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ABSTRACT 

 

 Parkinson’s disease (PD) is a progressive neurodegenerative disease that 

affects between 1% and 2% of the population over age 65.  Despite decades of 

research and the development of many molecular models of PD, there is far from a 

consensus as to the etiology of this disease.  Current molecular models, such as the 

role of the quaternary ammonium ion MPP+ and its effect on cell death, in the 

presence/absence of monoamine transporters as opposed to distinct intracellular 

activity are still disputed.   

The 3-amino-2-phenylpropene (APP) class of compounds has been previously 

characterized as reversible inhibitors for the bovine adrenal chromaffin granule vesicular 

monoamine transporter (VMAT) as well as potent irreversible dopamine-β-

monooxygenase (DβM) and monoamine oxidase (MAO) inhibitors. These effects result 

in perturbation of catecholamine uptake, storage and/or metabolism, leading to the 

potential for increased oxidative stress. 

Herein, we report that halogen substitution on the 4'-position of the aromatic ring 

gradually increases VMAT inhibition potency from 4'-F to 4'-I, parallel to the 

hydrophobicity of the halogen. We show that these derivatives are taken up into both 

neuronal and non-neuronal cells, and into resealed chromaffin granule ghosts efficiently 

through passive diffusion.  In addition, these derivatives are highly toxic to human 

neuroblastoma SH-SY5Y cells, they are not toxic to several non-neuronal cell lines at 

similar concentrations.  These compounds drastically perturb DA uptake and 

metabolism in SH-SY5Y cells under sub-lethal conditions, and are able to deplete both 
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vesicular and cytosolic catecholamines similar to amphetamines. Additionally, (4'-iodo) 

3-amino-2-phenylpropene (4'-IAPP) treatment significantly increases intracellular 

reactive oxygen species (ROS) and decreases glutathione reduced form (GSH) levels in 

SH-SY5Y cells, and cell death is significantly attenuated by the common antioxidants α-

tocopherol, N-acetyl-L-cysteine (NAC) and glutathione (GSH).   

This suggests that ROS production is intricately involved with the mechanism of 

cell death.  Although DNA fragmentation analysis supports that apoptosis occurs, the 

fact that a non-specific caspase inhibitor provided no significant protection suggests that 

that cell death is likely due to a caspase-independent ROS-mediated apoptotic pathway.  

Based on these and other findings, we propose that drastic perturbation of DA 

metabolism in SH-SY5Y cells by 4'-halo APP derivatives causes increased oxidative 

stress leading to apoptotic cell death.  These compounds, which induce catecholamine-

specific neurotoxic effects following nonspecific cellular entry may be a unique resource 

in the modeling of PD both in vitro and in vivo. 
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CHAPTER 1 
 

INTRODUCTION 
 
 

 Neurodegenerative diseases are characterized by chronic, irreversible, selective 

degradation of neurons in specific areas of the central or peripheral nervous systems.  

Many of these conditions, such Alzheimer’s and Parkinson’s diseases (PD), become 

more aggressive as aging occurs; moreover, current treatments are generally effective 

for limited lengths of time, creating a unique set of challenges for researchers 

investigating potential cures. 

Parkinson’s disease is characterized by symptoms of tremors, muscular rigidity, 

bradykinesia, and stooped posture coupled with instability.  These symptoms are a 

result of selective degeneration of dopaminergic neurons in a localized region of the 

brain called the substantia nigra.  As these neurons are lost, less dopamine (DA) is 

synthesized in the brain and the neuromuscular symptoms of PD begin to manifest.  

The most common treatment for these symptoms is administration of the DA precursor, 

3,4-dihydroxy-L-phenylalanine (L-DOPA), in combination with metabolic inhibitors in 

order to artificially elevate the brain’s DA levels.  After four to six years, however, this 

treatment becomes increasingly ineffective due to a variety of conditions.  In order to 

determine the specific mechanism(s) involved in the onset of this and other 

neurodegenerative disorders, it is necessary to develop effective, specific in vivo 

models from which more efficacious treatments and potential cures may be developed. 

Investigators have utilized a variety of approaches to model PD.  For example, 

the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) elicits selective 

dopaminergic neurodegeneration, and has been utilized as an in vitro and in vivo model 
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of PD.  Nonetheless, the precise molecular interactions between these toxins and 

various targets in the CNS including monoamine transporters, intracellular enzymes and 

other soluble compounds is far from defined.  While there is evidence to suggest that 

oxidative stress is the common link between these models and PD, these and other 

neurotoxins are not suitable for detailed structure-activity studies due to their structural 

complexities.  One important common link between PD and these models is the 

alteration, or perturbation, of the normal uptake and storage mechanisms of 

autooxidizable catecholamines such as dopamine (DA) and norepinephrine (NE), 

resulting in increased cytosolic concentrations which may lead to increased oxidative 

stress. 

Numerous studies indicate that efficient uptake, biosynthetic conversion, and 

storage of catecholamines in vesicles are mandatory for proper functioning of 

catecholaminergic neurons. The vital proteins responsible, including vesicular H+-

ATPase (V-H+ATPase), cytochrome b561 (b561), dopamine-β-monooxygenase (DβM), 

and vesicular monoamine transporter (VMAT), have been well characterized (1-4). V-

H+-ATPase generated transmembrane pH gradient is mandatory for the granular 

accumulation of catecholamines as well as the regeneration of intragranular Asc from 

semidehydroascorbate via cytochrome b561. In addition to providing reducing 

equivalents to the DβM-reaction, a high concentration of intragranular Asc ensures a 

reductive environment, preserving catecholamines from autooxidation. Therefore, tightly 

coordinated, well-integrated functions of V-H+-ATPase, VMAT, DβM, and b561 are not 

only necessary for efficient granular accumulation, storage, and biotransformation of 

catecholamines, but also essential for relieving catecholamine-induced oxidative stress. 
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Perturbation of catecholamine metabolism through impaired intra-granular accumulation 

and bio-transformation could lead to increased oxidative stress and eventual 

neurodegeneration. 

In agreement with the above proposals, recent studies show that the 

neuropharmacological and neurotoxic effects of a large number of illicit drugs and 

neurotoxins are closely associated with interference of catecholamine storage and 

metabolism. For example, increasing evidence suggests that amphetamine-related 

drugs exert their effects by increasing the non-exocytotic release of dopamine in some 

regions of the brain (5, 6) as a result of direct interaction with plasma membrane 

dopamine transporter (DAT) and VMAT (7-9). 

Our group has recently characterized a series of 3-amino-2-phenylpropene 

(APP) derivatives as novel reversible inhibitors for the bovine adrenal chromaffin 

granule VMAT (10) which have been previously characterized as irreversible DβM (11, 

12) and monoamine oxidase (MAO) inhibitors (13).  Inhibition of VMAT, DβM and/or 

MAO could lead to greatly increased cytosolic DA, sequestering this essential 

neurotransmitter in less-acidic conditions where autooxidation is favored.  The simple 

structure of these inhibitors, unlike many classical transporter inhibitors, make them 

ideal for structure-activity studies.  Finally, their high water solubility makes them ideal 

for cell culture studies with affinities similar to endogenous monoamines.  Nonetheless, 

the pharmacological and toxicological properties of this class of compounds have never 

been evaluated in vivo.  As the APP class of compounds has been thoroughly 

investigated with respect to enzyme and transporter inhibition in vitro (10-13), the 

overall goal of this research was to perform initial investigations of the pharmacological 
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and toxicological properties of these compounds using SH-SY5Y cells as a model, and 

to evaluate the molecular mechanisms responsible for these properties.  The SH-SY5Y 

cell line is a thrice-cloned cell line originating from a metastic neuroblastoma.  SH-SY5Y 

expresses high levels of endogenous plasmalemmal and vesicular monoamine 

transporters and has been utilized extensively in the studies of various neurotoxins and 

their implications upon oxidative stress and neurodegeneration.   

 The specific aims of this research were (i) to evaluate halogenated structural 

analogs of APP with respect to overall neurotoxicity and to characterize this mode of 

death as specific or nonspecific for catecholaminergic neurons, (ii) to determine if 

enzyme and transporter inhibition previously observed in vitro occur in the SH-SY5Y cell 

culture model and contribute to catecholamine perturbation leading to oxidative stress, 

and (iii) to determine the role that any oxidative stress may play in any neurotoxic insult, 

owing to a potentially unique and valuable tool in the research of Parkinson’s disease. 
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CHAPTER 2 
 

BACKGROUND AND SIGNIFICANCE 
 
 

2.1 Biosynthesis of Catecholamine Neurotransmitters  

Catecholamine neurotransmitters are derived from the amino acids tyrosine or 

phenylalanine and possess a catechol moiety.  The three endogenous catecholamines, 

shown in Figure 1, are dopamine (DA), norepinephrine (NE), and epinephrine (E).  

These neurotransmitters occupy key positions in both peripheral nervous system (PNS) 

and central nervous system (CNS) functions, and are essential in the regulation of 

myriad physiological processes; their improper functioning can lead to development of 

neurological, endocrine and cardiovascular disorders (14).  DA is the neurotransmitter 

most commonly implicated in neurodegenerative disease as well as in drug addiction.  

Although D1, D2 and D3 receptors are the predominant dopaminergic receptors in the 

CNS, DA also binds to and activates both α and β adrenergic receptors in the PNS due 

to the structural similarities between DA and E.  (15) 

HO

HO

HO

HO

OH

HO

HO

OH

DA NE E

NH2 NH2 HN

 

Figure 1: Endogenous catecholamine neurotransmitters. Dopamine (DA), 
norepinephrine (NE) and epinephrine (E) 
 

Catecholamines are biosynthesized from L-tyrosine as detailed in Scheme 1, and 

discussed more extensively below. 
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OH
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OH
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L-DOPA

DihydrobiopterinO2 H2O

OH

HO
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HO

NE

OH

HO
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COO

NH3
NH3

COO

HO

NH3

NH3

N
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Scheme 1:  Biosynthesis of catecholamine neurotransmitters.  AAADC – aromatic 
amino acid decarboxylase, adoHcy – S-adenosylhomocysteine, adoMet – S-
adenosylmethionine, Asc – ascorbate, BH4 – tetrahydrobiopterin, DA – dopamine, DβM 
– dopamine-β-monooxygenase, DHA – dihydroascorbate, E – epinephrine, L-DOPA – 
3,4-dihydroxy-L-phenylalanine, NE – norepinephrine, PLP – pyridoxal phosphate, 
PNMT – phenylethanolamine-N-methyltransferase, TH – tyrosine hydroxylase. 

 

2.1.1 Tyrosine Hydroxylase; TH 

 Tyrosine hydroxylase (TH; E.C. 1.14.16.2) catalyzes the rate limiting step in the 

synthesis of all catecholamines and is endogenous in all cells which biosynthesize DA, 

NE or E.  This enzyme is a mixed function oxidase found within the cytosol and 

catalyzes the addition of a hydroxyl group to the meta position of tyrosine to form 3,4-
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dihydroxy-L-phenylalanine (L-DOPA).  The reductant tetrahydrobiopterin (converted to 

form dihydrobiopterin) and molecular oxygen are required for the reaction.  TH has a 

high specificity for tyrosine, not accepting indole-based compounds such as tryptophan 

or its derivatives (16).  Studies by Zhou, et al. (17) demonstrated that knockout mice 

lacking TH were not viable past the fetal stage, underscoring the physiological 

importance of this enzyme.  Human patients who exhibit tyrosine hydroxylase deficiency 

are viable, however, but exhibit symptoms similar to those of PD shortly after birth, and 

many are started on traditional L-DOPA combination therapy in order to treat the 

Parkinsonian symptoms (18).  Although not the normal function, TH has also been 

shown to convert L-phenylalanine to L-tyrosine, then to L-DOPA under certain biological 

conditions.  This becomes significant in human patients in which L-phenylalanine 

accumulation occurs, such as those who suffer from phenylketonuria where 

phenylalanine hydroxylase activity is markedly decreased (19).  

2.1.2 L-Aromatic Amino Acid Decarboxylase; AAADC 

 The next step in the biosynthesis of catecholamines is the decarboxylation of L-

DOPA to form DA via the enzyme L-aromatic amino acid decarboxylase (AAADC), also 

known as DOPA decarboxylase.  AAADC (E.C. 4.1.1.28) is a pyridoxal phosphate-

dependent enzyme present in the cytosol.  It has a low Km and a high Vmax for L-DOPA, 

ensuring that endogenous L-DOPA is rapidly converted into DA under cellular 

conditions.  Although not the rate limiting step in traditional catecholamine biosynthesis, 

it becomes so in patients receiving L-DOPA combination therapy for treatment of PD, as 

TH is bypassed.  Unlike TH, AAADC does show an affinity for indole derivatives, also 
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efficiently catalyzing the conversion of 5-hydroxy-L-tryptophan to serotonin (5-

hydroxytryptamine) (20).   

2.1.3 Dopamine-  β-monooxygenase; D βM 

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

mixed-function oxidase which catalyzes the conversion of DA to NE, and is present in 

the synaptic vesicles of noradrenergic and adrenergic cells. It has an apparent 

molecular weight of 300,000 and is comprised of four subunits, arranged in pairs linked 

via disulfide bonds.  DβM exists in both soluble (sDβM) and membrane-bound (mDβM) 

forms present in approximately equal amounts inside the catecholamine storage 

vesicles, as discussed later (21).  Wimalasena and Wimalasena have presented 

evidence that it is the membrane-bound form attached to the inner granular membrane 

which is primarily responsible for the physiological activity (1).  DβM from human (22), 

rat (23) and bovine (24, 25) sources has been sequenced, cloned, and successfully 

expressed.  

2.1.4 Phenylethanolamine- N-methyltransferase; PNMT 

 PNMT (E.C 2.1.1.28) is found in a small number of cells who synthesize and 

secrete E as the neurotransmitter in neurons within the brainstem, or neurohormone 

within chromaffin cells of the adrenal medulla.  This enzyme transfers a methyl group 

from S-adenosylmethionine to the amine functional group of NE to produce E in the 

cytosol.  Regulation of PNMT activity is controlled by corticosteroids such as cortisol 

(26). 
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2.2 Enzymatic Metabolism of Catecholamines 

 After being released from the presynaptic neurons, diffusing into the synaptic 

cleft, and binding to post-synaptic receptors, neurotransmitters must be cleared from the 

synapse in order to regulate stimulation.  The three primary mechanisms of 

neurotransmitter clearance are 1.) simple diffusion out of the synaptic cleft, 2.) reuptake 

followed by oxidative metabolic degradation, and 3.) reuptake followed by storage in 

presynaptic neurotransmitter vesicles.  Any molecular mechanism which perturbs one of 

more of these functions results in an imbalance which may increase synaptic 

concentrations of neurotransmitter (extracellular), or may result in partitioning the 

neurotransmitter in the oxidative environment of the cytosol if reuptake occurs without 

proper storage in synaptic vesicles.  For the catecholamine class of neurotransmitters, 

the latter two methods of clearance are most crucial; reuptake and storage will be 

discussed in further detail later. 

Catecholamines which are not properly stored inside synaptic vesicles, and 

instead remain in the cytosolic catecholamine pool are subject to metabolic degradation 

by MAO and COMT (Scheme 2).  Degradation of DA can occur either by MAO followed 

by COMT, or vice versa (16).  3, 4- Dihydroxyphenylacetaldehyde (DOPAldehyde) is an 

unstable catabolic intermediate, as are 3-O-methyldopamine and homovanillic aldehyde 

(HVAldehyde). These are converted to 3,4-dihydroxyphenylacetic acid (DOPAC) and/or 

homovanilic acid (HVA) by aldehyde dehydrogenase (27) 
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Scheme 2:  Oxidative degradation pathways of DA.  DOPAC and HVA are the most 
stable metabolic products. 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 

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

mitochondrial membrane facing the cytosol. This enzyme is involved in the oxidative 

deamination of catecholamines into their corresponding aldehydes in the presence of 

molecular O2 (Scheme 2). Two isoforms of MAO with distinct substrate specificities 

have been characterized. MAO-A is primarily expressed in catecholaminergic neurons 

and preferentially deaminates NE, although both isoforms can deaminate DA. A and B 

isoforms share 70% amino acid sequence homology (28). Clorgyline and pargyline are 

selective inhibitors for MAO-A and MAO-B, respectively, although high concentrations of 

both inhibit MAO present in cultured SH-SY5Y cell homogenates (unpublished data). 

Fitzgerald, et al. (29) have identified the specific isoform in SH-SY5Y cells as MAO-A.  
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In the human brain, MAO-A is expressed in catecholaminergic neurons, whereas 

serotonergic neurons and astrocytes contain primarily MAO-B (30, 31). 

2.2.2 Catechol- O-Methyltransferase; COMT 

 Catechol-O-Methyltransferase (E.C 2.1.1.6; COMT) can be found in nearly all 

living cells. COMT catalyzes the Mg2+-dependent conversion of DOPAC to HVA by 

transferring a methyl group from adoMet to the 3-hydroxy group of DOPAC (32).  It is 

nonspecific with respect to substrate recognition, catalyzing the O-methylation of 

virtually any substrate containing a catechol moiety.  COMT inhibitors such as 

entacapone and tolcapone are commonly administered as an adjuvant to traditional 

combination therapy for treating PD in order to prolong the efficacy of treatment while 

minimizing symptoms (33). 

2.3 Oxidative Stress and Neurodegenerative Disease  

Often the etiology of a given disease either originates from or is exacerbated by 

an overabundance of free radicals, simply defined as chemical species which contain 

one or more unpaired electrons (34).  Free radicals have been implicated in many 

cardiovascular disorders and diabetic complications (35-37), a variety of cancers (38-

40), oxidative DNA and RNA damage (41, 42) and a large number of neurodegenerative 

diseases (43-45). The most common biological forms of free radicals are observed as 

reactive oxygen species and reactive nitrogen species, ROS and RNS, respectively 

(46).   

Free radical species can be encountered via endogenous (cytochrome P450s, 

cellular respiration, peroxisome leakage) or exogenous (xenobiotics, toxins, radiation) 

sources  (34).  Additionally, many oxidatively labile biomolecules, such as DA possess 
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the ability to autooxidize, producing ROS (47, 48).  ROS, RNS and other related radical 

species are considered “two-faced” in that they are necessary messengers within, and 

products of, essential enzymatic processes; however, an overabundance of these 

species causes oxidative stress leading to deleterious effects to nucleic acids, lipids, 

and proteins (34, 46, 49-51).  Most reactive radical species and radical-producing 

species (such as H2O2) which pose a threat to the system are effectively scavenged by 

the enzymes superoxide dismutase and catalase, as well as by cellular antioxidants 

such as α-tocopherol (αT; vitamin E) , ascorbate (Asc; vitamin C), uric acid, and 

glutathione (GSH) under in vivo conditions, (49-51).  Oxidative stress generally 

describes a condition in which cellular antioxidant defenses are inadequate to 

completely detoxify the free radicals being generated due to excessive production of 

ROS, loss of antioxidant defenses, or both (52).   

Oxidative stress and/or reactive radical generation in the central and peripheral 

nervous systems plays a significant role in neurodegenerative disorders such as 

Alzheimer’s disease and PD, the toxicity of a large number of neurotoxins and 

generalized aging (34, 53).  In the human brain, MAO levels increase 2-3- fold in an 

age-dependent manner, resulting in increased oxidative stress via increased 

intracellular H2O2 and subsequent ROS, which may induce vulnerability of the brain to 

age-dependent neurodegenerative disorders (54).  Of particular interest are pathologies 

that arise due to a free radical imbalance in catecholaminergic neurons. These neurons 

contain an abundance of oxidatively-labile components coupled with a high level of 

redox-active transition metals.  Autooxidizable catecholamines DA, NE, and E and their 

metabolites are known to generate H2O2, reactive oxygen species (ROS) and organic 
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radicals under aerobic conditions due to their intrinsic redox properties especially at 

high pH, high O2 concentration, and in the presence of redox-active transition metals 

(55, 56). Therefore, catecholaminergic neurons are inherently subjected to higher levels 

of oxidative stress and more free radical damage than other types of neurons (27, 47).   

2.3.1 Implications of DA Oxidation on Oxidative Str ess 

 Oxidation of DA results in a variety of products through either spontaneous 

autooxidation or enzyme mediated oxidative deamination.  The likelihood of oxidation 

greatly increases in proportion to the size of the cytosolic DA pool.  In addition to the 

previously discussed product DOPAldehyde, MAO-mediated deamination of DA also 

results in production of H2O2.  This is counteracted by glutathione peroxidase (in 

addition to catalase), and as a result, cellular glutathione (GSH) levels are depleted and 

converted to glutathione disulfide (GSSG).  Thus, loss of cellular GSH has been an 

associated hallmark of oxidative stress (57).  While not a free radical itself, H2O2 can be 

readily converted into hydroxyl free radicals in the presence of transition metals via 

Fenton-type reactions (Scheme 3) (52). 

  

Fe2+  +  H2O2 �  Fe3+  +  •OH  +  OH – 

Scheme 3:  The Fenton reaction 

 

The presence of excessive cytosolic DA may also lead to autooxidation, 

producing quinines and semiquinones in a chain-reaction which also results in the 

production of ROS (47).  This production is optimal in basic solutions and is more 

predominant in the presence of transition metals (27).  As the cytosolic pH is 7.2, 
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compared to the acidic pH 5.5 inside neurotransmitter storage vesicles, it is of likely 

significance that DA autooxidation occurs in catecholaminergic neurons when uptake, 

storage, and/or metabolism become perturbed. 

Although the hydroxyl radical may be the most potent form of radical species in 

terms of observed neurotoxicity and cellular damage, other radicals can be produced by 

similar mechanisms including superoxide (O2
• -) and nitric oxide (NO•).  One major 

implication of oxidative stress in a biological system is that of lipid peroxidation - 

alteration of the chemical structure of biological lipids by the addition of peroxyl or 

hydroxyl radicals to the unsaturated fatty acid chain.  Additionally, a lipid chain may be 

cleaved, resulting in truncated aldehydes.  These changes may be intrinsically toxic to 

the cell, or there may be reactions with other intracellular components, leading to 

interference with protein function or leading to DNA mutations.  Although hydroxyl 

radicals are the primary product of Fenton chemical reactions, the Haber-Weiss reaction 

(Scheme 4) allows hydrogen peroxide, superoxide and hydroxyl radicals to inter-convert 

among each other.  Other transition metal ions such as the Cu+2 / Cu+ pair may 

substitute for Fe3+ and Fe2+ in these reactions as well. These interconversions make it 

difficult to determine the exact nature of the radicals involved in an oxidative insult.   

 

Fe3+  +  O2
• -  �  Fe2+  +  O2 

Fe2+  +  H2O2 �  Fe3+  +  •OH  +  OH
- 

_____________________________________________________ 

O2
• -  +  H2O2  �  •OH  +  OH

-
  +  O2 

 
Scheme 4:  The Haber-Weiss reaction 
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2.3.2 Cellular and Vesicular Reuptake of DA  

The enzymes and transporters responsible for facilitating catecholamine 

reuptake and storage are located on the plasma membrane of the presynaptic neuron 

or on the vesicular membrane inside the cell.  As catecholamines are positively charged 

at physiological pH (7.4), uptake is mediated through either the plasmalemmal 

dopamine transporter (DAT), norepinephrine transporter (NET), or serotonin transporter 

(SERT), depending on the substrate.  As DA is the primary focus of this review, detailed 

discussion of NET and SERT will not be addressed. 

2.3.2.1 Cellular DA Transporter; DAT 

DAT is a plasmalemmal transmembrane transporter containing 12 

transmembrane segments.  Both N- and C-termini are on the cytoplasmic face of the 

protein, and there are 3 putative glycosylation sites on the extracellular face as well as 5 

possible phosphorylation sites located on the interior face (16).  DAT is a Na+/Cl- 

dependent symporter which transports two moles of Na+ ions and one mole of Cl- ion 

down their concentration gradients (into the cell) for every one mole DA transported into 

the cell.  DAT and other monoamine transporters function by the same mechanism as 

other Na+/Cl- dependent transporters such as GABA, glycine, proline, and taurine 

plasmalemmal carriers (58, 59).  When ionic gradients are altered, such as a marked 

extracellular decrease of [Na+] or [Cl-], DAT may function in reverse, resulting in an 

efflux of DA as well as the associated cations (60).  For this reason, it is crucial that 

physiological conditions be closely recreated in the laboratory setting with regards to 

extracellular medium and conditions.  Giros, et al. (61) have determined the Km of DA 

for DAT to be approximately 1.2 µM.  
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2.3.3 Vesicular Storage of DA   

Storage of DA in synaptic vesicles is critical in protecting it from oxidative 

metabolism via MAO and COMT.  It is also necessary to protect the neuron from the 

possible toxic effects of DA itself, as well as to protect against leakage through the 

cellular membrane or release via reverse transport of DAT (62). Storage in discrete 

vesicles allows for exocytotic release triggered by appropriate physiological stimuli in 

which the vesicle fuses with the plasma membrane of the nerve terminal, releasing DA 

into the extracellular synaptic space.  Upon completion of the cellular signaling process 

and cellular reuptake by DAT, a portion of the DA is retained in the cytosolic pool, while 

the majority is stored in the vesicle facilitated by the vesicular monoamine transporter 

(VMAT).  These cytosolic DA stores act in dynamic equilibrium with vesicular DA stores, 

therefore any disturbance of cytosolic DA may result in further perturbation of the 

stored, vesicular pool (63). 

2.3.3.1 Vesicular Monoamine Transporter; VMAT  

Vesicular monoamine transporter (VMAT) is a relatively nonspecific H+-

dependant antiporter which transports DA and other monoamines from the cytosol into 

the granule in exchange for H+.  VMAT is comprised of two isoforms, VMAT-1, 

exclusively expressed in neuroendocrine cells (64), and VMAT-2, expressed in the CNS 

and within the chromaffin granules of the adrenal medulla (65, 66).  For this reason, 

bovine adrenal medulla tissue is routinely harvested and chromaffin granules are 

isolated for use as a model of the synaptic neurotransmitter vesicles of the brain, 

including the specific isoform VMAT-2 (2, 10, 67-69).   cDNA analysis indicates that 

human VMAT-2 contains a primary structure of 515 amino acids (65) and 
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hydrophobicity analysis performed by Liu et al. suggests that, like DAT, VMAT consists 

of 12 transmembrane segments.  This analysis also suggests that both N- and C-termini 

face the cytosolic side of the membrane (70).  VMAT is proposed to have a large 

hydrophilic loop containing multiple putative N-glycosylation sites facing the vesicular 

side of the membrane.  [For further details, see refs. (62, 71)]. 

2.3.4 Bovine Adrenal Chromaffin Granule 

Experimentation utilizing synaptic vesicles is largely a difficult task due to the 

extreme number of cells needed to purify an appreciable quantity of neurotransmitter 

storage vesicles for experimentation.  Thus, much investigation has been performed 

utilizing bovine chromaffin granules isolated and purified from adrenal medullary tissue 

as a convenient model as they are obtained in large quantities and easily isolated.  The 

soluble and membrane granular contents have been characterized as an analogous 

model for synaptic vesicles, including the distinct presence of VMAT-2 (72-74). The 

diameter of a granule can reach up to 350 nm and contains a significantly higher 

surface area compared to that of the cellular membrane - 7400 µm2 vs. 600 µm2, 

respectively (71).   

2.3.4.1 Granular Contents  

 The essential features of the chromaffin granule are depicted in Figure 2.  

Numerous studies indicate that the efficient uptake, biosynthetic conversion, and 

storage of catecholamines in synaptic storage vesicles are mandatory for the proper 

functioning of catecholaminergic neurons. The vital proteins that are responsible for 

these processes, including vesicular H+-ATPase, cytochrome b561, DβM, and VMAT, 

have been well characterized (1-4, 75-77). 
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Chromaffin granules contain a very high concentration of catecholamines (600 

mM), of which approximately 80% are in the soluble form, as are appreciable soluble 

concentrations of chromogranins and enkephalins (78).  Asc, a natural antioxidant, is 

found to be present in both the vesicular and cytosolic fractions of cells.  Its key roles 

within the granule are to provide reducing equivalents to DβM, facilitating the conversion 

of DA to NE, as well as to protect intragranular catecholamine stores from 

autooxidation.   

 

 
 

Figure 2: Schematic of a chromaffin granule (1):  VMAT- vesicular monoamine 
transporter, m-DβM - Membrane bound DβM, s-DβM – Soluble DβM; purple = 
cytochrome b561 
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Asc is not permeable to the granule membrane, and no vesicular Asc transporter 

exists, yet it is essential to provide reducing equivalents to DβM for the conversion of 

DA to NE.  Therefore, cytochrome b561 serves as a redox mediator between cytosolic 

and granular pools of ascorbic acid in order to regenerate the reducing equivalents.  A 

detailed discussion of DβM can be found elsewhere (79). 

Among the integral membrane components of the granule is a V-type H+-ATPase 

which provides the pH and electrochemical gradient necessary for monoamine transport 

through VMAT (80, 81). Both pH (5.5 granule matrix vs. 7.2 cytosol) and 

electrochemical gradients (50-60 mV inside positive) are mandatory for the efficient 

transportation through VMAT, accumulation, and storage of catecholamines in the 

intragranular matrix.  Similarly, the trans-membrane pH gradient is also vital for the 

cytochrome b561-mediated Asc regenerating system as the interior acidic pH will shift 

the reduction potential of the Asc/semidehydro ascorbic acid couple from +70 mV 

outside to +220 mV inside.  This facilitates the preferential electron flux from cytosol to 

the interior of the granule, through cytochrome b561, to regenerate the intragranular 

ascorbic acid (82, 83). This large ratio between catecholamine concentration within the 

granule and cytoplasm are achieved by chemiosmotic coupling between H+-ATPase 

and monoamine transporters. (84, 85).   

The tightly coordinated well-integrated functions of H+-ATPase, VMAT, DβM, and 

b561 are not only necessary for the efficient granular accumulation, storage, and 

biotransformation of catecholamines, but also essential for relieving catecholamine-

induced oxidative stress in catecholaminergic neurons.  Perturbation of catecholamine 
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metabolism through impaired intra-granular accumulation and transformation may lead 

to increased oxidative stress and eventual degeneration of catecholaminergic neurons. 

2.4 Molecular Models of Catecholamine Perturbation and Oxidative Stress 

Direct competitive inhibition of DAT results in diminished cellular uptake of DA 

and subsequently increased synaptic DA concentrations leading to enhanced receptor 

binding and the associated therapeutic effects.  Inhibition and modulation of DAT 

function is thought to play a major role in creating the euphoric and stimulant effects of 

illicit substances such as cocaine (86) and amphetamine (87).  Similar to DAT inhibition, 

interference with the normal functioning of VMAT also induces consequences of 

imbalance on catecholamine storage, reverse transport, increased metabolism and 

oxidative stress in the catecholaminergic neuron.  Additionally, perturbation of DA 

metabolism, either by catabolic inhibition, or by DβM inhibition preventing further 

metabolism to NE, (in noradrenergic cells) also may lead to increased cytosolic DA 

stores, thereby an increased level of oxidative stress.  There are many known 

compounds which are used in the laboratory setting and/or illicitly which inhibit DAT, 

VMAT, or both, which have been at least partially implicated in oxidative stress 

mechanisms, likely due to dopamine perturbation. 

2.4.1 MPTP 

  The synthetic chemical 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP; 

Scheme 5) has been shown to be a useful laboratory model for studying PD.  The 

accidental discovery of MPTP was initially reported by Dr. J. William Langston, et al. in 

1982 (88).  Three young-to-middle aged patients began to exhibit Parkinsonian 

symptoms within one week after starting use of a drug referred to as “new heroin”, and 
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these symptoms persisted for a period of time even after the drug use was stopped.  Dr. 

Langston treated the symptoms with a combination of L-DOPA and carbidopa, standard 

treatment for PD, and all patients responded positively.  Furthermore, dopamine agonist 

therapy continued to provide positive therapy in two of the four patients.   

 The clandestine laboratory source of all batches of “new heroin” was found to 

contain traces of MPTP, as did samples of the drugs taken by all four affected 

individuals.  Although no postmortem examinations were performed at the time of 

publication as all patients were still living, it was speculated that destruction of the 

substantia nigra would be present.  In his 1982 publication, Langston suggests that 

MPTP may be of significant value in developing an animal model of PD (89).   

These above findings prompted numerous investigations, including those by 

Burns, et al. (90) which involved injection into rhesus monkeys, followed by behavioral 

analysis, sacrifice and postmortem examination.  Animal subjects displayed 

Parkinsonian symptoms and tremors, and postmortem examinations showed severe 

damage to the pars compacta area of the substantia nigra.  However, it was not clear at 

the time whether it was MPTP or a possible metabolite which elicited the Parkinsonian 

effects. 

2.4.1.1 MPTP Conversion to MPP + 

 It was subsequently discovered that the oxidative metabolite of MPTP, 1-methyl-

4-phenylpyridinium ion (MPP+) acts as the causative agent to induce Parkinsonian 

symptoms (91).  Through systemic administration via injection, as was the case in the 

previously mentioned accounts (88-90), the lipid-soluble MPTP easily crosses the 

blood-brain barrier, enters into the cerebrospinal fluid of the central nervous system (88-
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90) and becomes sequestered in the lysosomes of astrocytes and other cells..  

Astrocytes as well as serotonergic neurons contain high levels of MAO-B, which 

converts MPTP into the metabolite MPP+.  (Inhibition of MAO-B has been shown to 

guard against MPP+-induced toxicity). The quaternary ammonium product is then 

secreted back into the extracellular fluid. 

NN

MAO-B

 

Scheme 5: Enzymatic conversion of MPTP to MPP+.  MPTP - 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine, MPP+ - 1-methyl-4-phenylpyridinium 

 

Selective entrance of MPP+ into catecholaminergic neurons is accomplished by 

transport via the dopamine transporter (DAT).  Entrance through DAT has been deemed 

a requirement for the intracellular transport of MPP+ through transfection studies, and 

the susceptibility of the neuron to MPP+ toxicity has been shown to be a function of the 

surface DAT density (92).  Additionally, halting MPP+ uptake via competitive DAT 

inhibition has been shown to diminish MPP+-induced toxicity.  Knockout studies in mice 

have supported the DAT mediation argument in that mice which do not have DAT 

present are not susceptible to MPTP toxicity and showed no abnormal behavior after 

being administered cocaine or amphetamine (61) 



 

23 

Wu, et. al (93) have reported that cellular uptake may alternatively occur through 

uptake via the organic cation transporter (OCT3), a sodium-independent bidirectional 

cation transporter which is expressed to different degrees throughout the brain.  OCT3 

has low specificity, transporting all three endogenous catecholamines as well as 

serotonin and histamine as substrates (94).  

2.4.1.2 Theories of MPP + Toxicity 

Despite being discovered as a potential neurotoxin in the early 1980s, the 

mechanism of toxicity of MPP+ has yet to be fully elucidated.  It is generally believed 

that the damage elicited by MPP+ originates from ROS, but there remains much 

disagreement regarding the original source of ROS, and thereby the molecular 

mechanism responsible for its effects. Some evidence supports the theory that MPP+, 

once inside the cytosol, becomes concentrated in the mitochondria and inhibits 

Complex I, producing a burst of intracellular ROS.  An alternative hypothesis is that 

MPP+ perturbs intracellular DA which is oxidatively labile and capable of autooxidation, 

resulting in a similar burst of ROS.  A distinction between these sources would be a 

significant step in the full mechanistic understanding of the MPP+ model of PD. 

2.4.1.2.1 Mitochondrial Impairment 

It is hypothesized that MPP+, which is permeable to the outer mitochondrial 

membrane, becomes concentrated inside the mitochondria and binds to the same sites 

as the potent Complex I inhibitor rotenone (95).  Inhibition of Complex I halts the entire 

respiratory chain, thus ATP production is impaired (96).  Additionally, Takeshige and 

Minakami (97) have shown that inhibition of Complex I with rotenone using bovine 

submitochondrial particles results in the production of superoxide ions (O2
-).  Li et al. 
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(98) have presented evidence that rotenone-produced superoxide is sufficient to induce 

apoptosis in HL-60 cells, as evidenced by characteristic DNA fragmentation, 

cytochrome c release and elevated caspase-3 activity, which was inhibited by treatment 

with common antioxidants glutathione (GSH), N-acetylcysteine (NAC), and vitamin C 

(Asc).  Hasegawa, et al. (99) also observed superoxide production and subsequent lipid 

peroxidation when utilizing MPP+ as a Complex I inhibitor.  Maximal superoxide 

production occurred at 20mM, which the authors state is physiologically relevant (99) as 

MPP+ in vivo reaches even higher mitochondrial concentrations due to an energy-

dependent uptake mechanism (100) which has Km = 5 mM.  Through Fenton / Haber-

Weiss reactions, superoxide produced from inhibition may exchange into other species 

to elicit further oxidative cellular damage.  As mitochondria are readily regenerated 

inside cells, toxicity due to permanent mitochondrial damage is considered negligible. 

2.4.1.2.2 DA Oxidation Model 

Studies have shown that MPP+ is a good substrate for transport through VMAT 

into the neurotransmitter storage vesicles present within catecholaminergic cells (70, 

101).  This is not surprising, as VMAT requires less structural specificity for transport 

than DAT.  Accumulation into the acidic granule (pH = 5.5) results in a rapid efflux of H+, 

leading to loss of the electrochemical gradient.  Loss of this gradient may allow for 

reverse transport of DA through VMAT and/or DAT, releasing stored DA into the cytosol 

causing increased autooxidation and oxidative stress. 

 MPP+ has been shown to release DA from dopaminergic neurons and stimulate 

the production of hydroxyl radicals (102), a process which occurs more quickly than 

radical generation due to mitochondrial impairment.  Release of granular DA is 



 

25 

supported by cell fractionization studies which show the majority of MPP+ is 

sequestered in the synaptic storage vesicles, with very low levels present associated 

with mitochondria (103).  It has been proposed that vesicular sequestration may act as 

a type of protective mechanism (70).  Nonetheless, displacement of DA from granular 

stores may not occur without the consequences of increased deamination by MAO 

(104) and spontaneous autoxidation in the presence of transition metal ions such as 

Fe2+/3+ and Cu1+/2+ (105).  These processes produce reactive quinone species, peroxide, 

and superoxide which can elicit cellular damage (47). 

 Studies of Lotharius and O’Malley (101) suggest that ROS produced by MPP+ in 

murine mesencephalic primary cultures are not mitochondrial in origin.  This was 

evaluated by simultaneously monitoring the mitochondrial membrane potential (∆Ψm) 

and superoxide production via the fluorometric dyes R123 and DHE, respectively, under 

incubation with either 20nM rotenone or 1 µM MPP+.  While the chosen concentrations 

of both compounds induced cell degeneration along a similar time course, only the 

MPP+ treatment resulted in a 3-fold increase of peroxide radicals, consistent with 

previous results (106). 

 Additional support for this theory is provided by the observation that 1 µM MPP+ 

treatment reduced total intracellular DA levels for over 16 hours (101), which was 

blocked nearly completely by pretreatment of cells with 10µM reserpine, a potent VMAT 

inhibitor.  Evidence was also presented that depletion of newly synthesized and stored 

DA, followed by MPP+ treatment resulted in a diminished superoxide spike as well as 

decreased toxicity.  Consequently, preloading cells with additional DA resulted in an 

abnormally high toxicity profile.  Co-incubation of cells with MPP+ to displace granular 
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DA, coupled DAT inhibition to inhibit reverse transport of DA, resulted in a 38% 

reduction in TH-immunoreactive cells, suggesting that redistributed cytoplasmic DA is 

involved in the toxin mechanism, not extracellular DA.  While these findings certainly 

suggest that catecholamine perturbation plays a role in the toxic event, not much is 

known about the effect(s) that MPTP/MPP+ plays on specific isolated 

enzyme/transporter systems outside of the whole cell environment, and what other 

functions, aside from mitochondrial inhibition, this molecule might affect that may either 

enhance or mitigate its overall observed neurotoxicity. 

2.4.2 Reserpine and Tetrabenazine 

 Two of the best characterized classical VMAT inhibitors are reserpine (RES) and 

tetrabenazine (TBZ).  These inhibitors appear to have unique binding sites to VMAT as 

well as different inhibitory mechanisms (62, 107). 

The Indian Snakeroot alkaloid reserpine (Fig. 3) is a potent inhibitor of VMAT, 

slightly more potent at inhibiting VMAT-2 than VMAT-1 (64).  RES is thought to bind at 

the amine recognition site on VMAT and inhibits via a competitive mechanism.  RES 

exhibits Ki in the subnanomolar range and binds to VMAT with Kd ~ Ki (62). 

Administered to rats, it induces a depletion of brain monoamines which last for days.  

The nature of RES binding is extremely long-lasting, conferring nearly-irreversible 

inhibition (108).  However, an understanding of the full molecular pharmacology of this 

compound, which can be considered an analog of 5-HT due to the presence of an 

indole moiety, has been difficult because kinetics of the binding are greatly accelerated 

by ∆µH+ of the synaptic storage vesicles (71, 109, 110).  
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Tetrabenazine (Fig. 3), seen as a structural DA analog, is a specific inhibitor for 

VMAT-2 with Ki in the low nanomolar range (64).  It is rapidly reduced in vivo to form α-

dihydrotetrabenazine (TBZOH).  The binding of these inhibitors to VMAT is not altered 

by ∆µH+ as is seen with RES.  Also, TBZ and TBZOH binding is not affected by the 

presence of significant concentrations of RES (62).  
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Figure 3:  Reserpine (RES) and tetrabenazine (TBZ) 

2.4.3 GBR 12909 

One of the most potent known inhibitors of DAT is the compound GBR 12909 (1-

[2-[bis(4-fluorophenyl)methoxy]ethyl]-4-(3-phenylpropyl)piperazine, also known as 

vanoxerine (Figure 4),  having Ki for DAT in the low nanomolar range (111).  It is 

interesting to note that the structure of this inhibitor has very little in common with any 

known physiological substrate or competitive inhibitor.  Stepanov and Järv (112) 

contend that the binding mechanism for this inhibitor utilizes a two-step process.  First, 

a rapid binding step to the transporter occurs followed by a much slower isomerization 

step inducing conformational change to the transporter structure. (112)   This is thought 
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to perform in the same manner as to G-protein coupled receptors.  This same 

mechanism was previously demonstrated with the tropane-based inhibitor PE2I (113), 

but it was unexpected to receive the mechanistic steps – and nearly similar kinetic 

values – from two structurally unique inhibitors.   
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Figure 4:  GBR 12909 (Vanoxerine) 

 

These results led Stepanov and Järv, in agreement with the previous work of Do-

Rego et al. (114), to postulate that the two-step inhibition observed with both GBR 

12909 and PE2I is a general property of DAT which is only observed for substrates and 

inhibitors having given geometries.   

2.4.4 Cocaine 

The commonly-abused substance cocaine (benzoylmethyl ecgonine, Figure 5) is 

a naturally occuring tropane alkaloid derived from the leaves of the plant Erythroxylum 

cocoa.  As of 2006, nearly 34 million Americans have tried cocaine at least once in their 

lifetime and according to the Institute of Medicine of the National Academy of Science, 

17 out of 100 individuals who try cocaine develop a psychological dependence (115).  
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Cocaine acts as a CNS stimulant due primarily to its ability to competitively inhibit DAT, 

thereby increasing synaptic DA concentration.  The ability of cocaine to bind to DAT is 

highly dependent upon its stereochemical properties.  Only the naturally occurring 

isomer, (-) cocaine, shows an appreciable affinity for DAT, having IC50 <200 nM.  All 

other stereoisomers posess 60-600-fold lower affinities (116).   

A variety of mutagenesis studies have attempted to define the specific cocaine 

recognition sites on DAT, but as the tertiary structure of DAT is not well understood, 

these data have remained largely inconclusive due to the inability of discriminating 

direct versus indirect effects of these mutations.  Utilizing a bacterial transporter 

homolog called LeuT, Beuming et al. (117) have presented evidence that the cocaine 

recognition sites are thoroughly buried between transmembrane segments 1, 3, 6, and 

8, and that these sites overlap those for DA, AMPH and benztropine type inhibitors.  
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Figure 5:  Cocaine 
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2.4.5 Amphetamine 

 Amphetamine (1-phenyl-2-aminopropane; AMPH; Figure 6), like cocaine, is an 

illicitly used CNS stimulant (115, 118). It was first utilized legally in the United States 

when it was introduced as an over-the-counter nasal decongestant (119). The presence 

of a chiral α carbon gives rise to a pair of enantiomers (R and S) (118).  Extensive 

biological studies have characterized the S enantiomer as considerably more potent in 

terms of psychoactive effects (119).   

NH2
 

Figure 6:  Amphetamine (AMPH) 

2.4.5.1 Pharmacology of Amphetamine 

 Even though published evidence of AMPH interference with catecholaminergic 

storage dates back to the 1960s (120, 121), there is still significant debate within the 

scientific community as to the primary mode(s) of action responsible for perturbation of 

catecholamine metabolism.  Unlike cocaine, which primarily disturbs DA levels by direct 

inhibition of DAT, AMPH has shown strong evidence of an additional mechanism of 

non-exocytotic release of catecholaminergic stores (122) 

While the parent structure of amphetamine, phenethylamine, is a good substrate 

for MAO, the addition of an α-methyl group to phenethylamine prevents degradation by 

MAO and allows it to remain potent even when administered peripherally (118).  Many 

different models have been developed to explain the mechanism of the calcium-

independent catecholamine release from cells upon treatment with amphetamine.  
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Studies have shown that amphetamine enters nerve terminals through both active and 

passive methods. (123).  Parker and Cubeddu (124) have shown evidence that a major 

mode of uptake and subsequent catecholamine release, at least at low concentrations, 

involves uptake through DAT in an exchange diffusion mechanism. Nonspecific uptake 

becomes a significant function as the administered concentration increases (125). 

2.4.5.2 Theories of AMPH-Induced Catecholamine Rele ase 

2.4.5.2.1 Exchange Diffusion 

 The exchange diffusion model developed by Fischer and Cho (60), and later 

refined by Liang and Rutledge (126) necessitates that amphetamine interact with DAT 

in the synaptic space.  In this model, amphetamine binds to and is transported into the 

cytoplasm by DAT.  The two-position transporter then has the molecular binding site 

facing inward toward the cytoplasm, and releases the AMPH molecule.  Then, it is 

possible to bind to a catecholamine molecule which is present in the cytosol and cycle 

back out with the binding site facing the extracellular space.  One of the limitations of 

this model is that it does not account for a mechanism to increase the cytosolic DA 

concentration.  Experimental evidence has yet to distinguish whether the AMPH-

induced catecholamine loss originates from the original cytosolic or granular stores, 

however there are several proposed mechanisms for which AMPH may displace 

vesicular catecholamines into the cytosolic pool.  First, AMPH has been shown to be a 

competitive inhibitor for VMAT  with a Ki in the low micromolar range (127).  This action, 

at a minimum, would prevent further granular uptake and storage of catecholamines 

from the cytosolic pool.  Additionally, evidence suggests that higher concentrations of 
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AMPH may abolish the proton gradient across the granular membrane, explained by the 

weak base model. 

2.4.5.2.2 Weak-Base Model – Granule Alkalinization  

 Unlike the energy- and transporter-dependent considerations of the exchange 

diffusion model, the weak base model does not require the molecule to be a substrate 

for DAT.  This model instead capitalizes on the basic properties of the amine molecule 

as well as its lipophilic nature.  AMPH and other biological cations have been shown to 

nonspecifically diffuse through the plasma membrane and become present in the 

cytosolic space.  As the biological composition of the vesicle and the plasma membrane 

are similar, AMPH in its uncharged form can readily diffuse from the cytosol into the 

vesicle down a concentration gradient.  Due to the acidic nature of the vesicle (pH 5.5) 

AMPH becomes protonated and sequestered in the vesicle.  Loss of a proton (H+) from 

the vesicular space counteracts the pH gradient generated by V-H+ ATPase, and thus 

alkalinizes the interior of the vesicle.  This effect inhibits the uptake of cytosolic 

catecholamines via VMAT (which requires a strong pH gradient), but also promotes 

reverse transport of intragranular catecholamines into the cytosol.  The increased 

cytosolic concentration promotes reverse transport of catecholamines through DAT, 

similar to exchange diffusion, resulting in decreased intracellular catecholamines and 

subsequent catecholamine release. 

 Sulzer and Rayport (128-130) performed initial studies of the weak base model 

utilizing AMPH and other psychoactive amines.  Mundorf, Hochstetler and Wightman 

(131) expanded this theory to include amines which were not known to be psychoactive 

nor were considered substrates for DAT, including methylamine and tyramine, in bovine 
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chromaffin cells.  The studies indicated that Ca2+ stores were disrupted by the applied 

weak bases, resulting in Ca2+-dependent exocytosis of cytosolic catecholamines.  This 

evidence is contrary to the exchange diffusion model which has been khown to be Ca2+-

independent (60).  This is further evidence that AMPH may be responsible for several 

mechanisms of cellular action. 

 An important limitation of the weak-base model is that it appears to be valid only 

under conditions in which relatively high concentrations of amine are applied to the 

extracellular space.  Although DAT-mediated transport may still occur, it is not mutually 

exclusive of the weak base model, but it may be a minimal component as the 

transporter (Km = 100  nM) becomes saturated when approaching the high-nanomolar 

range (132).  Schuldiner et al. (133) has provided evidence that for a weak base 

containing a single proton-accepting group - such as many psychoactive primary 

amines - which has pKa considerably higher than physiological pH and is membrane 

permeable in the deprotonated form but membrane-impermeable when protonated, the 

ratio of external base to internal base equals the ratio of external H+ to internal H+. 

2.4.5.2.3 Redistribution of DAT  

 One of the most recent refined models to emerge has been the theory that 

AMPH redistributes the human DAT transporter away from the cell surface, resulting in 

diminished transporter capacity.  Several researchers have implicated the trafficking of 

DAT in the modulation of activity (134-136). Additionally, it has been demonstrated that  

tyrosine kinase inhibitors can acutely regulate DAT function by altering the surface 

expression.   
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Doolen and Zahniser (137) expressed hDAT in Xenopus oocytes in order to 

investigate if protein tyrosine kinases acutely regulate DAT function by altering cell 

surface expression of the transporter.  This work presented evidence that inhibition of 

protein tyrosine kinases rapidly reduces hDAT activity via redistribution of the 

transporter away from the cell surface, supporting the possibility of a more intricate and 

indirect control mechanism of DAT than previously considered.  This is in concert with 

findings by Law, Stafford and Quick (138) that similar tyrosine kinase functions alter 

GABA transporter surface expression, and by Apparsundaram et al. (139) implicating 

the insulin signaling cascade pathway with alteration of expression of the NE 

transporter.  

Research by Carvelli and coworkers (140) sought to investigate if the 

aforementioned insulin signaling link applied to hDAT surface expression in rat brain 

synaptosomes and stably transfected HEK-293 human kidney cells.  Selective 

phosphatidylinositol-3 (PI-3) kinase inhibition by LY294002 reduced the maximal rate of 

[3H] DA uptake into transfected HEK-293 cells as well as redistribution of DAT from the 

plasma membrane to the cytosol.  Insulin, a PI-3 kinase activator, increased transporter 

surface density, implicating DAT in the hormonal regulation of DA signaling.  These 

results did not fully determine whether the reduction in transport capacity resulted from 

modification of the remaining surface hDATs or from a simple reduction in the number 

of active hDAT transporters.  Kahlig et al. (141) sought to clarify this by showing that 

HEK-293 cells transfected with yellow fluorescent protein (YFP) -tagged hDAT 

responded to 10µM AMPH by showing a time-dependent loss of hDAT activity.  Utilizing 

patch-clamp analysis coupled with confocal fluorescent microscopy, they presented 
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compelling evidence to support a correlation between accumulation of intracellular 

hDAT and loss of transport activity.  This was further advanced (142) by an attempt to 

elucidate the molecular target responsible for AMPH-induced hDAT internalization, as it 

was not apparent if simply intracellular AMPH through specific or nonspecific 

accumulation is sufficient to cause the noted internalization, or if the AMPH substrate 

must bind to and be transported by hDAT as in the exchange diffusion model.  Mutated 

hDAT (Y335A), which binds AMPH as a substrate but was incapable of transport, did 

not internalize.  Similarly, co-administration of Zn2+ - a transport inhibitor - and AMPH 

resulted in reduced wild type hDAT internalization.  Finally, direct cytosolic injection of 

AMPH resulted in internalization of Y335A hDAT, suggesting that it is the intracellular 

increase of AMPH, not the DAT transport cycle, which is paramount in AMPH-induced 

DAT internalization.  Despite this evidence, the question of which applicable model(s) 

performs the bulk of the psychostimulant effects of AMPH is still unclear. 

2.4.6 Halogenated Amphetamines 

Adding a halogen in the para-position of the phenyl ring of AMPH reportedly 

results in compounds in which the primary effect is release of serotonin (5-HT) (143). 

Although research has not ruled out the actions of other catecholamine-releasing 

functions, significant research in this area remains anecdotal at best.  As such, p-

halogenated amphetamines are commonly grouped as serotonergic neurotoxins 

because they rapidly deplete intracellular 5-HT stores, leading to neurodegeneration 

and serotonergic cell death.  A survey of the literature has revealed very little molecular 

level studies, as most p-halogenated AMPH studies have focused on the behavioral 
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effects and total system disposition of these compounds in rodents and other small 

mammals.  

According to structure-activity studies, p-chloroamphetamine (PCA) has long 

been determined to be the most potent member of the para-halogenated amphetamine 

class (144).  Early research by Magyar, et al. (145, 146) utilizing p-fluoro-AMPH as well 

as  p-chloro- and  p-bromo-METH showed that all three compounds inhibit neuronal 

reuptake of 5-HT, DA and NE to varying degrees.  Little has been able to be elucidated 

within a structure-modification series, however, as full structure-activity studies of p-

halogenated AMPH or METH derivatives have not been performed, to our knowledge.  

Subsequent research utilizing HPLC-EC has suggested more complete evidence that 

PCA induces acute (143) and chronic (147, 148) reduction in 5-HT and its chief 

metabolite 5-hydroxyindoleacetic acid (5-HIAA).  An acute reduction in the DA 

metabolite DOPAC was noted, but was attributed to the MAO inhibition properties of 

PCA.  Marona-Lewica et al. (149) present data that p-fluoroamphetamine (PFA) 

resulted in a significant inhibition of [3H]DA uptake, similar to AMPH, which was not 

seen in PCA and p-iodoamphetamine, giving evidence that halogenated amphetamines 

may not be as 5-HT selective as initially believed, and may act with some cross-over 

effects into the dopaminergic system. 

2.4.7 3-Amino-2-phenylpropene; APP  

 The 3-amino-2-phenylpropene (APP) class of compounds, unlike most of the 

inhibitors discussed above, is a structurally simple monoamine capable of significant 

structure-activity studies.  It has to date been thoroughly investigated in vitro with 

regards to inhibition of DβM, MAO and VMAT.  Perturbation of these enzymes and 
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transporters responsible for proper catecholamine storage and metabolism should result 

in oxidative-stress mediated cell death according to the previously-discussed principles 

of catecholamine perturbation.  However, the findings herein are a result of the first 

evaluation of a subset of these compounds in a living biological system. 

May et al. (11) first published a characterization of APP (previously referred to  

as 1-phenyl-1-aminomethylethene [PAME]; Figure 7) with regards to DβM in inhibition 

1983.  This was the first such evidence of DβM recognizing and catalyzing the 

oxygenation of an olefinic substrate. Additionally, APP was also found to be a time-

dependent, first-order inactivator of DβM, having Ki = 13 mM (11) - known as suicide 

inhibition.  Inactivation was shown to proceed to 100% and there was no evidence of 

reemergence of enzyme activity long-term. 
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Figure 7:  3-Amino-2-phenylpropene (APP).  Structure is marked showing possible ring 
substituent positions 
 
 

In a subsequent publication from this lab, Padgette, et al. (12) confirmed that the 

DβM/APP substrate reaction, which was shown to be stimulated by fumarate, gives the 

corresponding epoxide as product.  However, the lack of DβM inhibition by a-

methylstyrene oxide, and the observation of identical PAME/ DβM inactivation rates in 

the absence and presence of preformed enzymatic PAME epoxide, indicates that free 

epoxide is not the inactivating species.  This inquiry also investigated both the 4’-



 

38 

hydroxy and 3’-hydroxy derivatives of APP.  4’OHAPP was determined to be an 

excellent DβM substrate with kcat 4x larger than the APP parent compound, as well as 

performing efficient suicide inhibition.  While 3’OHAPP exhibited kcat similar to 

4’OHAPP, the Km was significantly higher than 4’OHAPP and APP, and while suicide 

inhibititory activity occurred, it was to a negligible degree.  It was asserted that the high 

water solubility and relatively low Km values make this class of compounds promising 

therapeutic small molecule inhibitors for DβM.  This evidence suggests that direct 

enzyme inhibition can be modulated by the presence or absence of ring substituents on 

the APP parent molecule. 

MAO inhibition analysis of APP as well as its ring substituted and/or 

haloallylamine derivatives was the subject of a 1984 publication by McDonald et al. 

(13).  APP was determined to have an IC50 for crude MAO preparation (from rat brain 

source) of 400 µM prior to incubation of the enzyme with 5mM tyramine as a substrate.  

This inhibition was found to be potent and irreversible.  No analysis of specificity with 

regard to MAO-A vs. MAO-B potency was performed, as slight structural substitutions of 

this parent molecule resulted in some inhibitors with IC50 in the low nanomolar range 

(13).  

The original APP derivatives investigated by May et al. (11) and Padgette et al. 

(12) were investigated and expanded by Perera, et al. (10) with respect to 

transport/inhibition of bovine VMAT present in resealed chromaffin granule ghosts.  It 

was discovered that while 4’OHAPP and 3’OHAPP expressed largely different DβM 

inhibition potencies (12), they expressed nearly the same Ki for VMAT inhibition  (15.5 

vs. 16.7 µM, respectively).  APP itself expressed a significantly higher Ki of 40.3 µM.  It 
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was noted in the publication that neither APP, 4’OHAPP, nor 3’OHAPP were subject to 

active uptake into the granule (10).   

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1.  DA uptake inhibition in resealed bovine chromaffin granules. Data from Perera 
et al., (2003).  aThe non-standard Km,DA/Ki ratios were calculated from the respective Ki 
and Km,DA parameters determined for each compound to normalize the variation of Km 

for DA for different ghost preparations. These values also provide a measure of their 
relative abilities to compete with DA under the same experimental conditions.  

 

A subclass which was not analyzed for DβM inhibition potency was the para-

halogenated derivatives 4’FAPP, 4’ClAPP, 4’BrAPP and 4’IAPP.  These four 

compounds exhibited a trend of VMAT inhibition potency paralleling the increased 

hydrophobicity of the 4’ substituent (See Table 1).   

While APP inhibitors exhibit inhibition potencies lower than classical VMAT 

inhibitors such as reserpine (107), tetrabenazine (150) and ketanserin (151), their 

structural similarities and transporter affinities resemble those more closely of 

 
 

Ki (µM) ± S.D. Km,DA/Ki
a 

APP 40.3 ± 5.3 0.57 

4'-OHAPP 15.5 ± 0.9 1.52 

3'-OHAPP 16.7 ± 1.1 1.40 

4'-FAPP 42.3 ± 3.1 0.80 

4'-ClAPP 18.0 ± 0.9 1.76 

4'-BrAPP 17.7 ± 2.0 1.79 

4'-IAPP 12.9 ± 2.3 2.96 
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endogenous monoamines, and they can be easily modified for further structure-activity 

relationship studies (10).  Additionally, their high water solubilities make this class of 

compounds ideal for biological evaluation in a cell culture model in which the total effect 

of catecholamine perturbation by inhibition of DβM, MAO and VMAT may be analyzed. 

2.5 Apoptosis 

 As cells in multicellular organisms require signal stimulation to remain alive, 

removal of these trophic factors may result in activation of a type of suicide program 

(15) referred to as apoptosis.  Additionally, apoptosis can be induced by increased 

oxidative stress (152). This mode of programmed cell death is accompanied by well 

defined morphological changes such as generalized cell shrinkage, condensation of the 

chromatin and cytoplasm, nuclear fragmentation, cellular blebbing and nuclear DNA 

fragmentation.  Finally, the resulting apoptotic bodies are engulfed and destroyed by 

phagocytic cells.  It is important to note that the process of apoptosis does not include 

cell membrane rupture, thus the intracellular contents are never released into the 

extracellular space, avoiding any type of toxic exposure or prolonged tissue insult.  

Apoptosis may occur in response to an external anomaly, or, as in the case with fetal 

development, as an integral part of organismal differentiation.  It may affect a single cell 

or a large group surrounded by many viable cells as apoptotic effects may be highly 

localized.   

This mode of death is in contrast to cellular necrosis, generally associated with 

an acute toxic or blunt insult.  Necrotic cells swell and rupture, releasing the intracellular 

contents into the environment, and are generally associated with inflammation (15).  

Although apoptosis and necrosis are mediated by distinct pathways, the same insult can 
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lead to either apoptosis or necrosis depending on many factors including the intensity of 

damage and the type of cell involved (153).   

One of the molecular hallmarks of apoptosis is the cleavage of the nuclear DNA 

into fragments in intervals of approximately 200 bp fragments.  This sizing is due to the 

actions of endonuclease around the histones of condensed chromosomal DNA (154).  

Thus, analysis of extracted DNA of apoptotic cells via agarose gel electrophoresis will 

result in a repetitive banding pattern, whereas DNA from necrotic cells results in a 

smeared appearance.  There is evidence, however, that some apoptotic cells do not 

necessarily undergo this type of DNA cleavage (155), although other DNA hallmarks 

stay consistent (154)  

Specific cysteine proteases generally associated with apoptosis are called 

caspases, and these enzymes cleave proteins at sites just C-terminal to aspartate 

residues (15).  Caspases are activated in a cascade that leads to disablement of key 

structural proteins and important signaling, homeostatic and repair enzymes (156).  

Caspase-3, one of 14 identified caspases in humans and the caspase most closely 

associated with oxidative stress-induced apoptosis, is necessary for proper growth and 

development, as caspase-3 knockout mice were not found viable past one month of age 

(156).  Despite the necessity of the caspase family, research has identified other 

classes of proteases, including cathepsins, calpains, granzymes which can be 

responsible for caspase independent apoptosis (157).  This is of particular interest in 

neuronal apoptosis studies as caspase-independent apoptosis appears to be more 

common in these than in the general cell population (158).  
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2.6 Parkinson’s Disease 

Parkinson’s disease (PD) is a debilitating neuromuscular motor disorder which 

was first described in 1817 and manifests four primary hallmarks:  tremors, muscular 

rigidity, bradykinesia, and stooped posture coupled with instability (32).  The basic 

pathology of this disease includes, at its basis, a degeneration of the dopaminergic 

neurons in the pars compacta of the substantia nigra, a portion of the brain which 

contains extensive connections with the striatum leading to an overall reduction in 

striatal DA.  The substantia nigra contains high levels of neuromelanin, an insoluble 

polymer pigment formed by extensive polymerization of DA (47), and a physical 

manifestation of PD is the disappearance of this pigmentation (159), visible upon 

autopsy.  As neurons are perpetually in the Go phase and do not repair or reproduce 

after damage or cell death (15), this reduction of striatal dopamine is permanent without 

artificial supplementation.  Co-administration of L-DOPA with the AAADC inhibitor 

carbidopa, to prevent peripheral metabolism of L-DOPA, has been shown to increase 

striatal dopamine levels and has been an effective short-term treatment for the 

symptoms of PD.  Long-term treatment with this therapy beyond four to six years, 

however, is of limited efficacy due to a number of factors including tolerance to the 

treatment, PD progression beyond the ability of the medication to control it, the inability 

of the remaining dopaminergic neurons to store DA, and/or acceleration of PD due to 

the generation of free radicals from L-DOPA itself (160). 

Despite being investigated for over a century, there is no definitive understanding 

of the etiology of PD.  While there is evidence that the aggregation of α-synuclein may 

be involved in both the familial (genetic) and sporadic forms of the disease (161), there 
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is far from a consensus regarding the ultimate causative agent(s).  Theories regarding 

the origin of PD include genetic predispositions, environmental factors such as long-

term pesticide exposure,  increased oxidative stress, or a combination thereof (159).  A 

large body of evidence suggests that dopamine perturbation and subsequent oxidative 

stress may be involved in the onset and propagation of PD (159, 162-165).   Evidence 

of oxidative stress in Parkinson’s disease patients includes the facts that lipid 

peroxidation has been found to be elevated in the substantia nigra in Parkinson's 

disease, that catecholaminergic neurons containing neuromelanin are more vulnerable 

in Parkinson's disease than non-melanized catecholaminergic neurons, that 

catecholaminergic neurons surrounded by a low density of cells containing glutathione 

peroxidase are more susceptible to degeneration in Parkinson's disease than those well 

protected against oxidative stress, and that the iron content has been found to be 

increased in the substantia nigra in Parkinson's disease (166). 

2.7 SH-SY5Y Neuroblastoma Cells  

2.7.1 Neuroblastoma Characteristics  

Neuroblastoma is a cancer of the neural crest (167) and is the most common 

extracranial solid tumor affecting children (168); 60% of cases afflict patients younger 

than two-years of age, and 97% of cases found in patients younger than ten years 

(169).   Occasionally, a tumor may develop prior to childbirth, but is not generally 

detected until after the child is born.  Over 50% of neuroblastoma tumors have been 

found to originate in or around the adrenal gland (168, 170) 

Three phenotypic variants which can be expressed in a single neuroblastoma 

tumor: N-type cells are neuroblastic which resemble intact neurons both morphologically 
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and biochemically.  S-type are flattened cells which are substrate-adherent and show 

decreased growth rates upon cell-to-cell contact, known as contact inhibition.  Rather 

than having a neuronal morphology, S-type cells appear more epithelial in nature and 

tend to have fewer neuronal characteristics in terms of enzymatic processes and 

transporters.  Finally, I-type cells show intermediate characteristics between those of N-

type and S-type.  

2.7.2 Catecholaminergic Characteristics 

 SH-SY5Y is a neuroblastoma cell line which has been thrice-cloned and selected 

for catecholaminergic characteristics as well as N-type cells.  The SK-N-SH parental cell 

line was established in culture in December 1970.  The culture was generated following 

a bone marrow biopsy on a metastic tumor of a four year old female patient (171).  

From this original culture, a number of clonal neuroblastoma populations were derived 

via colony isolation from culture dishes during low-density growth:  SH-EP, SH-FE, SH-

IN and SH-5Y, a neuroblast-like subclone of SK-N-SH (172).  The SH-5Y clone was 

subcloned to generate the SH-SY5Y cell line.   

 SH-SY5Y cells contain substantial levels of TH (172), and Western blotting has 

indicated the presence of AAADC (173).  The presence of DβM has been reported (174) 

as well as significant enzyme activity, (172) although these cells generally perform 

minimal NE biosynthesis.  SH-SY5Y cells contain predominantly MAO-A, as was 

determined by specific inhibition studies utilizing N-methyl(R)salsolinol (31).  SH-SY5Y 

cells also express VMAT-2 (173, 175) as well as DAT (176) and NET (177-179), 

although it is possible that the predominant plasmalemmal monoamine transporter may 

vary depending upon experimental conditions. 
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2.7.3 Usage as a Catecholaminergic Model  

 SH-SY5Y cells have been used extensively in the scientific literature as both 

dopaminergic and noradrenergic models, depending on experimental conditions and the 

parameters being studied (180-182).  This cell line has also been utilized with regards to 

a dopaminergic model for studying the effects and mechanism of the neurotoxin MPP+ 

(180, 181, 183-185).  Additionally, this model is utilized in order to observe the effects of 

general oxidative stress on a neuronal system (186-189) . 

While there are practical limitations with this cell line having lower than expected 

levels of biosynthesized catecholamines, this can be overcome by either pre-treating 

with the desired monoamine to allow for intracellular accumulation (67), or by 

differentiating by either retinoic acid or a specific phorbol ester (92).  For an excellent 

discussion of the effects of various differentiation methods on SH-SY5Y cells, the 

reader is directed elsewhere (190). 

Although this cell line can not be distinctly classified as either dopaminergic or 

noradrenergic, it has been one of the most-often investigated neuronal cell models, 

along with MN9D mesencephalic-neuroblastoma fusion (191) and PC12 

pheochromocytoma (192, 193) cell lines, with respect to a regenerable tissue culture 

model of PD and oxidative stress. 
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CHAPTER 3 
 

EXPERIMENTAL METHODS 
 
 

3.1  Reagents and Supplies 

3.1.1 Synthesis  

 Synthesis and characterization of most evaluated APP derivatives have been 

previously reported (10, 12) and were performed by Rohan Perera.  Synthesis and 

characterization of 3’-IAPP and 2’-IAPP were performed by Bruce Heyen. MPP+I was 

synthesized according to the literature method of Das (194).   

3.1.2 Supplies 

 All commercially available chemical reagents were purchased at the highest 

purity available from either Thermo Fisher Scientific or Sigma-Aldrich, unless otherwise 

noted.  Fetal bovine serum (FBS) was purchased from either Lonza Scientific or Valley 

Biomedical. 

3.1.3 Solutions and Buffers 

 APP derivatives (10 mM), GBR 12909 dihydrochloride (1 mM) and desipramine 

hydrochloride (1 mM) stock solutions were prepared in water, and rotenone (4 mM) 

stock solution was prepared in ethanol.  Commercially purchased α-tocopherol was 

diluted with EtOH to a 50 mM stock solution. The non-specific caspase inhibitor Z-VAD-

FMK (R&D Systems) was diluted to a 20mM stock solution in DMSO.  Krebs-Ringer 

Buffer (KRB) contained 125 mM NaCl, 2 mM KCl, 1.4 mM MgSO4, 1.2 mM CaCl2, 1.2 

mM KH2PO4, 20 mM HEPES, 5 mM glucose, pH 7.4.   
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3.2  Instrumentation 

 UV-visible spectra were recorded on a Cary Bio 300 UV-visible 

spectrophotometer (Varian, Inc.).  Fluorescence emission spectra were recorded using 

a Jobin Yvon-Spex Tau-3 spectrofluorimeter (ISA Instruments, Inc.). Analysis of 

catecholamines was carried out using reversed-phase HPLC with electrochemical 

detection (HPLC-EC) on a C18 reversed-phase column as previously described (1, 2). 

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 50:15:35 ratio of 50 mM NaOAc, 

pH 4.5: CH3CN: CH3OH.  Flow rate was 0.8 mL/minute.  Cell sonications were 

performed using two 2-second pulses using a Thermo Fisher Scientific Sonic 

Dismembrator Model 100.   

3.3 Bovine Chromaffin Granule Experiments 

3.3.1 Preparation of Chromaffin Granule Ghosts  

 Chromaffin granules were prepared as previously described (195) with minor 

modifications detailed below (1, 2).  Bovine adrenal glands collected at a local 

slaughterhouse were stored on ice during collection and transportation to the laboratory.  

Glands were dissected the same day and medullary tissue was collected in ice cold 0.3 

M sucrose, 10 mM HEPES buffer, pH 7.0.  The tissues collected were diluted with the 

same buffer (1:5 w/v tissue: buffer ratio) and homogenized at low speed with a Biospec 

biohomogenizer.  The homogenate was placed in 250 mL centrifuge bottles and 
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centrifuged at 3600 rpm (1200 x g) for 10 min at 4°C.  The supernatant was saved to be 

combined with the supernatant from the next centrifugation.   

The pellet was resuspended in 100 mL of buffer (0.3 M sucrose, 10 mM HEPES, 

pH 7.0) and homogenized with the biohomogenizer and centrifuged as before.  

Supernatants were combined and centrifuged again as before.  The resulting 

supernatant was placed in 50 mL centrifuge tubes and centrifuged at 18,000 rpm 

(27,000 x g) at 4°C for 25 min in a pre-cooled rotor.  The supernatants were discarded 

and the fat (if any) sticking to the tube was removed with cotton swabs.  Pellets were 

washed very carefully by swirling with ~1-2 mL of 0.3 M sucrose, 10 mM HEPES buffer, 

pH 7.0 with a gentle tap to remove the yellowish white fluffy upper layer.  The washed 

pellets were resuspended in 200-300mL of the same buffer as before and homogenized 

using a Potter-Elvehjem homogenizer and the centrifugation step was repeated.   

Pellets were resuspended as before in a total volume of 85 mL of 0.3 M sucrose, 

10 mM HEPES buffer, pH 7.0 and homogenized using the Potter-Elvehjem 

homogenizer and the homogenate (15 mL x 6) was layered on top of 1.6 M sucrose, 10 

mM HEPES buffer, pH 7.0 (45 mL x 6) in ultracentrifuge tubes.  These were then 

centrifuged at 27,500 rpm (58,700 x g) for 90 min at 4°C in a pre-cooled rotor.  The 

supernatant and membranous material was removed under suction.  The pink pellets 

obtained were washed with 3 x 1 mL of 1.6 M sucrose, 10 mM HEPES buffer, pH 7.0 to 

remove any remaining fat.  The pellets were then washed with 0.2 M Tris-phosphate, 

pH 7.0, to remove the sucrose and resuspended in 56 mL of 0.2 M Tris-phosphate 

buffer, pH 7.0 and homogenized using a Potter-Elvehjem homogenizer.  The chromaffin 
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granules were transferred to a plastic bottle, frozen as a thin film using liquid nitrogen, 

and stored at -70°C.   

3.3.2 Isolated Granule Uptake of Compounds  

 The ghosts prepared as described above were suspended in a medium 

containing 0.3 M sucrose, 10 mM HEPES, pH 7.0, 5 mM MgSO4, 100 µg/mL catalase, 5 

mM ATP, 5 mM Asc in a total volume of 1.75 mL.  This mixture was pre-incubated for 

10 min at 30 °C and reactions were initiated by the  addition of 100 µM of the desired 

halogenated APP derivative.  Aliquots (400 µL) of the incubate were withdrawn at 0, 15, 

30, and 45 minute time intervals, diluted into 5.0 mL of ice-cold 0.4 M sucrose and 

stored on ice until the end of the experiment. Finally, ghosts were re-isolated from these 

samples washed as previously reported (2, 196), lysed with 0.1 M HClO4, and 

intragranular halo-APP  concentrations were determined by HPLC-UV as detailed 

above. All halogenated APP levels were normalized to the respective granule protein 

concentrations and the readings were corrected for non-specific binding by subtracting 

the corresponding time zero point readings from the other time point readings. 

3.4 Cell Culture Experiments 

3.4.1 General Cell Culture Conditions 

 SH-SY5Y cells were purchased from ATCC (Manassas, VA); M-1 cells were 

obtained from Dr. Karyn Turla (Friends University, Wichita, KS), Hep G2 and HEK-293 

cells were from Dr. Tom Wiese (Fort Hays State University, Hays, KS).  SH-SY5Y 

human neuroblastoma cells, HEK-293 human embryonic kidney and Hep G2 liver 

carcinoma cells were grown in high-glucose Dulbecco's Modified Eagle's Medium 

(DMEM) supplemented with 10% FBS at 37 °C and 5% CO 2.  M-1 murine renal tubule 
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cells (CRL-2038) were cultured in 1:1 DMEM:Ham's F-12 media supplemented with 5% 

FBS, 5µM dexamethasone and 2.5 mM L-glutamine at 37 °C and  5% CO2.  All cells 

were cultured in 100 mm2 tissue culture plates until about 80% confluence, and then 

were seeded into appropriately-sized multi-well plates depending on the nature of the 

experiment.  When EtOH or DMSO was used as a co-solvent, final concentrations were 

kept at ≤ 0.1% or 1.0%, respectively as to avoid cellular injury. 

3.4.2 Assay of Cellular Viability  

 Cell viability was measured using the MTT [(3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide)] assay (197).  Briefly, cells were seeded into 96-well 

plates at 5x104 cells/well and grown 1-2 days to achieve ~80% confluence. Cells were 

treated with the desired concentration of halogenated APP derivative (0-1000 µM) in a 

total volume of 50 µL of phenol red-free complete DMEM for 24 h.  After the incubation 

period, 20 µL of 5 mg/mL MTT solution was added to each well and was incubated for 2 

h at 37 °C. The resulting intracellular formazan wa s solubilized by addition of 200 µL 

detergent solution consisting of 50% dimethylformamide (DMF) and 20% sodium 

dodecyl sulfate (SDS) followed by incubation for 12 h at 37°C.  Cell viability was 

determined by quantifying the formazan based on the difference in the absorbance at 

570 nm and 650 nm.  Results are expressed as % of untreated controls.   

3.4.3 Cellular Photography 

 SH-SY5Y cells were grown in 60 mm2 culture plates in complete DMEM for 24 h 

and treated with 0, 100, or 300 µM 4'-IAPP. After 45 min incubation, cells were 

photographed under phase-contrast microscopy at 100x magnification.   
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In order to observe the relative timeframe in which specific compounds induce 

morphological cell changes, SH-SY5Y cells were incubated with the desired 

concentration of 4’-IAPP in either KRB or serum-free DMEM for 75 minutes.  Phase-

contrast microscopic images (100x magnification) were captured every 60 seconds 

throughout the incubation time.  Still images were compressed into a video at the rate of 

10 frames/sec, resulting in 600x normal speed.  

3.4.4 Neuroprotective Studies  

 SH-SY5Y cells were grown in 96-well plates as described above and were 

incubated with various concentrations of either α-tocopherol (0-500 µM), N-acetyl-

cysteine (NAC; 0-25 µM), or glutathione (GSH; 0-25 µM) in DMEM for 2 h. Then, the 

desired concentration of 4'-IAPP was added and cells were incubated for 19-24 h, and 

cell viability was determined by the MTT assay as described above.  Results are 

expressed as % of untreated controls.  The effects of the inhibition of caspases on cell 

viability was evaluated utilizing the non-specific caspase inhibitor Z-VAD-FMK (0-25 µM 

in DMEM) using the same procedure described above for antioxidants.  Results are 

expressed as % of APP untreated controls. 

3.4.5 Cellular Uptake of Compounds  

 Uptake of halogenated APP derivatives into SH-SY5Y or HEK-293 cells was 

determined by reversed-phase HPLC-UV. Cells were seeded into 6-well plates at 1x106 

cells/well and grown 1-2 days to achieve ~80% confluence.  The media was removed 

and a solution containing 50 of the desired halogenated APP derivative in warm Krebs-

Ringer buffer (KRB) was added to each well and incubated for 0 and 30 minutes at 

37°C, at which time the media was removed and cells  were washed three times with 
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ice-cold KRB. Washed cells were transferred into a 1.5 mL microcentrifuge tube and 

centrifuged at 500 x g for 5 minutes.  The supernatant was discarded and the cell pellet 

was treated with 100 µL of 0.1M HClO4. The coagulated proteins were pelleted by 

centrifugation at 15,000 x g for 5 minutes at 4oC and the concentration of each 

halogenated APP derivative in acidic supernatants was determined by reversed-phase 

HPLC-UV analysis as detailed above. All halogenated APP levels were normalized to 

the respective protein concentrations and the readings were corrected for non-specific 

binding by subtracting the corresponding time zero point readings from the 30 minute 

readings. 

3.4.6 Intracellular Catecholamine Analysis 

 SH-SY5Y cells were seeded into 12-well plates at 0.5x106 cells/well and grown to 

~80% confluence prior to experimentation. Cells were incubated with 40 µM of each 

halogenated APP derivative in KRB for 10 min at 37 °C.  DA was then added to the 

medium to a final concentration of 50 µM, and samples were incubated an additional 30 

min at 37 °C.  Cells were washed three times with i ce-cold KRB and harvested as 

detailed above.  Intracellular DA, NE, DOPAC and HVA levels were quantified by 

reversed-phase HPLC-EC analysis as detailed above.   

 In a second set of experiments, SH-SY5Y cells were initially incubated with 50 

µM DA for 30 minutes, washed with KRB followed by incubation with 40 µM of each 

halogenated APP derivative in KRB for 30 min. Cells were washed, harvested and 

catecholamine levels were quantified. Catecholamine levels were normalized to the total 

protein content of each sample and compared to parallel untreated control samples. 
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 Investigating an alternative method of loading SH-SY5Y cells with DA, and the 

effect of certain halogenated APP derivatives on this process, SH-SY5Y cells were 

incubated first with 40 µM of each halogenated APP derivative in KRB for 10 min at 37 

°C followed by the addition of 10 µM L-DOPA for 5 minutes.  This method of DA loading 

avoids interaction with any potential monoamine specific membrane transporter. 

3.4.7 Assay of Reactive Oxygen Species (ROS)  

 Intracellular ROS levels were quantified by using the 2',7'-dichlorofluorescin 

diacetate (DCF-DA) method (198). Briefly, SH-SY5Y or HEK-293 cells were seeded into 

6-well plates at 1x106 cells/well and grown for 1-2 days in complete DMEM to near-

confluence. Cells were treated with desired concentrations of 4'-IAPP for 1 h followed by 

addition of 50 µM DCF-DA for 1 h. Cells were washed, harvested, and lysed with 0.1 M 

Tris buffer (pH 7.5) containing 1% Triton X-100, and the DCF fluorescence of 

supernatants were measured (ex: 504 nm/em: 526 nm) following removal of cellular 

debris by centrifugation at 15,000 x g for 5 minutes at 37°C.  Fluorescence readings 

were normalized to the total protein content of respective samples using the 

bicinchoninic acid method (199). 

3.4.8 Assay of Reduced Glutathione (GSH)  

 Intracellular reduced glutathione levels were measured using the 

monochlorobimane (MCB) based fluorescence assay (200).  SH-SY5Y cells were grown 

in 12-well plates and treated with various concentrations of 4'-IAPP in complete DMEM 

for 24 h. MCB was then added to a final concentration of 40 µM in each well and further 

incubated for 30 min.  Cells were washed and suspended in 1 mL Ca2+/Mg2+ free PBS, 

transferred into 1.5 mL microcentrifuge tubes and sonicated.  The characteristic 
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fluorescence of the reduced glutathione adduct of bimane was measured and quantified 

(Ex: 390 nm/ Em: 478 nm).  Fluorescence readings were normalized to the total protein 

content of each sample.  

3.4.9 Apoptotic DNA Laddering  

 SH-SY5Y cells were cultured in 60 mm2 plates (5x106 cells/plate) for 24 h and 

treated with 0, 100 or 300 µM 4'-IAPP or 4 µM rotenone for 24 hours.  Total cellular 

DNA was extracted using the Qiagen DNeasy DNA Isolation Kit according to the 

manufacturer's instructions, including treatment with Proteinase K and RNase A.  DNA 

samples were loaded onto a 1.2% agarose gel and electrophoresed at 70 V for 2-3 

hours until the bromophenol blue band had migrated approximately 2/3 down the gel.  

DNA bands were stained with ethidium bromide, visualized on a UV trans-illuminator 

and photographed using a Kodak Gel Logic 100 system.  Cells treated with 4 µM 

rotenone were included as a positive control for ROS induced apoptotic cell death (201). 

3.5 Protein Quantification  

 Protein quantification in cell experiments was generally carried out by the 

Bradford method (202) except in ROS analysis experiments where the protein was 

determined by the bicinchoninic acid method  due to the presence of 1% Triton X-100 in 

the samples (199). 

3.6 Mitochondrial Complex I Inhibition 

3.6.1 Isolation of Bovine Liver Mitochondria 

 Mitochondria were isolated from bovine liver using the modified protocol of 

Hovius et al. (203).  A 7% homogenate of liver was suspended by use of an ice-cooled 

Biospec tissue homogenizer in mitochondrial isolation buffer (MIB) consisting of 250 
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mM D-mannitol, 0.5 mM EGTA, 5 mM HEPES, and 0.1% (w/v) BSA, pH = 7.4.  Large 

cellular debris was removed by centrifugation (600 x g, 5 min, 4 oC) in a Beckman JA-17 

rotor.  The pellet was discarded and this centrifugation was performed a second time 

with the remaining supernatant.  Mitochondria were pelleted by centrifugation (10,300 x 

g, 10min, 4oC) in a Beckman JA-17 rotor.  The supernatant was discarded and the 

pellet was suspended at 5mL MIB to 15g original tissue.  Suspension was loaded onto 

ultracentrifuge tubes containing 4mL of gradient mixture (70% mitochondrial gradient 

buffer [MGB; 225 mM D-mannitol, 1 mM EGTA, 25 mM HEPES, 0.1% (w/v) BSA, pH = 

7.4], 30% Percoll) layered with 3.5 mL mitochondrial homogenate. Samples were 

centrifuged (95,000 x g, 30 min, 4 oC), and the mitochondria (both lysed and whole) 

were collected from the lower part of the dense brownish-yellow band in the middle of 

the tube.  Recovered mitochondria were washed 2x with MIB and centrifuged (6,300 x 

g, 10 min, 4 oC) in a Beckman JA-17 rotor to remove any residual Percoll. Remaining 

pellets were combined and suspended in minimal volume of phosphate buffer (pH 7.4), 

split into 250uL aliquots and stored at -80oC.   

3.6.2 Complex I Inhibition Assay 

 The mitochondrial Complex I assay protocol developed by Kalivendi et al. 

(180) was utilized with minor modifications.  The following reagents were added to a 1.5 

mL quartz cuvette:  1.0 mL of 20 mM pH 7.2 phosphate buffer, 100 uM NADH, 5 mM 

MgSO4, 2 mM KCN, 2.5 mg/mL BSA (Fraction V), 2 µg/mL Antimycin A, and 100 µL 

lysed mitochondrial membranes.  Previously frozen mitochondria were subjected to 

three freeze-thaw cycles between liquid nitrogen and a 37 oC water bath to lyse the 

mitochondrial membranes, exposing Complex I.  The volume of mitochondria used per 
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inhibition assay was sufficient to produce an initial slope of 0.2 Abs/min, which varied 

with each preparation.  Addition of 65 uM Coenzyme Q1 solely to the experimental 

cuvette initiated the reaction.  The difference in the rate of NADH oxidation at 340 nm 

was used as an index of Complex I activity.  Addition of 300 nM of the classical 

Complex I inhibitor rotenone completely abolished Complex I activity, thus subtracting 

the values yields activity specific for Complex I.  Although it was not possible to 

precisely quantify the specific activity of pure Complex I, its presence is proportional to 

that of the mitochondrial membranes, thus inhibition was quantified on a normalized 

basis. 

3.7 Data Analysis 

 All results represent the mean of at least three experimental trials.  Error bars 

(when present) represent ± sample SD and significance was tested by either two-tailed 

Student's t-test or one-way ANOVA.  Values of p < 0.05 were considered statistically 

significant.  When applicable, quantitative experimental data were normalized to the 

protein content of each sample. 

3.8 Technical Statement  

 Due to the potentially unclear mode of action and seemingly nonspecific mode of 

cellular entry, extreme caution was taken when handling the compounds discussed in 

this paper in accordance with published precautions of related neurotoxins (204). 
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CHAPTER 4 
 

RESULTS 
 
 

4.1 4’-Halogenated APP Cellular/Granular Uptake and  Toxicity Experiments 

As previously mentioned in Table 1, it has been shown by our lab that APP 

derivatives are novel inhibitors for bovine chromaffin granule VMAT (10). These studies 

have also shown that, 4'-OHAPP, a structural analog of VMAT substrate tyramine, 

behaves as a competitive inhibitor for VMAT having a similar affinity to that of DA. 

Additionally, data in Table 1 shows that 4'-halogen substitution increases the VMAT 

inhibition potency from –F, to –I, parallel to their overall hydrophobicities.  Previous 

studies have shown that APP derivatives possess potent irreversible inhibition 

properties toward MAO (13) and DβM (12). The structural similarities, gradually 

increasing VMAT inhibition potencies and hydrophobicities within the series of 4'-

halogen substituted APP derivatives make them a unique series of probes that can be 

used to examine the effects of the perturbation of DA metabolism in catecholaminergic 

neurons. 

4.1.1 Compound Uptake Into SH-SY5Y Neuroblastoma Ce lls 

Cellular uptake of 4'-halo APP derivatives was examined using a series of short-

time incubations employing low concentrations. In these experiments, SH-SHY5Y cells 

were incubated with each 4'-halo APP derivative and the intracellular APP 

concentrations were quantified by HPLC-UV as detailed in “Experimental Methods”.  

The zero time points were used to determine the degree of non-specific binding of each 

derivative and were subtracted from the 30 min readings to accurately determine the 

intracellular concentrations. As shown in Fig. 8, 4'-ClAPP, 4’-BrAPP and 4'-IAPP were 
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effectively taken up into SH-SY5Y cells, while uptake of 4'-FAPP remained considerably 

lower. 
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Figure 8 - Uptake of 4'-halo APP into SH-SY5Y cells. Cells were grown in 6-well plates 
and were incubated with the desired 4'-halo APP derivative (50 µM) in KRB for 30 min. 
Media was removed and cells were washed three times with ice-cold KRB. The 
intracellular 4'-halo APP concentrations were determined by reversed-phase HPLC-UV 
and were normalized to respective cellular protein concentrations. All readings were 
corrected for non-specific binding by subtracting the corresponding t = 0 readings. Data 
represent mean ± S.D. of triplicate samples and are statistically different based on one-
way ANOVA analysis (p < 0.001). 
 

Furthermore, the relative uptake of these derivatives were both time- and 

concentration-dependent, and not significantly altered by the presence of 1 µM DAT or 

NET inhibitors - GBR 12909 or desipramine, respectively (data not shown). These 

derivatives were also taken up into non-neuronal HEK-293 cells in a concentration- and 

time- dependent manner with the rates similar to that of SH-SY5Y cells (data not 

shown).   
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4.1.2 Compound Uptake Into Bovine Chromaffin Granul e Ghosts 

It was previously reported that 3'-OH and 4'-OHAPP derivatives are not taken 

into resealed chromaffin granule ghosts at detectable rates (10, 12). However, as 4'-

halo APP derivatives are significantly more hydrophobic, and are freely taken up by SH-

SY5Y and other cells; we expected that these derivatives may also be taken up into 

chromaffin granule ghosts, possibly also through simple diffusion.  In order to test this 

possibility, a series of standard uptake experiments were carried out with resealed 

chromaffin granule ghosts and the above 4’-halo APP derivatives. The data in Fig. 9 

show that while 4'-I and 4'-BrAPP derivatives were taken up effectively, 4'-ClAPP was 

taken up relatively slowly.  These three compounds were also evaluated for uptake rate 

and were determined to be accumulated in a time-dependent manner (data not shown).  

Similar to that of cellular uptake, 4'-FAPP granular uptake was very low and could not 

be accurately quantified under the experimental conditions. 

4.1.3 Characterization of Cellular Toxicity of 4’-H alogenated APP Derivatives 

Initial screening experiments of a wide variety of compounds have revealed that 

only certain APP derivatives are appreciably toxic to human neuroblastoma SH-SY5Y 

cells.  Interestingly, while the 4'-halogenated derivatives were found to be the most 

toxic, the more polar 3'- and 4'-OH derivatives, having comparable VMAT inhibition 

potencies to that of 4'-halo derivatives, were found to have no apparent toxicity to these 

cells (data not shown). As a result, 4'-halo APP derivatives were chosen as the best 

candidates for detailed toxicological and structure-activity studies. As seen in Fig. 10A, 

these derivatives induce marked concentration-dependent cellular death on SH-SY5Y 
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cells over a 24 h incubation period. The estimated LC50 values range from 867 µM for 

4'-FAPP to 204 µM for 4'-IAPP.   
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Figure 9. Uptake of 4'-halo APP into resealed chromaffin granule ghosts. Resealed 
chromaffin granule ghosts prepared as detailed in “Experimental Methods” were 
suspended in a medium containing 0.3 M sucrose, 10 mM HEPES, pH 7.0, 5 mM ATP, 
5 mM MgSO4, 100 µg/mL catalase, 5 mM Asc.  This mixture was pre-incubated for 10 
min at 30 °C and reactions were initiated by additi on of 100 µM of the desired 4'-halo 
APP derivative.  Aliquots (400 µL) of the incubate were withdrawn at 0, 15, 30, and 45 
min time intervals and intragranular levels of 4'-halo APP derivatives were quantified by 
HPLC-UV and were normalized to respective granule protein concentrations. The 
intragranular concentration of 4'-FAPP was low and could not be quantified accurately 
due to sensitivity limitations of HPLC-UV. All readings were corrected for non-specific 
binding by subtracting the corresponding t = 0 readings. Data represent mean ± S.D. of 
triplicate samples. (●), 4'-ClAPP; (○), 4'-BrAPP; (▼), 4'-IAPP. (Analysis performed by 
DSW). 
  

Comparative toxicity experiments with MPP+ (1-methyl-4-phenylpyridinium), 

which has been extensively used as a model dopaminergic neurotoxin (90, 101, 182), 

have shown that 4'-halo APP derivatives are significantly more toxic than MPP+ to SH-

SY5Y cells, under similar experimental conditions. Exposure of SH-SY5Y cells to 1000 

µM MPP+ for 24 h reduces cell viability to ~75% which is equivalent  to the effect of 100 
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µM 4'-IAPP treatment for the same time period.  Data presented in Fig. 10B further 

demonstrates that 4'-IAPP mediated SH-SY5Y cell death is time-dependent. At 400 µM, 

4'-IAPP induced cell death was quite rapid with greater than 50% cell death occurring 

within the initial 3 h and after 24 h no viable cells could be detected.  To determine the 

specificity of the observed toxicity of 4'-halo APP derivatives, 4'-IAPP was evaluated 

against several commonly used non-neuronal cell lines, (Hep G2, HEK-293 and M-1). 

As shown in Fig. 10C, 4'-IAPP is not toxic to any of these cell lines in the concentration 

range tested (0 to 400 µM).  While both Hep G2 and HEK-293 cells maintain 100% 

viability throughout this concentration range, interestingly, M-1 cells appear to show a 

concentration dependent stimulation of cell growth with respect to a parallel control. 

However, at 4'-IAPP concentrations above 500 µM, some modest cellular toxicity has 

been observed in HEK-293 and Hep G2 cells.  

4.1.4 4'-IAPP-Induced Morphological Changes to SH-S Y5Y Cells   

As shown in Fig. 10B, SH-SY5Y cell death induced by 4'-IAPP was quite rapid. 

Additionally, the cellular toxicities of these derivatives are also associated with rapid 

morphological cellular changes. Morphological changes associated with 45 min 4'-IAPP 

(100 or 300 uM) treatment is shown in Fig. 11. The normal oblong, extended 

appearance of SH-SY5Y cells (Panel A) was altered to a shrunken spherical 

appearance following 300 µM 4'-IAPP treatment (Panel C). Cells treated with 100 µM 4'-

IAPP show only modest morphological changes at 45 min (Panel B), but became 

increasingly pronounced at longer exposure times (data not shown).  On the other hand, 

similar treatments of HEK-293 and Hep G2 cells with 4'-IAPP show no significant 
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morphological changes, consistent with observed resistance of these cells to 4'-IAPP 

toxicity. 

  

Figure 10. Specificity, concentration- and time-dependence of 4'-halo APP toxicity. 
Panel A. SH-SY5Y cells grown in 96-well plates were treated with 0-1000 µM of 4'-halo 
APP derivatives in phenol-red free complete DMEM for 24 h and cell viability was 
determined by the MTT assay as detailed in “Experimental Methods”. The classical 
neurotoxin MPP+ was included for comparative purposes. Data represent mean ± S.D. 
of at least six separate experiments carried out in triplicate sets. (●), MPP+; (○), 4'-
FAPP; (▼), 4'-ClAPP; (�), 4'-BrAPP; (■), 4'-IAPP.  Panel B.  SH-SY5Y cells grown as 
above were treated with 400 µM 4'-IAPP in phenol-red free complete DMEM for the 
various time intervals (0-12 h) and cell viability was measured using the MTT assay. 
Data represent mean ± S.D. of at least six separate experiments carried out in triplicate 
sets. Panel C. SH-SY5Y, HEK-293, Hep G2 and M-1 cells were grown in 96-well plates 
and treated with various concentrations of 4'-IAPP (0-400 µM) in complete medium for 
24 h cell viabilities were determined by MTT assay. At higher 4'-IAPP concentrations (> 
500 µM) some nonspecific cell death was observed in HEK-293 and Hep G2 cells but 
not in M-1 (data not shown). Data represent mean ± S.D. of at least six separate 
experiments carried out in triplicate sets. (●), SH-SY5Y cells; (○), HEK-293 cells; (▼), 
Hep G2 cells; (�), M-1 cells  
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Figure 11. Morphological changes of 4'-IAPP treated SH-SY5Y cells. SH-SY5Y cells 
were grown in 60 mm2 culture plates for 24 h and treated with 0, 100, or 300 µM 4'-
IAPP. After 45 min incubation, cells were photographed under phase-contrast 
microscopy at 100x magnification.  Panel A. untreated cells; Panel B. cells treated with 
100 µM 4'-IAPP; Panel C. cells treated with 300 µM 4'-IAPP.  Scale bar, 50 µm. 
  

Upon evaluation of time-dependent morphological changes in time-lapse video 

format, the untreated control sample regard to cell-to-cell connections, cells in the 200 

µM sample rapidly lost these connections within minutes and began to exhibit the same 

morphologies as shown in Figure 11C.   

4.1.5 Catecholamine Perturbation 

We have previously shown that ring-substituted APP derivatives are good 

competitive inhibitors for chromaffin granule VMAT with respect to DA. Among APP 

derivatives tested, 4'-OH, 3'-OH and 4'-halo derivatives are the most potent (10). 

Previous studies have shown that APP derivatives are also potent turnover-dependent, 

irreversible inhibitors for DβM (11, 12) and MAO (13). Thus, the specific toxicity of 4'-

halo derivatives to SH-SY5Y cells could be associated with a combination of factors that 

are not present in non-neuronal cells including efficient and non-specific passage into 

cells and storage vesicles, reversible inhibition of VMAT and/or irreversible inhibition of 

DβM and MAO leading to perturbation of catecholamine metabolism. 
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We have also previously reported that APP derivatives effectively interfere with 

the accumulation of DA in resealed chromaffin granule ghosts (10). Current studies (Fig. 

9) show that that 4'-halo APP derivatives may effectively accumulate in these storage 

vesicles, further perturbing the DA metabolism.  Thus, a series of experiments was 

performed to evaluate the ability of 4'-halo APP derivatives to interfere with DA uptake 

and storage.  SH-SY5Y cells were initially incubated with 40 µM of the desired 4'-halo 

APP derivative for 10 min followed by 50 µM DA for 30 min as described in 

“Experimental Methods” in order to evaluate the degree of DA uptake impairment.  Data 

in Fig. 12A demonstrate that 4'-halo APP pretreatment drastically reduces intracellular 

catecholamine levels (DA, NE, DOPAC and HVA) and the extent of these effects were 

in the order 4'-IAPP > 4'-BrAPP > 4'-ClAPP > 4'-FAPP.  

Similarly, catecholamine levels in cells pre-loaded with exogenous DA by incubating 

SH-SY5Y cells with 50 µM DA for 30 minutes are also significantly depleted as a result 

of incubation with 100 µM 4'-IAPP in KRB for 50 min (Fig. 12B).  However, 

catecholamine depletion under these conditions was somewhat slower, requiring higher 

concentrations of 4'-halo APP and longer incubation times to obtain comparable 

reductions.  This difference in effect was observed consistently, and experiments 

analogous to Fig 12B utilizing the APP derivative incubation parameters of Fig. 12A (40 

µM for 10 min. resulted in very little change in catecholamine concentrations.  Although 

all four 4'-halo APP derivatives were investigated, only the results of 4'FAPP and 4'IAPP 

are displayed in Fig. 12 for the purpose of clarity.  In almost all experimental trials, the 

degree of catecholamine depletion induced by 4'ClAPP and 4'BrAPP was between that 

of 4'FAPP and 4'IAPP. 
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Figure 12. Catecholamine perturbation of 4’-halo APP in SH-SY5Y cells. Panel A. Cells 
were grown in 12-well plates and incubated with 40 µM concentrations of each 4'-halo 
APP derivative in KRB for 10 min at 37°C.  DA was t hen added to a final concentration 
of 50 µM and samples were further incubated for 30 min at 37°C.  Cells were washed, 
harvested, and intracellular DA, NE, DOPAC and HVA levels were quantified by 
reversed-phase HPLC-EC analysis and normalized to respective cellular protein 
concentrations. Catecholamine levels are expressed as % of control DA levels (100%). 
Data represent mean ± S.D. of four samples. Panel B. Cells were grown in 12-well 
plates and incubated with 50 µM DA for 30 minutes, washed once with ice-cold KRB, 
then incubated with 100 µM 4'-IAPP in KRB for 50 min.  Following incubation, cells were 
washed, harvested and catecholamine levels were quantified by reversed-phase HPLC-
EC analysis and normalized to respective cellular protein concentrations. 
Catecholamine levels are expressed as % of control DA levels (100%). Data represent 
± S.D. of four samples. *p<0.05, **p<0.01, ***p<0.001. 
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4.2 Oxidative Stress Markers 

 The toxicity of 4'-halo APP derivatives is accompanied by rapid morphological 

changes (Fig. 11) which are commonly associated with apoptotic cell death (205). Thus, 

the rapid onset of effects on SH-SY5Y cells observed in time course studies is 

consistent with the loss of cell viability through an apoptotic pathway.  In order to 

investigate the possibility of apoptotic cell death, a series of experiments was 

performed. 

4.2.1 Reactive Oxygen Species 

 The ROS levels of 4'-IAPP treated SH-SY5Y and HEK-293 cells were measured 

using standard techniques as detailed in "Experimental Methods".  As shown in Fig. 13, 

treatment of SH-SY5Y cells with 4'-IAPP (50 and 150 µM) for 1 h results in an increase 

of intracellular ROS levels by about 20% and 40% respectively, compared to an 

untreated control.  On the other hand, treatment of HEK-293 cells under the same 

conditions does not result in any increase of intracellular ROS levels, suggesting  4'-

IAPP induced increased ROS production is specific to SH-SY5Y cells.  

4.2.2 Antioxidant Neuroprotection in SH-SY5Y Cells 

Data presented Fig. 14A show that commonly used antioxidant N-acetyl-L-

cysteine (NAC) significantly attenuates 4’-IAPP-mediated cell death in a concentration-

dependent manner. For example, preincubation of cells with 25 µM NAC for 2 h 

followed by 200 µM 4'-IAPP treatment for 24 h increased viability by ~20%, compared to 

an unprotected control. Similar experiments with GSH showed that it is somewhat less 

effective, but still showed a statistically significant increase in cell viability by ~15% (data 

not shown).  
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Figure 13. Effect of 4'-IAPP on intracellular ROS levels. Intracellular ROS levels were 
quantified by the 2',7'-dichlorofluorescin diacetate method (198). SH-SY5Y and HEK-
293 cells were incubated with various concentrations of 4'-IAPP in complete DMEM for 
1 h, then the media was removed and 50 µM DCF-DA was added and cells incubated 
an additional 1 h.  Cells were washed, lysed and DCF fluorescence was measured (Ex: 
504 nm/Em: 526 nm) and normalized to respective cellular protein concentrations. Data 
represent mean ± S.D. of at least triplicate samples.  *p<0.05, **p<0.01 compared to 
untreated control. 
 
Protection with α-tocopherol provides the most effective protection of the antioxidants 

studied (Fig. 14B), increasing cell viability from ~22% (unprotected control) to ~80% at 

50 µM concentration.  It was experimentally verified that the presence of high levels of 

α-tocopherol does not interfere with the MTT assay.  Neuroprotective activity reached 

an optimum concentration of 50 µM, with protection significantly less both below and 

above this point.  This may be explained by the fact that α-tocopherol, while being an 

effective lipid-soluble antioxidant, has been shown to have pro-oxidant activity with 

regards to lipid peroxidation in the presence of high levels of iron (206) and copper 

(207) ions, consistent with the environment inside of a catecholaminergic neuron.  
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Figure 14.  Neuroprotective effects of common antioxidants against 4’-IAPP on SH-
SY5Y cells.  Panel A.  SH-SY5Y cells were seeded into 96-well plates as described in 
"Experimental Methods" and incubated for 2 h with 0 – 25 µM N-acetyl-L-cysteine 
(NAC) in phenol-red free DMEM at which time 4'-IAPP was added to a final 
concentration of 200 µM to each well.  Cells were incubated for 24 h and viability was 
measured by MTT assay.    Panel B.  SH-SY5Y cells were pretreated with 0 – 500 µM 
α-tocopherol (αT) for 1 h followed by incubation with 300 µM 4’-IAPP for 19 h, followed 
by viability analysis via the MTT assay. * p<0.05, ** p<0.001, *** p<0.0001 compared to 
unprotected control.  Data represent mean ± SD of at least three samples. 
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The effect of the cell-permeable non-specific caspase inhibitor Z-VAD-FMK was used to 

evaluate whether a caspase-mediated apoptotic cell death pathway is involved in 4'-

IAPP induced SH-SY5Y cell death. These experiments have revealed that 

preincubation with Z-VAD-FMK up to 25 µM concentration provided no significant 

neuroprotection against 200 µM 4'-IAPP induced SH-SY5Y cell death.   

4.2.3 Glutathione Depletion 

 To determine the effect of increased ROS production on the overall antioxidant 

balance of SH-SY5Y cells, intracellular GSH levels were fluorometrically determined as 

described in "Experimental Methods" utilizing the fluorescent probe monochlorobimane. 

Upon 24 h exposure of SH-SY5Y cells to 25, 50 and 100 µM 4'-IAPP, intracellular GSH 

levels were found to be significantly decreased in a concentration-dependent manner 

compared to untreated control (Fig. 15).  

4.2.4 DNA Laddering 

4'-IAPP treated SH-SY5Y cells were examined for internucleosomal DNA 

cleavage – a marker of apoptotic activity.  As seen in Fig. 16, agarose gel 

electrophoresis of nuclear DNA isolated from 300 µM 4'-IAPP treated SH-SY5Y cells 

shows a distinct fragmentation pattern (Lane 3) in multiples of approximately 200 bp, 

similar to that induced by the standard apoptotic agent rotenone (4 µM, Lane 4).  An 

apoptotic laddering pattern is distinctly present in Lanes 3 and 4 compared to the 

control, indicative of apoptotic activity.   
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Figure 15. Effect of 4'-IAPP on intracellular GSH levels in SH-SY5Y cells. Intracellular 
reduced glutathione levels were measured using the monochlorobimane based 
fluorometric assay (200).  SH-SY5Y cells were grown in 12 well plates and treated with 
various concentrations of 4'-IAPP in complete DMEM for 24 h. Then, 40 µM 
monochlorobimane (MCB) was added to each well and cells were incubated an 
additional 30 min.  Cells were washed, lysed, and the characteristic fluorescence of the 
GSH-bimane adduct was quantified (Ex: 390 nm/ Em: 478 nm) and normalized to 
respective cellular protein concentrations.  Data represent mean ± S.D. of at least 
triplicate samples. *p<0.05, **p<0.01 compared to untreated control. 
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Figure 16. Nuclear DNA fragmentation analysis upon 4’-IAPP-treated SH-SY5Y cells. 
Cells were incubated for 24 h with either 4'I-APP [0 µM (Lane 1), 100 µM (Lane 2), 300 
µM (Lane 3)] or rotenone [4 µM (Lane 4)].  DNA from treated cells was recovered using 
the Qiagen DNeasy DNA Isolation Kit and was electrophoresed on a 1.2% agarose gel.  
Image was cropped and inverted from original photo, with DNA marker bands 
representing 1,517 bp, 1,200 bp, 1,000 bp, 900 bp, 800 bp, and 700 bp.  Both 300 µM 
4'-IAPP and 4 µM rotenone show characteristic apoptotic 200 bp laddering while control 
and 100 µM 4'-IAPP lanes do not. 
 
 

4.3 Research Extensions 

 As the compounds within the 4’- halogenated APP series have been thoroughly 

considered above, we thought to inquire if the catecholamine perturbation-associated 
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cell death was limited solely to the 4’- halogenated series, or if altering the ring position 

would significantly enhance or mitigate these effects.  Therefore, 2’-IAPP and 3’-IAPP 

were also investigated, as well as incubation conditions altered, in order to better 

understand the structural requirements for this potent catecholaminergic neuron death.  

While the data included in this section is not completely understood, it is worth 

mentioning in regards to future expansion of this and associated projects. 

4.3.1 Morphological Differences Upon 4’-IAPP Incuba tion In Various Culture 

Media 

Anecdotal observations in our lab suggested that morphological changes 

associated with 4’-IAPP induced cellular death occurred more rapidly in standard 

DMEM culture medium than in KRB.  This difference persisted regardless of whether 

fetal bovine serum, a supplement necessary for cell growth and maintenance, was 

present in the media. 

To further investigate this difference, phase-contrast microscopic images were 

captured every 60 seconds for 75 minutes during a 200 µM 4’-IAPP incubation in KRB 

or serum-free DMEM, and time-lapse videos were compiled as described in 

“Experimental Methods”.  During the time frame of analysis, the morphological changes 

of the serum-free DMEM were very pronounced, as expected, but the KRB incubation 

yielded only a slight morphological change.  It should be noted, however, that similar to 

the time-lapse experiments described earlier, both KRB and serum-free DMEM 

incubations resulted in observable three-dimensional changes to the adherent cells.    

Although the serum-free DMEM population appears to be more sensitive to 

morphological changes induced by 4’IAPP, the slight three-dimensional changes 
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indicate that it is likely a death mechanism is being triggered, and the early stages of 

possible apoptosis are beginning, even if significant morphological changes are delayed 

beyond the time frame of the experiment. 

4.3.2 Concentration-Dependent  4’-IAPP Uptake Into SH-SY5Y Cells in Various 

Culture Media 

To determine if a correlation exists between more rapid morphological changes 

in serum-free DMEM with increased intracellular concentrations of 4’-IAPP, 

concentration-dependent uptake analysis was performed at more rapid time intervals 

than previously reported (Fig. 8). It was discovered that the degree of 4’-IAPP 

concentration-dependent uptake indeed differs significantly depending on the medium in 

which the incubation takes place.  As seen in Figure 17, the effective uptake of 4’-IAPP 

in serum-free DMEM is approximately 2.6 times that of uptake in KRB.  Although time-

dependent uptake was not monitored, this variation on the previous experiment 

highlights that cellular conditions may play some part in the degree of susceptibility to 

4’-IAPP mediated cell toxicity.  While neither KRB nor serum-free DMEM is suitable for 

long-term cellular sustenance as the natural growth factors from the FBS are not 

present, it is interesting to note this distinction. 
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Figure 17 - Uptake of 4'-IAPP into SH-SY5Y cells in KRB and serum-free DMEM. Cells 
were grown in 6-well plates and were incubated with the desired concentrations of 4'-
IAPP derivative (5-200 µM) in either KRB (•) or serum-free DMEM (○) for 40 min. Media 
was removed and cells were washed three times with ice-cold KRB. The intracellular 4'-
IAPP concentrations were determined by reversed-phase HPLC-UV and were 
normalized to respective cellular protein concentrations. All readings were corrected for 
non-specific binding by subtracting the corresponding t = 0 readings.  
 

4.3.3 3’- and 2’-IAPP Uptake and Toxicity 

 As 4’-IAPP has been shown to be the most potent of the 4’-halogenated APP 

series, we questioned whether altering the ring position of the halogen would greatly 

impact cellular uptake and/or toxicity compared to 4’-IAPP.  Thus, 3’-IAPP and 2’-IAPP 

were synthesized by our lab and uptake into SH-SY5Y cells was analyzed as described 

previously.  While 3’-IAPP (meta) uptake was nearly identical to that of 4’-IAPP, the 

degree of 2’-IAPP (ortho) uptake was nearly an order of magnitude lower than either 4’-

IAPP or 3’-IAPP. 

 Comparative toxicity experiments were also carried out among these two isomers 

with respect to 4’-IAPP (Figure 18).  As seen previously, compound uptake paralleled 



 

75 

toxicity with 4’I- and 3’-IAPP producing very similar toxicity profiles, while 2’-IAPP 

elicited only a slightly toxic effect, similar to that reported for 4’-FAPP (Fig. 10A). 
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Figure 18 -  Toxicity of 4’-, 3’- and 2’-IAPP derivatives on SH-SY5Y cells.  SH-SY5Y 
cells grown in 96-well plates were treated with 0-400 µM of 4'-, 3’- or 2’-IAPP in phenol-
red free complete DMEM for 24 h and cell viability was determined by the MTT assay as 
detailed in “Experimental Methods”.  Data represent mean ± S.D. of triplicate sets. (●), 
4’-IAPP; (○), 3'-IAPP; (▼), 2'-IAPP. 

 

4.3.4 Catecholamine Perturbation 

In order to determine if the degree of catecholamine perturbation within the IAPP 

series parallels the uptake and toxicity profiles, SH-SY5Y cells were incubated first with 

40 µM of 4’-I, 3’-I, or 2’-IAPP for 10 minutes followed by addition of 50 µM DA and 

incubation for 30 minutes.  Cells were harvested and the intracellular catecholamine 

levels were analyzed as previously described.  Results of this study are shown in Figure 

19A. 
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Figure 19 – Catecholamine perturbation of 4’-, 3’-, and 2’-IAPP derivatives in SH-SY5Y 
cells – DA vs. L-DOPA. Panel A. SH-SY5Y cells were grown in 12-well plates and 
incubated with 40 µM concentrations of each 4'-halo APP derivative in KRB for 10 min 
at 37°C.  DA was then added to a final concentratio n of 50 µM and samples were further 
incubated for 30 min at 37°C.  Cells were washed, h arvested, and intracellular DA, NE, 
DOPAC and HVA levels were quantified by reversed-phase HPLC-EC analysis and 
normalized to respective cellular protein concentrations. Catecholamine levels are 
expressed in pmol / mg protein. Data represent mean ± S.D. of three samples.  Panel B.  
SH-SY5Y cells were grown and treated as in Panel A with the difference that 10 µM L-
DOPA was added and incubated for 5 minutes in place of DA.  Data represent mean  ± 
S.D. of three samples. 
 
 

An alternative method of loading SH-SY5Y cells with DA is incubation with low 

concentrations of L-DOPA.  In SH-SY5Y cells, L-DOPA is rapidly converted to DA, 
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suggesting significant levels of AAADC.  The advantage of this delivery method is that 

L-DOPA is readily taken up into the cells and high levels of DA can be introduced 

intracellularly without the potential toxic effects of an external incubation of equally high 

concentrations of DA.  What is unknown, however, is if these high levels of DA are 

properly stored in the granules by these cells, or whether a rather larger cytosolic pool is 

simply produced as a result.  Following this method of administration, SH-SY5Y cells 

were preloaded with 40 µM of 4’-, 3’-, or 2’-IAPP for 10 minutes followed by addition of 

10 µM L-DOPA for 10 minutes.  Cells were harvested and the intracellular 

catecholamine levels were analyzed as previously described.  The results of this 

method are expressed in Fig. 19B, and highlight several interesting differences from the 

previously-utilized DA-loading method.  

 First, while the DA loading method in 20A is dependent on the presence of DAT, 

which may be impaired by APP derivatives, L-DOPA (Fig. 19B) is taken up by an 

independent amino acid transporter and rapidly converted to DA by AAADC.  Thus, DA 

uptake resulting from direct DA administration could be decreased directly (by possible 

competitive DAT inhibition) or indirectly (by intracellular VMAT modulation).  Second, it 

is significant to note that the overall control catecholamine levels in Fig. 19B, when 

normalized to total cellular protein, are approximately three-fold greater than that of Fig. 

19A. This uptake difference can not be explained by insufficient DA administration (40 

µM), as Km for DA uptake is determined to be in the high-nanomolar to low-micromolar 

range (190, 208, 209).  Third, while intracellular DOPAC levels largely decreased 

proportionally to DA under DA uptake conditions in Fig. 19A, DA and DOPAC levels 

were found to be inversely proportional upon addition of L-DOPA.  This DA increase 
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may be indicative of a relative inability of the granules to store the accumulated levels of 

DA concomitantly with inhibition of MAO, resulting in a greatly increased cytosolic pool 

of DA.  This premise is supported by the elevated levels of DOPAC in Fig. 19B 

compared to Fig. 19A, suggesting that higher levels of the oxidative metabolite DOPAC 

are the result of an abnormally large cytosolic DA pool.  Alternatively, it may be 

explained by extracellular DAT inhibition, but not transport, which could prevent non-

exocytotic DA release through reverse action of DAT.  This effect may also be a reason 

why DA uptake inhibition appears more drastic when cells are exposed to 4’-IAPP prior 

to DA administration.  While catecholamine dissipation certainly occurs in SH-SY5Y 

loaded with additional DA, this process is slower, requiring higher concentrations to 

achieve the same net result (Figs. 12A and 12B). 

Finally, Figs. 19A and 19B depict a very similar magnitude of reduction in NE and 

HVA levels – despite the three-fold increase in control DA, whereas the variation in DA 

is significantly greater. While DOPAC levels follow the same trend with respect to an 

untreated control, the scale upon which this change applies is greater in Fig. 19A for 3’- 

and 2’-IAPP, likely due to the higher level of available DA via L-DOPA.  This suggests 

that under these conditions, DOPAC is the primary metabolite of this unstable cytosolic 

DA pool.  As NE is synthesized and stored in the granule, the observed NE decrease in 

both sets of conditions suggests direct perturbation at the vesicular level and/or the 

DβM inhibition activity becomes significant in these cells under this set of conditions. 

4.3.5 Mitochondrial Impairment 

 Although catecholamine perturbation leading to oxidative stress is a mechanism 

specific to catecholaminergic neurons, mitochondrial impairment has the potential to 
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exert non-specific impairment on all cell types.  Inhibition of mitochondrial Complex I is 

one of the several effects that the dopaminergic neurotoxin MPP+ has been reported to 

cause, but investigators have shown evidence that while complex I inhibition may occur, 

it is generally preceded in time by more rapid toxic cellular events (210) most notably 

dopamine autooxidation leading to oxidative stress-induced death (101, 162).  

Interestingly, some investigators have implicated this burst of ROS due to dopamine 

autooxidation directly in the mitochondrial impairment as a trigger to open the 

mitochondrial permeability transition pore and inhibit mitochondrial respiration (211).  

In order to determine the degree to which selected APP derivatives may act 

directly in the inhibition of mitochondrial Complex I, NADH oxidation was monitored 

spectrophotometrically  in isolated bovine liver mitochondrial fractions utilizing the 

method of Kalivendi, et al. (180) with minor modifications.   

Complex I inhibition screening has indicated that all 4’-halogenated APP 

compounds (4’-FAPP was not tested), as well as 3’- and 2’-IAPP possess an apparent 

ability to inhibit the activity of Complex I in the mid-to-high micromolar range.  4’-IAPP in 

particular has a Complex I IC50 of approximately 800 µM, significantly higher than the 

normal incubation concentration.  It is not known whether these concentrations are low 

enough to become physiologically relevant in live catecholaminergic neurons. There is 

evidence of an energy-dependent mitochondrial cation concentration mechanism (100), 

it appears to be limited to quaternary ammonium ions, such as MPP+.  Additionally, 

there is no evidence that AMPH or other endogenous or exogenous primary 

monoamines exert any inhibition of Complex I.  It is, thus, unlikely that Complex I plays 

any type of significant role in the toxicity of these compounds. 
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CHAPTER 5 
 

DISCUSSION 
 
 

5.1 4’-Halogenated APP Uptake, Toxicity and Catecho lamine Perturbation in 

SH-SY5Y Cells 

Cellular uptake of 4’-halogenated APP derivatives has been shown to be a 

function of the 4’- substituent, as uptake into SH-SY5Y cells increases parallel to 

substituent hydrophobicity (Figure 8).  Although monoamine uptake into neuronal cells 

is generally facilitated by the presence of DAT and/or NET, substantial uptake was 

observed in a variety of non-neuronal cell lines which are not known to express 

monoamine transporters, as well as in SH-SY5Y cells in which DAT and NET inhibitors 

have been added to prevent uptake.  This suggests that 4’-halogenated APP uptake 

could be nonspecific through simple diffusion.  The presence of a halogen on the 4’-

position of the ring, which results in electron delocalization, allows for a more lipophilic 

species, which has been shown to cross biological membranes. 

The fact that these compounds have been shown to be penetrable to a wide 

range of cell types not requiring the presence of specific transporters makes them 

unique tools for mimicking PD in a cell culture model. It is also possible that these 

compounds may be applicable for mammalian in vivo research as a possible 

replacement for MPP+ (90).  While the quaternary ammonium ion MPP+ has long been 

utilized as a PD model, its specificity of neurotoxicity arises from its dependence upon 

the expression of plasmalemmal monoamine transporters, notably DAT (212), in order 

to gain entrance into the cell.  Additionally, MPP+ has been shown to exhibit both the 

general effect of Complex I inhibition (100, 213, 214) leading to oxidative stress, as well 
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as a catecholaminergic-specific action of catecholamine perturbation leading to 

intracellular DA oxidation and subsequent oxidative stress (101) by a combination of 

enhanced intracellular deamination (165) and autooxidation (47, 105).  These results, in 

concert with previous findings from our lab (10) and others (11-13), reinforces that the 

4’-halogenated APP class of compounds exhibits catecholaminergic-specific enzyme 

and transporter inhibition which lead to increased dopamine perturbation and oxidative 

stress. 

Parallel studies have shown that 4’-halo APP derivatives are also efficiently 

accumulated into resealed chromaffin granules in a time- and concentration-dependent 

manner.  The efficacy of granular accumulation follows a trend similar to that of cellular 

uptake where rates increased according to the hydrophobicity of the molecule (4'-F<4'-

Cl<<4'-Br~4'-I).  In contrast to the behavior of 4'-halo APP derivatives, more polar 4'-

OHAPP and 3'-OHAPP were not taken up into cells or granule ghosts in detectable 

amounts as previously reported (10). This evidence further supports that both cellular 

and granular uptake of 4'-halo APP derivatives occur through simple diffusion across 

the granular and/or plasma membranes due to their high hydrophobicities.  

Among APP derivatives tested, 4’-halogen substituted derivatives are the most 

toxic to SH-SY5Y cells, and these toxicities parallel both cellular and granular uptake 

efficiencies (Fig. 10A).  Additionally, 4’IAPP is significantly more toxic to SH-SY5Y cells 

than the well-characterized dopaminergic neurotoxin MPP+ under identical experimental 

conditions.  These toxicities are concentration- and time-dependent, gradually 

increasing from 4’-F (EC50 = 867 µM) to 4’-I (EC50 = 204 µM) (Fig. 10B).  Consistent 

with catecholaminergic-specific effects, they are not appreciably toxic to the tested non-
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neuronal cell lines.  Interestingly, screening has indicated that 4’-OH and 3’-OHAPP 

derivatives are non-toxic to both SH-SY5Y and non-neuronal cells under similar 

experimental conditions. 

Phase-contrast microscopic examination of SH-SY5Y cells upon incubation with 

differing concentrations of 4’-IAPP shows marked concentration-dependent 

morphological changes in which cell-cell contacts begin to separate, the overall cell 

structure becomes more condensed and spherical, and the cytoplasmic contents 

appear darker under phase-contrast microscopy (Fig. 11). The nature of this cell 

darkening has not been investigated to date, though it is possible that it may arise from 

a visible product of DA oxidation (similar to neuromelanin present in human 

dopaminergic cells present in the substantia nigra), or  condensation of intracellular 

components consistent with the hallmarks of apoptosis. 

Further establishment of the proposal that catecholaminergic-specific 

neurotoxicity could be taking place is derived from the observation that pretreatment of 

SH-SY5Y cells with sub-lethal concentrations of 4'-halo APP derivatives for short time 

periods drastically reduces DA uptake, conversion, and metabolism (Fig. 12A). 

Similarly, experiments in which SH-SY5Y cells were first loaded with exogenous DA, as 

endogenous DA levels are difficult to quantify (190), further show that 4'-halo APP 

derivatives are capable of  depleting pre-accumulated intracellular catecholamines (Fig. 

12B) similar to that reported following treatment with reserpine, a classical VMAT 

inhibitor (215).  Additionally, both experiments show the catecholamine-depleting 

potency of 4'-halo APP derivatives parallel their cellular toxicities, cellular/granular 

uptake efficiencies and VMAT inhibition potencies.  However, we note that the effects of 
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4'-halo APP on intracellular catecholamine levels under DA uptake conditions (Fig. 12A) 

were more drastic than under DA pre-loaded conditions, as a higher concentration and 

a longer compound incubation time were required in order to achieve a similar degree of 

perturbation (Fig. 12B).   The numerous effects that these compounds exert upon 

catecholamine uptake, storage, and metabolism – leading to their specific toxicities – 

make them unique probes with which to modulate catecholamine perturbation, thereby 

leading to neurotoxicity.   

5.2 Oxidative Stress, Apoptosis, and Neuroprotectio n 

Evidence for the proposal of apoptotic cell death versus necrotic cell death is 

provided by DNA laddering experiments where characteristic ~200 bp DNA 

fragmentation patterns were observed in 4'-IAPP treated SH-SY5Y cells (Fig. 16).  Such 

apoptotic processes may be initiated by a catecholamine-induced oxidative stress, as 

cellular toxicity of 4'-IAPP appears to be associated with the perturbation of 

catecholamine metabolism.  This notion is further substantiated by the observation that 

4'-IAPP-induced rapid morphological changes correlate well with time frames of 

catecholamine perturbation (Figs. 12A and 12B) as well as generation of excessive 

intracellular ROS (Fig. 13). Additionally, treatment of HEK-293 cells under similar 

conditions resulted in no ROS increase, despite the observation of 4’-halo APP uptake 

into these cells, further suggesting these effects are closely associated with 4'-IAPP-

mediated perturbation of catecholamine metabolism in SH-SY5Y cells.  

Consistent with prolonged, excessive production of H2O2 and associated ROS, 

4'-IAPP induced a significant depletion in GSH levels in SH-SY5Y cells at longer 

incubation times (Fig. 15).  These findings were further confirmed by the observation 
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that commonly used antioxidants NAC, GSH and α-tocopherol (25 µM) were found to be 

effective, to varying degrees, in providing partial protection for SH-SY5Y cells against 4'-

IAPP induced cell death (Figs. 14A and 14B).   

Studies with the non-specific caspase inhibitor Z-VAD-FMK, however, resulted in 

 no observed neuroprotection.  This suggested that the cell death was due to a 

caspase-independent pathway.  Research has shown this type of apoptotic pathway to 

be a relatively common mode of cell death in neuronal cells (158, 216-218) in which 

apoptosis inducing factor (AIF) is the positive intrinsic regulator instead of the 

cytochrome c release from mitochondria observed in caspase-mediated apoptosis.

 These findings support the conclusion that 4'-halo APP-mediated SH-SY5Y cell 

toxicity may be due oxidative stress-induced caspase-independent apoptotic cell death 

caused by excessive perturbation of catecholamine metabolism in SH-SY5Y cells.  

5.3 Research Extensions 

It is interesting, yet paradoxical, to observe the apparent compound uptake 

discrepancy between incubation in serum-free DMEM and KRB media.  The most likely 

cellular membrane transporters for these compounds are DAT and NET, and research 

in our lab has identified the presence of both transporters in undifferentiated SH-SY5Y 

cells (190).  However, Inhibition with 1 µM of each GBR 12909 and desipramine (to 

inhibit DAT and NET respectively, each having respective KIs in the low nanomolar 

range) did not impair compound 4’-IAPP uptake.  The composition differences between 

DMEM and KRB lie predominantly in the amino acids and vitamins present in DMEM, 

and the two solutions are similar with respect to electrolyte concentrations.  Thus, 

malfunction or stimulation of membrane transporters due to improper Na+, K+, or Cl-
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 concentrations appears unlikely.  Moreover, as shown in Figure 17, uptake does not 

appear to become saturated up to 200 µM.  Consistent with this uptake phenomenon, 

cells incubated in serum-free DMEM acquired morphological characteristics of acute 

toxicity significantly earlier than a parallel incubation in KRB.  While this media 

difference is an interesting observation, its significance remains unclear at this time. 

Comparing the uptake, toxicity (Fig. 18) and catecholamine perturbation (Fig. 

19A) of the three IAPP isomers, it is clear that the ring position of the halogen does 

exert an effect on these parameters.  As the differences in the catecholamine 

perturbation largely parallel the uptake affinities, the inability of 2’-IAPP to exert the 

same level of effects as 4’- and 3’-IAPP may simply be a function of lower intracellular 

concentration due to reduced cellular uptake.  Analysis by reversed-phase HPLC 

indicates that these compounds do exhibit differing polarities based on retention times, 

increasing in polarity from 4’-I ~ 3’-I <2’-IAPP.  Consequently, the relative polarity of 2’-

IAPP may be significant enough to substantially diminish uptake compared to 4’- and 3’-

IAPP.  More investigation would be necessary in order to confirm this fact, however. 

Screened APP derivatives appear to exert some minimal degree of Complex I 

inhibition in isolated bovine liver mitochondrial fractions.  Nonetheless, this does not 

appear to be the primary mode by which these cells exert their toxicity due to the 

resistance of non-neuronal cells to their effects at physiologically relevant 

concentrations.  Though it appears unlikely due to the fact the other endogenous and 

exogenous primary monoamines exert no true Complex I inhibitiory effects, inhibition by 

halogenated APP derivatives may become a factor at significantly higher 
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concentrations, as some modest degree of 4’-IAPP cell death was observed in the non-

neuronal cell lines Hep G2 and HEK 293 at concentrations > 500 µM. 
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CHAPTER 6 
 

CONCLUSIONS 
 
 

Taken together, our studies indicate the 4’-halogenated APP subclass, with 4’-

IAPP being the most effective member of this group, may be a specific and potent 

monoamine model for Parkinsonian-like degeneration of SH-SY5Y neuroblastoma cells 

under certain conditions.  While these compounds have been shown to be accumulated 

in a variety of neuronal and non-neuronal cell lines, they are specifically toxic to SH-

SY5Y cells in the low-to-mid micromolar range.  At significantly higher concentrations, 

however, some modest non-neuronal cell death occurs, suggesting both a specific and 

a nonspecific mode of death may be present.  While it is possible that there may be 

mitochondrial involvement in the nonspecific mode of death, this evidence is far from 

confirmatory.  Further characterization of this specific death mode has shown it to be  

concentration- and time- dependent, and potency varies greatly depending on both the 

identity and ring position of the substituent.  This compound-mediated toxicity is also 

accompanied by significant morphological changes which are consistent with apoptotic 

cell death. 

These compounds are able to deplete both DA and NE in SH-SY5Y cells as well 

as potentially inhibit the uptake of exogenously-applied DA.  The fact that NE, which is 

biosynthetically produced in the granule, is significantly depleted under our experimental 

conditions supports the theory that there may be additional perturbation of NE 

biosynthesis from stored DA, consistent with previous in vitro data (12).  Although the 

precise mechanism(s) which can account for the redistribution of granular DA has yet to 

be elucidated, it is possible that these compounds may act as weak base ionophores 
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with an action similar to that of amphetamine (128, 219).  Although weak base amines 

such as methylamine have been shown to disrupt granular storage of catecholamines 

and induce exocytosis (131), 4'-halo APPs would likely have the added ability to 

transport across the vesicular membrane in both neutral and cationic forms, as has 

been shown for amphetamine and analogs (7) due to the lipophilic nature of the 

molecule. Taken together, it is highly likely that 4'-halo APPs greatly increase the 

cytosolic DA concentrations through a variety of mechanisms, and this redistributed DA 

becomes auto-oxidized through Fenton-type reactions (47) to produce products such as 

hydrogen peroxide, superoxide, hydroxyl radicals, and quinones which can lead to not 

only increased oxidative stress, but chemical modification of DNA (164), proteins (220) 

and other macromolecules (164, 221).   

This oxidative stress theory is supported by the fact that administration of 4’-IAPP 

results in increased ROS levels in SH-SY5Y cells, but not non-neuronal HEK 293 cells, 

despite efficient intracellular accumulation of this compound.  Additionally, cell death is 

attenuated by pretreatment with several common antioxidants, but not the pan-caspase 

inhibitor Z-VAD-FMK, and 4’-IAPP treatment lowers GSH levels in SH-SY5Y cells.  DNA 

laddering in 200 bp increments, characteristic of apoptosis was observed, as well as 

consistent morphological changes, leading to the proposal that 4’-IAPP increased ROS 

triggers a non-caspase mediated apoptotic event. 

Characterization of 3’-IAPP and 2’-IAPP have revealed that there is virtually no 

difference between the catecholamine perturbative effects and SH-SY5Y cell toxicities 

of 4’- and 3’-IAPP, however 2’-IAPP is significantly less effective in both respects which 

may be attributed to a greater polarity.  Mitochondrial Complex I screening of selected 
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halogenated APP compounds does not indicate any likely potent inhibitory effect on this 

enzyme. 

We have characterized a class of halogenated 3-amino-2-phenylpropenes with 

respect to catecholaminergic neurotoxicity, which may be useful in more fully 

understanding the etiology of PD from solely an oxidative stress perspective, unlike 

many other current models.  Expansion of this project may useful to determine which 

specific trends hold true across other catecholaminergic cell models, such as MN9D 

and PC12 cells.  Furthermore, other detection methods such as patch-clamping could 

be employed in concert with these results in order to better understand how these 

compounds enter the catecholamine storage granules, and the mechanism(s) by which 

catecholamines are subsequently ejected from the storage vesicles and cells. 
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