH-SYSY human neuroblastoma cells, which were 

used as the model sytem for study of MPTP toxicity, have been reported to express tau 

protein (Pope et al., 1994; Smith et al., 1995; Tanaka et al., 1995). This cell line has 
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previously been employed for investigating the toxic effects of chemicals on tau and other 

cytoskeletal proteins (Lew 1992a; 1992b; 1993; Taylor et al., 1995). 
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IV. SPECIFIC OBJECTIVES 

The objectives of this study were to investigate the effects and mechanisms of 

neurotoxicity induced by MPTP and analogs in an in vitro system. In addition to studies 

on general cytotoxicity and the dopamine (DA) system, the effects on the cholinergic 

system and the possible relationship between the alterations of the DA system and 

cholinergic system were analyzed. The effects of MPTP on the cytoskeletal tau protein 

were also investigated. 

The specific objectives of the research proposed were as follows: 

1. To characterize the time and concentration-related abilities of SH-SYSY human 

neuroblastoma cells to metabolize MPTP and to take up 1-methyl-4-phenylpyridinium 

(MPP"), and to compare the uptake of MPP” with the uptake of dopamine; 

2. To investigate the time and concentration-related effects of MPTP and its 

metabolite MPP” on cell viability, and on the structure and function of mitochondria of 

SH-SYSY cells; 

3. To determine the time and concentration-related effects of MPTP on the DA system 

of SH-SYSY cells, including effects on the levels of catecholamines, uptake and release of 

DA, and the activity of MAO; 

4. To examine the regulation of MPTP-induced DA release by the cholinergic system; 

5. To examine the effects of MPTP on 5-HT and 5-HIAA levels; 

6. To identify the effects of MPTP on the cholinergic system of SH-SYSY cells, 

including binding to AChR, inhibition of AChE activity, and regulation of Ch levels; 

7. To determine if MPTP affected the cholinergic system by determining if cholinergic 

agonists and antagonists, and an AChE inhibitor would alter the MPTP effects; 

8. To determine if the effects of MPTP were due to MPTP or to its metabolite MPP* 

by observing MPTP actions in the presence of MAO inhibitors; 

29



9. To investigate the MPTP-induced alterations of microtubule associated tau protein 

in SH-SYSY cells. 
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PARTI EXPERIMENTAL PROCEDURES 
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I. GENERAL METHODS 

1. Cell cultures 

The SH-SYSY human neuroblastoma cell line, routinely used for neurotoxicity 

studies at the Virginia-Maryland Regional College of Veterinary Medicine, was kept in 

MEM medium with 10% fetal calf serum, 2mM L-glutamine and L-leucine, as we have 

done for previous studies (Rowles et al., 1995; Song et al., 1996). 

2. Tested agents 

The tested agent MPTP was a gift from Dr. Neal Castagnoli (Department of 

Chemistry, Virginia Tech, Blacksburg, VA). Most other chemicals were obtained from 

Sigma Chemical Co. (St. Louis, MO). Radiochemicals were obtained from NEN Research 

Products of DuPont Co. (Boston, MA). Monoclonal antibody tau-1 was obtained from 

Boehriger-Mannheim (Cat. No. 1289 977, Indianapolis, IN). The materials for RT-PCR 

assay were from GibcoBRL (Grand Island, NY). The primer pair for tau was a gift from 

Drs. Tong-man Ong and Wen-zong Whung (Department of Health and Human Services, 

Public Health Service, Center for Disease Control, Appalachian Laboratory for 

Occupational Safety and Health, Morgantown, WV). 

Wl. EXPERIMENTAL PROCEDURES 

1. Study of uptake and metabolism of MPTP and analogs 

The purpose of the study was to characterize the abilities of SH-SY5Y cells to 

metabolize of MPTP, and to take up 1-methyl-4-phenylpyridinium (MPP*) and dopamine. 
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For the metabolism study, the endpoints measured by HPLC included the levels of 

MPTP and its metabolites MPDP* and MPP*. These parameters were measured in the 

absence or presence of the MAO inhibitors pargyline, clorgyline and depreny] for testing 

MAO function in MPTP metabolism. 

MPP” and DA uptake were measured using labeled substrates in the absence or 

presence of the DA uptake inhibitor nomifensine. In addition, competition between DA 

and MPP” for uptake was determined. The effects of MPTP on the uptake of MPP” and 

DA was also measured. These procedures were used to determine if MPTP and MPP” are 

taken up by the same DA transport system. 

Further details are provided in the Materials and Methods section of the first 

manuscript in Results (Chapter 1: Uptake and metabolism of MPTP and MPP” in SH- 

SYSY human neuroblastoma cells). 

2. Study of the cytotoxicity of MPTP and MPP* 

The purpose of the study was to investigate the cytotoxicity of MPTP in SH-SYSY 

cells using morphological and metabolic changes as endpoints. 

The time related inhibitory effects of MPTP and MPP" on cell viability (expressed 

by the leakage of lactate dehydrogenase) was used as a measure of cytotoxicity, and the 

effects of MPTP and MPP* on the mitochondrial functional indicator NADH 

dehydrogenase also were determined. These spectrophotometric endpoints were 

measured in the absence or presence of the MAO inhibitor pargyline to determine if MPTP 

or its MPP* were responsible for the effects.. 

MPTP-induced morphological changes were observed under phase contrast 

microscopy and electron transmission microscopy. 

Further details are provided in the Materials and Methods section of the second 

manuscript in Results (Chapter 2: Cytotoxic effects of MPTP on SH-SY5Y human 

neuroblastoma cells). 
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3. Study of effects on the DA system 

The purpose of this series of experiments was to examine whether MPTP affected the DA 

system in SH-SYS5Y cells in a manner similar to its effects on the DA system in other 

models of MPTP toxicity. 

The parameters determined included (1) concentrations of dopamine (DA) and 

metabolites; (2) DA uptake and release; (3) activity of monoamine oxidase (MAO). 

Concentrations of serotonin (5-HT) and its metabolite 5-hydroxyindoleacetic acid (5- 

HIAA) were also examined. 

DA and metabolites were determined by HPLC in the absence and presence of MAO 

inhibitors, and/or cholinergic antagonists atropine and d-tubocurarine. HPLC was also 

used for MAO determination. Release of radiolabeled DA in the presence of MPTP was 

also determined in the absence and presence of atropine and d-tubocurarine. These 

experiments provided information about the effects of MAO inhibitors and cholinergic 

blockage on MPTP toxicity on the DA system, including the MPTP-induced alterations of 

DA release that are regulated by the cholinergic system. 

Further details are provided in the Materials and Methods section of the third 

manuscript in Results (Chapter 3: SH-SYSY human neuroblastoma cells for study of 

MPTP-induced effects on dopaminergic systems). 

4. Study of effects on the cholinergic system 

The purpose of the study was to determine the effects on cholinergic systems that 

occur when SH-SYSY cells were exposed to MPTP, and to determine if the alterations 

were related to DA changes. 

The parameters measured included the effects of MPTP on the binding of *H- 

methylscopolamine (H-NMS) to muscarinic receptors and the binding of |°I- 
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bungarotoxin (’”°I-Bgt) to nicotinic receptors. AChE inhibiting properties of MPTP and 

effects on the choline level in SH-SYSY cells were also evaluated using, respectively, 

spectroscopy and HPLC. To determine whether effects were due to MPTP or to its 

putative neurotoxic metabolite MPP", studies were conducted in the absence and in the 

presence of MAO inhibitors. Additionally, in order to further determine whether MPTP 

action at acetylcholine receptors could affect biogenic amines, *H-DA release was 

measured in the absence and presence of cholinergic agonists (acetylcholine, nicotine), a 

cholinesterase inhibitor (diisopropyl fluorophosphate, DFP), and the cholinergic 

antagonists atropine and d-tubocurarine. 

Further details are provided in the Materials and Methods section of the fourth 

manuscript in Results (Chapter 4: MPTP affects the cholinergic system in SH-SYSY 

human neuroblastoma cells). 

5. Study of effects on the cytoskeletal tau protein 

These studies investigating the effects of MPTP on microtubule-associated tau 

protein were conducted because this protein is affected in degenerative diseases, 

includinng Parkinsonism-dementia. This protein also provides a marker for cytoskeletal 

damage. The western blot using anti-tau-1 was used to determine the expression of tau 

protein in SH-SYS5Y cells and the MPTP-induced alterations of the protein. Reverse 

transcriptase polymerase chain reaction (RT-PCR) using primers coding whole length tau 

protein was carried out to investigate the effects of MPTP on the mRNA coding tau 

protein. 

Further details are provided in the Materials and Methods section of the fifth 

manuscript in Results (Chapter 5: Alterations of cytoskeletal tau protein of SH-SYSY 

human neuroblastoma cells after exposure to MPTP). 
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6. Statistics 

The significance of differences among means of quantitative data was tested by the 

Stude nt’s T-test or the appropriate analysis of variance (ANOVA). For general 

cytotoxicicy and neurochemistry studies, comparisons were made with the control group 

and experimental groups, including the MPTP and/or MPP" treated groups, and/or the 

MAO inhibitor treated groups, and/or the cholinergic blocked groups. P-values of 0.05 or 

less was considered significant. Regression analysis, when used, was carried out by the 

method of least squares to determine if there was a relationship between selected 

parameters. 
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OVERVIEW 

The results section is divided into five manuscripts, each dealing with a different 

aspect of the actions of MPTP on SH-SYS5Y human neuroblstoma cells. The titles of the 

manuscripts are: 

Chapter 1. 

Chapter 2. 

Chapter 3. 

Chapter 4. 

Chapter 5. 

Uptake and metabolism of MPTP and MPP” in SH-SYS5Y human 

neuroblastoma cells; 

Cytotoxic effects of MPTP on SH-SYSY human neuroblastoma cells; 

SH-SY5Y human neuroblastoma cells for study of MPTP-induced 

effects of on dopaminergic systems; 

MPTP affects the cholinergic system of SH-SYSY human 

neurobalstoma cells; 

Alterations of cytoskeletal tau protein of SH-SYS5Y human 

neuroblastoma cells after exposure to MPTP. 

Each manuscript is organized as follows: 

Abstract 

Introduction 

Materials and Methods 

Results 

Discussion 

Acknowledgments 

References 

Figures, with legends 

Tables 
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CHAPTER 1. UPTAKE AND METABOLISM OF 

MPTP AND MPP" 

IN SH-SYSY HUMAN NEUROBLASTOMA CELLS 

X Song and M Ehrich 

(To be submitted to In Vitro Toxicology) 
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ABSTRACT 

The human neuroblastoma cell line, SH-SYSY, has potential to be used as an in 

vitro model for the study of the neurotoxicity of 1-methyl-4-phenyl-1, 2, 3, 6- 

tetrahydropyridine (MPTP). The abilities of SH-SYSY cells to metabolize MPTP and to 

take up 1-methyl-4-phenylpyridinium (MPP*) and dopamine (DA) were investigated. The 

results indicated that SH-SYSY cells take up MPP” specifically through a DA uptake 

mechanism whereas MPTP enters cells through a non-DA transport mechanism. The K, 

values for DA and MPP” were 116.54 and 18.65 nM, respectively. The Vinax for DA and 

MPP” were 42.43 and 54.88 fmol/min/mg protein, respectively. SH-SY5Y cells were also 

capable of metabolizing MPTP to MPDP* and MPP’. _ These basic biological 

characteristics make the cell line a suitable in vitro system for studies on uptake and 

metabolism associated with the neurotoxicity of MPTP and its analogs. 
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INTRODUCTION 

The discovery that 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP), a 

potent neurotoxicant, can cause a clinical, pathological and neurochemical state that 

closely resembles Parkinson’s disease in human (Davis et al., 1979; Langston et al., 1983) 

has led to the development of in vivo (Langston et al., 1984a, 1984b, 1984c; Burns et al., 

1983; Jenner et al., 1984; Chiueh et al., 1985b) and in vitro models for the studies of the 

pathogenesis of this neurological disorder (Di Monte et al.,1992; Wu et al., 1992; 

Saporito et al., 1992; Marini et al., 1989; Umemura et al., 1990; Lai et al., 1993; Spina et 

al., 1992; Pifl et al., 1993). Although the exact mechanisms are still unclear, MPTP 

toxicity is believed to follow at least two metabolic steps. MPTP is first oxidized in the 

brain by monoamine oxidase B (MAO-B), primarily in astroglial cells (Glover et al., 1986; 

Ransom., et al 1987; Uhl et al., 1985), to an intermediate, 1-methyl-4-phenyl-2, 3- 

dihydropyridium ion (MPDP"), which autooxidizes to 1-methyl-4-phenylpyridinium ion 

(MPP* ) (Chiba et al., 1984; 1985; Peterson et al., 1985). MPP”, the active neurotoxicant, 

is then taken up selectively by the dopamine (DA) transporter mechanism into 

dopaminergic neurons (Javitch et al., 1985; Schinelli et al., 1988; Chiba et al., 1985), and 

concentrated in the mitochondria (Ramsay and Singer, 1986). Accumulation of MPP* 

within the inner mitochondrial membrane (Ramsay et al., 1986; Hoppel et al., 1987) 

results in inhibition of NADH dehydrogenase complex 1 (Nicklas et al., 1985; Sayre et al., 

1989; Saporito et al., 1992), and interruption of the electron transport chain. This results 

in a decrease in ATP (Chan et al.,1992), which has been suggested to be responsible for 

the selective degeneration of dopaminergic neurons of the substantia nigra. 

Established neuronal cell lines have been shown to be a useful tool for the study of 

the neurotoxicity of MPTP and its analogs since they have surface receptors, contain 

neurotransmitters, and differentiate morphologically and biochemically into mature 

neurons. Importantly, they facilitate studies on MPTP because they represent a 
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homogeneous population with specific parameters on large numbers of cells. Cell lines 

such as NG 108-5 (mouse neuroblastoma x rat glioma hybrid), NS20Y (mouse 

neuroblastoma) and SK-N-MC (human neuroblastoma) were used for the study of uptake 

and cytotoxicity of MPTP (Pifl et al., 1993), and cell lines of neuronal origin expressing 

MAO-B and A were used for toxicity studies (Buckman 1991; Basma et al., 1990, 1992; 

Bitler et al., 1986; Denton and Howard., 1987; Kutty et al., 1991; Marongiu et al., 1988; 

Naoi et al., 1987 and 1988; Umemura et al., 1990; Lai et al., 1993; Spina et al., 1992). 

PC12, a clonal cell line of rat pheochromocytoma cells, is a widely used model to 

investigate the features of uptake, release, metabolism, and cytotoxicity of MPTP, MPP* 

and analogs (Basma et al., 1990, 1992; Bitler et al., 1986; Denton and Howard., 1987; 

Kutty et al., 1991; Marongiu et al., 1988; Naoi et al., 1988, and 1987), since it 

synthesizes, stores, secretes, and takes up DA by processes similar to those for 

dopaminergic neurons (Green and Rein 1977; Schubert and Klier, 1977). This cell line, 

however, lacks MAO-B, which is important for the metabolism of MPTP to MPP* (Basma 

et al., 1990). 

The present investigation examined SH-SYS5Y human neuroblastoma cells as a 

potential in vitro model for the study of MPTP neurotoxicity. The SH-SYS5Y cell line is 

the third subclone of the SK-N-SH human neuroblastoma cell line (Biedler et al., 1973; 

Ross et al., 1983). The cell line displays the ability to transport DA (Willets, 1993) and 

norepinephrine (NE) (Murphy et al., 1991), and expresses enzymes for synthesis and 

metabolism of DA (Biedler et al., 1978). SH-SY5SY cells also contain neuron-specific 

enolase (Pahlman et al., 1981). In addition, these cells express receptors for DA (Rowles 

et al., 1995). Furthermore, our previous studies showed that SH-SYSY cells contain 

monoamine oxidase A and B (MAO-A and B) (Song et al., 1996), which is necessary for 

the metabolism of MPTP. These basic characteristics of the SH-SYSY cell line suggested 

that it would be a suitable in vitro system for the study of neurotoxicity of MPTP and 

analogs in intact cells. In order to determine the suitability of SH-SYSY cells for studies 
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of MPTP toxicity, the ability of these cells to take up and to metabolize MPTP to MPP” 

were investigated. 

MATERIALS AND METHODS 

Cell culture 

Human neuroblastoma SH-SY5Y cells were seeded (about 2 x 10° cells/ 75 cm’ 

flask) in flasks and cultured for 4 to 5 days until 90 % of confluent in Eagles minimum 

essential medium supplemented with 10% fetal bovine serum (FBS) in a 95% air, 5% CO, 

humidified incubator at 37 °C. For harvesting, the cells were washed once with phosphate 

buffered saline (PBS), scraped with a rubber cell scraper, and centrifuged at 1200 rpm for 

10 minutes. For uptake studies, cells were then seeded at a concentration of 10* cells/well 

in 24 well plates until confluent (3-4 days). 

°H-MPP” and *H-DA uptake 

The uptake of *H-MPP* and °H-DA were performed using the methods described 

by Vaughan et al. (1993) and Spina et al. (1992), respectively. In brief, cells were washed 

with Hanks balanced salt solution once. For *H-DA uptake, 7H-DA (20 Ci/mmol, NEN 

Research Products, DuPont Company, Wilmington, Del.) was added to the monolayer at 

concentrations of 1, 2, 4 UCi/ml (49 to 196 nM) in Hanks balanced salt solution containing 

0.2 mM ascorbic acid and 0.2 mM pargyline, and the plate incubated for 15, 30, 45 and 60 

min at 37 °C. For *H- MPP* uptake, *H- MPP* (77.2 Ci/ml, NEN Research Products, 

DuPont Company, Wilmington, Del.) was added to the monolayer at concentrations of 1 

to 4 wCi/ml (13 to 52 nM) in Hanks balanced salt solution, and the plate incubated for 15, 

30, 45 and 60 min at 37 °C. The nonspecific binding was determined by pretreatment with 

the DA uptake inhibitor nomifensine (2.8 x 10’ to 2.8 x 10° M) for 15 min. To stop 

uptake, the incubation solution was aspirated. Then, the cells were washed several times 
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with Hanks balanced salt solution. *>H- MPP* and °H-DA in the cells were extracted with 

0.5 M NaOH (with 2 % Triton-x-100) followed by neutralization with 0.5 M HCl. The 

entire denatured samples were added to scintillation fluid and counted. K, and Vmax were 

estimated using Lineweaver-Burk plot. 

MPP” uptake was done in the absence or presence of DA and MPTP. DA uptake 

was done in absence or presence of MPTP and MPP’. 

Metabolism of MPTP 

The quantities of MPTP and its metabolites MPP” and MPDP*” in the cells or in the 

culture medium were measured spectrophotometrically using HPLC with a diode array 

UV detector (Shinka et al., 1987). Cells seeded previously (3 -4 days) were incubated for 

various times (0.5-120 hr) at 37° C in the presence of 10° to 10° M MPTP. At different 

intervals, the reaction was stopped by aspirating the incubation medium. The cells 

attached to the wells were washed three times with PBS and harvested in PBS. After 

centrifuged, cells were collected in 5% trichloroacetic acid (TCA), homogenized by 

sonication, and centrifuged at 12000 rpm for 10 min. At different intervals, the culture 

medium was collected for assay. The medium was diluted 5 : 1 with 25 % trichloroacetic 

acid (TCA), and centrifuged at 12000 rpm for 10 min. Twenty five to 50 ng of 4- 

phenylpyridine (4-PP) was added as internal standard. The supernatant was filtered 

through a 0.2 um nylon filter and 50-200 [1] of this filtrate was analyzed by HPLC. 

HPLC was performed with a Beckman 340 chromatography system equipped with 

a manual sample injector, 114 M solvent delivery module and an Adsorbosphere SCX 

column (5m, 250 mm x 4.6 mm I.D.). The mobile phase was delivered at a flow-rate of 

1.5 ml/min and consisted of a mixture of 90% 0.1 M acetic acid and 0.075 M triethylamine 

hydrochloride (TEA-HCl) (adjusted to pH 2.3 with formic acid) and 10% acetonitrile. 

HPLC effluents were analyzed with the aid of a diode array detector (Beckman 165 

detector). Each analysis was monitored at the wavelength which corresponded to its 
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maximum absorbency as follows: Amax = 244 nm for MPTP, 295 nm for MPP’, 345 nm for 

MPDP". The 4-PP internal standard (Amax = 288 nm) was monitored at 295 nm. 

In order to determine the role of MAO (A or/and B) in the metabolism of MPTP, 

the experiments were performed in presence or absence of MAO inhibitors such as the 

MAO-B inhibitor deprenyl, the MAO-A inhibitor clorgyline, and pargyline for both MAO- 

A and MAO-B (10° -10°M, pretreatment for 0.5 hr). 

All assays were performed in triplicate, and replicated at least 3 times. Protein 

content was measured using the Bio-Rad reagent (Bio-Rad Laboratories, Hercules, CA). 

Comparisons among groups were made using analysis of variance (ANOVA) following by 

a post-test to determine if difference in treated cells were significamt (P < 0.05) when 

compared to control. 

RESULTS 

Uptake of *H-DA and *H-MPP* 

*H-DA and °H-MPP* uptake by SH-SY5Y cells were time- and dose-dependent 

(Fig. la, 1b). The Lineweaver-Burk plot indicated marked differences in the kinetic 

parameters of DA and MPP” uptake into the SH-SYS5Y cells (Fig. Ic, d). For 60 min 

incubation, the K, values for DA and MPP* were 116.54 and 18.65 nM, respectively. The 

Vinx for DA and MPP" were 42.43 and 54.88 fmol/mg protein/min, respectively. No 

previous reports have compared the abilities of SH-SYSY cells to take up DA and MPP”. 

For *H-DA uptake, SH-SYS5Y cells showed higher affinity than PC12 cells (Ka 0.2 1M), 

but lower Vmax (3.3 pmonl/min/mg protein) (Bitler et al., 1986). For 3H-MPP* uptake, 

SH-SYSY cells have higher affinity than PC12 cells (Kg 54 nM) and C6 cells (Ky 42 nM), 

and lower Vina than PC12 (13 pmonl/min/mg protein) and C6 cells (4 pmonl/min/mg 

protein) (Marongiu et al., 1988). 
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Nomifensine, an inhibitor of DA uptake, was found to inhibit both DA and MPP* 

uptake (Fig. 2), with 50 % inhibition for both at 2.67 x 10“ to 3.4 x 10° M. Similar 

nomifensine-induced inhibition of MPP” uptake was previously reported in SH-SYSY cells 

(Willets et al., 1993). 

A competition between DA and MPP” for uptake into cells was also observed (Fig. 

3a, b). For 3H-DA uptake, the ICs) of MPP” was 2.2 x 10“ M, while for 73H-MPP* uptake, 

the ICsp of DA was 3.40 x 10* M. MPTP did not show any effects on DA uptake (Fig. 

3a), suggesting that MPTP enters cells by mechanisms other than the DA transporter. At 

higher concentrations, MPTP inhibited MPP” uptake (Fig. 3b), a phenomenon also seen in 

other in vitro models (Javitch et al.,1985; Mytilineou et al., 1988). Whether this resulted 

from a mass action or from the competition between the unlabeled MPP” derived from 

MPTP and labeled *H-MPP* would require further investigation. 

Metabolism of MPTP 

The time- and dose-dependent changes of MPTP , MPP” and MPDP*” concentrations 

in the cells and media were examined (Fig.4a, 4b, 4c, 4d, 4e). MPTP and MPP* were 

detectable in cells examined from 30 min to 5 days after dosing (Fig. 4a, 4b). 

Concentrations of MPTP > 10° M were necessary before MPTP could be detected in the 

cells. MPTP and MPP’ concentrations were highest in SH-SYSY cells about 30 min after 

exposure. After that, MPTP concentrations inside cells generally decreased. MPP” 

concentrations within SH-SYSY cells did not show dose and time response. However, in 

the culture medium, MPP” levels increased with the time of incubation (Fig. 4c). The 

increase of MPP” in the culture medium and the lack of change of MPP* concentrations 

within cells with changes in concentration and time of exposure to MPTP suggested that 

MPP” does not stay in the SH-SY5Y cells. The unstable intermediate, MPDP", could only 

be detected within SH-SY5Y cells at time points under 4 hrs (Fig. 4d), but it was 

detectable in medium from 30 min to 5 days after cells were exposed to MPTP (Fig. 4e). 
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This indicated that this intermediate, like MPP’, did not stay in the cells. Concentration 

and time response data for MPDP” were difficult to obtain. The inability to consistently 

measure MPDP” within cells suggested that MPDP* was rapidly oxidized to MPP’. 

Pretreatment for 30 min with MAO inhibitors pargyline, deprenyl and clorgyline 

(10%, 10°, 10° M) decreased the metabolism of MPTP. Even with a concentration of 

MPTP as high as 10° M for 2 hr, clorgyline prevented detection of significant amount of 

MPP* and MPDP”* within the SH-SY5SY cells (Fig. 5a). Concentrations of the two 

metabolites were also less in the medium of MPTP-treated cells when MAO inhibitors 

were included in the incubate (Fig. 5b). 

DISCUSSION 

Many studies suggest that MPTP itself is not neurotoxic, but oxidation by MAO-B 

leads to the formation of reactive metabolites. Oxidation by MAO-B, therefore, is a 

critical step in the expression of MPTP neurotoxicity. The fact that MPTP neurotoxicity 

is prevented by MAO-B inhibitors confirms this hypothesis (Cohen et al., 1984; Langston 

et al., 1984c). In vitro studies with purified enzymes show that MPTP is an effective 

substrate for MAO-B; however, it is also oxidized, although more slowly, by the A form 

of the enzyme (Salach et al., 1984; Singer, 1985). The importance of MAO-A in the 

bioactivation of neurotoxic analogs of MPTP in animals has been discussed (Heikkila et 

al., 1988). 

It has been noted that, except for investigations in rat PC12 cells, few studies have 

been done that detail the metabolism, cytoxicity, and mechanisms of MPTP neurotoxicity 

simultaneously in an in vitro system. It is possible that the limited properties of a system 

make it only suitable for relatively specific aspects of investigation. For example, primary 

astrocytes of rodents remain unaffected by MPTP, and, therefore, are most used for 
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metabolism studies (Marini et al., 1989). Similar results have been seen in co-culture of 

neuroblastoma N2AB-1 cells and glioma C6 cells, the latter being a rat astroglial line 

containing only MAO-A (Nagatsu et al., 1981) and resistant to MPTP (Notter et al., 

1988). Even PC12 cells, which are killed in culture by MPTP and MPP", require very 

high concentrations of these neurotoxicants (Basma et al., 1990; Denton and Howard 

1987; Snyder et al., 1986). The low sensitivity of PC12 cells to MPTP relative to that of 

nigrostrial dopaminergic neurons is, in part, because the PC12 cells can only use MAO-A 

to convert MPTP to MPP” (Basma et al., 1990). Metabolism of MPTP occurs less readily 

in cells expressing only MAO-A than in cells expressing MAO-B (Naoi et al., 1987; 

Salach et al., 1984). 

SH-SYSY human neuroblastoma cells express MAO B and A activity (Zhu et al., 

1992; Chapter 3), and therefore, have advantages for bioactivation studies of MPTP and 

its analogs (Song et al., 1996). No data have previously been reported for MPTP 

metabolism in this human cell line. This present study provided evidence that SH-SYSY 

cells have the ability to metabolize MPTP to MPDP* and MPP”. In addition, the inhibition 

of MPTP metabolism by MAO inhibitors deprenyl (for MAO-B) and clorgyline (for 

MAO-A), as well as pargyline (for both MAO B and A), suggested that both MAO-B and 

MAO.-A in SH-SY5Y cells are probably responsible for the bioactivation of MPTP. Both 

forms of MAO have ability to oxidize MPTP, but MAO-B is more efficient (Naoi et al., 

1987; Salach et al., 1984; Singer et al., 1985). 

Although the production of MPP” by MAO-B is a necessary first step in eliciting 

toxicity in vivo, it cannot account for the selective effects on dopaminergic neurons since 

MAO-B is not in high concentration in these cells. MAO-B is, instead, found in 

serotonergic neurons and glial cells (Westlund et al., 1985). Therefore, the metabolic 

activation of MPTP presumably occurs outside dopaminergic neurons. In in vitro 

experiments (Marini et al., 1989; Ransom et al., 1987; Di Monte et al., 1992), a time- 

dependent production and release of MPP” by astrocytes exposed to MPTP has been 
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observed. It is thought that the uptake of the active metabolite MPP* by dopaminergic 

neurons explains, at least in part, the selective toxicity of MPTP. 

SH-SY5Y cells showed the ability to take up DA and MPP”. The K, for MPP” was 

less than one fifth of that for DA, suggesting that the transporters of SH-SYSY cells have 

stronger affinity for MPP* than they do for DA. In addition, nomifensine, an inhibitor of 

DA uptake, was found to inhibit both DA and MPP” uptake in SH-SY5Y cells, with 50 % 

inhibition for both at 2.67 x 10“ to 3.4 x 10* M. This suggests that DA and MPP* were 

probably taken up by a common cellular mechanism as they are in rodent primary culture 

systems (Schinelli et al., 1988). Previous studies also show that dopaminergic cells, 

including PC12 cells, take up MPP” through a transport mechanism that normally carries 

the monoamine transmitter dopamine (Javitch et al., 1985; Snyder et al., 1986; Giros et 

al., 1992). Inhibition of the transport activity prevents MPTP neurotoxicity in mice 

(Melamed et al., 1985; Javitch et al., 1985), whereas expression of the plasma membrane- 

associated DA transporter in transfected cells, e.g. meuronal SK-N-MC cells and 

nonneuronal African green monkey kidney COS cells, increases sensitivity to MPP” (Pifl et 

al., 1993; Kitayama et al., 1992). The results presented here with a human neuroblastoma 

cell line confirm the role of DA transporter in MPP” neurotoxicity. 

In addition to containing enzymes involved in catecholamine synthesis (Biedler et 

al., 1978), SH-SYSY cells also have ability to take up and release DA (Willets et al., 

1993) and NE (Atcheson et al., 1993 and 1994; Murphy et al., 1991). This study 

indicated, for the first time, that SH-SYSY cells also take up MPP’. The fact that 

unlabeled MPP” blocked the DA uptake and that nomifensine blocked equally well the 

uptake of both DA and MPP", as also reported by others using primary rodent cell culture 

systems (Schinelli et al., 1988), confirmed the hypothesis that MPP” enters SH-SYS5Y cells 

by a transport sytem utilized by DA. It is interesting that the affinity (K,) of the MPP* 

uptake in SH-SY5Y cells was about sixfold higher than that for DA, whereas the ICs of 

MPP” for inhibition of DA uptake was about 70 % of the ICso of DA for inhibition of 

MPP” uptake. 
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No comprehensive studies have been published that compare the ability of SH- 

SYS5Y cells to take up DA and MPP*. For °H-DA uptake, SH-SYSY cells showed higher 

affinity than PC12 cells (Ky 0.2 4M), but lower Vax (3.3 pmonl/min/mg protein) (Bitler et 

al., 1986). For *H-MPP* uptake, SH-SY5Y cells have higher affinity than PC12 cells (Kg 

54 nM) and C6 cells (Kg 42 nM), and lower Vmax than PC12 (13 pmonl/min/mg protein) 

and C6 cells (4 pmonl/min/mg protein) (Marongiu et al., 1988). 

In summary, the results of this study suggested that SH-SY5Y cells have the ability 

to take up MPP” specifically through a DA uptake mechanism whereas MPTP enters cells 

through non-DA transport mechanisms. SH-SYSY cells are also capable of metabolizing 

MPTP to MPDP” and MPP". These basic biological characteristics may make the cell line 

a suitable in vitro system for study of MPTP and MPFP* toxicity. 
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Uptake of °H-DA in SH-SY5Y human neuroblastoma cells. Uptake of *H-DA 

3H-Dopamine (ci/ml) 

was performed as described under Materials and Methods. >H-DA was 

added to the monolayer at concentrations of 1 to 4 uCi/ml (49 to 196 nM) 

and the plate incubated for 15, 30, 45 and 60 min at 37 °C. The range of SE 

of each point was 9.06 to 58.22 (n = 3). The nonspecific binding was 30.07 

+ 2.74 % of the total (mean + SE, n > 5), determined by pretreatment with 

the DA uptake inhibitor nomifensine at 2.8 x 10° M for 15 min. 
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Figure 1b. Uptake of *H-MPP* in SH-SYSY human neuroblastoma cells. Uptake of *H 

MPP* was performed as described under Materials and Methods. *H-MPP* 
was added to the monolayer at concentrations of 1 to 4 wCi/ml (12 to 52 nM) 

and the plate incubated for 15, 30, 45 and 60 min at 37 °C. The range of SE 

of each point was 10.3 to 58.2 (n = 3). The nonspecific binding was 23.82 + 

1.88 % of the total (mean + SE, n > 16), determined by pretreatment with the 

DA uptake inhibitor nomifensine at 2.8 x 10° M for 15 min. 
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Figure lc. Lineweaver-Burk plot of *H-DA uptake in SH-SYSY human neuroblastoma 
cells. Cells were incubated with 49 to 196 nM of °*H-DA for 60 min at 37 °C. 

The K, was 116.54 nM and the Vina was 42.43 fmol/min/mg protein. 
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Figure 2. Effects of nomifensine on the uptake of >H- MPP* and *H-DA in SH-SY5Y 
human neuroblastoma cells. Cells were pretreated with the DA uptake 

inhibitor nomifensine (2.8 x 10° to 2.8 x 10° M) for 15 min. Uptake 

of °H- MPP* or °H-DA was then performed as described under Materials and 

Methods. Results presented were the averages of 4 separate experiments 

(means + SE). * Significantly different from control, p < 0.05. 
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Effects of MPP* and MPTP on the uptake of *H-DA in SH-SYSY human 

neuroblastoma cells. Cells were pretreated with MPP* or MPTP (10°to 10° 

M) for 15 min. Then, uptake of *H-DA was performed as described under 

Materials and Methods. Results presented were the averages of 3 to 4 

separate experiments (means + SE). * Significantly different from control 

(p < 0.05). 

63



125-5 

100 a --A-- MPTP 

75-7 

3H
-M

PP
* 

up
ta
ke
 

(%
of

 
co

nt
ro
l)
 

  

25-     
0 ' t 

6 5 -4 -3 

DA or MPTP (log M) 

1 

Figure 3b. Effects of DA and MPTP on the uptake of *H- MPP* in SH-SYSY 
human neuroblastoma cells. Cells were pretreated with DA or MPTP 

(10° to 10° M) for 15 min. Then, uptake of *H- MPP* was performed as 

described under Materials and Methods. Results presented were the averages 

of 3 to 4 separate experiments (means + SE). * Significantly different from 

control (p < 0.05).
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Figure 4a. Quantitative analysis of MPTP in SH-SYSY human neuroblastoma cells. 

Cells were incubated for various times (0.5-120 hr) at 37° C in the presence of 

10° to 10° M MPTP. At different intervals, the cells were collected in 5% 

trichloroacetic acid (TCA), homogenized by sonication, and centrifuged at 

12000 rpm for 10 min. The supernatant was filtered through a 0.2 um nylon 

filter. The samples were analyzed by HPLC at A = 244 nm as described under 

Materials and Methods. Results were expressed as [1g/mg protein, and were 

the average of 3 to 4 separate experiments (means + SE). At incubation with 

10° M, MPTP was not detected in cells. 
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Cells were incubated for various times (0.5-120 hr) at 37° C in the presence of 

10° to 10°? M MPTP. At different intervals, the cells were collected in 5% 

Figure 4b. Quantitative analysis of MPP* in SH-SY5Y human neuroblastoma cells. 

trichloroacetic acid (TCA), homogenized by sonication, and centrifuged at 

12000 rpm for 10 min. The supernatant was filtered through a 0.2 um nylon 

filter. The samples were analyzed by HPLC at A = 295 nm as described under 

Materials and Methods. Results were expressed as ng/mg protein, and were 
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the average of 3 to 4 separate experiments (means + SE).
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Figure 4c. Quantitative analysis of MPP” in culture medium. Cells were incubated for 

various times (0.5-120 hr) at 37° C in the presence of 10° to 10° M MPTP. 

At different intervals, the cultural medium was collected for assay. The 

medium was diluted 5 : 1 with 25 % trichloroacetic acid (TCA), and 

centrifuged at 12000 rpm for 10 min. The supernatant was filtered through a 

0.2 um nylon filter and 50 1! of this filtrate was analyzed by HPLC at A = 

295 nm as described under Materials and Methods. Results were expressed 

as ng/ml medium, and were the average of 3 to 4 separate experiments (means 

+ SE). Lack of error bars means the SE was too small to be graphed. 
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Quantitative analysis of MPDP* in SH-SYSY human neuroblastoma cells. 

Cells were incubated for various times (0.5-120 hr) at 37° C in the presence of 

10° to 10° MMPTP. At different intervals, the cells were collected in 5% 

trichloroacetic acid (TCA), homogenized by sonication, and centrifuged at 

12000 rpm for 10 min. The supernatant was filtered through a 0.2 um nylon 

filter. The samples were analyzed by HPLC at A = 345 nm as described under 

Materials and Methods. Results were expressed as ng/mg protein, and were 

the average of 3 to 4 separate experiments (means + SE). MPDP*” in cells 

was detected only as cells were incubated with relatively higher concentrations 

of MPTP. No MPDP* was measured in cells at time points greater than 4 hr 

after incubation with MPTP. 
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Figure 4e. Quantitative analysis of MPDP” in the culture medium. Cells were incubated 

for various times (0.5-120 hr) at 37° C in the presence of 10° to 10° M 

MPTP. At different intervals, the cultural medium was collected for assay. 

The medium was diluted 5 : 1 with 25 % trichloroacetic acid (TCA), and 

centrifuged at 12000 rpm for 10 min. The supernatant was filtered through 

a 0.2 pm nylon filter and 50 pl of this filtrate was analyzed by HPLC at A 

345 nm as described under Materials and Methods. Results were expressed 

). 

as ng/ml medium, and were the average of 3 to 4 separate experiments (means 

+ SE 
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Effects of MAO inhibitors on the MPTP metabolism in SH-SYSY human 

neuroblastoma cells. Cells were incubated with MAO inhibitors pargyline, 

depreny] and clorgyline (10° to 10° M) for 30 min, then incubated with 

MPTP (10° M) for 2 hrs. The samples were analyzed by HPLC as described 

under Materials and Methods. Results were expressed as ng/mg protein, and 

were the average of 3 to 4 separate experiments (means + SE). The SE’s for 

MPP” were between 5.27 to 15.44 ng/mg protein, for MPDP* were 34.63 to 
37.12 ng/mg protein. The first bars in the sections of the graph labeled MPP” 

and MPDP* represent the concentrations of these metabolites in the absence 

of MAO inhibitors. 
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Figure 5b. Effects of MAO inhibitors on the concentration of MPTP metabolites MPP* 

and MPDP* in culture medium. The samples was analyzed by HPLC as 

described under Materials and Methods. Results were expressed as ng/ml 

medium, and were the average of 3 to 4 separate experiments (means + SE). 

The SE’s for MPP” were between 9.80 to 37.39 ng/ml medium, for MPDP* 

SE’s were between 1.00 to 11.56 ng/mi medium. The first bars in the sections 

of the graph labeled MPP* and MPDP*” represent the concentrations of these 

metabolites in the absence of MAO inhibitors. 
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CHAPTER 2. CYTOTOXIC EFFECTS OF MPTP ON 

SH-SYSY HUMAN NEUROBLASTOMA CELLS 

Song, X., Perkins, S., Jortner, B. and Ehrich, M. 

(To be submitted to Neurotoxicology) 
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ABSTRACT 

In this study, the cytotoxicity of MPTP was investigated in SH-SYSY human 

neuroblastoma cells evaluating morphological and metabolic alterations. MPTP was 

found to affect cell viability only at a very high concentration (3x10° M), but its 

metabolite MPP* could decrease viability at 10° M after 8 hr of exposure. MPTP, via its 

metabolite MPP", inhibited NADH dehydrogenase activity, when concentrations exceeded 

10% M (for MPP* 10° M). The K; were 2.4 x 10° + 10% M for MPTP and 3 x.10* + 10% 

M for MPP*. MPTP at concentrations greater than 10% M altered cell morphology as 

early as one hour after exposure. These changes included formation of cell surface blebs 

and attenuated neurites. After 8 hours at 10° M and 24 hrs at 10° M, MPTP caused 

ultrastructural changes of mitochondria with increased electron-density of the matrix and 

disorganization of cristae, as well as abnormal aggregation of filamentous material of the 

cytoskeleton. Because these changes of stucture and function take place at concentrations 

lower than those needed to affect cell viability, they may play role in MPTP neurotoxicity 

in SH-SY5Y cell culture. 
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INTRODUCTION 

A number of studies have shown that 1-methyl-4-pheny]-1,2,3,6-tetrahydropyridine 

(MPTP) is a neurotoxicant following oxidation to an active metabolite, 1-methyl-4- 

phenylpyridinium (MPP") in astroglial cells (Westlund et al., 1985). Once formed, MPP* 

escapes into the intercellular space and is taken up by dopaminergic cells, where it inhibits 

NADH-linked mitochondrial respiration (Javitch et al., 1985; Nicklas et al., 1985). The 

inhibition finally leads to degeneration of dopaminergic neurons in the human (Burns et al., 

1983), non-human primate (Langston et al., 1984a,1984b, 1984c) and rodent nervous 

system (Heikkila et al., 1984; Muthane et al., 1994). However, it has been noted that 

there are cell selectivity and species specificity that contribute to neurotoxic manifestations 

that follow exposure to MPTP (Marongiu et al., 1988; Notter et al., 1988; Umemura et 

al., 1990; Muthane et al., 1994). In MPTP-treated primates, for example, nigrostriatal 

dopamine neurons were destroyed while the mesolimbocortical dopamine neurons 

survived (Burns et al., 1983). In contrast, rats are relatively resistant to MPTP-induced 

damage of nigrostriatal dopamine neurons (Chiueh et al., 1984), even though rat striatal 

synaptosomal preparations appear to have a high affinity for MPP” (Javitch and Snyder, 

1985). In cell culture models used for study of MPTP, different sensitivities to MPTP and 

MPP” have also been noted (Marongiu et al., 1988; Notter et al., 1988; Umemura et al., 

1990). Differentiated N,AB-1 mouse neuroblastoma cells, for example, exhibited specific 

susceptibility while C6 glioma cells, which contain only MAO-A, were resistant to MPP* 

(Notter et al., 1988). 

In this study, we examined the sensitivity of SH-SYSY human neuroblastoma cells 

to MPTP. The SH-SY5Y cell line is the third subclone of the SK-N-SH human 

neuroblastoma cell line (Biedler et al., 1973; Ross et al., 1983). In previous studies, SH- 

SYSY cells have been employed for investigating the toxicities of such diverse compounds 

as lead (Reuveny and Narahashi 1991), 6-OH-DA (Castiglioni and Polo 1980; Castiglioni 

et al., 1982; 1986), halothane and isoflurane (Smart et al., 1994), imipramine and 

74



desipramine (Rana et al., 1993), the K” channel selective inhibitor glibenclamide (Reeve et 

al., 1991), the abuse drugs phencyclidine (Lew 1992a) and cocaine (Lew 1992b), 

organophosphates (Ehrich et al., 1994; Nostrandt et al., 1992), and aluminium (Wood et 

al., 1994). The SH-SY5Y cell line displays the ability to transport DA (Willets, 1993) and 

nonepinephrine (NE) (Murphy et al., 1991), and expresses enzymes for the synthesis and 

metabolism of DA and acetylcholine (ACh) (Biedler et al., 1978; Adem et al., 1987). SH- 

SYS5Y cells also contain neuro-specific enolase (Pahlman et al., 1981). In addition, these 

cells express receptors for DA and ACh (Rowles et al., 1995; Koman et al., 1993; 

Kukkonen et al., 1992; Wall et al., 1991; Lukas et al., 1993). Furthermore, our previous 

studies showed that SH-SYSY cells can take up MPTP by a non-DA transport mechanism 

(Chapter 1) and metabolize MPTP by monoamine oxidase (MAO) (Song et al., 1996). 

For these reasons, the cell line has potential to be a good in vitro model to study the toxic 

mechanisms of MPTP. First, however, it is necessary to establish the toxic parameters of 

MPTP in these cells. 

MATERIALS AND METHODS 

Cell culture 

Human neuroblastoma SH-SYSY cells were seeded in flasks and cultured for 4 to 5 

days (until 90 % confluent) in Eagles minimum essential medium supplemented with 10% 

fetal bovine serum (FBS) in a 95% air, 5% CQO, humidified incubator at 37 °C. For 

harvesting, the cells were washed once with phosphate buffered saline (PBS), scraped with 

a rubber cell scraper, and centrifuged at 1200 rpm for 10 minutes. For viability studies, 

cells were seeded in 96 well plates, 2 x 10° cells per well. In morphology studies, cells 

were seeded in 24 well plates (10° cells per well) for phase-contrast microscopy, and in 60 

x 15 mm Permanox dishes (3 x 10° cells per dish) for electron microscopy. 
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Viability measurement 

Cell death was estimated by the leakage of lactate dehydrogenase (LDH), a generally 

accepted indicator of cytotoxicity. LDH activity was measured spectrophotometrically 

using the LDH kit (DG 1340 K, Sigma Chemical Co., St. Louis, MO) with modification. 

At chosen time points cells were treated with MPTP and MPP* (3 x 10° -10° M). After 

treatment for 4, 8, 24, 48, 72, 120 hours, the LDH leakage of cells was determined. The 

automix function on the microplate reader was used for mixing after addition of 250 ul of 

LDH reagent A (containing 0.194 mmol/L of NADH, 54 mmol/L of phosphate buffer, pH 

7.5), and 10 wl of media from cell culture plate. The reaction was initiated by addition of 

25 wl of reagent B (containing 6.48 mmol/L of pyruvate). After mixing, the decrease in 

absorbance at Amax = 340 nm was recorded using a kinetic model (UVmax Kinetic 

Microplate Reader, Molecular Devices Corp.). LDH assays were done in triplicate. LDH 

activity was expressed as the change in absorbance per min at 340 nm. The viability was 

estimated using 10 % Triton -100-treated cells as a control with 0 % viability. At the 

assay conditions, the leaked LDH activity of Triton-100-treated cells was 198.69 + 12.81 

mOD/min, the LDH leakage of untreated cells was 4.36 + 0.51 % of the Triton-100 

treated cells. In some cases, cells were pretreated with the MAO inhibitor for 48 hrs 

before MPTP treatment. 

NADH dehydrogenase activity determination 

MPTP has been reported to be toxic because it affects mitochondrial respiration 

(Nicklas et al., 1985). Effects on mitochondrial function were determined by measuring 

the activities of NADH dehydrogenase using the NADH-ferricyanide assay (Singer, 1974, 

with modifications). After treatment with MPTP and MPP* (5 x 10° -10™° M) for 30 

min, cells were sonicated for 1 min in 0.1 M potassium phosphate buffer (pH 7.4). 200 ul 

of 0.1 M potassium phosphate buffer (pH 7.4), 25 wl of 0.005 M K3Fe(CN). and 50 pl of 

sonicated cells (~ 10’ cells/ml) were added to each well of a 96 well microplate. After 

mixing, 25 ul of 0.005 M NADH was added. The decrease in absorbance at 420 nm was 
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recorded using a kinetic model (UVmax Kinetic Microplate Reader, Molecular Devices 

Corp.). Activity was expressed as the change in absorbance per min at 420 nm. The 

values of Vinx and K,, of enzymes were estimated using a Lineweaver-Burk plot. The 

values of K; of MPTP and MPP” were estimated with Segel’s method (1976). In some 

cases, cells were pretreated with MAO inhibitor pargyline (10% to 10° M) for one hr 

before MPTP treatment. 

All assays were performed in triplicate, and replicated at least 3 times. Protein 

content was measured using the Bio-Rad reagent (Bio-Rad Laboratories, Hercules, CA). 

All quantitative data were analyzed with Student’s T-test or appropriate analysis of 

variance (ANOVA). P-values of 0.05 or less were considered significant. 

Pathological examination 

The effects of MPTP on the morphology of SH-SYSY cells were evaluated with 

phase contrast microscopy after treatment with MPTP (10° to 10° M) for 1, 2, 4, 8, 24, 

48, 72, 96 and 120 hours. The procedure permitted us to estimate of the time course of 

cytopathic effects and to provide information about the changes that may precede loss of 

viability. For transmission electron microscopic examination of effects of MPTP (10° 

tol0* M) treatment for 8, 24, 120 hrs, the cell samples were prepared as follows: Cells 

were washed with 0.1 M phosphate buffer (PB, pH 7.4), and fixed with 2.5 % 

glutaraldehyde in pH 7.4 PB for 1 hr. After washing three more times with PB (5 min 

each), the sample was post-fixed in 1 % osmium tetroxide in PB for 1 hr, then rinsed three 

times again (5 min each). The samples, then, were dehydrated in ethanol series (30, 50 70 

and 95 %) for 10 min each, and 100 % ethanol two times for 10 min each. After that, the 

samples were treated with 100 % propylene oxide two times for 10 min each, then treated 

with 3:1 of propylene oxide: Poly/Bed for 30 min, and then 1:1 of propylene oxide: 

Poly/Bed for 1.5 br. Then, the samples were embedded (~ 5 mm thick layer) in the 

Permanox dishes with 100% Poly/Bed 812, and then polymerized overnight at 37 °C, 

followed by 60°C for 24 hrs. Samples were cut at 1 M for light microscopy and 20 uM 
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for electron microscopy. The latter were examined in a JEM-100cx II electron 

microscope at 80 kv accelerating voltage. 

RESULTS 

Figure 1a indicates that SH-SYSY cell death required high concentrations and long 

time periods of exposure to MPTP (at 3 x 10 M for > 8 hrs) to cause LDH leakage > 20 

%. Concentrations of 10° M or less did not have a major effect on LDH leakage (Fig. 

la), as LDH leakage remained under 10 %. Cells showed relatively more sensitivity to 

MPP* with 10° M causing LDH leakage (up to 33 %) after 8 hr of incubation, and 10* M 

causing up to 30 % after 48 hrs (Fig 1b). The MAO inhibitor pargyline significantly 

reduced MPTP-induced cell death (Fig. 2). However, pretreatment with pargyline did not 

significantly alter MPP*-induced cell death (Fig. 2), as indicated by LDH leakage. 

MPP” induced changes of mitochondrial function, causing a dose-dependent 

inhibition of NADH dehydrogenase after treatment for 30 min (Fig. 3). The effect was not 

prevented by pretreatment with the MAO inhibitor pargyline. The effect of MPP* was 

considerably greater than the effects of MPTP. The values of Ky and Vmax of NADH 

dehydrogenase of SH-SYSY cells were 6.12 x 10% + 1.09 x 10° M and 10.59 + 1.62 

OD/min/mg protein, respectively. The K;, values of MPTP and MPP* were 2.4 x 10° + 10 

*M and 3x 10% + 10°M, respectively. The results suggest that the effects of MPTP on 

NADH dehydrogenase were caused by its metabolite MPP’. 

Morphological changes were seen on phase contract microscopy of SH-SYSY cells 

exposed to MPTP for 1 to 120 hours (Fig. 4a to 4d). Normal cells were stellate in 

appearance, with long neurites that extended and attached to the surface of the culture 

plate or interacted with other cells over the 5 days in which the cells were kept in culture 
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(Fig. 4a). Treatment of culture with MPTP at 10° M led to a rounding up of the cells 

with development of surface blebs and attenuation of the neurites. This was seen at 1 

hour (Fig. 4b), and persisted through 5 days of exposure (Fig. 4c). Similar, but less severe 

lesions were seen in cells exposed to 10“ M MPTP (Fig. 4d). After treatment with MPTP 

at 10° M for 1 hr, cells were shrunken, and displayed rough surfaces and blebs (Fig. 4b). 

Less severe changes were seen in cells exposed to 10° M of MPTP for 3 days. 

Changes in the ultrastructure of SH-SY5SY cells were also observed after exposure 

to MPTP (Fig. 5a to 5g). Normal cells were elongated, uninucleated and had cytoplasm 

containing many mitochondria, polyribosomes, and rough endoplasmic reticulum. Golgi 

apparatus and linear cytoskeletal elements were also noted (Fig. 5a, 5b). After 8 hours of 

treatment with MPTP at 10° M, cells exhibited abnormal mitochondria with increased 

electron-density of their matrix (Fig. 5c), as observed in other damaged cells (Ghadially, 

1988). After 24 hours exposure, the cells were severely injured, being contracted, dark- 

staining and with no recognizable mitochondria. Exposure to 10* M of MPTP for 24 

hours led to the presence of advanced mitochondria changes. These organelles were 

electron dense with indistinct cristae (Fig. Se). Furthermore, many cells exposed to 10“ M 

of MPTP for 24 hours showed cytoplasmic autolysomal-like bodies containing 

membranous and electron dense debris (Fig. 5f). Cytoplasmic filamentous bundles or 

masses of were seen occasionally in some cells at both 8 hr (10° M of MPTP) and 24 hr 

(10° M of MPTP) of exposure (Fig. 5c; 5d; 5g). 

DISCUSSION 

Viability is usually the endpoint used to determine if toxicants are affecting cells in 

culture (Rowles et al., 1995). In this study, SH-SYSY cells were relatively resistant to 

loss of viability in the presence of MPTP. It appears that viability may be not a sensitive 

indicator of the effects of MPTP in the SH-SYS5Y cell culture model, an observation also 
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noted in previous studies of other neurotoxicants in this cell line (Nostrandt et al., 1992; 

Rowles et al., 1995). The exact reasons for the relatively higher resistance of the 

neuroblastoma cell lines to MPTP toxicity when compared to primary cell cultures or 

tissue cultures are unclear. LDH may not be stable enough to be measured days after its 

release, which may contribute to the observation that LDH leakage decreased after 48 hr 

of incubation with MPTP or MPP’. Previous studies (Chapter 1) indicated that MPP’, the 

neurotoxic metabolite of MPTP, did not stay in the SH-SYSY cells. It is also possible 

that the indefinite growth and the immortality of tumor cell lines could be characteristics 

contributing to this resistance. 

SH-SY5Y cells were more sensitive to MPP* than to MPTP, as indicated by 

changes in cell structure and loss of NADH dehydrogenase activity. For SH-SYSY, cell 

lethality was about 33% after 8 hrs exposure to 10° M of MPP* and 30 % after 2 days of 

exposure to 10* M. The data showed that SH-SYS5Y cells used in this study were more 

sensitive than that reported in the study by Fang et al. (1995). In that study, cell lethality 

was about 30 % after exposure to MPP* for 4 days at 10* M. Other cell lines have also 

been examined for sensitivity to MPP*. After exposure to MPP” at a concentration of 10% 

M for 19 days, the cell lethalities of human melanoma cell lines HMV-II and SK-MEL-44, 

were 65 % and 9 %, respectively (Umemura et al., 1990). For PC12 cells, MPP” caused 

about 30 % cell lethality at 10° M after 3 days of exposure, with no lethality noted after 3 

days at a concentration of 10* M (Naoi et al., 1988). 

In contrast to the results obtained when viability was used as an indicator of 

MPTP-induced cytotoxicity, morphological studies with phase-contrast microscopy of 

SH-SYS5Y cells showed cellular changes at low concentrations of MPTP and at early time 

points after exposure. These results indicated that MPTP caused obvious injury to 

mitochondria when viewed at the ultrastructural level. In addition, changes in the 

cytoskeleton were also seen in some cells exposed to MPTP, an observation consistent 

with verified biochemical findings (Chapter 5). Changes seen on microscopic examination 
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included abnormal aggregation of cytoplasmic filamentous material and abnormal neurites, 

changes also noted in other cell culture systems (Notter et al., 1988). This is the first 

report of mitochondrial injury (Ghadially, 1988) in SH-SYSY cells exposed to MPTP. 

MPTP has been reported to cause abnormalities in the mitochondria of nigral 

neurons in animal models. MPTP caused expanded mitochondria, and also caused 

variously-shaped inclusion bodies within mitochondria in monkeys (Tanaka and Nakamura 

1988; Nakamura et al., 1989). These studies suggested that the mitochondria are a 

primary site of MPTP-induced toxic effects. In vitro studies indicated that MPP” can 

inhibit respiration in mitochondrial preparations (Krueger et al., 1993; Nicklas et al., 1985; 

Ramsay et al., 1986; Saporito et al., 1992) and intact cells (Denton and Howard., 1987). 

The inhibition of the respiratory chain by MPP” decreased the energy supplies by both 

decreasing energy stores and the synthesis of ATP (Denton and Howard., 1987). These 

effects may ultimately result in cell death (Denton and Howard, 1987; Nicklas et al., 

1985; Ramsay et al., 1986). In addition to in vitro studies, MPTP-induced loss of ATP 

loss has also been determined in mouse brain (Chan et al., 1992). 

These results suggest that MPTP-induced changes of mitochondrial structure and 

function may be critical events in the neurotoxicity induced by this compound, since the 

survival and normal functions of neurons are highly dependent on their cellular energy 

supply and structural integrity. In SH-SYSY cell culture, it was noted that there were 

good correlations between the time courses of the metabolism of MPTP and the MPTP- 

induced inhibition of NADH dehydrogenase activity, and between the time courses of the 

altered mitochondrial structures and the increase in cell lethality after exposure to MPTP. 

MPTP and MPP” in SH-SY5Y cells could be detected at 30 min after exposure to MPTP 

(Chapter 1), and the inhibition of NADH dehydrogenase was observed at the same time. 

The alterations of MPTP-induced mitochondrial structure were noted from 8 to 24 hours 

after exposure to MPTP, and cell death began to increase about the same time. The 
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results confirmed the role of MPTP-induced changes of mitochondrial structure and 

function in the cytotoxicity in SH-SY5Y cells in culture. 

Since most in vivo and in vitro models exhibited more sensitivity to cytotoxic 

effects of MPP” than to cytotoxic effects of MPTP, and because MAO inhibitors and DA 

uptake inhibitors could block these effects of MPTP, MPTP-induced cytotoxicity was 

probably caused by its active metabolite MPP”. In this study, the results showed that the 

K; of MPTP for inhibition of NADH dehydrogenase in SH-SYSY cells was about 8 times 

that of MPP”. Furthermore, pretreatment with the MAO inhibitor pargyline did not alter 

the MPP” effects, supporting the hypothesis that the effects of MPTP on NADH 

dehydrogenase were through its metabolite MPP”. 

NADH dehydrogenase is known to contain a flavin and a series of Fe-S cluster 

proteins (complex 1) of increasing potential (Lehninger et al., 1993). Electrons from 

NADH pass through the flavoprotein to Fe-S clusters and then to ubiquinone (UQ). 

Because MPP” did not inhibit reduction of the iron-sulfur clusters of NADH 

dehydrogenase in beef heart preparations with ferricyanide as a substrate (Ramsay et al., 

1986 and 1987), it has been suggested that MPP” inhibited NADH dehydrogenase 

activity, and blocked mitochondrial electron transport by interrupting electron flux from 

NADH dehydrogenase to UQ at the same site as rotenone and piericidin A (Krueger et al., 

1993; Ramsay et al., 1986; 1987; 1991a; 1991b). However, the data of the present study 

in SH-SYSY cells indicated that MPP” can inhibit NADH dehydrogenase activity using 

ferricyanide as a substrate. The results imply that the site of MPP” action could also be 

between NADH and Fe-S rather than only between the highest potential Fe-S cluster in 

NADH dehydrogenase and UQ. This hypothesis, however, needs further investigation. 

In summary, the SH-SYSY cell culture is useful for the study of MPTP 

neurotoxicity, particularly using morphological changes and/or mitochondrial NADH 

dehydrogenase inhibition as indicators of MPTP cytotoxicity. MPTP, via its metabolite 
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MPP", inhibited NADH dehydrogenase activity. The MPTP-induced alterations of 

morphology were evident within between a few hours to a few days of exposure. These 

changes included formation of plasma membrane blebs, attenuated neutrites, altered 

mitochondria with electron-density of matrix, and abnormal aggregation of filamentous 

material of the cytoskeleton. Since the survival and normal functions of neurons, 

including transport of neurotransmitters, depends on energy supply and _ structural 

integrity, these MPTP-induced changes of structure and function may contribute to MPTP 

neurotoxicity. 
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Figure la. Effects of MPTP on the LDH leakage in SH-SYSY human neuroblastoma 

cells. After treatment with MPTP (107 to 3 x 10° M) for 4, 8, 24, 48, 72, 
120 hr., the LDH leakage of cells was determined as described under 

Materials and Methods. LDH leakage % was estimated using Triton -100- 

treated cells as 100 %. At the assay conditions, the leaked LDH activity of 

Triton-100-treated cells was 198.69 + 12.81 mOD/min, the LDH leakage of 

untreated cell was 4.36 + 0.51 % of the Triton-100 treated cells. Results were 

averages of at least 3 individual experiments (mean + SE). * Significantly 

different from the control (p < 0.05). 
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Effects of MPP* on the LDH leakage in SH-SY5Y human neuroblastoma 

cells. After treatment with MPP* (107 to3x 10° M) for 4, 8, 24, 48, 72, 

120 hr., the LDH leakage of cells was determined as described under 

Materials and Methods. LDH leakage % was estimated using Triton -100- 

treated cells as 100 %. At the assay conditions, the leaked LDH activity of 

Triton-100-treated cells was 198.69 + 12.81 mOD/min, the LDH leakage of 

untreated cell was 4.36 + 0.51 % of the Triton-100 treated cells. Results were 

averages of at least 3 individual experiments (mean + SE). * Significantly 

different from the control (p < 0.05). 
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Figure 2. Effects of MAO inhibitor pargyline on the MPTP- and MPP’-induced LDH 

leakage in SH-SYSY human neuroblastoma cells. Cells were pretreated with 

MAO inhibitor pargyline at 10° M for 48 hrs, then were incubated with 

MPTP (3 x 10° M) and MPP* (10° M) for 24 hrs. The LDH leakage of cells 

was determined as described under Materials and Methods. LDH leakage 

% was estimated using Triton-100-treated cells as 100 %. At the assay 

conditions, the leaked LDH activity of Triton-100-treated cells was 198.69 + 

12.81 mOD/min, the LDH leakage of untreated cell was 4.36 + 0.51 % of the 

Triton-100 treated cells. Results were averages of at least 3 individual 

experiments (mean + SE). * Significantly different from the control (p < 0.05). 
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Figure 3. Effects of MPP* and MPTP on the activities of NADH dehydrogenase in SH- 

SY5Y cells. After treatment with MPTP and MPP* (5 x 10° - 10° M) for 30 

min, the activities of NADH dehydrogenase was measured using the NADH- 

ferricyanide assay as described under Materials and Methods. In some cases, 

cells were pretreated with the MAO inhibitor pargyline at 10° M for 30 min. 

Activity was expressed as the change in absorbance per min at 420 nm. The 

values of Vax and K,, of enzymes in SH-SYSY human neuroblastoma cells 

were 6.12 x 10% + 1.09 x 10° M and 10.59 + 1.62 OD/min/mg protein, 
respectively. Results were expressed as % of control (mean + SE), and were 

averages of 4 individual experiments. * Significantly different from the control 

(p < 0.05). The SE’s of control values were between 1.0 to 6.8 %. 
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Figure 4. Effects of MPTP on morphology of SH-SYS5Y human neuroblastoma cells. 
The effects of MPTP on the morphology of SH-SYSY cells were evaluated 
with phase contrast microscopy after treatment with MPTP (10° to 10° M) for 

1, 2, 4, 8, 24, 48, 72, 96 and 120 hours. 4a, Stellate nature of SH-SYSY 

control cells after culture 48 hours. Phase contrast, x 660. 4b, Prominent 

rounding and shrinkage of SH-SY5Y cells after 1 hr exposure to 10° M 

MPTP. Phase contrast, x 660. 4c, After 5 days of exposure to 10° M MPTP, 
cells were rounded and had irregular surfaces indicative of blebbing. Phase 
contrast, x 1320. 4d, Rounding of cells exposed to 10“ M MPTP for 24 
hours. Phase contrast, x 660. 
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Figure 4a. Stellate nature of SH-SYSY control cells after culture 48 hours. Phase 

contrast, x 660. 
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Figure 4b. Prominent rounding and shrinkage of SH-SYS5Y cells after 1 hr exposure to 

10° M MPTP. Phase contrast, x 660. 
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Figure 4c. After 5 days of exposure to 10° M MPTP, cells were rounded and had 

irregular surfaces indicative of blebbing. Phase contrast, x 1320. 
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Figure 4d. Rounding of cells exposed to 10* M MPTP for 24 hours. Phase contrast, x 

660. 
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Figure 5. Effects of MPTP on the ultrastructure of SH-SY5Y human neuroblastoma 

cells. The effects of MPTP on the ultrastructure of SH-SY5Y human 

neuroblastoma were evaluated with electron transmission microscopy after 

treatment with MPTP (10° to 10° M) for 8 and 24 hours. Figure 5a and 5b 
were control SH-SYSY cells showing cytoplasmic bundles or individual, 
filaments (large arrows), mitochondria (arrowheads), and Golgi apparatus 

(open curved arrow). Lipid droplet (L) and nuclei (N) were present. 5a, x 

9720, 5b, x 18900. Figure 5c showed that after 8 hours exposure to 10° M 

MPTP, SH-SYSY cells had mitochondria with disordered cristae (arrows) 

and regions of disorganized masses of filaments and microtubules 

(arrowheads, seen at higher power in 5d), x 24700. Figure Se, Twenty-four 

hours of exposure to 10° M MPTP resulted in cells with electron dense 

mitochondria with indistinct cristae (arrows), x 24700. Figure 5f. showed 

lysosome-like bodies (arrows) containing membranous and electron dense areas 

in a cells exposed to 10*M MPTP for 24 hours, x 18200. Figure 5g, A bundle 

of undulating cytoplasmic filaments (arrow) was seen in a cells exposed to 10“ 

M MPTP for 24 hours, x 18200. 
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Figure 5a. Control SH-SYS5Y cells showing cytoplasmic filaments as individual 

elements or bundles (arrows), mitochondria (arrowheads), and nucleus (N). 

x 9720. 
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Figure 5b. Control SH-SYSY cells showing cytoplasmic filaments as individual elements 

or bundles (arrows), mitochondria (arrowheads), and Golgi apparatus (open 

curved arrow). A lipid droplet (L) was present. x 18900. 
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Figure Sc. At 8 hours exposure to 10° M MPTP, SH-SY5Y cells had mitochondria with 

disordered cristae (arrows) and regions of disorganized masses of filaments 

and microtubules (arrowheads, seen at higher power in 5d), x 24700. 
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Figure 5d. Higher power of filamentous aggregate of Figure Sc. (8 hours exposure to 

10° M MPTP). x 74100. 
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Figure 5e. Twenty-four hours of exposure to 10* M MPTP resulted in cells with 

electron dense mitochondria with indistinct cristae (arrows), x 24700. 
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Figure 5f. Lysosome-like bodies (arrows) containing membranous and electron dense 

areas in a cells exposed to 10*M MPTP for 24 hours. x 18200. 
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ABSTRACT 

For study of the neurotoxic effects of MPTP (l-methyl-4-phenyl-1,2,3,6- 

tetrahydropyridine) and its metabolite MPP* on the dopaminergic system of SH-SYS5Y 

cells, the following were determined: (1) concentrations of dopamine (DA) and 

metabolites; (2) DA uptake and release; and (3) activity of monoamine oxidase (MAO). 

Concentrations of serotonin (5-HT) and its metabolite 5-hydroxyindoleacetic acid (5- 

HIAA) were also examined. Cells exposed to MPTP had reduced levels of 

catecholamines (DA, norepinephrine, epinephrine), as well as 5-HT and 5-HIAA. MPTP 

enhanced *H-DA release and inhibited MAO activity (Ki 2.26 x 10° M), and MPTP’s 

metabolite MPP* inhibited °H-DA uptake with an ICso of 2.2 x 10° M. Pretreatment with 

the MAO inhibitor pargyline, or with the cholinergic antagonists atropine and d- 

tubocurarine protected the cells from MPTP-induced alterations of catecholamines and the 

decrease in 5-HT. These results demonstrated that MPTP can cause alterations to the 

dopaminergic system of SH-SYSY cells as it does in other in vivo and in vitro systems. 

The capability of cholinergic antagonists to prevent the MPTP-induced alterations of the 

dopaminergic systems suggest a possible cholinergic contribution to MPTP neurotoxicity 

in this cell line. 
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INTRODUCTION 

The neurotoxicity of 1-methyl-4-phenyl]-1,2,3,6-tetrahydropyridine (MPTP) was 

recognized for the first time in the early 1980’s, when a group of addicts in northern 

California injected this substance and exhibited virtually all of the motor features seen in 

Parkinson’s disease (Langston et al., 1983). After that, the observations of pathology and 

biochemistry in humans and primates also revealed that neuronal changes produced by 

MPTP were consistent with parkinsonism. It was demonstrated that MPTP destroyed the 

cells of the zona compacta of the substantia nigra (SN) in humans (Davis et al., 1979). 

MPTP also caused selective degeneration of neurons in the substantia nigra and locus 

ceruleus in non-human primates (Burns et al., 1983; Langston et al., 1984a, 1984b, 1984c; 

Elsworth et al., 1987), which are sites of prominent lesions in Parkinson’s disease. 

Biochemical studies in primates indicated that MPTP causes a profound persistent 

depression of caudate-putamen dopamine (DA) (Burns et al., 1983; Chiueh et al., 1985; 

Elsworth et al., 1987), and changes in norepinephrine (NE) and serotonin (5-HT) in the 

SN and extrastriatal areas (Chiueh et al., 1985; Pilt et al., 1991; Gasper et al., 1993). 

Similar biochemical changes have also been demonstrated in Parkinson’s patients (Stern, 

1990). 

Many in vivo (Langston et al., 1984a,1984b, 1984c; Burns et al., 1983; Jenner et 

al., 1984; Chiueh et al., 1985) and in vitro systems (Di Monte et al., 1992; Saporito et al., 

1992; Marini et al., 1989; Umemura et al., 1990; Lai et al., 1993) have been developed for 

the studies of the neurotoxic mechanisms of MPTP, including an exploration of the possible 

relationship between MPTP intoxication and idiopathic parkinsonism. Such systems can be 

used for study of the required conversion of MPTP to its metabolite MPP* by monoamine 

oxidase B (MAO-B) (Glover et al., 1986; Ransom., et al 1987; Uhl et al., 1985; Chiba et 

al., 1984; 1985; Peterson et al., 1985), the uptake of MPP” by the DA transporter (Javitch 

et al., 1985; Chiba et al., 1985), mitochondrial damage caused by this neurotoxicant 
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(Ramsay and Singer, 1986; Ramsay et al., 1986; Hoppel et al., 1987; Nicklas et al., 1985; 

Sayre et al., 1989; Saporito et al., 1992), and neurotransmitter changes that take place 

within neuronal cells exposed to MPTP (Burns et al., 1983; Chiueh et al., 1985; Davis et 

al., 1979; Langston et al., 1984a). 

In this study, the human neuroblastoma SH-SYSY cell line was used to examine 

MPTP-induced effects on DA metabolism and release, MAO inhibition, and 5-HT levels. 

The SH-SY5Y cell line is the third subclone of the SK-N-SH human neuroblastoma cell 

line (Biedler et al., 1973; Ross et al., 1983). SH-SY5Y cells are potential superior 

previous in vitro models because they are of human origin, they display ability to transport 

DA (Willets, 1993) and norepinephrine (NE) (Murphy et al., 1991), and they express 

enzymes for the synthesis and metabolism of DA and ACh (Biedler et al., 1978; Adem et 

al., 1987). These cells also have receptors for DA and ACh (Rowles et al., 1995; Koman 

et al., 1993; Kukkonen et al., 1992; Wall et al., 1991; Lukas et al., 1993; Gould et al., 

1992). SH-SY5Y human neuroblastoma cells have been previously employed for 

investigating the toxicities of metals (Reuveny and Narahashi 1991; Wood et al., 1994), 

drugs (Smart et al., 1994; Rana et al., 1993; Reeve et al., 1991; Lew 1992a; 1992b), and 

organophosphorus insecticides (Ehrich et al., 1994; Nostrandt et al., 1992). 

In order to effectively evaluate whether the SH-SYSY cell line can be used as an in 

vitro model for study of the mechanisms of MPTP neurotoxicity, it is important to 

determine whether MPTP effects in cell culture are similar to the effects of MPTP in vivo. 

Our previous studies determined that SH-SYSY cells can take up MPTP by a non-DA 

transport mechanism and metabolize it by monoamine oxidase (MAO) (Chapter 1). The 

process appears similar to those seen in other in vivo and in vitro models of MPTP 

toxicity (Glover et al., 1986; Ransom., et al 1987; Uhl et al., 1985; Chiba et al., 1984; 

1985; Peterson et al., 1985; Javitch et al., 1985). MPTP and its metabolite MPP” also 

inhibit mitochondrial respiration and cause structural alterations of the mitochondria, 

cytoskeleton and neutrites of SH-SYSY cells (Chapter 2). In this study, the neurotoxic 
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effects of MPTP on the dopaminergic system, including levels of DA and its metabolites, 

DA uptake and release, and MAO activity were investigated. The effects of MPTP on 5- 

HT and 5-hydroxyindoleacetic acid (S-HIAA) were also examined. To determine if 

MPTP-induced changes were caused by the metabolite MPP’, changes were also 

examined in the presence of the MAO inhibitor pargyline, as MAO is responsible for the 

conversion of MPTP to MPP’. To determine a potential role for cholinergic involvement 

in the effects of MPTP on the dopaminergic system, as has been suggested by some in 

vivo studies (Hadjiconstantinou et al., 1985), changes in the effects of MPTP on the 

dopaminergic system in the presence of the cholinergic antagonists atropine and 

tubocurarine were also evaluated. 

MATERIALS AND METHODS 

Cell culture 

Human neuroblastoma SH-SYS5Y cells were seeded at a concentration of 2 x 10° 

cells/ 75 cm’ flask and cultured for 4 to 5 days until 90 % of confluent in Eagles minimum 

essential medium supplemented with 10% fetal bovine serum (FBS) in a 95% air, 5% CO, 

humidified incubator at 37 °C. For harvesting, the cells were washed once with phosphate 

buffered saline (PBS), scraped with a rubber cell scraper, and centrifuged at 1200 rpm for 

10 minutes. For ° H-dopamine (CH-DA) release studies, cells were seeded at a 

concentration of 10* cells/well in 24 well plates until confluent (3-4 days). 

HPLC assays of the metabolites of catecholamines and serotonin 

Norepinephrine (NE), epinephrine (Epi), dopamine (DA), 3,4-dihydroxy-phenylacetic 

acid (DOPAC), 4-hydroxy-3-methoxypheny] acid (homovanillic acid, HVA), serotonin (5- 

HT) and 5-hydroxy-indoleacetic acid (5-HIAA) levels in cells were measured using HPLC 

with electrochemical detection. These substances were measured in cells that had been 
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treated with MPTP (10°- 10° M) for 1, 2, 24, 48, 72, or 120 hrs. In some cases, cells 

were treated with the MAO inhibitor pargyline, or the cholinergic antagonists atropine and 

tubocurarine for 30 min before MPTP treatment. In brief, 1 ml (10’ cells/ml) cells were 

collected in 0.250 ml of a solution containing 0.1 mM ascorbic acid and 0.2 mM EDTA, 

then sonicated for 1 to 2 min. Following this, 0.250 ml of a mixture, containing 0.01 % 

EDTA, 0.01 % NaCl, and 0.02 % sodium heptane sulfonate (pH 3.3), was added to the 

sonicated sample. The sample was then filtered through an hydrophilic ultrafiltration 

membrane in a Centrifree and MAS micropartition device (Amicon, Inc., Beverly, MA) by 

centrifugation at 2000 rpm for 15 min. Fifty wl of the ultrafiltrate was injected into HPLC 

system. 

HPLC was performed with a Beckman 344 chromatography system equipped with 

a manual sample injector (model 338), 114 M solvent delivery module and a Phenomonex 

PrimeSphere C-18-HC column (5 um, 250 x 4.6 mm, Phenomonex, Torrance, CA). The 

mobile phase consisted of a filtered and degassed mixture of 0.01 % EDTA, 0.01 % NaCl, 

0.02 % sodium heptane sulfonate in water: CH3CN (88:12, pH 3.3) and delivered at a 

flow-rate of 1.5 ml/min. HPLC effluents were analyzed with an electrochemical detector 

(ESA Model 5200 Coulochem II multi-electrode, Environmental Sciences Association, 

Bedford, MA) equipped with a 5014 A analytical cell (porous graphite). Data were 

digitized by a Beckman 406 analog interface and processed by Beckman analytical series 

System Gold™ data acquisition software on a Tandy 3000 NL computer. One channel on 

the analog interface was connected to the dual channel coulemetric electrochemical 

detector to monitor a dual electrode transducer at an applied cell voltage of 150 mV at the 

screening electrode and 350mV at the analysis electrode with an overall sensitivity of 100 

nA and 50 nA, respectively. 

7H-dopamine @H-DA) uptake and release 

*H-DA uptake and release were performed using the method of Vaughan et al. 

(1993), which was based on that of Murphy et al. (1991). In brief, cells were seeded at a 
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concentration of 10° cells/well in 24 well plates grown until confluent (3-4 days), and 

washed with Hanks balanced salt solution once. For ’H-DA uptake, after treatment with 

MPTP (10° to 10° M) and MPP* (10° to 10° M ) for 30 min, *H-DA (20 Ci/mmol, NEN 

Research Products, DuPont Company, Wilmington, Del.) was added to the monolayer at 

concentrations of 1, 2, and 4 Ci/ml (49 to 196 nM) in Hanks balanced salt solution 

containing 0.2 mM ascorbic acid and 0.2 mM pargyline, and the plate incubated for 15, 

30, 45 or 60 min at 37 °C. The nonspecific binding was determined by pretreatment with 

the DA uptake inhibitor nomifensine (2.8 x 10’ to 2.8 x 10° M) for 15 min. To stop 

uptake, the incubation solution was aspirated. Then, the cells were washed several times 

with Hanks balanced salt solution. *H-DA in the cells was extracted with 0.5 M NaOH 

(with 2 % Triton-100) followed by neutralization with 0.5 M HCI. The entire denatured 

samples were added to scintillation fluid and counted. K, and Vmax were estimated using a 

Lineweaver-Burk plot. 

For release studies, following the uptake procedure, excess 3H-DA was removed by 

washing the monolayer 4 times with 0.5 ml Hanks balanced salt ‘solution. Then, MPTP, 

prepared in HEPES-buffered saline (pH 7.4, containing 0.2 mM ascorbic acid and 0.2 mM 

pargyline), or buffer alone were added to the wells of cells and allowed to preincubate for 

15 min. In some cases, cells were preincubated for 15 min with cholinergic antagonists 

atropine and d-tubocurarine, followed by further 15 min incubation with MPTP in the 

presence of these antagonists. After removing these chemicals by washing with HEPES 

buffered saline once, release of *H-DA was initiated by exposing the cell layers to 5 x 10° 

mM carbachol (10! to 10% M for carbachol-evoked *H-DA release curve) or potassium 

chloride (25 to 200 mM) for 4 min. Spontaneous release of 3H-DA was also measured. 

Unreleased *H-DA in the cells was extracted with 0.5 M NaOH followed by neutralization 

with 0.5 M HCl. The amount of 3H-DA released into the medium was expressed as a 

percentage of the total amount of radioactivity in the cell layer at the beginning of the 

incubation period. Dopamine uptake was 678.4 + 42.5 fM/mg protein for 60 min 

incubation at 98 nM of °H-DA. 
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Monoamine oxidase (MAO) determination 

MAO activities were measured using HPLC with electrochemical detection (ED) 

as described by Ogata et al (1992). After treatment with MPTP (103-107 M) for 1, 2, 4, 

or 24 hrs, 1 ml of cells (10’ cells/ml) were subjected to freezing and thawing in PBS (pH 

7.4) containing 0.1 mM ascorbic acid and 0.1 mM Na,EDTA, and then incubated for 30 

min with 2 x 10° M DA (stock solution prepared in 0.1M HCIO,.). The incubates were 

transferred to a 3 ml Amberlite CG-50 column (hydrogen form, wet mesh 100-200, Sigma 

Chemical Co.) to absorb the excess DA, and then washed with deionized water. These 

eluates were further prepared for HPLC by addition of 100 wl of 2 uM 3,4- 

dihydrobenzylamine (DHBA) used as an internal standard, 1 ml of 1.5 mM Tris-HCl 

containing 2% EDTA, and 100 mg of acid-washed alumina oxide (Bioanalytical Systems, 

West Lafayette, IN). After mixing on a shaker for 10 min, the alumina was washed with 

distilled water, and allowed to settle 2 additional times. After the last supernatant was 

discarded, 1.5 ml water was added to the alumina and the resulting mixture was 

transferred to a MF-5500 microfilter tube with a MF-5658 0.2 um membrane filter. The 

microfilter was then centrifuged and the eluate discarded. The MAO-generated 

metabolites of DA were eluted from the alumina using 400 ul 0.1 M HClO,, which was 

vortexed with the alumina for 1.5 min and allowed to settle for 5 min. The tube was 

vortexed for an additional minute and then centrifuged until the alumina dried. The eluate 

collected in the receiver portion of the microfilter tube was used to prepare 50 pl aliquots 

which were injected onto the HPLC. 

The HPLC was performed on a BASLCEC analyzer using a 250 mm x 4.6 mm 

Biophase ODS reversed-phase column, 5 [1m particle size (Bioanalytical Systems, West 

Lafayette, IN). The column was washed using isocratic conditions and maintained at 26 

°C. The MAO-generated metabolites of DA were detected using an LC-4B amperometric 

detector with a glass-carbon working electrode and Ag/AgCl reference electrode with a 

current maintained at +700 nA. The mobile phase consisted of a filtered and degassed 
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solution of 1.5 M monochloroacetic acid, 0.12 M sodium hydroxide, 0.2 mM Na,-EDTA, 

0.25 mM sodium octyl sulfate and 2 % methanol (pH 3.0). The mobile phase was 

recycled throughout the experiment. 

The parameters of Vinx and K,, of enzymes were estimated using a Lineweaver- 

Burk plot. The K; or ICso of MPTP were estimated by Segel’s method (1976). In some 

cases, the effects of the MAO inhibitors pargyline, deprenyl and clorgyline were examined. 

MAO activity was expressed as ng DHBA/30 min/mg protein (The ng DHBA calculated 

from the 3,4-dihydroxyphenylacetaldehyde, DOPAL, produced from DA by MAO per mg 

protein in 30 min incubation.) 

All assays were performed in triplicate, and replicated at least 3 times. Protein 

content was measured using the Bio-Rad reagent (Bio-Rad Laboratories, Hercules, CA). 

All data were analyzed with Student’s T-test or appropriate analysis of variance 

(ANOVA). P-values of 0.05 or less were considered significant. 

RESULTS 

Effects of MPTP on the metabolism of catecholamines and serotonin 

MPTP significantly decreased the catecholamine levels in cells, including levels of 

DA, norepinephrine and epinephrine (Fig. la to le). Levels of serotonin (5-HT) and its 

metabolite 5-HIAA were also decreased (Fig. 1f to 1g). For example, DA levels in cells 

treated with 10° M MPTP went from about 15 % below levels in control cells at 1 hr to 

43 % below levels in control cells at 24 hr. The decrease in DA levels was occured even 

with concentrations of MPTP as low as 10° M, with DA levels decreased to about 37 % 

lower than control after a 2 day incubation period (Fig. 1a). MPTP also had depletion 

effects on norepinephrine levels (Fig. 1b). By 1 to 2 hrs after exposure to 10° M MPTP, 

norepinephrine levels were reduced to about 50 % of the control. A low concentration of 
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MPTP (10° M) could also decrease norepinephrine levels to about 30 % below control 

levels after 2 hr of exposure. Long term exposure (3 to 5 days) of SH-SYS5Y cells to 

MPTP caused reductions in epinephrine levels that were even greater than reduction of 

norepinephrine levels. After 5 days of exposure to 10° M of MPTP, epinephrine 

concentrations were reduced to 65 % below the control levels (Fig. Ic). MPTP also 

decreased concentrations of DOPAC (Fig. 1d), a DA metabolite, in SH-SY5Y cells as 

early as one hour after exposure. As time of exposure to MPTP increased beyond 2 hr 

this metabolite was not detected in cell cultures at all. MPTP caused a decrease in HVA 

levels as exposure extended from 1 hr to 5 days (Fig. le). MPTP also reduced levels of 5- 

HT and its metabolite 5-HIAA in SH-SYSY cells (Fig. 1f, 1g). It was noted that some 

variances existed in dose- and time- courses for all neurochemicals tested, suggesting that 

a maximal effect could be reached. 

Pretreatment with the MAO inhibitor pargyline, the muscarinic antagonist atropine 

and the nicotinic antagonist d-tubocurarine interfered with MPTP-induced effects on 

catecholamine concentrations (DA, DOPAC, NE, Epi) (Fig. 2). Pretreatment with the 

MAO inhibitor pargyline also prevented the MPTP-induced decrease in 5-HT (Fig. 2). 

Pargyline, however, appeared to enhanced the MPTP-induced effects on 5-HIAA, a 

metabolite derived from 5-HT by MAO-A and aldehyde dehydrogenase (Frazer and 

Hensler, 1995) (Fig. 2). 

Effects of MPTP and MPP* on *H-DA uptake and release 

Our previous studies determined that MPP*, but not MPTP, decreased 3H-DA 

uptake with an ICso of 2.2 x 10°M (Chapter 1). 

Release of DA was determined following a 60 min incubation of cells with 49 nM 

°H-DA, with results of 678.4 + 42.5 fmol/mg protein uptake. Experiments demonstrated 

that the spontaneous release of *H-DA following 15 min and 30 min incubation in buffer 
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was 11 + 0.8 % and 18 + 1.2 % of the total amount of radioactivity in the cell layer, 

respectively. Carbachol- and potassium-evoked releases of *H-DA in SH-SY5Y cells 

were demonstrated to be concentration dependent (Fig. 3a and Fig. 3b). Released *H-DA 

evoked by carbachol at 10° M was 6.6 + 0.51 % of the total >H-DA taken up in the 

control, and potassium-evoked 3H-DA at 100 mM was 11.8 + 2.08 % of the control. No 

other studies have reported DA release from SH-SYSY cells. The data reported here 

were similar to that of carbachol- and potassium- evoked release of "H-NE from SH- 

SYSY cells (Murphy et al., 1991). 

MPTP enhanced spontaneous- and carbachol-evoked release of “H-DA (Fig. 4), 

with maximal effects obtained at concentrations > 10° M. The MPTP-induced increases 

in °H-DA release were completely inhibited by the cholinergic antagonists atropine (10” 

M) and d-tubocurarine (2 x10° M) (Fig. 5). In fact, *H-DA release in tubocurarine- 

treated cells was even lower than release in control cells. Lower concentrations of 

cholinergic antagonists appeared more efficacious than higher concentrations at blocking 

MPTP-induced °H-DA release. Whether this was caused by partial agonist activity at the 

higher concentrations used needs further investigation. 

Inhibition of MAO activity by MPTP 

SH-SYSY human neuroblastoma cells expressed MAO activity with a K, of 2.34 x 

10° + 7.70 x 10° M and a Vinx Of 68.97 + 7.86 ng DHBA/30 min/mg protein (Table 1). 

MPTP caused a significant decrease in MAO activity in a dose and time dependent manner 

between 30 min and 120 min after exposure (Fig. 6). The MPTP-induced inhibition 

recovered slightly but was still significantly lower than that of control after exposure times 

of 4 to 24 hrs (Fig. 6). These experiments also indicated that the Vmax was altered as 

MPTP dosage increased while K,, was relatively constant, suggesting that MPTP caused a 

noncompetitive inhibition of MAO (Table 1). The K; was 2.26 x 10° + 6.85 x 10° M after 

treatment with MPTP for 2 hrs. 
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The inhibition of MAO caused by MPTP was less than that caused by pargyline, 

deprenyl and clorgyline (Fig. 7). Although all three MAO inhibitors were effective in SH- 

SYSY cells, sensitivity to clorgyline was especially pronounced, with the enzyme MAO 

inhibited almost 95 % by a concentration as low as 10'° M. Sensitivity of MAO in SH- 

SYSY cells to inhibition by clorgyline was similar to that reported in G8-1 myoblast cells, 

but less than that reported in N4G-B-a hybrid cells (Nagatsu et al., 1981). MAO-A and 

MAO-B acvitities were, respectively, 95 and 5 % of the total MAO in G8-1 cells, and 75 

and 25 % of the total MAO in N4G-B-a cells. The results indicated that SH-SYSY cells 

expressed both MAO-B and MAO-A, but MAO-A was more sensitive to inhibition. The 

assay method used for the present study could not be used to determine the relative 

activity of MAO-A and MAO-B in SH-SYSY cells. 

DISCUSSION 

In this study, we found that MPTP effects on SH-SYSY cells were similar to effects 

reported in other models for investigation of MPTP neurotoxicity. We found, for 

example, that MPTP caused notable changes in the dopaminergic system of SH-SYSY 

cells. In contrast, the DA levels in PC12 cells was not affected significantly after 7 days 

exposure to MPTP at concentrations between 10’ to 10° M, nor was DA level affected 

after 1 hr of exposure to 10° M MPpP* (Naoi et al., 1987a, 1987b). This would suggest 

that the human neuroblastoma SH-SYSY cells could be a better in vitro model for studies 

of MPTP effects on DA than the rat PC12 cells. No extensive studies of dose- and time- 

related changes in catecholamine concentrations in cell lines have been reported, so it is 

unknown as to whether the maximal effects seen in the SH-SY5Y cells is unique for this 

cell line. 

Alterations of the dopaminergic nervous system were also obvious in animals given 

MPTP as a model for Parkinson’s disease. MPTP induced degeneration of DA neurons in 
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the nigrostriatal pathway and depletion of DA in the caudate-putamen in primates (Burns 

et al., 1983; Chiueh et al., 1985; Davis et al., 1979; Langston et al., 1984a). MPTP also 

caused changes in concentrations of the principal metabolites of DA (HVA and DOPAC), 

which may be due to irreversible damage of dopaminergic terminals (Rollema et al., 1986; 

Heikkila et al., 1984; Mytilineuou et al., 1985; Santiago et al., 1991a, 1991b). MPTP has 

also been demonstrated to decrease activities of enzymes involved in DA synthesis 

(tyrosine hydroxylase and DOPA-decarboxylase) (Mogi et al., 1988; Naoi et al., 1988). 

These studies, done in in vivo (Mogi et al., 1988) and in vitro (Naoi et al., 1988) models, 

confirmed that the dopaminergic system was a target of MPTP neurotoxicity. 

A correlation between the reduction in striatal dopamine, the severity of neuronal 

damage in the substantia nigra, and severity of akinestia has been reported in patients with 

Parkinson’s disease (Stern, 1990). The decrease in DA may follow decrease in DA uptake 

and increase in release as well as the degeneration of DA-producing cells in the substantia 

nigra (Forno, 1990). Various studies have indicated that MPP*, the MPTP metabolite, can 

be taken up into DA neurons by a DA transport mechanism, and, therefore, MPP* may 

inhibit DA uptake (Javitch et al., 1985; Chiba et al., 1985). MPP” could similarly inhibit 

DA uptake in the SH-SYSY cells used for the present study (Chapter 1). 

In the present study, MPTP enhanced *H-DA release from SH-SYSY cells, in 

addition to decreasing DA levels and DA uptake. Such studies have not previously been 

done in human neuroblastoma cells. The MPTP- or MPP*-induced releases of the 

catecholamines, including DA, and the MPTP- or MPP*-induced release of 5-HT and 5- 

HIAA, have been previously demonstrated in vivo (Rollema et al., 1986; 1988a; Santiago 

et al., 1991a; 1991b; 1993) and in vitro (Rollema et al., 1988b) using rodents and rodent 

cells. These authors suggested that the loss of catecholamines may result from the MPTP 

and/or MPP*-induced failure of energy-dependent processes of neurotransmitter uptake 

and storage (Rollema et al., 1988b), effects that could be investigated in future studies 
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with the SH-SYSY cell model. The lower concentrations of DA in the SH-SYSY cells 

seen in the present study may, therefore, be due both to decreases in DA uptake and 

increases in DA release. 

MPTP-induced enhancement of DA release in SH-SYSY cells was completely 

blocked by the cholinergic muscarinic- and nicotinic- antagonists atropine and 

tubocurarine. No similar studies with MPTP have been done in cell cultures. The present 

experiments imply that MPTP-induced release of *H-DA in SH-SY5Y cells was regulated 

by cholinergic muscarinic- and nicotinic- receptors. The regulation of catecholamine 

release by cholinergic receptors has been previously examined in brain slices, 

synaptosomes (Giorguieff et al., 1977; Raiteri et al., 1984), and in cell lines, including SH- 

SYSY human neuroblastoma cells (Rabe et al., 1987; Vaughan et al., 1993; Murphy et al., 

1991). SH-SY5Y cells, for example, have been demonstrated to exhibit potassium- and 

carbachol-evoked release of norepinephrine (NE) in culture following stimulation of both 

nicotinic- and muscarinic- (M3) receptors (Vaughan et al., 1993; Murphy et al., 1991). 

In this study, we found that MPTP could inhibit MAO activity of SH-SYSY cells 

in a dose- and time-dependent manner. Concentrations for inhibition were higher than 

those needed for equivalent inhibition of MAO by pargyline and clorgyline, but were 

similar to those of deprenyl. The sensitivity of MAO of SH-SYSY cells to inhibition was 

equivalent to that of G8-1 myoblast cells (Nakatsu et al., 1981). Several previous studies 

have suggested that in addition to being a substrate for MAO (Glover et al., 1986; 

Ransom., et al 1987; Uhl et al., 1985; Chiba et al., 1984; 1985; Peterson et al., 1985), 

MPTP and its two oxidized products MPDP* and MPP” are effective inhibitors of MAO in 

animal tissues and cell cultures (Kinemuchi et al., 1985; Krueger, 1990; May, 1993; Singer 

et al., 1986). The mechanism for inhibition may be due to the capability of these 

compounds to interact with and modify functional groups on the enzyme protein or its co- 

enzyme FAD (Itzhak et al., 1991; Singer et al., 1986; Krueger., 1990). Although 
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inhibition of MAO-A and MAO-B by MPTP and MPDP* is irreversible, MPP* causes a 

reversible competitive inhibition of the enzyme (Singer et al., 1986; Krueger, 1990). How 

the MPTP-induced MAO inhibition relates to its neurotoxicity is still unclear. The MAO 

inhibition, however, probably contributed to the decreased formation of DOPAC seen in 

this study and other in vivo and in vitro studies with MPTP and MPP” (Bocchetta et al., 

1985; Naoi et al. 1987). We found that MPTP could decrease concentrations of DOPAC 

as early as one hour after exposure, and with increased exposure time, this metabolite 

could no longer be detected in the cell cultures. This decrease in DOPAC may be due to 

both the decrease in DA and/or the decrease in the oxidative deamination of DA. In 

contrast to what was seen in SH-SYSY cells, MPTP induced a marked decrease of striatal 

DOPAC levels, while DA was not significantly affected in MPTP-treated rats (Bocchetta 

et al., 1985). In PC12 cell culture, MPP* could inhibit MAO activity without affecting 

tyrosine hydroxylase (TH) activity and DA levels (Naoi et al. 1987). All of these results 

suggest that the initial changes in catecholamine metabolism induced by MPTP and MPP* 

might result from the altered activity of MAO. In addition, the inhibition of MAO may 

account for some of the behavioral effects induced by MPTP in animals (Chiueh et al., 

1984). 

In the present study with SH-SYSY cells, MPTP also decreased norepinephrine 

and epinephrine concentrations. Other animal (Reinchard, et al., 1988; Desole et al., 

1993; Nwanze et al., 1995) and cell culture (Reinchard, et al., 1987) studies with MPTP 

have demonstrated that catecholamines, such as norepinephrine and epinephrine could be 

decreased with MPTP and/or MPP” treatment. These decreases also occur in patients 

with Parkinson’s disease (Pearce, 1992). However, the clinical significance of 

norepinephrine and epinephrine depletion is uncertain, as this may follow decreases in DA, 

because norepinephrine and epinephrine can be derived from DA. 
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MPTP-induced decreases of catecholamines (DA, norepinephrine, epinephrine) in 

SH-SY5Y cells could be prevented by pretreatment with the MAO inhibitor pargyline. 

The protective capabilities of MAO inhibitors have also been observed in other in vivo and 

in vitro models for study of MPTP neurotoxicity (Heikkila et al., 1984; Cohen et al., 

1984; Langston et al., 1984c). Because MAO inhibitors were ineffective against the 

effects of MPP", support is provided for the hypothesis that MPP* was the active 

metabolite, and responsible for the MPTP neurotoxicity. One discrepancy, however, was 

the capability of pargyline to prevent MPTP-induced decrease in DOPAC concentrations 

in SH-SYSY cells. This effect was unexpected because DOPAC is a DA metabolite 

produced by MAO oxidation. Further investigations are needed in this area. 

In addition to the increases in DA release noted above, the MPTP-induced decreases 

of catecholamines in SH-SYSY cells were also prevented by pretreatment with the 

cholinergic receptor antagonists atropine and tubocurarine. This result has also been 

observed in MPTP-treated animals (Hadjiconstantinou et al., 1985), suggesting there 

might be a cholinergic component in MPTP neurotoxicity. 

In this study we found that MPTP decreased levels of 5-HT and its metabolite 5- 

HIAA in SH-SY5Y cells. No previous studies have determined the effects of MPTP on 

serotonin levels in neuronal cell lines. In Parkinson’s disease, the serotonergic 

neurotransmitter 5-HT and its metabolite 5-HIAA were decreased significantly in the basal 

ganglia, hypothalamus, hippocampus, and frontal cortex (Stern, 1990). Similar effects of 

MPTP on 5-HT and its metabolite 5-HIAA have also been noted in animal models 

(Santiago et al., 1991a, 1991b). An enzyme, aromatic acid decarboxylase, which is also 

responsible for 5-HT synthesis, was demonstrated to be reduced by MPTP or MPP” in 

these studies (Mogi et al., 1988; Naoi et al., 1988), and might, at least partly, contribute to 

the decreases of 5-HT and 5-HIAA séen in the SH-SYSY cells. 
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In summary, the neurotoxic effects of MPTP on the dopaminergic system, including 

levels of DA and its metabolites, DA uptake and release, and MAO activity, were 

investigated in SH-SYSY human neuroblastoma cells. MPTP inhibited MAO activity in a 

dose and time dependent manner with a K; 5 x 10° M. MPTP significantly decreased 

levels of DA and other catecholamines; it also reduced serotonin and 5-HIAA 

concentrations. In addition, MPTP enhanced *H-DA release from cells, and its metabolite 

MPP* inhibited *H-DA uptake. Pretreatment with the MAO inhibitor pargyline, or with 

the cholinergic antagonists atropine and d-tubocurarine prevented the MPTP-induced 

alterations of catecholamines and 5-HT. These results suggested that MPTP caused 

damage to the dopaminergic system of SH-SYSY cells, similar to that noted in other in 

vivo and in vitro systems. The effect of cholinergic antagonists on the MPTP-induced 

disturbances of the dopaminergic system in SH-SYSY cells suggests that MPTP 

neurotoxicity in this cell lines may have a cholinergic component. 
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Figure la. Effects of MPTP on dopamine (DA) levels in SH-SYS5Y human 

neuroblastoma cells. After treatment with MPTP (10° - 10° M) for 1, 2, 24, 

48, 72, or 120 hrs, DA was measured in cells as described under Materials 

and Methods. In the control cells, the DA level was 3.793 + 0.072 ng/mg 

protein (mean + SE, n= 16). Results were expressed as a percentage of 

control, and were averages of at least 4 individual experiments. * Significantly 

different from the control (p < 0.05). 
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Figure 1b. Effects of MPTP on norepinephrine (NE) levels in SH-SYSY human 

neuroblastoma cells. After treatment with MPTP (10°- 10° M) for 1, 2, 24, 

48, 72, or 120 hrs, NE was measured in cells as described under Materials 

and Methods. In the control cells, the NE level was 0.983 + 0.034 ng/mg 

protein (mean + SE, n= 14). Results were expressed as a percentage of 

control, and were averages of at least 4 individual experiments. * Significantly 

different from the control (p < 0.05). 

133



         

125- 

MPTP (M) 

= \ co 49°73 
2 100- N Em 19:4 

5 EN SSSI 105 
5 A * Cc 10° 

LN * * & 

ra iN 
<= EN = 504 ES BEN = 

a | \ s 
£ iN : N 
a \ N 

EN = N 
IN| EL N 
iN N 

o LLLN EN                

  

—_
 nN o o 1.0 2.0 72.0 

Exposure time (hr) 

Figure 1c. Effects of MPTP on epinephrine (Epi) levels in SH-SYSY human 
neuroblastoma cells. After treatment with MPTP (10°- 10° M) for 1, 2, 24, 

48, 72, or 120 hrs, Epi was measured in cells as described under Materials 

and Methods. In the control cells, the Epi level was 0.674 + 0.028 ng/mg 

protein (mean + SE, n= 18). Results were expressed as a percentage of 

control, and were averages of at least 4 individual experiments. * Significantly 

different from the control (p < 0.05). 
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Figure ld. Effects of MPTP on DOPAC levels in SH-SYSY human neuroblastoma 

cells. After treatment with MPTP (10°- 10° M) for 1, 2, 24, 48, 72, or 120 
hrs, DOPAC was measured in cells as described under Materials and 

Methods. In the control cells, the DOPAC level was 4.540 + 0.2718 ng/mg 

protein (mean + SE, n= 17). Results were expressed as a percentage of 

control, and were averages of at least 4 individual experiments. * Significantly 

different from the control (p < 0.05). DOPAC could only be measured at 

time points < 2 hr after exposure. Data shown here was the results after 

exposure for 1 hr. 
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Effects of MPTP on HVA levels in SH-SY5Y human neuroblastoma 

cells. After treatment with MPTP (10°- 10° M) for 1, 2, 24, 48, 72, or 120 

hrs, HVA was measured in cells as described under Materials and Methods. 

In the control cells, the HVA level was 0.6131 + 0.042 ng/mg protein (mean 

+ SE, n= 16). Results were expressed as a percentage of control, and were 

averages of at least 4 individual experiments. * Significantly different from 

the control (p < 0.05). When SE bars not provided, the SE was too small to 

show above the bar. 
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Figure lf. Effects of MPTP on 5-HT levels in SH-SYSY human neuroblastoma 

cells. After treatment with MPTP (10°- 10° M) for 1, 2, 24, 48, 72, or 120 
hrs, 5-HT was measured in cells as described under Materials and Methods. 

In the control cells, the 5-HT level was 6.043 + 0.184 ng/mg protein (mean + 

SE, n = 14). Results were expressed as a percentage of control, and were 

averages of at least 4 individual experiments. * Significantly different from the 

control (p < 0.05). 
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Figure lg. Effects of MPTP on 5-HIAA levels in SH-SYSY human neuroblastoma 

cells. After treatment with MPTP (10°- 10° M) for 1, 2, 24, 48, 72, or 120 
hrs, 5-HIAA was measured in cells as described under Materials and 

Methods. In the control cells, the 5-HIAA level was 48.225 + 2.051 ng/mg 

protein (mean + SE, n= 18). Results were expressed as a percentage of 

control, and were averages of at least 4 individual experiments. * Significantly 

different from the control (p < 0.05). 
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Effects of MAO inhibitor pargyline, and cholinergic antagonists atropine and 

d-tubocurarine on the MPTP-induced alterations of catecholamines and 5-HT 

and 5-HIAA. Cells were pretreated with pargyline (10% M), atropine (10° M) 
and d-tubocurarine (10° M) for 30 min, then were treated with MPTP at 10° 

M for 1 hr. Catecholamines were measured as described under Materials and 

Methods. Results were expressed as % of control, and were averages of at 

least 4 individual experiments. * Significantly different from the control (p < 

0.05). 
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Carbachol-evoked *H-DA release from SH-SY5Y human neuroblastoma 

cells. Carbachol-evoked °H-DA release was performed as described under 

Materials and Methods. Results presented were the averages of 7 separate 

experiments (means + SE). Dopamine uptake was 678.4 + 42.5 fmol/mg 

protein for 60 min incubation at 98 nM of °H-DA. Release evoked by 

1 x 10% M of carbachol was 6.6 + 0.51 % of control (basal release has been 

subtracted). 
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Figure 3b. Potassium-evoked *H-DA release in SH-SYSY cells. Potassium-evoked *H- 

DA release was performed as described under Materials and Methods. Results 

presented were the averages of 5 separate experiments (means + SE). 

Dopamine uptake was 678.4 + 42.5 fmol/mg protein for 60 min incubation at 

98 nM of *H-DA. Release evoked by 100 mM of KCI was 11.8 + 2.08 % of 

control (basal release has been subtracted). 

141



Figure 4. 

7H
-D

A 
re

le
as

e 
(%
of
 
co

nt
ro

l)
 

200 Basal release * Carbachol evoked release 

MPTP 
* 

* * 

10°M 

10°M 

ES 104M 

103M 

  

150 

100 

3   
Effects of MPTP on the basal- and carbachol-evoked *H-DA release from 
SH-SY5Y human neuroblastoma cells. Following *H-DA uptake, cells were 
treated with MPTP for 15 min (10° to 10° M), then °H-DA release was 
determined as described under Materials and Methods. Dopamine uptake was 

678.4 + 42.5 f{M/mg protein for 60 min incubation at 98 nM of °H-DA. 

Basal release in untreated cells was 76.7 + 5.4 f{M/mg protein and 119.4 + 8.5 

fM/mg protein at 15 min and 30 min. Carbachol-evoked release in control 

cells was 120.1 + 15.3 fM/mg protein following 4 min of exposure to 5 x 10° 

M carbachol (after basal release was subtracted). Results of MPTP-induced 

*H-DA release were expressed as percents of the untreated control, and were 

means + SE values of at least 3 experiments. * indicates significant 

differences from the control (P< 0.05). 
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Figure 5. Effects of atropine and d-tubocurarine on the MPTP-induced *H-DA release 

from SH-SYSY human neuroblastoma cells. Following “H-DA uptake, cells 
were first treated with atropine and d-tubocurarine for 15 min. They were then 

treated with MPTP for an additional 15 min (10° M), before °H-DA release 

was determined as described under Materials and Methods. Dopamine uptake 

was 678.4 + 42.5 fmol/mg protein for 60 min incubation at 98 nM of *H-DA. 

Basal release in untreated cells was 76.7 + 5.4 f{M/mg protein and 119.4 + 8.5 

fM/mg protein at 15 min and 30 min, respectively. Carbachol-evoked release 

in control cells was 120.1 + 15.3 fmol/mg protein following 4 min of exposure 

to 5 x 10° M carbachol (after basal release was subtracted). Results of *H-DA 

release were expressed as percents of the untreated control, and were means + 

SE values of at least 3 experiments. * indicates significant differences from the 

control (P< 0.05). The first bars in the sections of the graph indicating basal 

release and carbachol evoked release are the “H-DA release in cells that were 

treated with only MPTP. 
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Figure 6. 
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MPTP-induced inhibition of MAO activity in SH-SYSY human 

neuroblastoma cells. After exposure to MPTP ( 10° to 10° M) for 0.5 to 24 

hrs, MAO activity was measured as described under Materials and Methods. 

SH-SYSY human neuroblastoma cells expressed MAO activity with a Ky of 

2.34 x 10°+9.1 x 10°M and a Vinx of 68.95 + 5.22 ng DHBA/30 min/mg 

protein (mean + SE, n= 6). MAO activity was expressed as percent of the 

untreated control. Mean + SE values of 4 individual experiments are given. 

* indicates significant differences from the control (P< 0.05). 
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Figure 7. MAO inhibition by pargyline, depreny! and clorgyline in SH-SYSY human 
neuroblastoma cells. After exposure of intact cells to pargyline (10° to 10% 

M), deprenyl (10° to 10% M) and clorgyline (10°? to 10° M) for 30 min, 
MAO activity was measured as described under Materials and Methods. SH- 

SYSY human neuroblastoma cells expressed MAO activity with a K,, of 2.34 

x 10°+9.1 x 10° M and a Vina of 68.95 + 5.22 ng DHBA/30 min/mg 
protein (mean + SE, n=6). MAO activity was expressed as percent of the 

untreated control, and represents mean + SE values of 3 individual 

experiments. * indicates significant differences from the control (P< 0.05). 

# indicates sonicated cells. 

145



Table 1 Inhibition of MAO activity by MPTP 
  

  

MPTP (M) Vmax Kin (M) 
(ng DHBA/mg protein/30 min) (toward DA) 

0 68.97 + 7.86 2.34 x 10° +7.70x 10° 

5x 10° *28.25 + 6.24 2.56x 10° +2.14x 10° 

1x 10° *16.03 + 8.16 2.83 x 10° +1.30x 10° 

2x 10° *7,65 + 2.54 2.25x 10° + 1.68x 10° 

5x 104 ¥*5,54 + 1.07 3.25x 10° +8.37x 10° 

1x 10° *3,3 40.45 2.33 x 10° + 3.34x 10° 

K; 2.26 x 10° + 6.85 x 10° 

  

MPTP-induced Inhibition of MAO Activity in SH-SY5Y Human Neuroblastoma cells. 

After exposure to MPTP (5 x 10° to 10% M) for 2 hrs, MAO activity was measured as 

described under Materials and Methods. SH-SYSY human neuroblastoma cells expressed 

MAO activity with a Kn of 2.34 x 10° + 9.1 x 10° M and a Vinx Of 68.95 + 5.22 ng 
DHBA/30 min/mg protein (mean + SE, n = 6). K; of MPTP was 2.26 x 10° + 6.85 x 10° 
M, a mean of 6 individual experiments. * indicates significant differences from the control 

(P< 0.05). 
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ABSTRACT 

MPTP AFFECTS THE CHOLINERGIC SYSTEM OF SH-SYSY HUMAN 

NEUROBLASTOMA CELLS. X. Song and and M. Ehrich. Toxicol. Appl. Pharmacol. 

000, 000-000 

Parkinsonism-like agent 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP), 

recognized for its effects on the dopaminergic nervous system, was found to also affect 

the cholinergic system of SH-SYSY cells. This human neuroblastoma cell line contains 

monoamine oxidase (MAO) that metabolizes MPTP to 4-phenyl-pyridium (MPP"), which 

is considered the active neurotoxicant. Our studies showed that MPTP caused a dose- 

related decrease in the binding of [*H]-methylscopolamine (H-NMS) at muscarinic 

receptors with an ICs of 1.82 x 10* M. MPTP also caused a decrease in [!**I]-ca- 

bungarotoxin ('*°I-Bgt) binding at nicotinic receptors with an ICso of 1.95 x 10° M. The 

pretreatment with MAO inhibitors clorgyline and pargyline did not prevent the MPTP- 

induced decreases in ligand binding. Additional experiments indicated that MPTP could 

induce *H-dopamine release from SH-SYS5Y cells and that this effect could be blocked by 

the acetylcholine receptor antagonists atropine (107 M) and d-tubocurarine (2 x10° M). 

We also found that MPTP inhibited acetylcholinesterase activity in a dose and time 

dependent manner (K; 2.115 x10° M), an effect which was not prevented by pretreatment 

with MAO inhibitors. MPTP also caused an increase in choline levels. These results 

suggest that MPTP itself could act on acetylcholine receptors as well as 

acetylcholinesterase, and that these effects may contribute to its neurotoxicity. 

Key words: human neuroblastoma cells, in vitro, 1-methyl-4-phenyl-1,2,3,6- 

tetrahydropyridine, cholinergic system. 
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INTRODUCTION 

1-methy]-4-phenyl-1, 2, 3, 6-tetrahydrophyridine (MPTP) is a potent neurotoxicant, 

which causes a clinical, pathological and neurochemical state that closely resembles 

Parkinson’s disease in human and primates (Davis et al., 1979; Langston et al., 1983; 

1984a; Burns et al., 1983; Jenner et al., 1984; Chiueh et al., 1985). Although the exact 

mechanism is still unclear, MPTP toxicity is believed to be due to actions of some of its 

metabolites (Heikikila et al., 1984; Langston et al., 1984b). MPTP is first oxidized in the 

brain by monoamine oxidase B (MAO-B), primarily in astroglial cells (Glover et al., 1986; 

Ransom., et al 1987; Uhl et al., 1985), to an intermediate, 1-methyl-4-phenyl-2, 3- 

dihydropyridium ion (MPDP"*), which autooxidizes to 1-methyl-4-phenylpyridinium ion 

(MPP* ) (Chiba et al., 1984; 1985; Peterson et al., 1985). MPP”, the active neurotoxicant, 

is then taken up selectively by the dopamine (DA) transport mechanism into dopaminergic 

neurons (Javitch et al., 1985; Schinelli et al., 1988; Chiba et al., 1985) , and concentrated in 

the mitochondria (Ramsay and Singer, 1986). Accumulation of MPP* within the inner 

mitochondrial membrane (Ramsay et al., 1986; Hoppel et al., 1987) results in inhibition of 

NADH dehydrogenase complex 1 (Nicklas et al., 1985; Sayre et al., 1989; Saporito et al., 

1992), and interruption of the electron transport chain. This results in a decrease in ATP 

(Chan et al.,1992), which has been suggested to be responsible for the selective 

degeneration of dopaminergic neurons of the substantia nigra. 

Although the most noticeable MPTP-induced manifestations of the neuropathy 

involve the DA system, it has been noted that MPTP neurotoxic actions are somewhat 

more complex. For example, MPTP has been demonstrated to alter the cholinergic system 

in experimental animals and in in vitro systems (Hadjiconstantinou et al., 1985; 1986; 

Rollema et al., 1988a; Suh et al., 1989; Hsu et al., 1993a; 1993b; Villa et al., 1994). 

Pathological alterations of the cholinergic system also occur in idiopathic parkinsonism 

(Aquilonius, 1979; Perry et al., 1987; Perry et al., 1985; Ruberg et al., 1982; Ruberg et al., 
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1986). MPTP and MPP” have been reported to cause an increase in acetylcholine (ACh) in 

the neostriatum of rat and mouse (Cavalla et al., 1985; Hadjiconstantinou et al., 1985, 

1986), and to decrease acetylcholinesterase (AChE) in mouse brain (Hadjiconstantinou et 

al., 1986) and in cell culture (Rowles and Ehrich., 1992; Rowles et al., 1995). Effects of 

MPTP and MPP* on the muscarinic acetylcholine receptors (m-AChR) in the central 

nervous system (CNS) and the nicotinic acetylcholine receptors (n-AChR) in the peripheral 

nervous system have also been observed (Mizukawa et al., 1987; Ogawa et al., 1987a; 

1987b; Suh et al., 1989; Hsu et al., 1993a; 1993b). These results suggest that the 

cholinergic system may also be a target of MPTP. 

In this study, the SH-SYSY human neuroblastoma cell line was used to investigate 

the effects of MPTP on the cholinergic system. The SH-SYSY cell line is the third 

subclone of the SK-N-SH human neuroblastoma cell line (Biedler et al., 1973; Ross et al., 

1983). The cell line displays ability to transport DA (Willets, 1993) and norepinephrine 

(NE) (Murphy et al., 1991), and expresses enzymes for synthesis and metabolism of DA 

and ACh (Biedler et al., 1978; Adem et al., 1987). SH-SYSY cells also contain neuron- 

specific enolase (Pahlman et al., 1981). In addition, these cells express receptors for DA 

and ACh (Rowles et al., 1995; Koman et al., 1993; Kukkonen et al., 1992; Wall et al., 

1991; Lukas et al., 1993; Gould et al., 1992). Furthermore, our previous studies showed 

that SH-SYSY cells can take up MPTP by a non-DA transport mechanism (Chapter 1) 

and metabolize MPTP by monoamine oxidase (MAO) (Chapter 3). These basic 

characteristics of the SH-SYSY cell line suggested that it would be a suitable in vitro 

system for study of neurotoxicity of MPTP and analogs in intact cells, and would permit 

us to test the hypothesis that MPTP can induce changes on the cholinergic system. 

In this study, we investigated the effects of MPTP on the cholinergic nervous 

system, including the binding of *H-methylscopolamine (7H-NMS) to muscarinic receptors 

and the binding of '**I-bungarotoxin ('?°I-Bgt) to nicotinic receptors. AChE inhibiting 
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properties of MPTP and effects of the toxicant on the choline level in SH-SYSY cells 

were also evaluated. To determine whether effects were due to MPTP or to its putative 

neurotoxic metabolite MPP”, studies were conducted in the absence and in the presence of 

MAO inhibitors. Additionally, in order to further determine whether MPTP action at 

acetylcholine receptors could affect biogenic amines, *H-DA release was measured in the 

absence and presence of cholinergic agonists (acetylcholine, nicotine), a cholinesterase 

inhibitor (diisopropyl! fluorophosphate, DFP), and the cholinergic antagonists atropine and 

d-tubocurarine. The results of the present study provide evidence that MPTP itself, rather 

than MPP", acts on the cholinergic receptors as an agonist, enhancing *H-DA release, and 

that it also inhibits AChE activity in SH-SYSY cells. 

MATERIALS AND METHODS 

Cell culture 

Human neuroblastoma SH-SYS5Y cells were seeded at a concentration of 2 x 10° 

cells/ 75 cm’ flask and cultured for 4 to 5 days until 90 % of confluent in Eagles minimum 

essential medium supplemented with 10% fetal bovine serum (FBS) in a 95% air, 5% CO, 

humidified incubator at 37 °C. For harvesting, the cells were washed once with phosphate 

buffered saline (PBS), scraped with a rubber cell scraper, and centrifuged at 1200 rpm for 

10 minutes. 

Binding of *H-NMS and 'I-Bgt at acetylcholine receptors (AChR) 

The binding of *H-N-methylscopolamine ((H-NMS, 84 Ci/mmol, NEN Research 

Products of the DuPont Company, Wilmington, Del.) at muscarinic receptors was 

determined according to the microassay procedure of Ehrich et al. (1994). Briefly, cells 

were harvested in Hanks balanced salt solution, and then 200 ul of cell suspension with a 

density of 2-3 x 10° cells/ml was added to each well of a 96-well microtiter plate. MPTP, 
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antagonist atropine, or buffer were added to provide a final volume of 225 ul, and the 

microtiter plate was incubated at 28 °C for 30 min. Twenty five p11 of *H-NMS solution of 

0.5 - 12 nM (10x) for saturation studies and 6 nM (10x) for competition studies, then 

were added. After mixing, the cells were incubated at 28 °C for 60 min with shaking. 

Then, cells were collected by filtering through a GF/C glass fiber filter on a cell harvester, 

followed by 6 rinses with 0.1 M phosphate-buffered saline, pH 7.4, 200 pl each. After 

drying for 5 min under vacuum on the cell harvester, the filters were added to 4 ml 

scintillation fluid (Ecolume, ICN Biomedicals, Inc., Costa Mesa, CA). Samples were each 

counted for 5 min. All assays were performed in triplicate, and replicated at least 3 times. 

Nonspecific binding of *H-NMS was determined in the presence of atropine (10* M). At 

a concentration of 3.0 nM °H-NMS, the nonspecific binding was approximately 25 % of 

the total. The Ky was 9.45 nM and the Bmax was 6.30 fmol/mg protein. Protein content 

was measured using the Bio-Rad reagent (Bio-Rad Laboratories, Hercules, CA). 

Binding of '”°I-c-bungarotoxin ('”°I-Bgt, 15.0 Ci/ug, NEN Research Products, 

the DuPont Company, Wilmington, Del.) to acetylcholine nicotinic receptors was 

performed according to the method of Lukas et al. (1993) with modifications. Cells were 

seeded in 24 well plates, 10° cells per well. After 3 to 4 days growth (until confluent), 

cells were washed with Hanks balanced salt solution once. MPTP, unlabelled Bgt or 

buffer were added to provide a final value 125 wl, and the plate was incubated at 37 °C 

for 60 min. 25 pl of '*°I-Bgt solution then was added to provide a final concentration of 2 

uCi/ml (16.7 nM) for competition studies and 0.5 to 2.0 wCi/ml for saturation studies. 

After cells were incubated at 37 °C for another 60 min, the medium was carefully removed 

and the cells were washed 5 times with 4 to 5 volumes of Hanks balanced salt solution to 

remove unbound ’*I-Bgt. The cells were then suspended in 0.5 N NaOH and then 

neutralized with 0.5 N HCl. The radioactivity in the sample was determined in a gamma 

counter. Nonspecific binding of '”’I-Bgt was determined in the presence of unlabelled Bet 

(5 x 10’ M). At a concentration of 2 wCi/ml '”*I-Begt, the nonspecific binding was 
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approximately 30 % of the total. The Ky was 15.04 nM and Bna was 79.93 fmol/mg 

protein respectively. 

In some cases, cells were preincubated with MAO inhibitors pargyline or clorgyline 

for 30 min before MPTP treatment to determine if MPTP acts as a ligand to AChR. The 

ICso of MPTP was calculated from a Hill plot (McGonigle and Molinoff, 1994) and the Ki 

was estimated based on ICsp and Kd by Cheng and Prusoff correction (1973). 

3H-dopamine (H-DA) release 

°H-DA release was performed using the method of Vaughan et al. (1993) which 

was based on that of Murphy et al. (1991). In brief, cells were seeded at a concentration 

of 10° cells/well in 24 well plates until confluent (3-4 days), and washed with Hanks 

balanced salt solution once. Then, °H-DA (20 Ci/mmol, NEN Research Products, DuPont 

Company, Wilmington, Del.) was added to the monolayer at an activity of 2 uCi/ml (98 

nM) in Hanks balanced salt solution containing 0.2 mM ascorbic acid and 0.2 mM 

pargyline, and the plate incubated for 60 min at 37 °C. After incubation, excess *H-DA 

was removed by washing the monolayer 4 times with 0.5 ml Hanks balanced salt solution. 

Following this, MPTP, cholinergic antagonists atropine and d-tubocurarine, agonists 

acetylcholine and nicotine, or diisopropyl fluorophosphate (DFP), prepared in HEPES- 

buffered saline (pH 7.4, containing 0.2 mM ascorbic acid and 0.2 mM pargyline), or 

buffer alone were added to the wells of cells and allowed to preincubate for 15 min. 

Concentrations chosen were those that had an effect on DA release without affecting 

morphology when SH-SYSY cells were viewed by phase contrast microscopy. In some 

cases, cells were preincubated for 15 min with atropine and d-tubocurarine, acetylcholine 

and nicotine, and/or DFP, followed by further 15 min incubation with MPTP in the 

presence of antagonists and agonists. After removing these chemicals by washing with 

HEPES-buffered saline once, release of "H-DA was initiated by exposing the cell layers to 

5 x 10° mM carbachol for 4 min. Spontaneous release of *H-DA was also measured. 

Unreleased *H-DA in the cells was extracted with 0.5 M NaOH (with 2 % Triton-100) 
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followed by neutralization with 0.5 M HCl. The amount of *H-DA released into the 

medium was expressed as a percentage of the total amount of radioactivity in the cell layer 

at the beginning of the incubation period. Dopamine uptake was 678.4 + 42.5 fmol/mg 

protein for 60 min incubation at 49 nM of °H-DA. 

Acetylcholinesterase (AChE) assay 

AChE activity was measured according to the microspectrophometric assay of 

Correll and Ehrich (1991). After treatment with MPTP (10° -10° M) for 0.5, 1, 2, 4, 24, 

72, 120 hrs, the cells were collected in PBS. In some cases, cells were pretreated with the 

MAO inhibitors pargyline, deprenyl and clorgyline for 30 min before MPTP dosing. The 

automix function on the microplate reader was used for mixing after addition of 150 Ul of 

0.1 M Na phosphate buffer, 50 wl of cells of 10’ cells/ml, and 50 ul of a solution 

containing 0.12 mg dithionitrobenzoic acid (DTNB). The reaction was initiated by 

addition of 50 tl of acetylthiocholine iodine (Actch, containing 0.06504 mg). After 

mixing for 5 min, the initial absorbency at Ama = 412 nm was recorded. The plates were 

then incubated at 27 °C for 90 min. At the end of this time, the plates were mixed again 

and a second absorbency recorded. AChE activity was expressed as nM of 

acetylthiocholine hydrolyzed/min/mg protein of cells using 1.36 x 10° as the extinction 

coefficient of the yellow anion produced by combination of thiocholine with DINB. The 

parameters of Vmax and Km of enzyme were estimated using Lineweaver-Burk plot. The 

K; of MPTP was estimated by Segel’s method (1976) from a secondary plot derived from 

the Lineweaver-Burk plot. 

HPLC assay of choline 

Choline (Ch) levels were determined by HPLC-ED with an enzymatic reactor 

containing acetylcholinesterase and choline oxidase based on the method of Potter et al. 

(1983). The acetylcholine-choline assay kit was obtained from Bioanalytical Systems, Inc. 

(West Lafayette, IN). Cells were collected after treatment with MPTP (10° -10° M) for 1, 
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4, 24, 48, 72, 96 and 120 hrs. In some cases, cells were pretreated with the MAO 

inhibitor pargyline (10° M) for 30 min before MPTP dosing. The collected cells 

underwent two 10 second treatments with microwave irradiation, and they then were 

sonicated for | min in the diluent used for the choline standard (0.3% acetic acid, 0.005 % 

Kathon CG reagent, pH 5 - 5.5). After centrifugation for 15 min at 4000g, the 

supernatant was filtered through a 0.2 um nylon membrane filter and injected into the 

HPLC system. 

The HPLC system consisted of a BASLCEC analyzer with two cartridge columns. 

The first polymeric analytical column separated choline and acetylcholine as a pair well 

resolved from unretained peaks. The second column, a ready-to-use immobilized enzyme 

reactor, was coupled to the outlet of the analytical column. Amperometric detection was 

used with a Pt electrode held at + 0.5 V vs Ag/AgCl. The primary mobile phase consisted 

of 0.04 M Tris base, 0.04 M NaClO,, 0.005% Kathon CG Reagent and 0.1 mM Na2- 

EDTA (pH 8.5 + 0.05) at 1.0 ml/min. 

All assays were performed in triplicate, and replicated at least 3 times. Protein 

content was measured using the Bio-Rad reagent (Bio-Rad Laboratories, Hercules, CA). 

All data were analyzed with Student’s T-test or appropriate analysis of variance 

(ANOVA). P-values of 0.05 or less were considered significant. 

RESULTS 

Effects of MPTP on the binding of >H-NMS and ™I-Bgt to acetylcholine receptors 

Results of the Scatchard analysis (Fig. 1a) suggest that the half-maximal saturation 

(Ka) and the maximal binding (Bmax) of >H-NMS to muscarinic receptors of SH-SYSY 

human neuroblastoma cells were 9.45 nM and 6.30 fmol/mg protein, respectively. The 

values of Kg and Vmax obtained in this study were lower than those reported previously in 
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SH-SY5Y cells (Ehrich et al.,1994). The atropine competition study (Fig. 1b) indicated 

that the nonspecific binding was about 25 + 1.4 % of total at a concentration of 3.0 nM 

7H-NMS with atropine (10% M) pretreatment for 30 min, and about 3.6 + 0.90 % for 60 

min pretreatment. 

The Ky and the Bmax of '*I-Bgt to nicotinic receptors of SH-SYSY human 

neuroblastoma cells were 15.04 nM and 79.93 fmol/mg protein respectively (Fig. 2a). The 

values of Kg and the Bmax of '*°I-Bgt were close to those reported previously in this cell 

line (Lukas et al., 1993). The cold Bgt competition curve (Fig. 2b) showed that the 

nonspecific binding was about 29 + 5.5 % of total at a concentration of 0.17 nM '*°I-Bet 

with unlabeling Bgt (5 x 10” M) pretreatment for 60 min. 

MPTP caused a dose-related decrease in the “H-NMS binding at muscarinic 

receptors with an ICso of 1.82 x107M (Table 1; Fig. 3a) and a K; of 1.38 x10“ nM. 3H- 

NMS binding was significantly different from that in control samples (P < 0.05) when 

10° to 10° M of MPTP was included in the incubates with 3.0 nM *H-MNS. MPTP 

also significantly reduced the binding of '”°I-Bgt at nicotinic receptors between 10° and 

10° M (P <0.05), with an ICs of 1.95 x 10° M (Table 2, Fig. 3b) and a K; of 9.24 x 10° 

nM. It was noted that in the higher dosages (from 10° to 10% M), the rate of MPTP- 

induced decrease in '*]-Bgt binding was proportionally less, suggesting that saturation 

may occur. The pretreatment with MAO inhibitors pargyline or clorgyline did not 

prevent the MPTP-induced decreases (Tables 1 and 2), indicating that it was MPTP 

itself binding at m-AChR and n-AChR. 

Effects of cholinergic antagonists on the MPTP-induced DA release 

Dopamine uptake was 678.4 + 42.5 fmol/mg protein for 60 min incubation at 

0.1nM of °H-DA (Chapter 1). Experiments demonstrated that the spontaneous release of 

3H-DA following 15 min and 30 min incubation in buffer was 11 + 0.8 % and 18 + 1.2 %, 

respectively, of the total amount of radioactivity in the cell layer (Chapter 3). MPTP 

enhanced spontaneous- and carbachol-evoked release of *H-DA. The effect was similar 
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to the increase in *H-DA release caused by the cholinergic agonists ACh and nicotine, and 

the AChE inhibitor DFP (Table 3). Dual incubation of neuroblastoma cells with MPTP 

and ACh or DFP increased basal DA release over what occured when cells were incubated 

only with MPTP. The MPTP-induced increases in “H-DA release were completely 

inhibited by the cholinergic antagonists atropine (107 M) and d-tubocurarine (2 x10° M) 

(Table 3). 

Effects of MPTP on the activity of acetylcholinesterase 

The Lineweaver-Burk plot (Fig. 4a) indicated that SH-SYSY human neuroblastoma 

cells expressed AChE activity with K,, 0.33 mM and Vinx 1.03 nM/min/mg protein. 

These experiments also demonstrated that the K,, was altered as MPTP dosage increased 

while Vmax was relatively constant, suggesting that MPTP caused a competitive 

inhibition (Fig. 4a). The K; (Fig. 4b) derived from the Lineweaver-Burk plot was 2.115 

mM for 4 hr MPTP treatment. The MPTP-induced inhibition of AChE was also shown 

to be dose and time dependent (Table 4). Pretreatment of cells with MAO inhibitors did 

not prevent the inhibition of AChE caused by MPTP (Table 5). 

Effects of MPTP on choline content of SH-SYS5Y cells 

MPTP caused a significant increase in choline level after treatment for 1 hr (Table 

6). Although the effect was maximal 4 hr after exposure, the effect continued for 5 days. 

Pretreatment with the MAO inhibitor pargyline did not alter the increase, suggesting the 

effect was probably a result of a direct action of MPTP. 

DISCUSSION 

A number of studies have shown that MAO inhibitors such as pargyline and/or 

deprenyl were able to protect the DA neurons from the neurotoxic action of MPTP 
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(Cohen et al., 1984; Fuller and Hemrick-Lueccke, 1985; Heikkila et al., 1984; Langston et 

al., 1984c). This suggests, that MPTP is not active agent in these injurious events, but 

rather that toxicity is due to the active metabolite MPP”. This study was conducted with a 

cell line that contains MAO (Song et al., 1996). Results, however, indicate that MPTP 

itself is neuroactive, binding to AChRs, inhibiting AChE and enhancing DA release, even 

in the present of MAO inhibitors. This indicates that direct actions of MPTP on the 

cholinergic system may play a role in MPTP neurotoxicity in SH-SYSY cells. 

It is well known that there are interactions between dopaminergic nigrostriatal 

neurons and cholinergic striatal interneurons (Kubote et al., 1987; Hernandez-Lopez et al., 

1992; Giorguieff et al., 1977), and normal function of neostriatum neurons is closely 

related to the balance of neurotransmitters (Kopin, 1994). Parkinson’s disease (PD) is one 

of the best characterized diseases of the basal ganglia, and it has often been described as 

an imbalance between the cholinergic and dopaminergic neuronal activity in the 

neostriatum (Duvoisin, 1967). Cholinergic antagonists have been used to treat this 

disorder. Changes of AChE (Perry et al., 1985; Ruberg et al., 1982; 1986), choline 

acetyltransferase (CAT) (Perry et al., 1985; Ruberg et al., 1986) and acetylcholine 

receptors (AChRs) (Perry et al., 1987; Ruberg et al., 1982; Smith et al., 1988) have been 

observed in PD patients. In the MPTP-induced Parkinsonism models, alterations of the 

cholinergic nervous system were also demonstrated (Hadjiconstantinou et al., 1985; 1986; 

Rollema et al., 1988a; Suh et al., 1989; Hsu et al., 1993a; 1993b; Villa et al., 1994). The 

importance of cholinergic changes is unclear, however, because MAO-B inhibitors appear 

to be able to completely block Parkinsonism-like syndromes in animals given MPTP 

(Cohen et al., 1984, Fuller, 1985; Langsto et al., 1984c). 

Our studies in human neuroblastoma cells demonstrated that MPTP interacts at 

AChR. Studies in other models also indicated that MPTP and its metabolite MPP* 

interact with AChR (Mizakawa et al., 1987; Ogawa et al., 1987a; 1987b; Suh et al., 
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1989). In animal experiments, for example, MPTP was demonstrated to cause a 

temporary increase in muscarinic AChRs (m-AChR) shortly after administration of MPTP, 

while long term and multiple exposures to MPTP caused a decrease in receptor binding 

capacity (Ogawa et al., 1987a; 1987b; Suh et al., 1989). Increases in m-AChR were 

suggested to result from damage to DA neurons, whereas the decreases in m-AChR were 

suggested to represent a down regulation in response to increased ACh (Ogawa et al., 

1987a; 1987b; Suh et al., 1989). Suh et al. (1989) suggested that since the binding of *H- 

quinuclidinylbenzilate (“H-QNB), a cholinergic antagonist, to mouse striatal membrane 

was inhibited by MPTP and MPP” with a potency similar to muscarinic agonists (ACh, 

carbamycholine and methacholine), and since the MPTP-induced decrease was not 

prevented by the MAO inhibitor pargyline, MPTP may be a muscarinic agonist. Our 

studies in SH-SY5Y cells demonstrated that MPTP reduced the binding of *H-NMS to 

muscarinic receptors, and the MAO inhibitors pargyline or clorgyline did not alter the 

MPTP-induced response, suggesting MPTP itself, and not MPP”, was responsible for m- 

AChR binding. These results, as well as the demonstrations that cholinergic antagonists 

block MPTP-induced *H-DA release, strongly suggest that MPTP itself can act on the 

muscarinic receptors as an agonist. 

In addition to interacting with muscarinic receptors, MPTP was found to decrease 

'?°1 Bet binding at nicotinic receptors in SH-SYSY cells. Pretreatment with the MAO 

inhibitor clorgyline did not prevent MPTP-induced decrease of '*°I-Bgt binding. These 

results suggest that MPTP is also an agonist at nicotinic receptors. The direct effect of 

MPTP on nicotinic receptors was previously noted in other systems, including mouse 

phrenic nerve-diaphragm and cultured embryonic Xenopus muscle cells (Hsu et al., 1993a; 

1993b; 1994). 

Our previous studies (Chapter 3) demonstrated that MPTP enhanced *H-DA release 

and caused DA loss from SH-SYSY cells. Loss of striatal DA is a primary biochemical 
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defect in patients with severe PD. It results from degeneration of DA-producing cells in 

the substantia nigra (Forno, 1990). MPTP-induced degeneration of DA neurons in the 

nigrostriatal pathway and DA depletion in caudate-putamen have been observed (Burns et 

al., 1983; Chiueh et al., 1985; Davis et al., 1979; Langston et al., 1984a). DA loss may 

follow increase in release. MPTP- or MPP’-induced release of the catecholamines, 

including DA, has been previously demonstrated in vivo (Rollema et al., 1986; 1988a; 

Santiago et al., 1991a; 1991b; 1993) and in vitro (Rollema et al., 1988b), supporting the 

results noted in our studies. These authors suggested that the loss of catecholamines may 

result from the MPTP and/or MPP*-induced failure of energy-dependent processes of 

neurotransmitter uptake and storage (Rollema et al., 1988b). It is interesting that the 

MPTP-induced enhancement of *H-DA release from SH-SY5Y cells in this study was 

completely blocked by cholinergic muscarinic- and nicotinic- antagonists atropine and 

tubocurarine. The results imply that MPTP-induced release of *H-DA was regulated by 

cholinergic muscarinic- and nicotinic- receptors in this cell line. 

The regulation of neurotransmitter release by cholinergic receptors has been 

extensively studied in brain slices, synaptosomes (Giorguieff et al., 1977; Raiteri et al., 

1984), and in cell lines, including the SH-SYSY human neuroblastoma cells (Baizer and 

Weiner, 1985; Rabe et al., 1987; Vaughan et al., 1993; Murphy et al., 1991). SH-SYSY 

cells, for example, have been demonstrated to exhibit potassium- and carbachol-evoked 

release of norepinepherine (NE) in culture following stimulation of both nicotinic- and 

muscarinic- (M3) receptors (Vaughan et al., 1993; Murphy et al., 1991). Our previous 

studies (Chapter 3) indicated that SH-SYSY cells express potassium- and carbachol- 

evoked °H-DA release in culture following stimulation. The present studies demonstrated 

that the potassium- and carbachol-evoked *H-DA release in culture could occur following 

stimulation of both nicotinic- and muscarinic- receptors. This is the first report that 

MPTP, like the cholinergic agonists acetylcholine and nicotine, as well as the AChE 

inhibitor DFP, could enhance carbachol-evoked and spontaneous 3H-DA release in SH- 
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SYSY cells, an effect which was blocked by antagonists. These experiments indicate that 

MPTP acts on AChR as an agonist. 

Pathological changes in AChE activity have been observed in various neurological 

diseases, such as Alzheimer’s dementia (Perry et al., 1985), Huntington’s disease (Soreq 

and Zakut, 1993), amyotrophic lateral sclerosis (Soreq and Zakut, 1993), and Parkinson’s 

disease (Perry et al., 1985; Ruberg et al., 1986). It has been reported that approximately 

30 % of PD patients with mild to moderate dementia exhibit a decreased AChE activity 

(Soreq and Zakut, 1993) and that the molecular structure of AChE in these patients was 

altered (Perry et al., 1985; Ruberg et al., 1986). MPTP and its metabolite MPP* were first 

reported to cause a decrease in AChE activity in 1986 when studies were done in mouse 

(Hadjiconstantinou et al., 1986). We previously reported that MPTP and its metabolite 

MPP” could inhibit AChE in SH-SY5Y cell culture (Rowles and Ehrich, 1992; Rowles et 

al., 1995). The present study expanded these findings and demonstrated that MPTP 

caused a dose- and time-dependent inhibition of AChE with changed K,,. Moreover, the 

inhibition was not prevented by pretreatment of cells with MAO inhibitors pargyline, 

deprenyl, clorgyline, or combination of deprenyl and clorgyline. The results indicated that 

MPTP directly inhibits AChE. The present results also indicate that the MPTP-induced 

inhibition of AChE was competitive. A study using purified AChE demonstrated that 

MPTP can directly inhibit AChE activity (Zang and Misra, 1993). 

AChE plays an important role in the hydrolysis of the neurotransmitter ACh. The 

inhibition of AChE will be consequently followed by accumulation of ACh at cholinergic 

receptors, which may result in dysfunction of neuronal cells (Lemercier et al., 1983). 

MPTP and MPP*-induced increases in ACh have been observed in the neostriatum of 

animals (Cavalla et al., 1985; Hadjiconstantinou et al., 1985 and 1986). Although ACh 

increase could be caused by an increase in choline acetyltransferase (CAT) or a decrease in 

AChE, studies in primates examining CAT have given inconsistent results (Villa et al., 
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1994). Therefore, the MPTP-induced decrease in AChE probably was relevant to the 

increase in ACh, which consequently extends the activation of cholinergic receptors. 

Even though MPTP is much less potent than organophosphates (Rowles et al., 

1995), the inhibition of AChE by MPTP may be relevant to its neurotoxicity in SH-SYSY 

cells. It has been reported that the excess amount of ACh after acute AChE inhibition is 

accompanied by changes in the metabolism of other neurotransmitters, including DA 

(Fosbraey et al., 1990; Hernandez-Lopez et al., 1992; Potter et al., 1985; Soininen et al., 

1990). The present studies demonstrated that MPTP, the cholinergic agonists ACh and 

nicotine, and AChE inhibitor DFP, all enhanced *>H-DA release. Concentrations of these 

agents were in the range of carbachol and KCl needed to evoke DA release in previous 

studies (Chapter 3). Behmand and Harik (1992), and Hadjiconstantinou et al. (1994) 

reported that the cholinergic agonist nicotine and the AChE inhibitor DFP enhanced 

MPTP-induced neurotoxicity in animal models. The present study suggests that these 

agents could also enhance MPTP neurotoxicity in SH-SYSY cells. The effects of MPTP 

were prevented by anticholinergic drugs in our studies and others (Hadjiconstantinou et al., 

1985; 1986). Therefore, MPTP has potential to enhance DA release by two cholinergic 

mechanisms: the stimulation of the cholinergic receptors and the inhibition of AChE. 

MPTP and MPP* have been reported to cause an increase in acetylcholine (ACh) 

in the neostriatum of rat and mouse (Cavalla et al., 1985; Hadjiconstantinou et al., 1985; 

1986 ). In this study, MPTP was found to cause an increase in choline even in the 

presence of the MAO inhibitor pargyline, suggesting that MPTP itself was responsible for 

this action. However, whether the increased choline resulted from the inhibition of 

acetyltransferase or from the increase in choline uptake is not apparent from these studies 

and requires further investigation. No previous studies have measured MPTP effects on 

acetylcholine or choline in human neuroblastoma cells. 
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In summary, the present study provided some novel findings: that MPTP directly 

acts on the cholinergic receptors of SH-SYSY cells as an agonist, and that it directly 

inhibits AChE activity. The direct and indirect stimulation of cholinergic receptors 

brought about by these actions of MPTP may potentiate DA release in this cell line. 

Therefore, the direct action of MPTP on the cholinergic system has potential to contribute 

to neurotoxicity in human neuroblastoma cells. 
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Saturation and Scatchard analysis of *H-NMS binding to SH-SYSY cells. 

The solid line drawn through the data represents specific *H-NMS binding 

from 3 separate experiments (means + SE). Scatchard analysis of the specific 

binding was shown in the inset with Kg (1/slope) and Bmax (X intercept) 

values were 9.45 nM and 8.39 fmol/mg protein, respectively. 
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Figure 1b. Competition profiles of atropine for blockade of specific *H-NMS binding. 

Results presented were the averages of 3 to 6 separate experiments (means + 

SE). At a concentration of 3.0 nM *H-NMS for 30 min preincubation of 10 

M of atropine, the nonspecific binding was approximately 25 % of the total. 
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to 6 separate experiments (means + SE). Scatchard analysis of the specific 

binding was shown in the inset with Kg (1/slope) and Bmax (X intercept) 

values of 15.04 nM and 79.93 fmol/mg protein, respectively. 
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Figure 2b. | Competition profiles of cold Bgt for blockade of specific '”°I-Bgt binding. 

Results presented were the averages of 3 to 6 separate experiments (means + 

SE). At aconcentration of 16.7 nM '”I-Bgt for 60 min preincubation of 5 x 

10’ M of cold Bgt, the nonspecific binding was approximately 29 % of the 

total. 
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Figure 3a. Effects of MPTP on binding of °H-NMS to muscarinic receptors. Results 

presented were the averages of 3 to 10 separate experiments (means + SE). 

The value of control (Bo) is 2.04 + 0.14 fmol/mg protein. ICs estimated 

from the Hill plot in the inset was 1.82 x 10° M. 
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Figure 3b. 
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Effects of MPTP on binding of '”’I-Bgt to nicotinic receptors. Results 

presented were the averages of 3 to 7 separate experiments (means + SE). 

The value of control (Bo) is 72.84 + 4.32 fmol/mg protein. ICs» estimated 

from the Hill plot in the inset was 1.95 x 10° M. 
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Table 1. Effects of MPTP on the binding of *H-NMS at muscarinic receptors 

  

MPTP (M) plus pargyline 10-4M plus clorgyline 10-5M 

  

0 (control) 2.04 + 0.14 (100 %) 1.92 + 0.17 (90.5 %) 1.77 +.0.09 (86.7 %) 

1x 10° 1.99 + 0.10 (97.4 %) *1.324+0.13 (64.5%) 2.05 + 0.09 (100.3 %) 

1x 10° *1.4740.16(71.8%)  *1.0140.13 (49.3%)  *0.74 + 0.04 (36.2 %) 

5x 10° *1.244+0.19 (60.8%) | ND ND 

1x10“ *1.1140.10(54.4%)  *0.73+0.16(35.7%) — *0.40 + 0.08 (19.7 %) 

5x 10% *0.77 + 0.08 (37.9%) ND ND 

1x 10° *0.67 + 0.03 (32.9%)  *0.56+0.09 (27.2%) — *0.52 + 0.26 (25.4 %) 

  

Results are expressed as mean + SE (fmol/mg protein) and compared to that of the 

control. * indicates significant difference from control binding (p < 0.05). The values in 

( ) represent the percent of the control. ND means not determined. For these 

experiments, MPTP was preincubated 30 min, then incubated with 3.0 nM °H-NMS for 

further 60 min, or cells were preincubated with MAO inhibitors for 30 min before 
addition of MPTP. 
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Table 2. Effects of MPTP on the binding of '*I-Bgt at nicotinic receptors 

  

  

MPTP (M) plus clorgyline 10-5 M 

0 (control) 72.84 + 4.32 (100 %) 62.43 + 1.69 (85.7 %) 

1 x 10-9 64.05 + 2.22 (87.9 %) 63.68 + 4.57 (87.4 %) 

1 x 10-8 *5$6.29 + 4.18 (77.3 %) *56.52 + 4.15 (77.6 %) 

1x 10-7 *46.85 + 2.93 (64.3 %) *46.68 + 2.64 (64.1 %) 

1 x 10-6 *40.92 + 3.02 (56.2 %) *48.02 + 0.241 (65.9 %) 

1 x 10-5 *39.26 + 4.96 (53.9 %) *47.51 + 5.30 (65.2 %) 

1 x 10-4 *36.68 + 1.54 (50.4 %) *40.91 + 1.21 (56.2 %) 

1 x 10-3 ND *36.43 + 4.10 (50.0 %) 

  

Results are expressed as mean + SE (fmol/mg protein) and compared to that of the 

control. * indicates significant difference from control binding (p < 0.05). The values in 

( ) represented the percent of the control. ND means not determined. For these 
experiments, MPTP was preincubated 60 min, then incubated with 16.7 nM '**I-Bgt for 
further 60 min, or cells were preincubated with MAO inhibitor clorgyline for 30 min 

before addition of MPTP. 

181



Table 3. *H-DA release as affected by MPTP and cholinergic agonists and 

antagonist 

  

Test Compounds Cholinergic-agonist or % of basal release % of carbachol evoked 

  

(M) antagonist (M) release 

None None 99.97 + 8.2 99.99 + 6.2 
MPTP 10° None 119.5+11.1 122.24+9.7 
MPTP 10° None *165.5+11.2 *165.6 + 9.6 
MPTP 10% None *157.2 + 13.4 *157.2+11.0 
MPTP 10° None *179.6+ 14.8 *166.2+11.4 
MPTP 10% ACh 10° *207.3 + 31.5 *123.4 43.5 
MPTP 10° ACh 10° *156.5 + 16.2 ND 
MPTP 10° Nicotine 6.3 x 10° *150.0+6.1 112.2 + 17.0 
MPTP 10° Nicotine 6.3 x 10% *155.0 + 12.1 *137.6 + 6.0 
MPTP 10° DFP 2x 10° ND *133.9+410.4 
MPTP 10° DFP 2 X 10° ND *128.2 + 10.4 
MPTP 10% DFP 2X 10° *215.0+ 14.5 ND 
MPTP 10° Atropine 107 71.6 + 25.26 #5154 7.07 
MPTP 10° Atropine 10° 128.2 + 5.32 *60.1 + 7.9 
MPTP 10° Atropine 10° 114.1 + 8.31 *55.4 47.7 
MPTP 10% Atropine 107 124 + 1.59 *64.1+44.6 
MPTP 10° Atropine 10° 97.6 + 22.06 *70.3 + 6.6 
MPTP 10° Atropine 10° 82.5 + 19.3 *52.349.7 
MPTP 10° Tubocurarine 2 x 10° 87.6 + 38.36 *16.6 45.7 

MPTP 10° Tubocurarine 2 x10* 94.2 + 22.08 43.3 +.18.7 
MPTP 10° Tubocurarine 5 x10* 46.8 + 29.38 ND 
MPTP 10% Tubocurarine 2x10° 109.3 + 6.88 *48.446.2 
MPTP 10% Tubocurarine 2x10* ND 80.9 +8.9 
MPTP 10% Tubocurarine 5x10” ND #80411 
ACh 10° None *1514+7.4 125.4 + 35.3 
ACh 10° None *145.0+ 16.1 98.3 + 9.7 
ACh 10% None *144.3 + 20.0 *142.1+12.4 
ACh 10° None *191.7+26.4 *152.5+19.8 
Nicotine 6.3 x 10° None 111.5 + 24.3 113.3 + 22.4 
Nicotine 6.3 x 10° None *174.3 + 20.5 138.9 + 29.9 
Nicotine 6.3 x 10% None 159.2 + 41.9 *177.7 + 32.6 

DFP 2 x 10” None *226.8 + 11.7 *205.2 + 3.6 
DFP 2 x 10° None *216.1 + 3.0 *206.5 + 3.4 
DFP 2x 10° None 205.3 + 35.6 *224.34+ 12.4 
DFP 2 x 10% None *261.8 + 14.0 *247.8 411.7 
Atropine 10° None *<0 *55.5 + 22.6 
Tubocurarine 2x 10° None 73.9+5.1 85.6 + 21.1 
Tubocurarine 2x 10° None 66.3 + 54.3 72.5 + 24.6 
Tubocurarine 2x10* None 437.26 + 3.3 61.2 + 24.4 
  

Dopamine uptake was 678.4 + 42.5 fmol/mg protein for 60 min incubation at 98 nM of 

°*H-DA. Basal release in untreated cells was 76.7 + 5.4 fmol/mg protein and 119.4 + 8.5 

fM/mg protein at 15 min and 30 min, respectively. Carbachol-evoked release in control 
cells was 120.1 + 15.3 fmol/mg protein following 4 min of exposure to 5 x 10° M 
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carbachol (after basal release was subtracted). Results of *H-DA release were expressed 

as percents of basal release, and were means + SE values of at least 3 experiments. * 

indicates significant differences from the control (P< 0.05). ND means not determined. 

Times of incubations with test compounds are given in Materials and Methods. ACh and 

nicotine are direct agonists at cholinergic receptors; DFP is an AChE inhibitor and is, 
therefore, an indirect agonist. If competing for the same receptor, partial agonist effects 

can be noted with these compounds. Atropine and tubocurarine are antagonists at 

muscarinic and nicotinic receptors, respectively. Atropine completely blocked the basal 
release of °H-DA. 
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Table 4. Effects of MPTP on the activity of acetylcholinesterase 

  

Time of exposure to MPTP (hr) 

  

  

MPTP 0.5 1.0 2.0 4.0 8.0 24 72 120 

(M) 

10° 105.8 + 934+ 9444+ 969+ 9084 95.24 *77.6+ *54.24 

1.3 2.6 1.9 12.0 1.6 3.5 2.1 6.2 

10° 98.0 + 93.84 9254+ *89.0+ 905+ 85.34 *16.4+ *62.64 

5.1 0.9 1.2 0.5 6.1 6.2 4.3 0.3 

104 102.8+ 956+ 9044+ *726+ *7634+ *765+ *7294 *46.74 

6.8 1.2 0.7 2.2 0.9 1.2 1.9 4.3 

107 919+ 90.54 *792+ *674+ *67.4+ *81.94+  *42.94 ND 

5.1 6.8 2.1 2.3 2.1 0.7 3.6 
  

In the absence of MPTP or MAO inhibitors, the AChE activity was 1.182 + 0.06 

nM/min/mg protein. Results in table were expressed as percent of control activity and 

were means + SE, n> 3. Differences from control (p < 0.05) indicated by *. ND = not 

determined. 
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Table 5. Effects of MAO inhibitors on the alterations 

of MPTP-induced AChE activity 

  

  

MPTP Pargyline Pargyline Deprenyl Clorgylin Depreny10°M + 

(M) 10° M 104M 10°M e Clorgyline 104M 
104M 

0 97.4+3.3 ND 101.8414.0  109.54+9.2 99.840.6 

10° *67.44+2.3 *66.2+6.8 *78.84+4.7 *71.1+1.4 *72.740.7 = *72.343.9 

5x10°  *66.141.7 *62.342.3 *62.344.0 ND ND ND 

  

In the absence of MPTP or MAO inhibitors, the AChE activity was 1.182 + 0.06 

nM/min/mg protein. Results in table were expressed as percent of control activity, and 

were means + SE, n> 3. Differences from control (p < 0.05) indicated by *. ND = not 

determined. 
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Table 6. Effects of MPTP on choline level in SH-SYS5Y cells 

Time of exposure to MPTP (hr) 

MPTP 1 4 24 48 72 96 120 

(M) 
10° 96.4 + *165.8 + *175.8 + *147.0+ 110.0 + 97.8 + *148.1+ 

13.5 25.0 14.1 12.9 26.2 12.5 14.3 

10° 100.9 + *184.4 4 *162.4+ *150.7 + *139.3 + 112.3 + *151.9 + 

23.2 29.4 9.6 16.6 7.2 10.0 8.5 

10° *153.14  *198.2+  *191.5+  *1720+ *1446+4 *1468+ *199.5+ 

9.2 39.5 32.2 24.0 11.3 36.0 37.8 

10° *155.14 *490.5 + *303.4 + *230.2 + *256.3 + *158.3 + *184.74 

11.1 38.4 67.6 24.8 48.1 42.4 57.2 
  

In the absence of MPTP or MAO inhibitors, the Ch concentration was 5.8 + 0.18 ng/mg 

protein. Results in table were expressed as percent of control level and were means + SE, 

n>3. Differences from control (p < 0.05) indicated by *. 
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CHAPTER 5. ALTERATIONS OF CYTOSKELETAL TAU PROTEIN 
OF SH-SYSY HUMAN NEUROBLASTOMA CELLS 

AFTER EXPOSURE TO MPTP 

X Song and M Ehrich 

(To be submitted to In Vitro Toxicology) 
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ABSTRACT 

In this study, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was found to 

increase the expression of microtubule-associated tau protein in SH-SYSY human 

neuroblastoma cells. The western blot using anti-tau-1 antibodies demonstrated that there 

were at least six isoforms of tau proteins in the cells with molecular weight from 45 to 62 

kD, three of which were phosphorylated. MPTP (10° to 10% M) caused increases in tau 

proteins that appeared both in the supernatant and in the pellet fractions of lysed cells. 

Reverse transcriptase polymerase chain reaction (RT-PCR) using primers coding whole 

length tau protein further confirmed the expression of tau protein in SH-SY5Y cells. The 

PCR product of tau in SH-SYSY cells has approximately 1050 base pairs. MPTP caused 

an increased expression of the PCR product of tau after treatment for 2 to 5 days at 10° 

to 10* M, suggesting that the toxicant caused an increase in mRNA coding the tau 

protein. The expression of cytoskeletal tau protein may, therefore, provide a marker for 

MPTP neurotoxicity in SH-SYSY cells. 
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INTRODUCTION 

MPTP (1-methy]-4-phenyl-1,2,3,6-tetrahydropyridine) is a neurotoxicant that can 

cause clinical and neurochemical states in exposed humans and primates which are similar 

to Parkinson’s disease (Davis et al., 1979; Langston, 1984). The MPTP-induced changes 

are also similar to the features of Parkinson’s disease (PD) at the neuropathological level 

(Davis et al., 1979; Burns et al., 1983; Langston et al., 1983, 1984). Degeneration of the 

substantia nigra (SN) and locus ceruleus, both prominent features of PD, has been seen in 

a single postmortem study in a human patient (Davis et al., 1979), in non-human primates 

(Langston et al., 1984), and in rodents (Heikkila et al., 1984) after exposure to MPTP. In 

brains from aged primates and from the above human exposed to MPTP, eosinophilic 

intraneuronal inclusions were seen and showed the same distribution as Lewy bodies in PD 

(Davis , 1979; Langston, 1983). Although Lewy bodies were present in brains from these 

MPTP-treated monkeys, however, did not display all of the morphological and 

immunocytochemical features of Parkinson’s disease (Forno et al., 1988; 1993; 1996). 

In vivo and in vitro studies that examined MPTP-induced pathological changes 

suggested that this toxicant may alter cytoskeletal proteins of the nervous system. 

Abnormal filamentous, intraneuronal inclusions, neurofilament changes, and altered 

expression of glial fibrillary acid protein (GFAP), a glia-specific intermediate filament 

protein, were noted in primates and in mice, respectively, given MPTP (Stromberg et al., 

1986; Reinhard et al., 1988; Boatell et al., 1992; Forno et al., 1993, 1996). Studies in cell 

culture also indicated MPTP had effects on the cytoskeleton, as PC12 cells exposed to 

MPTP and then treated with nerve growth factor (NGF) could not extend neurites 

(Denton and Howard, 1984), N.AB-1 cells lost neurites (Notter et al., 1988), and Swiss 

3T3 cells developed abnormal networks of microfilaments and microtubules (Cappelletti et 

al., 1991). Two microtubule proteins have been affected in PC12 cells by MPP” 

(Cappelletti et al., 1995). Although further work is needed, these studies may relate 
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MPTP toxicity to neurodegenerative diseases of aging, including Parkinson’s disease, as 

disturbances in the cytoarchitecture occur in these clinical syndromes. 

In this study, SH-SYSY human neuroblastoma cells were used to investigate the 

effects of MPTP on cytoskeletal tau protein. Tau protein is a member of the class of 

several microtubule-associated proteins (MAP) that promote microtubule assembly and 

stabilize microtubules (Drubin and Kirschner, 1986). The abnormally hyperphosphorylated 

tau is a major antigenic component of the paired helical filaments (PHFs) (Grundke-Iqbal 

et al., 1986; Lee et al., 1991; Greenberg et al., 1992) which contribute to neurofibrillary 

tangles and have been implicated in the pathology of various neurologic diseases, including 

postencephalitic Parkinsonism, Parkinson’s dementia, and Alzheimer disease (Harrington 

et al., 1994; Kroski et al., 1986; Lee et al., 1991; Trojanowski et al., 1993). In 

Alzheimer’s disease (AD), for example, the accumulation of abnormally 

hyperphosphorylated tau was thought to be the structural basis of the cellular disturbance 

(Grundke-Iqbal et al., 1986; Lee et al., 1992). 

The present investigation focused on this particular cytoskeletal protein because 

some previous studies indicated a positive immunological reaction between tau protein 

and the cytoskeletal inclusions associated with neuronal injury and death in Parkinson’s 

disease and other neurodegenerative disorders (Pollanen et al., 1992; Hirano, 1991; 

Shakar et al., 1989; Trojanowski et al., 1993; Vermersch et al., 1993; Scherrer et al., 

1995; Matsumoto et al., 1990; Hof et al., 1994; Oyanagi et al., 1994a, 1994b). 

SH-SY5Y human neuroblastoma cells, which were used as the model system for 

study of MPTP toxicity, have been reported to express tau protein (Pope et al., 1994; 

Smith et al., 1995; Tanaka et al., 1995). This cell line has previously been employed for 

investigating the toxic effects of chemicals on tau and other cytoskeletal proteins (Lew 

1992a; 1992b; 1993; Taylor et al., 1995). Our studies demonstrated that SH-SYSY cell 
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line is a good in vitro model for MPTP toxicity because these cells take up MPTP and 

metabolize MPTP by monoamine oxidase (MAO) (Chapter 1). Furthermore, MPTP 

inhibited mitochondrial respiration and caused structural alterations of the mitochondria 

(Chapter 2). Our studies also indicated that MPTP could alter the dopaminergic system 

and cholinergic system of SH-SYSY cells as it does in other in vivo and in vitro systems 

(Chapter 3; Chapter 4; Hadjiconstantinou et al., 1985; 1986; 1994; Rollema et al., 1988; 

Suh et al., 1989; Hsu et al., 1993a; 1993b; 1994; Villa et al., 1994; Burns et al., 1983; 

Chiueh et al., 1985; Jenner et al., 1984). We also found that MPTP induced 

ultrastructural alterations of the cytoskeleton and neutrites of SH-SYSY cells (Chapter 2), 

suggesting that this cell line could be a good model for study of MPTP-induced 

alterations of the cytoskeletal tau proteins. Immunological and reverse transcriptase 

polymerase chain reaction (RT-PCR) techniques were used to investigate the effects of 

MPTP on tau protein in SH-SYSY cells. 

MATERIALS AND METHODS 

Cell culture 

Human neuroblastoma SH-SYS5Y cells were seeded (about 2 x 10° cells/ 75 cm” flask) 

in flasks and cultured for 4 to 5 days until 90 % of confluent in Eagles minimum essential 

medium supplemented with 10% fetal bovine serum (FBS) in a 95% air, 5% CQ, 

humidified incubator at 37 °C. For harvesting, the cells were washed once with phosphate 

buffered saline (PBS), scraped with a rubber cell scraper, and centrifuged at 1200 rpm for 

10 minutes. For RT-PCR studies, cells were seeded at a concentration of 2 x 10‘ cells/dish 

in 35 mm dishes. 

Western Blot Analysis 

Preparation of Tau protein fraction 
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After treatment of MPTP (10° -10°*M) for 2 to 5 days, 1 ml of cells (10’ cells/ml) 

were collected in 1 ml of TE PBS (10 mM Tris, 1mM EDTA in PBS), then centrifuged for 

10 min at 1,200 rpm. The collected cells were lysed in about 250 Ul of cell lysis buffer 

(0.01 M Tris, pH 8.3, 1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 10 [ig/ml 

leupeptin, 10 g/ml pepstatin A, 10 ug/ml aprotinin, 5 mM benzamidine) by freezing and 

thawing in liquid nitrogen for three times. These samples were spun for 1 min to separate 

the cytoplasmic (supernatant) fraction from the membrane (pellet) fraction. The pellet was 

resuspended in 200 to 400 ul cell lysis buffer and sonicated at 50 % cycle three times for 

10 sec each time. 

In some case, the pellet was dephosphorylated with FE. coli alkaline phosphatase 

(200 u/ml) for 8 hrs at 37 °C. 

SDS-PAGE electrophoresis 

Total protein in both supernatant and pellet was measured using the Bio-Rad 

reagent (Bio-Rad Laboratories, Hercules, CA). One-dimensional sodium dodecyl! sulfate- 

polyacrylamine gel electrophoresis (SDS-PAGE) was performed. The samples were 

prepared 1:1 in SDS gel sample buffer (20 % glycerol, 4 % SDS, 10 % B- 

mercaptoethanol, 0.002 % bromophenol, 0.125 M Tris-HCl , pH 6.8). After heating at 

100° C for 3 min, the sample was centrifuged to remove any precipitated material prior to 

loading the gels. 100 ug of lysate was loaded into each lane of two separate gels, then 

each of the SDS_ polyacrylamide gels containing 12% acrylamide underwent 

electrophoresis. Running buffer consisted of 0.025 M Tris-HCl, 0.192 M glycine, 0.1% 

SDS. Gels were run at a constant current (35 mA for each) until the sample entered the 

separating gel (12% acrylamide, 0.32 % bis-acrylamide) (BioRad, Hercules, CA), then 

current was increased to 50 mA. After electrophoresis, one gel was stained with 

Coomassie Blue, another was used for the immunoblotting assay. Purified tau preparation 

from bovine brain was treated in the same manner as the lysed cells and used as reference. 
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The gel was stained with 0.125 % Coomassie Blue prepared in 50 % methanol and 

10 % acetic acid for about 2 hrs at room temperature and with agitation. After that, the 

gel was destained with a solution of 50 % methanol and 10% acetic acid. To completely 

destain the gels, the destaining solution was changed several times and the gel was 

agitated with the destaining solution overnight. The destained gel was stored in 7.5 % 

trichloroacetic acid (TCA), or dried using a gel dryer. 

Immunoblotting 

Immunoblotting was performed using ECL™ western blotting protocols (Amersham 

International Plc, Buckinghamshire, England). Briefly, the proteins separated by SDS- 

PAGE were blotted onto nitrocellulose membrane (Bio-Rad, 0.45 IM) for 14 hrs at 4 °C 

and 30 V in a horizontal blotting apparatus (Bio-Rad Laboratories, Hercules, CA) with the 

use of blot buffer (25 mM Tris, 192 mM glycine and 20% methanol). The nitrocellulose 

was incubated overnight at 4° C in blocking buffer (5% milk powder, 0.05% Tween 20 in 

PBS) on an orbital shaker, and then reincubated in fresh blocking buffer for 1 h at room 

temperature. After that, the nitrocellulose was incubated (120 min, 23° C) with sufficient 

quantity of 0.25 g/ml of mouse monoclonal antibody to tau-1 (Boehringer-Mannheim, 

Indianapolis, IN), prepared in blocking buffer, to cover the membrane evenly. The blot 

was washed three times with PBS-T (0.05 % Tween 20 in PBS, pH 7.4 ) for 5 min each, 

then washed once with blocking buffer for 10 min. The blot was incubated for 90 min 

with horseradish peroxidase (HRP)-conjugated second antibody (goat anti-mouse HRP, 

Sigma, St Louis, MO) diluted 1:5000, and then washed once with blocking buffer for 5 

min and four times for 5 min each with PBS-T. It was then incubated with the ECL™ 

detection reagents for 1 min, and then exposed to film (Kodak scientific/imaging film, 

Sigma Chemical Co., St Louis, MO) in a dark room. 

Reverse transcriptase-polymerase chain reaction (RT-PCR) 

Isolation of RNA 
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Jsolation of total RNA from SH-SYS5Y cells was performed using TRIzol reagent 

(GibcoBRL Life Technologies, Grand Island, NY). In brief, after treatment with MPTP, 

cells were washed once with PBS (pH 7.4). Then, cells were lysed directly by adding 1 ml 

of TRIzol reagent (1m! per 35 mm dish) for 10 min, and passing the cell lysate several 

times through a pipette. The lysed cells were transfered to a fresh micro tube, and 200 ul 

chloroform added. After shaking 15 seconds, the tube was allowed to stand 5 min at 

room temperature, and then centrifuged for 15 min at 12,000 g, 4 °C. The aqueous layer 

was removed into a fresh tube, and 500 yl isopropyl alcohol was added, and mixed. The 

mixture was allowed to stand for 10 min, and then centrifuged for 15 min at 12,000 g, 4 

°C. The pellet (total RNA) was washed with 1 ml of 75 % ethanol with votexing, then 

centrifuged for 15 min at 12,000 g, 4 °c. After that, the RNA was dissolved in sterile 

water treated with 0.1 % diethyl pyrocarbonate (DEPC). The amount of RNA was 

measured at Ama, = 260 nm. 

cDNA sysnthesis 

cDNA synthesis was performed according the protocol of GibcoBRL. In a 0.5 ml 

sterile tube, five ug of total RNA, 1 pl oligo (dT) (50 ng/ul) and DEPC-treated water 

were added to make a 12 pl total volume. After mixing, the RNA/primer mixture was 

incubated at 70 °C for 10 min, then placed on ice for at least one min. 7.5 ul of master 

mixture (2 pl of 10x PCR buffer, 2 pl of 25 mM MgCl, 1yl of 10 mM dNTP mix, 2 ul of 

0.1 M DTT and 0.5 pl of 1 u/ul human placenta ribonuclease inhibitor) was added to the 

RNA/primer mixture. After mixing gently, the sample was collected by brief 

centrifugation, and then incubated at 42 °C for 5 min. Then, Ipl (200 units) of 

SuperScript [If RT (GibcoBRL) was added to the sample, and incubated at 42 °C for 50 

min. After that, the sample was incubated at 70 °C for 15 min, then placed on ice to chill. 

The cDNA products could be stored at - 20 °C or they were used for PCR assay. 

Amplification of cDNA (PCR) 
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PCR was performed using a 5’ primer, 5’°-ATGGCTGAGCCCCGCCAGGAG-3’, 

coding for the first 21 bases in the human tau4y,,; CDNA sequence and a 3’ primer, 5’- 

TCACAAACCCTGCTTGGCC-3’ complementary to the last 19 bases of the coding 

sequence to amplify the whole coding region of human tau (Goedert et al., 1989). The 

primer pair was a gift from Drs. Tong-man Ong and Wen-zong Whung (Department of 

Health and Human Services, Public Health Service, Center for Disease Control, 

Appalachian Laboratory for Occupational Safety and Health, Morgantown, WV). PCR 

was carried out with Taq polymerase (Gibcol BRL) using the conditions specified by the 

manufacturer. Briefly, 2 11 of cDNA from the RT-cDNA pool was amplified by adding 25 

pmol of each primer (1 Wl of 25 4M), 1 ul of 10 mM dNTP mix, 5 pl of 10 x PCR buffer, 

2.5 pl of SO mM MgCl, and 0.5 pl of 5 u/ul of Taq polymerase in a final volume of 50 ul. 

The sample was subjected to 30 cycles of denaturation (1 min at 94 °C), annealing (1 min 

at 57 °C) and extension (1.5 min at 72 °C) using a Thermal cycler (COY Temp Cycle, 

Model 60, Laboratory Product Inc., Durham, NC). 

PCR assays using primers for human f-actin (Stratagene, La Jolla, CA) were also 

performed for each cDNA sample, with 2 ul of 25 UM primer working stock (5 mM Tris, 

0.1 mM EDTA) in a 50 ul reaction volume. This primer pair (sense: 1038 

TGACGGGGTCACCCACACTGTGCCCATCTA 1067, antisense: 1876 

CTAGAAGCAGCGGTGGAGGATGGAGGG 1905) has been determined to amplify a 

661 bp fragment. 

The PCR products were analyzed on a 1.5 % agarose/ethidium bromide gel. 1.5 g 

agarose was melted in 1x TBE buffer (0.9 M Tris-borate, 0.002 M EDTA, pH 8.0) under 

microwave (power 80 %) for 3 min. After cooling to about 60 °C, 10 wl of 5 mg/ml 

ethidium bromide was added and mixed thoroughly, and then the gel was poured into a gel 

tray to harden. The gel was prerun for 15 to 30 min in 1x TEB buffer. 20 wl of PCR 

products with 5 1] loading buffer (0.25 % bromophenol blue and 40 % sucrose in water) 

were loaded into each lane (5 pl of PCR product of B-actin was used). The gel was run in 

1x TEB buffer at 70 V. 
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All assays were replicated at least 3 times. Protein content was measured using the 

Bio-Rad reagent (Bio-Rad Laboratories, Hercules, CA). The films of western blotting and 

RT-PCR were analyzed by densitometer (Model 300 A, Molecular Dynamics, Menlo 

Park, CA). All data were analyzed with Student’s T-test or appropriate analysis of 

variance (ANOVA). P-values of 0.05 or less were considered significant. 

RESULTS 

SDS-PAGE 

Figure 1 shows the results of Coomassie Blue staining of proteins of SH-SYSY 

cells on SDS-PAGE loaded with 100 pg protein. Samples from treated and control cells 

are exhibited in Figure la, while Figure 1b includes samples from control cells and purified 

bovine brain tau. There were several protein bands that ranged in molecular weight from 

lower than 26.6 to greater than 180 kD. There was no significant difference in total 

proteins between the cytoplasmic supernatant and the pellet of the cells, and no difference 

between the control and the MPTP-treated cells, both before and after dephosphorylation. 

Although total loaded protein was the same, the western blot using anti-tau-1 

demonstrated that MPTP increased the expression of tau protein in SH-SYSY cells (Fig 

2a). As in other studies (Goebert and Jakes, 1990; Trojanowski et al., 1993; Lew, 1992b; 

Liu et al., 1993; Lee et al., 1991), there were 5-6 bands of tau protein between 45 to 62 

kD in the supernatant fraction (Fig. 2a, lane 1) of SH-SY5Y cells, and 6-7 bands in pellet 

fractions (Fig. 2a, lane 7). The extra band in the pellet fraction was located between bands 

1 and 3 that appeared when the supernatant underwent electrophoresis. There was also a 

slight difference in migration of band 5 of the pellet as compared with band 4 of the 

supernatant. Two bands of higher molecular weight (85 and 116 kD), demonstrated in 

other recent studies (Couchie et al., 1992; Georgieff et al., 1993; Mavilia et al., 1993), 
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were also noted both in supernatant and in pellet of the SH-SYSY cells. The purified 

bovine tau at the amount loaded (10 ng) showed two bands between 48.5 and 58 kD (Fig. 

2b). 

MPTP (10° to 10% M) caused increases in tau proteins after the cells were treated 

for 2 to 5 days. Increases in tau appeared both in the supernatant and in the pellet 

fractions (Fig. 2a: lanes 3, 4, 5, 6, 9, 10, 11, 12, and Fig. 2b: lanes 4, 5, 6). The 

densitometer readings supported the visual evidence (Fig 3). Cells incubated with MPTP 

at 10% M for 2 to 5 days, for example, increased expression of tau in the 2nd band to 156 

+ 31.2 % and 256 + 35.2 % of control in the supernatant and the pellet, respectively 

(mean + SE, n 2 3). 

After dephosphorylation, no significant changes were observed in the supernatant 

fraction of the cells. These bands (about 50, 60, 62 kD) in the pellet fraction disappeared 

in the control sample and one 50 kD partly disappeared in the sample from MPTP-treated 

cells (Fig. 2a, lane 8, 10, 12). This indicated that MPTP caused alterations of 

phosphorylated tau protein in SH-SYSY cells, which may have been due to an increased 

phosphorylated tau and/or a change of phosphorylated tau to dephosphorylated tau. 

RT-PCR 

RT-PCR (Fig 4) confirmed that tau protein was expressed in SH-SYSY cells. The 

RT-PCR product of tau in SH-SYSY cells was an approximate 1050 bp fragment (Fig 4), 

which was very close to the DNA sequence length of human tau previously reported 

(Goedert et al., 1988). MPTP caused an increased expression of the product after 

treatment for 2 to 5 days at 10° to 10* M. The densitometer readings indicated a 71 % 

increase in the PCR products after 5 days of exposure tol0* M MPTP (Fig. 5). The 

results reflected an increase in tau protein mRNA. The RT-PCR product of B-actin was 

about 661 bp as expected, and there was no significant difference in the B-actin (internal 

cell control) expression in SH-SYSY cells before and after MPTP treatment (Fig. 5), 

showing the numbers of cells in both the control and experimental samples were similar. 
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DISCUSSION 

In this study, MPTP was found to increase tau protein expression in human 

neuroblastoma cells. Alterations of the expression of this cytoskeletal protein required 

relatively high concentrations (10° to 10* M) and relatively long periods (2 to 5 days) of 

MPTP exposure, but previous studies (Chapter 2) indicated that these conditions of 

exposure did not affect cell viability, although they did alter mitochondrial respiration and 

ultrastructure. Exposure conditions and times required for MPTP to increase tau were 

also greater than those required for this toxicant to alter the dopaminergic and cholinergic 

systems in SH-SYS5Y cells (Chapter 3; Chapter 4). Even so, this study provides the first 

indication that a single perpetual cell line used as a model for MPTP-induced neurotoxicity 

can provide both biochemical and morphological markers similar to those seen in vivo. 

Furthermore, this is the first report to indicate that MPTP can cause an increase in MRNA 

coding tau protein in human neuronal-type cells. These increased mRNA levels may be 

the result of an altered MRNA synthesis or gene transcription, or of MRNA stabilization. 

Although studies are few, MPTP-induced neuronal injury has been associated with 

alterations of cytoskeletal proteins (Reinhard, 1988; Notter et al., 1988; Cappelletti et al., 

1991; 1995). Microtubules and microtubule associated proteins in aged monkeys (Forno 

et al., 1988; 1993; 1996), PC12 cells (Denton and Howard, 1984; Cappelletti et al., 1995), 

N2AB-1 cells (Notter et al., 1988) and Swiss 3T3 cells (Cappelletti et al., 1991) have been 

altered by MPTP exposure. These studies have not, however, specifically addressed tau 

protein, which is particularly important because increases in abnormal tau may destabilize 

microtubules and inhibit elaboration of neurites in neuroblastoma cells (Drubin and 

Krischner, 1986; Kopke et al., 1993; Shea et al., 1992; Gache et al., 1994). 
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The increase in tau protein seen for the first time in SH-SYSY cells exposed to 

MPTP in this study is important because tau also appears positive and/or increases in 

neurodegenerative diseases (Guy et al, 1991; Grundke-Igbal et al., 1986; Pollanen et al., 

1992; Buee-Scherrer et al., 1995; Matsumoto et al., 1990; Hof et al., 1994; Oyanagi et al., 

1994a, 1994b; Vermersch et al., 1993; Wolozin et al., 1986). These diseases and/or 

MPTP treatment may also increase neurofibrillary tangles, which usually contain abnormal 

hyperphosphorylated tau in paried helical filaments (Grundke-Iqbal et al., 1986; Buee- 

Scherrer et al., 1995; Forno et al., 1996). Abnormally increase in tau, therefore, in human 

neuroblastoma cells, may be useful for in vitro studies of these disorders. The relationship 

between aluminium-induced neurofibrillary tangles, increased immunoreactivity to tau, and 

Alzheimer’s disease is, for example, of interest and could be further investigated (Guy et 

al, 1991; Grundke-Iqbal et al., 1986; Wolozin et al., 1986). In our studies, the MPTP- 

induced tau alterations in SH-SYSY cells may contribute to its neurotoxicity. In addition, 

the effects of MPTP on this cytoskeletal protein may provide an appropriate endpoint for 

assessment of its neurotoxicity in SH-SYSY cells. These results not only provide 

information about the effects of MPTP in neuronal cells, but they also indicate that 

cytoskeletal proteins of SH-SYS5Y cells may be used as markers for studies of other 

neurotoxic and neurodegenerative events. 

In the present study, dephosphorylation caused loss of tau in the pellet of the lysed 

cells, especially in control cells. Several studies have suggested that tau proteins 

expressed by SH-SYS5Y human neuroblastoma cells are at least partially phosphorylated 

(Pope et al., 1994; Smith et al., 1995; Tanaka et al., 1995). In this study, we found that 

there were three phosphorylated isoforms of tau protein in the pellet fraction of control 

cells, and they disappeared after dephosphorylation with alkaline phosphatase. These 

phosphorylated tau proteins in SH-SYSY cells were significantly elevated after exposure 

of cells to MPTP, as were other isoforms of tau protein, but the phosphorylated tau 

protein only partly disappeared after the dephosphorylation procedure. Although the 
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origin and functional significance of phosphorylated tau in MPTP neurotoxicity remains 

unknown and needs further investigation, abnormal phosphorylated tau proteins may be 

involved in pathological processes associated with exposure to this neurotoxicant and the 

pathological processes associated with neurodegenerative diseases such as PD with 

dementia and Alzheimer’s disease (Grundke-Iqbal et al., 1986; Alonso et al., 1994; Buee- 

Scherrer et al., 1995). The abnormal phosphorylation of tau protein could lower the levels 

of microtubule-binding tau, destabilize microtubules, and finally may disrupt axonal 

transport, leading to the degeneration of neurons (Trojanowski et al., 1993; Lee et al., 

1992; Bramblett et al., 1992). 

In summary, SH-SYSY cells were used to investigate the effects of MPTP on 

microtubule-associated tau protein. The western blot using anti-tau-1 antibodies 

demonstrated that there were at least six isoforms of tau proteins, and that three of them 

were phosphorylated. MPTP (10° to 10“ M) caused increases in tau proteins both in the 

cytosolic supernatant and in the membrane pellet fractions of cells lysed after exposure. 

The results of RT-PCR using primers coding whole length tau protein further confirmed 

the expression of tau protein in SH-SYSY cells. The PCR product of tau in SH-SYSY 

cells was approximately 1050 bp, which is close to the human tau gene reported by 

Goedert (1988). MPTP caused an increased expression of the product after treatment for 

2 to 5 days at 10° to 10* M. The PCR product of B-actin was about 661 bp as expected, 

and there was no significant difference of the B-actin expression in SH-SYSY cells before 

and after MPTP treatment. 
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Coomassie Blue staining of proteins of SH-SY5Y human neuroblastoma 
cells on one-dimensional gel electrophoresis after exposure to MPTP. 
MPTP treatment of cells and isolation of protein on SDS gel were 
performed as described under Materials and protein. “s” supernatant, “p” 
pellet. Lane 1, molecular weight marker; lane 2, “‘s” of control ; lane 3, “s” 
of MPTP treatment for 2 days at 10° M; lane 4, “s” of MPTP 5 days 10° M; 
lane 5, “p” of control; lane 6, “‘p” of MPTP treatment for 2 days at 10° M; 
lane 7, “p” of MPTP for 5 days at 10° M. Lane 8 -14, dephosphorylated 
ptroteins: lane 8, “s” of control ; lane 9, “s” of MPTP treatment for 2 days at 
10° M; lane 10, “s” of MPTP for 5 days at 10° M; lane 11, “p” of control; 
lane 12, “p” of MPTP treatment for 2 days at 10° M; lane 13, “p” of MPTP 
for 5 days at 10° M: Lane 14, “p” MPTP for 5 days at 10° M. There were 
several protein bands that ranged in molecular weight from lower than 26.6 
to greater than 180 kD. There was no significant difference in total proteins 
between the cytoplasmic supernatant and the pellet of the cells, and no 
difference between the control and the MPTP-treated cells, before and after 
dephosphorylation. 
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Figure 1b. Coomassie Blue staining of proteins of SH-SYSY human neuroblastoma cells 
on one-dimensional gel elelctrophoresis. Isolation of protein on SDS gel was 
performed as described under Materials and Methods. Each lane was loaded 
with 100 fg protein. Lane 1, molecular weight marker; lane 2, supernatant of 
control cells; lane 3, pellet of control cells; lane 4, 15 ug of purified bovine 
brain tau. 
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Figure 2a. Western blotting of proteins to tau-1 of SH-SYSY human neuroblastoma cells 
on one-dimensional gel electrophoresis after exposure to MPTP. MPTP treatment of cells 
and isolation of protein on SDS gel were performed as described under Materials and 
Methods. Each lane was loaded with 100 pg protein. “s” supernatant, “p” pellet, “ds” 
dephosphorylated supernatant, “dp” dephosphorylated pellet. Lane 1, “‘s” of control ; lane 
2, “ds” of control; lane 3, “s” of MPTP treatment for 2 days at 10° M; lane 4, “ds” of 
MPTP for 2 days at 10° M; lane 5, “s” of MPTP for 5 days at 10° M; lane 6, “ds” of 
MPTP for 5 days at 10° M; lane 7, “p” of control ; lane 8, “dp” of control; lane 9, “p” of 
MPTP for 2 days at 10° M; lane 10, “dp” of MPTP for 2 days at 10° M; lane 11, “p” of 
MPTP for 5 days at 10° M; lane12, “dp” of MPTP treatment for 5 days at 10° M. There 
were 5-6 bands of tau protein between 45 to 62 kD in the supernatant fraction (lane 1) of 
SH-SYSY cells, and 6-7 bands in pellet fractions (lane 7). The extra band in the pellet 
fraction was located between bands 1 and 3. Two bands of higher molecular weight (85 
and 116 kD) were noted both in supernatant and in pellet of the SH-SY5Y cells. MPTP 
(10° to 10% M) caused increases in tau proteins after the cells were treated for 2 to 5 
days. Increases in tau appeared both in the supernatant and in the pellet fractions (lanes 3, 
4, 5, 6, 9, 10, 11, 12). These bands (about 50, 60, 62 kD) in the pellet fraction 
disappeared in the control sample and one 50 kD partly disappeared in the sample from 
MPTP-treated cells (lane 8, 10, 12). 
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Figure 2b. Western blotting of proteins to tau-1 of SH-SY5Y human neuroblastoma 
cells on one-dimensional gel electrophoresis after exposure to MPTP. MPTP 
treatment of cells and isolation of protein on SDS gel were performed as 
described under Materials and Methods. Each lane was loaded with 100 Lg 
protein. “s” supernatant. Lane 1, 10 ng of purified bovine brain tau; lane 2, 
empty; lane 3, “‘s” of control ; lane 4, “s” of MPTP treatment for 2 days at 
10° M; lane 5, “s” of MPTP for 5 days 10° M; lane 6, “s” of MPTP for 5 
days at 10*M. There were 5-6 bands of tau protein between 45 to 62 kD in 
the supernatant fraction (lane 1) of SH-SY5Y cells. Two bands of higher 
molecular weight (85 and 116 kD) were noted. The purified bovine tau at 
the amount loaded (10 ng) showed two bands between 48.5 and 58 kD. 
MPTP (10° to 107% M) caused increases in tau proteins after the cells were 
treated for 2 to 5 days (lanes 4, 5, 6). 
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Figure 3. Density assays of western blotting of proteins to tau-1 of SH-SYSY human 

neuroblastoma cells on one-dimensional gel elelctrophoresis after exposure to 

MPTP. MPTP treatment of cells and isolation of protein on SDS gel were 

performed as described under Materials and Methods. Each lane was loaded 

with 100 |g protein. Scanning bands from region 62 to 45 kD (bands 1 to 6). 

Results.were expressed as percents of the untreated control, and were means + 

SE values of 3 individual experiments. * indicates significant differences from 

the control (P< 0.05). Cells incubated with MPTP at 10* M for 2 to 5 days, 

increased expression of tau in the 2nd band to 156 + 31.2 % and 256 + 35.2 

% of control in the supernatant and the pellet. 
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Figure 4. Effects of MPTP on the RT-PCR products of mRNA coding tau in SH-SYSY 

human neuroblastoma cells. MPTP treatment of cells, isolation of total RNA 

isolation, RT-PCR were performed as described under Materials and Methods. 

Each lane was loaded with 20 ul of PCR products of tau, or 5 wl for the PCR 

products of B-actin. Lane 1, 8 and 15, 123 DNA ladder. Lanes 2 to 6, RT- 

PCR products for tau: lane 2, control; lane 3, MPTP treatment for 5 days at 10° 

M; lane 4, MPTP for 2 days at 10° M; lane 5, MPTP for 5 days at 10° M; lane 

6, MPTP for 2 days at 10*M; lane 7, empty. Lane 9 to 13, RT-PCR products 

for B-actin: lane 9, control ; lane 10, MPTP for 5 days at 10° M; lane 11, 

MPTP for 2 days at 10° M; lane 12, MPTP for 5 days at 10“ M; lane 13, 
MPTP for 2 days at 10° M. Lane 14, no reverse transcriptase control with 

loading 20 ul of PCR products. The RT-PCR product of tau in SH-SY5Y cells 

was an approximate 1050 bp fragment. MPTP caused an increaesd expression 

of the product after treatment for 2 to 5 days at 10° to 107M (lanes 3, 4, 5, 6). 

The RT-PCR product of B-actin was about 661 bp as expected, and there was 

no significant difference in the B-actin before and after MPTP treatment (lanes 
9, 10, 11, 12, 13). 
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Densitometer readings of RT-PCR products of mRNA for tau in SH-SYSY 

human neuroblastoma cells after exposure to MPTP. MPTP treatment of 

cells, isolation of total RNA, RT-PCR were performed as described under 

Materials and Methods. Each lane was loaded with 20 wl of PCR products 

of tau, or 5 yl for the PCR products of B-actin. Scanning band of 1050 bp 

was used for tau and 661 bp was used for B-actin. Results.were expressed 

as percents of the untreated control, and were means + SE values of 3 

individual experiments. * indicates significant differences from the control 

(P< 0.05). The densitometer readings indicated a 71 % increase in the PCR 

products after 5 days of exposure tol0* M MPTP (bar 3). 
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I. DISCUSSION 

The present study investigated the neuronal alterations resulting from exposure to 

Parkinsonian-inducing 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in an in 

vitro model SH-SYSY human neuroblastoma cells. This study was carried out using three 

different types of endpoints, including cytotoxic effects, neurochemical changes and 

morphological alterations. These were done to test the hypothesis that this in vitro system 

would respond like tissues from animals exposed to MPTP. The SH-SYSY cells could 

also be used to investigate mechanisms of MPTP toxicity. 

Many studies using in vivo and in vitro models have demonstrated that the 

oxidation of MPTP by MAO-B to MPP” and the MPP” uptake by DA transporters are 

critical steps in the expression of MPTP neurotoxicity. Our study first determined that 

SH-SY5Y cells can take up MPP” specifically through a DA uptake mechanism whereas 

MPTP enters cells through a non-DA transport mechanism. SH-SY5SY human 

neuroblastoma cells express MAO B and A activity (Zhu et al., 1992; Song et al., 1996), 

and have been used for bioactivation studies of a MPTP analogs (Song et al., 1996). This 

present study further provided evidence that SH-SYS5Y cells have the ability to metabolize 

MPTP into MPDP* and MPP”. In addition, the inhibition of MPTP metabolism by the 

MAO inhibitors depreny! (MAO B) and clorgyline (MAO A), as well as pargyline (MAO 

B and A), suggested that both MAO B and A in SH-SYSY cells are probably responsible 

for the bioactivation of MPTP. These abilities to metabolize and take up MPTP and its 

metabolites by SH-SYSY cells provided basic conditions for study of MPTP toxicity in 

the in vitro model. 

Viability is usually an endpoint used to determine if toxicants affect cells in culture 

(Rowles et al., 1995). In this study, SH-SYSY cells were relatively resistant to loss of 

viability in the presence of MPTP. It appears that viability may not be a sensitive indicator 

216



of the effects of MPTP in the SH-SYSY cell culture model, an observation also noted in 

previous studies of other neurotoxicants in this cell line (Nostrandt et al., 1993; Rowles et 

al., 1995). Although the exact reasons for the relatively higher resistance of 

neuroblastoma cell lines to MPTP toxicity when compared to primary cell cultures or 

tissue cultures are unclear, release of MPP” from SH-SYS5Y cells and some characteristics 

of tumor cell lines, such as their indefinite growth, and their immortality, may, at least in 

part, be related to the resistance. SH-SY5Y cells were, however, still sensitive to MPP”, 

as indicated by changes in structure and loss of NADH dehydrogenase activity. 

Morphological studies with phase-contrast microscopy of SH-SYSY cells showed cellular 

changes at low concentrations of MPTP and at early time points after exposure. MPTP- 

caused injury to mitochondria have also been seen in SH-SYSY cells when viewed at the 

ultrastructural level. In addition, changes in the cytoskeleton were also seen in some cells 

exposed to MPTP, such as abnormal aggregation of filamentous material and attenuated 

neurites. In other cell culture systems, this toxicant elicits a disruption of mictotubules 

(Denton and Howard, 1984; Notter et al., 1988; Cappelletti et al., 1995). 

It is thought that MPTP-induced changes of mitochondrial structure and function 

may be critical processes in MPTP-induced neurotoxicity (Tanaka and Nakamura 1988; 

Nakamura et al., 1989; Krueger et al., 1993; Nicklas et al., 1985; Ramsayet al., 1986). In 

SH-SY5Y cell culture, it was noted that there were good correlations between the time 

courses of the metabolism of MPTP and the MPTP-induced inhibition of NADH 

dehydrogenase activity, and between the time courses of the changes in mitochondrial 

structures and the increase in cell lethality after exposure to MPTP. 

In contrast to previous studies which suggested that MPP” inhibited NADH 

dehydrogenase activity, and blocked mitochondrial electron transport by interrupting 

electron flux from NADH dehydrogenase to ubiquinone (UQ) at the same site as rotenone 

and piericidin A (Krueger et al., 1993; Ramsay et al., 1986b; 1987; 1991a; 1991b), the 

data of the present study in SH-SYSY cells indicated that MPP” can inhibit NADH 

dehydrogenase activity when ferricynide was used as a substrate. The results imply that 
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the site of MPP” action could also be between NADH and Fe-S rather than only between 

the highest potential Fe-S cluster in NADH dehydrogenase and UQ. 

It is well known that the dopaminergic system is a major target in MPTP 

neurotoxicity (Burns et al., 1983; Chiueh et al., 1985a, 1985b; Davis et al., 1979; 

Langston et al., 1984a; Rollema et al., 1986a; Heikkila et al., 1984a, 1984b; Mytilineou et 

al., 1985; Santiago et al., 1991a, 1991b; Mogi et al., 1988). In this study, we found that 

MPTP effects on SH-SYSY cells were similar to those reported in other models of MPTP 

neurotoxicity. That is, MPTP significantly decreased levels of DA and other 

catecholamines; it also reduced serotonin and 5-HIAA concentrations. In addition, MPTP 

enhanced *H-DA release from cells, and its metabolite MPP* inhibited “H-DA uptake. 

Pretreatment with the MAO inhibitor pargyline prevented the MPTP-induced alterations 

of catecholamines and 5-HT. Furthermore, MPTP inhibited MAO activity in a dose and 

time dependent manner. 

Although the most noticeable MPTP-induced manifestations of the neuropathy 

involve the DA system, MPTP has been demonstrated to alter the cholinergic system in 

experimental animals and in other in vitro systems (Hadjiconstantinou et al., 1985; 1986; 

Rollema et al., 1988a; Suh et al., 1989; Hsu et al., 1993a; 1993b; Villa et al., 1994). Our 

studies showed that MPTP had effects on the cholinergic system of SH-SYSY cells, 

causing decreased binding of [*H]-methylscopolamine (*H-NMS) at muscarinic receptors 

and ['*°I]-c-bungarotoxin ('°I-Bgt) at nicotinic receptors. MPTP itself was responsible 

for this effect because pretreatment with MAO inhibitors clorgyline and pargyline did not 

prevent the MPTP-induced decreases. MPTP also inhibited acetylcholinesterase activity 

in a dose and time dependent manner. AChE inhibition could also contribute to the MPTP 

enhancement of DA release, as it does with other models for study of this neurotoxicant 

(Rollema et al., 1986a; 1988a; Santiago et al., 1991a; 1991b; 1993; Rollema et al., 

1988b). 
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In this present study, the possible relationship between the MPTP-induced alterations 

in the DA system and the cholinergic system of SH-SYSY cells were investigated to 

understand the mechanisms of MPTP neurotoxicity. We found that MPTP, like the 

cholinergic agonists acetylcholine and nicotine, as well as acetylcholinesterase inhibitor 

DFP, enhanced DA release. Since MPTP could inhibit AChE, it also has potential to 

enhance DA release both directly and indirectly. However, the MPTP-induced increase in 

DA release and the decreases in catecholamines in SH-SYSY cells were blocked by 

pretreatment with acetylcholine receptor antagonists atropine and d-tubocurarine. This has 

also been observed in MPTP-treated animals (Hadjiconstantinou et al., 1985). The results 

demonstrated that MPTP itself can act on the cholinergic system and that MPTP effects on 

the cholinergic system affect the DA system in SH-SY5Y cells. This suggests that the 

direct action of MPTP on the cholinergic system may contribute to its neurotoxicity in this 

cell line. 

Although studies are few, MPTP-induced neuronal injury has been associated with 

alterations of cytoskeletal proteins (Denton and Howard, 1984; Reinhard, 1988; Notter et 

al., 1988; Cappelletti et al., 1991, 1995; Forno et al., 1988; 1993; 1995; 1996). These 

studies have not, however, specifically addressed tau protein, which is particularly 

important because increases in abnormal tau may destabilize microtubules, inhibit 

elaboration of neurites (Shea et al., 1992; Gache et al., 1994), and contribute to increases 

in phosphorylated proteins seen in neurodegenerative diseases (Grundke-Iqbal et al., 

1986; Wolozin et al., 1986; Pollanen et al., 1992; Buee-Scherrer et al., 1995; Matsumoto 

et al., 1990 ; Hof et al., 1994; Oyanagi et al., 1994a; 1994b; Vermersch et al., 1993). This 

present study, for the first time, demonstrated that MPTP caused alterations of 

microtubule associated tau protein in human neuronal-like cells. Furthermore, this study 

indicated that MPTP caused an increase in mRNA coding tau protein, which is one of the 

first reports that suggests that MPTP is a neurotoxicant that may alter mRNA needed for 
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expression of cytoskeletal tau proteins. These results, therefore, suggested that 

measurement of the effects of MPTP on cytoskeletal protein in SH-SYSY cells may 

provide an appropriate endpoint for assessment of its neurotoxicity and also shed new 

light on its toxic mechanism in SH-SYSY cells. 

From the results provided above, SH-SYSY human neuroblastoma cells were 

demonstrated to exhibit potential to mimic in vivo and in vitro models when used for 

study of MPTP metabolism and its toxicity. Endpoints for general cytotoxicity, 

neurochemical changes, and pathology could be used in this cell line, even though SH- 

SYS5Y cells, like other neuroblastoma cell lines and PC12 pheochromocytoma cells, were 

relatively resistant to MPTP-induced lethality. Other similarities and differences between 

SH-SYS5Y cells and other models have been noted. For example, SH-SYSY cells were 

sensitive to MPTP-induced damage to the DA system. These cells were also sensitive to 

MPTP-induced changes in mitochondrial function and morphology as are other in vivo 

and in vitro models. In addition, MPTP induced changes of the cholinergic system and the 

cytoskeletal tau protein that were observed in SH-SYSY cells. These changes might 

provide new areas for investigation of MPTP neurotoxicity. 
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II. CONCLUSIONS 

The neurotoxicity of MPTP was investigated in SH-SYSY human neuroblastoma 

cells using general cytotoxic effects, neurochemical changes, and morphological 

alterations as endpoints. The present study supported the hypothesis that MPTP has 

effects on the cholinergic system that can be examined in the SH-SY5SY cell model and 

these effects on the cholinergic system contribute to effects on the dopaminergic system in 

this cell line. Our results also supported the hypothesis that the human neuroblastoma cell 

line, SH-SYSY, can be used as an in vitro model for the study of the neurotoxicity of 

MPTP. Effects on mitochondrial structure and the dopaminergic system were prominent 

features of MPTP in this in vitro model. MPTP also increased expression of cytoskeletal 

tau protein, which is associated with neurodegenerative diseases, may be a marker of 

MPTP neurotoxicity. 
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