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ABSTRACT 

 

Tyrosine hydroxylase (TH) is the rate-limiting step of the catecholamine biosynthetic 

pathway, thus, in theory, modulating the TH activity could be a target for therapeutic purposes. 

Despite extensive studies, there are significant deficiencies in the current model of in vivo TH 

activation. In the present study, we report the discovery that the [H+]o stimulate the TH activity 

in MN9D and PC12 cells under physiologically attainable concentrations. The [H+]o-dependent 

activation of TH requires [Cl-]o, but not Na+ or Ca2+. In addition, while the Cl-/HCO3
- transporter 

inhibitor, 4,4'-Diisothiocyano-2,2'-stilbenedisulfonic acid, inhibits TH activation, the Na+/H+ 

exchanger inhibitor, amiloride, potentiates it. [H+]o increases the [H+]i , [Ca2+]i and 

phosphorylation of Ser 40, the regulatory domain of TH. Based on these and other findings, we 

propose that the increase of [H+]o and/or intracellular alkalinity during the exocytotic release of 

acidic content from the synaptic vesicles may signal in vivo TH activation. 

Part II of my research is focused on Parkinson’s disease causing N-methyl-4-

phenylpyridinium (MPP+). Although selective dopaminergic toxicity of MPP+ is due to the 

specific uptake through the dopamine transporter (DAT), recent studies show that MPP+ is taken 

through multiple pathways in dopaminergic cells and other cells. Here we show that a previously 

unidentified Na+/Cl--independent, Ca2+-sensitive MPP+ uptake pathway is present specifically in 

dopaminergic cells but not in other cell types. We further show that the toxicity of MPP+ may be 

associated with the unidentified Na+/Cl--independent, Ca2+-sensitive MPP+ uptake pathway. 

Therefore, we propose that the specific dopaminergic toxicity of MPP+ could be a consequence 

of its interference with the physiological function(s) of this transporter and a better 

understanding of its physiological role may provide clues to the etiology of sporadic PD.  
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RNS     Reactive Nitrogen Species 

ROS     Reactive Oxygen Species 

sDβM     Soluble DβM 

S.D.     Standard Deviation 

SDS     Sodium Dodecyl Sulfate 

Ser     Serine 

SOCE     Store Operated Ca2+ Entry 

SOD     Superoxide Dismutase 

TBS     Tris-Buffered Saline 
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PART I: EXTRACELLULAR HYDROGEN IONS ACTIVATE TYROSINE 
HYDROXYLASE IN CATECHOLAMINERGIC CELLS 

CHAPTER I 

INTRODUCTION 

 Tyrosine hydroxylase (TH) [EC 1.14.16.2; tyrosine 3-monooxygenase; L-tyrosine, 

tetrahydropteridine: oxygen oxidoreductase (3-hydroxylating)] catalyzes the conversion of L-

tyrosine to DOPA, which is the initial and rate-limiting step in the biosynthesis of catecholamine 

DA, NE, and E. Alterations in catecholamine metabolism in the central and peripheral nervous 

system are implicated in numerous clinical disorders including Parkinson’s Disease. Thus, 

studies on the properties of this key enzyme are of importance for understanding the mechanisms 

by how its activity is regulated.  

 TH activity is increased by phosphorylation at Ser residues Ser 8, Ser 19, Ser 31, and Ser 

40 by a range of protein kinases. When the action potential reaches the nerve terminal, voltage-

gated Ca2+ channels mediate Ca2+ influx in response to membrane depolarization leading to the 

increase in TH phosphorylation through Ca2+-dependent protein kinases. However, it is not 

known whether the extracellular Ca2+ is involved in TH phosphorylation in this process. There is 

a non-heme iron atom in the active site of TH. In the presence of molecular oxygen, the ferrous 

iron (Fe2+) can be oxidized to the ferric form (Fe3+) causing the enzyme TH to be inactive. 

Conversely, the reductant tetrahydrobiopterin (BH4) can reduce Fe3+ to Fe2+ for L-tyrosine to 

DOPA conversion. The oxidation of the ferrous enzyme to the ferric form results in an enzyme 

with high affinity for catecholamines. In order for TH to regain its activity, this bound 

catecholamine must be released.  However, the catecholamines are constantly stored and released 

from cytosolic vesicles into the synaptic cleft. Therefore, the catecholamine levels in the cytosol 
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must increase with respect to the basal due to the reuptake through plasma membrane 

transporters. In theory, the increase in the catecholamine levels in the cytosol should compete 

against BH4 and inhibit rather than activate TH. There are inconsistencies in the proposals of 

phosphorylation/catecholamine-dissociation model of TH activation. In the present study, we 

report the accidental discovery that extracellular H+ ions ([H+]o) efficiently stimulate the TH 

activity in dopaminergic MN9D and adrenergic PC12 cells under physiological conditions. 

The specific aims of this research were (I) to evaluate the mechanism of TH activation 

due to cellular pH in time and H+ concentration manner, (II) to determine if [H+]o-mediated 

activation of TH is Na+, Cl-, K+, or Ca2+-dependent, (III) to determine the intracellular H+ and 

Ca2+ levels in respect to increasing [H+]o, and (IV) to determine the role of Ser40 in [H+]o-

mediated activation of TH using catecholaminergic MN9D and PC12 cells.  
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CHAPTER II 

BACKGROUND AND SIGNIFICANCE 

2.1 Regulation of Catecholamines 

 Catecholamines are stored in the synaptic vesicles in catecholaminergic neurons. During 

nerve firing, catecholamines are released from the synaptic vesicles into the synaptic cleft which 

may be taken up again through plasma membrane monoamine transporters. While most of these 

catecholamines are recycled into vesicles for re-release, the remainder is being metabolized. In 

the course of repeated synaptic release, tyrosine hydroxylase (TH) that catalyzes the rate-limiting 

step of the catecholamine biosynthesis pathway must be activated in order to restore the synaptic 

catecholamine levels. However, the exact nature of the physiological stimulus responsible for the 

activation of TH has not been unequivocally established. The catecholamine biosynthesis 

pathway as well as catabolism of catecholamines is further discussed below to aid understanding 

the regulation of catecholamine biosynthesis. 

2.1.1 Catecholamine Neurotransmitter Biosynthesis 

 Monoamines contain one amino group that is connected to an aromatic ring by a two-

carbon chain (-CH2-CH2-). Catechol has hydroxyl side groups on the 3rdand 4th positions of the 

benzene ring. Thus, a monoamine with a catechol and a side-chain amine is called catecholamine 

(1). Catecholamines are neurotransmitters that are derived from the amino acids tyrosine or 

phenylalanine. Dopamine (DA), norepinephrine (NE), and epinephrine (E), shown in Scheme 1, 

are the neurotransmitters in both peripheral (PNS) and central (CNS) nervous systems and they 

are believed to regulate many physiological processes. These neurotransmitters are also 
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implicated in the development of a large number of neurological, psychiatric, endocrine, and 

cardiovascular diseases under certain physiological conditions (2). 

 

Scheme 1 : Catecholamine Neurotransmitters. Dopamine (DA), Norepinephrine (NE), and 
Epinephrine (E).  

 All the catecholamines are biosynthesized from the amino acid L-tyrosine through a 

number of enzymatic transformations as shown in Scheme 2. 

 

Scheme 2: Catecholamine Biosynthesis Pathway. AAADC- L-aromatic amino acid 
decarboxylase, adoHcy- S-adenosylhomocysteine, adoMet- S-adenosylmethionine, Asc- 
ascorbate, BH4- tetrahydrobiopterin, DβM- dopamine-β-monooxygenase, PLP- pyridoxal 
phosphate, PNMT- phenylethanolamine-N-methyltransferase. 
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2.1.2 Tyrosine Hydroxylase (TH) 

 Tyrosine hydroxylase is an iron containing monooxygenase (TH; tyrosine 3-

monooxygenase 1.14.16.2) present in the cytosol of catecholaminergic cells which catalyzes the 

rate limiting step of the catecholamine biosynthesis pathway. TH catalyzes the meta 

hydroxylation of the aromatic ring of L-tyrosine (Tyr) to produce 3,4-dihydroxy-L-phenylalanine 

(L-DOPA) in the presence of the cofactor, tetrahydrobiopterine (BH4), and molecular oxygen. 

TH has a high degree of specificity for Tyr with the Km value in the micromolar range (1) and 

does not accept analogous aromatic side chains such as the indole group of tryptophan. The 

active form of TH contains Fe2+, but may becomes inactive when Fe2+ is oxidized to Fe3+ by 

molecular oxygen under certain physiological conditions. This inactive form of the enzyme can 

be reactivated by the reduction of  Fe3+ to Fe2+ by the co-factor BH4 (3,4).  However, 

catecholamines compete with BH4 for the Fe3+ enzyme to produce a tightly catechol-bound dead-

end complex [Kd ~1 nM (5,6)]. TH can also be inhibited by the substrate L-tyrosine and BH4 at 

higher concentrations (7,8). α-methyl-ρ-tyrosine, analog of Tyr, is a commonly used competitive 

inhibitor of TH (1).  

TH is a homotetramer with four identical subunits, and each monomer contains a 

catalytic domain near the C-terminus and a regulatory domain near the N-terminus (9,10). The 

catalytic domain contains residues that are necessary for catalysis and substrate specificity and 

the regulatory domain is thought to regulate the catalytic activity of the enzyme (9,11,12). The 

molecular  structure of the catalytic domain of TH has been reported (13), but the structure of the 

regulatory domain has not been determined. In humans, there are four isoforms of TH due to four 

different types of the regulatory domain and these isoforms are derived from a single gene by 

alternate-splicing (14-16), although their crystal structures have not yet been determined. TH 
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activity is mediated by medium- to long-term by gene expression and by short-term mechanisms 

which is a combination of protein phosphorylation, feedback inhibition by catecholamines, and 

allosteric regulation by substrates and products (14). The regulatory domain of TH contains Ser 

8, 19, 31, and 40 which can be phosphorylated by protein kinases and then it modulates the TH 

activity (9,17). 

2.1.3 Aromatic L-Amino Acid Decarboxylase (AADC)/ Dopa Decarboxylase 

 Aromatic L-amino acid decarboxylase (AADC; E.C.4.1.1.28) is a homodimeric enzyme 

in complex with the cofactor pyridoxal-5'-phosphate, the active form of vitamin B6, that 

catalyzes the conversion of L-dihydroxyphenylalanine (L-DOPA) to DA. This enzyme is also 

commonly known as DOPA decarboxylase. AADC also catalyzes the conversion of 5-hydroxy-

L-trytophan (5-HTP) to 5-hydroxytryptamine (serotonine)(18). It has a low Km and high Vmax for 

L-DOPA and thus, endogenous L-DOPA is rapidly converted to DA in comparison to 5-HTP. 

Carbidopa and methyldopa are commonly used competitive inhibitors for AADC (1).  

2.1.4 Dopamine- β- Monooxygenase (DβM) 

 Dopamine-β-monooxygenase (DβM; E.C. 1.14.17.1) is a copper-containing 

monooxygenase which catalyzes the conversion of DA to NE in catecholamine-containing cells. 

It is localized in the synaptic vesicles of noradrenergic and adrenergic cells and is known to exist 

in soluble (sDβM) and membrane bound (mDβM) forms in approximately equal amounts. These 

two forms are similar in their immunoreactivities, carbohydrate content, and binding affinities of 

various substrates (19). It has been reported that mDβM has two subunits of 70 kDa and 75 kDa 

whereas sDβM has four identical subunits (72 kDa) (20). However, SDS- polyacrylamide gel 

electrophoresis demonstrated that the subunits of sDβM are non-identical; 75 kDa, 72 kDa, and 
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69 kDa (21,22). The molecular difference of these subunits is not clearly understood at present. 

DβM can be inhibited by the competitive inhibitors nepicastat (23)and disulfiram (24).  

2.1.5 Phenylethanolamine-N-Methyltransferase (PNMT) 

 Phenylethanolamine-N-methyltransferase (PNMT; E.C 2.1.1.280) catalyzes the 

conversion of NE to E as the last step of the catecholamine biosynthesis. This enzyme transfers a 

methyl group from the cofactor S-adenosyl-L-methionine to the amine functional group of NE to 

produce E in the cytosol. PNMT is found in cells in the brainstream and chromaffin cells of the 

adrenal medulla that synthesize and secret E as the neurotransmitter. PNMT activity is regulated 

by corticosteroids such as cortisol which is produced in the adrenal cortex (25). The commonly 

used  PNMT inhibitors are LY 78335 and LY 134046  (26). 

2.2 Catabolism of Catecholamines 

 Catecholamines or neurotransmitters are released from synaptic vesicles through 

exocytosis and diffuse across the synaptic cleft to bind to a post-synaptic receptor to stimulate 

the post-synaptic neurons. At the end of the signaling process, the signal is no longer needed to 

be deactivated in order to regulate the stimulation. Several mechanisms contribute to the 

deactivation of the neurotransmitters, including diffusion away from the synapse, reuptake 

followed by metabolic degradation of the neurotransmitter by specific enzymes, and reuptake 

followed by storage in presynaptic vesicles. When catecholamines are not properly stored in 

synaptic vesicles and remain in the cytosolic catecholamine pool, they are subject to metabolic 

degradation by monoamine oxidase (MAO) and catechol-O-methyltransferase (COMT) (Scheme 

3). DA can be degraded by either MAO followed by COMT, or vice versa (1). These 

catcholamines are initially converted to the unstable catabolic intermediates 3,4-
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dihydroxyphenylacetaldehyde (DOPAldehyde), 3-O-methyldopamine, and 

homovanillicaldehyde and then to more stable metabolites 3,4-dihydroxyphenylacetic acid 

(DOPAC) and/or homovanilic acid (HVA) by aldehyde dehydrogenase (27) as shown in Scheme 

3. 

 

Scheme 3: Oxidation Degradation Pathways of DA. AD- aldehyde dehydrogenase, COMT- 
catechol-O-methyltransferase, DOPAC- 3,4-diihydroxy-L-phenylalanine, DOPAldehyde- 3,4-
dihydroxyphenylacetaldehyde, HVAldehyde- homovanilic aldehyde, HVA- homovanilic acid, 
MAO- monoamine oxidase. 

2.2.1 Monoamine Oxidase (MAO) 

 Monoamine Oxidase (MAO; E.C. 1.4.3.4.) is a flavin-containing enzyme located in the 

outer membrane of the mitochondria and catalyzes oxidative deamination of monoamines into 

their corresponding aldehydes in the presence of molecular oxygen (Scheme 3). There are two 

isoforms of MAO with distinct substrate specificities: MAO-A and MAO-B. Both isoforms share 

about 70% amino acid sequence identity (28). In the human brain, MAO-A is primarily 

expressed in catecholaminergic neurons and preferentially deaminates NE whereas MAO-B is 
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primarily expressed in actrocytes and deaminates serotonin (1,29). However, both isoforms can 

deaminate DA. Clorgyline and parglyline are selective inhibitors for brain MAO-A and MAO-B, 

respectively.  

2.2.2. Catechol-O-Methyltransferase (COMT) 

 Catechol-O-Methyltransferase (COMT, E.C 2.1.1.6) is present in all cells and catalyzes 

the conversion of DOPAC to HVA by transferring a methyl group from S-adenosylmethionine to 

the 3-OH group of the catechol moiety. Talcopone is a known inhibitor of COMT.  

2.3 Roles of cellular Ca2+ and pH 

 Calcium has a very large concentration gradient across the plasma membrane of all cells 

and plays a major role in neurons such as triggering the release of neurotransmitters from the 

synaptic vesicles. In addition, many other aspects of neuronal function are regulated by changes 

in intracellular free Ca2+ concentration. On the other hand, intracellular pH also plays a critical 

role in the function of all cells (30). The extracellular pH under normal conditions is 

approximately 7.4, whereas the intracellular pH is maintained close to pH 7 to keep the 

biomolecules in their optimal ionic state for their functions (31). In addition, cellular pH has 

been shown to modulate the cytosolic calcium level causing the release or storage of calcium 

through the intracellular organelles or the efflux or influx of calcium through a 

transporter/channel. Several channels, transporters, and exchangers that are responsible for the 

regulation of pH will be discussed.  

 

 



10 
 

2.3.1 Na+/H+ Exchanger (NHE) 

 Na+/H+ exchanger (NHE) is an integral membrane protein that transports one 

extracellular Na+ ion across the membrane in exchange for one intracellular proton H+ (32). NHE 

is critical for the regulation of intracellular pH and cell volume to promote the physiological 

change of cells (33). To date, nine isoforms (NHE-1 to NHE-9) have been identified (34,35) and 

they share approximately 25-75% sequence homology with the calculated molecular weights in 

the range of 74 kDa to 93 kDa (34,36). These isoforms are predicted to consist of 12 

transmembrane segments with N- and C- termini on the cytoplasmic face. The NHE-1 isoform is 

the most characterized of the NHE family and it is highly expressed in the plasma membrane of 

nearly all tissues (34). The NHE-2 and NHE-3 isoforms are mainly expressed in the kidney and 

intestine (37,38). NHE-4 is widely present in the stomach, but also expressed in the intestine, 

kidney, brain, uterus, and skeletal muscle (37). NHE-5 is predominately expressed in the brain, 

but is also present in other non-epithelial cells at low levels (39,40). NHE-6 is expressed in the 

heart, brain, and skeletal muscle in high levels (35,41). NHE-7 and NHE-8 isoforms are mainly 

localized on the trans-Golgi network (35,42) and  NHE-9 is in late recycyling endosomes (35). 

Amiloride and its analogs are the most commonly used inhibitors for NHE (43).  

2.3.2 Na+/HCO3
- Co-Transporter (NBC) 

 Na+/HCO3
- co-transporter (NBC) mediates both the influx of one Na+ ion and two HCO3

- 

ions and the efflux of one Na+ ion and three HCO3
- ions. NBCs are found in many mammalian 

tissues including the kidney, pancreas, and brain (44). Three NBC isoforms have been identified 

based on their N- and C-terminal sequences (2 N-terminus and one C-terminus isoforms). 

Despite the difference in sequence, those isoforms share identical physiological function. These 
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isoforms consist of 12 transmembranes with N- and C- termini facing on the cytoplasmic side. 

The bicarbonate ion that was transported into the cell interacts with secreted H+ ions (mostly 

from NHE) to form CO2 and H2O. NBC can be effectively inhibited by 4,4’-diisothiocyano-

2,2’stilbenedisulfonic acid (DIDS). 

2.3.3 Na+-Driven Cl-/HCO3
- Exchanger (NCBE) 

 Na+-driven Cl-/HCO3
- exchanger (NCBE) is an intracellular pH regulator that mediates 

the influx of one Na+ ion and two HCO3
- ions in exchange for one Cl- ion (45,46). NCBE was 

first discovered in invertebrate neurons (47) and was found later in vertebrate neurons and non-

neuronal cells (45). NCBE is predicted to consist of 10 transmembrane domains with N- and C- 

termini facing on the cytoplasmic side (48). NCBE can also be inhibited by 4,4’-diisothiocyano-

2,2’stilbenedisulfonic acid (DIDS). 

2.3.4 Na+-Independent Cl-/HCO3
- (AE) 

 Na+-independent Cl-/HCO3
-exchanger (AE) is an intracellular pH regulator like NCBE, 

but mediates the influx of one Cl- ion in exchange for one HCO3
- ion (49). To date, three 

isoforms of AE have been identified; AE-1, AE-2, and AE-3 and they are widely expressed in 

numerous cell types (49,50). Each isoform contains a N-terminal cytoplasmic domain, a C-

terminal membrane-spanning domain of 500 amino acids comprising 14 helices, and an acidic, 

short C-terminal domain in the cytoplasm. However, they differ in the N- and C- terminal 

sequence, but share a similar function of anion translocation through the plasma membrane 

(50,51).  
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2.3.5 Acid-Sensing Ion Channel (ASIC) 

 The acid-sensing ion channel (ASIC) is a voltage-independent proton channel that is 

activated by the extracellular proton (52). ASIC channels are also permeable to Na+ ions, and are 

expressed in both the peripheral and central nervous system (53,54). So far six isoforms of ASIC 

have been identified; ASIC-1a, 1b, 2a, 2b, 3, and 4. ASIC-1a, 1b, and 2a, 2b are splice variants 

(55). These isoforms are trimeric that consist of two transmembranes with N- and C-termini on 

the cytoplasmic side (56). In addition, Yermolaieva et al. (57) proposed that the activation of 

ASIC-1a by extracellular acidosis can lead to an increase of cytosolic Ca2+in neurons. ASIC can 

be inhibited by Amiloride and its analogs (58). 

2.4 Mechanisms of Tyrosine Hydroxylase Activation 

 Several mechanisms for the activation of TH have been proposed, but the exact nature of 

the physiological stimulus responsible for the activation of TH has not been clearly established. 

As mentioned above, modulation of TH activity in vivo occurs through the phosphorylation of 

the regulatory domains, Ser 19, 31, and 40. However, mutant TH lacking the regulatory domain 

is fully active (59), suggesting that the phosphorylation alone does not directly activate TH. 

These inconsistencies suggest that the phosphorylation/catecholamine-dissociation model of TH 

activation needs further clarification. Furthermore, the initial extracellular or intracellular 

signal(s) for TH activation has not been unequivocally identified. 

 In response to physiological stimuli, synaptic vesicles release highly buffered acidic 

content into the synaptic cleft in vivo. For example, bovine adrenal chromaffin vesicles (a well 

characterized catecholaminergic model) releases up to ~500 mM protonated catecholamine, ~125 

mM ATP, large amounts of acidic chromagranins and other proteins and [H+] equivalent to a pH 
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5.4 acidic environment (60). Although the extracellular and intracellular [H+] of neuronal and 

other cells are tightly regulated under normal physiological conditions, high frequency synaptic 

release could exceed the buffering capacity and the rate of diffusion of H+, leading to a transient 

synaptic cleft acidification in catecholaminergic and other neurons. Therefore, we proposed that 

the acidification of the synaptic cleft area during repeated synaptic acidic release could be the 

initial signal for in vivo TH activation in catecholaminergic neurons.  

2.5 MN9D and PC12 Cells as Catecholamine Models 

 MN9D cells are a fused cell line derived from the  mouse embryonic ventral 

mesencephalic cells (rostral mesencephalictegmentum –RMT) and neuroblastoma cells 

(N18TG2) (61). This cell line is extensively used as a dopaminergic cell model because it 

synthesizes, stores, and releases catecholamines. MN9D cells contain high amounts of DOPA 

and dopamine with a low NE level (61). Nonetheless, undifferentiated MN9D cells appear not to 

fully exhibit some of the characteristic electrophysiological properties (62). On the other hand, 

differentiation of MN9D cells with the treatment of butyric acid closely resembles that of 

dissociated matured CNS DA neurons (63). 

 PC12 cells, established by Greene and Tischler in 1976, are derived from 

pheochromocytoma cells of the rat adrenal medulla (64). Because of their ability to respond to 

nerve growth factor and show gene expression profiles similar to that of adrenergic neurons (65), 

they became one of the most widely studied and useful neuronal cell models. These cells, when 

treated with nerve growth factor, undergo partial growth arrest and differentiate to a phenotype 

with characteristics of sympathetic neurons. PC12 cells synthesize and store catecholamine 
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neurotransmitters, DA and NE but do not synthesize E due to the inability to express the enzyme 

PNMT (64). PC12 cells also synthesize, store and release acetylcholine (66).  
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CHAPTER III 

EXPERIMENTAL METHODS 

3.1 Materials 

Standard chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, 

USA) or Fisher Scientific (Pittsburgh, PA, USA), unless otherwise noted. All cell culture media 

and reagents were purchased from Sigma-Aldrich. Fetal bovine serum (FBS) was from Valley 

biomedical (Winchester, VA, USA). F-12K medium and horse serum (HS) were from American 

Type Culture Collection, ATCC (Manassas, VA, USA). Protein assay reagents, bovine serum 

albumin (BSA) standards, and HRP color developing kits were obtained from Bio-Rad 

(Hercules, CA, USA). Rabbit polyclonal anti-TH (Millipore Corporation, Temecula, CA, USA), 

rabbit polyclonal anti-P-TH-Ser 40 (Millipore Corporation, Temecula, CA, USA), and HRP-

conjugated secondary antibodies (Bio-Rad, Hercules, CA, USA) were purchased and aliquots 

were stored at appropriate temperatures. 35 mm glass bottom dishes for fluorescent measurement 

were purchased from MatTek Coporation. All buffers and cell culture media were prepared in 

Milli Q-deionized water (Millipore, Billerica, MA, USA). When DMSO was used as co-solvent, 

final DMSO concentration was kept to a minimum usually <0.5% volume. KRB-HEPES 

contained 125 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO4, 1.2 mM CaCl2, 25 mM HEPES and 5.6 

mM glucose, pH 7.4. Dulbecco’s Modified Eagles Medium (DMEM/HCO3
-) contained 109.5 

mM NaCl, 5.34 mM KCl, 0.81 mM MgSO4, 1.8 mM CaCl2, 0.77 mM NaH2PO4, 44 mM 

NaHCO3 and 5.55 mM glucose. In experiments where Cl- free incubations were necessary, NaCl, 

KCl, and CaCl2 in the incubation media were replaced with equimolar concentrations of the 

corresponding Na+, K+, and Ca2+ gluconates, respectively. 
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3.2 Instrumentation 

 Catecholamines levels were analyzed by reversed-phrase HPLC with electrochemical 

detection (HPLC-EC) on a C18 reversed-phase column and catecholamines were quantified using 

a coulochem-II electrochemical detector with ESA 501 chromatographic software (Chelmsford, 

MA, USA). Intracellular pH and Ca2+ levels are measured using a Nikon ECLIPS-Ti microscope 

equipped with a Nikon S FLURO 40X lens. 

3.3 Methods 

3.3.1 Cell Culture of MN9D and PC12 cells 

 The mouse hybridoma cell line MN9D was graciously provided by Dr. Alfred Heller, 

University of Chicago. MN9D cells were cultured in 100 mm2 Falcon tissue culture plates and 

grown to near confluence in DMEM with high glucose (4500 mg/L) supplemented with 10% 

FBS, 50 μg/ml streptomycin and 50 IU/ml penicillin at 37 oC and 5 % CO2.  

The rat adrenal medulla cell line PC12, obtained from ATCC, were cultured in 100 mm2 

Biocoat tissue culture plates coated with rat tail collagen type-I and grown to near confluence in 

F-12K medium supplemented with 2.5% FBS and 15% horse serum at 37 oC and 5% CO2. Cells 

were fed every two days. 

3.3.2 Differentiation of MN9D Cells 

 Differentiation of MN9D cells were carried out using n-butyrate according to the 

published procedure of Choi et al .(67). Briefly, MN9D cells were seeded at a density of 1.0 x 

105 cells/well in 6-well culture plates and were treated with 1 mM n-butyrate for 3 days in 

DMEM media, at which time the media was replaced with fresh 1 mM n-butyrate containing 
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media and incubated for an additional 3 days. All differentiated cells were used in appropriate 

experiments after the 6th day of differentiation. TH activation experiments with differentiated 

MN9D cells were carried out using the same protocol outlined above for undifferentiated cells.  

3.3.3 Protein Determination 

 Protein contents of various cell preparations were determined by the method of Bradford 

(68) using BSA as the standard. Samples of cell suspensions (50 μL) in KRB-HEPES were 

incubated with 950 μL of Bradford protein reagents for 10 min and absorbance at 595 nm was 

measured. 

3.3.4 Intracellular Catecholamine Analysis 

Cells grown to 70%-80% confluence in 12 well-plates and were washed several times 

with warm KRB-HEPES. The washed cells were incubated with various agents at various pH 

values (pH 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, and 8.5) which was adjusted with 1 M HCl or 1 M NaOH 

in KRB-HEPES for 1 h, or for a desired period of time.  After the incubation, cells were rinsed 

two times with cold KRB-HEPES and suspended in 1 mL of the same buffer and 50 μL was 

withdrawn for protein analysis. The cell suspensions were centrifuged at 6,000 rpm for 3 min 

and the cell pellet was treated with 75 μL of 0.1 M HClO4 to extract catecholamines. The cell 

extract were then centrifuged at 12.5 x G for 8 min. A 20 μL sample of cell extract was analyzed 

by HPLC-EC as previously described (69,70). All the catecholamines from cell extracts were 

separated on a C18 reversed phase column (ESA, HR-80) using a mobile phase composed of 90 

mM NaH2PO4, 50 mM citric acid, 0.05 mM Na2EDTA, 1.7 mM 1-octanesulfonic acid sodium 

salt, pH 3.0, with 10% CH3CN at a flow rate of 1.0 mL/minutes and 300 mV. However, only the 

DOPA and/or DA levels are reported depending on the nature of the experiment. All the 
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catecholamine levels were normalized for the protein content of each sample and expressed as 

nmoles/mg of protein based on calibration curves constructed using commercial standards. The 

individual experiments were carried out in triplicates. The error bars indicate the standard 

deviations of the experimental data. 

3.3.5 Effect of Extracellular Hydrogen Concentration ([H+]o) on Intracellular pH     

([H+]i )and Ca2+ ([Ca2+]i) 

 The pH sensitive membrane permeable pH probe 7'-bis(carboxyethyl)-5,6-

carboxyfluorescein acetoxy-methyl ester  (BCECF-AM) was used to determined the effect of 

[H+]o on the [H+]i  of MN9D cells (71-74). Cells were grown in 35 mm glass bottomed culture 

plates to about 70-80% confluence, washed two times with KRB-HEPES, and were loaded with 

5 μM FURA-2AM for 20 min at 37 °C in the same buffer, in the dark. Cells were washed with 

KRB-HEPES, pH 7.4 three times and incubated in the same buffer for an additional 20 min at 

room temperature in the dark to facilitate the complete hydrolysis of the acetoxy-methyl ester. 

Dye-loaded cells were placed on the stage of a Nikon ECLIPS-Ti microscope equipped with a 

Nikon S FLURO 40X lens. The regions of interests (ROI) were selected (20-30 regions) based 

on the uniformity of fluorescence emission at 520 nm for 440 nm and 495 nm excitation 

wavelengths. The baseline 520 nm emission intensity ratio at 440 nm and 495 nm excitations 

(I495/I440) were simultaneously recorded for 3 min. Then, the pH of the media was quickly 

changed from 7.8 to 6.02 (pre-determined) by the addition of five volumes of MES-KRB (125 

mM NaCl, 2 mM KCl, 1.4 mM MgSO4, 1.2 mM CaCl2, 1.2 mM KH2PO4, 25 mM MES and 5 

mM glucose, pH 5.8) and was continually measured the I495/I440 ratio. Raw intensity data at each 

excitation wavelength were corrected for background and the background-corrected I495/I440 

ratios were used to estimate the change in [H+]I.  
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The effect of [H+]o on the intracellular Ca2+ levels ([Ca2+]i) was determined using the 

Ca2+ sensitive cell permeable fluorescence probe, acetoxy-methyl ester of FURA-2 (Fura-2AM; 

KD 0.14 µM) using the same protocol described above for BCECF-AM, except that the 

fluorescence emission at 540 nm was measured for both 340 nm and 380 nm excitation 

wavelengths (71-74). Note that the data were not corrected for the change in Kd of FURA-2 for 

Ca2+ due to the change in the [H+]i and the absolute changes in the concentrations of intracellular 

Ca2+ were not calculated. 

3.3.6 Effect of [H+]o on the Serine-40 Phosphorylation of TH in MN9D Cells using Western 

Blot 

The content of the Ser 40 phosphorylated and total TH in MN9D cells were determined 

by quantitative Western blotting experiments using commercial antibodies specific for TH and 

Ser 40 phosphorylated TH. Briefly, MN9D cells were grown in multi-well plates to 70-80% 

confluence under standard growth conditions. Cells were incubated in KRB-HEPES buffer at the 

desired pH and time and washed with cold phosphate-buffered saline, harvested, and centrifuged 

at low speed. The pellets were solubilized with 50 mM Tris, 150 mM NaCl, 1% Triton X-100, 

and 2.5% protein inhibitor cocktail (Sigma), pH 7.5,  for 30 min at 4 oC. After the incubation, the 

samples were centrifuged for 10 min at 1200 g and the supernatants were used for the Western 

blotting experiments.  

Samples of solubilized proteins (100 µg) were boiled in Laemmli buffer for 5 min and 

subjected to 8.5% SDS gel electrophoresis under standard conditions. Protein bands were 

transferred onto 0.2 μm PVDF membranes (Bio-Rad, Hercules, CA) using standard protocols. 

After blocking the protein binding sites of PVDF membranes with 5% nonfat dried milk in TBS 
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(Invitrogen, CA) containing 1% Tween 20, they were incubated with rabbit polyclonal anti-TH 

(Millipore Corporation, Temecula, CA, USA) or rabbit polyclonal anti-P-TH-Serine-40 

(Millipore Corporation, Temecula, CA, USA) in an antibody buffer (TTBS, 0.05% Tween-20, 

10% nonfat dried milk). Hybridized membranes were washed with TBS, 0.05% Tween 20 

(TTBS, Invitrogen, CA), and incubated with the appropriate HRP-conjugated secondary 

antibodies (Bio-Rad, Hercules, CA, USA) in a hybridizing buffer (TBS, 1% Tween-20, 1% 

nonfat dried milk). After washing the membranes, the protein bands were visualized using the 

HRP color development reagent kit (Bio-Rad, Hercules, CA, USA). The intensities of bands 

were quantified by using a Gel Logic 100 imaging system. The protein contents of the cell 

preparations were determined by the method of Bradford using the Bio-Rad protein assay with 

BSA as the standard. 
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CHAPTER IV 

RESULTS 

4.1 Effect of [H+]o on Intracellular DOPA Levels in MN9D Cells 

 MN9D cells were seeded and grown to nearly confluence in 12-well plates containing 

DMEM media supplemented with 10% FBS, 50 μg/mL streptomycin, and 50 IU/mL penicillin. 

MN9D cells were initially incubated with regular KRB-HEPES for 1 h in the pH range of 7.5 to 

5.5 as described in “Experimental Methods” in order to evaluate the intracellular DOPA levels. 

Data in Fig. 1 demonstrate that decreases in extracellular pH increases intracellular DOPA levels 

significantly. At pH 6.0, DOPA increase was approximately 6-7 fold from the basal level and at 

the pH range of 6.5-7.5, DOPA increases were about 2-3 fold increased in under standard 

incubation conditions.  

4.1.1 Effect of Extracellular Na+, K+, Ca2+ and Cl- on Intracellular DOPA Levels in MN9D 

Cells in a [H+]o Dependent Manner 

To investigate whether the Na+ ion has any effect on the intracellular DOPA in a [H+]o 

dependent manner, the Na+ in the incubation buffer was replaced with an equimolar 

concentration of choline or Li+. According to Fig. 1, Na+ has no significant effect on the DOPA 

production. Under similar conditions, high concentration of K+ (i.e. depolarizing conditions) in 

the incubation buffer did not affect the DOPA production (Fig. 2). However, replacement of Cl- 

in the incubation medium with the corresponding Na+ and K+ gluconates almost completely 

halted the increased production of intracellular DOPA in a [H+]o dependent manner (Fig. 1).  In 
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addition, extracellular Ca2+ did not affect the DOPA production (Fig. 3). These results suggest 

that not Na+, K+, or Ca2+ but Cl- is required for induced-increase of DOPA production. 

co
nt

ro
l

pH
7.

5

pH
 7

.0

pH
 6

.5

pH
 6

.0

pH
 5

.5

D
O

P
A

 le
ve

ls
 (

n
m

o
le

s
/m

g
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

 

Figure 1- Effect of [H+]o, [Na+]o, and [Cl-]o on Intracellular DOPA Levels in MN9D Cells. 
MN9D Cells were grown to near confluence in 12-wells plate and incubated with regular KRB-
HEPES for 1 h in the pH range of 7.5 to 5.5. Cells were washed, collected and intracellular 
DOPA levels were quantified and determined by reversed-phase HPLC-EC and normalized to 
respective cellular protein concentrations. DOPA levels are expressed as nmoles/mg. Data 
represent mean ± S.D. of three samples. Brown, Regular KRB-HEPES; Orange, Lithium (Na+-
free); Yellow, Choline (Na+-free); Green, Gluconate (Cl--free).  
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Figure 2- Effect of [H+]o and [K+]o on Intracellular DOPA and DA Levels in MN9D Cells. 
MN9D Cells were grown to near confluence in 12-wells plate and incubated with regular KRB-
HEPES for 1 h in the pH range of 7.5 to 5.5. Cells were washed, collected and intracellular 
DOPA levels were quantified and determined by reversed-phase HPLC-EC and normalized to 
respective cellular protein concentrations. DOPA and DA levels are expressed as nmoles/mg. 
Data represent mean ± S.D. of three samples. Blue, DA and Purple, DOPA. 

 

 

Figure 3- Effect of [H+]o and [Ca2+]o on Intracellular DOPA and DA Levels in MN9D Cells. 
MN9D Cells were grown to near confluence in 12-wells plate and incubated with regular KRB-
HEPES for 1 h in the pH range of 7.5 to 5.5. Cells were washed, collected and intracellular 
DOPA levels were quantified and determined by reversed-phase HPLC-EC and normalized to 
respective cellular protein concentrations. DOPA and DA levels are expressed as nmoles/mg. 
Data represent mean ± S.D. of three samples. Blue, DA and Purple, DOPA. 
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4.1.2 Effect of TH Inhibitor, α-Methyl Tyrosine, on Intracellular DOPA Levels in MN9D 

Cells in a [H+]o Dependent Manner 

MN9D cells were pre-incubated with 1 mM TH inhibitor, α-methyl tyrosine, for 24 h in a 

normal growth condition, and then washed several times with KRB-HEPES. MN9D cells were 

incubated with KRB-HEPES at pH 5.5 or 6.0 for 1 h as described in 

Experimental Methods. Compared to a treated control without the TH inhibitor, α-methyl 

tyrosine, DOPA levels slightly increase in the cells pre-treated with TH inhibitor (Fig. 4B). 

These results show that the [H+]o-dependent increase of intracellular DOPA is due to the 

increased turnover of intracellular TH in MN9D cells.  
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Figure 4- Effect of [H+]o on Intracellular DOPA Levels in MN9D Cells. Panel A. MN9D Cells 
were grown to near confluence in 12-well plates and incubated with regular KRB-HEPES or Ca-
free (2 mM EGTA) KRB-HEPES for 1 h in the pH range of 5.5 and 6.0. Cells were washed, 
collected and intracellular DOPA levels were quantified and determined by reversed-phase 
HPLC-EC and normalized to respective cellular protein concentrations. DOPA levels are 
expressed as nmoles/mg. Data represent mean ± S.D. of three samples. Panel B. MN9D Cells 
were pre-incubated without (control) or with 1 mM TH inhibitor, α-methyl-tyrosine, for 24 h in 
DMEM media supplemented with 10% FBS 50 μg/mL streptomycin and 50 IU/mL penicillin 
and  grown to near confluence in 12-wells plate. Cells were washed several times in KRB-
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HEPES and incubate with KRB-HEPES at pH 6.0 for 1 h. Cells were washed, collected and 
intracellular DOPA levels were quantified and determined by reversed-phase HPLC-EC and 
normalized to respective cellular protein concentrations. DOPA levels are expressed as 
nmoles/mg. Data represent mean ± S.D. of three samples. 

4.1.3 Time Course Study on DOPA Production in MN9D Cells 

The time dependence of DOPA production in response to [H+]o was examined at pH 6.0 

in KRB-HEPES. During the first 20 min of incubation, the intracellular DOPA levels have 

increased moderately (Fig. 5).  Then after 20 min of incubation, the increase was significant and 

reached a plateau at about 60 min. The average rate of DOPA was estimated to increase 

approximately 5 pmoles/mg/min during the first 20 min and it rapidly rose to ~20-40 

pmoles/mg/min between 20-50 min. These kinetic data appear to suggest that the activation of 

TH by [H+]o is not a direct or single step kinetic process, but involves at least two or more 

kinetically distinct steps. 
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Figure 5- Time Dependence of the DOPA Production in Response to [H+]o. MN9D Cells were 
grown to near confluence in 12-well plates and incubated with regular KRB-HEPES for 0, 10, 
20, 40, and 60 min at pH 6.0. Cells were washed, collected and intracellular DOPA levels were 
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quantified and determined by reversed-phase HPLC-EC and normalized to respective cellular 
protein concentrations. DOPA levels are expressed as nmoles/mg. Data represent mean ± S.D. of 
three samples. 

4.1.4 Effect of DIDS and Amiloride on Intracellular DOPA Levels in MN9D Cells at pH 6.5 

 The non-specific Cl-/HCO3
- transporter inhibitor, DIDS , inhibits the [H+]o-mediated 

increase of DOPA levels in MN9D cells with an apparent IC50 in the range of 100-250 μM at pH 

6.0 (Fig. 6A). On the other hand, the Na+/H+ exchanger and the acid-sensing ion channel (ASIC) 

inhibitor, amiloride, increases the intracellular DOPA levels at pH 6.5 in the concentration range 

of 10-100 μM (Fig. 6B).These results indicate that Cl-/HCO3
-, H+/Na+ and/or ASIC may play a 

role in [H+]o-mediated activation of TH in MN9D cells. 
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Figure 6- Inhibitory Effect of DIDS and Amiloride on Intracellular DOPA Production at pH 6.0 
in MN9D Cells. MN9D Cells were grown to near confluence in 12-well plates and incubated 
with regular KRB-HEPES for 1 h at pH 6.0 in presence of DIDS (Panel A) and Amiloride (Panel 
B) at the concentration of 0-1000 μM. Cells were washed, collected and intracellular DOPA 
levels were quantified and determined by reversed-phase HPLC-EC and normalized to respective 
cellular protein concentrations. DOPA levels are expressed as nmoles/mg. Data represent mean ± 
S.D. of three samples. 
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4.2 Effect of [H+]o on Intracellular DOPA and DA Levels in Differentiated MN9D and 

PC12 Cells 

Incubation of differentiated MN9D cells in regular KRB-HEPES for 1 h show a 

substantial increase of DA level in a [H+]o dependent manner (Fig. 7). Between pH 8.5-6.5, the 

increase of DA level is about 2 -3 fold. This increase of DA levels is more pronounced in 

comparison to undifferentiated cells (data not shown). On the other hand, the increase of DOPA 

levels in a [H+]o dependent manner were less pronounced in comparison to undifferentiated cells 

(data not shown). Interestingly, the increase of DA and DOPA levels in a [H+]o dependent 

manner in undifferentiated PC12 cells were similar to that of the differentiated MN9D cells (Fig. 

7). Therefore, the activation of TH in response to [H+]o is common to catecholaminergic cells.  
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Figure 7- Effect of [H+]o on Intracellular DOPA and DA Levels in Differentiated MN9D and 
PC12 Cells. MN9D cells were differentiated with 1 mM n-butyrate in 6-well plates as detailed in 
Experimental Methods. PC12 cells were grown in 12-well plates coated with rat tail collagen 
type I. When cells were nearly confluent, they were washed several times and incubated with 
regular KRB-HEPES for 1 h in the pH range of 8.5 to 6.0. Cells were washed, collected and 
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intracellular DOPA levels were quantified and determined by reversed-phase HPLC-EC and 
normalized to respective cellular protein concentrations. DOPA levels are expressed as 
nmoles/mg. Data represent mean ± S.D. of three samples. 

4.3 Investigation of intracellular pH and Ca2+ Levels of MN9D Cells 

 To investigate whether [H+]o has an effect on the intracellular pH and Ca2+ level in 

MN9D cells, Ca2+ and pH sensitive membrane permeable fluorescence probes FURA-2AM and 

BCECF-AM, respectively, were used on the Nikon ECLIPS-Ti microscope equipped with a 

Nikon S FLURO 40X lens. According to Fig. 8, the increase of [H+]o (abrupt change of 

extracellular pH from 7.8 to 6.02) causes an increase of both [H+]i  and [Ca2+]i in the presence of 

extracellular Cl- through time. However, the increase [H+]i and [Ca2+]i  were comparatively 

smaller in the absence of extracellular Cl- under similar experimental conditions (Fig. 8). 
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Figure 8- The Effect of [H+]o on the Intracellular Ca2+ and pH Levels. The effect of [H+]o on the 
intracellular Ca2+ levels ([Ca2+]i) were determined using Fura-2-AM and on intracellular pH 
using BCECF-AM in MN9D cells. Cells were grown in 35 mm glass bottomed culture plates to 
about 70-80% confluence, washed two times with KRB-HEPES, and were loaded with 5 μM 
BCECF-AM or Fura-2-AM for 20 min at 37°C in the same buffer, in the dark. Cells were 
washed with KRB-HEPES, pH 7.4 three times and incubated in the same buffer for an additional 
20 min at room temperature in the dark to facilitate the complete hydrolysis of the methyl ester. 
Dye loaded cells were placed on the stage of a Nikon ECLIPS-Ti microscope equipped with a 
Nikon S FLURO 40X lens. The intracellular pH or Ca2+ was measured as detailed in 
Experimental Methods. The pH of the media was quickly changed from 7.8 to 6.02 (pre-
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determined) by the addition of five volumes of MES-KRB (125 mM NaCl, 2 mM KCl, 1.4 mM 
MgSO4, 1.2 mM CaCl2, 1.2 mM KH2PO4, 25 mM MES and 5 mM glucose, pH 5.8). 

4.4 The Effects of [H+]o on the Phosphorylation Levels of the Regulatory Domain Serine-40 

of TH 

The effects of [H+]o on the phosphorylation levels of the regulatory domain Ser 40 of TH 

were determined using a western blotting. The initial control experiments were carried out to 

measure the total TH in MN9D cells and about 20% of total TH was Ser 40 phosphorylated 

under normal growth conditions. As shown in Fig. 9, the fraction of Ser 40 phosphorylated 

increased significantly as [H+]o increased in the incubation buffer of MN9D cells. At the same 

time, the total concentration of TH remains unaffected. Therefore, a decrease in extracellular pH 

increases the ratio of Ser 40 phoshorylated to the total enzyme; i.e. from pH 7.5 to 6.5, the ratio 

of Ser 40 phosphorylated to total enzyme increases by about 300%. 

 

Figure 9- The Effects of [H+]o on the Phosphorylation Levels of the Regulatory Domain Serine-
40 of TH. The effects of [H+]o on the phosphorylation levels of the regulatory domain Ser 40 of 
TH were determined using western blotting experiment as detailed in Experimental Methods. 
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CHAPTER V 

DISCUSSION 

The intracellular TH activity of MN9D cells is stimulated by the [H+]o through 

concentration and time course which does not require extracellular Na+ or Ca2+ under normal 

conditions. However, the extracellular Cl- is required to stimulate the [H+]o-mediated activation 

of TH. In addition, Cl-/HCO3
- exchanger inhibitor ,DIDS, inhibits while the Na+/H+ exchanger 

inhibitor ,amiloride, potentiates the [H+]o-mediated activation of TH which may suggest that the 

intracellular H+([H+]i) is involved in this process. The [H+]i is increased in response to the 

increased [H+]o in the presence of extracellular Cl- whereas the [H+]i is slowly increased in the 

absence of extracellular Cl-. In addition, the [Ca2+]i and the phosphorylation of Ser40 of the 

regulatory domain of TH also increases in response to the increase of [H+]o. Therefore, these 

results may suggest that the Cl--dependent intracellular acidification, possibly through the Cl-

/HCO3
- exchanger, in response to [H+]o,  causes an increase of [Ca2+]i and phosphorylation of Ser 

40 which appears to be responsible for the [H+]o-mediated activation of TH in MN9D cells.  

The [H+]o-mediated TH activation is observed in differentiated cells similar to 

undifferentiated MN9D cells under normal conditions. However in the comparison to 

undifferentiated cells, the increase in DA levels in response to [H+]o is significantly more 

pronounced, while the increase in DOPA levels were less pronounced in differentiated cells. This 

difference may be due to higher expression of TH in the undifferentiated MN9D cells, which is 

significantly reduced during differentiation. In addition, TH activation in response to [H+]o in 

undifferentiated PC12 cells is similar to differentiated MN9D cells. Thus, these findings suggest 
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that the activation of TH in response to increase in [H+]o may be true for any catecholaminergic 

cells. 

It is still not clear which physiological stimulus is responsible for the activation of TH. 

There are at least three proposed trans-membrane signaling systems for the TH activation. First, 

the depolarization of the membrane followed by Ca2+ entry through voltage gated calcium 

channels during synaptic release leads to the increase in TH phosphorylation through Ca2+-

dependent protein kinases. However, it is not known whether the extracellular Ca2+ is involved in 

TH phosphorylation. Secondly, as mentioned earlier, the current model for catecholamine-

dissociation proposed that TH activation by phosphorylation is due to the alteration of the 

kinetics of interaction of substrates and modulators with the enzyme. This hypothesis was 

demonstrated by showing that the rate of dissociation of Fe3+-bound catecholamines from the 

inhibitory complex is increased by ~500 fold increase by the phosphorylation of Ser 40 of the 

purified enzyme compared to the non-phosphorylated enzyme (75,76). Thus, the dissociation of 

the Fe3+ bound catecholamines by the phosphorylation of Ser 40 allows the efficient reduction of 

the enzyme by BH4 (5,77,78). While the in vitro dissociation constant (Kd) for phosphorylated 

catecholamine-TH (Fe3+) complex is lower, in the range of 500 nM, the Km of DA for synaptic 

vesicle membrane vesicular monoamine transporter is higher, in low micromolar range [5-10 μM 

for bovine chromaffin granule vesicular monoamine transporter-2 (69,70)]. Therefore, this 

suggests that the basal cytosolic catecholamine levels in catecholaminergic cells could be in the 

range of low micromolar at pH 7.4 and favor association of rather than dissociation of. Lastly, 

during repeated synaptic release, the catecholamine levels must increase with respect to the basal 

level due to the reuptake through respective plasma membrane amine transporters which leads to 
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increased inhibition rather than activation of TH. Overall, there are inconsistencies in the 

proposed of phosphorylation/catecholamine-dissociation model of TH activation.  

When synaptic vesicles fuse with the presynaptic membrane, they release highly buffered 

acidic content into the synaptic cleft. Accordingly, several studies described below have 

observed acidification during synaptic transmission; for example, bovine adrenal chromaffin 

vesicle (a well characterized catecholaminergic model) releases up to ~500 mM protonated 

catecholamine, ~125 mM ATP, large amounts of acidic chromagranins, other proteins and [H+] 

equivalent to a pH 5.4 acidic environment (60). Although the neuronal and cellular pH are tightly 

regulated under normal physiological conditions, high frequency synaptic release could exceed 

the buffering capacity and the rate of diffusion of H+ leads to a transient synaptic cleft 

acidification. Krishtah, et al., the electrical stimulation of presynaptic pathways in rat 

hippocampal slices produced a rapid acidic shift in the synaptic cleft area followed by a long-

lasting alkaline one (79). Shuba, et al., showed secretory vesicles released from differentiated 

PC12 cells caused local elevations in [H and proposed that the signal alteration in confined 

micro-domains of synapses is caused by co-released of H+ concentration (80). DeVries has 

showed that the vesicular [H+] is released during exocytosis allowing the feedback to suppress 

the Ca2+ released from the nearby calcium channels in mammalian cone receptors (81). 

Furthermore, Palmer, et al., demonstrated the transient change of synaptic cleft pH from 7.5 to 

~6.9 in the retinal bipolar cells is observed during the exocytosis (82). In cultured rat cerebellar 

granule cells, the enhancement of GABAA signaling due to the exocytotic synaptic acidification 

has also been observed (83).  In addition, the association of synaptic transmission with the 

acidification of the synaptic cleft area is demonstrated in numerous studies (57,84). 
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Based on our findings and literature evidence, these may suggest that the acidity of 

synaptic release also plays a role in in vivo activation of TH in catecholaminergic neurons. It is 

likely that during repeated synaptic acidic release, the acidification of the synaptic area could be 

the initial signal for in vivo TH activation. The increase of [H+]o is parallel with the increase in 

intracellular acidification and cytosolic Ca2+ leading to a significant increase of the 

phosphorylation of the regulatory domain Ser 40 and activation of TH. Intracellular acidification 

also depends on extracellular Cl- and the observation of DIDS inhibiting and amiloride 

promoting TH activation suggesting that intracellular acidification in response to [H+]o occurs 

most likely through a sodium independent Cl-/HCO3
- exchanger, as previously shown in avian 

osteoblasts (85). In addition, some studies have shown that the pH optima for catecholamine-

bound and catecholamine-free purified TH are ~6 and ~7, respectively and, TH bound 

catecholamine freely dissociates at pH 6 (86,87). Therefore, Ser 40 phosphorylation increased 

and the intracellular acidification could induce the dissociation of the Fe3+-bound catecholamine 

from the inhibitory complex causing TH to fully activate. This would not only activate TH for 

increased catecholamine synthesis, but also restore [H+] from the presynaptic cell for the refilling 

of the synaptic vesicles with newly synthesized catecholamines and their acidic contents. This 

hypothesis of TH activation also addresses the inconsistencies of the current catecholamine-

dissociation/phosphorylation model of TH activation. 

Abnormal catecholamine metabolism has been implicated in neuronal disorders. Since 

the biosynthesis of the catecholamines is primarily regulated through TH, modulating the TH 

activity could be the key in regulating the catecholamine levels for therapeutic purposes. For the 

first time, our findings provide a molecular connection between TH activity and [H+]o, Cl-/HCO3
- 

and Na+/H+ exchangers. Therefore, these exchangers could be targeted in the development of 
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therapeutic agents for the treatment of diseases associated with catecholaminergic dysfunctions 

or imbalance in central and peripheral nervous systems.  
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CHAPTER VI 

CONCLUSION 

The mechanism of TH activation has been extensively studied; however, there are areas 

of concern and questions left unanswered in the current model of in vivo TH activation. Our 

studies clearly show that the extracellular H+ ions activate TH by using catecholaminergic 

MN9D and PC12 under normal physiological conditions. However, these findings were 

performed in transformed cell lines and must be confirmed with primary cultures and animal 

models. In addition, the increase of cytosolic Ca2+, as a consequence of the intracellular 

acidification, is still not understood. Therefore, further studies are necessary to more fully 

address these issues.  

MN9D is a well characterized dopaminergic cell line which was derived from the fusion 

of mouse embryonic ventral mesencephalic and neuroblasoma cells (67). Intracellular 

catecholamine profiles of both undifferentiated and differentiated MN9D cells are comparable to 

CNS dopaminergic neurons (62). These cells also express high levels of DAT but not NET, 

although they do not take up DA in the presence of extracellular Ca2+ (67). The poor uptake 

could be due to the high levels of intracellular catecholamine in these cells. Therefore, these cells 

have the major characteristics of CNS dopaminergic neurons. However, while undifferentiated 

MN9D cells are different from the brain specific dopaminergic neurons with respect to key 

electrophysiological properties, butyric acid-differentiated cells closely resemble that of 

dissociated matured CNS DA neurons (63).  

 Undifferentiated MN9D cells show that the [H+]o-dependent activation of TH requires 

extracellular Cl-, but not Na+ or Ca2+. In addition, while Cl-/HCO3
- transporter inhibitor, DIDS, 
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inhibits, the Na+/H+ exchanger inhibitor, amiloride, promotes the TH activation. [H+]o increases 

the intracellular H+ ([H+]i), intracellular Ca2+ and phosphorylation of the Ser 40 of TH. Similar to 

undifferentiated MN9D cells, [H+]o-mediated TH activation is also observable in differentiated 

cells. In addition, undifferentiated PC12 cells also show similar TH activation in response to 

[H+]o. Thus, these findings show that the activation of TH in response to increase in [H+]o is a 

general phenomenon of catecholaminergic cells. Based on these findings, we hypothesize that 

the acidity of the synaptic release may play a role in the in vivo activation of TH in 

catecholaminergic neurons.  

 Finally, there is a molecular connection between TH activity and [H+]o, Cl-/HCO3
-, and 

Na+/H+ exchangers. Therefore, development of therapeutic agents specifically for these 

exchangers could work against catecholaminergic dysfunctions or imbalance in central and 

peripheral nervous system that are implicated in neurological diseases. In addition, our findings 

provide the first in vitro cell model for future studies related to TH regulation and drug 

screening.  
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PART II: IDENTIFICATION OF NOVEL MECHANISM(S) OF 
PARKINSON’S DISEASE CAUSING 1-METHYL-4-

PHENYLPYRIDINIUM NEUROTOXICITY 

CHAPTER I 

INTRODUCTION 

Neurodegenerative diseases, including Parkinson’s, Alzheimer’s, ALS, and Huntington’s 

cause progressive degeneration of the neurons in specific areas of the central or peripheral 

nervous systems. Although the symptoms of these diseases can be treated by various drugs, no 

drugs are available to cure these debilitating diseases. Therefore, the understanding of the 

molecular causes of, and preventive strategies for these diseases is an immediate and urgent 

challenge for research in the field. 

Parkinson’s disease (PD) is the second most common neurodegenerative disease after 

Alzheimer’s disease (AD) and 50-60,000 new cases of PD are diagnosed each year in the United 

States, adding to the one million people who currently have PD (1). According to the Parkinson’s 

disease Foundation (PDF), there are approximately 7-10 million people worldwide living with 

PD. In 2010, there were approximately 630,000 people diagnosed with PD in the United States 

and it is projected to increase to 819,000 by 2020, 1.06 million by 2030, 1.24 million by 2040, 

and 1.34 million by 2050 (2). The medical cost for the treatment of the population with PD 

exceeded $14 billion in 2010 (approximately $22,800 per patients) and is expected to increase 

significantly over the next few decades. Those projections have led to the need to develop 

effective preventive and therapeutic strategies in order to decrease the financial cost and burden 

to society.  
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PD is characterized by the loss of dopaminergic neurons in the substantia nigra, a specific 

region in the midbrain causing symptoms of tremors, muscular rigidity, and bradykinesia (3-5). 

The loss of dopaminergic neurons in this area of the brain leads to reduction of dopamine (DA) 

in the midbrain augmenting the symptoms of PD. L-DOPA which is a precursor of DA is 

currently used as a clinical drug to improve symptoms of PD patients. Since DA itself does not 

cross the blood brain barrier, it cannot be used to treat PD. On the other hand, DOPA crosses the 

blood brain barrier through the aromatic amino acid transporter and, once inside the brain, it is 

efficiently converted to DA by brain DOPA decarboxylase supplementing the depleted DA 

levels in the midbrain. However, DOPA treatment becomes increasingly ineffective after 

extended periods of treatment. The causes of PD remain unknown and death of DA neurons in 

PD cannot be reversed. Therefore, preventive strategies of dopaminergic cell death are essential 

to protect the aging population from PD. 

There has been increasing evidence indicating that environmental factors and toxins 

together with defects in cellular protective mechanisms against oxidative stress may play roles in 

the etiology of PD (5,6). The finding that the neurotoxin 1-methyl-4-phenylpyridine (MPP+) 

selectively kills dopaminergic neurons and causes PD-like symptoms in humans and other 

primates has led to its wide usage as a model for the investigation of the causes of PD. The 

specific dopaminergic toxicity of MPP+ is thought to be due to the specific entry into 

dopaminergic cells through plasma membrane dopamine transporter (DAT) followed by the 

inhibition of mitochondrial complex I of the electron transport chain, leading to a decrease in 

cellular energy production (7). However, recent studies suggest that MPP+ is taken up not only 

into dopaminergic cells, but also into other cells including non-neuronal cells through various 

transporters i.e. organic cation transporters (OCT) and non-specific plasma membrane 
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monoamine transporters (PMAT). Thus, the mechanism of the specific in vivo toxicity of MPP+ 

towards dopaminergic neurons remains inconclusive. Since MPP+ has been the most widely 

utilized model for non-familial PD research and pharmacological therapeutics development, 

understanding its mechanism(s) of uptake and specific toxicity to dopamine cells is of prime 

importance. 

Neurodegenerative diseases can be modeled in animals so as to replicate the hallmarks of 

the diseases and are useful for testing therapeutic strategies. Most studies on specific toxicity of 

MPP+ have been performed using animal models as well as midbrain slices since these models 

closely mimic the characteristics of CNS. However, since multiple MPP+ uptake pathways are 

present in various cell types; these heterogeneous systems may not provide specific details on the 

mechanism of MPP+ uptake and toxicity. On the other hand, cell lines exhibit a relatively high 

degree of homogeneity which would provide better molecular details to identify various proteins 

and factors responsible for the specific cellular uptake and toxicity of MPP+. Although the 

findings from these transformed cell models may not be directly correlated with those of CNS, 

they may still provide important clues on the mechanisms of the specific toxicity of MPP+ that 

are inaccessible with those complex heterogeneous systems. Without a doubt, findings from 

these transformed cell models can always be confirmed using neuronal primary cultures or 

animal models.  

Human SH-SY5Y and mouse MN9D cell lines with distinct neurobiological 

characteristics are gaining popularity as models of dopaminergic neurons. Human SH-SY5Y 

cell- line is originated from a metastic neuroblastoma. SH-SY5Y cells express DAT, NET, and 

VMAT and synthesize, store, and release DA and NE. SH-SY5Y cells have been extensively 

used in the studies of various neurotoxins. Mouse MN9D cell line was derived from the fusion of 
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mouse embryonic venral mesencephalic and neuroblastoma cells which express high levels of 

TH and DAT. MN9D cells possess the major characteristics of CNS dopaminergic neurons and 

are a good model for CNS dopaminergic neurons. The adrenergic PC12 cell line is derived from 

pheochromocytoma of the rat adrenal medulla and is one of the most widely used cell models for 

the studies of catecholamine biosynthesis and metabolism. PC12 cells express high levels of TH 

and synthesize and store catecholamine neurotransmitters, DA and NE but do not convert NE to 

E. The non-neuronal human HepG2 cell line is a liver carcinoma cell line derived from the liver 

hepatocellular carcinoma. The HepG2 cell line has been widely used in the mitochondrial 

functions and dysfunction and the metabolism of various toxins since they are rich in 

mitochondria. Therefore, they are a good non-neuronal cell model for the comparative 

neurotoxicological studies. The overall goal of this research was to identify the protein(s) and 

factors that are responsible for the specific uptake and dopaminergic toxicity of MPP+ using 

these model cell lines.  

The specific aims of this research were (I) to characterize the uptake of MPP+ into 

dopaminergic and non-dopaminergic cell lines, (II) to determine whether the MPP+ toxicity is 

specific to dopaminergic cells and (III) to determine the mechanism of dopaminergic toxicity of 

MPP+ 
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CHAPTER II 

BACKGROUND AND SIGNIFICANCE 

2.1 Neurological Disorders 

Neurological Disorder is any disorder that disrupts the normal function of the central 

nervous system. According to the American Academy of Neurology, there are more than 600 

neurological disorders and one in every five Americans suffers from some form of neurological 

disorder. Some of the major types of neurological disorders are listed in table below (8): 

Table 1: Major Types of Neurological Disorders 

Type Example 
Neurogenetic Diseases Huntington’s Disease 
Developmental Disorders Cerebral palsy 
Degenerative Diseases Alzheimer’s Disease and Parkinson’s Disease 
Metabolic Diseases Gaucher’s Disease 
Cerebrovascular Disease Stroke 
Trauma Spinal Cord and Head Injury 
Convulsive Disorders Epilepsy 
Infectious Disease AIDS 
 

2.2 Parkinson’s Disease  

PD was first characterized by James Parkinson, the British physician, most famous in his 

most prominent article “An Essay on the Shaking Palsy” in 1817 (9,10). The key 

pathophysiologies of PD are the degradation of dopaminergic neurons and accumulation of 

cytoplasmic Lewy bodies (LB) in the substania nigra pars compacta. Numerous studies have 

shown that patients diagnosed with PD have a loss of 50-70% dopaminergic cells in the 

substantia nigra pars compacta (3-5). Dopamine (DA) is an important neurotransmitter that is 

responsible for voluntary (11) and involuntary (12) movements and cognition (13). PD 
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symptoms can generally be described as tremor, bradykinesia, rigid muscles, and change in 

speech. As mentioned above, one of the key pathophysiological hallmarks of PD is the 

accumulation of cytoplasmic Lewy bodies (LB) in the substania nigra pars compacta. LB are 

insoluble aggregates that mainly consist of insoluble fibrils made of α-synuclein, a small 14 kDa 

protein predominately expressed in neurons of the central nervous system, (14) and small 

amounts of ubiquitin and β-crystallin (5,15). Despite extensive research, the exact cause of PD is 

not known and there is no cure, and thus most treatments are developed to control the symptoms.  

 AD and PD are progressive neurodegenerative diseases that share some similarities, but 

are not related (5,16,17). Both diseases are distinct in mechanisms, symptoms, and treatments. 

PD is primarily a movement disorder resulting from the loss of DA-producing neurons in 

substantia nigra that is responsible for motor coordination (1). AD is a memory disorder in which 

areas that are responsible for learning and memory such as hippocampus and entorhinal cortex 

are being affected (18,19). In PD, the cholinergic system in the brain is primarily affected and 

with the progression of the diseases acetylcholine levels in the affected areas are gradually 

diminished (20).  

 Since most neurological diseases share similar pathological symptoms, the ability to 

make an accurate diagnosis of PD is difficult (21). The physician can perform the diagnosis 

based on the patient’s neurological history and physical examination (5). Physicians may also 

treat the patients with L-DOPA to support the diagnosis since it alleviates the symptoms of PD 

temporarily (22). However, there is no standard diagnosis that can make an accurate diagnosis of 

PD (21,23). Biological markers such as blood tests or brain imaging could be used to confirm the 

diagnosis of PD (24).  
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 There is increasing evidence that PD is caused by genetic and environmental factors, or a 

combination of both (5,6). While 5% of the PD population is known to be associated with 

genetic factors, the rest could be associated with environmental factors including toxic pesticides 

and environmental toxins (6). However, many animal studies have failed to completely 

reproduce the pathological and clinical features of PD using suspected pesticides and toxins. 

However, these studies have not been able to completely reproduce some selective pathological 

features of PD (25).  

2.2.1 Oxidative Stress and PD 

 Oxidative stress refers to the physiological state in which the production of the 

intracellular reactive free radical species exceed their deactivation through intracellular natural 

antioxidants defense mechanisms (26). Free radicals are highly reactive and unstable chemical 

species which usually contain one or more unpaired electrons. Free radicals associated with 

oxygen, is referred to as reactive oxygen species (ROS), and  the species that are associated with 

nitrogen referred to as reactive nitrogen species (RNS) are the two most common biological 

forms of free radicals (27,28). ROS such as superoxide (O2
•-), hydrogen peroxide (H2O2) and 

hydroxyl radical (OH•) and RNS such as nitric oxide (NO•), peroxinitrite (ONOO-), nitrogen 

dioxide (•NO2), dinitrogen trioxide (N2O3), and dinitrogen tetroxide (N2O4) can cause chemical 

modification to DNA, proteins, lipids and other biological molecules, and damage to membranes 

(29-31) leading to apoptotic and/or even necrotic cell death. Oxidative stress has been implicated 

in many cardiovascular disorders (32,33), cancers (34-36), and neurodegenerative diseases (37-

39), and aging. 
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Although there are many pathways for the increased production of ROS, the 

mitochondria is responsible for the production of a large fraction of intracellular ROS. The 

uncoupling or inhibition of the electron transport chain could result in the partial reduction of O2 

to produce reactive oxygen species such as superoxide (O2
•-) and hydrogen peroxide (H2O2). 

Under physiological conditions, these species could be further broken down to highly reactive 

OH• (40). In addition, activities of enzymes such as NADH oxidases and cytochrome P450 as well 

as conditions such as inflammation, smoking, UV radiation, toxins, and aging can lead to the 

excessive ROS production (41). In addition, redox active metals like iron and copper and organic 

compounds like quinones can also induce the excessive production of ROS (Scheme 1). For 

example, Fe2+and Cu2+ ions induce the production of OH radicals from H2O2 through the Fenton 

reactions (equation 1). OH radicals can also form in the cells by Haber-Weiss reaction (equation 

2).  

 

 

 

Scheme 1- The Fenton reaction (equation 1) and Haber-Weiss reaction (equation 2) 

 

 

 

Scheme 2: Oxidants Formation by Electron Transfer Reactions 
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 Under normal physiological conditions, anti-oxidant enzymes such as superoxide 

dismutase (SOD) and catalase, and glutathione peroxidase and small molecular antioxidants such 

as ascorbic acid, glutathione, and tocopherol can scavenge free radicals and protect cells from 

oxidative damage. For example, SOD catalyzes the conversion of superoxide into oxygen and 

hydrogen peroxide (equation 3) (Scheme 3) and catalase reacts with hydrogen peroxide to 

produce water and oxygen (equation 4). While high concentration of catalase is present in 

peroisomes, SOD is present in extracellular space, cytoplasm, and mitochondria. 

 

  

 

Scheme 3: Reactions catalyzed by superoxide dismutase (equation 3) and catalase (equation 4) 

 Increased oxidative stress is believed to be responsible for the toxicity of many toxins and 

pesticides that are implicated in neurodegenerative diseases (42). Increased oxidative stress is 

also implicated in several other diseases such as heart failure, atherosclerosis ischemia-

reperfusion, endothelial dysfunction, hypertension (43), rheumatoid arthritis (44), and diabetes 

(45,46). However, Zhou, et al., (47) and others have suggested that oxidative stress may not be 

the only contributor to the dopaminergic degeneration in PD.  

2.2.2 Apoptosis and Necrosis Cell Death 

 The life span of a cell depends on the type of cell and older and damaged cells are being 

continually replaced with the new ones (48,49). When a cell is damaged or infected, it is 

removed through apoptosis or necrosis processes. There are three types of cell death; apoptosis, 
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necrosis, and autophagy (50). Apoptosis and necrosis are irreversible and programmed processes 

while autophagy is a reversible and programmed process. Necrosis and apoptosis differ in many 

observable morphological and biochemical changes, but the key difference is cell shrinkage 

occurs in apoptosis while cell swelling is a main characteristic of necrosis. Autophagy, on the 

other hand, involves vesicular sequestration of cytoplasmic proteins and organelles. The 

breakdown of cellular components may occur through nutrient starvation and infection. 

Formation of a membrane around a targeted region of the cell that separates the contents from 

the rest of the cytoplasm is the common mechanism of autophagy. This process is known as 

double-membrane vesicles or autophagosome formation (51).  

 Apoptosis is often implicated in neurodegenerative diseases (50,52) and is associated 

with specific cysteine proteases called caspases. There are many caspases that work together in 

the cell that can activate themselves and one another. Among the family of caspases, caspase-3 is 

a frequent mediator of apoptosis (53) and known to be implicated in PD (54,55). Especially, 

dopaminergic toxicity of neurotoxins like MPP+ and 6-OHDA have been shown to involve the 

caspase-3 mediated apoptosis. 

 DNA fragmentation into multiples of ~200 bp oligonucleosomal fragments is one of the 

hallmarks of apoptosis (56). In human chromosome, histone and a DNA strand including ~180-

200 bp are tightly joint to form one nucleosomal unit which is believed to drive DNA functions. 

In apoptosis, activation of nuclear endonucleases selectively cleave DNA at a site located 

between nucleosomal units (57). Therefore, under apoptotic conditions a DNA ladder containing 

multiples of 180-200 bp units is produced and can be easily detected in nuclear DNA cell extract 

by gel electrophoresis. Therefore, observation of the DNA ladder during cell death is widely 

used as a diagnosis for apoptosis.  
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2.3 Dopaminergic toxin 6-OHDA 

 The neurotoxin 6-hydroxydopamine (6-OHDA), first isolated by Senoh and Witkop 

(1959), is a structural analog of DA which can be taken up through monoamine transporters such 

as DAT and NET (58,59). 6-OHDA does not readily cross the blood-brain barrier, thus it has to 

be injected directly into the brain to observe the toxicity effect. The specific dopaminergic 

toxicity of 6-OHDA is proposed to be due to the uptake through DAT or NET into 

catecholaminergic cells followed by rapid oxidation in the cytosol leading to the excessive ROS 

production. Although 6-OHDA is structurally similar to DA, the presence of an additional 

hydroxyl group makes it highly susceptible to oxidation and toxic ROS production in 

catecholaminergic neurons (7). 6-OHDA is oxidized rapidly by molecular oxygen to form the 

superoxide anion, hydrogen peroxide, and ρ-quinone (scheme 4) (60). It has been shown that 6-

OHDA is readily oxidized within matter of minutes to produce H2O2 and ρ-quinone in the 

extracellular fluid before it reaches the intracellular fluid (60-62). Therefore, a combination of 

production of  ROS and ρ-quinone in the extracellular space is proposed to be responsible for the 

6-OHDA induced cell death (61). Although, studies of 6-OHDA as a model have contributed to 

an understanding of the etiology of PD. 6-OHDA induces aphagia, adipsia, and seizures in 

animals limiting its usefulness as a PD model (59,63).  

 

  

 

Scheme 4: 6-OHDA and ρ-quinone 
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2.2.4 MPTP and MPP+ 

Barry Kidston was a chemistry graduate student at the University of Maryland who 

synthesized MPPP (Fig 1) as a street drug and injected it into himself and sold it to others (64). 

MPPP is a pethidine (Demerol) or meperidine analog. Pethidine or meperidine is generally used 

to treat moderate to severe pain. The synthetic analog MPPP is slightly less potent than morphine 

and has a shorter duration of the effect. Relative to pethidine, the ester group in MPPP is inverted 

(Fig 1). Within a week after taking a batch of the MPPP, Kidson and all the other users began to 

exhibit Parkinsonian like symptoms. Dr. J. William Langston treated the symptoms with a 

combination of L-DOPA and carbidopa, standard treatment for PD, and all patients responded to 

the treatment positively (64,65). It was later found that the particular batch of MPPP was 

contaminated with MPTP (Fig 1). 

In the synthesis of MPPP, 1-methyl-4-piperidone (MP), the starting material, was mixed 

with phenyl lithium to convert to the intermediate product 4-hydroxyl-4-phenyl-N-

methylpiperidine (HPMP) (Fig 2). The intermediate product was then reacted with propionic 

anhydride and acidified with sulfuric acid to produce the ester and desired product, MPPP. 

However, this synthesis is sensitive to temperature and acidity. If the conditions are not kept 

under tight control, then the ester group in eliminated product, MPTP, may be produced. It was 

believed that Barry Kidston may have performed this synthesis with increased temperatures and 

shorter reaction times, thereby inadvertently producing MPTP contaminated batches of MPPP. In 

1982, Dr. J. William Langston first published the accidental discovery of the Parkinson-causing 

toxin MPTP and suggested that it may be a good model to study the mechanism of PD at the 

molecular level (66). However; despite all the studies, it was not clear at the time whether it was 

MPTP or a possible metabolite that elicited the Parkinsonian effects.  
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Figure 1: Structure of MPPP and Pethidine 

 

 

 

 

 

Figure 2: Synthesis of MPPP and MPTP 

MPTP is a lipophilic compound that is known to cross the blood brain barrier (67), enters 

into the cerebrospinal fluid of the CNS (65,66,68), and become sequestered in the lysosomes of 

astrocytes and other cells. MPTP is then oxidized to the metabolite MPP+ in a two-step 

biotransformation process. First, MPTP is oxidized by MAO-B which is highly abundant in 

astrocytes and serotonergic neurons to 1-methyl-4-phenyl-1, 2-dihydropyridinium (MPDP+). 

MPDP+ is then disproportionated to produce MPP+ (69). Subsequent studies have shown that 

MPP+, not MPTP, exerts its toxic effect to dopaminergic neurons. As mentioned above, the 

specific dopaminergic toxicity of MPP+ is proposed to be due to the uptake through DAT 
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followed by the inhibition of complex I of the electron transport chain leading to the production 

of ROS and inhibition of the cellular energy production (22). In addition, MPP+ may compete 

with cytosolic DA for synaptic vesicle VMAT-2 (70) leading to the increase of cytosolic DA and 

production of ROS (71).  

 

 

 

 

 

 

 

 

Figure 3: Conversion of MPTP to MPP+ 

Despite extensive studies, MPTP/MPP+ failed to develop LB (72), a key pathology in PD, 

but selectively destroyed dopaminergic cells in compacta of the substantia nigra as seen in PD.  

2.2.5 Rotenone 

Rotenone (Fig 4) is a naturally occurring substance derived from the roots of tropical 

plants (7). Rotenone is an effective herbicide as well as an insecticide. Similar to MPTP, 

rotenone is a lipophilic compound that can cross the blood brain barrier, accumulate in the cell, 
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and then effectively inhibits mitochondrial complex I of the electron transport chain with an IC50 

at nanomolar range (73,74). 

Takeshige and Minakami (75) demonstrate the production of superoxide ions in the 

bovine sub-mitochondrial particles by using rotenone. In addition, Li et al. (76) also demonstrate 

cell apoptosis induced by superoxide that was produced by rotenone in HL-60 cells. Hasegawa 

(77) demonstrated the superoxide production caused by MPP+ as a complex I inhibitor.  

Rotenone replicates almost all the hallmarks of PD including the LB formation (7).  

 

 

 

 

 

 

 

Figure 4: Structure of rotenone 

2.2.6 Paraquat 

Paraquat (1,1’-Dimethyl-4,4’-bipyridinium) (PQ) is a herbicide widely used in 

agriculture and structurally resembles to MPP+ (7). PQ is synthesized by coupling pyridine using 

sodium and anhydrous ammonia to give 4,4'-bipyridine, which is then methylated with 
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chloromethane to give the desired product (Fig 5) (78). Although it was first synthesized in 1882, 

PQ’s herbicidal properties were not recognized until 1955 (79). Despite its high hydrophilicity 

and positive charge, it has been shown to cross the blood brain barrier in mice (80). McCormack, 

et al., (81) have demonstrated the neuroprotection against PQ by co-treatment of L-valine which 

is not observed with co-treatment of L-DOPA. Hence, it is believed that PQ cross the blood brain 

barrier through L-neutral amino acid transporter. Several in vivo studies using cell lines 

demonstrated the uptake of PQ is independent of DAT and does not interfere with DA uptake 

(82,83). Although PQ inhibits mitochondrial complex I of the electron transport chain, the IC50 

of PQ is 7 mM compared to MPP+ which has an IC50 of 30 μM making it highly unlikely that PQ 

effectively inhibits mitochondrial complex I under normal in vivo conditions (80). Nevertheless, 

it was able to replicate almost all the hallmarks of PD including the production of LBs (7). 

 

Figure 5: Synthesis of paraquat 

2.3 DA and MPP+ Uptake Mechanism(s) 

 MPP+ has been known to deplete DA content and it is known to interfere with the uptake 

and storage of the DA (71,84,85). As stated above, selective dopaminergic toxicity of MPP+ was 

proposed to be due to selective entry through DAT. Transfection gene knockout and other 
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studies have clearly demonstrated that DAT is the site of cellular entry of MPP+ (86). Therefore, 

it is believed that DA and MPP+ may have similar uptake mechanisms and properties. 

2.3.1 Dopamine Transporter (DAT) 

 Dopamine transporter (DAT) is a Na+/Cl- dependent symporter that co-transports two Na+ 

ions and one Cl- ion into the cell for every one molecule of DA transported into the cell. It is 

constituted of 620 AA with the calculated molecular weight of 68,517 Da and 12 transmembrane 

segments. Both N- and C- termini are on the cytoplasmic face of the protein while three putative 

glycosylation sites are on the extracellular face (87,88). DAT may function in the reverse mode 

if the ionic gradients are altered, decreased [Na+] or [Cl-] (89). Therefore, it is critical to set the 

conditions and the composition of the extracellular medium closely to the physiological 

conditions in the laboratory testing of DAT activity. Giros, et al., (90) determined Km of 

dopamine and MPP+ for DAT are approximately 1.2 μM ± 0.2 and 3.7 μM ± 0.3 in human 

neuroblastoma, respectively. However, recent studies show that in addition to DAT there are 

other transporters that may play a role in DA and MPP+ uptake into dopaminergic cells (91-95).  

2.3.2 Norepinephrine Transporter (NET) 

  Norepinephrine transporter (NET), similar to DAT, is a Na+/Cl- dependent symporter 

that is responsible for the reuptake of NE. NET can also take up DA as well as MPP+. It contains 

617 AA and 12 transmembrane segments with both N- and C- termini on the cytoplasmic face. 

There is also a large intracellular loop between the 3rd and 4th transmemebrane segments (96).  
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2.3.3 Organic Cation Transporter (OCT) 

 Wu, et al., (97) reported MPP+ uptake may alternatively occur through  the organic cation 

transporter (OCT), a Na+-independent bi-directional cation transporter which is expressed 

throughout the brain. Many drugs, toxins and compounds that carry a net positive charge at 

physiological pH are considered as “organic cations” and are substrates for OCTs (95,98). Three 

isoforms of OCT, OCT-1, OCT-2, and OCT-3, have been identified and characterized (99). 

These proteins also constitute 12 transmembrane segments, with both N- and C- terminus on the 

cytoplasmic face similar to DAT and NET with large intracellular and extracellular loops. OCT-

1 and OCT-2 are mostly express in kidney, liver, and intestine (95,100) whereas OCT-3 is 

extensively expressed throughout the body including heart, placenta, and brain (95,97,101). All 

three OCT isoforms have been known to transport both MPP+ and DA.  

2.3.4 Plasma Monoamine Transporter (PMAT) 

 Plasma Monoamine Transporter (PMAT) is a protein of 530 AA residues containing 11 

transmembrane segments, C-terminus in the extracellular face, N-terminus in the cytoplasmic 

face with a large intracellular loop (95,98). Similar to OCT, PMAT also can mediate the 

transport of various drugs, toxins, and others that carry a net positive charge at physiological pH. 

It is also a Na+-independent reversible cation transporter. Engel, et al., (98) determined the Km of 

DA and MPP+ are 329±8 μM and 33±7 μM, respectively. Therefore, it is a low-affinity, high-

capacity plasma membrane transporter for catecholamines and MPP+.  

2.3.5 Vesicular Monoamine Transporter (VMAT) 

Vesicular monoamine transporter (VMAT) is an integral membrane protein with an 

apparent molecular weight of 65-85 kDa and it is composed of 12 transmembrane segments with 
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both N- and C- terminus facing the cytosolic side of the membrane (102,103). VMAT is also 

proposed to have a large hydrophilic loop containing multiple putative N-glycosylation sites 

facing the vesicular side of the membrane (104). It is a non-specific antiporter that mediates an 

exchange of DA or other monoamines from the cytosol into the granule for H+ ion. There are two 

isoforms of VMAT; VMAT-1 and VMAT-2. VMAT-1 is expressed in neuroendocrine cells 

(105) whereas VMAT-2 is expressed in the CNS and within the chromaffin granules of the 

adrenal medulla (102,106). VMAT utilizes the electrochemical and protein gradient to transport 

catecholamine into vesicles against a concentration gradient.  

VMAT requires less structural specificity for transport than DAT and studies have shown 

that MPP+ is a good substrate for VMAT (71,103). Accumulation of MPP+ into the acidic 

granule causes rapid efflux of H+ resulting in loss of the electrochemical gradient. This progress 

prevents an influx of DA and shuttles DA into the cytosol leading to the production of oxidative 

stress.  

2.4 Regulation and Perturbation of Ca2+ Homeostasis 

Neurons are excitable cells that transmit information through electrical and chemical 

signals (107). Ca2+, one of the most widely used intracellular messengers, is responsible for 

many physiological functions in neurons. A large Ca2+ gradient exists across the plasma 

membrane. These gradients are actively maintained by various plasma membrane transporters 

and specific endoplasmic reticulum (ER) and mitochondria Ca2+ store pumps (108). Under 

resting conditions, free cytosolic Ca2+ levels are maintained in the range of  200-500 nM (109). 

Increasing Ca2+ influx, decreasing Ca2+ efflux, and release of Ca2+ from intracellular stores can 

elevate the cytosolic Ca2+ level to low micromolar level. This occurs transiently under normal 
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physiological activity and is usually harmless to the neurons. However, perturbation of Ca2+ 

homeostasis for an extended period of time may disrupt cellular functions and induce apoptosis 

in neurons (52,110). Although the exact mechanism of cell death under these conditions is not 

clearly understood, the increasing evidence suggests that there is strong correlation between 

perturbation of Ca2+ homeostasis and apoptotic cell death. Interestingly, Chen, et al. (111), have 

demonstrated an elevation of intracellular Ca2+ in response to 24 h MPP+ treatment in 

mesencephalic neurons in the absence and presence of extracellular Ca2+ suggesting that MPP+ 

perturbs Ca2+ homeostasis in these neurons. There are several other mechanisms that are 

implicated in the perturbation of Ca2+ homeostasis including alteration of cellular Ca2+ buffering 

capacity, deregulation of Ca2+ regulating proteins, and perturbation of energy metabolism (110).  

2.4.1 Ca2+ buffering proteins 

 To date, more than 200 cellular proteins that bind and buffer Ca2+ have been identified 

(112-117). Although the function of some of these proteins such as calbindin-D28k and 

parvalbumin have not been fully understood, many studies have reported the alterations in the 

expression of these proteins perturb Ca2+ homeostasis and may have serious implication in 

neurodegenerative diseases (118). Nevertheless, decrease in Ca2+ binding protein expression, 

reduces neuron’s ability to buffer cytosolic free Ca2+, resulting in an initiation of irreversible 

apoptosis (119). Thus, the Ca2+ buffer proteins may have a neuroprotective role.  

2.4.2 Ca2+ Influx and Efflux 

 There are several pathways that may allow Ca2+ entry into cytoplasm including the 

activation of the voltage-gated Ca2+channels and ligand-gated receptors. These will cause the 
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increase of cytosolic Ca2+ by opening the plasma membrane Ca2+ channels or the release of 

stored Ca2+ from ER and mitochondria. 

2.4.2.1 Voltage-gated Ca2+channels (VGCC) 

 Voltage-gated Ca2+channels (VGCC) are expressed on the membrane of excitable cell 

and regulate cellular processes, such as cell contraction, gene transcription, synaptic plasticity, 

and also modulate neuronal firing, memory, vision, and hormone secretion (120). Under resting 

conditions, membrane potential is in the range of -50 mV to -70 mV (121). This potential is 

maintained by electrogenic Na+/K+ ATPase in which 3 Na+ ions are being pumped out for every 

two ions of K+ pumped in, resulting in a negatively charge inside relative to the outside. Under 

these conditions, the membrane is said to be polarized. The opening of VGCC occurs by the 

influx of positively charged ions such as Na+ or efflux of negatively charged ions such as Cl-

which increases the membrane potentials and depolarizes the cell membrane.  While the Ca2+ ion 

concentration in the extracellular space is ~1.5 mM, the cytosolic Ca2+ion concentration inside, is 

very low (~100 nM) (122). Thus, the opening of VGCC will allow spontaneous Ca2+ion influx 

(123). The sudden and sharp increases in the intracellular Ca2+ concentration lead to the initiation 

of a number of Ca2+ sensitive pathways including exocytotic release of neurotransmitters.  

 VGCC are broadly classified as high voltage-active (HVA) and low voltage-active 

(LVA) and further sub-grouped into L, P/Q, N, R and T-types based on their pharmacological 

properties and AA sequences. High voltage-active are long-lasting when the membrane potential 

rises to -30 mV; low voltage-active are short-lasting and activate when the membrane potential 

rises to -70 mV (120,124,125). L-type Ca2+ channels are expressed in heart, smooth muscles, 



66 
 

retina, and neurons. P, Q, and N-type Ca2+ channels are expressed in neurons. T-type Ca2+ 

channels are exclusively found in cardiac tissues and neurons. 

2.4.2.2 Na+/Ca2+ Exchanger Channels (NCX) 

 In addition to VGCC, there are other channels and transporters that are associated with 

the regulation of Ca2+ levels. Na+/Ca2+ Exchangers (NCX) use Na+ concentration gradients to 

mainly extrude excess Ca2+ from the cytosol (forward mode) (126). There are main 3 isoforms of 

NCX transporters (NCX1, NCX2, and NCX3) that have been detected in most brain areas (127). 

These transporters may operate in the forward and reverse direction depending on the 

physiological conditions of the cell. It transports three Na+ ions out against the electrochemical 

gradient across the membrane in exchange for the counter-transport of one Ca2+ ion into the 

cytosol (reverse mode). It also transports three Na+ ions into the cell along the concentration 

gradient in exchange for one Ca2+ ion out of the cells (forward mode).  

2.4.2.3 Transient Receptor Potential Channels (TRP) 

 Transient Receptor Potential (TRP) Channels are non-selective cation channels that are 

permeable to monovalent and divalent cations and expressed widely in neuronal tissues 

(128,129). Several studies have confirmed that several TRP channels are tetrameric. The 

transmembrane domain of each TRP channel subunit contains 6 putative transmembrane 

segments (129,130) with both N- and C- termini on the cytoplasmic face of the protein. Between 

the 5th and 6th transmembrane segment, there is a pore-forming loop. There are 28 TRP channels 

which have been identified in mammalian cells and they can be classified into 6 broad 

subfamilies based on their amino acid sequence locations and functions. They are TRPC 

(canonical; 1-7), TRPV (vanilloid; 1-6), TRPM (melastatin; 1-8), TRPP (polycystin; 1-3), 
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TRPML (mucolipin; 1-3), and TRPA (ankyrin; 1). All TRP channels except TRPM4 and 

TRPM5 have been found to mediate the transmembrane transport of Ca2+ ions. However, many 

of these TRP channels have low affinity for Ca2+ in comparison to Na+. TRPV5 and TRPV6 

channels have about 100 times more affinity for Ca2+ than Na+. The mechanisms of the activation 

of TRP channels widely differ from each other with respect to the stimuli and their specific 

function. For example, TRPC channels can be activated by the activation of phospholipase C 

causing the increase of the level of diacylglycerols or decreasing the level of 

phosphatidylinositol 4, 5-bisphosphate through the depletion of intracellular Ca2+ stores. On the 

other hand, TRPM channels are activated by temperature. TPRC1 and TRPC6 channels have 

been implicated in neurodegenerative diseases; for example reduced expression of TRPC1 is 

observed in brain lysate of patients with PD (131) and down-regulation of TRPC6 is shown to 

lead to neuronal cell death (132).  

2.4.2.4 Intracellular Ca2+ Stores  

 There are several intracellular organelles that store and release Ca2+. As mentioned 

above, Ca2+ release from the endoplasmic reticulum (ER) and the mitochondria may elevate the 

cytosolic Ca2+ levels. Therefore, intracellular and extracellular Ca2+ transport is strictly regulated 

by specific receptors and transporters present on both intracellular organelles (121,122) and the 

plasma membrane. ER, one of the largest intracellular organelles, mainly store and release Ca2+ 

upon the activation of the receptors. There are two main pathways that are associated with the 

Ca2+ released from the ER into the cytoplasm, namely “storage-operated Ca2+entry” (SOCE) 

(133) and “Ca2+-induced Ca2+release” (CICR) (134).  First, Ca2+ and inositol 1, 4, 5-triphosphate 

(IP3) together activate the IP3-receptor on the ER causing the release of Ca2+ from ER to the 

cytoplasm (SOCE). Secondly, Ca2+ binds to the ryanodine receptor on the membrane of the ER, 
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resulting in release of Ca2+ from the ER to the cytoplasm (Ca2+-induced Ca2+). The concentration 

of Ca2+ in the ER is in the millimolar range. Mitochondria is the powerhouse of the cell and takes 

up excess Ca2+ through the uniporter or mitochondrial NCX and reduces the cytosolic 

Ca2+concentration. The main mitochondrial Ca2+transporter is the uniporter which is an ATP-

dependent transporter (135). 

2.4.2.5 Store Operated Ca2+ Entry (SOCE) 

Store Operated Ca2+ Entry (SOCE) is the plasma membrane Ca2+-influx channel that is widely 

expressed in almost every tissue (136). There are two families of proteins that regulate SOCE; 

STIM and Orai molecules. STIM acts as a Ca2+sensor on the ER while Orai acts as the pore-

forming subunits of SOCE channels (137). When Ca2+ions are depleted in ER, STIM molecules 

from ER relocate themselves near the plasma membrane leading to the activation of ORA1 Ca2+-

influx channels. 

2.4.2.6 Plasma Membrane Ca2+ ATPase (PMCA) 

 Plasma membrane Ca2+ ATPase is responsible in maintaining a very large concentration 

of gradient about 10,000 between the cytoplasm and the extracellular matrix (138). When 

cytosolic Ca2+ levels are elevated due to the release of Ca2+ from intracellular stores or influx of 

Ca2+ from extracellular matrix, it is necessary to remove the excess cytosolic Ca2+ to low 

cytosolic Ca2+ levels. Under these conditions, Ca2+-ATPase pump excess Ca2+ from the cell 

against a concentration gradient at the expense of ATP hydrolysis. Ca2+ ATPase consists of 10 

transmembrane segments with N- and C- termini on the cytoplasmic face (139) and expresses on 

the plasma membrane (140) and ER (139) of all these cells. In the case of ER or mitochondria, 
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Ca2+-ATPase transfers Ca2+ from the cytosol of the cell to the lumen of the ER or to the 

mitochondria matrix against the gradient concentration at the expensive of ATP hydrolysis. 

2.5. Inhibitors 

The underlying mechanisms of MPP+-induced neurotoxicity remain elusive and many 

studies suggest that multiple pathways including perturbation of Ca2+ metabolism may be 

involved. In order to test some of these possibilities, we have used a number of well 

characterized pharmacological agents that are known to interfere with the Ca2+ metabolism in the 

cells. The known pharmacological properties of these agents are listed in Table 2.  

Table 2: Pharmacological agents known to perturb the Ca2+ metabolism in the cell 

Inhibitor Function Reference 
2-Aminoethoxydiphenylborane 
(2-APB) 

IP3 antagonist 
At low concentration: stimulate SOCE 
At high concentration: inhibits SOCE, 
TRPC1, TRPC3, TRPC5, TRPC6, TRPV6, 
TRPVM3, TRPM7, TRPM8, and TRPP2 
inhibitor 
At high concentration: stimulate TRPV1, 
TRPV2, and TRPV3 

Maruyama (1997)(141) 
 
Xu (2005)(142) 
 
Bai (2006)(143) 
 
Togashi (2008)(144) 
 
Varnai  (2009)(145) 

BAPTA-AM Membrane permeable Ca2+chelator Tang (2007)(146) 
Benzamil T-type VGCC inhibitor 

NCX inhibitor  
TRPP3 inhibitor 

Fischer (2002)(147) 
 
Dai (2007)(148) 
 
Page (2007)(149) 

CGP 37157 Mitochondrial NCX inhibitor Cox (1993)(150) 
Desipramine NET Inhibitor Torres (2003)(151) 
EGTA Ca2+ Chelator Boullerne (2001)(152) 
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Table 2 (continued) 

Flufenamic Acid Activate TRPC6 
TRPC3 and TRPC7 inhibitor 

White and Aylwin 
(1990)(153) 
 
Foster (2009)(154) 
 
Tu (2009)(155) 
 
Chi (2011)(156) 

Gadolinium T-type VGCC inhibitor Mlinar (1993)(157) 
GBR 12909 DAT Inhibitor Rothman (2008)(158) 
Mefenamic Acid Derivative of Flufenamic Acid Keinanen (1978)(159) 
Mibefradil T-type VGCC inhibitor 

L-type VGCC inhibitor 
 

Mehrke (1994)(160) 

Nickel T-type VGCC inhibitor Mlinar (1993)(157) 
Nitrendipine L-type VGCC inhibitor Watanabe (1995)(161) 
SKF 96365 TRPC Channels inhibitor 

SOCE (STIMI) inhibitor 
Varnai (2009)(145) 

Tetradotoxin Voltage-gated Na+ channel Inhibitor Lee (2008)(162) 
Thapsigargin Inhibits Ca2+ ATPase of ER Yu (1998)(163) 
Tolfenamic Acid Derivative of Flufenamic Acid Keinanen (1978)(159) 
Verapamil PMAT inhibitor 

L-type VGCC inhibitor 
Engel and Wang 
(2005)(95) 
 
David and Bauer 
(2012)(164) 

 

2.6 Catecholaminergic Neuronal as Cell Models 

2.6.1 Cell Culture 

 The cell Culture model serves numerous purposes such as studying passive and active 

transport of drugs, cell physiology, protein expression, and in vitro toxicity tests (165). Cell 

culture refers to one derived from dispersed cells derived from an original tissue, from a primary 

tissue, from a cell line, or from a cell strain by enzymatic, mechanical, or chemical 

disaggregation (166). Primary culture refers to cells that are obtained from a tissue or tumor. 
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Unlike tumor cells, most of the primary cell cultures have limited life. When a primary culture is 

sub-cultured or passaged, it becomes a cell line.  

 Mammalian cells are grown in suspensions or adherent cultures and maintained typically 

at 37˚C and 5% CO2. Culture conditions vary widely for each cell type. Growth media, one of 

the culture conditions, can vary in pH, glucose concentration, growth factors, and other nutrients. 

Once cells are grown to their confluence layer, that is when all the available growth area is 

utilized and cells make close contact with one another, they need to be sub-cultured. The cell 

culture growth media is changed every 2-3 days until the cells grown confluently.  

2.6.2 PC12 Cells 

 PC12 cells are derived from pheochromocytoma of the rat adrenal medulla (167) which 

was established by Green and Tischler in 1976. PC12 cells express DAT (168,169); therefore 

this cell is widely used to investigate MPP+ toxicity mechanisms. K. Chiasson, et al. (168), 

demonstrated that GBR12909, an inhibitor of DAT, was not able to completely reverse PC12 cell 

death induced by MPP+. Bromocriptine, a DA agonist, significantly raised DAT protein 

expression in PC12 when treated for 24 h and intensified MPP+-induced cell death. GBR12909 

completely abolished the enhanced cell death induced by bromocriptine on MPP+ toxicity. These 

findings may suggest that MPP+ toxicity may be both dependent and independent of DAT.  

 PQ and rotenone are potent inhibitors of mitochondrial complex I of the electron 

transport chain and PQ is structurally similar to MPP+. Under similar conditions, Klintworth, et 

al. (170), show that PC12 is more sensitive to PQ than to rotenone; although there are reports 

that rotenone causes cell death in PC12 (171,172). The reason for cell death caused by rotenone 

from other studies may be due to higher concentrations or longer periods of incubation time of 
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rotenone. Richardson, et al. (83), demonstrate that unlike MPP+, toxicity of PQ is DAT-

dependent. However, Rappoid, et al. (173), demonstrate toxicity of PQ is DAT-independent. 

Therefore, the role of DAT in PQ toxicity remains inconclusive. 

2.6.3 SH-SY5Y Cells 

 The human neuroblastoma cell line, SH-SY5Y, is the thrice cloned subline of SK-N-SK 

cells. SK-N-SK cells are the parent cell line that was first subcloned as SH-SY, which was 

subcloned again as SH-SY5, then subcloned a third time to produce the SH-SY5Y cell line 

(174).  

 When SH-SY5Y cells are treated with a high concentration of MPP+ for 72 h, they 

undergo cell death with clear morphological evidence of apoptosis. However, neurotoxicity of 

SH-SY5Y cells requires higher concentrations of MPP+ than those needed for mesencephalic 

cultures; e.g. 5 mM MPP+ for 12 h (175) or prolonged treatment of low concentration of MPP+ (5 

μM for 4 days) (176) or 1 mM for 3 days (177). Perhaps the requirement of cell death is due to 

the low expression of DAT in SH-SY5Y cells rather than the speculation of MPP+ toxicity being 

independent of DAT.  

 Sorensen, et al. (178), demonstrated an elevation of intracellular Ca2+ caused by MPP+ at 

concentrations lower than the lethal concentration in SH-SY5Y cells and the elevation of 

intracellular Ca2+ is effectively blocked by Nifedipine, a L-type Ca2+ channel blocker. This 

finding may suggest that intracelluar Ca2+ may play an important role in MPP+ neurotoxicity of 

Ca2+ and the prevention of perturbating the concentration of intracellular Ca2+ may be critical in 

cellular protection.  
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2.6.4 MN9D Cells 

 MN9D cell is an immortalized cell-line that is derived from the fusion of mouse 

embryonic ventral mesencephalic cells (rostral mesencephalictegmentum –RMT) and 

neuroblastoma cell line (N18TG2) (179). This cell line is widely used as a cell model to 

investigate the toxicity mechanism of MPP+ because it expresses monoamine transporters; e.g. 

DAT, NET, and VMAT-2 (180)  that are known to be a better substrate for MPP+.  

2.7 HepG2 Cells as Non-neuronal Cells 

 HepG2 cell is a human liver carcinoma cell line derived from the liver tissue of a fifteen 

year old Caucasian American male with a well differentiated hepatocellular carcinoma. Since 

this cell line does not synthesize catecholamines, it can generally be used as a non-neuronal 

model. Qi, et al. (181), demonstrated the cytotoxicity of DA in PC12, SH-SY5Y, and HepG2 and 

found that treatment of 500 μM DA for 24 h is toxic to both PC12 and SH-SY5Y cells while the 

toxicity of DA is not observed in HepG2 cells. HepG2 cells predominately express OCT1 that is 

known to be a better substrate for MPP+ (182).  
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CHAPTER III 

EXPERIMENTAL METHODS 

3.1 Materials 

 All reagents and supplies were purchased from Fisher Scientific (Pittsburg, PA, USA), 

Sigma-Aldrich (Milwaukee, WI, USA), or Torcis (Bristol, United Kingdom) unless otherwise 

noted. Fetal bovine serum (FBS) was purchased from Valley biomedical (Winchester, VA, 

USA). F-12K medium and horse serum (HS) were purchased from American Type Culture 

Collection, ATCC (Manassas, VA, USA). All the solutions were prepared in Milli Q-deionized 

water (Millipore, Billerica, MA, USA). When DMSO was used as co-solvent, final DMSO 

concentration was kept to a minimum usually < 0.5% volume. KRB-HEPES contained 109.5 

mM NaCl, 5.34 mM KCl, 0.77 mM NaH2PO4, 1.3 mM CaCl2, 0.81 mM MgSO4, 5.55 mM 

Dextrose, 25 mM HEPES, pH 7.4. KRB-HCO3
- contained 109.5 mM NaCl, 5.34 mM KCl, 0.77 

mM NaH2PO4, 1.3 mM CaCl2, 0.81 mM MgSO4, 5.5 mM Dextrose, 44 mM NaHCO3. In 

experiments where Na+ free incubations were necessary, Na+ salt in the incubation media was 

replaced with equimolar concentrations of Lithium, N-methyl-D-glucamine, or Choline. Ca2+ in 

the incubation media was replaced with equimolar concentrations of EGTA (for further details 

see individual Figure legends).  

3.2 Instrumentation 

 UV-visible spectra were recorded on a Cary Bio 300 UV-visible spectrophotometer 

(Varian, Inc). Fluorescence emission spectra were recorded on a JobinYvon-Spex Tau-3 

spectrophotometer (ISA Instruments, Inc). Analysis of catecholamines was analyzed using 

reversed-phase HPLC with electrochemical detection (HPLC-EC) on a C18 reversed-phase 
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column. HPLC-EC analyses were performed using ESA Model 582 solvent delivery module and 

Coulochem-II electrochemical detector with ESA 501 chromatographic software (ESA, 

Chelmsford, MA, USA). Reversed-phase HPLC with ultraviolet detection (HPLC-UV) analyses 

were performed on a Spectra System P4000 gradient pump equipped with a SCM 1000 vacuum 

degasser coupled to an LDC Analytical SM 4000 UV detector using a C18 reversed-phase 

column (Supelco). Elution buffer consisted of a 48:52 ratio of 20mM CH3COOH, 20mM H3PO4, 

30mM TEA, pH 7.0: CH3CN. Flow rate was 0.8 mL/min. Intracellular Ca2+levels are measured 

using a Nikon ECLIPS-Ti microscope equipped with a Nikon S FLURO 40X lens. 

3.3 Methods 

3.3.1 Cell Culture 

 Rat pheochromocytoma PC12 and human neuroblastoma SH-SY5Y cell lines were 

purchased from ATCC (Manassas, VA). The mouse hybridoma MN9D cell line was a generous 

gift from Dr. Alfred Heller’s Lab at University of Chicago. Human hepatocellular liver 

carcinoma HepG2 cells were obtained from Dr. Tom Wiese (Fort Hays University, Hays KS). 

All cell lines except PC12 were grown in high-glucose Dulbecco’s Modified Eagle’s Medium 

(DMEM) and 50 μg/mL streptomycin and 50 (4500 mg/L) supplemented with 10% FBS at 37˚C 

and 5% CO2 in humidified air. PC12 cells were grown in F-12K medium supplemented with 

2.5% FBS and 15% HS at 37˚C and 5% CO2 in humidified air. All cell lines except PC12 were 

cultured in 100 mm2 Falcon tissue culture plates until they reach to approximately 80% 

confluence. PC12 were cultured in 100 mm2 Biocoat tissue culture plates coated with rat tail 

collagen type I until they reach to approximately 80% confluence. Cells were fed three times 
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weekly, passaged by incubation in Trypsin-versene, and then seeded into approximately-sized 

multi-well plates. 

3.3.2 Differentiation of MN9D cells 

 Differentiation of MN9D cells were carried out using n-butyrate according to the 

published procedure of Choi et al. (179). Briefly, MN9D cells were seeded at a density of 0.1 x 

106 cells/well in 6-well culture plates and were treated with 1 mM n-butyrate for 3 days in 

DMEM media, at which time the media was replaced with fresh 1 mM n-butyrate containing 

media and incubated for an additional 3 days. All differentiated cells were used in appropriate 

experiments after the 6th day of differentiation. All experiments with differentiated MN9D cells 

were carried out using the same protocol outlined above for undifferentiated cells.  

3.3.3 Measurement of Cellular Uptake of MPP+, 3'OH-MPP+, and 4'I-MPP+ 

 Cells were seeded into 12 well plates and grown to 70-80% confluence. The media was 

removed, cells were washed with KRB, and a solution containing the desired concentration of 

MPP+ (or 4'I-MPP+ or  3'OH-MPP+) in warm KRB-HEPES (or KRB-H2CO3
- depending on the 

experiment) was added and incubated for the desired period of time at 37°C. After the 

incubation, the media was removed and cells were washed three times with ice-cold KRB-

HEPES, gently scraped, and collected in 1.0 mL of ice-cold KRB-HEPES.  Aliquots were 

removed for protein assay and the remainder was centrifuged for 3 min at 6,000 rpm at 4 °C. The 

cell pellet was suspended in 75 µL of 0.1 M HClO4 and centrifuged at 13,200 g for 8 min at 4 

°C. The MPP+ (or 3'OH-MPP+) in acidic extracts were separated by reversed-phase HPLC-UV 

with UV detection at 295 nm ( 288 nm for 3'OH-MPP+ and 310 nm for 4'I-MPP+) using a solvent 

system containing 46 % buffer [20 mM Na3PO4, 20 mM CH3CO2Na, 30 mM triethylamine, pH 
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7.0 (adjusted with NaOH)] and 54% CH3CN at a flow rate of 0.8 mL/min and quantified using a 

standard curve constructed based on the peak areas of MPP+ (or 4'I-MPP+ or 3'OH-MPP+) under 

identical separation conditions. All MPP+ (or 4'I-MPP+ or 3'OH-MPP+) levels were normalized to 

the respective protein concentrations and all the readings were corrected for non-specific 

membrane binding by subtracting the corresponding zero time point readings for each MPP+ (or 

4'I-MPP+ or 3'OH-MPP+) concentration (normally < 1-2% of the intra-cellular concentration). 

Protein contents of the samples were determined by the Bradford method (183). MPP+ uptake 

experiments with differentiated MN9D cells were carried out using the same protocol. 

3.3.4 Quantification of the inhibition of MPP+ Uptake by various inhibitors 

Cells were grown in 12-well plates as described above and were incubated with the 

desired concentration of the inhibitor in KRB-HEPES or KRB-H2CO3
-, pH 7.4 (depending on the 

experiment) for 10 min. Then, the desired concentration of MPP+ or derivatives of MPP+ was 

added, incubated for the desired period of time, and the intracellular MPP+ content was 

determined by the HPLC-UV as described above. All MPP+ levels were normalized to the 

respective protein concentration of each sample. 

3.3.5 Quantification of the reverse transport of MPP+ from MPP+ loaded cells 

Cells grown in 12-well plates were treated with 100 µM MPP+ in Ca2+-free KRB-HCO3
- 

at pH 7.4 for 1 h. Then the incubation media was remove and cells were washed with KRB-

HCO3
-, incubated under the desired conditions for 1.5 h at 37 °C (see figure legends for further 

details), and the remaining intracellular MPP+ content was quantified by the HPLC-UV as 

described above. All MPP+ levels were normalized to the respective protein concentrations. 
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3.3.6 Measurement of the inhibition of reverse transport of MPP+ by uptake inhibitors 

All cells were grown in 12-well plates as describe above and were incubated with 100M 

MPP+ in Ca2+ free KRB-HCO3
-, pH 7.5 for 1 h. Then the incubation media was removed and cells 

were washed with MPP+-free media and incubated for 90 min under the desired conditions in the 

presence of the inhibitor and the content of intracellular MPP+ was quantified by HPLC-UV as 

described above (see the corresponding figure legends for further details). All MPP+ levels were 

normalized to the respective protein concentrations. 

3.3.7 Measurements of Intracellular [Ca2+]i 

Cells were grown in 35 mm glass bottomed culture plates, washed with Ca2+ free KRB-

HEPES, pH 7.4, and incubated with 15 µM Fura-2AM and 0.3% v/v pluronic acid for 20 min at 

37°C in the same buffer, in the dark. Cells were washed and incubated in 1.0 mL of Ca2+-free 

KRB-HEPES for an additional 20 min at room temperature in the dark and were placed on the 

stage of a Nikon ECLIPS-Ti microscope equipped with a Nikon S FLURO 40X lens. The 

regions of interests (ROI) were selected (20-30) based on the uniformity of fluorescence 

emission at 540 nm for 340 and 380 nm excitations and the baseline 540 nm emission intensity 

ratio at 340 and 380 nm excitations (F340/F380) were recorded for 3 min. Then the [Ca2+] of the 

incubation media was rapidly changed to the desired concentration by carefully and quickly 

adding a 2.0 mL of Ca2+containing buffer and continued to record the F340/F380ratio for a desired 

period of time. Raw intensity data were corrected for background and the corrected F340/F380 

ratios were used to estimate [Ca2+]i. 
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3.3.8 Protein Determination 

Protein contents of various cell preparations were determined by the method of Bradford 

(183) using bovine serum albumin as the standard. Samples of cell suspensions (50 μL) in KRB-

HEPES were incubated with 950 μL of Bradford protein reagents for 10 min and absorbance a 

595 nm was measured. The protein concentrations were determined using a standard curve 

constructed using bovine serum albumin. 

3.3.9 Data Analysis 

 All quantitative uptakes were normalized to protein content of individual incubations to 

correct the results for the variations of cell densities between individual experiments. All the 

experiments were carried out in triplicates for 3-5 times and average of all the data or a set of 

representative data are shown. The error bars represent the standard derivations of the data.In the 

experiments where uptake or inhibition kinetic parameters were determined, the means of the 

experimental data were directly fitted to the hyperbolic form of Michaels-Menten equation. 

3.3.10 Cell Viability Measurements 

Cellular toxicity of MPP+ was determined by using the MTT [(3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl tetrazolium bromide)] cell viability assay. Cells were seeded into 96-well plate 

and grown 2-3 days to achieve about 70-80% confluence. Cells were treated with the desired 

concentration of MPP+ in a total volume of 50 L in KRB-HCO3
- buffer and incubated for 

desired timeat 37˚C. After the incubation period, 10 μL of 5 mg/mL MTT solution was added to 

each well and plates were incubated for 2 h at 37˚C. The resulting intracellular formazan was 

solublized by incubating overnight at 37˚C with 210 μL of detergent solution containing 50% 

DMF and 20% SDS. Cell viabilities were measured by quantifying reduced MTT by measuring 
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the difference in the absorbance at 570 nm and 650 nm. Results are expressed as % viability of 

untreated controls. 

3.3.11 Toxicity Studies of MPP+ by various inhibitors 

Cells were grown in 96-well plates as describe above and were incubated with the desired 

concentration of the inhibitor in KRB-HEPES or KRB-H2CO3
-, pH 7.4 (depending on the 

experiment) for desired time. Then, the desired concentration of MPP+ or derivatives of MPP+ 

was added, incubated for the desired period of time, and cell viability was determined by the 

MTT assay as described above. Results are expressed as percentage of MPP+-untreated control 

subjects.  

3.3.12 Toxicity Studies of Reverse-Transport of MPP+ from MPP+-loaded cells 

Cells were grown in 48-well plates as described above and were incubated with 0-500 

µM MPP+ in the absence of both [Ca2+]o and [EGTA]o KRB-HCO3
-, pH 7.4 for 1 h. Then, the 

incubation media was removed and cells were washed with MPP+ free media and incubated for 

15 h under the desired conditions. Cell viability was determined by the MTT assay as described 

above. Results are expressed as percentage of MPP+- untreated control subjects.  

3.3.13 Toxicity Studies of Reverse-Transport of MPP+ from MPP+-loaded cells with various 
inhibitors 

Cells were grown in 48-well plates as described above and were incubated with 0-500 

µM MPP+ in the absence of both [Ca2+]o and [EGTA]o KRB-HCO3
-, pH 7.4 for 1 h. Then the 

incubation media was removed and cells were washed with MPP+ free media and incubated for 

15 h under the desired conditions in the presence of the inhibitor. Cell viability was determined 

by the MTT assay as described above. Results are expressed as percentage of MPP+-untreated 

and control subjects. 
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3.4 Western Blot 

Cells were grown in 100 mm2 plate to 70-80% confluence. Cells were washed with PBS, 

harvested and centrifuged at low speed. The pellets containing OCT, NCX, or PMAT were 

solubilized with 50 mM Tris, 150 mM NaCl, 1% Triton X-100, and 2.5% protein inhibitor 

cocktail (Sigma), pH 7.5,  for 1 h at 4 oC. After the incubation, the samples were centrifuged for 

10 min at 1200 g and the supernatants were used for the Western blotting experiments.  

Samples of solubilized proteins (100 μg) were boiled in Laemmli buffer for 5 min and 

subjected to 8.5% SDS gel electrophoresis under standard conditions. Protein bands were 

transferred onto 0.2 μm PVDF membranes (Bio-Rad, Hercules, CA) using standard protocols. 

After blocking the protein binding sites of PVDF membranes with 5% nonfat dried milk in TBS 

(Invitrogen, CA) containing 1% Tween 20, they were incubated with rabbit polyclonal anti-rat 

OCT3 (Alpha Diagnostic International), rabbit polyclonal anti-rat NCX1 (Alpha Diagnostic 

International), or goat polyclonal anti-PMAT (Santa Cruz, TX) in an antibody buffer (TTBS, 

0.05% Tween-20, 10% nonfat dried milk). Hybridized membranes were washed with TBS, 

0.05% Tween 20 (TTBS; Invitrogen, CA), and incubated with the appropriate HRP-conjugated 

secondary antibodies (Bio-Rad, Hercules, CA, USA and Santa Cruz, TX, USA) hybridizing 

buffer (TBS, 1% Tween-20, 1% nonfat dried milk). After washing the membranes, the protein 

bands were visualized using the HRP color development reagent kit (Bio-Rad, Hercules, CA, 

USA). The intensities of bands were quantified by using a Gel Logic 100 imaging system. 

Protein contents of the cell preparations were determined by the method of Bradford using the 

Bio-Rad protein assay with bovine serum albumin as the standard. 
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3.5 Technical Statement 

 Due to high toxicity and obvious health hazard of MPP+, extreme caution was used in its 

handling in accordance with published procedures (184). 
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CHAPTER IV 

RESULTS 

4.1 Characteristics of MPP+ Uptake into Dopaminergic and Non-Dopaminergic Cells 

 MPP+ is taken up into all cell types. Cellular uptake of MPP+ was measured at a 

concentration range of 25-100 µM MPP+ in KRB-HEPES pH 7.4 buffer for a fixed incubation 

time of 45 min and intracellular MPP+ levels were quantified by HPLC-UV as detailed in 

“Experimental Methods”. As shown in Fig. 6, while PC12 take up MPP+ most efficiently, both 

SH-SY5Y and MN9D cells take up MPP+ less efficiently than HepG2 cells under similar 

incubation conditions.  

 

 

Figure 6- MPP+ Uptake into HepG2, PC12, SH-SY5Y, and MN9D Cells. HepG2, SH-SY5Y, 
and MN9D cells were grown in DMEM and PC12 cells in an F-12K medium supplemented with 
2.5% FBS and 15% horse serum to 70-80% confluence in 12 well plates as detailed in 
Experimental Methods. Cells were incubated with 25-100μM MPP+ in KRB-HEPES buffer (1.0 
mL, pH 7.4) for 45 min at 37˚C. Cells were washed, collected, and intracellular MPP+ levels 
were quantified by reversed phase HPLC-UV. All the intracellular MPP+ concentrations were 
normalized to respective protein concentrations as detailed in Experimental Methods. Data are 
represent as mean ± S.D (n = 3). HepG2 (Green), PC12 (Purple), SH-SY5Y (Red), MN9D (Blue) 
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4.2 The Effect of Extracellular Na+ and Ca2+on MPP+ Uptake 

 As mentioned above, DA uptake through DAT is dependent on the extracellular Na+. The 

effect of extracellular Na+ on MPP+ uptake into MN9D cells was investigated. In these 

experiments, Na+ in the incubation buffer was replaced with equimolar concentrations of Li+, N-

methyl-D-glucamine, and choline. During these experiments, it was observed that the 

extracellular Ca2+ also affects the MPP+ uptake into MN9D cells. Therefore, the effect of Ca2+ on 

the uptake of MPP+ into all the cells was also investigated in detail. In these experiments where 

complete removal of Ca2+ from the incubation medium was necessary, Ca2+ was omitted and 1.3 

mM EGTA was included in the incubation medium. In all experiments, cells were incubated with 

a constant 50 µM MPP+ concentration for 45 min and cellular MPP+ concentrations were 

measured by HPLC-UV as detailed in “Experimental Methods”. 

 

Figure 7- MPP+ Uptake in HepG2, PC12, SH-SY5Y, and MN9D Cells with the Effect of 
Extracellular Na+ and Ca2+. HepG2, SH-SY5Y, and MN9D cells were grown in DMEM and 
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PC12 cells in an F-12K medium supplemented with 2.5% FBS and 15% horse serum to 70-80% 
confluence in 12 well plates as detailed in Experimental Methods. In experiments where Na+-free 
conditions were necessary Na+ in the incubation media were replaced with equimolar 
concentrations of Li+ or N-methyl-D-Glucamine. Similarly, when Ca2+-free conditions were 
necessary Ca2+ is omitted from the incubation media and in some cases, 1.3 mM EGTA was 
included. In all experiments cells were incubated with 50 μM MPP+ in KRB-HEPES buffer (1.0 
mL, pH 7.4) for 45 min at 37˚C. Cells were washed, collected, and intracellular MPP+ levels 
were quantified by reversed phase HPLC-UV. All the intracellular MPP+ concentrations were 
normalized to respective protein concentrations as detailed in Experimental Methods. Data are 
represent as mean ± S.D (n = 3). 

As shown from the data in Fig. 7, MPP+ is taken up into all cell types i.e. 

catecholaminergic (MN9D, SH-SY5Y, and PC12) and liver (HepG2) cells with varying 

efficiencies.  For example, while PC12 take up MPP+ most efficiently, both SH-SY5Y and 

MN9D cells take up MPP+ less efficiently than HepG2 cells under similar incubation conditions 

(Fig. 7). More intriguingly, MPP+ uptake into MN9D cells increased by about 3 to 4 fold in the 

absence of Ca2+
o and presence of EGTA in the incubation medium (Fig. 7). The substitution of 

equimolar concentration of Li+ or N-methyl-D-glucamine in place of extracellular Na+ (Na+
o) or 

gluconate in place of Cl- (data not shown) in the incubation medium had no significant effect on 

the MPP+ uptake in the absence of Ca2+
o under similar experimental conditions. The effect of 

Ca2+
o on the MPP+ uptake into SH-SY5Y cells was similar to that of MN9D cells but was less 

pronounced (Fig. 7). On the other hand, Ca2+
o had no measurable effect on the uptake of MPP+ 

into PC12 or HepG2 cells under similar experimental conditions (Fig. 7). In addition, while 

MPP+ uptake into PC12 cells is partially dependent on the Na+
o, uptake into HepG2 cells is 

completely independent of Na+
o. 

Analysis of the uptake data as shown in Table 3 revealed that the MPP+ uptake into 

MN9D cells consists of at least three distinct components and the major component of ~65% is 

Na+
o independent and sensitive to Ca2+

o. The Na+
o dependent component is minor comprising 
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only about 3% of the total uptake and the remaining 32% is Ca2+
o insensitive and also Na+

o 

independent. Parallel to MN9D cells, MPP+ uptake into SH-SY5Y also has three similar 

components consisting 38% Ca2+
o sensitive, 25% Na+ dependent and 37% Na+ independent. In 

contrast, MPP+ uptake into PC12 has only two components both of which are Ca2+
o insensitive 

and ~28% is Na+
o dependent and ~72% is Na+

o independent. On the other hand, MPP+ uptake 

into HepG2 cells occurs primarily through a Ca2+
o and Na+

o independent pathway. 

 

Table 3: Approximation Contributions of Different Pathways to MPP+ uptake into HepG2, PC12, 
SH-SY5Y, and MN9D Cells. 
MPP+ uptake HepG2 PC12 SH-SY5Y MN9D Likely 

Transporter 
Na+-dependent,Ca2+-independent 
irreversible 

0 28% 25% 3% DAT 

Na+ & Ca2+ independent irreversible 0 72% 37% 32% PMAT 
Na+ & Ca2+ independent reversible 100% 0 0 0 PMAT/OCT? 
Na+ independent Ca2+ dependent reversible 0 0 38% 65% Unknown 
 

In addition, the uptake characteristics of 3'OH-MPP+ and 4'I-MPP+into HepG2 (Fig. 8A), 

PC12 (Fig. 8B), SH-SY5Y (Fig. 8C), and MN9D (Fig. 8D)are also similar to MPP+. 

Furthermore, differentiated MN9D cells show similar uptake characteristics as undifferentiated 

MN9D cells (Fig. 8E).   
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Figure 8- MPP+ and its Derivatives Uptake with the Effect of Extracellular Na+ and Ca2+ in 
HEPG2, PC12, SH-SY5Y, and Undifferentiated and Differentiated MN9D Cells. MN9D cells 
were differentiated with 1.0 mM butyrate.  The uptake of MPP+, 3'OH-MPP+, and 4'I-MPP+ were 
measured under similar conditions as detailed above. The data are presented as mean ± S.D. (n = 
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3). MPP+ (Blue), 3'OH-MPP+ (Red), 4'I-MPP+ (Green) . HepG2 (A), PC12 (B), SH-SY5Y (C), 
MN9D (D), Differentiated MN9D (E). 

4.3 The Na+
o independent MPP+ uptake into dopaminergic cells is competitively inhibited 

by Ca2+
o 

 The MPP+ (50 M in KRB-HEPES) uptake time course data presented in Fig. 9A shows 

the MPP+ uptake into MN9D cells in the absence of Ca2+
o is saturable and sigmoidal. A similar 

behavior was also observed with butyric acid differentiated MN9D cells (Fig. 9B). However, 

Ca2+
o has no effect on the MPP+ uptake into PC12 in contrast to MN9D cells (Fig. 9C).The 

uptake kinetic data indicated in Fig. 9A the increase of MPP+ uptake into MN9D cells in the 

absence of Ca2+
o is primarily due to the inhibition of MPP+ uptake by Ca2+

o under the standard 

incubation conditions. Analysis of the kinetic data of the MPP+ uptake inhibition demonstrate 

that Ca2+
o inhibits MPP+ uptake into MN9D in an apparent competitive manner with a Ki of 13.2 

± 1.5 M (Fig. 10B). In addition, in the absence of Ca2+
o, the MPP+ uptake was saturable with 

apparent Vmax and Km parameters of 91.7 ± 4.5 pmoles/mg.min and 39.9 ± 5.4M, respectively in 

the MPP+ concentration range of 0-150 M (Fig. 10B). 
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Figure 9- Time Course of MPP+ Uptake in Undifferentiated and Differentiated MN9D cells and 
PC12 cells: Cells were incubated with 1 mL of 50 µM MPP+ in the presence or absence of Ca2+ 
and in KRB-HEPES, pH 7.4, or HCO3 for 0-90 min. A. Undifferentiated MN9D cells. B. 
Differentiated MN9D cells. C. PC12. 1.3 mM EGTA-HCO3 (Blue), 1.3 mM EGTA HEPES 
(Red), 1.3 mM Ca2+-HEPES (Purple) , 1.3 mM Ca2+-HCO3 (Green).  Intracellular MPP+ levels 
were determined by reversed phase HPLC-UV as detailed in “Experimental Methods”. Data 
represent mean ± S.D. of triplicate samples.  
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Figure 10- Kinetic Uptake of MPP+ in Ca2+-Dependent Course in MN9D Cells. Cells were 
grown in 12-well plates and incubated with 0-250 μM MPP+ in the presence of 0-1.3 mM Ca2+

o 

in 1.0 mL of KRB-HCO3 buffer for 45 min. B. The double reciprocal plots of data in Figure 
15A. In all experiments cells were washed several times after the incubations and intracellular 
MPP+ concentrations were determined by reversed phase HPLC-UV as detailed in Experimental 
methods. All intracellular MPP+ concentrations were normalized to respective cellular protein 
concentrations. Data are presented as mean ± S.D. (n=3). 

4.3.1 The effect of other Ca2+ channel blockers and cation channel inhibitors on the MPP+ 

uptake into MN9D cells. 

 To test whether the Ca2+
o sensitivity of MPP+ uptake into dopaminergic cells was 

associated with voltage gated or other types of calcium and/or cation channels, the effect of 

various Ca2+ channel blockers and cation channel inhibitors on the MPP+ uptake into MN9D 

cells were investigated.  These studies have revealed that verapamil, nitrendipine and irasadipine, 

mibefradil, benzamil, CGP37517, SKF96365, and GBR12909 were strong inhibitors for MPP+ 

uptake into MN9D cells especially in the absence of extracellular Ca2+ (Fig. 11). Under similar 

conditions, nitrendipine has no effect on MPP+ uptake in the presence of but observe a moderate 

inhibition in the absence of extracellular Ca2+ (Fig. 11E). However, flufenamic acid, CGP37157, 

and 2-APB have no significant effect on MPP+ uptake in the presence or absence of extracellular 

Ca2+ and therefore, they are not effective inhibitors of MPP+ uptake into MN9D (Fig 11). 

Similarly, metal ions such as nickel and galladium which are known to inhibit several types of 

A B 
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calcium channels including VGCC and NCX also have no effect on MPP+ uptake in MN9D cells 

in the absence or presence of extracellular Ca2+ (Fig. 12A and 12B). In addition, voltage-gated 

Na+ channel inhibitor tetradotoxin also has no effect on MPP+ uptake in MN9D cells (Fig. 12). 

Thapsigargin is a SERCA pump inhibitor that raises cytosolic Ca2+ concentration by preventing 

the Ca2+ pump into the ER causing this Ca2+ store to become depleted. To investigate whether the 

cytosolic Ca2+ plays a role in MPP+ uptake the effect of 0-25 μM Thapsigargin on the MPP+ (50 

μM ) uptake into MN9D cells was determined. As shown in Fig. 13, Thapsigargin has no effect 

on the uptake of MPP+ into MN9D cells. Similarly, BAPTA-AM is the intracellular Ca2+-

chelator which depletes the cytosolic Ca2+. As shown in Fig. 14, BAPTA did not increase or 

decrease MPP+ uptake significantly in both the presence and absence of extracellular Ca2+.  
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Figure 11- Inhibitory Effect on MPP+ Uptake in MN9D Cells. Cells were grown in 12-well 
plates under standard conditions in as detailed in Experimental Methods. The growth media was 
removed and cells were washed with warm KRB-HEPES, pH 7.4 and incubated in 990 μL of 
KRB-HEPES, pH 7.4 containing a constant concentration of the desired inhibitor in KRB-
HEPES, pH 7.4 for 10 min at 37˚C. Then, 10 μL MPP+ was added and incubated for additional 
45 min at 37˚C. In all experiments the final inhibitor concentrations of the inhibitor and MPP+ 
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were fixed at 25 M and 50 M, respectively. Cells were washed several times, harvested, and 
intracellular MPP+ concentrations were determined by reversed phase HPLC-UV as detailed in 
Experimental Methods and all intracellular MPP+ concentrations were normalized to respective 
cellular protein concentrations. Data are presented as mean ± S.D. (n=3).Strong Inhibitors in 
Ca2+

o medium (A), Moderate Inhibitors in Ca2+
o medium (B), Weak Inhibitors in Ca2+

o medium 
(C), Strong Inhibitors in EGTA medium (D), Moderate Inhibitors in EGTA medium (E), Weak 
Inhibitors in EGTA medium (F). 

 

Figure 12: The Effect of VGCC and VGNC Inhibitor on MPP+ Uptake in MN9D Cells. Cells 
were grown in 12-well plates under standard conditions in as detailed in Experimental Methods. 
The growth media was removed and cells were washed with warm KRB-HEPES, pH 7.4and 
incubated in 990 μL of KRB-HEPES, pH 7.4 containing a constant concentration of the desired 
inhibitor in KRB-HEPES, pH 7.4 for 10 min at 37˚C. Then, 10 μL MPP+ was added and 
incubated for additional 45 min at 37˚C.Nickel (A), Galladium (B), and Tetradotoxin (C). Cells 
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were washed several times, harvested, and intracellular MPP+ concentrations were determined by 
reversed phase HPLC-UV as detailed in Experimental Methods and all intracellular MPP+ 
concentrations were normalized to respective cellular protein concentrations. Data are presented 
as mean ± S.D. (n=3). 

 

Figure 13: The Effect of SERC Pump Inhibitor on MPP+ Uptake in MN9D Cells. Cells were 
treated initially with 990 µL of various concentrations of Thapsigargin for 10 min followed by 
10 µL of MPP+ in KRB-HEPES pH 7.4 for 45 min. Cells were washed several times, harvested, 
and intracellular MPP+ concentrations were determined by reversed phase HPLC-UV as detailed 
in Experimental Methods and all intracellular MPP+ concentrations were normalized to 
respective cellular protein concentrations. Data are presented as mean ± S.D. (n=3)       
Ca2+ (Blue), EGTA (Red). 

 

Figure 14: The Effect of BAPTA on MPP+ Uptake in MN9D Cells. Cells were incubated with 
990 μL of 50 μL BAPTA-AM in KRB-HEPES (pH 7.5) for 30 minutes followed by 10 μL of 
MPP+ for 45 additional min at 37˚C. Cells were washed several times, harvested, and 
intracellular MPP+ concentrations were determined by reversed phase HPLC-UV as detailed in 
Experimental Methods and all intracellular MPP+ concentrations were normalized to respective 
cellular protein concentrations. Data are presented as mean ± S.D. (n=3). 500 µM Ca2+ and 0 µM 
BAPTA  (Blue), 500 µM Ca2+ and 50 µM BAPTA (Red), 0 µM Ca2+ and 0 µM BAPTA (Green) 
, 0 µM Ca2+ and 50 µM BAPTA (Purple). 
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4.3.2 Characteristics of the inhibition of MPP+ uptake into dopaminergic cells by benzamil, 

SKF96365, verapamil, mibefradil, and GBR12909 

The above results show that mibefradil, verapamil, benzamil, SKF96365, and GBR12909 

are strong MPP+ uptake inhibitors and thus, they were characterized in detail. These studies show 

that these were relatively moderate inhibitors at 25 M inhibitor and 50 M MPP+ concentrations 

in the presence of 1.3 mM Ca2+
o in the incubation medium (Fig. 15). However, in the absence of 

Ca2+
o more pronounced inhibitions were observed with these inhibitors in the order benzamil 

~GBR12909> verapamil ~SKF96365 ~mibefradil (Fig. 15). As expected, benzamil, GBR12909, 

verapamil, are also modest inhibitors for the MPP+ uptake into SH-SY5Y in the presence, and 

better inhibitors in the absence of Ca2+
o (Fig. 15). Unexpectedly, the same inhibitors inhibit the 

MPP+ uptake into PC12 as well (Fig. 15). However, in contrast to MN9D and SH-SY5Y cells the 

inhibition of MPP+ uptake into PC12 cells was not significantly affected by Ca2+
o (Fig. 15). On 

the other hand MPP+ uptake into HepG2 cells was somewhat weakly inhibited by SKF96365 and 

benzamil, but not by verapamil or GBR12909 and again the inhibition was not dependent on 

Ca2+
o (Fig. 15).  
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Figure 15- The Inhibition of MPP+ uptake by various pharmacological agentsin the presence and 
absence of Ca2+

o. Cells were grown in 12-well plates under standard conditions in as detailed in 
Experimental Methods. The growth media was removed and cells were washed with warm KRB-
HEPES, pH 7.4 and incubated in 990 μL of KRB-HEPES, pH 7.4 containing a constant 
concentration of the desired inhibitor in KRB-HEPES, pH 7.4 for 10 min at 37˚C. Then, 10 μL 
MPP+ was added and incubated for additional 45 min at 37˚C. In all experiments the final 
inhibitor concentrations of the inhibitor and MPP+ were fixed at 25 M and 50 M, respectively. 
Cells were washed several times, harvested, and intracellular MPP+ concentrations were 
determined by reversed phase HPLC-UV as detailed in Experimental Methods and all 
intracellular MPP+ concentrations were normalized to respective cellular protein concentrations. 
Data are presented as mean ± S.D. (n=3). 
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Table 4: Percentage of MPP+ Uptake in the Presence and Absence of Extracellular Ca2+ in 
HepG2, PC12, SH-SY5Y, and MN9D Cells. 

  HepG2   PC12   SHSY5Y   MN9D   

 
Percent STDEV Percent STDEV Percent STDEV Percent STDEV 

Na+ + Ca2+ 100.00 6.62 100.00 9.42 100.00 3.73 100.00 5.23 
Nitrendipine 107.51 6.66 60.33 6.26 108.52 9.45 59.08 4.13 
GBR12909 74.78 5.00 8.92 1.91 23.66 4.22 22.28 5.22 
Mibefradil 74.95 5.58 43.41 1.88 60.29 4.77 50.84 4.72 
Verapamil 89.38 4.70 28.13 5.79 45.93 8.08 67.35 1.44 
Benzamil 46.76 4.48 8.97 0.13 21.12 3.49 33.41 5.02 

SKF96365 21.87 0.37 40.04 4.18 46.01 5.20 68.47 2.39 
Na+ + EGTA 100.00 8.02 100.00 13.78 100.00 6.10 100.00 6.78 
Nitrendipine 105.10 1.98 45.76 6.41 94.70 4.77 59.64 1.82 
GBR12909 71.29 2.92 6.68 1.76 10.95 0.76 15.56 3.81 
Mibefradil 76.99 7.47 41.13 5.57 36.52 6.14 26.66 1.77 
Verapamil 108.44 4.55 16.25 0.01 21.99 3.49 18.40 5.55 
Benzamil 41.18 3.45 7.06 1.34 7.34 1.43 11.16 3.86 

SKF96365 22.58 2.03 36.59 12.98 30.77 2.49 24.41 7.14 
 

4.3.3 Kinetic Analysis of MPP+ Inhibitors 

 Inhibition kinetic parameters of the above MPP+ uptake inhibitors were determined by 

using HPLC-RP quantification of intracellular MPP+ in the absence of Ca2+
o. The standard 

inhibition kinetic analysis show that benzamil, SKF 96365, GRB12909, verapamil, and 

mibefradil are apparent competitive inhibitors with Ki parameters of 0.64 ± 0.17, 1.5 ± 0.5, 2.2 ± 

0.3, 4.5 ± 0.5, and 9.2 ± 1.0 µM, respectively for MPP+ uptake into MN9D cells in the absence 

of Ca2+
o (Fig. 16; SKF96365 data is not shown). 
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Benzamil (Ki = 0.64±  0.17μM)   GBR12909 (Ki = 2.2 ± 0.5 μM) 

 

 
Verapamil (Ki = 4.5 ± 0.5 μM)                             Mibefradil (Ki = 9.2± 2.07 μM) 

Figure 16: Kinetics of MPP+ uptake inhibition into MN9D cells by benzamil, GBR12909, and 
verapamil. MN9D cells were grown in 12-well plates in DMEM as detailed in Experimental 
Methods. Cells were washed and incubated with 990 µL of KRB-HEPES pH 7.4 containing the 
desired concentrations of (A), benzamil, (B), GBR1209, (C), verapamil, or (D) mibefradil for 10 
min. Then, 10 µL of MPP+ containing the desired concentrations of MPP+ was added and further 
incubated for 45 min in the absence of Ca2+ and presence of 1.3 mM EGTA. Cells were washed, 
harvested, and intracellular MPP+ concentrations were determined by reversed phase HPLC-UV. 
The intracellular MPP+ concentrations were normalized to respective cellular protein 
concentrations. The corresponding Ki values were determined by fitting the experimental data to 
the double reciprocal form of Michaelis-Menten equation. Data are presented as mean ± S.D. 
(n=3). 
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4.4 Intracellular MPP+ is reverse transported from MN9D cells in a Ca2+
o dependent 

manner 

To determine the reversibility of MPP+ uptake, a series of experiments was carried out 

with MPP+ loaded MN9D cells under various incubation conditions. In these experiments, cells 

were initially incubated with 100 µM MPP+ in a medium without Ca2+
o for 60 min and then were 

washed and incubated for an additional 90 min in the absence of external MPP+ under desired 

incubation conditions (see figure legends for more details). These experiments show that MN9D 

cells lose about 80% of intracellular MPP+ during the 90 min post incubation in a standard 

medium containing Ca2+
o (Fig. 17). However, in the absence of Ca2+

o in the incubation medium, 

the MPP+ loss was reduced to about 20% (Fig. 17). A similar, but less pronounced behavior was 

observed with MPP+ loaded SH-SY5Y cells with respect to Ca2+
o (Fig. 17). For example, while 

SH-SY5Y cells lost about 40% intracellular MPP+ in the presence of Ca2+
o, no significant loss of 

MPP+ was observed in the absence of Ca2+
o. In sharp contrast, PC12 cells do not lose 

intracellular MPP+ significantly regardless of whether Ca2+
o are present or not in the post 

incubation medium (Fig. 17). Intriguingly, HepG2 cells lost almost all intracellular MPP+ during 

90 min incubation regardless of whether Ca2+
o was present or not in the post incubation medium 

(Fig. 17). Experiments with Na+
o free post incubations (Na+ was replaced with equimolar 

concentrations of choline) have confirmed that Na+
o has no significant effect on the reverse 

transport of MPP+ from any cell type [note that a weak but consistent inhibition of both MPP+ 

uptake and reverse transport was observed at high concentration of choline (IC50 ~ 37.0 mM)]. 
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Figure 17– Back-Transport of Uptake of MPP+ with the Effect of Extracellular Na+ and Ca2+ in 
HepG2, PC12, SH-SY5Y, and MN9D Cells. HepG2, SH-SY5Y, and MN9D cells were grown in 
12-well plates in DMEM as detailed in Methods. PC12 cells were grown to 70-80% confluence 
in 12 well plates in an F-12K medium supplemented with 2.5% FBS and 15% horse serum. Cells 
were incubated with 1 mL of 100 μM MPP+ in the absence of both [Ca2+]o and [EGTA]o in 
KRB-HCO3 buffer for 1 h at 37˚C. Cells were washed several times with appropriate buffer and 
incubated with 1mL of KRB-HCO3 buffer without MPP+ for 90 min. Cells were washed several 
times, collected, and intracellular MPP+ concentrations were determined by reversed phase 
HPLC-UV. The intracellular MPP+ concentrations were normalized to respective cellular protein 
concentrations. Data represent mean ± S.D. of triplicate samples. 

 

Table 5: Approximation Contribution of Different Pathways to MPP+ back-transport of MPP+-
loaded HepG2, PC12, SH-SY5Y, and MN9D Cells.  

  HepG2 PC12 SH-SY5Y MN9D 
Na+-dependent - - - - 
Ca2+-dependent - 10.00 35.00 65.00 
Na+/Ca2+-Independent 100 - 5.00 25.00 
      

The approximate contributions of different back transport pathways which were 

calculated from the Fig. 17 data is shown in Table 5. Clearly, there are three distinct pathways of 
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back transport of MPP+ present in HepG2, PC12, SH-SY5Y, and MN9D cells. As shown in Fig. 

17, MPP+ uptake into HepG2 cells is independent of both extracellular Na+ and Ca2+ which may 

suggest that only one Na+ or Ca2+ independent pathway is involved in the back-transport of MPP+ 

loaded HepG2 cells. In PC12 cells, ~10% of MPP+ was back-transported through a Na+-

independent/Ca2+-dependent transporter. In SH-SY5Y cells, MPP+ is back-transported by at least 

two pathways: 35% Na+ independent and Ca2+ dependent channel, 5% Na+ and Ca2+ independent 

channel.  Lastly in MN9D cells, 65% of MPP+ is back-transported by a Na+ independent and 

Ca2+ dependent pathway and 25% by a Na+ and Ca2+ independent pathway. 

4.4.1 The Effect of Inhibitors on Back-Transport of Uptake of MPP+ 

The effects of uptake inhibitors on the reverse transport of MPP+ in the presence of Ca2+
o 

were also tested. In contrast to the efficient inhibition of uptake, DAT inhibitor, GBR12909 does 

not inhibit the intracellular MPP+ loss in MN9D cells during 90 min post incubation in the 

presence of Ca2+
o (Fig 18). However, benzamil, and verapamil inhibit the loss effectively.  

Parallel to that is observed with MN9D cells, MPP+ loss from SH-SY5Y cells is also inhibited by 

the above inhibitors in the presence of Ca2+
o. Similar to MN9D cells, GBR12909 does not inhibit 

the loss of MPP+ from SH-SY5Y cells either. On the other hand, benzamil partially inhibits the 

MPP+ loss from HepG2 cells while verapamil and GBR12909 were not effective under similar 

experimental conditions (Fig. 18). Interestingly, MPP+ loss from PC12 cells is slightly increased 

by the above inhibitors in contrast to the behavior of the other cell types (Fig. 18). 
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Figure 18- The Effect of Inhibitors on Back-Transport of MPP+ in the Presence and Absence of 
Extracellular Na+ and Ca2+ in HepG2, PC12, SH-SY5Y, and MN9D Cells. Cells were grown in 
12-well plates in DMEM as detailed in Methods. Cells were incubated with 1 mL of 100 μM 
MPP+ in the absence of both [Ca2+]o and [EGTA]o in KRB-HCO3 buffer for 1 h at 37˚C. Cells 
were washed several times with appropriate buffer and incubated with 1mL of 50 μM Inhibitor in 
KRB-HCO3 buffer without MPP+ for 90 minutes. Cells were washed several times, collected, 
and intracellular MPP+ concentrations were determined by reversed phase HPLC-UV. The 
intracellular MPP+ concentrations were normalized to respective cellular protein concentrations. 
Data represent mean ± S.D. of triplicate samples. 
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Table 6: Percent Inhibition of back-transport of MPP+ in the presence and absence of 
extracellular Na+ or Ca2+ or both in HepG2, PC12, SH-SY5Y, and MN9D cells. 

  HepG2 PC12 SHSY5Y MN9D 

No Post         

Na+ and Ca2+ (No Inhibitor) 98.97 10.52 30.76 84.99 

GBR12909 (Na+) 99.82 44.10 32.38 91.24 

Verapamil (Na+) 94.94 38.18 22.39 35.43 

Benzamil (Na+) 54.60 39.89 6.57 36.98 

Choline and Ca2+ (No Inhibitor) 99.82 11.85 35.22 59.30 

GBR12909 (choline) 99.82 45.98 28.05 49.30 

Verapamil (choline) 93.67 45.63 17.61 10.16 

Benzamil (choline) 34.55 43.57 -14.50 27.03 

 

4.5 MPP+ Toxicity Experiments 

 The relative sensitivity of M9ND, SH-SY5Y, PC12, and HepG2 cells toward MPP+ 

toxicity were determined using standard MTT assays. As shown in Fig. 19, MN9D cells are the 

most and HepG2 cell are the least sensitive and both PC12 and SH-SY5Y are moderately 

sensitive to MPP+ toxicity. 
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Figure 19- MPP+ Toxicity in HepG2, PC12, SH-SY5Y, and MN9D cells. Cells were grown in 
96-well plates and allowed to grow to 70-80% confluence under standard growing conditions. 
The media was removed and cells were incubated with 0-1000 µM of MPP+ in KRB-HCO3 
buffer for 24 h and the cell viabilities were determined by the MTT assay as detailed in 
“Experimental Methods”. Results are expressed as % viability with respect to parallel untreated 
controls. Data are presented as mean ± SD (n=5). MN9D       PC12       SH-SY5Y         HepG2        

4.5.1 Cellular Toxicities of novel 4'-Halogenated MPP+ Derivatives 

 Initial screening experiments revealed that 4'-halogenated derivatives of MPP+ were 

significantly more toxic to MN9D cells than the parent compound, MPP+, suggesting 4'-

halogenated MPP+ derivatives could be better models for toxicological and structure-activity 

studies. As seen in Fig. 20A, these derivatives induced marked concentration-dependent cellular 

death of MN9D while their effects on SH-SY5Y cells is less pronounced (Fig. 20B) over a 24 h 

incubation period under similar experimental conditions. The estimated LC50 values for MN9D 

cells toxicity of the halogenated derivations range from 142 µM for 4'F-MPP+ to 81 µM for 4'I-

MPP+. These results show that increasing the hydrophobicity of the halogen substituent of MPP+ 

increases the toxic effect on both catecholaminergic cells MN9D and SH-SY5Y cells.   
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Figure 20- Toxicity of 4'-Halogenated MPP+ in MN9D and SH-SY5Y Cells. MPP+ was 
dissolved in water and 4'-halogenated MPP+ was dissolved in DMSO where the final DMSO 
concentration was kept to a minimum <0.5% v/v. Cells were grown in 96-well plates and 
allowed to grow to 70-80% confluence under standard growing conditions. The media was 
removed and cells were incubated with 0-400 µM of MPP+ derivatives in KRB-HCO3 buffer for 
24 h and the cell viabilities were determined by the MTT assay as detailed in “Experimental 
Methods”. Results are expressed as % viability with respect to parallel untreated controls. Data 
are presented as mean ± SD (n=5).MN9D (A).SH-SY5Y (B). MPP+           4'F-MPP+      
4'Cl-MPP+         4'Br-MPP+         4'I-MPP+ 

4.6. The Effect of GBR12909 on MPP+ and its derivatives Uptake in MN9D cells 

 DAT has been shown to expressed in MN9D cells (unpublished; Hewawitharana 2007). 

Since the commonly accepted proposal that the MPP+ toxicity is due to its specific accumulation 

through DAT, GBR12909, a potent DAT inhibitor, is used to investigate the role of DAT on 

MPP+ uptake into MN9D cells. As shown from the data in Fig. 21, GBR12909 inhibits ~50% of 

MPP+ uptake into MN9D cells. In addition, the more polar novel MPP+ derivative, 3'OH-MPP+ 

as well as the less polar derivative, 4'I-MPP+ also taken up into all four cell types are also 

significantly inhibited by (~40-60%) GBR12909 (Figure 21).   
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Figure 21- MPP+ and its Derivatives Uptake with the Effect of GBR12909 in MN9D Cells. 
MN9D cells were grown in 12-well plates in DMEM as detailed in Methods. Cells were 
incubated with 0-10 μM GBR12909 in KRB-HEPES (pH 7.4) for 10 minutes followed by 50 μM 
MPP+ for 45 additional min at 37˚C.Cells were washed, collected, and intracellular MPP+ levels 
were quantified by reversed phase HPLC-UV. All the intracellular MPP+ concentrations were 
normalized to respective protein concentrations as detailed in Experimental Methods. Data are 
represent as mean ± S.D (n = 3). MPP+ (Blue), 3’OH-MPP+ (Red), 4'I-MPP+ (Green). 

4.6.1 The Effect of GBR12909 on MPP+ and its derivatives Toxicity in MN9D cells 

Since GBR12909 significantly inhibits the uptake of MPP+ into MN9D cells, its effect on 

the toxicity was investigated. In these experiments, MN9D cells were treated with 1 and 10 μM 

GBR12909 and various concentrations of MPP+ or its derivatives for 24 h in KRB-HCO3 and the 

cell viabilities were determined by the MTT assay. As shown in Fig. 22, GBR12909 has no 

significant effect on the toxicities of MPP+ or its derivatives despite the significant inhibition of 

MPP+ uptake. Further studies with fixed concentrations (close to LD50) of MPP+ (150 M), more 

polar 3'OH-MPP+ (300 M), and less polar 4'I-MPP+ (80 M) with increasing concentrations of 

GBR12909 suggest that the specific toxicity of MPP+ may not depends on DAT (Fig. 23).  
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Figure 22: The Effect of GBR12909 on MPP+ and its Derivatives Toxicity in MN9D Cells. 
MN9D cells were grown in 96-well plates to about 70-80% confluence and were incubated with 
0-10 μM GBR12909 in KRB-HCO3 for 10 min followed by desired various concentration of 
MPP+ derivatives in KRB-HCO3 for 24 h. Cell viabilities were determined by the MTT assay as 
detailed in “Experimental Methods”. Results are expressed as % viability with respect to parallel 
untreated controls. Data are presented as mean ± SD (n=5). MPP+ (A), 3'OH-MPP+ (B), 4'I-
MPP+ (C). 0 µM GBR 12909 (White), 1 µM GBR12909 (Gray), 10 µM GBR120909 (Black). 
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Figure 23: The Effect of GBR12909 on MPP+ and its Derivatives Toxicity in MN9D cells. Cells 
were grown in 96-well plates and were incubated 0-10 μM GBR12909 followed by desired fixed 
concentration of MPP+ derivatives in KRB-HCO3 for 24 h. Cell viabilities were determined by 
the MTT assay as detailed in “Experimental Methods”. Results are expressed as % viability with 
respect to parallel untreated controls. Data are presented as mean ± SD (n=5). 

4.7 The Effect of Extracellular Ca2+ on MPP+ Toxicity 

 Since the uptake of MPP+ into dopaminergic cells is dependent on the extracellular Ca2+, 

the effect of extracellular Ca2+ on MPP+ toxicity was studied. These experiments show the 

exclusion of extracellular Ca2+ from the incubation medium increased MPP+ toxicity 

dramatically in MN9D and significantly in SH-SY5Y cells in KRB-HCO3 during 12 h incubation 

period (Fig. 24A and B). On the other hand, extracellular Ca2+ had no significant effect on the 

MPP+ toxicity towards both PC12 and HepG2 cells under similar experimental condition. 

Therefore, MN9D cell is chosen as the best model for toxicological and uptake studies with 
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respect to the effect of extracellular Ca2+. Unfortunately the effect of extracellular Na+ on the 

MPP+ toxicity could not be determined since cells are highly sensitive to the Na+ free incubation 

conditions. 

 

 

Figure 24- The Effect of Ca2+ on MPP+ Toxicity in HepG2, PC12, SH-SY5Y, and MN9D 
Cells.HepG2, SH-SY5Y, MN9D, and PC12 cells were grown in 96-well plates to about 70-80% 
confluence and were incubated with 50 μL of 0-500 μM MPP+ in KRB-HCO3 for 12 h at 37˚C. 
The cell viabilities were determined by MTT assay and results are expressed as % viability of 
untreated MPP+ controls. Data are represented as mean ± SD (n=5). Ca2+ (A) and EGTA (B).  

4.7.1 The Effect of Uptake Inhibitors on the MPP+ Toxicity of MN9D cells in the Presence 

and Absence of Extracellular Ca2+ 

 We used the above identified MPP+ uptake inhibitors to test whether the toxicity of MPP+ 

is proportional to the uptake of MPP+. In the first set of experiments, MN9D cells were initially 

incubated with 0-50 µM concentration of one of the inhibitors for 10 min followed by a fixed 80 

µM concentration of MPP+ in the presence of extracellular Ca2+ or 50 µM MPP+ in the absence 

of extracellular Ca2+ in KRB-HCO3 for 12 h (Fig. 25A and B). In the second set of experiments, 

MN9D cells were incubated with the fixed 25 µM concentration of the inhibitors for 10 min 

followed by 0-250 µM varying concentrations of MPP+ with extracellular Ca2+ or 0-100 µM 
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MPP+ in the absence of extracellular Ca2+ (Fig. 25C and D). The cell viabilities were measured 

by the MTT assay.  

 

 

Figure 25- The Effect of Inhibitors on MPP+ Toxicity in MN9D Cells. Panel A and B- MN9D 
cells in near confluence were initially treated with 40 µL of 0-50 µM inhibitor ([Inhibitor]final is 
pre-determined) for 10 min followed by the addition 10 µL of MPP+ where [MPP+]final is 80 µM 
MPP+ in the presence of Ca2+(A) or 50 µM MPP+ in the absence of Ca2+(B) in KRB-HCO3 for 
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12 h. Panel C and D- MN9D cells were initially incubated with 25 µM inhibitor for 10 min 
followed by the addition of 0-250 µM MPP+ in the presence of Ca2+ (C) and 0-100 µM MPP+ in 
the absence of Ca2+ (D) in KRB-HCO3 for 12 h. Cell viability was measured determined by the 
MTT assay as detailed in “Experimental Methods”. Data represent mean ± S.D. of five samples. 

4.7.2 Effect of Intracellular Ca2+ on the MPP+ toxicity on MN9D cells 

To determine whether intracellular Ca2+ plays a role in MPP+ toxicity, the effect of 

BAPTA on the MPP+ toxicity was investigated. As found in Fig. 26, 50 μM BAPTA shows 

significant protection against MPP+ toxicity in MN9D cells in the presence and absence of 

extracellular Ca2+ suggesting that the intracellular Ca2+ may play a role in MPP+ toxicity of 

MN9D cells. 

 

Figure 26- The Effect of BAPTA on MPP+ Toxicity in MN9D Cells. Cell were grown in 96-well 
plates and were pre-incubated with 40 µL of 50 µM BAPTA-AM([BAPTA-AM]final is pre-
determined) for 30 minfollowed by the addition 10 µL of MPP+ where [MPP+]final is 0-250 µM 
MPP+ in the presence of Ca2+ (A) or 0-50 µM MPP+ in the absence of Ca2+ (B) in KRB-HCO3 
for 12 h. Data represent mean ± S.D. of five samples. 0 µM BAPTA (Blue), 50 µM BAPTA 
(Black). 
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4.7.3 Flufenamic acid protects MN9D cells from MPP+ toxicity 

We found that the non-specific cation channel blocker flufenamic acid and its derivatives 

provide excellent neuroprotection activity against MPP+ toxicity of MN9D cells (Fig. 27). 

However, the data in Fig. 28, flufenamic acids and its analogs show very weak MPP+ uptake 

inhibition in the presence of Ca2+ or absence of Ca2+. These findings suggest the protection of 

MN9D cells from MPP+ toxicity by flufenamic acid and its derivatives could not be due to the 

inhibition of MPP+ uptake. 

 

 

Figure 27- The Effect of Flufenamic Acid and its Analogs on MPP+ Toxicity in MN9D Cells. 
Cell were grown in 96-well plates and were pre-incubated with 40 µL of 50 µM FFA and its 
analogs ([FFA]final is pre-determined) for 20 min followed by the addition 10 µL MPP+ where 
[MPP+]final is 0-500 µM  MPP+ in the presence of Ca2+ (A) or 0-50 µM MPP+ in the absence of 
Ca2+ (B) in KRB-HCO3 for 12 h. Data represent mean ± S.D. of five samples. No Inhibitor 
(Blue), FFA (Red), MFA (Green), TFA (Purple). 
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Figure 28- Inhibitory Effect of Flufenamic acid and its Analogs on MPP+ Uptake in MN9D 
Cells. Cells were treated initially with 990 µL of 0-50 µM Inhibitor followed by addition 10 µL 
of MPP+ in the presence (A) or absence (B) of extracellular Ca2+ in KRB-HCO3 for 45 min. Final 
concentration of Inhibitor and MPP+ are pre-determined. Cells were washed several times, 
collected, and intracellular MPP+ concentrations were determined by reversed phase HPLC-UV. 
The intracellular MPP+ concentrations were normalized to respective cellular protein 
concentrations. Data represent mean ± S.D. of triplicate samples. FFA (Blue), MFA (Red), TFA 
(Green).  

In addition to flufenamic acid and its derivatives the mitochondrial calcium exchange 

inhibitors 2-APB and CGP37157 are also effective protective agents for the MPP+ induced 

MN9D toxicity (Fig. 29) 
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Figure 29- The Effect of 2-APB and CGP37157 on MPP+ Toxicity in MN9D Cells. Cell were 
grown in 96-well plates and were pre-incubated with 40 µL of 50 µM 2-APB or CGP13757 
([Inhibitor]final is pre-determined) for 10 min followed by the addition 10 µL of MPP+ where 
[MPP+]final is 0-500 µM MPP+ in the presence of Ca2+ (A) or 0-50 µM MPP+ in the absence of 
Ca2+ (B) in KRB-HCO3 for 12 h. Data represent mean ± S.D. of five samples. Ca2+ (A) and 
EGTA (B). No Inhibitor (Blue), 2-APB (Red), CGP13757 (Green). 

4.7.4. MPP+ uptake inhibitors increase the MPP+ toxicity of MN9D cells 

 Although the most effective MPP+ uptake inhibitors, benzamil, verapamil, GB12909, and 

SKF96365 were expected to protect MN9D cells from MPP+, the toxicity studies with these 

show a significantly increase in toxicity. As found in Fig. 30 A&B, benzamil, verapamil, 

GB12909, and SKF96365 did not show significant cellular protection, but an unexpectedly 

increase the MPP+ toxicity of MN9D cells.  
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Figure 30 -The Effect of Inhibitors on MPP+ Toxicity in MN9D Cells. Differentiated MN9D 
cells grown in 96-wells plate were initially treated with 40 µL of for 10 min followed by the 
addition 10 µL MPP+ in the presence of Ca2+ (A) and absence of Ca2+ (B) in  KRB-HCO3 for 15 
h. Final concentration of Inhibitor and MPP+ are pre-determined. Cell viability was measured 
determined by the MTT assay as detailed in “Experimental Methods”. Data represent mean ± 
S.D. of five samples. Benzamil (Blue), Verapamil (Red), GBR12909 (Green), SKF96365 
(Purple). 

4.8 MPP+ Uptake inhibitors are toxic to MN9D cells 

 MN9D toxicity of MPP+ inhibitors  uptake was determined by  incubating cells with 

MPP+  alone or MPP+ uptake inhibitors for 15 h in the presence and absence of extracellular Ca2+ 

in KRB-HCO3. As shown from Fig. 38, the most potent MPP+ uptake inhibitors were highly 

toxic to MN9D cells both in the presence and absence of extracellular Ca2+ in the incubation 

medium. In the absence of extracellular Ca2+, LD50 of MPP+, Verapamil and Benzamil (Table 8; 

data were calculated from the data in Fig. 31) was significantly reduced. LD50 of GBR12909 and 

mibefradil was not changed significantly.  
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Figure 31- Toxicity of Inhibitors and MPP+ in the Presence and Absence of Extracellular Ca2+ in 
MN9D Cells. MPP+ was dissolved in water and inhibitors were dissolved in DMSO where the 
final DMSO concentration was kept to a minimum <0.5% v/v. Cells were grown in 96-well 
plates and were incubated with 50 µL of 0-500 µM MPP+ or inhibitors in the presence (A) and 
absence (B) of extracellular Ca2+ in KRB-HCO3 for 15 h and cell viability was determined by the 
MTT assay as detailed in “Experimental Methods”. Data represent mean ± S.D. of 5 samples. 

Table 8 - LD50 of MPP+ and MPP+ uptake Inhibitors of MN9D Cells in the Presence and 
Absence of Extracellular Ca2+ 
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4.9. The Effect of Extracellular Ca2+ on the viability of MPP+ loaded MN9D Cells under 

Back-Transport conditions. 

 To investigate the toxicity of MPP+ under back-transport conditions, MN9D cells are 

initially loaded with 0-500 μM MPP+ in the absence of extracellular Ca2+ for 1 h, washed several 

times, and then  incubated for 15 h in the presence or absence of 0-500 μM MPP+ and 

extracellular Ca2+ (EGTA). The cell viabilities were determined using the MTT assay. As shown 

in Fig. 31A, cell viability did not decrease when cells were preloaded with MPP+, and without 

MPP+ in the presence of extracellular Ca2+. However, cell viability decreased when cells were 

preloaded with MPP+, and without MPP+ in the absence of extracellular Ca2+ (Fig. 32B). On the 

other hand, GBR12909 had no effect on the cell viability in the presence and absence of 

extracellular Ca2+ (Fig. 31). However, when benzamil, verapamil, and SKF96365 were added, 

the cell viability decreased in the presence of extracellular Ca2+ (Fig. 32A), but there is no effect 

in the absence of extracellular Ca2+ (Fig. 32B). 
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Figure 32- The Effect of Inhibitors on the Toxicity of Back-Transport of MPP+ in the Presence 
and Absence of Extracellular Ca2+ in MN9D Cells. MN9D cells were grown in 48-well plates to 
about 70-80% confluence and were incubated with 100 μL of 100 μM MPP+ in the absence of 
both [Ca2+]o and [EGTA]o in KRB-HCO3 buffer for 1 h at 37˚C. Cells were washed several times 
with appropriate buffer and incubate with 100 μL of 25 μM Inhibitor in KRB-HCO3 for 15 h at 
37˚C in the presence (A) or absence (B) of extracellular Ca2+. The cell viabilities were 
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determined by MTT assay and results are expressed as % viability of untreated MPP+ controls. 
Data are represented as mean ± SD (n=5). 

4.10 Western Blotting Analysis of PMAT, NCX1, and OCT3.  

As noted from Figure 33A, Western Blot experiments with polyclonical PMAT 

antibodies showed a band in the vicinity of 55-60 kDa for human liver HepG2 and 

neuroblastoma SH-SY5Y cells and also showed a band in the approximately 50-55 kDa for rat 

PC12 and mouse MN9D cells, which is characteristic of the PMAT protein (185,186). Although 

the number of the amino acids in the sequence for human and mouse/rat cell-lines are nearly 

identical, the difference in the molecular weight as shown in Fig. 33A may be due to the species 

specific. Similar experiments with rabbit polyclonal NCX1 (Fig. 33B)  and OCT3 (data not 

shown) antibodies in rat PC12 and mouse MN9D cells extracts showed a characteristic band in 

the vicinity of ~70 kDa for the NCX1 protein (187), but no band corresponding to OCT3 was 

observed in either cell lines. 
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Figure 33- Western Blot Analysis of PMAT (A) present in HepG2, PC12, SH-SY5Y, and MN9D 
Cells and NCX1 (B) present in PC12 and MN9D Cells.  
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CHAPTER IV 

DISCUSSION 

5.1 Mechanism(s) of MPP+ Uptake 

Catecholaminergic MN9D, SHSY5Y, and PC12 and non-catecholaminergic HepG2 cells 

take up substantial amounts of MPP+ under similar experimental conditions (Fig. 6). The 

analyses of the MPP+ uptake regarding the effect of extracellular Na+ and Ca2+ show that while 

40-65% of MPP+ uptake into dopaminergic cells (MN9D and SH-SY5Y) is effectively inhibited 

by extracellular Ca2+, uptake into non-dopaminergic cells (PC12 and HepG2) is not affected by 

extracellular Ca2+ (Fig.7). In contrast to previous reports, MPP+ uptake into dopaminergic cells is 

largely independent of extracellular Na+, suggesting that this uptake process is distinct from the 

classical Na+/Cl- dependent monoamine transporters. Furthermore, 3’OH-MPP+ and 4’I-MPP+ 

show uptake characteristics similar to that of MPP+ with all four types of cells (Fig. 8). Similarly, 

differentiated MN9D cells showed similar uptake characteristics as undifferentiated MN9D cells, 

further confirming that a Ca2+
o sensitive Na+/Cl- independent MPP+ uptake pathway is present in 

dopaminergic cells (Fig. 8E). 

Careful analyses of the uptake of MPP+ into HepG2 cells show that the uptake is 

primarily a Ca2+
o or Na+

o independent process (Scheme 1A). On the other hand, MPP+ uptake 

into PC12 is comprised of at least two components both of which are Ca2+
o insensitive and ~35% 

Na+
o dependent and ~65% Na+

o independent (Scheme 1B).  

The uptake of MPP+ into MN9D cells consist at least three components. The Na+
o 

independent major component, which is about 65% of the total uptake, is inhibited by Ca2+
o. 
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Interestingly, the Na+ dependent component was minor, comprising only about 6% of the total 

uptake, and the remaining 29% is Ca2+
o insensitive and Na+

o independent similar to the major 

component of MPP+ uptake into PC12 cells (Scheme 1D).  

Parallel to MN9D cells, MPP+ uptake into SH-SY5Y also has three components, 

consisting of 33% Na+ dependent, 29% Na+ independent, and 38% Ca2+
o dependent (Scheme 

1C). These findings demonstrate that a major fraction of the MPP+ uptake into MN9D cells and a 

significant portion into SH-SY5Y cells occurs through a Ca2+
o sensitive Na+

o/Cl- independent 

pathway. 

Scheme 1: Approximate contributions of various MPP+ uptake in HepG2, PC12, SH-SY5Y, and 

MN9D Cells 
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Kinetic analyses show extracellular Ca2+ behaves as a competitive inhibitor for MPP+ 

uptake (Km effect) with a Ki of 13.2 ± 1.5 μM and the Vmax is not significantly affected by the 

extracellular Ca2+ (Fig. 10). If an exchange mechanism is operative and outward Ca2+ transport is 

coupled with MPP+ uptake, then extracellular Ca2+ could not behave as a competitive inhibitor 

for MPP+ uptake. Furthermore, undifferentiated and differentiated MN9D cells dramatically take 

up MPP+ in the absence of extracellular Ca2+ after ~15 min whereas MPP+ uptake is Ca2+-

independent for PC12 ells through time-course  (Fig. 9).  

Intracellular Ca2+-perturbing agents including benzamil, mibefradil, verapamil, 

GBR12909, and SKF96365 have been shown to be competitive inhibitors for MPP+ uptake into 

MN9D cells. However, while these are stronger inhibitors for the MPP+ uptake into MN9D cells 

in the absence of extracellular Ca2+, they are noticeably weaker inhibitors in the presence of 

extracellular Ca2+ (Fig. 15). Similarly, SH-SY5Y cells show similar inhibitory effect as 

undifferentiated MN9D cells suggesting that these are good inhibitors for the Ca2+
o sensitive 

MPP+ uptake pathway in dopaminergic cells (Fig. 15). In PC12 cells, these are even stronger 

inhibitors, but inhibition potency is not significantly affected by extracellular Ca2+ suggesting 

that these are also good inhibitors for the Ca2+
o insensitive MPP+ uptake pathways in PC12 cells 

(Fig. 15). Therefore, these inhibitors could be not used to differentiate between these pathways. 

On the other hand, MPP+ uptake into liver HepG2 cells is not inhibited by these inhibitors except 

SKF96365 and benzamil confirming that the MPP+ uptake pathway in HepG2 cells is different 

from that of catecholaminergic cells (Fig. 15).  

The other pharmacological agents including non-specific dihydropyridine VGCC 

blockers, common cation channel blockers, or blockers of Ca2+ release from intracellular stores 

such as fenamates, Gd3+, Ni2+, 2-APB, and CGP37157 showed no or little effect on the MPP+ 
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uptake into MN9D in the presence or absence of extracellular Ca2+, even at high concentrations 

(Fig. 11 and 12) suggesting that these channels are not responsible for the observed Ca2+
o 

sensitivity of MPP+ uptake. In addition, tetradotoxin (Fig. 12C) , Thapsigargin (Fig. 13), and 

BAPTA (Fig. 14) also had no significant effect on MPP+ uptake demonstrating that the VGNC or 

the depletion of intracellular Ca2+ from the intracellular stores may not be directly associated 

with the Ca2+
o sensitivity of MPP+ uptake pathway. 

In contrast to the inhibition of the MPP+ uptake pathway by extracellular Ca2+
o, the 

reverse transport of intracellular MPP+ from MPP+ loaded MN9D cells is accelerated by 

extracellular Ca2+ (Fig. 17). Extracellular Na+ has no significant effect on the reverse transport of 

intracellular MPP+ (Scheme 5D). In addition the reverse transport is also inhibited by benzamil, 

verapmil, and SKF96365, but in sharp contrast, GBR12909 did not inhibit the loss of 

intracellular MPP+ (Fig. 18). A similar behavior, but less pronounced, is also observed with 

MPP+ loaded SH-SY5Y cells (Scheme 5C). Interestingly, no loss of intracellular MPP+ was 

observed with PC12 cells under similar experimental conditions in the presence or absence of 

extracellular Ca2+ or Na+ as well as the above uptake inhibitors suggesting that MPP+ uptake into 

PC12 cells is largely irreversible (Scheme 5B). Therefore, we conclude that Ca2+
o-sensitive, 

Na+
o-independent MPP+ uptake into MN9D and SH-SY5Y cells is reversible in the presence of 

Ca2+
o and the other Ca2+

o insensitive pathways are irreversible under all conditions. On the other 

hand, complete loss of intracellular MPP+ was observed with HepG2 cells under similar 

experimental conditions in the presence or absence of extracellular Ca2+or Na+ (Scheme 5A) and 

this process is moderately inhibited by benzamil which also inhibits the uptake of MPP+ (Fig. 

18). 
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Scheme 5: Pathway of back transport of MPP+ from MPP+ loaded HepG2, PC12, SH-SY5Y, and 

MN9D Cells 
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Based on the above findings, we propose that Ca2+
o competitively inhibits the MPP+ 

uptake into dopaminergic cells by directly interacting with the transporter. This proposal is 

supported by several key observations. First, Ca2+
o acts as a competitive inhibitor for MPP+ 

uptake (Km effect) with a Ki of 13.2 ± 1.5 μM and Ca2+
o did not significantly alter the Vmax. If an 

exchange mechanism such as NCX is operative and extracellular MPP+ is exchanged with 

intracellular Ca2+, then Ca2+
o could not behave as a competitive inhibitor for the MPP+ uptake. In 

addition, such an exchange mechanism should decrease cytosolic Ca2+ levels in parallel to MPP+ 

uptake and the reverse transport of MPP+ from MPP+ loaded cells should increase the 
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intracellular Ca2+. However, we were not able to detect any changes in intracellular levels under 

MPP+ uptake or reverse transport conditions (data not shown).  

Overall, our findings confirm that MPP+ is taken up into various cells through multiple 

pathways depending on the nature of the cells. Uptake of MPP+ into non-neuronal HepG2 cells 

occurs through PMAT and/or OCT which are known to be expressed in these cells. These 

transporters are reported to be reversible and independent of both Na+ and Ca2+. On the other 

hand, uptake of MPP+ into catecholaminergic PC12 cells occurs through two pathways, ~35% 

through classical Na+ and Cl- dependent monoamine transporters and the 65% through a Na+ 

independent pathway which may involve PMAT. Both of which are not sensitive to extracellular 

Ca2+. This proposal requires PMAT to be irreversible since Na+ dependent monoamine 

transporters are known to be irreversible under normal conditions and MPP+ is not back 

transported from PC12 cells. However, previous studies suggest that MPP+ uptake into MSCK 

cells stably express human PMAT is reversible similar to OCTs (95). Regardless of these subtle 

differences, the above results demonstrate that, in addition to Na+
o-dependent DAT and NET, a 

highly active Na+
o-independent Ca2+

o-insensitive apparently irreversible MPP+ transporter 

similar to PMAT is present in PC12 cells. Uptake of MPP+ into dopaminergic MN9D and SH-

SY5Y cells occurs through three pathways in which two of them are similar to pathways of PC12 

cells. The third Na+ independent, Ca2+
o sensitive pathway is a major MPP+ uptake pathway in 

dopaminergic cells. Although Ca2+
o sensitive reversibility of this pathway suggests that it may 

behave as a Ca2+/MPP+ antiporter. Ca2+
o inhibition kinetics, intracellular Ca2+ measurements, and 

other experimental evidence clearly demonstrate that this transporter could not function as an 

antiporter, but as a novel Ca2+ sensitive monoamine/cation transporter.  
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5.2 Mechanism(s) of MPP+ Toxicity 

The specific dopaminergic toxicity of MPP+ due to the specific uptake through DAT 

followed the inhibition of mitochondrial complex I of the energy chain transport. However, our 

studies show that MPP+ is taken into not only dopaminergic cells but also into many other cells 

through a multitude of transporters with varying efficiencies. However, clearly MPP+ is 

specifically and highly toxic to dopaminergic MN9D and SH-SY5Y cells and not significantly 

toxic to other cell types (Fig. 19). In addition cell specificity profiles similar to MPP+ were 

observed for all the MPP+ derivatives tested, with a noticeable increase of toxicity with the 

increasing hydrophobicity of the substituent as determined by the corresponding LD50 values. For 

example, MN9D toxicities of 4’ halogenated derivatives gradually increase from 4’F (LC50 = 142 

μM) to 4’I (LC50 = 81 μM) (Fig. 20A). This could be due to the increased uptake of more 

hydrophobic derivatives due to the passive diffusion through the plasma membrane in addition to 

the mediated transport. Interestingly, although MPP+ uptake into MN9D and SH-SY5Y cells is 

partially inhibited by DAT blocker GBR12909 (Fig. 21-23), it failed to protect these cells from 

MPP+ toxicity. Interestingly, more polar 3'OH-MPP+ which is not expected to enter the cell 

through simple diffusion is also effectively taken up into all four cell types and DAT inhibitor 

GBR12909 again failed to protect dopaminergic cells from its toxicity (Fig. 21-23). These 

findings suggest that MPP+ toxicity may be independent of DAT and some special characteristics 

of dopaminergic cells make them more vulnerable to MPP+ toxicity present in these cells.  

Exclusion of extracellular Ca2+ in the incubation medium increases the MPP+ toxicities of 

MN9D and SH-SY5Y cells (Fig. 24), parallel to the increasing uptake of MPP+. Under similar 

conditions, the effect of extracellular Ca2+ on the toxicity of MPP+ is not observed in 

catecholaminergic PC12 and liver HepG2 cells, again parallel to the uptake (Fig. 24). While 
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benzamil, mibefradil, verapamil, and GBR12909 decrease the uptake of MPP+ into MN9D cells, 

those inhibitors show no cellular protection from the exposure of MPP+ (Fig. 25). In fact, these 

are toxic to MN9D cells (Fig. 30).  

Flufenamic acid, 2-APB, CGP37157, BAPTA, and Thapsigargin have been reported to 

modulate intracellular Ca2+ levels. Thus, the toxicity of MPP+ may be due to the perturbation of 

intracellular Ca2+and the cellular protection could be due to the opposing effects of these agents 

to that of MPP+ with respect to the intracellular Ca2+ level. Flufenamic acid has been shown to 

trigger a rise in intracellular Ca2+ concentration (156) by inducing the release of Ca2+ from the 

intracellular stores, mitochondria and ER (156,188). 2-APB is an IP3-induced Ca2+ release 

inhibitor (141), but it increases cytosolic Ca2+ by activating other channels and SOCE at high 

concentrations similar to those used in our studies (189). CGP37157 is a mitochondrial Na+/Ca2+ 

exchanger inhibitor that blocks the mitochondrial Ca2+ efflux which then stimulates the depletion 

of Ca2+ store from the ER into the cytosol (190). Thapsigargin is a SERCA pump inhibitor that 

raises cytosolic Ca2+ concentrations by preventing Ca2+ from being pumped into the ER causing 

this Ca2+ store to become depleted (191,192). BAPTA is an intracellular Ca2+ chelator that 

prevents the rises of intracellular Ca2+ concentration by chelating with the Ca2+ that leaks from 

the intracellular stores and hence prevents store refilling (193). Therefore, all of the above agents 

which protect dopaminergic cells from MPP+ toxicity appear to deplete the intracellular Ca2+ 

stores. The activity of SOCE is responsible for maintaining the ER Ca2+ stores. Therefore, it is 

possible that the SOCE or SOCE-like mechanism is activated by the above neuroprotectants, 

allowing the refilling of the ER Ca2+ stores at the expense of extracellular Ca2+, leading to the 

observed protection from  MPP+ toxicity (Fig.27 and 29). This hypothesis is further supported by 

the observation that the above compounds are ineffective as neuroprotectants in the absence of 
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extracellular Ca2+ (Fig. 27 and 29). In addition, the observed toxicity of MPP+ uptake inhibitors 

benzamil, verapamil, and GBR12909 similar to MPP+ is also consistent with this proposal. Based 

on these arguments we propose that MPP+ toxicity is due to the depletion of ER and/or 

miotochondrial Ca2+ stores and simultaneous inhibition of a secondary unknown Ca2+ refilling 

pathway similar to SOCE (Scheme 6).  Additional experimental evidence is certainly necessary 

to firmly establish these proposals. 

Scheme 6: Toxicity Mechanism of MPP+ 

 

Our results show that the Ca2+
o sensitive, Na+

o independent MPP+ uptake pathway into 

MN9D is reversible in the presence of Ca2+
o. When MN9D cells are initially loaded with MPP+ 

up to 500 μM in the absence of extracellular Ca2+, then incubated in a Ca2+-containing medium 

without MPP+ for 15 h, nearly 100% of MN9D cells survived most likely due to the back 

transport of MPP+ as observed in the uptake experiments (Fig. 32A). In contrast, when MN9D 

cells are initially loaded with MPP+ up to 500 μM in the absence of extracellular Ca2+, then 

incubated in a Ca2+-free medium without MPP+ for 15 h, significant cell death is observed most 

likely due to the inhibition of the back transport of MPP+ (Fig. 32B). Benzamil, verapamil, 

A B 
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GBR12909, and SKF96365 increase the toxicity of MPP+ in the presence of extracellular Ca2+ 

but have no significant effect in the absence of extracellular Ca2+ (Fig. 32) most likely due to the 

inhibition of the Ca2+ stimulated back transport of intracellular MPP+. These findings appear to 

suggest that intracellular MPP+ is responsible for the observed toxicity. In sharp contrast, MN9D 

toxicity experiments with uptake inhibitors under uptake conditions show that they do not protect 

against the toxicity of MPP+ but exacerbate of it. Therefore, we conclude that MPP+ may 

interfere with the above proposed ER Ca2+ refilling pathway from both external and internal 

phases of the membrane. 

 Our uptake and toxicity studies suggested that the cell death and a perturbed cellular Ca2+ 

homeostasis have an intimate relationship. Since MN9D cells are highly sensitive to MPP+ 

toxicity similar to primary dopaminergic cultures, in comparison to other cell types, and this 

transporter is only present in dopaminergic cells, suggest the specific dopaminergic toxicity of 

MPP+ may be closely associated with this Ca2+
o sensitive, Na+

o independent MPP+ transporter.  

Therefore, the proper understanding of the functions of this transporter may not only reveal the 

details of the molecular mechanism of the specific dopaminergic MPP+ toxicity, but also provide 

clues to the etiology of sporadic PD and potential targets for therapeutic development. 
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CHAPTER VI 

CONCLUSION 

The specific dopaminergic toxicity of MPP+ has been widely studied to model the 

etiology of Parkinson’s disease. The generally accepted mechanism of MPP+ toxicity suggests 

that MPP+ enters specifically into dopaminergic cells through the dopamine transporter followed 

by the inhibition of mitochondrial complex I of the electron transport chain that leads to 

excessive ROS production and decreases cellular energy production. However, experimental 

evidence from our laboratory strongly contradicts this proposal. We have used three 

catecholaminergic cell lines, MN9D and SH-SY5Y, PC12 and the non-catecholaminergic cell 

line HepG2 to further evaluate whether the exclusive uptake through a monoamine transporter 

followed by the inhibition of mitochondrial complex I is the major cause of specific 

dopaminergic toxicity of MPP+. Our studies clearly show that while all the above cells take up 

substantial amounts of MPP+ through various cell specific pathways under similar experimental 

conditions, MPP+ is highly toxic only to dopaminergic cells, suggesting that cell specific uptake 

could not be the cause of specific dopaminergic toxicity. In addition, our studies show that 

although the DAT inhibitor, GBR12909, inhibits the MPP+ uptake into PC12, MN9D, and SH-

SY5Y cells, no significant protection from MPP+ toxicity is observed with all these cells. In 

addition, non-catecholaminergic HepG2 cells, while taking up substantial amounts of MPP+ 

under similar experimental conditions and rich in mitochondria and mitochondrial complex I, are 

not susceptible to MPP+ toxicity. These findings strongly suggest that the MPP+ toxicity could 

not primarily be due to the inhibition of mitochondrial complex I as proposed.  
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Uptake of MPP+ into non-catecholaminergic HepG2 cells occurs through PMAT and/or 

OCT. Uptake of MPP+ into catecholaminergic PC12 cells occurs through two pathways and 

about 1/3  through classical Na+ and Cl- dependent monoamine transporter which may be DAT 

or NET and about 2/3  through a Na+ independent pathway which may be or similar to PMAT. 

Uptake of MPP+ into dopaminergic MN9D and SH-SY5Y cells occurs through three pathways in 

which two of them are similar to those of PC12 cells. The third pathway is a novel pathway 

which is specifically present in dopaminergic cells, Na+ independent, effectively inhibited by 

extracellular Ca2+ and distinct from the classical Na+/Cl- dependent monoamine transporters. This 

pathway is strongly inhibited by unrelated pharmacological agents such as benzamil, verapamil, 

GBR12909, and mibefradil. Based on these findings, we propose that a novel Ca2+ sensitive 

MPP+ uptake system is specifically present in dopaminergic cells.  

Parallel to the effect on uptake, the dopaminergic toxicity of MPP+ is extracellular Ca2+-

dependent while the toxicities on adnergic PC12 and non-catecholaminergic HepG2 are 

independent of extracellular Ca2+. However, while strong uptake inhibitors did not protect 

dopaminergic cells from MPP+ toxicity, flufenamic acid, 2-APB, BAPTA, CGP13757, and 

thapsigargin showed good cellular protection with no effect on the MPP+ uptake. All these 

agents are known to deplete the Ca2+ from the ER which would lead to the activation of SOCE. 

Therefore, we propose that the Na+ independent, Ca2+
o sensitive pathway may be or be similar to 

SOCE and the interference of its physiological functions may lead to the depletion of ER Ca2+, 

causing the perturbation of intracellular Ca2+ metabolism, and resulting in the cell death. 

However, experiments under reverse transport conditions show that under these conditions 

intracellular MPP+ is responsible for the observed toxicity. In sharp contrast, MN9D toxicity 

experiments with uptake inhibitors under uptake conditions show that they do not protect against 
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the toxicity of MPP+ but exacerbate it. Therefore, according to the above proposal MPP+ may 

interfere with the above proposed ER Ca2+ refilling pathway from both external and internal 

phases of the membrane.  

Further studies are certainly necessary to fully determine the specific uptake and toxicity 

of MPP+. Future studies should directed towards the full characterization of the Ca2+ sensitive 

MPP+ uptake pathway in dopaminergic cells and determining the physiological function of this 

transporter. In addition, it is necessary to test the proposal that MPP+ toxicity is due to the 

depletion of Ca2+ in the ER by determining the effects of MPP+ on the ER and mitochondrial 

Ca2+ levels using standard fluorescence techniques. In addition to further confirm the mechanism 

of the cell protection by flufenamic acid, BAPTA, CGP13757, Thapsigargin, and 2-APB from 

MPP+ toxicity the effects of these agents on the ER Ca2+ level should be investigated. Finally, the 

findings with above transformed cell lines must be confirmed with dopaminergic primary 

cultures or physiologically more appropriate systems. The outcome of these studies will pave the 

way for further studies to identify the causes of dopaminergic cell death in PD and eventually 

lead to the development of effective novel preventive and therapeutic strategies. 
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