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ABSTRACT 

 
Dopamine signaling is controlled in part by pre-synaptic re-uptake of dopamine through 

the dopamine transporter (DAT), and is therefore regulated by the distribution of DAT to the cell 

surface. DAT trafficking is modulated by the Parkinson’s disease-linked protein alpha-synuclein, 

but the contribution of synuclein family members beta-synuclein and gamma-synuclein to DAT 

trafficking is unknown. Here, both animal and cellular models of DAT trafficking have been 

used to examine the role of the synucleins in modulation of DAT. 

Over-expression of A53T mutant human alpha-synuclein is among the most successful 

transgenic models of Parkinson’s disease, producing accumulation of A53T alpha-synuclein that 

causes adult mice to develop severe motor impairment resulting in early death at 8-12 months of 

age. Altered motor activity and anxiety-like behaviors have also been reported in pre-

symptomatic animals. An analysis over the adult life-span of motor activity, anxiety-like, and 

depressive-like behaviors identified perturbations both before and after the onset of disease. 

While membrane distribution of DAT was elevated in young A53T mice, DAT function was 

normalized with aging, and was associated with accumulation of the synuclein proteins, 

activation of Tau kinases, and hyperphosphorylation of Tau. Substantia nigra pars compacta 

neuron counts were reduced in aged A53T mice, yet striatal medium spiny neuron dendritic 

spine density was maintained, suggesting that compensatory modulation of DAT by beta-

synuclein and gamma-synuclein helped to preserve striatal function.  
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To explore the mechanisms enabling synuclein modulation of DAT, the effect of each 

synuclein on DAT distribution was examined in SH-SY5Y human neuroblastoma cells. These 

studies showed that all three synucleins negatively regulated cell surface distribution of DAT and 

limited export of DAT from the endoplasmic reticulum (ER). These effects were associated with 

impairment of the ER-Golgi transition and entry of the synucleins into the ER lumen. It was 

shown that the synucleins bound to and altered the activity of ER resident heat shock chaperone 

Grp78 (78 kDa glucose-regulated protein), a critical regulator of ER function. This suggests a 

mechanism for regulation of export of DAT and similar cargoes by the extended synuclein 

family through multiple parallel impacts on cellular trafficking and the secretory pathway.   
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Preface 

This work, which grew out of an interest in the basic biology of the synuclein proteins, attempts 

to build on more than a decade of work performed by the laboratory of Anita Sidhu in describing 

synuclein function. As outlined in detail below, the research activities supporting this document 

progressed through several iterations until settling on goals related to the functional interaction 

between the synucleins and the dopamine transporter. With the minimal aim of deepening 

knowledge regarding this particular interaction, the work described here further aspires to 

broaden (albeit slightly) the view of the entire synuclein family as important elements making 

diverse contributions to cellular function. 
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I. Introduction 

Signaling between neurons in the brain is mediated by small molecule neurotransmitters of 

various classes. Among these, the monoamine neurotransmitters receive a great deal of attention 

clinically, and have become an important drug target in the treatment of a wide range of disease 

states. One important example is dopamine (DA), which is pharmacologically manipulated in the 

treatment of both mood and movement disorders. DA is synthesized and used in 

neurotransmission by several populations of brain cells collectively referred to as dopaminergic 

neurons. A population of these dopaminergic cells makes up the nigrostriatal pathway, which 

projects from the substantia nigra (SN) to striatal regions including the caudate and putamen. In 

Parkinson’s disease (PD), the second most common neurodegenerative disorder, the nigrostriatal 

pathway is preferentially degenerated, with the earliest clinical symptoms typically arising when 

greater than 60% of SN neurons are lost [1]. Progressive loss of motor control is therefore related 

to disruption of normal DA signaling. DA replacement therapies, such as L-DOPA, can 

temporarily alleviate symptoms, as can other therapeutic approaches including administration of 

catechol-O-methyltransferase inhibitors or treatment with deep brain stimulation. These therapies 

all work to temporarily restore or increase the activity of the damaged pathways, but cannot 

reverse disease progression. New gene therapy-based strategies may eventually offer a more 

permanent solution, but these treatments remain in clinical trials at present [2].  

What drives the susceptibility of dopaminergic tissues to degeneration in some 

individuals but not others is unclear. Among known causes of PD is genetic inheritance of 

mutations to the gene encoding α-synuclein (α-Syn), a member of the synuclein family of 

proteins (Syns). Aggregation of α-Syn into intracellular inclusions called Lewy bodies is 

observed upon post-mortem examination of brains from individuals with these inherited forms of 
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PD as well as cases where etiology is unknown, and is considered a pathological hallmark of PD 

[3]. Though the linkage between α-Syn and PD is clear, the specific role of α-Syn in the 

development and progression of PD has not been explicitly defined. It is unknown whether 

aggregation of α-Syn results in a gain of toxic function or a toxic loss of normal function, a 

difficulty that is enhanced because the normal functional role of α-Syn, and indeed the entire 

Syn family, remains obscure. Thus, resolving the details of Syn function has become an 

important goal for both basic and pre-clinical scientists studying PD and related disorders. 

Emerging among competing hypotheses regarding Syn protein function is evidence of a 

role for Syn proteins in regulating homeostasis of DA and the other monoamine 

neurotransmitters norepinephrine (NE), and serotonin (5-hydroxytryptamine, 5-HT) [4-6]. 

Monoamine neurotransmission modulates many physiological processes and is regulated, in part, 

by pre-synaptic plasma membrane monoamine transporters (MAT), the transmembrane proteins 

that perform re-uptake of synaptic DA, NE, and 5-HT [7]. Due to their essential role within the 

brain of recovering monoamine neurotransmitters, the MAT are important pharmacological 

targets in the treatment of several neuropsychiatric conditions, including depression, other mood 

disorders, and addiction [7]. 

Recent reports of physical and functional interactions between Syns and MAT indicate an 

important role for Syns in modulating MAT expression and activity at the synapse (reviewed in 

[8]). Further elucidation of this mechanism will aid in filling gaps in the understanding of the 

importance of Syn proteins in both normal and disease states, and is the overarching aim of the 

research project described herein. This introductory material is therefore organized with three 

principal goals in mind: 1) to summarize the characterization of Syn proteins and MAT as 

distinct entities, 2) to discuss data that support an interactive involvement of Syn and MAT in the 
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regulation of neurotransmission, and 3) to outline open questions related to this novel regulatory 

mechanism. 

I A. The synucleins 

The synuclein family of proteins (Syn), composed of α-synuclein (α-Syn), β-synuclein (β-Syn), 

and γ-synuclein (γ-Syn), has long lacked a definitive “normal” functional role. α-Syn is a well-

known and intensely studied participant in neurodegenerative disease, and is most conventionally 

linked with Parkinson’s disease (PD) and related conditions, collectively termed 

synucleinopathies. β-Syn and γ-Syn have also been linked to the neurodegenerative lesions of 

PD [9], and γ-Syn is further connected to glaucoma as well as cancer progression [10-12]. 

Despite these important associations, conclusive description of Syn protein function outside of 

their (putative) pathological roles has thus far been limited. 

I A.1 Synucleins form a three member protein family  

The Syn family takes its name from a protein originally identified in neural tissues from the 

electric organ of Torpedo californica [13]. Following generation of specific antibodies to the 

gene product of a cDNA clone, the protein was detected by immunolabeling in both the pre-

synaptic terminals and the nuclei of neurons in T. californica, leading authors to name the 

protein “synuclein” according to its observed distribution [13]. Orthologues subsequently 

identified and cloned from rat [13, 14], human [15], and other species [16, 17], demonstrated that 

Syns are highly conserved proteins unique to vertebrate organisms. Further analysis led to the 

differentiation of two similar proteins in tissue from the brains of Alzheimer’s disease (AD) 

patients and the widely utilized names α-Syn and β-Syn were applied for the first time [18]. The 

Syn family was therefore defined as such and expanded with the identification of multiple 
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paralogues present throughout vertebrate species. The third family member, although eventually 

recognized as a relative of other Syn proteins, was in fact first characterized as a marker of 

advanced stage breast cancer and named Breast Cancer Specific Gene 1 [19, 20]. Later termed γ-

Syn, this protein shares sequence identity with both α-Syn and β-Syn, though the distribution of 

its expression diverges somewhat [21]. 

I A.2 Synuclein genes are structurally similar and highly conserved in vertebrates 

The genes encoding the three Syn proteins in humans are of markedly different sizes, though the 

organization of the transcribed and translated components is similar [22]. Corresponding to their 

respective α-Syn, β-Syn, and γ-Syn gene products, SNCA (~111,000 base pairs), SNCB (~10,000 

base pairs), and SNCG (4601 base pairs) have been mapped to chromosomes 4q21.3-q22 [23-

25], 5q35 [26], and 10q23 [21], respectively. Differences between the genes exist in the 

untranslated sequences 5’ and 3’ to the protein-coding exons, as well as in the length of introns, 

and may account for observed differences in their expression patterns. Each of these genes is 

highly conserved throughout vertebrate species as evidenced by the identity between the gene 

products from several vertebrate species (Fig. I.1). 

I A.3 Synucleins differ in their pattern of expression 

Variations in transcription of the Syns result in distinct patterns of expression in the central 

nervous system (CNS) [27]. In addition to differences in the anatomical distribution of Syn in 

mature brain tissues [28], Syn expression and cellular localization change developmentally [29]. 

To generalize, it appears that α-Syn is the predominant form in the forebrain and midbrain, while 

γ-Syn is more concentrated in caudal structures, with β-Syn expression more or less constant 

throughout the CNS [28]. Studies from single, double, and triple Syn knockout (KO) mice 
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indicate that Syns are not essential for viable development [30-33]. Data from these same mice, 

however, have shown repeatedly that the Syns are involved in normal presynaptic functions [30-

38], including dopaminergic neurotransmission. Furthermore, microarray and quantitative real 

time polymerase chain reaction (qRT-PCR) results reveal that expression of α-Syn and γ-Syn 

may be coordinated in some manner, as deletion of one gene induces changes in steady state 

mRNA levels of its paralogue in a region-specific manner [39]. 

A number of splice variants have been reported for SNCA, which is predominantly 

expressed as a 140 amino acid protein. Exon-deleted transcripts that generate shortened isoforms 

of 126, 112, and 98 amino acids have been observed [40-42], though the functional importance 

of these α-Syn isoforms is unclear. Studies identifying a possible toxic effect of truncated α-Syn 

suggest that these alternate transcripts may in fact be harmful, though the validity of this 

conclusion is not clear [43-45]. A recent study has reported the first SNCB splice variants, but 

their functional impacts have not been determined [46]. No variation in transcript splicing has 

yet been observed for SNCG [47]. 

I A.4 Synuclein proteins share sequence identity and domain organization 

α-Syn, β-Syn, and γ-Syn share significant sequence identity (Fig. I.2A), and three partially 

overlapping regions have been defined in each protein (Fig. I.2B) The N-terminal region 

containing a series of 11-residue repeats (7-87 in α-Syn) is the most similar between the Syn. A 

centrally located region of increased hydrophobicity composes the non-amyloid-β component of 

AD amyloid (61 - 95 in α-Syn), and is known as the NAC domain [15]. The NAC domain of 

Syns, and of α-Syn especially, shares some sequence identity with 14-3-3 proteins, a family of 

chaperone proteins for which many functions have been identified, including stabilization of 

phosphoenzymes and regulation of apoptotic proteins [48]. The acidic C-terminal region (96-140 
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in α-Syn) is largely without predicted structural features. This portion of the Syn proteins is the 

most dissimilar between the three and is partially truncated in γ-Syn (Fig. I.2A-2B). The central 

region of Syns lacks consistent secondary structure except when associated with lipids [49] and 

the Syns are considered intrinsically disordered proteins [50, 51]. Structural analysis of lipid-

associated α-Syn has shown, however, that in the presence of micelles the N-terminal portion of 

α-Syn adopts an α-helical structure (Fig. I.3A-3B) that may facilitate association with the lipid 

bilayer of plasma and vesicular membranes at the synapse [52]. PD-linked α-Syn mutant A30P 

disrupts this structure and reduces lipid binding, yet the other PD-linked α-Syn mutants have 

little to no effect on these properties [53, 54]. 

Aggregation of Syn proteins, especially α-Syn, is a feature common to several 

neurodegenerative diseases. The NAC domain is the portion of α-Syn that is found in AD 

plaques along with β-amyloid [55], and is present with some modifications in γ-Syn as well (Fig. 

I.2B). β-Syn differs somewhat in that the NAC domain is partially deleted, though the remaining 

residues align well with α-Syn and γ-Syn. The extent to which the NAC domain remains intact 

on the α – γ – β continuum corresponds with the decreasing tendency of each protein to auto-

aggregate, a characteristic which is essentially absent in β-Syn as is the core of this hydrophobic 

region [56]. 

I A.5 Synucleins interact with many cell components 

Syns are known to have a wide range of interactions with various components of the cellular 

milieu, including other proteins, lipid bilayers, and many small reactive molecules, though the 

interactome of α-Syn is the most thoroughly investigated. Syns are targeted by many enzyme-

directed post-translational modifications including phosphorylation [12], methylation [57], and 
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ubiquitylation [58]. Modification of α-Syn by oxidative and nitrative chemical reactions has 

been reported in the synucleinopathic lesions of PD [59]. Upon experimental induction of 

oxidative stress by toxic compounds such as MPTP (1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine, a mitochondrial complex I inhibitor), α-Syn becomes a target of damage by 

reactive oxygen and nitrogen species [60]. Oxidative damage of this kind may contribute to 

synucleinopathy in PD by promoting aggregation of α-Syn into toxic oligomers, a view 

supported by the reduction of MPTP-induced parkinsonism in α-Syn null mice [61].  

Membranes may be bound [53], disrupted [62], or even stably permeabilized [63] by Syn 

proteins, and are especially prone to damage by α-Syn oligomers. Syn proteins form aggregates 

[64], are transported across membranes [65], and interact with the cytoskeleton [66]. Chaperones 

bind the Syn proteins, and the Syn proteins also possess chaperone-like properties themselves 

[47]. The sheer diversity of physical interactions now documented for this family of proteins 

makes it challenging to classify Syns, and helps explain how these molecules continue to defy 

decisive functional characterization. One area in which Syn protein-protein interactions appear to 

make an important functional contribution is in the regulation of monoamine transporters (MAT) 

by the Syns [67], which will be discussed in detail below. The literature characterizing Syn 

modulation of MAT, however, is currently dwarfed by investigations into the pathological roles 

of α-Syn and γ-Syn. This broader body of work informs the putative regulatory function of Syns 

and is summarized here briefly. 

I A.6 Pathological roles of α-Syn 

α-Syn has a long history of association with neurodegenerative disease, including AD [18], 

dementia with Lewy bodies, and most prominently, Parkinson’s disease (PD) [68], among 

numerous others. Conditions in which α-Syn plays a role have been collectively termed 
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“synucleinopathies,” and share the common feature of deposition of α-Syn aggregates, though 

the pathological consequence of these deposits is not fully understood. Indeed, it appears that the 

large aggregates could be the product of a neuroprotective process, and that smaller α-Syn 

oligomers may be the truly toxic species [69]. α-Syn is clearly implicated in genetically inherited 

forms of PD. Duplication [70] or triplication [71] of the SNCA gene, as well as α-Syn mutants 

A53T [68], A30P [72], and E46K [73] have been identified in families with autosomal dominant 

inheritance of PD.  

PD diagnosis typically occurs when profoundly degenerated dopaminergic projections 

(>60% lost) from the SN to the striatum fail to effectively regulate control of coordinated 

movement [1]. Progressive loss of this population of neurons contributes to the neurological 

symptoms classically associated with this debilitating movement disorder [74], although there 

are many additional non-dopaminergic and non-motor symptoms of PD. Discovery of the genetic 

linkage of α-Syn with PD highlighted the possibility that this protein might be interacting with 

components of the dopaminergic system to promote neurodegeneration. The immunodetection of 

α-Syn as a major component of Lewy bodies, the proteinaceous inclusions found throughout the 

brains of PD patients, confirmed its role in idiopathic forms of PD as well [3]. It has been 

demonstrated repeatedly that the presence of α-Syn exacerbates the effects of neurotoxic 

compounds such as MPTP and its metabolite MPP+ (1-methy-4-phenylpyridium), both in vitro 

and in mammalian dopaminergic populations [75, 76]. Thus, it is under conditions of over-

expression, harmful mutations, or the exogenous induction of cellular stress that this normally 

benign protein can be induced to aggregate, producing pre-synaptic dysfunction and neuronal 

death [77]. 
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I A.7 Pathological roles of γ-Syn 

SNCG was identified as a marker for breast cancer when it was found that transcription of this 

gene was increased in tissue from breast tumors [19]. γ-Syn protein over-expression is found in 

advanced stage cancers of many types [78] and breast tumor derived cells with high γ-Syn levels 

are insensitive to chemotherapeutic agents such as paclitaxel [79]. Paclitaxel (Taxol) targets 

dividing cells by disrupting microtubule function, and γ-Syn appears to limit the efficacy of 

paclitaxel treatment through interactions with the mitotic checkpoint serine/threonine protein 

kinase BUB1β, a kinase responsible for monitoring assembly of the mitotic spindle [80]. By this 

mechanism γ-Syn contributes to ongoing cell division, chromosomal instability, and cancer 

progression, making its interactions with components of the cytoskeleton and the mitotic 

regulatory machinery a key area for investigation [81]. Indeed, blockade of γ-Syn interactions 

with small peptide inhibitors restores sensitivity of breast cancer cell lines to microtubule 

targeting agents [82], making the development of γ-Syn antagonists an important avenue for 

therapeutic investigations [83]. 

The microtubule independence of γ-Syn distribution and activity also appears relevant to 

the genesis and treatment of depression. While it is known that γ-Syn co-immunoprecipitates 

with microtubules [66], its cellular localization is, surprisingly, not affected by microtubule 

disrupting agents [84]. This suggests that γ-Syn distribution is dependent on interactions with 

multiple components of the cytoskeleton [85], or that its localization is not under cytoskeleton-

dependent regulation. γ-Syn over-expression was recently found in the brain of anti-depressant 

naïve depressed human subjects (A. Sidhu, personal communication). Depression is a common 

co-morbidity of PD, and γ-Syn is now linked to this condition in addition to having a well-

established role in the ocular pathologies [10]. γ-Syn appears to be a relatively specific marker 
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for retinal ganglion cells, which are the neurons of the eye that degenerate in glaucoma [86]. 

Recent work has established that γ-Syn expression in retinal ganglion cells can promote reactive 

astrocyte-mediated degeneration of the optic nerve [11]. Mouse models of γ-synucleinopathy 

also exist, with over-expression of the mouse γ-Syn protein producing a phenotype reminiscent 

of the α-Syn-based pre-clinical models of PD [87].  

I A.8 Synucleins as regulators of dopaminergic neurotransmission 

Among possible presynaptic functions that Syns may perform is regulation of the synthesis, 

release, and reuptake of monoamine neurotransmitters (Fig. I.4). Availability of DA and NE 

depends in part on the activity of tyrosine hydroxylase (TH), an enzyme in the biosynthetic 

pathways of both molecules (Fig. I.4A). It was shown that TH enzymatic activity can be 

regulated through direct interactions with α-Syn [88], and that expression of TH was increased in 

the retina of α-Syn/γ-Syn double knockout (KO) mice compared to wild type and single KO 

mice [37]. While no evidence exists for an interaction between β-Syn and TH, it has been 

suggested that β-Syn overlaps functionally with α-Syn [47]. A similar interaction between Syns 

and tryptophan hydroxylase, the rate-limiting enzyme in the production of 5-HT, has not been 

reported. Loss of tryptophan hydroxylase expressing neurons in serotonergic nuclei, however, 

has also been associated with neurodegenerative synucleinopathies [89]. 

In addition to regulation of neurotransmitter synthesis, Syns have an influence on the 

storage of neurotransmitters (Fig. I.4B). Release of synthesized neurotransmitter by 

monoaminergic neurons in the brain requires packaging of DA, NE, or 5-HT into vesicles by the 

vesicular monoamine transporter 2 (VMAT2) [90]. VMAT2 co-localizes with α-Syn in the Lewy 

bodies of PD [91], and over-expression of α-Syn reduces VMAT2 levels in cultured 
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mesencephalic cells [92]. The influence of β-Syn and γ-Syn upon VMAT2 expression and 

activity are not known. 

Synaptic vesicles filled by the action of VMAT2 must be translocated prior to 

neurotransmitter release and are subject to regulated trafficking to the cell surface (Fig. I.4C). 

Maintenance of normal levels of the monoamine neurotransmitters is in part dependent on the 

number, size, and location of loaded vesicles. α-Syn KO mice have reduced DA and NE storage 

capacity, and ultrastructural studies show a depleted reserve pool of monoamine storage vesicles 

[34, 36, 38]. Dopaminergic and noradrenergic activity in these animals may be preserved through 

an increased rate of vesicular refilling, suggesting a compensatory mechanism that produces an 

outwardly normal phenotype, even in the absence of α-Syn expression [36, 38]. Double α-

Syn/β-Syn KO mice have synaptic ultrastructure similar to single KO mice, and striatal DA 

content in these animals is significantly reduced compared to single KO mice [32]. Studies on 

double α-Syn/γ-Syn KO mice did not reveal altered DA content [35], though a hyper-

dopaminergic phenotype supports the conclusion that the absence of Syns alters the management 

of monoamines in presynaptic vesicle pools [31].  

Release of neurotransmitters, including DA, NE, and 5-HT, requires fusion of loaded 

vesicles with the presynaptic membrane through a soluble N-ethylmaleimide-sensitive-factor 

attachment protein receptor (SNARE) dependent process [93]. SNARE-dependent vesicle 

activity occurs on a millisecond time scale, and is tightly regulated by other pre-synaptic 

proteins, including the co-chaperone cysteine-string protein α (CSPα) [94]. Deletion of CSPα 

produces a lethal neurodegenerative phenotype that is reversed by over-expression of α-Syn, 

restoring normal levels of SNARE complex assembly [94]. α-Syn interacts with the SNARE 

protein SNAP-25 (synaptosomal-associated protein 25), and promotes SNARE assembly in vitro 



14 

 

[33], suggesting that Syns participate in the process of neurotransmitter release through an 

interaction with the vesicle exocytosis machinery (Fig. I.4D). Indeed, triple α-Syn/β-Syn/γ-Syn 

KO mice, though viable, develop deficits in motor function and show impaired SNARE complex 

assembly in the brain [33]. Syns therefore have a direct and functionally consequential 

involvement in SNARE-dependent presynaptic activity. This role for Syns remains an active area 

of investigation, in part because the level of functional redundancy between α-Syn, β-Syn, and γ-

Syn remains unclear. For example, while α-Syn over-expression reverses the phenotype of CSPα 

KO mice, over-expression of γ-Syn has no effect in these animals [95].  

Thus, Syn-dependent effects have been described at many points along the pathways that 

lead to monoamine neurotransmission. A final component of this complex regulatory network is 

the neurotransmitter recycling facilitated by the plasma membrane monoamine re-uptake 

transporters (MAT). Syns are also involved in modulation of this critical component of 

monoamine signaling pathways (Fig. I.4E). As a point of introduction to the Syn-MAT 

functional relationship, the history, identification, and classification of MAT will be described 

here briefly. 

I B. The monoamine transporters 

I B.1 MAT are key regulators of synaptic neurotransmission 

Diverse small molecules, collectively termed neurotransmitters, are used by cells of the CNS and 

the peripheral nervous system to communicate across synapses. One of the primary mechanisms 

for regulation of this signaling is neurotransmitter re-uptake, a process that has been a central 

research focus since its elucidation over 50 years ago [96-98]. The high affinity transport 

systems responsible for re-uptake remove these neurotransmitters from the synapse, effectively 
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terminating their access to and thus activation of target receptors [99]. Among neurotransmitters, 

the monoamine signaling molecules DA, NE, and 5-HT perform a diverse array of essential 

functions at all levels of the nervous system, regulating autonomic function, coordinated 

movement, and even mood and emotion [7]. Distinct transporters in turn are responsible for 

regulating the action of DA, NE, and 5-HT at the synapse, and thus have central roles in both 

normal and pathological neural processes.  

I B.2 Plasma membrane MAT are structurally similar 

MAT are members of a family of closely related Na+/Cl--dependent neurotransmitter transporters 

that have been identified in many species, including worms [100], flies [101], rodents [102, 103], 

and primates [104, 105]. MAT are encoded by genes of the solute carrier 6 (SLC6) gene family, 

which also includes the transporters of glycine and γ-aminobutyric acid. Distinct genes for the 

transporters of DA (SLC6A3), NE (SLC6A2), and 5-HT (SLC6A4) have been localized to human 

chromosomes 5p15.3 [106], 16q12.2 [107], and 17q11 [108], respectively. 

Topological descriptions based on the predicted amino acid sequences of the transcripts 

from these genes identified conserved regions of hydrophobicity as 12 putative transmembrane 

domains [109, 110]. MAT have highly similar sequences and also share some sequence identity 

with bacterial amino acid transporters such as the leucine transporter from Aquifex aeolicus 

[111]. Recently reported crystal structures for this MAT homolog [112, 113] have enabled 

modeling of putative MAT structures (see Fig. I.5). Although structures of mammalian MAT 

have yet to be determined experimentally, homology modeling has enabled further investigation 

of the topological arrangement, transport mechanics, sites of interaction of MAT inhibitors both 

at the bench and in silico [114-119].  
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I B.3 MAT share a common transport mechanism 

The transporters of DA, NE, and 5-HT (DAT, NET, and SERT) all require extracelluar Na+ and 

Cl- ions to translocate their respective neurotransmitter substrates [120]. Though all three 

transporters utilize co-transport of Na+ and Cl-, the stoichiometry of co-transport varies between 

the three MAT, and SERT additionally requires counter-transport of K+ [121]. Nonetheless, it 

remains clear that electrochemical gradients, established by the activity of the Na+/K+ ATPase 

and the resultant transmembrane electrical potential, are coupled to neurotransmitter transport by 

MAT [7]. In addition to this active transport mechanism, an un-coupled ion conductance through 

inactive MAT has also been detected, and the ion flux in both cases is electrogenic as measured 

by voltage clamp experiments [122-124]. 

I B.4 MAT display distinct patterns of expression 

Despite similarities in form and function, MAT are expressed in anatomically distinct structures 

and cell populations. Monoaminergic neurons, the cells responsible for producing and emitting 

monoamine neurotransmitters, are either dopaminergic, noradrenergic, or serotonergic, and 

release only one of these three neurotransmitters at their terminal synapses. In the brain, then, 

MAT are present almost exclusively in neurons that emit their respectively preferred substrate, 

DA, NE, or 5-HT, though the transport specificity of each MAT is not absolute [7]. There is 

evidence from DAT knockout mice, for example, that NET performs much of the DA clearing 

function in the frontal cortex [125]. The anatomical distribution of MAT in the brain nonetheless 

connects this molecular mechanism of monoamine re-uptake with the functional role of 

monoamine neurotransmission. Separate structures deep within the mid-brain and brain stem are 

responsible for DA, NE, and 5-HT neurotransmission to discrete regions of the striatum, 
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hippocampus, and cortex, and consequently show similar patterns of transcription and functional 

expression of the respective MAT. 

DAT transcription is identified primarily within the cell bodies of dopaminergic neurons 

projecting from the substantia nigra and the ventral tegmental area, while perisynaptic plasma 

membrane expression occurs in the fibers of the striatum, the cingulate cortex, and the medial 

prefrontal cortex [126]. NET, in turn, is transcribed in the cell bodies of locus coerulus neurons, 

the fibers of which innervate the hippocampus and various cortical regions [127]. Finally, SERT 

is generated primarily in the raphe nucleus, and distributed to processes that penetrate many 

brain regions, including specific areas within the hippocampus and broadly throughout the cortex 

[128]. 

I B.5 MAT are important pharmacological targets 

The regulatory machinery of monoamine neurotransmission works to control the release of DA, 

NE, and 5-HT into the synapse, as well as retrieve these neurotransmitters following their 

release. Dysfunction of the monaminergic systems is believed to underlie affective disorders 

such as anxiety and depression, and is the focus of many psychoactive compounds that target 

either the release or re-uptake of monoamine neurotransmitters. Broadly, monoamine-directed 

antidepressant therapies aim to enhance the synaptic concentrations of NE and 5-HT, which are 

abnormally reduced in mood disorders. Classical tri-cyclic antidepressants work by blocking re-

uptake of neurotransmitters through NET and SERT, preserving NE and 5-HT signaling in a 

manner that successfully stabilizes mood in some patients [129]. More recently, antidepressant 

therapy includes the use of re-uptake inhibitors highly selective for SERT, such as paroxetine 

and fluoxetine [130, 131], or NET, such as reboxetine [132]. Other approaches use broader 

specificity, such as dual DAT/SERT re-uptake blockers like bupropion [133]. Not every 
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antidepressant is a re-uptake inhibitor; therapies also target monoamine oxidases, the enzymes 

responsible for degradation of DA, NE, and 5-HT, as well as pre-synaptic autoreceptors, another 

family of plasma membrane proteins responsible for detecting synaptic content and regulating 

monoaminergic tone [129]. 

Though re-uptake inhibitors accomplish their pharmacological purpose by acute blockade 

of MAT, some reports suggest that their therapeutic efficacy is accomplished in part through 

chronic mechanisms. For example, chronic treatment with 5-HT reuptake inhibitors significantly 

reduces autoradiographic labeling of SERT in the rat brain, suggesting that blockade of the 

transporter leads over time to downregulation of its expression at the cell surface [134]. A similar 

mechanism may operate with desipramine (DMI), a tri-cyclic antidepressant that not only 

modifies NET expression, but also appears to alter the expression of Syn proteins implicated in 

the modulation of NET and other MAT [66]. 

Drugs of abuse, most notably psychostimulants such as cocaine and amphetamines, also 

act on MAT. The rewarding effects of cocaine are mediated most directly by blockade of DAT, 

though this compound is in fact a potent inhibitor of re-uptake by NET and SERT as well [135]. 

Amphetamine and its derivatives employ a different mechanism that involves reversal of the 

direction of transport through MAT proteins, resulting in efflux of monoamines, as well as a 

decreased localization of MAT to the cell surface [136, 137]. Though they vary in specificity and 

impact, all of these pharmacological mechanisms manipulate synaptic monoamine content by 

inhibiting MAT function and indicate the importance of endogenous processes for regulating 

MAT expression and distribution. 
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I B.6 Transcriptional regulation of MAT 

Identity determination of monoaminergic neurons, including transcription of SLC6 genes and 

functional expression of MAT at the cell surface, is accomplished by developmentally regulated 

events [138]. Cell-type specific promoters direct expression of MAT in coordination with the 

determined identity of a neuron [139-141]. In noradrenergic neurons, for example, the same 

promoter elements drive expression of NE synthesis enzymes as well NET [142]. SLC6 genes 

contain polymorphisms in both coding and non-coding regions that may be genetic factors 

associated with mental disorders [143]. Continuous synthesis of new MAT proteins replaces 

internalized transporters as they are trafficked away from the cell surface and degraded, and rates 

of transcription may therefore make an important contribution to overall regulation of synaptic 

activity [7, 144]. 

I B.7 Post-translational processing of MAT 

Newly synthesized transporters are modified and carried along axons to the pre-synaptic area in a 

process that can take days [145]. N-linked glycosylation [146-148] and oligomerization of 

transporters [149, 150] are central mechanisms of post-translational processing that regulate 

localization of MAT to the cell surface. Glycosylation sites are located in the extracellular loop 

between helixes 3 and 4 that is common to MAT proteins [147, 151, 152]. The high-molecular 

weight, highly glycosylated forms of MAT dominate among transporters expressed at the cell 

surface [153]. Oligomers of all three MAT occur and the formation of multimeric complexes 

appears to be functionally important. For example, deletion of a protein domain mediating 

oligomerization of DAT results in decreased plasmalemmal expression and thus re-uptake 

activity [149, 154-156]. A portion of the DAT carboxy terminal domain is required for normal 

export from the endoplasmic reticulum (ER) as well as arrival at the cell surface [157]. Several 
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studies have linked differential sorting of NET and DAT to intracellular sequences that vary 

slightly between these two proteins. In polarized epithelial cells NET is delivered to basolateral 

cell surfaces while DAT is localized to apical membranes [158, 159]. How this amino terminal-

dependent sorting mechanism functions in a neuronal context is not clear, but may be related to 

the observation in one study that in cortical neurons expressing NET, the transporter is only 

distributed to the synapse under conditions of chronic stress [160]. Such dynamic MAT 

localization indicates the existence of mechanisms for modifying export from biosynthetic 

compartments as well as shifting transporters into and out of the plasma membrane. 

I B.8 Protein-protein interactions and trafficking of MAT 

Numerous mechanisms are implicated in the regulation of MAT following arrival at the pre-

synaptic area. Interactions occur with many protein binding partners as well as enzymes 

responsible for further post-translational modification of MAT. A general model has emerged 

whereby protein-protein interactions mediate stabilization, activity level, endocytosis, and 

trafficking of MAT near the synapse. 

Many MAT binding partners identified thus far are presynaptic scaffolding proteins or 

mediators of endocytosis. Positive regulators such as PICK1 (protein interacting with kinase C 1, 

[161]) and protein phosphatase 2A [162] stabilize MAT at the cell surface, resulting in increased 

re-uptake. The opposite is true of binding partners such as Hic-5 (hypermethylated in cancer 5 

[163]), secretory carrier membrane protein 2 [164], and the Syn proteins [5, 6], as increased 

expression of these proteins tends to increase the fraction of internalized MAT and thus decrease 

uptake activity. Positive regulators of MAT slow endocytosis or facilitate insertion to maintain 

cell-surface localization of transporters. Negative regulators instead work by slowing export of 

MAT from biosynthetic compartments, promoting the internalization of MAT, or by inhibiting 
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the recycling of transporters back to the cell surface. In a process similar to synaptic vesicle 

recycling, internalization of MAT is dependent on the dyanamin-clathrin endocytosis machinery 

[165], while the SNARE protein syntaxin 1A works to insert MAT into the plasma membrane 

[166]. Syntaxin 1A is found directly associated with MAT [167] through binding that may be 

sensitive to the activation of protein kinase C [168] and calcium/calmodulin-dependent kinase II 

[169], though the effects of these kinases on MAT function continue to be the subject of debate 

[170]. 

The interactions controlling the fate of trafficked MAT are not fully understood, and 

many binding partners have been identified [7, 171]. Putative functional roles of these 

interactions include clustering of transporters, synaptic maintenance through adhesion, 

inactivation and endocytosis of MAT, or even reversal of the direction of transport [7]. 

Proteomics approaches including yeast two-hybrid screens and immunoprecipitation (IP) 

followed by mass spectrometry continue to generate data on more interactions, further 

complicating the MAT proteome [172]. 

As an example, Maiya and Mayfield (2004) identified new binding partners that co-

immunoprecipitate (co-IP) with DAT, while simultaneously confirming previously identified 

interactions (e.g. α-Syn, dynamin). Not every known DAT partner was found (e.g. PICK1, Hic-

5), however, which raises questions about the appropriateness of conclusions based on high-

throughput techniques. Confirmation of functional relationships as well as elucidation of the 

physiological significance of these interactions will be required to develop a coherent picture of 

pre-synaptic MAT regulation. One set of interactions receiving this level of scrutiny is that 

between the Syn family of proteins and MAT. 
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I C. Synuclein modulation of MAT 

The distribution of MAT contributes directly to regulating the duration, intensity, and efficiency 

of monoamine neurotransmission. Syns have the potential to affect nearly every cellular process 

involved in production and trafficking of these transporters. Thus, the potential for multiple 

layers of regulation of MAT by Syns exists, though not every mechanism proposed herein has 

been defined experimentally. Syns were identified as potential participants in MAT regulatory 

processes due to their overlap in localization and mutual involvement in diseases of the 

monoaminergic systems [173]. A physical association between α-Syn and DAT, established by 

both yeast two-hybrid and co-IP methods, has received the most attention [4, 174, 175]. α-Syn 

has in fact been found in complex with all three MAT and, importantly, is capable of regulating 

MAT expression and activity at the cell surface [5, 6]. It has also been established that γ-Syn co-

immunoprecipitates with NET [66], and additional data on Syn-MAT interactions continue to 

accumulate and are summarized here (Table I.1). These findings emerge among the confused 

pre-synaptic milieu to give definition to the as-yet unclassified Syn family of proteins, 

demonstrating an intimate involvement in the regulation of many aspects of monoamine 

neurotransmission. 

I C.1 Modulation of DAT by synucleins 

The most thoroughly investigated Syn-MAT interaction occurs between α-Syn and DAT. Initial 

experiments identified a physical interaction between α-Syn and the transporter’s carboxy 

terminal [174]. The NAC domain of α-Syn mediates binding to DAT, and this domain is 

absolutely required for physical association of the two proteins [176]. Though little doubt 

remains as to the existence of a physical interaction between α-Syn and DAT [172], results 

characterizing the functional significance of this interaction are conflicting. Niznik and 
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colleagues initially found that over-expression of α-Syn in DAT transfected Ltk- cells (mouse 

fibroblast derived cell line) increased DAT activity, as measured by DA uptake assays [174]. On 

the basis of these early findings, it was proposed that α-Syn over-expression enhanced 

neurodegenerative processes by promoting the influx of DA, leading to cytotoxicity through the 

induction of oxidative damage [177]. 

Further study by Sidhu and colleagues has established a large body of evidence in 

opposition to these original findings. While a physical interaction between α-Syn and DAT was 

confirmed by co-immunoprecipitation, repeated experiments in Ltk- cells as well as SK-N-MC 

(human neuroblastoma derived), HEK293 (human embryonic kidney derived) cells, and cultured 

rat mesencephalic neurons all exhibited dose-dependent inhibition of DAT activity by α-Syn 

[176]. It was further shown that disruption of cell adhesion by either trypsinization [176] or 

treatment with microtubule disrupting agents [178] following transfection interrupts negative 

modulation of DAT by α-Syn. Thus, in these later studies, increased α-Syn expression was 

associated with reduced uptake of DA and distribution of DAT to the cell surface that was 

dependent on cell adhesion and cytoskeletal function. 

This later work of Sidhu and colleagues essentially resolved the conflict between the two 

competing models, showing through a careful series of experiments that the method of 

transfection and timing of the disruption of cell adhesion by trypsin were critical determinants of 

the effect of α-Syn on DAT. Ultimately, in cells of various types that were allowed to remain 

adhered to the culture vessel, increased expression of α-Syn consistently resulted in a decrease of 

DAT trafficking to the cell surface. Furthermore, upon consideration of accumulating evidence 

in the field relating to the functional role of Syns, the relationship involving negative modulation 

of DAT by α-Syn emerges as the most reasonable. At first pass, it would seem that either a 
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positive or a negative modulation of DAT by α-Syn would be consistent with the characteristics 

of these proteins, as both macromolecules are involved in DA homeostasis and are abundantly 

expressed pre-synaptically. Furthermore, as discussed above, α-Syn shares structural features 

with chaperone proteins and interacts with lipid bilayers, characteristics that could just as easily 

work to stabilize functional DAT at the cell surface. The problem with this hypothesis is that it is 

inconsistent with the observed co-existence of DAT and α-Syn typical of dopaminergic neurons. 

While it is true that extreme over-expression of α-Syn can directly induce cell death [179], this 

does not typically occur in the brain absent some genetic or environmental insult. Rather, α-Syn 

and DAT are co-expressed in dopaminergic neurons without incident, and have been shown to 

interact in brain tissue under normal conditions [176]. This makes it unlikely that the neurotoxic 

mechanism of dopaminergic neurodegeneration involves an α-Syn directed enhancement of 

DAT activity. 

Indeed, it has been established that the parkinsonism-inducing toxin MPP+ reverses α-

Syn down-regulation of DAT expression and uptake activity, as does H2O2, another potent 

inducer of oxidative stress [176]. As discussed above, oxidative damage of α-Syn is a proposed 

mechanism for the induction of aggregation and could work to reduce α-Syn bioavailability [4]. 

This suggests that α-Syn functions under normal conditions as a negative regulator of 

plasmalemmal DAT expression and DA re-uptake, and that only in the presence of additional 

insult can apparently high levels of α-Syn be associated with increases in DAT activity [75, 180, 

181]. The aggregation of α-Syn that occurs under these circumstances makes it incompetent as a 

modulator of DAT. Thus, negative modulation of DAT by α-Syn would be lost, leading to 

increased DA uptake. This suggests a mechanism whereby the loss of regulation provided by α-
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Syn-mediated DAT trafficking could be a contributing factor to the progression of 

synucleinopathies such as PD [4, 67, 77]. 

In support of a role for α-Syn as a negative modulator of DAT, recent studies using 

lentiviral vectors to modify endogenous levels of α-Syn in the rat brain show that the locomotor 

response to cocaine is also α-Syn dependent [182]. Hyperlocomotion following administration of 

cocaine is thought to result from blockade of DAT, the effect of which is to prevent clearance of 

DA from the synapse. Extended duration and intensity of DA signaling then causes abnormally 

high measures on a standard behavioral measure of locomotor activity, such as total distance 

traveled. Increased expression of α-Syn is associated with an increased locomotor response to 

cocaine, suggesting that α-Syn retards cell-surface localization of DAT. That is, with high levels 

of α-Syn, less DAT is available at the cell surface, and so the cocaine blockade of DA transport 

is longer and more complete than it would be under normal conditions, resulting in the observed 

increase in the locomotor response [182]. These results are consistent with a model wherein 

DAT is negatively modulated by endogenous levels of α-Syn.  

More recent data show that knockdown of endogenous α-Syn in SH-SY5Y (human 

neuroblastoma derived) cells induces a decrease in DAT activity [183]. While this finding is to 

some degree in conflict with the conclusions of Sidhu and colleagues, it may be possible to 

reconcile these data sets. Consider the findings of Gosavi et al (2002), wherein extreme 

overexpression of α-Syn in COS-7 (simian kidney derived) cells induced Golgi fragmentation 

and the failure of DAT export. This suggests that α-Syn is also involved in early steps of vesicle 

targeting necessary for DAT expression and trafficking. If a normal level of α-Syn is required to 

facilitate DAT processing, however, near complete knockdown of already low endogenous α-

Syn expression in SH-SY5Y cells might interfere with the production of DAT as much or more 
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than extreme over-expression of α-Syn does in COS-7 cells. This does not explain the expression 

of functional DAT in α-Syn negative Ltk- or HEK293 cells, but it does confirm the more general 

hypothesis that α-Syn modulation of DAT is a homeostatic process that is extremely context 

dependent [184, 185]. Further assessment of the interaction between the endogenous regulatory 

processes controlling α-Syn expression and DAT activity levels is required to resolve the 

complex functional relationship between these proteins.  

Given the high similarity of α-Syn and γ-Syn, especially in the region of the DAT-

binding NAC domain (85% of residues are conserved or identical; see Fig. I.2), it was a logical 

progression to look for a similar interaction between γ-Syn and DAT. While preliminary 

experiments by Sidhu and colleagues found no physical or functional interaction between these 

proteins in transfected Ltk- cells (personal communication), γ-Syn dependent changes in the 

locomotor response to cocaine have been detected in rats [186]. Knock-down of endogenous γ-

Syn expression with lentiviral siRNA significantly reduces the locomotor response to cocaine. 

As discussed above, this response stems from increased DA signaling caused by blockade of 

DAT. Thus, γ-Syn appears to influence this measure of DAT activity in much the same manner 

as α-Syn, suggesting that it too is responsible for modulating cell-surface expression of the 

transporter. The finding that γ-Syn similarly modulates DAT distribution provides tentative 

confirmation of the importance of the NAC domain in mediating MAT modulation by both α-

Syn and γ-Syn proteins. As predicted by this line of reasoning, no interaction was identified 

between β-Syn and DAT in preliminary experiments in Ltk- cells (A. Sidhu, personal 

communication). Based on the incomplete analysis completed to date, however, further 
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investigation into the role of β-Syn and γ-Syn in modulation of DAT trafficking is clearly 

required. 

I C.2 Modulation of NET by synucleins 

The nature of the interactions between Syn proteins and NET is not well established. Given the 

similarities in structure between DAT and NET, however, it is not surprising that similar results 

emerged from NET trafficking experiments in α-Syn transfected Ltk-, SK-N-MC, and HEK293 

cells. Increasing levels of α-Syn expression negatively modulates uptake of NE by decreasing 

NET expression at the cell surface [5]. Physical interaction between α-Syn and NET was 

confirmed by co-immunoprecipitation from both cultured cells and rat tissues, and it was again 

determined that the observed physical and functional interaction was dependent on the NAC 

domain [184]. 

Modulation of DAT cell surface expression and uptake activity by α-Syn was strictly 

monotonic in earlier studies [187]. α-Syn modulation of NET, however, was shown to be 

bidirectional. That is, low levels of α-Syn (0.5:1 transfection ratio) induce an increase in NE 

uptake compared to α-Syn negative cells, while over-expression (3:1 transfection ratio) brings 

about a decrease in NE uptake and cell surface expression of NET [184]. This finding supports a 

homeostatic role for Syns, indicating that normal NET expression depends upon a certain 

baseline level of Syn-NET interaction, and that extremes of expression both above and below 

this level will result in negative modulation of NET activity. While this pattern of regulation has 

not been demonstrated within a single study on DAT (see I C.1 above), what appear to be 

conflicting observations from separate studies may in fact be demonstrating the functional effects 

of expression either above or below the level for “optimal” Syn-DAT interaction. NET activity is 

also modulated by β-Syn and γ-Syn. Increased expression of any of the Syn proteins reduces 
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uptake of NE in vitro, and experiments on Wistar (WIS) and Wistar-Kyoto (WKY) rats have 

revealed a complex three-way interaction between α-Syn, γ-Syn, and NET expression [66]. 

WKY rats are an outbred strain of WIS rats, and have a depressive-like phenotype that is 

well characterized on traditional behavioral measures such as the forced swim test (FST) [188, 

189]. NET is under-expressed in depressed patients in what may be evidence of a homeostatic 

mechanism that attempts to compensate for the reduced NE release that occurs in major 

depression [190]. NET is the target of many antidepressant drugs, the acute effect of which is to 

further limit re-uptake of synaptic NE. Chronic exposure to antidepressants also alters cell-

surface levels of NET, inducing reductions in expression of the transporter in culture models 

[191] as well as in vivo [192]. Sidhu and colleagues have shown that modulation of NET 

trafficking by α-Syn and γ-Syn may be intimately involved in the development of depression, as 

well as the resonse to antidepressant treatment. The depressive-like behavioral phenotype and 

reduced NET expression of WKY rats are associated with reduced expression of α-Syn and 

increased expression of γ-Syn. All of these behavioral and molecular phenotypes are reversed by 

chronic administration of DMI [66]. DMI treatment normalizes the balance between the levels α-

Syn and γ-Syn as well as the anatomical and sub-cellular distribution of the Syns [66, 193]. 

These changes in Syn expression are associated with altered interactions between the Syns, NET, 

and the microtubule cytoskeleton. It has not been determined whether the shifts in Syn protein 

expression are associated with alterations in Syn transcription, and future experiments should 

address this question directly, as transcriptional regulation of Syn expression is poorly 

understood. 

Microtubules are likely involved in α-Syn-dependent reduction of NET cell-surface 

expression, which is reversed by treatment with microtubule destabilizers including nocodazole, 
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colchicine, and vinblastine [184, 194]. An intact, dynamic actin cytoskeleton is also required, as 

it has been shown that cytochalasin D and other actin disrupting agents reverse negative 

modulation of NET by α-Syn [194]. Modulation of NET by β-Syn and γ-Syn, however, is not 

affected by treatment of co-transfected cells with nocodazole [66]. The effect of nocodazole on 

NE uptake into synaptosomes appears to be dependent on the ratio of α-Syn to γ-Syn expression. 

In tissues where α-Syn is the predominant Syn, NET distribution is nocodazole sensitive. 

Increased expression of γ-Syn, however, seems to divorce NET trafficking from the integrity of 

the microtubule cytoskeleton. Recall that γ-Syn distribution is not altered by microtubule 

destabilizers [84], and that the efficacy of these compounds as chemotherapeutic agents is 

limited in γ-Syn over-expressing cells [79]. As noted above, chronic administration of the NET-

selective antidepressant DMI alters γ-Syn expression levels, as well as the sensitivity of NET 

function to microtubule destabilizers. Taken together, these findings suggest that γ-Syn is 

responsible for cytoskeleton-independent regulation of diverse cellular processes including 

noradrenergic neurotransmission. 

I C.3 Modulation of SERT by synucleins 

Physical and functional interactions between Syn proteins and SERT (5-HT transporter) have 

also been assessed. The impact of α-Syn on SERT trafficking follows the pattern observed with 

the other transporters. Specifically, cell-surface expression of SERT and uptake of 5-HT in co-

transfected cells are negatively modulated by α-Syn in an NAC-domain dependent manner [6]. 

The physical interaction between α-Syn and SERT has been confirmed by immunoprecipitation 

both in cultured cells (Ltk-, SK-N-MC, and HEK293 lines) and in rat brain tissue. Microtubule 

destabilizing agents disrupt α-Syn modulation of SERT, reversing the inhibition of uptake in co-
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transfected cells (A. Sidhu, personal communication). These preliminary findings indicate that 

rat brain synaptosomes also have a microtuble-dependent component of SERT activity that can 

be reversed by treatment with nocodazole. The assessment of γ-Syn and β-Syn interactions with 

SERT is incomplete, but suggests that while β-Syn does not modulate SERT distribution, over-

expression of γ-Syn can partially reduce SERT trafficking to the cell surface [195]. 

I C.4 Proven and proposed mechanisms for synuclein modulation of MAT 

To date, the work of Sidhu and colleagues, as well as many closely related findings in the field, 

has outlined several general features of Syn modulation of MAT. First, the effects of Syns on 

MAT are concentration dependent. Detection of functional interactions between Syns and MAT 

require elevated ratios of co-transfection. While it is difficult to directly compare the resulting 

Syn protein levels between cell lines and to Syn expression in the brain, the work summarized 

above supports a negative correlation between total Syn load and MAT distribution to the cell 

surface. Second, Syn modulation of MAT involves multiple parallel interactions with the 

cytoskeleton and other, as yet undefined components of the cell interior. Treatment of cells with 

microtubule disrupting agents reverses modulation of DAT by α-Syn. Modulation of NET by 

Syns involves at least three separate populations of trafficked NET that are separately actin-

dependent, microtubule-dependent, and microtubule-independent. Finally, a key feature of all α-

Syn-MAT binding interactions has been their dependence on the NAC domain. This sequence is 

well-conserved (85% of residues are similar or identical) between α-Syn and γ-Syn (Fig. I.2), 

and though dependence on the NAC domain has not been demonstrated clearly for γ-Syn 

modulation of MAT, both Syns that contain the NAC domain bind one or more MAT. While β-

Syn, which is missing most of this sequence, does negatively modulate NET when over-
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expressed, a physical interaction with NET has not been confirmed [66]. β-Syn also fails to 

modulate or bind to SERT [195]. 

 Together, these three general features inform a model where Syns impact MAT 

trafficking by several direct and indirect mechanisms (Fig. I.6). While much of the data supports 

the formation of stable complexes between Syn and MAT, the broad impacts that Syn proteins 

are known to have on cellular function suggest that multiple indirect effects are also at work. 

These impacts of the Syn proteins include (but are not limited to) altered SNARE complex 

formation [33, 54, 196], impaired vesicle trafficking [38, 197, 198], reduction of proteasome 

activity [199, 200], or disruptions of ER and Golgi function [201-203], all of which are required 

for normal regulation of MAT distribution. As a starting point for further examination of the 

functional relationship between the Syns and DAT, this model currently has many gaps that need 

to be filled. Furthermore, very little is known about the roles of β-Syn and γ-Syn with respect to 

DAT. Although preliminary results in the Ltk- model of DAT trafficking showed no modulation 

(A. Sidhu, personal communication), accumulating data in the literature support the existence of 

functional redundancy between the three Syn proteins [33, 204, 205]. Further experimentation is 

required to determine their respective contributions. To address these gaps in knowledge related 

to Syn function in general and Syn modulation of DAT trafficking in particular, an investigation 

of the functional relationship between α-Syn, β-Syn, γ-Syn, and DAT was undertaken with the 

Specific Aims outlined in the following chapter.   
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I E. Tables 

Table I.1 Reported physical and functional Syn-MAT interactions 

  DAT NET SERT Referencesc 

Ph
ys

ic
al

 in
te

ra
ct

io
n α-Syn +a + + 

DAT: [172, 174-176, 178, 187, 206] 

NET: [5, 66, 184, 194] 

SERT:  [6, 195] 

β-Syn -b nr - 
DAT: Oaks et al. 2013 submitted 

SERT: [195] 

γ-Syn -b + + 

DAT: Oaks et al. 2013 submitted 

NET: [66] 

SERT: [195] 

M
od

ul
at

io
n 

of
 tr

af
fic

ki
ng

 α-Syn ↑ / ↓ ↑ / ↓ ↓ 

DAT: [174-176, 178, 181-183, 185, 187, 206, 207] 

NET: [5, 66, 184, 194] 

SERT: [6, 195] 

β-Syn ↓b ↓ - 

DAT: Oaks et al. 2013 submitted 

NET: [66] 

SERT: [195] 

γ-Syn ↓b ↓ ↓ 

DAT: Oaks et al. 2013 submitted, [186] 

NET: [66] 

SERT: [195] 

M
od

ul
at

io
n 

is
 

m
ic

ro
tu

bu
le

 
de

pe
nd

en
t 

α-Syn + + nr 
DAT: [178] 

NET [5, 184, 194] 

β-Syn -b - n/a 
DAT: Oaks et al. 2013 submitted 

NET: [66] 

γ-Syn -b - nr 
DAT: Oaks et al. 2013 submitted 

NET: [66] 

M
od

ul
at

io
n 

is
 a

ct
in

 
de

pe
nd

en
t α-Syn nr + nr NET: [194] 

β-Syn nr nr n/a  N/A 

γ-Syn nr nr nr  N/A 
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aSymbols indicate reports of positive results (+), negative results (-), increased (↑) or decreased (↓) cell surface 

trafficking, or absence of reports (nr).  bBased on new data presented in this document in addition to the cited works. 

cEvidence from references numbered according to list below. 
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I F. Figures 
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Figure I.1 Synuclein amino acid sequences are conserved among vertebrates 

Clustal Omega alignment retrieved from Uniprot [208] demonstrates significant identity and 

likely homology of (A) α-Syn, (B) β-Syn, and (C) γ-Syn gene products from five vertebrate 

species (*= identical, := conserved, .= semi-conserved). 
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Figure I.2 Conservation and domain organization of human synuclein proteins 

(A) Clustal Omega alignment retrieved from Uniprot [208] demonstrates areas of similarity 

between human α-Syn, β-Syn, and γ-Syn amino acid sequences (*= identical, := conserved, .= 

semi-conserved). (B) Organization of human α-Syn, β-Syn, and γ-Syn into lipid-binding helical 
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amino terminal, NAC domain, and acidic carboxy terminal. Location of KTKGEV repeats, PD-

linked mutations, and missing portion of NAC domain of β-Syn are indicated. Clustal Omega 

alignment of NAC domain sequences are shown below with similarity between α-Syn and γ-Syn 

or similarity between all three Syn sequences indicated (*= identical, := conserved, .= semi-

conserved). 
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Figure I.3 NMR structure of micelle-bound α-Syn 

(A) NMR structure of micelle-bound α-Syn (1XQ8; [52]) was located in the Protein Data Bank 

(PDB [209]) and retrieved from the Research Collaboratory for Structural Biology (RCSB) PDB 

service (http://www.rcsb.org/pdb/). Amino terminal helical region is displayed in yellow with 

PD-linked mutations indicated in red. NAC domain is displayed in orange. Unstructured carboxy 

terminal region is displayed in red. (B) Structure is rotated 90° to show curvature of lipid-

associated helices. Images were generated with UCSF Chimera [210]. 

 

  

http://www.rcsb.org/pdb/
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Figure I.4 Involvement of synucleins in monoamine neurotransmission 

Monoamine neurotransmitter signaling in the brain is regulated at several levels, including 

biosynthesis (A), vesicular refilling and release (B - D), and re-uptake (E). All of these processes 

are impacted by at least one member of the synuclein family of proteins. (A) The activity of 

tyrosine hydroxylase (blue and green), which is on the biosynthetic pathway of dopamine and 

norepinephrine, is modulated by α-Syn [88]. (B) Synthesized monoamine neurotransmitters must 

be loaded into vesicles through the vesicular monoamine transporter (VMAT2; yellow). 

Expression and activity of VMAT2 can be modulated by α-Syn [47, 91], thus regulating the rate 

of vesicular refilling. (C) Syn protein levels alter the number and distribution of neurotransmitter 

vesicles [31, 32, 34, 36, 38], thus directly impacting the process of vesicle translocation. (D) 

SNARE-mediated fusion of vesicles with the pre-synaptic membrane releases monoamine 
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neurotransmitters into the synapse. Formation of functional SNARE complexes is dependent on 

normal Syn levels [33]. (E) Finally, released neurotransmitter is cleared from the synapse by the 

monoamine transporters (MAT; red). MAT function is dependent on regulated trafficking to the 

cell surface, which is modulated by all three Syn proteins through a variety of mechanisms (see 

Table I.1 and Fig. I.6). 
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Figure I.5 DAT model based on leucine transporter structure 

(A) A model for residues 59-580 of DAT based on a recent crystal structure of the closely related 

leucine transporter of Aquifex aeolicux (RCSB PDB entry 2q6h; [113]) was generated by an 

automated procedure at SWISS-MODEL (entry Q01959; [211, 212]). The model was retrieved 

from SWISS-MODEL and was visualized with UCSF Chimera [210]. DAT model is viewed 

from an extracellular perspective (TOP) as well as from a perpendicular view of the trasporter 

(SIDE) oriented in the plane of the membrane. (B) A simplified topological model shows the 

arrangement of intracellular amino and carboxy terminals (not shown in structural model), the 12 

transmembrane helices, and the predicted extracellular loop (updated from [116]). 

Transmembrane domains predicted by earlier topological studies (reviewed in [110]) are 

displayed in blue, with helices 1 and 6, which are believed to be directly involved in the symport 

mechanism of the leucine transporter and its homologues [118, 119], displayed in red. Residues 

known to be modified by N-linked glycosylation [147] are displayed in yellow in the structural 

model. 

 

  



43 

 

 

Figure I.6 Synuclein modulation of MAT trafficking 

Monoamine transporters (MAT) are synthesized and transported to the pre-synaptic membrane 

on membrane-bound structures. Before arriving at the cell surface, MAT must travel along the 

axon via a microtubule network (A), transit the actin microfilament matrix (B), and fuse with the 

cell surface in a SNARE-dependent manner (C). These processes are each impacted by some or 

all of the synuclein proteins. α-Syn is involved in slowing microtubule-based MAT transport 

(A), as negative modulation of both DAT and NET by α-Syn is dependent upon an intact 

microtubule cytoskeleton [66, 178, 184, 194]. (B) α-Syn modulation of MAT transport can also 

work by tethering MAT to the actin matrix as negative modulation of NET by α-Syn is 

dependent on an intact actin cytoskeleton [194]. (C) Synucleins enable normal SNARE complex 

formation [33], suggesting that, in contrast to cytoskeleton-dependent negative modulation, Syn 

proteins could also work to enhance SNARE-dependent insertion of MAT into the plasma 
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membrane. (D) Modulation of MAT by β-Syn and γ-Syn is not sensitive to agents that target the 

cytoskeleton [66], and may occur through a distinct, as yet un-identified mechanism. 

 

 

  



45 

 

II. Specific Aims 
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II. Specific Aims 

II A. Hypothesis 

All members of the synuclein family of proteins participate through diverse mechanisms in 

modulation of DAT trafficking. Though over a decade of work has indicated a role for α-Syn 

as a modulator of DAT, this functional relationship remains largely unconfirmed in vivo. This 

suggests that the other Syn family members, β-Syn and γ-Syn, likewise contribute to DAT 

trafficking, and that functional redundancy within and between the roles of each Syn protein 

compensates for the loss of α-Syn trafficking of DAT in mouse models.* 

 

II B. Aim I 

To assess behaviorally and neurochemically the effects of the loss of α-Syn trafficking on 

DAT function and distribution. 

Rationale α-Syn binds to and alters the distribution of DAT in vitro, but little is known about the 

contribution of α-Syn to DAT trafficking in the brain. Transgenic mice that are missing α-Syn 

(KO) as well as mice that over-express a trafficking incompetent mutant of α-Syn (A53T) 

provide models of DAT trafficking in the absence of α-Syn modulation. 

II B.1. Aim I.1 

To determine the behavioral consequences of the loss of α-Syn for DAT trafficking. Motor 

activity, anxiety-like, and depressive-like behaviors will be indexed by behavioral assays in α-

Syn KO and A53T mice.  
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II B.2. Aim I.2 

To determine the neurochemical consequences of the loss of α-Syn for DAT trafficking. 

Expression and distribution of the Syn proteins and DAT in dopaminergic tissues will be 

compared to WT mice for the α-Syn KO and A53T α-Syn strains. 

 

II C. Aim II 

To determine the mechanism(s) by which the Syn family of proteins modulate distribution 

of DAT. 

Rationale Previous work has identified microtubule tethering as an important mechanism for α-

Syn modulation of DAT as well as NET. While β-Syn and γ-Syn likewise modulate NET 

trafficking, they do so by a distinct mechanism that does not rely on microtubule stability, 

suggesting that at least two distinct Syn protein activities contribute to transporter distribution. 

Together, these results raise the possibility that β-Syn and γ-Syn also contribute to DAT 

trafficking, and furthermore, that the three Syn proteins may operate on DAT through multiple 

mechanisms. 

II C.1 Aim II.1 

To determine the capacity for β-Syn and γ-Syn to modulate DAT distribution in the SH-SY5Y 

cellular model of DAT trafficking. Trafficking of DAT and localization to the membrane will be 

analyzed by DA uptake assays, cell surface labeling experiments, and imaging-based approaches. 

II C.2 Aim II.2 

To determine the mechanisms by which the Syn family of proteins contributes to distribution of 

DAT in SH-SY5Y cells. Known mechanisms for DAT modulation, including direct binding and 
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microtubule tethering will be assayed. Other putative mechanisms will also be explored 

following a screen to identify Syn binding partners under conditions where Syn modulation of 

DAT is known to occur. 
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* The Specific Aims stated here vary from those proposed initially. See Appendix A for original 

Hypothesis and statement of Specific Aims from the Thesis Proposal. 
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III. Materials and methods 
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Portions of this chapter have been published or submitted for publication elsewhere and are re-

used here with permission (see Appendix F): 

 

Oaks, A. W., N. Marsh-Armstrong, J. M. Jones, J. J. Credle, and A. Sidhu, Synucleins 

antagonize endoplasmic reticulum function to modulate dopamine transporter trafficking. 2013, 

under revision. 

 

Oaks, A. W., M. Frankfurt, D. I. Finkelstein, and A. Sidhu, Age-Dependent Effects of A53T 

Alpha-Synuclein on Behavior and Dopaminergic Function. PLoS One, 2013. 8(4): p. e60378. 
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III. Materials and methods 

III A. Detailed procedures 

Materials 

Specific antibodies used for immunoblots (IB), immunocytochemistry (ICC), 

immunohistochemistry (IHC), or immunoprecipitation (IP) are listed in Tables III.1-III.3. Radio-

labeled dopamine ([3H]-DA, NET131, 24 Ci/mmol) and norepinephrine ([3H]-NE, NET377, 13.8 

Ci/mmol) were purchased from Perkin Elmer (Waltham, MA). All other reagents, except where 

indicated, were purchased from Sigma-Aldrich (St. Louis, MO). 

 

Animals 

All studies with animals were conducted using protocols approved by the Georgetown University 

Institutional Animal Care and Use Committee. α-Syn knockout mice (α-Syn KO) with 

homozygous deletion of exon 2 of snca [30] were crossed with F2 B6129X1 hybrids producing 

heterozygous offspring (all founders purchased from Jackson Laboratories, Bar Harbor, ME), 

which were used to generate all experimental mice. Animals were genotyped by PCR on DNA 

purified from tail samples (Wizard SV, Promega, Madison, WI). Two reactions conducted with 

Bioline Taq DNA polymerase (Taunton, MA) as described previously [213] detected the intact 

snca gene (5’-CATTGGGTGGAATTTGAGC-3’ and 5’-GAGAGGAGTCAGTCTTTGG-3’) 

and the Neo insert of the deleted gene (5’-CTTGGGTGGAGAGGCTATTC-3’ and 5’-

AGGTGAGATGACAGGAGATC-3’). Previously described mice homozygous for a mutant 

human A53T α-Syn transgene driven by the prion promoter (A53T) were acquired from the 

National Institute of Aging (NIA) Mutant Mouse Aging Colony [214]. Age-matched wild-type 

controls (WT) were acquired from the NIA Aged Rodent Colony. Animals were imported at 2-
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12 months of age from NIA colonies directly prior to studies and allowed to acclimate for several 

days before beginning behavioral testing. 

 

Animal behavior 

Mice in behavioral studies were subjected to an identical battery of tests corresponding to the 

phenotypes under investigation in each strain (see Table III.4), with at least 48 h between each 

test. Testing was conducted in a quiet (50–55 dB ambient noise), dedicated room as described 

below. 

Open field test 

Locomotor activity and anxiety-like behavior were assessed using the open field test (OFT 

[213]). The animals were placed in the center of the activity chamber (40 x 40 cm with clear 35 

cm high walls) equipped with a camera above to record activity. Testing lasted for 10 min per 

animal. The exploratory behavior for each animal was analyzed using the ANY-maze video 

tracking system (Stoelting, Wood Dale, IL). The analysis included distinguishing activity within 

an outer and inner zone of the open field to assess thigmotaxis. The inner zone was defined as a 

square equal to 25% of the total area of the box, centered directly between the four walls.  

Rotarod 

The rotarod apparatus (IITC Life Sciences, Wood Hills,CA) was used to measure endurance, 

balance, and motor coordination [213]. During the training period, mice were allowed to explore 

the cylinder of the rotarod (71 cm long with diameter 3.2 cm) for 2 min without rotation. Each 

mouse was then oriented with its head opposite the direction of rotation and the drum was slowly 

accelerated from 4 rpm to a speed of 40 rpm over a period of 300 sec. The latency to fall off the 
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rotarod within this time period was recorded (up to 300 sec). Mice received nine trials (three per 

day for three consecutive days), and the mean latency to fall off the rotarod was calculated.  

Forced swim test 

A previously described forced swim test (FST) protocol [66] was adapted for mice using a glass 

cylinder (15 cm diameter) filled to a depth of 13 cm with room temperature water. Mice were 

pre-tested for five min 24 hours prior to the test period. During the five min test period, animals 

were placed again into the testing cylinder, and their behavior was recorded with a horizontally-

mounted camera. Videos of each animal were assessed by a blinded observer, and scored for the 

behavior present (swimming or immobility) in each five sec bin. Data are presented as number of 

bins spent immobile. 

Elevated plus maze 

The elevated plus-maze (EPM) test was performed as described previously [213] using an 

apparatus (Stoelting) elevated 40 cm above the floor and consisting of four arms measuring 35 

cm in length and 5 cm in width. Two of the arms (closed) were enclosed with opaque 15-cm high 

walls, and two arms had no walls (open). Mice were placed with their head in middle of the 

center zone at the junction of the open and closed arms. During the 5-min test session the 

exploratory behavior of each animal was analyzed using the ANY-maze video tracking system 

(Stoelting). Analyses included the time spent and number of entries into the center zone, open 

arms, and closed arms. Zone entries were scored automatically by ANY-maze when the center of 

the animal passed into the respective zones. The maze was sponged clean between trials. 

Animals that fell from the maze were immediately replaced in the starting position; tracking 

errors were identified by review of the recorded videos and corrected manually. 

Wire hang test 
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The wire hang test (WHT) was used to assess grip strength and endurance as described 

previously [215-217]. Mice were placed on a wire cage top in an identical orientation and 

induced to grip the wires by gently waving the cage top. The cage top was then inverted and 

suspended at a height of 40 cm over an open cage filled with bedding and excess nesting 

materials to prevent injury from falling. Mice received one training session, and were then placed 

on the wire hang apparatus twice per day for three consecutive days for a total of six trials. 

Movement was recorded by a horizontally mounted camera, and trials were ended automatically 

by ANY-maze (Stoelting) when the animal fell from the suspended cage top, with a maximum 

duration of 300 sec. Some 12 month-old A53T mice were unable to hang from the wire cage; 

these animals were given a score of zero for all trials and euthanized for tissue collection as 

below. 

 

Brain tissue dissection 

For brain tissue collection animals were euthanized by decapitation and rapidly dissected on ice. 

To isolate the striatum, frontal cortex, midbrain, and hippocampus, as defined according to The 

Mouse Brain in Stereotaxic Coordinates [218], a razor blade was first used to slice coronally 

through the brain at approximately Bregma -0.5 mm. A wedge-shaped section of non-striatal 

tissue was then removed from the rostral portion of the brain, which was then halved sagitally. 

Each half striatum was then dissected away from surrounding cortical tissues, which were 

designated frontal cortex [219]. The caudal portion of the brain was then halved sagittally and 

midbrain tissue was collected as a wedge cut along the anterior edge of the brain at 

approximately Bregma -3.5 mm. To collect the hippocampus diagonal slices were then made at -

60° from the horizontal plane, starting at the left or right ventricle and extending through the 
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cortex. The cortical tissue was peeled back to reveal the surface of each half of the hippocampus, 

which was then removed. Tissues were individually flash frozen in liquid nitrogen and stored at -

80 °C until protein extraction or processed immediately for synaptosomal uptake assays. 

 

Synaptosome preparation 

Synaptosomes were prepared from each animal essentially as described with slight modifications 

[66, 184]. Dissected striatal and hippocampal tissues were placed in 2 mL ice cold synaptosome 

isolation buffer (0.32 M sucrose, 4 mM HEPES, 1 mm EDTA; pH 7.4) with Complete Mini 

Protease Inhibitor Cocktail (Roche, Indianapolis, IN). Tissue was homogenized in glass–Teflon 

homogenizers on ice, transferred to polypropylene centrifuge tubes (Beckman, Brea, CA), and 

diluted to 6 mL with isolation buffer. Brain homogenates were centrifuged at 1,000 RCF 

(relative centrifugal force) for 10 min at 4 °C. The supernatant was collected and centrifuged at 

12,500 RCF for 15 min at 4 °C, producing the synaptosome pellet. The synaptosome pellet was 

resuspended in 1 mL of a modified Kreb’s HEPES buffer (120 mM NaCl, 7.5 mM HEPES, 5.4 

mM KCl, 5 mM Tris HCl, 5 mM glucose, 1.2 mM CaCl2, 1.2 mM MgSO4, 1.0 mM ascorbic 

acid, 1.0 μM pargyline HCl; pH 7.4). The protein concentration was determined by Lowry assay 

(Biorad), the synaptosomes were diluted to 80-100 μg/mL (striatal synaptosomes) or 250-300 

μg/mL (hippocampal synaptosomes) in modified Kreb’s HEPES buffer, and used for uptake 

experiments. 

 

Synaptosomal uptake assay 

Uptake assays were performed on freshly prepared synaptosomes as described previously [66, 

184]. Tissues from each animal were assayed independently (no tissues were pooled), and each 
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data point was taken as the average of samples assayed in triplicate. For each sample, 300 μL of 

the synaptosomal preparation was placed in a glass assay tube and incubated at 37 °C for 10 min 

with shaking, followed by the addition of [3H]-DA at a final concentration of 30 nM or [3H]-NE 

at a final concentration of 150 nM. Uptake proceeded for 10 min and was terminated by plunging 

samples into an ice water bath. Filtration was immediately performed on a 24-sample Brandel 

Cell Harvester (Gaithersburg, MD) and samples were collected on GF/C Whatman filters that 

were presoaked in 0.1% polyethyleneimine. Filtered samples were washed three times with 5 mL 

of ice cold assay buffer. Filters were collected, scintillation cocktail was added, and counts per 

minute determined using a Beckman Liquid Scintillation counter. Nonspecific uptake of [3H]-

DA and [3H]-NE was determined with the addition of 100 μM indatraline HCl or 1 μM 

desipramine HCl, respectively, 5 min prior to initiation of uptake.  Additional non-specific 

control assays were performed in parallel for [3H]-NE uptake with the addition of 300 nM 

nisoxetine HCl or incubation at 4 °C. 

 

Brain tissue protein extraction and fractionation 

Intact mouse brain tissues were thawed briefly and homogenized in ice cold buffer (10 mM Tris 

HCl, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 250 mM sucrose, pH 7.4) with Complete Mini 

Protease Inhibitor Cocktail (Roche) and Halt Phosphatase Inhibitor Cocktail (Thermo Scientific, 

Rockford, IL). Homogenate protein concentration was determined by Lowry assay (Biorad) and 

adjusted so that all samples were equal, and aliquots were frozen at -80 °C. Total brain protein 

was extracted with the addition of detergents (1% Triton X-100, 0.5% Na-deoxycholate, 0.1% 

SDS) for 1 h at 4 °C, or separated into fractions by various other methods. 

Cholate extraction 
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Previously described methods were used to prepare total lysates [220]. Briefly, to solubilize 

protein, sodium cholate (20% in water, wt/vol) was added to a final concentration of 1% 

(vol/vol) and samples were incubated for 1 h at 4 °C then prepared for immunoblot analysis. 

Preparation of Triton X-100 soluble and insoluble fractions 

The aggregation state of α-Syn was analyzed based on its differential solubility in 1% Triton X-

100 (TX-100), as described previously [221, 222]. Briefly, tissue homogenates were extracted in 

solubilization buffer (20 mM Tris-HCl, 50 mM NaCl, 1% TX-100, pH 7.4) with Complete Mini 

Protease Inhibitor Cocktail (Roche) and Halt Phosphatase Inhibitor Cocktail (Thermo Scientific). 

Lysates were incubated for 30 min on ice, followed by centrifugation at 15,000 x g for 60 min at 

4 °C and supernatant was collected as the TX-100-soluble fraction. The TX-100-insoluble pellets 

were re-dissolved in the same volume of lysis buffer containing 2% SDS [222] and prepared for 

immunoblot analysis.  

Synaptosomal plasma membrane extraction 

A plasma membrane fraction was isolated from synaptosomes as described previously [223, 

224]. Briefly, synaptosomes were prepared as described above then lysed by hypo-osmotic shock 

and homogenization in ice cold water with protease inhibitors. HEPES was immediately added to 

a final concentration of 4 mM and synaptosomes were incubated 30 min then centrifuged at 

30,000 RCF for 20 min to yield the synaptosomal membrane pellet. Pellets were extracted with 

the addition of NP-40 (nonidet P-40, 1%), sodium deoxycholate (0.5%), and SDS (sodium 

dodecyl sulfate, 0.1%) before analysis by immunoblot. 

 

SDS-PAGE and immunoblot analysis 
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Immunoblotting was performed as described previously [66]. Samples combined 1:1 with 

Laemmli [225] buffer (Bio-Rad, Hercules, CA) containing beta-mercaptoethanol (βME, 5%) 

were boiled for five min, cooled, and separated by SDS-PAGE (SDS-polyacrylamide gel 

electrophoresis) on 4-12% Bis-Tris NuPAGE gels (Invitrogen) or 10-20% Tris-HCl Criterion 

gels (Bio-Rad) and transferred to PVDF (polyvinylidine difluoride) membrane (Biorad). Blots 

were rinsed with 20 mM Tris-buffered saline containing 0.1% Tween 20 (TBST) and blocked 

with TBST containing 5% (wt/vol) milk (Bio-Rad). Primary antibodies were applied overnight at 

4 °C in TBST with 5% milk at empirically determined dilutions (see Table III.1-III.3). After 

washing with TBST, immunoblots were incubated for two hours at room temperature with 

horseradish peroxidase conjugated secondary antibodies (1:3000; Santa Cruz) and labeled 

protein bands were revealed with enhanced chemiluminescence (Perkin Elmer). Immunoblot 

films were digitized with an Epson Perfection V700 Photo Scanner and quantified using ImageJ. 

 

Cell culture and transfections 

Human neuroblastoma SH-SY5Y cells were cultured in Dulbecco’s modified Eagle 

medium/Ham’s F-12 (DMEM/F-12) 50/50 media (Mediatech, Manassas, VA) as described 

previously [194]. Mouse fibroblast Ltk- cells were cultured in DMEM (Mediatech) as described 

previously [66]. All transfections used Fugene HD (Roche, Indianapolis, IN), as described by the 

manufacturer, 18 h after plating at a density of 10,000-30,000 cells per cm2 in various culture 

vessels (50-60% confluency). Plasmids used for transfection are listed in Table III.5. 

 

Sub-cellular fractionation of SH-SY5Y cells 
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Sub-cellular fractionation into cytosolic, membrane, and nuclear fractions was performed as 

described previously [226]. PBS washed cell pellets were re-suspended in buffer (150 mM NaCl; 

50 mM HEPES) and permeabilized with 25 µg/mL digitonin for 10 min at 4 °C to release 

cytosolic protein. Non-cytosolic materials were isolated by centrifugation at 2,000 RCF for 10 

min, cytosolic supernatant was collected, and the pellet was re-suspended in buffer with 1% 

NP40 to extract membrane proteins for 30 min at 4 °C. Insoluble materials were isolated by 

centrifugation at 7,000 RCF for 10 min at 4 °C, the membrane-containing supernatant was 

collected, and the pellet was re-suspended for 1 hour at 4 °C in buffer containing 0.5% sodium 

deoxycholate and 1% SDS to solubilize nuclear protein. Each fraction was extracted in an equal 

volume of buffer and combined 1:1 with Laemmli sample buffer (Biorad) containing 5% βME 

prior to SDS-PAGE analysis. 

 

Cell viability assays 

Cell viability was measured by MTT assay according to manufacturer’s instructions (ATCC, 

Manassas, VA). Briefly, SH-SY5Y cells cultured and transfected as described above in 96 well 

plates were incubated for 48 h, the yellow tetrazolium MTT (3-(4,5-dimethylthiazolyl-2)-2,5-

diphenyltetrazolium bromide) was added, then cells were incubated with MTT reagent for an 

additional 2 h until formazan salt precipitate formed. Cells and precipitate were solubilized, then 

the dissolved formazan salt was quantified by absorbance at 570 nm on a plate reader (Biotek). 

 

Isolation of rough ER microsomes 

A purified rough ER microsome fraction (ER/M) was isolated using the Sigma ER fractionation 

kit CaCl precipitation protocol as described previously [227]. SH-SY5Y cells were cultured and 
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transfected as described for 40 h then six wells per condition were collected in ice cold PBS. 

Cells were pelleted at 600 RCF for 5 min at 4 °C, then lysed in 1 mL hypotonic extraction buffer 

for 10 min at 4 °C (10 mM HEPES; 1 mM EGTA; 25 mM KCl; pH 7.8). Lysed, intact cells were 

centrifuged again at 600 RCF for 5 min at 4 °C, then homogenized in 1 mL isotonic extraction 

buffer (250 mM sucrose; 10 mM HEPES; 1 mM EGTA; 25 mM KCl; pH 7.8) in a Dounce tube 

(30 strokes on ice). Homogenate was cleared of nuclei and debris by centrifugation at 1000 RCF 

for 10 min at 4 °C (P2), and post-nuclear supernatant was cleared of mitochondria by 

centrifugation at 12,000 RCF for 15 min at 4 °C (P3). A CaCl solution (7.5 volumes) was added 

dropwise to the post-mitochondrial supernatant (microsome fraction) for a final concentration of 

8 mM CaCl, with continuous agitation, then rotated for an additional 15 min before 

centrifugation at 30,000 RCF for 30 min at 4 °C. ER/M pellets (P4) were re-suspended in 

isotonic extraction buffer (250 mM sucrose; 10 mM HEPES; 1 mM EGTA; 25 mM KCl; pH 7.8) 

containing 1% TX-100, 0.5% sodium deoxycholate, and 0.1% SDS then combined 1:1 with 

Laemmli sample buffer (Biorad) containing 5% βME prior to SDS-PAGE analysis. Brain ER/M 

from mouse and human tissue were prepared in a similar manner by homogenizing fresh frozen 

brain tissue in the isotonic extraction buffer and then following the above described procedure. 

 

Neurotransmitter uptake assay 

[3H]-DA and [3H]-NE uptake assays were performed on adherent transfected SH-SY5Y cells or 

Ltk- cells as described previously [184, 194]. Cells growing in 6-well plates at a density of 

300,000 per well were transfected, cultured for 48 h, and media was replaced with 37 °C uptake 

buffer (Kreb’s Ringer HEPES: NaCl, 130 mM; KCl, 1.3 mM; CaCl2, 2.2 mM; MgSO4, 1.2 mM; 

KH2PO4, 1.2 mM; HEPES, 10 mM; glucose, 1.88 g ⁄ L; ascorbic acid, 100 µM; pargyline, 100 
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µM; pH 7.3) for 10 min of equilibration. Uptake of 20 nM [3H]-DA or [3H]-NE then proceeded 

for 10 min and was terminated by three rapid washes with ice cold uptake buffer. Cells were 

homogenized in 0.1 M NaOH, an aliquot was taken for Lowry protein assay, and the homogenate 

was diluted in scintillation fluid and read using a Beckman Liquid Scintillation counter. 

Nonspecific uptake was determined with the addition of 10 µM indatraline HCl (for DA) or 1 

μM desipramine HCl (for NE) during equilibration. 

 

Biotinylation of cell-surface proteins 

Cell surface proteins in SH-SY5Y cells were biotinylated 24 h after transfection as described 

previously with slight modifications [228]. Briefly, cells were washed in PBS (phosphate 

buffered saline) with 0.1 mM Ca2+ and 1.0 mM Mg2+ then incubated with sulfo-NHS biotin (1.0 

mg/mL, Pierce) for 30 min at 4 °C. Biotinylation was terminated by washing with 100 mM 

glycine and cell pellets were collected in PBS for lysis (see above). An aliquot of cleared total 

lysate was combined with 4X sample buffer (240 mM Tris HCl; 0.04% bromophenol blue; 40% 

glycerol; 8% SDS; 4% βME) in preparation for SDS-PAGE. Another 300 µL of cleared total 

lysate (0.1 mg/mL protein) were incubated with 300 µL of streptavidin agarose beads (Pierce) 

for one h at room temperature. Beads were pelleted at 16,500 RCF for 15 min, washed once in 

lysis buffer, twice in a high-salt buffer (500 mM NaCl; 50 mM Tris HCl; 5 mM EDTA; 0.1% 

Triton X-100; pH 7.5), and once in a no-salt buffer (50 mM Tris HCl; pH 7.5). Bound protein 

was eluted in 300 µL 2X sample buffer (120 mM Tris HCl; 0.02% bromophenol blue; 20% 

glycerol; 2% βME) as the biotinylated fraction. Total and biotinylated protein were analyzed 

simultaneously by SDS-PAGE. 
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Immunoprecipitation and peptide competition 

For immunoprecipitation, lysates were prepared from co-transfected SH-SY5Y cells with a 

buffer (150 mM NaCl; 50 mM Tris HCl; 5 mM KCl; 1.5 mM CaCl2; 5 mM MgCl2) to which was 

added a ½ volume of 3% digitonin in H2O. Lysates were further extracted with the addition of 

1.5 volumes of solubilization buffer (150 mM NaCl; 50 mM Tris HCl; 2 mM EDTA; 1% NP40; 

1% TX-100; 0.5% sodium deoxycholate) for 30 min at 4 °C, and IP was conducted as described 

previously [174]. Briefly, lysates were pre-cleared with Protein A/G Plus-Agarose beads (Santa 

Cruz), then 2.5 µg of specific antibodies (Table III.1-III.3) or non-immune control 

immunoglobulin (sheep IgG, sc-2717; rabbit IgG, sc-2027; goat IgG, sc-2028; Santa Cruz) were 

added to 500 µL of cleared lysate (0.1 mg/mL protein) and incubated overnight at 4 °C with 

rotation. 50 µL of beads were added to each IP for 1 h, pelleted at 7,700 RCF for 5 min, and 

washed 3 times with solubilization buffer. Protein was released with 70 µL of Laemmli sample 

buffer with 5% β-mercaptoethanol and analyzed by SDS-PAGE. For peptide competition 

experiments, cleared lysates from cells separately transfected with α-Syn (400 ng/cm2) or DAT 

(100 ng/cm2) cDNA were combined in the presence or absence of 10 µM NAC domain peptides 

as indicated (see Fig. 5B for sequences), incubated for one h at room temperature, then processed 

for IP of DAT. Lyophilized synthetic NAC region peptides were acquired from Lifetein (South 

Plainfield, NJ) and dissolved in PBS (pH 7.4) with the addition of DMSO or NaOH as necessary. 

 

Proteasome activity assay 

26S proteasome activity was determined as described previously [220]. Frozen cell pellets were 

thawed briefly then re-suspended in 500 μL of ice-cold lysis buffer (5 mM HEPES, pH 7.5, 1 

mM dithiothreitol) and disrupted by 40 strokes in a Dounce homogenizer on ice. Protein 
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concentration was determined by Lowry assay (Bio-Rad, Hercules, CA), and protein 

concentrations were equalized by dilution in extraction buffer. For activity assay, 10 μL of lysate 

was combined with 85 μL of assay buffer (20 mM Tris–HCl pH 7.5, 1 mM ATP) plus 5 μL of 

0.1 mg/ml N-Succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (suc-LLVY-AMC; Biomol, 

Plymouth Meeting, PA),and incubated at 37 °C for 60 min. Reactions including 50 μM clasto-

lactacystin β-lactone (lactacystin) 26S proteasome inhibitor were conducted in parallel. After 

incubation, reactions were transferred to opaque 96-well plates, and AMC fluorescence was 

measured on a Victor3V, 1420 Multi-label Counter (PerkinElmer, Waltham, MA) using an 

excitation filter of 355 nm and an emission filter of 460 nm. Lactacystin-resistant activity was 

subtracted from total activity to determine 26S activity. 

 

Fluorescent immunohistochemistry 

IHC analysis of mouse brain sections was performed as previously described [220], with slight 

modifications. Briefly, three month-old WT mice were perfused with saline followed by 4% 

paraformaldehyde in saline and removed brains were soaked in a sequential sucrose gradient, 

from 10% to a final 30% sucrose. For sectioning, the brain was halved along the midline and the 

right hemisphere was embedded in optimal cutting temperature medium (Tissue Tek). Frozen 

sagittal sections (10 µm) were collected starting at ~1.2 mm lateral of the midline to capture both 

substantia nigra cells as well as striatal terminal fields in the same section. For staining, sections 

stored at -80 ºC were warmed to -20 ºC and de-hydrated in acetone for 5 min at -20 ºC, then 

rinsed twice in room temperature phosphate buffer solution (PBSo; 24 g/L NaH2PO4, 114 g/L 

Na2HPO4, pH 7.4). Sections were permeabilized with 0.3% Triton X-100 in PBSo (PBSo-T) 

followed by blocking for one h at room temperature in PBSo-T with 10% normal horse serum 
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(S-2000, Vector Labs, Burlingame, CA). Blocked sections were incubated overnight at 4 ºC with 

specific antibodies in blocking buffer (Table III.1-III.3).  Each slice was rinsed twice with PBSo 

and incubated for two h at room temperature with the appropriate AlexaFluor 488 and 

AlexaFluor 568 secondary antibodies (Invitrogen) diluted 1:200 in blocking buffer. Stained 

sections were rinsed twice in PBSo, once in distilled water, dried, covered with Fluoromount-G 

containing DAPI (4’6-diamidino-2-phenylidndole, Southern Biotech, Birmingham, AL), and 

sealed with cover glass and clear nail polish. 

 

Immunohistochemistry and stereological counting of substantia nigra pars compacta 

neurons 

The 4% paraformaldehyde perfused brains were transferred to 4% paraformaldehyde solution 

overnight, then transferred to 30% sucrose in PBS and stored at 4 °C for approximately one 

week. Brains were serially sectioned using a cryostat (Leica) at a thickness of 30 μm, sampling 1 

in 3 sections through the substantia nigra pars compacta (SNpc). A complete series of SNpc 

sections was used for TH immunohistochemistry (1:300, Millipore, USA) as described 

previously [229] and counter stained for Nissl substance with neutral red (Nissl, Grale Scientific, 

Victoria, Australia). The total number of DA neurons in the SNpc was estimated using a 

fractionator sampling design [230-232].  Counts were made at regular predetermined intervals 

(x=140µm, y=140µm).  Systematic samples of the area occupied by the nuclei were made from a 

random starting point. An unbiased counting frame of known area (45µm x 35µm) was 

superimposed on the image of the tissue sections using stereology software (MBF, Stereo 

Investigator) utilizing a 63x objective lens (Leica, N.A.1.36). Experimenters were blinded to the 
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treatments of each of the groups. This work was performed by Jessica L. George in the 

laboratory of David Finkelstein. 

 

Analysis of striatal synaptic spine density 

Brains were removed and right hemisphere was placed in solutions provided in the Rapid 

GolgiStain Kit (FD NeuroTechnologies, Ellicott City, MD) to perform Golgi impregnation 

according to the manufacturer’s instructions. Primary dendrites from medium spiny neurons 

(MSN) of the striatum were analyzed blindly. Six cells per animal that were well impregnated, 

clearly distinguishable from adjacent cells, and with continuous, unbroken dendrites were chosen 

for analysis as described previously [233]. Spines were counted with an oil objective (100x) 

using a Nikon Eclipse E400 microscope and the entire dendritic length visible was measured 

using Spot Advanced Microscopy software (SPOT Imaging Solutions, Diagnostic Instruments, 

Inc., Sterling Heights, MI). Spine density was calculated by dividing the number of spines by the 

length of the dendrite and data was expressed as number of spines per 10 μm of dendrite. This 

work was performed by Maya Frankfurt. 

 

Confocal microscopy 

Imaging not described elsewhere was performed within the Georgetown University Medical 

Center (GUMC) Lombardi Comprehensive Cancer Center Microscopy and Imaging Shared 

Resource (LCC-MISR) on a Zeiss LSM 510 Meta confocal laser scanning microscope equipped 

with an argon laser producing excitation at 488 nm, helium-neon lasers producing excitation at 

543 nm and 633 nm, and a Coherent Chameleon XR Ti:Sapphire laser producing two-photon 

excitation at various wavelengths (Table III.6). Fixed cells and tissue were imaged with a Plan-
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Apochromat 63x oil immersion objective with a numerical aperture of 1.4. Live cell imaging 

used either this 63x objective or a Plan-Apochromat 100x oil immersion objective with a 

numerical aperture of 1.4. Immersion medium for all imaging was Immersol 518 F (Zeiss). 

Unless otherwise indicated, all imaging was conducted at room temperature for fixed materials 

or at 37 °C for live cells. Live cell imaging was performed on an enclosed, heated stage with 

humidity, temperature, and atmosphere (5% CO2) maintained by the Axiovision incubation 

control software (Zeiss). Fluorochromes and corresponding optical configurations are listed in 

Table III.6. All microscopy was conducted in facilities supported and maintained by the GUMC 

LCC-MISR (NIH grant P30-CA051008). 

 

Intensity correlation analysis 

Co-distribution of green fluorescent protein (GFP)-tagged Syn proteins and DAT-mCherry was 

analyzed in co-transfected SH-SY5Y cells grown on culture slides (BD Biosciences, San Jose, 

CA) and fixed with 4% paraformaldehyde 24 h after transfection. GFP-tagged DAT (positive) 

and GFP monomer (negative) were used as controls for co-distribution. Single-plane confocal 

images were sequentially captured (pixel size = 0.1095 µm) with illumination at 488 nm and 543 

nm. A similar approach was used to analyze co-distribution of endogenous Syn proteins and 

DAT in the nigrostriatal system of WT mice. Each Syn-DAT pair was labeled via IHC (Table 1) 

and confocal images were captured of AlexaFluor 488 labeled Syn proteins and Alexafluor 568 

labeled DAT. Tyrosine hydroxylase (TH; labeled with AlexaFluor 488) was used as a control for 

a protein known to co-distribute closely with DAT. For brain tissue, confocal image stacks were 

sequentially captured with illumination at 488 nm and 543 nm (pixel size = 0.070 µm). For brain 

tissue, maximum projections were created from three horizontal optical sections spaced 1.2 µm 
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apart to fully capture the fiber density and cell volume in the striatum and substantia nigra, 

respectively. A total of 24-29 images were analyzed from each section (8-13 from midbrain and 

16 from striatum) and a total of 64 substantia nigra cells were analyzed. The intensity correlation 

analysis (ICA) module 

(http://www.uhnresearch.ca/facilities/wcif/imagej/colour_analysis.htm#coloc_ica) was used in 

ImageJ to quantify the degree of co-distribution of each Syn-DAT pair (see Figure 4 legend and 

Table S2-3). ICA output including PDM (product of the differences from the means) values, 

images, and plots were generated and the intensity correlation quotient (ICQ) was analyzed as 

described previously [234-236]. 

 

Fluorescence recovery after photobleaching (FRAP) analysis 

Live SH-SY5Y cells were grown on No. 1.5 cover glass and separately co-transfected with equal 

amounts of DAT-mCherry and α-Syn-GFP, β-Syn-GFP, or γ-Syn-GFP. 24 h after transfection 

cells were placed on the incubated stage of a Zeiss LSM 510 microscope with a 63x 1.4 Oil DIC 

objective and DAT-mCherry mobility was analyzed by FRAP in Syn-positive and Syn-negative 

cells. Guide images were captured at a resolution of 256x256 pixels (pixel size = 93 nm) with 

illumination at 488 nm and 543 nm (see Table S3) with constant gain and offset applied to each 

channel. A 120 pixel by 80 pixel region of interest (ROI, 11.2x7.4 µm, 77.8 µm2) was defined 

and three pre-bleach images were collected followed by bleaching of a 30 pixel by 15 pixel 

rectangle (2.8x1.4 µm, 3.65 µm2) for 35 iterations (102.39 µsec / pixel) at full 543 nm laser 

intensity until 60-80% of fluorescence intensity was eliminated (IPOST). The ROI was imaged 

every 0.3 s (89 images over 27 s) until DAT recovery reached a plateau (I∞) and intensity 

measurements and FRAP calculations were made from bleach and reference areas using the 

http://www.uhnresearch.ca/facilities/wcif/imagej/colour_analysis.htm#coloc_ica
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kinetic analysis module of Zeiss AIM software. The immobile fraction of DAT was calculated 

from FRAP time series according to curve fits to a single exponential: I(t)=IPOST–((I∞–

IPOST)*exp(-t*K)). Additional processing was performed in ImageJ and Adobe Photoshop for 

presentation. 

 

Isolation of HA-tagged proteins 

SH-SY5Y cells grown to 50-60% confluency in 6-well plates were transfected with constructs 

expressing hemagglutinin epitope-tagged (HA-tagged) Syn proteins and DAT. Cells were 

collected in PBS 36 h after transfection (3 wells per condition) and washed cell pellets were 

lysed in 500 µL of extraction buffer (150 mM NaCl; 50 mM Tris HCl; 0.5 mM EDTA; 0.1% 

NP40). Extraction was completed by vortexing and snap-freezing on dry ice, and lysates were 

cleared at 10,000 RCF for 10 min at 4 °C. 400 µL of supernatant was loaded into Pierce HA-IP 

columns with antibody conjugated agarose beads. Samples were incubated and washed according 

to manufacturer’s instructions, then eluted at 95 °C in a small volume of non-reducing sample 

buffer. Eluted proteins were denatured by addition of 7.5% β-mercaptoethanol and heating at 95 

°C prior to separation by SDS-PAGE. Protein was transferred to PVDF membrane for 

immunoblot analysis, or bands were indentified with SimplyBlue SafeStain (Invitrogen) and 

isolated for mass spectrometric analysis. 

 

Identification of Syn interacting proteins by mass spectrometry 

Following immunoprecipitation, HA-tagged Syn protein complexes were separated by SDS-

PAGE, visualized by SimplyBlue SafeStain (Invitrogen) and compared to the protein complexes 

captured using the empty HA-tagging vector transfected SH-SY5Y neuroblastoma cell lysate. 
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Differential band gel slices were excised and sent to the Laboratory of Proteomics and Analytical 

Technologies at the Frederick National Laboratory of Cancer Research for processing. Gel slices 

were de-stained in 50% acetonitrile in 25 mM NH4HCO3 pH 8.4, lyophilized, and digested with 

20 ng/µL of trypsin in 25 mM NH4HCO3 pH 8.4 (Promega, Madison, WI) overnight at 37 °C. 

The tryptic peptides were extracted from gel slices using 70% acetonitrile containing 5% formic 

acid. The peptides were further purified using C18 Ziptip pipette tips (Millipore, Billerica, MA), 

lyophilized and reconstituted in 0.1% formic acid prior to nanoflow reversed-phase liquid 

chromatography mass spectrometry analysis. Nanoflow reversed-phase liquid chromatography 

columns were slurry-packed with 5 µm, 300 Å pore size C-18 silica-bonded stationary reverse-

phase particles (Jupiter, Phenomenex, Torrance, CA) in a 75 µm i.d. (inside diameter) x 10 cm 

fused silica capillary (Polymicro Technologies, Phoenix, AZ) with a flame pulled tip. The 

column was connected to an Agilent 1100 nanoLC system (Agilent Technologies, Palo Alto, 

CA) and coupled to a linear ion-trap mass spectrometer operated with Xcalibur 1.4 SR1 software 

(LTQ, ThermoElectron, San Jose, CA). The samples were injected onto the column and the 

peptides eluted using a gradient of mobile phase A (0.1% formic acid in water) and B (0.1% 

formic acid in acetonitrile) under the following conditions:  2% B at 500 nL/min in 20 min; a 

linear increase of 2-42% B at 250 nL/min in 40 min; 42-98% B at 250 nL/min in 10 min; and 

98% B at 500 nL/min for 18 min. The LTQ was operated in a data-dependent mode in which the 

seven most abundant peptide molecular ions in every MS scan were sequentially selected for 

fragmentation and acquisition of MS2 spectra. Dynamic exclusion was applied to minimize 

repeated selection of peptides for collision-induced dissociation, whereas the normalized 

collision energy was set at 35%. The ion source capillary voltage and temperature were set at 45 

V and 160 °C, respectively. The electrospray voltage was set at 1.7 kV. Tandem mass spectra 
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were searched against the UniProt human proteomic database from the European Bioinformatics 

Institute (released in January 2012; www.ebi.ac.uk/integr8/) using SEQUEST software 

(ThermoFinnigan, San Jose, CA). Fully tryptic cleavage constraints and two missed cleavage 

sites were applied for search. Oxidation of methionine (+15.9949 Da) was included as dynamic 

modification. The SEQUEST filtering criteria for peptide identification were cross correlation 

scores (Xcorr) of 1.9 for [M + H]1+, 2.2 for [M + 2H]2+, 3.1 for [M + 3H]3+ ions, and a minimum 

delta correlation (ΔCn) of 0.08. This work was performed by Zhen Xiao in the laboratory of 

Timothy D. Veenstra. 

 

Immunocytochemistry 

Immunocytochemistry (ICC) of SH-SY5Y cells was performed as described previously with 

slight modifications [237]. Cells grown on culture slides (BD Biosciences, San Jose, CA) were 

fixed with 4% paraformaldehyde for 30 min at room temperature, washed, and permeabilized 

with 0.3% TX-100 in PBSo (PBSo-T). Slides were blocked for one h in PBSo-T with 5% normal 

horse serum (S-2000, Vector Labs) then incubated overnight at 4 ºC with specific antibodies in 

blocking buffer (Table III.1-III.3), which were detected by AlexaFluor 568 and AlexaFluor 633 

secondary antibodies (1:200; Invitrogen). Culture slides were disassembled, rinsed with H2O, 

covered with Fluoromount-G containing DAPI (Southern Biotech, Birmingham, AL), and sealed 

with cover glass and clear nail polish. 

 

Endoplasmic reticulum to Golgi transport assay 

SH-SY5Y cells grown to 50% confluence on culture slides (BD Biosciences, San Jose, CA) were 

transfected with 100 ng/cm2 temperature sensitive vesicular stomatitis virus glycoprotein 

http://www.ebi.ac.uk/integr8/
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(tsVSVG)-GFP plasmid and 400 ng/cm2 of α-Syn, β-Syn, γ-Syn, or empty vector plasmid and 

incubated for 24 h at 40 °C. For 0 min time points, media was aspirated, cells were washed, and 

4% paraformaldehyde was added immediately upon removal from the 40 °C incubator. For later 

time points, culture slides were transferred to a 32 °C incubator, kept there for designated 

intervals and then fixed. Fixed cells were processed for ICC of the Syn proteins and Gpp130 

(Golgi phosphoprotein of 130 kDa), then images were captured and analyzed as described 

previously [201]. Confocal imaging parameters that could be applied to the majority of cells 

were defined empirically for each Syn protein, Gpp130, VSVG-GFP, and DAPI-stained nuclei. 

Cells were selected from random fields based on morphology and expression intensity of the Syn 

proteins (highest 25%) and VSVG-GFP (within analyzable dynamic range), then 12-bit confocal 

image stacks were captured in four optical planes spaced 0.7 µm apart. For image analysis, 

maximum projections were created in ImageJ for each channel and Golgi pixels were identified 

from the Gpp130 image (threshold = 1000/4095). Using the Golgi pixels as a mask, mean 

VSVG-GFP intensity in the Golgi (VG) was calculated, then mean ER VSVG-GFP intensity 

(VER) was estimated using a peripheral area defined by manually drawing an oval region of 

interest (ROI) between the nucleus (as labeled by DAPI) and the cell periphery. These ROI were 

placed on the side of the cell away from the cis-Golgi as identified by Gpp130 staining. 

Transport index (TI) was calculated for each measured cell separately as TI = VG / VER, then 

means were determined for cells (20-30 total per group per time point) from three independent 

experiments. 

 

ATPase activity assay 
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Grp78 (glucose-regulated protein of 78 kDa) ATP hydrolysis was measured as described 

previously [238, 239] with 0.375 µg per reaction of purified recombinant human Grp78 

(Abcam). Grp78 was incubated at room temperature for two h in reaction buffer (20 mM HEPES 

pH 7.0; 20 mM KCl; 2 mM MgCl2; 0.5 mM DTT) in the presence or absence of a 20:1 molar 

ratio of purified Syn proteins (rPeptide, Bogart, GA) or bovine serum albumin (BSA; Bio-Rad). 

Pre-incubated Grp78 was combined with 100 µM ATP for one h at 37 °C. Reactions were moved 

to an ice bath, transferred to assay plates, and release of phosphate was immediately quantified 

with a malachite green phosphate assay kit (BioAssay Systems, Hayward, CA). 

 

Proteinase K protection assay 

ER/M pellets isolated from human brain tissue were digested with proteinase K as described 

previously [227]. Briefly, proteolytic digestion was performed for 30 min at 4 °C in the presence 

of 500 ng/µL proteinase K (Roche) in a 1 mM CaCl buffer, with 1% TX-100 added to detergent-

containing digests. Digestion was terminated by addition of 5 mM PMSF and boiling in Laemmli 

sample buffer (Bio-Rad) containing 5% β-mercaptoethanol. Integrity of proteins contained in 

ER/M pellets after digestion was analyzed by SDS-PAGE and immunoblot. 

 

Data analysis 

Results are expressed as mean ± standard error of the mean (SEM) unless stated otherwise. 

Behavior tests and immunoblots comparing the α-Syn KO and WT mice were analyzed by un-

paired two-tailed t-tests. Behavior tests and immunoblots comparing the A53T and WT mice 

were analyzed using two-way analysis of variance (ANOVA), with Bonferroni post-tests 

performed between A53T and WT at each age. Immunoblot analysis involving age-dependent 



74 

 

changes are analyzed by 1-way ANOVA within the A53T and WT groups. ICA results were 

analyzed by nonparametric sign-tests for values differing significantly from 0, as well as one-

sample t-tests comparing means to 0 [234, 235]. Results presented as average percent of control 

from multiple assays were analyzed by one-sample t-tests comparing each treatment to a 

theoretical mean of 100%, with a correction applied for multiple t-tests [240]. Results presented 

as means without standardization to percent of control were analyzed by one-way ANOVA with 

Dunnett’s post-hoc analysis for statistically significant differences from control conditions. 

Statistical significance was accepted at p<0.05 and denoted with a single asterisk (*). Additional 

statistical distinctions were made at p<0.01 (**) and p<0.001 (***). 
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III B. Tables 

Table III.1 Synuclein antibodies 

Targeta Source Product Number Hostb Dilutionsc 
IB ICC IHC IP 

α-Syn BD Transduction 610787 Ms 1:2000 - 1:200 - 
α-Syn Millipore AB5334P Shp - - - 1:200 
α-Syn Santa Cruz sc-7012 Gt - 1:300 - - 
α-Syn (h) Invitrogen 18-0215 Ms 1:500 - - - 
β-Syn Abcam ab25650 Rbt 1:2000 - - 1:200 
β-Syn Novus Biologicals NB100-79903 Rbt 1:1000d - 1:200 - 
β-Syn Santa Cruz sc-9565 Gt - 1:300 - - 
γ-Syn Abcam ab55424 Rbt 1:2000 - - - 
γ-Syn Abcam ab47966 Ms 1:2000e - - - 
γ-Syn (m) N. Marsh-Armstrongf - Ms - - 1:200 - 
γ-Syn Santa Cruz sc-10698 Gt - - - 1:40 
γ-Syn Santa Cruz sc-10699 Gt - 1:300 - - 

 
aProtein or epitope recognized by antibody. Species specific antibodies indicated in parentheses (h, 

human; m, mouse). bAntisera raised in mouse (Ms), goat (Gt), rabbit (Rbt), rat (Rt), or sheep (Shp). 
cAntibody dilutions applied for immunoblots (IB), immunocytochemistry (ICC), immunohistochemistry 

(IHC), or immunoprecipitation (IP). dAntibody used for detection of β-Syn from mouse brain by 

immunoblot. eAntibody used for detection of γ-Syn by immunoblot following IP. fAntibody provided as a 

generous gift by Nicholas Marsh-Armstrong [11]. 
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Table III.2 Tau and Tau kinase antibodies 

Targeta Source Product Number Hostb Dilutionsc 

Tau-5 Millipore MAB361 Ms 1:1000 
p-T181-Tau Anaspec 54960-025 Rbt 1:500 
p-S199-Tau Invitrogen 44734G Rbt 1:500 
CP-13 Tau P. Daviesd - Ms 1:500 
p-T212-Tau Invitrogen 44740G Rbt 1:500 
p-S214-Tau Invitrogen 44742G Rbt 1:500 
p-T217-Tau Invitrogen 44744 Rbt 1:500 
p-T231-Tau Invitrogen 44746G Rbt 1:500 
p-S262-Tau Invitrogen 44-750G Rbt 1:1000 
PHF-1 Tau P. Daviesd - Ms 1:500 
p-S422-Tau Abcam ab4862 Rbt 1:500 
Akt Cell Signaling 2966 Ms 1:500 
p-S473-Akt Cell Signaling 4058 Rbt 1:500 
Cdk5 Santa Cruz sc-6247 Ms 1:500 
ERK BD Transduction 610124 Ms 1:500 
p-Y204-ERK Santa Cruz sc-7383 Ms 1:1000 
GSK-3β BD Transduction 610202 Ms 1:1000 
p-Y216-GSK-3β BD Transduction 612313 Ms 1:1000 
JNK Cell Signaling 9252 Rbt 1:500 
p-T183/Y185-JNK Cell Signaling 9255 Ms 1:500 
p38 Santa Cruz sc-7972 Ms 1:500 
p-p38 Santa Cruz sc-166182 Ms 1:500 

 
aProtein or epitope recognized by antibody. bAntisera raised in mouse (Ms) or rabbit (Rbt). cAntibody 

dilutions applied for immunoblots. dAntibody provided as a generous gift by Peter Davies. 
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Table III.3 Other antibodies 

Target Source Product Number Hosta Dilutionsb 

IB ICC IHC IP 

β-Actin Santa Cruz sc-1616 Gt 1:1000 - - - 
Cadherin Abcam ab6528 Ms 1:2000 - - - 
Calnexin StressGen ADI-SPA-865 Rbt 1:1000 - - - 
DAT Millipore MAB369 Rt 1:2000 - 1:200 - 
DAT Millipore AB5802 Rbt - - - 1:60 
GAPDH Cell Signaling 2118 Rbt 1:3000 - - - 
Gpp130 Covance PRB-144C Rbt - 1:300 - - 
Grp78 Santa Cruz sc-1051 Gt 1:500 - - - 
HA tag Roche 11867423001 Rt 1:15000 - - 1:25 
Lamin B Santa Cruz sc-6216 Gt 1:1000 - - - 
Na/K ATPase Abcam ab7671 Ms 1:1000 - - - 
NET MAb Technologies NET05-2 Ms 1:1000 - - - 
TH Millipore ab152 Rbt - - 1:300 - 
TH Santa Cruz sc-25269 Ms - - 1:100 - 
VDAC Cell Signaling 4866 Rbt 1:1000 - - - 
19S subunit S6’ Boston Biochem AP-111 Rbt 1:1000 - - - 
20S subunit α5 Boston Biochem AP-120 Rbt 1:1000 - - - 

 
aAntisera raised in mouse (Ms), goat (Gt), rabbit (Rbt), rat (Rt). bAntibodies applied for immunoblots 

(IB), immunocytochemistry (ICC), immunohistochemistry (IHC), or immunoprecipitation (IP). 
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Table III.4 Behavior testing methods 

  Performed on:  
Test Behavior modeleda α-Syn KO A53T α-Syn References 

Open field test Mot, Anx yes yes [213] 

Rotarod Mot no yes [213] 

Forced swim test Dep yes yes [66] 

Elevated plus maze Anx yes yes [213] 

Wire hang test Mot no yes [215-217] 

 
aBehavioral parameters assessed by each test are indicated (Mot, motor activity and function; Anx, 

anxiety-like behavior; Dep, depressive-like behavior). 
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Table III.5 Plasmids and constructs 

Abbreviation Inserta Vector Sourceb Referencec 

vector - pcDNA3.1 Invitrogen N/A 
α-Syn α-Syn pcDNA3.1 - [175] 
β-Syn β-Syn pcDNA3.1 - [66] 
γ-Syn γ-Syn pcDNA3.1 - [66] 
DAT DAT pcDNA3.1 - [175] 

GFP vector - pCMV-AC-GFP Origene N/A 
α-Syn-GFP α-Syn pCMV-AC-GFP Origene N/A 
β-Syn-GFP β-Syn pCMV-AC-GFP Origene N/A 
γ-Syn-GFP γ-Syn pCMV-AC-GFP Origene N/A 
DAT-GFP DAT pCMV-AC-GFP Origene N/A 

mCherry vector - pmCherry-N1 Clontech N/A 
DAT-mCherry DAT pmCherry-N1 - N/A 

HA vector - pCMV-AC-HA Origene N/A 
α-Syn-HA α-Syn pCMV-AC-HA - N/A 
β-Syn-HA β-Syn pCMV-AC-HA - N/A 
γ-Syn-HA γ-Syn pCMV-AC-HA - N/A 
DAT-HA DAT pCMV-AC-HA - N/A 

VSVG-GFP VSVG pEGFP-N1 Addgene plasmid 
11912 [241] 

 
aAll inserts (except VSVG) consist of human cDNA sequences encoding the indicated proteins. GFP, 

mCherry, and HA constructs contain the same sequences with stop codons removed. All fluorescent 

protein and epitope tags indicated have been added to the carboxy terminal. bVectors and constructs not 

generated by sub-cloning (-) were originally purchased from Invitrogen (Carlsbad, CA), Origene 

Technologies (Rockville, MD), and Clontech Laboratories (Mountain View, CA), or acquired via the 

Addgene repository (Cambridge, MA). cUn-cited constructs (N/A) were newly generated or purchased for 

this work. Additional details on cited constructs can be found in the referenced publications. 
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Table III.6 Fluorochromes and optical configurations 

Fluorochrome Source Absorbance 
peakb Laserc Emission 

peakd Filterse 

TurboGFPa OriGene 482 nm 488 nm 502 nm BP 500-530 

EGFP Clontech 490 nm 488 nm 508 nm BP 500-530 

mCherry Clontech 587 nm 543 nm 610 nm BP 565-615 

Alexa Fluor 488 Invitrogen 499 nm 488 nm 520 nm BP 500-550 

Alexa Fluor 568 Invitrogen 578 nm 543 nm 603 nm BP 565-615 

Alexa Fluor 633 Invitrogen 631 nm 633 nm 650 nm BP 650-710 

DAPI Southern 
Biotech 358 nm 710 nm (2P) 455 nm BP 435-485 

ER Tracker Blue-White Invitrogen 372 nm 800 nm (2P) 555 nm KP 685 
 
aAll GFP-tagged proteins were labeled with TurboGFP except VSVG-GFP. bAbsorbence properties as 

reported by manufacturer or vendor. cLaser sources are as described for confocal microscopy. Two-

photon illumination (2P) with Coherent Chameleon XR Ti:Sapphire laser was at indicated wavelengths. 
dEmission properties as reported by manufacturer or vendor. eFilter sets used on LSM 510 as described by 

Zeiss software. 
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IV. Behavioral consequences of the loss of α-Syn trafficking of DAT 
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Portions of this chapter have been published or submitted for publication elsewhere and are re-

used here with permission (see Appendix F): 

 

Oaks, A. W., N. Marsh-Armstrong, J. M. Jones, J. J. Credle, and A. Sidhu, Synucleins 

antagonize endoplasmic reticulum function to modulate dopamine transporter trafficking. 2013, 

under revision. 

 

Oaks, A. W., M. Frankfurt, D. I. Finkelstein, and A. Sidhu, Age-Dependent Effects of A53T 

Alpha-Synuclein on Behavior and Dopaminergic Function. PLoS One, 2013. 8(4): p. e60378. 
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IV. Behavioral consequences of the loss of α-Syn trafficking of DAT 

IV A. Introduction 

Although not diagnosed clinically until the onset of motor impairment, Parkinson’s disease (PD) 

is frequently associated with non-motor symptoms, including autonomic dysfunction, sleep 

abnormalities, and neuropsychiatric disorders [242]. Neuropsychiatric co-morbidities such as 

depression and anxiety can significantly affect quality of life, and do not always respond to 

therapies targeting PD motor symptoms [243]. Nonetheless, the development of models used to 

study PD in pre-clinical research settings has been focused primarily on generating a robust 

motor phenotype that recapitulates features of the human disorder, especially α-Syn 

accumulation [244]. Accumulation and aggregation of α-Syn is a neuropathological hallmark of 

Parkinson’s disease (PD), and one approach to modeling the disease has been to create 

transgenic mice that reproduce this biochemical process. While it is clear that α-Syn aggregates 

are associated with neuropathology, it remains unclear whether the pathological consequences of 

α-Syn aggregation result from a gain of toxic function or from a loss of α-Syn function through 

reduced bioavailability. In an effort to probe both physiological and pathological roles, deletion 

mutants of one [30, 245], two [32, 35], or even all three [33, 205] Syn genes have been created. 

Mouse genomes have also been modified to over-express wild-type α-Syn of human origin 

[246], as well as the PD-linked α-Syn mutants A53T [214, 247-249], A30P [250], E46K [251], 

and even combinations thereof [252]. 

A preponderance of prior work predicts that loss of Syn protein function either through 

deletion, in Syn KO animals, or loss of bio-availability, through over-expression of aggregation 

prone α-Syn mutants, will result in behavioral changes related to monoamine neurotransmission. 
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Both DAT and NET, which are subject to modulation by the Syn proteins in cellular trafficking 

models [8], are linked to these neuropsychiatric symptoms, and are important drug targets in the 

treatment of depression, anxiety, and related mood disorders [129]. As pre-clinical models of PD 

that may be used to test new therapies, it is critical to determine whether the behavioral 

phenotypes of Syn transgenic mice accurately reflect the human disorder. Recent work in these 

models has begun to examine non-motor aspects (Table IV.1), including behaviors related to the 

neuropsychiatric symptoms of PD, but a comprehensive analysis remains incomplete (see 

detailed reviews in [253-255]).  

To date, only very limited behavioral alterations have been observed in Syn KO mice, 

with single-KO and double-KO (DKO) mice presenting no obvious behavioral phenotypes [31, 

32, 39, 256-262]. Syn triple-KO (TKO) mice develop a movement disorder at advanced age, but 

non-motor phenotypes have not been reported [33, 204, 205]. Though Syn KO lines largely fail 

as PD models, the α-Syn over-expressing mouse models successfully recapitulate many 

important features of synucleinopathy, including age-dependent neurodegeneration [244]. 

Among many transgenic lines, expression of A53T α-Syn under the prion promoter has emerged 

as a reliable model of synucleinopathy. Accumulation of A53T α-Syn causes the highest-

expressing transgenic lines to develop severe motor impairment resulting in early death at 8-12 

months of age [214, 247, 248]. In pre-symptomatic A53T mice, altered locomotor activity and 

loss of anxiety-like behaviors have been reported, though the effect of A53T α-Syn varies 

significantly between the transgenic lines examined [213, 263, 264]. Although this is the only 

Syn transgenic mouse with reproducible changes in affective phenotypes, the presence of 

depressive-like behavior in these animals, to our knowledge, has not been analyzed to date, 

despite the fact that depression is a frequent co-morbidity of PD [265]. In fact, no data, either 
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positive or negative, is available in the literature regarding depressive-like behaviors in any of 

the Syn transgenic mice (see Table IV.1). Therefore, a broad screen for motor activity and 

affective behaviors was applied to two widely used models of Syn protein function and 

dysfunction, the α-Syn KO mouse and the A53T α-Syn over-expressing mouse, with the goal of 

clarifying the progression of previously described phenotypes as well as cataloguing the 

depressive-like behavior of these transgenic lines. Thorough characterization of any behavioral 

phenotypes is critical if convincing connections are to be made between these animal models, 

normal Syn function, and the neuropsychiatric co-morbidities of PD. In particular, these 

phenotypes will provide a baseline of motor and non-motor progression upon which MAT 

expression, trafficking, and function may be mapped.  

IV B. Results 

IV B.1. Motor activity and affective behavior in α-Syn KO mice 

Motor activity, anxiety-like, and depressive-like behaviors in α-Syn KO mice were assessed by 

the open field test (OFT), elevated plus maze (EPM), and forced swim test (FST), respectively. 

No significant differences were detected in distance traveled or center zone entries on the OFT, 

open arm entries on the EPM, or immobility scores on the FST (Fig. IV.1A-1B). These results, 

taken together with accumulating evidence in the literature (Table IV.1), indicate that the 

behavioral effects upon the loss of α-Syn are either partially [266] or totally [34, 259, 267] 

masked in vivo, raising the possibility that a compensatory response occurs in these animals, 

potentially due to redundancy between the Syn proteins. Although removal of α-Syn produced 

no detectible changes in behavior in this mouse model, it remains possible that the Syn proteins 

contribute to behavioral phenotypes, and in particular to the affective behaviors relevant to the 
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non-motor symptoms of PD. As an alternative means of examining the role of Syns in 

determining mouse behavior, the A53T α-Syn mouse model was also examined. 

IV B.2. Motor activity and function in A53T α-Syn mice 

Severe motor impairment in aged A53T α-Syn mice is well described in both homozygous and 

hemizygous animals [214, 247, 248], and has been attributed to diverse neurodegenerative 

processes that occur throughout the brain and the spinal cord, including the accumulation of 

A53T α-Syn [268]. It has also been reported that A53T α-Syn mice present other distinct 

behavioral phenotypes prior to the onset of impairment, including hyperactivity and loss of 

anxiety-like behavior, though these effects appear to differ based on level of A53T α-Syn 

expression [213, 263, 264]. 

To determine the timing of symptom onset, locomotor activity and motor performance in 

homozygous A53T α-Syn mice were compared to WT mice at 2, 4, 8, and 12 months on several 

behavior tests including the OFT, EPM, rotarod, and wire hang test (WHT). At all ages, A53T α-

Syn mice showed significantly reduced locomotor activity compared to WT, as quantified by 

distance traveled and line breaks on the OFT and EPM (Fig. IV.2A-2C). Rotarod latency to fall 

was also reduced in A53T α-Syn mice at 2, 4, and 12 months (but not 8) compared to WT (Fig. 

IV.3A). Latency to fall on the rotarod declined similarly with aging in mice of both genotypes, 

and suggested relatively minor impairment of coordination in A53T α-Syn mice (Fig. IV.3B). 

The reduced activity level of A53T α-Syn mice was also evidenced by occupancy plots from the 

OFT (Fig. IV.4D) and on the inverted grid of the WHT (Fig. IV.3D). Though baseline motor 

activity was reduced at all ages, the strength and endurance measured by the WHT were not 
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affected until advanced ages, as latency to fall on the WHT was significantly reduced only in 8 

and 12 month-old animals (Fig. IV.3C). 

Together, these data indicated a reduced level of locomotor activity in homozygous A53T 

α-Syn mice that was apparent at all ages, while loss of function was observed only in 8 and 12 

month-old mice. The development of strength and endurance impairments at 8 months 

corresponds well with the previously reported timing of severe motor impairment in several 

high-expressing A53T α-Syn mouse lines [214, 247, 248]. Symptomatic mice were largely or 

completely unable to perform on the WHT, with latency of less than 20 s. Though the observed 

motor phenotype was consistent with previous reports, there was no indication that homozygous 

A53T α-Syn mice were hyperactive at any age; indeed, A53T α-Syn mice were consistently less 

active than age-matched WT animals. 

IV B.3. Anxiety-like and depressive-like behavior in A53T α-Syn mice 

It was shown previously that hemizygous A53T α-Syn mice have decreased anxiety-like 

behavior with aging [213], and others have found reductions in anxiety related phenotypes in 2 

month-old homozygous mice [269], though older animals were not examined in that study. Here, 

homozygous A53T α-Syn mice have been examined at 2, 4, 8, and 12 months to assess the 

development of anxiety-like behavior across much of the typically disease-free adult life span (< 

8 months) and through the progressive loss of motor function (≥ 8 months). Behavior on the OFT 

and EPM was also monitored for classical anxiety-like phenotypes, including thigmotaxis and 

aversion for elevated or open spaces. On the OFT total center zone entry counts were 

significantly reduced at all ages in A53T α-Syn mice (Fig. IV.4A). The decrease in center entries 

corresponded with a reduced overall activity level (Fig. IV.2A), and when taken as a fraction of 

total entries, OFT center zone entries were unchanged (Fig. IV.4B). Time spent in the OFT 
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center zone, however, was significantly elevated in A53T α-Syn mice at 12 months (Fig. IV.4C), 

producing a clearly observable shift to the center in the OFT occupancy plot (Fig. IV.4D). On the 

EPM, although total outer arm entries tended to be reduced (Fig. IV.4E), the fraction of outer 

arm entries was increased at 12 months (Fig. IV.4F), while time spent in the EPM outer arms 

was significantly increased at 4, 8, and 12 months (Fig. IV.4G). Total EPM activity, which 

typically involves movement away from outer arms and into the closed arms, was lower in A53T 

mice (Fig. IV.2C). The lack of aversion for the EPM open arms was apparent in the occupancy 

plots, which show that older A53T α-Syn mice spent a significant amount of the time on the 

outer arm at the EPM junction (Fig. IV.4H). Thus, A53T α-Syn mice demonstrated a consistent 

loss of anxiety-like behavior with aging, failing at later ages to manifest stereotypical behaviors 

including thigmotaxis and avoidance of exposure. 

A53T α-Syn mice also had reduced depressive-like behavior with aging as indexed by 

the forced swim test (FST). At 2 months, A53T α-Syn mice scored similarly to WT animals, 

spending on average about 40% of the testing period in an immobile posture (Fig. IV.5A). In 

older A53T α-Syn mice, however, FST immobility scores declined, indicating that the transgenic 

animals spent more of the test period swimming or attempting to escape. Immobility was 

significantly reduced in 4 and 8 month-old A53T α-Syn mice (Fig. IV.5A). At 12 months the 

FST behavior of A53T α-Syn mice diverged depending on the deterioration of motor function. In 

symptomatic 12 month-old A53T α-Syn mice (WHT latency < 20 s) the trend toward decreased 

depressive-like behavior was reversed, as these animals had significantly elevated immobility 

scores compared to age-matched WT (Fig. IV.5A). Average immobility scores for non-

symptomatic 12 month-old A53T α-Syn animals, however, remained low, and were significantly 

reduced compared to 2 month-old mice (Fig. IV.5A). Surprisingly, while the total immobility 
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score decreased with aging, the latency to first immobility was significantly shorter in A53T α-

Syn mice at all ages (Fig. IV.5). A53T α-Syn mice tended to freeze immediately upon entering 

the water, though these animals on average had reduced immobility scores across the entire test 

period. Together, OFT, EPM, and FST data indicate an overall reduction in anxiety-like and 

depressive-like behavior in aging A53T α-Syn mice, which is suggestive of underlying changes 

in monoamine neurotransmission. These behaviors must nonetheless be interpreted in the context 

of progressive motor deficits in the A53T α-Syn mice that manifest initially as reduced strength 

and endurance and lead ultimately to paralysis and death. 

IV C. Discussion 

The behavioral screen completed here failed to identify any phenotypic changes in α-Syn KO 

mice, but uncovered previously unknown perturbations in the affective behavior of A53T α-Syn 

mice. In addition to the age-dependent loss of anxiety-like behavior previously reported [213, 

263], A53T α-Syn mice also manifested reduced depressive-like behavior at 4 and 8 months, and 

12 month-old animals maintained these low immobility scores until the onset of severe motor 

impairment. This is the first data showing any changes in depressive-like behavior in a Syn 

transgenic mouse line. Coupled with the loss of anxiety-like behavior in these mice, the A53T α-

Syn mouse line may therefore be a useful model of the non-motor consequences of Syn protein 

dysfunction. It is important to note, however, that loss of anxiety-like and depressive-like 

behavior in A53T α-Syn mice is opposite from what is predicted by the clinical progression of 

synucleinopathy in PD, which is associated with increased incidence of anxiety and depression. 

Though estimates vary, the prevalence of depression and anxiety disorders appears to be at least 

20% and possibly much higher among PD patients [265, 270, 271]. While it is admittedly 
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difficult to compare directly the animal behaviors described here with clinical observations, the 

molecular changes underlying these behaviors may still yield helpful information about Syn-

protein dependent neuropsychiatric abnormalities. In particular, the reduced activity level and 

loss of depressive-like and anxiety-like behaviors, even before the onset of motor impairment, 

suggest that function of one or more of the MAT may be altered in A53T α-Syn mice. 

Syn protein over-expression in models of DAT and NET trafficking has generally shown 

a negative correlation between Syn levels and uptake activity [8]. A53T α-Syn is an exception to 

this model, as this protein fails to modulate DAT trafficking [187, 206]. The finding that motor 

activity is reduced in A53T α-Syn mice is consistent with a model where A53T α-Syn acts as a 

dominant negative, disrupting modulation of DAT trafficking and suppressing DA signaling (see 

Chapter V). Under these circumstances, Syn-dependent regulation of DAT distribution to the cell 

surface would be absent, resulting in increased pre-synaptic recruitment of DAT and partial loss 

of control over uptake activity. Increased clearance of synaptic DA could be directly related to 

the reduced motor activity. This disruption of function may also apply to NET trafficking and 

possibly to the altered affective behaviors in A53T α-Syn mice, though the ability of A53T α-

Syn to modulate NET trafficking is not known.  
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IV D. Tables 

Table IV.1 Phenotypes related to non-motor PD symptoms in Syn transgenic mice 

Syn transgenica Olfaction 
Sleep/ 
circadian 
rhythm 

GI 
function 

Impulse/ 
reward 

Anxiety/ 
fear Depression Cognition 

α-Syn KO nrb nr nr + [256, 257] - [258, 259] nr - [260] 
+ [261] 

γ-Syn KO nr nr nr nr + [262] nr nr 

α/β-Syn DKOc nr nr nr nr nr nr nr 

α/γ-Syn DKOd nr nr nr nr nr nr nr 

α/β/γ-Syn TKOe nr nr nr nr nr nr nr 

WT α-Syn + [272] + [273] + [274] nr nr nr + [275, 276] 

A30P α-Syn nr nr nr nr nr nr + [277] 

E46K α-Syn nr nr nr nr nr nr nr 

A53T α-Syn nr nr + [278] nr + [213, 
263, 279] + [279] nr 

120 α-Syn nr nr nr nr nr nr + [280] 

P123H β-Syn nr nr nr nr nr nr + [281] 

WT mγ-Syn nr nr nr nr nr nr nr 
 
aTransgenic mouse lines with gene (KO) or genes (DKO/TKO) for Syns deleted or over-expression of human Syn 

proteins (α-Syn and β-Syn) or mouse Syn proteins (γ-Syn). bDeficits in the functions or behaviors listed have been 

reported in patients with PD and related synucleinopathic disorders. Publications reporting behavioral changes 

related to these facets of human synucleinopathies in Syn transgenic mice are indicated (+). Reported negative 

results (-) or absence of reported data (nr) is also indicated. cα/β-Syn DKO studies reviewed: [32]. dα/γ-Syn DKO 

studies reviewed: [31, 39]. eα/β/γ-Syn TKO studies reviewed: [33, 204, 205]. 
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IV E. Figures 

 

Figure IV.1 Motor activity and affective behavior in α-Syn KO mice 

Open field (OFT), elevated plus maze (EPM), and forced swim tests (FST) were performed on 

WT (n=12) and α-Syn KO (n=12) mice to analyze motor activity, anxiety-like behavior, and 

depressive-like behavior. (A) Distance traveled and center zone entries on the OFT, and (B) open 

arm entries on EPM were measured by automated video tracking using ANY-maze software. 

Immobility score on the FST was determined from video recordings by a blinded observer 

counting the number of 5 s bins each animal spent in an immobile posture. Results are presented 

as mean ± SEM and were analyzed by t-test (no significant differences detected).  
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Figure IV.2 Motor activity in A53T α-Syn mice 

Open field test (OFT) and elevated plus maze (EPM) tests were performed on WT and A53T α-

Syn mice at 2-12 months of age (n = 14-18 per group) and analyzed for total motor activity. (A) 

Distance traveled and (B) total line breaks on the OFT and (C) total distance on the EPM was 

measured by automated video tracking using ANY-maze software. Results are presented as mean 

± SEM and were analyzed by two-way ANOVA with Bonferroni post-hoc tests comparing each 

A53T α-Syn group to age-matched controls (***p<0.001). 
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Figure IV.3 Motor function in A53T α-Syn mice 

Rotarod and wire hang tests (WHT) were performed on WT and A53T α-Syn mice at 2-12 

months of age (n = 14-18 per group) to analyze motor function. (A) Latency to fall on the rotarod 

was monitored by a blinded observer and (B) rate of decline was approximated by linear 

regression. (C) Latency to fall on the WHT was monitored by automated video tracking using 

ANY-maze software and (D) heat map occupancy plots were averaged from recorded behavior 

of all animals in each group. Results are presented as mean ± SEM and were analyzed by two-

way ANOVA with Bonferroni post-hoc tests comparing each A53T α-Syn group to age-matched 

controls (*p<0.05; **p<0.01; ***p<0.001).  
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Figure IV.4 Anxiety-like behavior in A53T α-Syn mice 

Anxiety-like behaviors of WT and A53T α-Syn mice at 2-12 months of age (n = 14-18 per 

group) during the OFT and EPM were monitored by automated video tracking using ANY-maze 

software. (A) Total and (B) percent center zone entries and (C) time in the center zone were 

measured on the OFT. (E) Total and (F) percent open arm entries and (G) open arm time were 

measured on the EPM. Heat map occupancy plots from the (D) OFT and (H) EPM were 

averaged from the recorded behavior of all animals in each group. Results are presented as mean 

± SEM and were analyzed by two-way ANOVA with Bonferroni post-hoc tests comparing each 

A53T α-Syn group to age-matched controls (*p<0.05; **p<0.01). 
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Figure IV.5 Depressive-like behavior in A53T α-Syn mice 

Depressive-like behavior in 2-12 month-old WT and A53T α-Syn (n = 14-18 per group) was 

analyzed as (A) immobility scores and (B) latency to first immobility on the forced swim test 

(FST). Behavior was monitored from video recordings by a blinded observer counting the 

number of 5 s bins each animal spent in an immobile posture. 12 month-old A53T immobility 

score data is split into non-symptomatic (A53T 12MO; filled red circles) and symptomatic 

(A53T 12MO sympto.; open red circles) based on WHT performance (symptomatic mice have 

WHT latency to fall < 20 s). Results are presented as mean ± SEM and were analyzed by two-

way ANOVA with Bonferroni post-hoc tests comparing each A53T group to age-matched 

controls (*p<0.05; ***p<0.001). 
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V. Neurochemical consequences of the loss of α-Syn trafficking of DAT 
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V. Neurochemical consequences of the loss of α-Syn trafficking of DAT 

V A. Introduction 

Availability of DAT at the pre-synaptic plasma membrane of DA neurons contributes directly to 

regulation of signaling by clearing released neurotransmitter from the synapse. DA signaling can 

influence motor activity and performance as well as affective behaviors such as thigmotaxis and 

aversion for exposure, and could be related to the behavioral changes observed in A53T α-Syn 

over-expressing mice (see Chapter IV). These animals, as well as α-Syn KO mice, model the 

loss of α-Syn dependent trafficking of DAT. In α-Syn KO mice, the Snca gene has been 

disrupted, and these animals never produce the α-Syn protein [30]. Loss of α-Syn function could 

occur through a different mechanism in A53T α-Syn mice, where a mutated form of human α-

Syn is over-expressed under the prion promoter [214]. A53T α-Syn, which is linked to 

autosomally inherited forms of PD, is known to be a poor modulator of DAT trafficking. Unlike 

wild-type or A30P α-Syn, the A53T mutant of α-Syn fails to bind DAT, and has very limited 

capacity to alter DAT distribution in cellular models of DAT trafficking [187, 206]. Therefore, 

by over-loading DA neurons with trafficking-incompetent A53T α-Syn, modulation of DAT in 

the brain of A53T α-Syn mice could likewise be disrupted. Previous work in cellular models 

suggests that DAT distribution and function will be altered in both α-Syn KO and A53T α-Syn 

mice, although the potential for compensatory responses is high in both animals. Behavioral 

changes that precede the severe synucleinopathy observed in aged A53T α-Syn may therefore 

result from disruption of the normal functions of α-Syn and the other Syn family members, 

including regulated trafficking of DAT [8]. As shown below, all three Syn proteins were co-

distributed with DAT throughout the nigrostriatal pathway in WT animals, and therefore in 
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position to modulate trafficking through these previously described mechanisms. Similar effects 

may also apply to NET, as preliminary work showed limited capacity of A53T α-Syn to 

modulate NET trafficking [282]. To determine whether changes in DAT and NET trafficking 

could be detected in these models, expression and distribution of these transporters to the pre-

synaptic plasma membrane was assessed in both mouse lines. In A53T α-Syn mice, further 

analysis of the integrity of the nigrostriatal pathway was performed to determine the association 

of altered DAT trafficking with overall dopaminergic function. The age-dependent progression 

of additional indicators of neuropathology that are known to exist in models of synucleinopathy 

[221, 283-285], such as oligomerization of α-Syn, activation of Tau kinases, and accumulation 

of phosphorylated Tau, was also examined. 

V B. Results 

V B.1. DAT distribution in α-Syn KO mice 

To assess the contributions of β-Syn and γ-Syn to DAT trafficking in vivo, their expression, as 

well as the distribution of DAT, was examined in striata of α-Syn KO mice. Immunoblot 

analysis of striatal lysates showed that expression of β-Syn was significantly decreased (70 ± 7% 

of WT, p<0.05), with no other changes in γ-Syn or DAT expression (Fig. V.1A-1B). There were 

no changes in DAT distribution to striatal membranes (Fig. V.1B). Similar analyses of NET 

distribution in the frontal cortex and hippocampus of α-Syn KO likewise failed to identify 

substantial differences (see Appendix B 1). 

V B.2. DAT distribution and function in A53T α-Syn mice 

To probe the possible involvement of DA and NE re-uptake in the behavioral phenotype of 

A53T α-Syn mice, expression of DAT and NET were examined in brain tissue lysates, and 



102 

 

distribution and function of the transporters were analyzed in synaptosomal preparations. In the 

striatum, expression of DAT does not differ significantly between genotypes, nor is there an 

effect of aging (Fig. V.2A-2B). Immunoblot analysis of a synaptosomal plasma membrane 

fraction (SPM) showed, however, that DAT levels were significantly elevated at the cell surface 

in the striatum of 2 and 4 month-old A53T α-Syn mice, but not older ages (Fig. V.2C). 

Similarly, striatal synaptosomes also had an increased capacity for uptake of [3H]-DA at 2 and 4 

months in A53T α-Syn mice, while uptake of [3H]-DA is comparable to WT in older animals 

(Fig. V.2D). Unlike striatal DAT, expression and SPM distribution of NET in the hippocampus 

were unchanged at all ages (see Appendix B 2). Though uptake of [3H]-NE into hippocampal 

synaptosomes was decreased slightly in A53T α-Syn mice at some ages, (see Appendix B 2) 

there was no consistent effect of aging. It remains unclear how Syn proteins affect NE dynamics 

in the mouse brain, with some limited effects on NE levels in A53T α-Syn mice [286] and re-

uptake of NE in A30P α-Syn mice [38] reported previously. Membrane distribution and re-

uptake function of DAT, however, were consistently elevated in younger A53T α-Syn animals. 

This supports the view that the loss of α-Syn modulation of DAT results in increased localization 

of DAT to the cell surface. 

V B.3. Accumulation of synuclein proteins in the striatum of A53T α-Syn mice 

[3H]-DA uptake, which is increased in 2 and 4 month-old A53T α-Syn mice, is normalized at 

older ages (Fig. V.2D). This change could relate to a shift from modulation of DAT trafficking 

by α-Syn, which may be blocked by trafficking-incompetent A53T α-Syn, to modulation by the 

other Syn family proteins. β-Syn and γ-Syn, which are also present in the striatum, can modulate 

DAT distribution in a cellular model of DAT trafficking (see Chapter VI and Oaks et al. 2013 
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submitted), and thus could be involved in a “takeover” of DAT trafficking in the aged animals. 

To determine the progression of biochemical changes underlying the behavioral and 

neurochemical phenotype of homozygous A53T α-Syn mice, Syn expression was analyzed at 2, 

4, 8, and 12 months of age. Human α-Syn is expressed only in A53T α-Syn mice (Fig. V.3A), 

producing a 4-8 fold increase in the total α-Syn load in the striatum (Fig. V.3B). Striatal A53T 

α-Syn expression appears to increase with age (Fig. V.3A), and is significantly elevated at 12 

months compared to 2 month-old A53T α-Syn mice (244 +/- 83%, P<0.01; Fig. V.3B). Age-

dependent changes in expression of Syn family members β-Syn and γ-Syn were also detected in 

the striatum. β-Syn expression is elevated by 4-12 fold in A53T α-Syn mice, and appears to 

increase with age in these animals (Fig. V.3A). Indeed, expression of β-Syn is significantly 

increased at 12 months compared to 2 month-old A53T α-Syn mice (305 +/- 178%, P<0.05; Fig. 

V.3B). Interestingly, no differences in γ-Syn expression between A53T and WT mice are 

present, though striatal γ-Syn levels appear to increase with age in both animals (Fig. V.3A). 

Expression of γ-Syn in 12 month-old animals of both genotypes is significantly elevated 

compared to corresponding 2 month-old mice (WT, 273 +/- 77%, P<0.01; A53T, 320 +/- 128%; 

Fig. V.3B). This suggests that in the striatum α-Syn and β-Syn accumulate in a manner that is 

distinct from γ-Syn, which increases with age regardless of genotype. There is evidence that 

accumulating α-Syn in the striatum is in part composed of Syn oligomers, as high molecular 

weight α-Syn immunoreactive bands are present. While high molecular weight α-Syn is absent 

in Triton X-100 soluble fractions, 4, 8, and 12 month-old A53T α-Syn mice have detectible 

oligomeric species (Fig. V.4C-4D). These oligomeric species are absent at all ages and in both 

fractions from WT mice. 
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Over-expression of both α-Syn and β-Syn was readily apparent in the hippocampus but 

the effect of aging was absent, with roughly the same increase in hippocampal Syn load present 

in A53T mice at all ages, and no change in γ-Syn expression (see Appendix B 2). Oligomeric α-

Syn was not detected in the hippocampus (see Appendix B 2), which is consistent with previous 

reports showing the absence of hippocampal α-Syn inclusions in aged A53T mice [214]. Taken 

together, increased striatal expression of β-Syn and γ-Syn and the shift in solubility of A53T α-

Syn constitute a change in the relative bioavailability of the various Syn proteins. Removal of 

trafficking-incompetent A53T α-Syn and replacement with β-Syn and γ-Syn would be consistent 

with a compensatory response to restore normal DAT trafficking. 

V B.4. Co-distribution of synucleins and DAT in the brain 

To assess whether co-distribution of the Syn proteins and DAT exists in vivo, sagittal brain slices 

from WT mice containing both the substantia nigra (SN) of the midbrain and the striatal regions 

to which they project (Fig. V.5) were immunostained for tyrosine hydroxylase (TH) or the Syns 

and for DAT and intensity correlation analysis (ICA) was conducted for each protein pair. 

Confocal microscopy showed spatial overlap between dopaminergic markers TH and DAT that 

produced a strong ICQ (intensity correlation quotient; see Materials and Methods) signal 

throughout individual SN cell bodies (Fig. V.6A) as well as the imaged midbrain fields when 

analyzed as a whole (Fig. V.7A). Spatial overlap was also observed between the Syns and DAT 

in these areas, although it was reduced compared to TH/DAT (Fig. V.6B and V.7B). 

Nonetheless, ICA analyses showed significant co-distribution of all three Syns with DAT in the 

SN cell bodies (Table V.1). While TH and DAT co-distributed throughout SN cells, positive co-

variance between the Syns and DAT was largely restricted to a peri-nuclear compartment, and 
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Syn/DAT ICQ values were reduced compared to TH/DAT (Fig. V.6B). Co-distribution to this 

compartment was most evident between γ-Syn and DAT (Figs. V.6A and V.7A). 

 In the striatum the ICQ for TH/DAT remained high, but α-Syn/DAT co-distribution was 

decreased, with an ICQ approaching zero (Fig. V.8B and Table V.1). β-Syn/DAT co-distribution 

was also decreased compared to TH/DAT and similar to distribution in the midbrain. Most 

interestingly, γ-Syn was very consistently co-distributed with DAT (Fig. V.8A), producing an 

ICQ score that was significantly increased compared to both the other Syns and to TH (Fig. 

V.8B). Syn/DAT co-distribution was further examined in dopaminergic projections connecting 

SN tissues to the striatum. While expression of neither α-Syn nor β-Syn was detected in the 

nigrostriatal fibers, robust staining of γ-Syn was observed along the entire length of the fibers 

(Fig. V.9). Indeed, γ-Syn was consistently co-expressed with DAT throughout the entire 

nigrostriatal pathway. Staining of these same tissues with TH confirmed their dopaminergic 

identity (Fig. V.9). These combined data indicate that each of the Syn proteins are differentially 

co-distributed with DAT throughout the nigrostriatal pathway, and suggest that localized 

concentrations of the Syns may be an important determinant of their regulation of DAT 

trafficking in the brain. 

V B.5. Accumulation of hyper-phosphorylated Tau in A53T α-Syn mice 

The observed shift with aging in the relative concentrations of the Syn proteins could form part 

of a compensatory response in the dopaminergic tissues of the striatum related to increased 

uptake of DA. Excess intracellular DA is a known promoter of oxidative stress which has been 

linked to neurodegenerative processes [287, 288]. Dopaminergic toxins that produce significant 

oxidative stress simultaneously induce hyper-phosphorylation of Tau (p-Tau), a marker of 

neurodegenerative pathology, through an α-Syn dependent mechanism [237, 289, 290]. Indeed, 
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it has been shown in several mouse models of PD, including α-Syn transgenic mice [221, 283-

285] as well as mice treated with PD-linked agricultural toxin paraquat [220], that p-Tau 

phosphorylated at numerous sites accumulates in the striatum and other brain regions. As a 

measure of neuropathological progression in A53T mice, accumulation of PHF-1 Tau, an 

indicator of Tau hyper-phosphorylation, was initially analyzed by immunoblot in the striatum 

(Fig. V.10A) and hippocampus (see Appendix B 2) of 2, 4, 8, and 12 month-old animals. In 

accordance with previous work, PHF-1 Tau was significantly elevated in the striatum of 4 (201 ± 

59 %, P<0.05) and 8 month-old A53T animals (161 ± 57 %, P<0.05, Fig. V.10B). An activating 

phosphorylation at Y216 of GSK-3β (p-GSK-3β), a kinase that is active on many sites of Tau 

phosphorylation [291], was also increased in these animals, although at a later age (38 ± 17 %, 

P<0.05, Fig. V.10B). Accumulation of p-Tau and increased phosphorylation of GSK-3β were not 

observed in the hippocampus (see Appendix B 2). Thus, as Syn protein accumulation progresses, 

p-Tau formation and activation of GSK-3β also increase. Where age-dependent Syn protein 

accumulation is absent, PHF-1 Tau and p-GSK-3β increases are likewise not observed. This is 

consistent with prior observations that hyper-phosphorylation of Tau in PD brains is largely 

restricted to striatal tissues [292], where dopaminergic innervation is the highest [293]. 

Early PHF-1 Tau accumulation in the striatum occurred prior to significant activation of 

Tau kinase GSK-3β. In order to identify other kinases potentially responsible for increased levels 

of Tau phosphorylation, a panel of known Tau kinases was screened by immunoblot for 

expression and phosphorylation levels (Fig. V.11A). Among the additional putative Tau kinases 

probed, only JNK (stress activated/Jun-amino-terminal kinase) had a consistent pattern of 

increased phosphorylation, as an activating phosphorylation of the p54 isoform of JNK at T183 

and Y185 (p-JNK) was significantly elevated in A53T mice at 4 and 8 months (Fig. V.11A-11B). 
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JNK has been shown previously to phosphorylate many sites of full length Tau [294] and is 

involved in the response to intracellular DA-induced oxidative stress [295]. Activation of JNK 

has been shown previously in the A30P α-Syn over-expressing mouse model of PD and is 

associated with the accumulation of p-Tau phosphorylated at numerous epitopes [283]. 

Therefore, antibodies specific to these phosphorylation sites of Tau were used to probe for 

accumulation of p-Tau (Fig. V.12A). Several sites that are known JNK targets were increased at 

different time points, including pS181, pS199, CP-13, pT212, and pS262 (Fig. V.12B).  

V B.6. Integrity of nigrostriatal connectivity in A53T α-Syn mice 

In agreement with our previous work [221], a significant loss of total and TH-expressing neurons 

was detected in the substantia nigra pars compacta (SNpc) of aged A53T mice (Fig. V.13A-

13B). Surprisingly, despite the loss of SNpc neurons, striatal DAT expression was not affected 

over the life span of A53T mice (Fig. V.3A-3B), consistent with compensatory sprouting of DA 

terminals [230]. Increased activation of JNK in the striatum appeared to resolve after 8 months, 

which correlated with the restoration of DA uptake to normal levels and the increase of β-Syn 

and γ-Syn expression. Furthermore, PHF-1 and the other p-Tau sites had largely returned to 

normal levels after 8 months, as only one JNK-targeted Tau site remained hyper-phosphorylated 

in 12 month-old A53T mice (Fig. V.12B). Likewise, striatal post-synaptic integrity appeared to 

have been largely maintained, as dendritic spine counts on medium spiny neurons (MSN) in this 

brain region are unchanged, even in aged animals (Fig. V.14A-14B). Thus, striatal connectivity 

was apparently preserved despite neuronal losses in the SNpc (Fig. V.13A-13B) and severe 

synucleinopathy previously shown to exist in other brain regions [214, 247, 248]. 
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V C. Discussion 

Prior to the present work, only limited evidence existed in support of a role for the Syn proteins 

in regulation of DAT trafficking in the brain. To connect the biochemical mechanism of Syn-

dependent negative modulation of DAT distribution to the cell surface with DAT function in the 

brain, several neurochemical parameters were examined in two model systems, α-Syn KO mice 

and A53T α-Syn over-expressing mice. Both models, as discussed, provide a situation where α-

Syn modulation of DAT has been eliminated, either through deletion of α-Syn, or over-

expression of trafficking-incompetent A53T α-Syn, which acts as a dominant negative form of 

the α-Syn protein. It was predicted that DAT trafficking and striatal DA uptake would be 

perturbed in both animals, and that compensatory changes in expression of Syn family members 

β-Syn and γ-Syn would be observed. NET distribution and function were also examined, as the 

Syn family of proteins also contributions to modulation of NET trafficking. No consistent 

changes were observed in α-Syn KO mice or in NET distribution in A53T α-Syn mice. 

Significant re-distribution of DAT, however, was detected in A53T α-Syn mice. These 

functionally relevant effects were age-dependent and were associated with a temporally 

overlapping pattern of Syn protein accumulation, stress kinase activation, and transient Tau 

hyper-phosphorylation. Together, the data suggest redundant roles for each Syn protein in 

regulating DAT trafficking and abrogating intracellular DA-induced cytotoxicity.  

The documentation of motor impairment and behavioral perturbations (see Chapter IV) 

along with corresponding changes in neurochemical function in A53T α-Syn mice provide a 

novel view of these processes in a well-studied PD model. These findings illustrate two 

phenomena critical to our understanding of how the Syn proteins are involved in both normal 

and pathological circumstances known to contribute to the non-motor symptoms of PD. First, 
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these data provide evidence that a change in the local concentrations of α-Syn, β-Syn, and γ-Syn 

is associated with functional modulation of DAT in the absence of changes in DAT expression or 

striatal integrity. Second, these observations show that increased intracellular DA exposure 

resulting from impaired DAT trafficking leads to stress kinase activation and Tau hyper-

phosphorylation. Furthermore, both of these phenomena are age-dependent and additionally 

associated with dynamic changes in anxiety- and depressive-like behavior, as well as 

accumulating motor dysfunction. Nonetheless, while the A53T mouse lines are considered one of 

the more successful models of PD and synucleinopathy [244], the observed behaviors are 

essentially opposite what would be predicted based on clinical reports, as discussed above (see 

Chapter IV). 

Modulation of DAT trafficking through a direct interaction with α-Syn was initially 

described over ten years ago [174], and subsequent work has identified several potential 

mechanisms that could contribute to trafficking of DAT by α-Syn [178] as well as the other Syn 

family proteins β-Syn and γ-Syn (see Chapter VI and Oaks et al. 2013 submitted). While 

modeling of Syn-DAT trafficking in mammalian cell culture has been informative, few studies 

have been successful in detecting Syn modulation of DAT in the brain, with most reporting 

negative results [34, 259, 267]. The results presented here therefore constitute the first evidence 

for a dynamic relationship between Syn protein concentration and DAT function in the mouse 

brain. Of particular interest is the apparent coordination between excess DA uptake, stress kinase 

activation, increased Tau phosphorylation, and changes in Syn expression (Fig. V.15). A 

compensatory response involving increased expression of Syn family members β-Syn and γ-Syn 

is consistent with the hypothesis that redundancy exists between the three Syn proteins that is 

regulated at the transcriptional level [39]. In order to fully appreciate the involvement of the Syn 
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family in DAT trafficking it will therefore be important to separately characterize and identify 

the mechanisms by which each Syn protein contributes to DAT trafficking, which will be 

addressed in Chapter VI. 
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V D. Tables 

Table V.1 Summary of Syn-DAT ICA 

ICAa Stainb Median ICQc Sign testd Mean ICQ ± SEMe t-testf n 

SN
 c

el
ls

 

TH-DAT 0.2495 >0 *** 0.2528 ± 0.0149 ≠ 0 *** 14 

α-Syn-DAT 0.1250 >0 *** 0.1392 ± 0.0185 ≠ 0 *** 19 

β-Syn-DAT 0.0820 >0 *** 0.0846 ± 0.0176 ≠ 0 *** 15 

γ-Syn-DAT 0.0925 >0 ** 0.0924 ± 0.0157 ≠ 0 *** 16 

M
id

br
ai

n 

TH-DAT 0.2280 >0 ** 0.2343 ± 0.0097 ≠ 0 *** 9 

α-Syn-DAT 0.0950 >0 ** 0.0994 ± 0.0082 ≠ 0 *** 12 

β-Syn-DAT 0.1300 >0 *** 0.1244 ± 0.0073 ≠ 0 *** 13 

γ-Syn-DAT 0.2150 >0 ** 0.2081 ± 0.0205 ≠ 0 *** 8 

St
ri

at
um

 

TH-DAT 0.1520 >0 *** 0.1538 ± 0.0055 ≠ 0 *** 16 

α-Syn-DAT 0.0180 >0 *** 0.0207 ± 0.0019 ≠ 0 *** 16 

β-Syn-DAT 0.0705 >0 *** 0.0750 ± 0.0040 ≠ 0 *** 16 

γ-Syn-DAT 0.2035 >0 *** 0.1926 ± 0.0100 ≠ 0 *** 16 

 

aIntensity correlation analysis (ICA) results generated from PDM values as described in Chapter 

III. bSagittal sections from WT mice were co-stained with each Syn-DAT pair, or with TH and 

DAT, as described in Experimental Procedures. ICA-ICQ analysis quantified co-distribution of 

the listed pairs. cGlobal median of all images analyzed. dWilcoxon signed rank test against 

hypothetical median of zero (**=p<0.01; ***=p<0.001). eGlobal mean of all images or cells 

analyzed. fTwo tailed t-test against hypothetical mean of zero (***=p<0.001).  
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V E. Figures 

 

Figure V.1 Distribution of synuclein proteins and DAT in α-Syn KO mice 

Striatal protein isolated from littermate WT and α-Syn KO mice was analyzed by immunoblot 

(A) as total lysates (TL) or membrane fractions (MEM) for expression levels of α-Syn, β-Syn, γ-

Syn, and DAT. Actin expression was also analyzed as a loading control. Representative blot 

images from each genotype are presented with approximate molecular mass of nearest protein 

ladder bands indicated (Mr). (B) Band optical density (OD) relative to actin is presented as 

percent of WT (mean ± SEM). Comparisons between WT (n=10) and α-Syn KO (n=10) were 

made for each protein by t-test (*p<0.05). 
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Figure V.2 Distribution and function of DAT in A53T α-Syn mice 

Expression and distribution of DAT was analyzed by (A) immunoblot on protein from total 

lysates (TL) or synaptosomal plasma membrane (SPM) fractions. Expression of actin or 

cadherin, respectively, was analyzed as a loading control. Representative blot images from each 

genotype at each age are presented with approximate molecular mass of nearest protein ladder 

bands indicated (Mr). Band optical density (OD) of (B) TL DAT (five animals per group) and 

(C) SPM DAT (two animals per group) relative to loading controls is presented as percent of 2 

month-old WT (mean ± SEM) and was analyzed by two-way ANOVA with Bonferroni post-hoc 

tests comparing each A53T group to age-matched controls (*p<0.05). (D) Uptake of [3H]-DA 

into striatal synaptosomes isolated from WT and A53T mice at 2-12 months of age was 

measured in triplicate from six animals per group and is presented as percent of age-matched WT 
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control (mean ± SEM). Non-specific uptake was determined in the presence of 100 μM 

indatraline HCl and has been subtracted. Comparisons between WT (blue bars) and A53T α-Syn 

(red bars) at each age were made by t-test (*p<0.05, **p<0.01). 
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Figure V.3 Accumulation of synucleins in striatum of A53T α-Syn mice 

(A) Expression of Syn proteins was analyzed by immunoblot on striatal total lysates (five 

animals per group) with actin expression analyzed as a loading control. (B) Band optical density 

(OD) relative to actin is presented as percent of 2 month-old A53T mice (A53T human α-Syn) or 

2 month-old WT (total α-Syn and endogenous Syn proteins) and was analyzed by two-way 

ANOVA with Bonferroni post-hoc tests within or between WT (blue bars) and A53T α-Syn (red 

bars) groups as indicated (mean ± SEM; *p<0.05; **p<0.01). 
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Figure V.4 Decreased solubility of α-Syn in striatum of A53T α-Syn mice 

Solubility of α-Syn was analyzed in striatal homogenates extracted with 1% TX-100 and 

centrifuged at 15,000 RCF for 60 min. TX-100 insoluble pellets were further extracted with the 

addition of an equal volume of buffer containing 2% SDS and fractions were analyzed in parallel 

by immunoblot. Representative blot images from each genotype at each age are presented with 

approximate molecular mass of nearest protein ladder bands indicated (Mr). 
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Figure V.5 Areas examined by Syn-DAT ICA 

An overview of the entire nigrostriatal system, with example images of DAT from each region in 

the panels. Image is stitched together from approximately 65 individual confocal exposures of a 

sagittal section processed for DAT IHC under identical conditions to those used for ICA (see 

Chapter III for details). 
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Figure V.6 Syn-DAT co-distribution within individual SN cell soma 

Co-distribution of TH, α-Syn, β-Syn, and γ-Syn with DAT was assessed by ICA in (A) 

substantia nigra cell bodies (SN Cells) co-stained with each Syn-DAT pair (or TH reference). 

Representative images of each Syn-DAT pair are shown for SN cells with Syn proteins or TH 

(green) in the first column, corresponding images of DAT (red) in the second column, and PDM 

(product of the differences from the means) images generated from ICA in the third column (+ 

PDM). Color scales are embedded in PDM images where yellow represents areas of positive co-

variance and blue represents areas of negative co-variance (see Chapter III). All Syn proteins and 

TH show positive co-distribution with DAT in these tissues (see Table V.1). (B) Box-and-

whisker plots (whiskers, 2.5th and 97.5th percentiles, boxes, 25th, 50th, and 75th percentiles) 

display ICQ values from SN cells analyzed for each pair (14-19 cells per condition). One-way 

ANOVA with Dunnett’s post-hoc analysis was also used to compare Syn-DAT ICQ means to 
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TH-DAT (***p<0.001). Prior to ICA image capture optimal illumination and exposure 

parameters were determined and applied equally to all experimental conditions. 
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Figure V.7 Syn-DAT co-distribution in the midbrain 

Co-distribution of TH, α-Syn, β-Syn, and γ-Syn with DAT was assessed by ICA in (A) midbrain 

fields (8-13 fields per pair) co-stained with each Syn-DAT pair (or TH reference) as described 

above (Fig. V.6). Representative images of each pair have Syn proteins or TH (green) in the first 

column, corresponding images of DAT (red) in the second column, and PDM (product of the 

differences from the means) images generated from ICA in the third column (+ PDM). All Syn 

proteins and TH show positive co-distribution with DAT in these tissues (see Table V.1). (B) 

Box-and-whisker plots (as above) display ICQ values for each pair. One-way ANOVA with 

Dunnett’s post-hoc analysis was also used to compare Syn-DAT ICQ means to TH-DAT 

(***p<0.001). 
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Figure V.8 Syn-DAT co-distribution in the striatum 

Co-distribution of TH, α-Syn, β-Syn, and γ-Syn with DAT was assessed by ICA in (A) striatal 

fields (10 fields per pair) co-stained with each Syn-DAT pair (or TH reference) as described 

above (Fig. V.6). Representative images of each pair have Syn proteins or TH (green) in the first 

column, corresponding images of DAT (red) in the second column, and PDM (product of the 

differences from the means) images generated from ICA in the third column (+ PDM). All Syn 

proteins and TH show positive co-distribution with DAT in these tissues (see Table V.1). (B) 

Box-and-whisker plots (as above) display ICQ values for each pair. One-way ANOVA with 

Dunnett’s post-hoc analysis was also used to compare Syn-DAT ICQ means to TH-DAT 

(***p<0.001). 
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Figure V.9 Analysis of nigrostriatal fibers 

Co-labeling of γ-Syn or TH (green) and DAT (red) in dopaminergic fibers of the nigrostriatal 

pathway is shown. Close correspondence of γ-Syn with DAT-positive structures is shown in the 

merge. 
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Figure V.10 PHF-1 Tau and GSK-3βin striatum of A53T α-Syn mice 

(A) Phosphorylation of Tau protein at the PHF-1 epitope and of GSK-3β at Y216 was analyzed 

by immunoblot. (B) Band optical density (OD) from phosphorylation-specific probes (five 

animals per group) relative to total Tau or GSK-3β expression is presented as percent of 2 

month-old WT (mean ± SEM) and was analyzed by two-way ANOVA with Bonferroni post-hoc 

tests comparing each A53T group (red bars) to age-matched WT (blue bars) controls (*p<0.05). 
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Figure V.11 Activation of Tau kinases in striatum of A53T α-Syn mice  

(A) Phosphorylation of Tau kinases at sites of activating phosphorylation was analyzed by 

immunoblot. (B) Band optical density (OD) from phosphorylation-specific probes (five animals 

per group) relative to total kinase expression is presented as percent of 2 month-old WT (mean ± 

SEM) and was analyzed by two-way ANOVA with Bonferroni post-hoc tests comparing each 

A53T group (red bars) to age-matched WT (blue bars) controls (*p<0.05). 
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Figure V.12 Accumulation of p-Tau in the striatum of A53T α-Syn mice 

(A) Phosphorylation of Tau protein at epitopes subject to phosphorylation by JNK was analyzed 

by immunoblot. (B) Band optical density (OD) from phosphorylation-specific probes (five 

animals per group) relative to total Tau expression is presented as percent of 2 month-old WT 

(mean ± SEM) and was analyzed by two-way ANOVA with Bonferroni post-hoc tests 

comparing each A53T group (red bars) to age-matched WT (blue bars) controls (*p<0.05).  
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Figure V.13 Stereological counting of TH+ neurons in SN of A53T α-Syn mice 

 (A) Representative images show anatomical extent of TH-expressing neurons in young (2 

months) or aged (12 months) WT and A53T mice. (B) Abundance of TH-expressing (TH+) and 

total neurons in the substantia nigra pas compacta (SNpc) was analyzed by quantitative 

stereology in young (2-4 months) and aged (8-12 months) mice (n = 5-10 per group). Data are 

presented as mean ± SEM and were analyzed by two-way ANOVA with Bonferroni post-hoc 

tests comparing each A53T group to age-matched controls (*p<0.05; ***p<0.001). This work 

was performed by Jessica L. George in the laboratory of David I. Finkelstein. 
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Figure V.14 Striatal dendritic spine density in A53T α-Syn mice 

(A) Representative images show dendritic spine morphology in striatal medium spiny neurons 

from 10 month-old WT and A53T mice. (D) Dendritic spine density was quantified from six 

spines per animal in young (2 months) and aged (10 months) mice (n = 3-6 animals per group). 

Data are presented as mean ± SEM and were analyzed by t-tests comparing each A53T group to 

age-matched controls; no significant differences detected. This work was performed by Maya 

Frankfurt. 
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Figure V.15 Proposed model for Syn-dependent recovery of striatal DAT trafficking 

(A) A53T α-Syn expression increases total Syn protein load approximately four-fold in young 

A53T α-Syn mice. Although A53T α-Syn accumulates, it is proposed here that the relative 
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contribution of A53T α-Syn to modulation of DAT likely declines as the mice age, A53T α-Syn 

oligomers form, and expression of β-Syn and γ-Syn increases. Thus, the primary Syn protein 

determinant of DAT trafficking is switched from A53T α-Syn to endogenous β-Syn and γ-Syn 

around 8 months. (B) The predominance of trafficking-incompetent A53T α-Syn at younger ages 

allows excess DAT trafficking to the synapse and increased uptake of DA. Excess cytosolic DA 

exposure is temporally associated with a lagging increase in activation of JNK, which is known 

to be involved in the response to DA-induced oxidative stress. (C) JNK is also a Tau kinase. At 

the same ages that JNK is activated, Tau phosphorylation is transiently elevated at several 

residues that are known substrates of JNK. As endogenous β-Syn and γ-Syn increase and DA 

uptake is normalized, JNK activation is reduced and hyperphosphorylation of Tau fades. This is 

associated with sparing of striatal post-synaptic integrity despite substantial losses of SNpc cells. 

 

 

 

 

  



130 

 

VI. Mechanisms of DAT trafficking by the synucleins 

 

 

 

 

 

Chapter VI 

 

 

 

Mechanisms of DAT trafficking by the synucleins 
 

 

  



131 

 

Portions of this chapter have been submitted for publication elsewhere and are re-used here with 

permission (see Appendix F): 

 

Oaks, A. W., N. Marsh-Armstrong, J. M. Jones, J. J. Credle, and A. Sidhu, Synucleins 

antagonize endoplasmic reticulum function to modulate dopamine transporter trafficking. 2013, 

under revision. 

 

 

  



132 

 

VI. Mechanisms of DAT trafficking by the synucleins 

VI A. Introduction 

Prior work established that an important putative function of the Syn proteins is regulation of the 

synaptic content of DA through modulation of DAT re-uptake activity, trafficking, and plasma 

membrane distribution [8]. New results presented here (see Chapters IV and V above) now 

demonstrate that the loss of α-Syn function in the A53T α-Syn mouse model of PD is associated 

with increased distribution of DAT to the pre-synaptic cell membrane and elevated DA uptake 

(see also [279]). Defective DAT trafficking is reversed at older ages upon increased expression 

of β-Syn and γ-Syn, suggesting that modulation of DAT is restored by the other Syn family 

members. Prior to this work, the possible contribution of β-Syn and γ-Syn to DAT function and 

trafficking had not been analyzed in any detail, nor had a number of putative indirect 

mechanisms by which α-Syn could modulate DAT been defined. Previous in vivo studies 

provided no clear evidence for α-Syn trafficking of DAT in mice, and the absence of significant 

changes in DAT function in various Syn KO mice raised the possibility that compensatory 

mechanisms mask the predicted in vivo function of α-Syn [31, 32, 34, 259, 267]. The association 

in A53T α-Syn mice of shifting Syn protein concentrations with dynamic changes in behavior 

and dopaminergic neurochemistry suggest that redundant functional roles for β-Syn and γ-Syn 

are involved in alleviation of defective DAT trafficking and potentially in the sparing striatal 

integrity in A53T α-Syn mice [279]. These findings contribute to a fuller description of the 

potential involvement of the Syn family of proteins in function and dysfunction of dopaminergic 

neurotransmission. What remains incomplete is a thorough characterization of the functional 

relationship between DAT, β-Syn, and γ-Syn. It is therefore of great interest to make a direct 
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comparison of all three Syn proteins in a well-described model of DAT trafficking. The results 

below address this question. 

VI B. Results 

VI B.1. Cell-surface distribution of DAT is reduced by the synucleins 

[3H]-DA uptake by DAT is dependent on distribution of the transporter to the plasma membrane 

and is reduced by α-Syn trafficking of DAT away from the cell surface and into the cytoplasm 

[175, 176, 178, 187, 206]. To assess whether β-Syn and γ-Syn can also modulate DAT function, 

[3H]-DA uptake by DAT was examined in SH-SY5Y cells co-transfected to express a constant 

amount of DAT and increasing concentrations of β-Syn or γ-Syn relative to DAT (1-4 µg Syn 

plasmid/1 µg DAT plasmid); α-Syn was also co-expressed at a 4:1 ratio (α-Syn:DAT) as a 

positive control for DAT modulation (Fig. VI.1). When functional studies were performed, 

Syn:DAT ratios as low as 2:1 caused significant reductions in the uptake of [3H]-DA compared 

to cells expressing DAT alone (Fig. VI.1). The effects of increasing expression of the Syn 

proteins were progressive and at ratios of β/γ-Syn:DAT of 4:1 decreases of ~30% in transporter 

activity were observed. By contrast, co-transfection with α-Syn (4:1 ratio) induced a more 

pronounced decrease of ~50% in [3H]-DA uptake. While increasing co-transfection ratios of β-

Syn or γ-Syn progressively led to increased levels of the Syns, there were no changes in total 

DAT expression (Fig. VI.2A-2B), suggesting that the decrease in DAT function was not due to 

decreases in DAT expression. Over-expression of the Syns at these levels did not cause changes 

in cell viability compared to cells expressing DAT alone (Fig. VI.3). 

To determine whether the reduced uptake of [3H]-DA by DAT in the presence of 

increasing levels of Syns was a consequence of decreased cell-surface distribution of DAT, 
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biotinylation of DAT in intact co-transfected SH-SY5Y cells was conducted (Fig. VI.4A-4B). 

Levels of biotinylated DAT were significantly reduced upon co-expression with α-Syn (43 ± 

6%, p<0.001), β-Syn (58 ± 11%, p<0.01) and γ-Syn (80 ± 8%, p<0.05). The decrease in 

biotinylated DAT was not due to changes in DAT expression, as similar levels of total DAT 

protein were present in all conditions (Fig. VI.4A). These experiments suggested that a 

significant portion of DAT was retained in intracellular compartments, even in the absence of the 

Syn proteins, as only a fraction of total DAT was detectable on the plasma membrane by 

biotinylation (Fig. VI.4C). Quantification of biotinylated DAT in the presence or absence of 

permeabilizing detergent showed that approximately 50% of total DAT was on the cell surface 

(Fig. VI.4D), consistent with previous reports [183, 296]. 

VI B.2. Synucleins limit the immobile fraction of DAT 

Syn modulation of DAT trafficking was also examined using FRAP (fluorescence recovery after 

photobleaching) analysis conducted in live SH-SY5Y cells. Monitoring of FRAP allows the 

separate quantification of the freely diffusing intracellular population of DAT (mobile fraction, 

FM) and the relatively static plasma membrane resident population of DAT (immobile fraction, 

FI). Lateral diffusion of plasma membrane-embedded proteins is typically slower than the 

diffusion of proteins localized to intracellular membranes, and therefore FRAP techniques can 

quantify the plasma membrane population, provided the time scale of a FRAP experiment is 

sufficiently short and difference in rates of diffusion is sufficiently large. Indeed, diffusion 

coefficients reported for plasma membrane-embedded DAT [297] are more than 10-fold slower 

than for typical ER or Golgi localized proteins [298]. A simulated FRAP experiment shows that 

this difference in diffusion speed allows plasma membrane DAT to be distinguished from 

intracellular DAT (see Appendix C). Based on this simulation, signal originating from 
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intracellular DAT would likely recover completely over the time period of FRAP analysis (<30 

s), while plasma membrane localized DAT, which diffuses much more slowly, would recover 

only a small fraction of its initial fluorescence. Thus, the portion of initial fluorescence (IPRE) that 

is not recovered following photobleaching (the immobile fraction, FI) may be considered a real-

time estimate of the relative size of the cell surface population of the monitored protein, in this 

case DAT [299]. 

SH-SY5Y cells growing on cover slips were co-transfected with DAT-mCherry and 

GFP-tagged α-Syn, β-Syn, or γ-Syn. Both GFP-positive and GFP-negative cells on each cover 

slip were identified and DAT-mCherry recovery was monitored by FRAP under both conditions 

(Fig. VI.5A). An area near the periphery was selected in cells with moderate levels of DAT-

mCherry expression (Fig. VI.5A; white boxes). Within this field of view, two regions of interest 

were defined, one for bleaching (Fig. VI.5A; red boxes) and one for an internal reference (Fig. 

VI.5A; yellow boxes). Upon bleaching (IPOST), fluorescence intensity was reduced to 20-40% of 

initial values (IPRE). Recovery was monitored for a pre-determined interval established by 

optimization experiments to allow FRAP to reach a plateau without excessive further bleaching 

(I∞). Following bleaching, DAT-mCherry intensity recovered to approximately 55% of IPRE in 

GFP-negative cells (DAT alone; Fig. VI.5B; see Video 1), leaving an immobile fraction of 45%. 

A representative recovery curve normalized to IPRE is shown with the immobile fraction 

indicated (FI; Fig. VI.5B; vertical red lines). In the presence of the Syn-GFP proteins FI was 

decreased, with DAT-mCherry intensity recovering a larger fraction of initial fluorescence. The 

timing of recovery was similar under all conditions, and no significant differences were detected 

in K of DAT-mCherry FRAP regardless of the presence of Syn-GFP proteins (Table VI.1). This 

kinetic analysis indicates that the FI of DAT-mCherry was significantly decreased in cells 
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expressing α-Syn-GFP, β-Syn-GFP, or γ-Syn-GFP (Fig. VI.5C; Table VI.1; ***p<0.001). Taken 

as a measure of plasma membrane resident DAT (see Appendix C for further discussion), the 

decrease in FI suggests that entry of DAT into the extracellular membrane was impaired in the 

presence of the Syn proteins. Thus, even though the mobility of DAT within intracellular 

compartments was unaffected (Table VI.1), the shuttling of DAT from these intracellular pools 

to the plasma membrane was reduced by the presence of α-Syn, β-Syn, and γ-Syn. 

VI B.3. Predicted mechanisms for modulation of DAT by the synucleins 

It has been demonstrated previously that the α-Syn-dependent reduction in DAT levels at the 

plasma membrane occurs in part through binding of α-Syn directly to both DAT and 

microtubules, resulting in tethering of DAT and its retention within the cytoplasm [178]. 

Disruption of α-Syn-tubulin interactions with the microtubule-destabilizing agent nocodazole 

caused increased trafficking of DAT to the cell surface, as indexed by increased [3H]-DA uptake 

and biotinylation equivalent to cells expressing DAT alone [178]. In similar studies of cells co-

transfected with β-Syn/DAT or γ-Syn/DAT, nocodazole treatment failed to elicit increased 

uptake of [3H]-DA (Fig. VI.6A). Similar differences exist between the mechanisms employed by 

the various Syn proteins in modulation of NET, and may operate through competition based on 

the relative abundance of the Syns, although this hypothesis needs further examination (see 

Appendix B 3). The failure of nocodazole to increase trafficking of DAT to the cell surface 

indicates that β-Syn and γ-Syn regulate DAT in a manner that differs from the previously 

described microtubule tethering mechanism, and furthermore, that binding between β-Syn or γ-

Syn and DAT may not contribute to modulation of trafficking. 

Indeed, in lysates from co-transfected cells, only α-Syn, but not β-Syn or γ-Syn, 

antibodies co-immunoprecipitated (co-IP) DAT (Fig. VI.7A). Reciprocal IP of DAT likewise 
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failed to detect association of β-Syn or γ-Syn with DAT (Fig. VI.7A), as did similar experiments 

using epitope-tagged Syn and DAT constructs (data not shown). The NAC region is an area of 

elevated variability between the amino acid sequences of α-Syn, β-Syn, and γ-Syn (Fig. VI.7B; 

see also Chapter I). Interactions between α-Syn and DAT are mediated by this region and can be 

disrupted by the introduction of a peptide corresponding to the NAC domain from α-Syn [176, 

187]. In the studies presented here, a synthetic peptide consisting of the NAC domain of α-Syn 

similarly blocked the interaction between α-Syn and DAT, reducing co-IP of α-Syn with DAT to 

background levels (Fig. VI.7C). Synthetic peptides of the analogous NAC regions from β-Syn 

and γ-Syn, however, failed to disrupt the α-Syn/DAT interaction (Fig. VI.7C), despite a similar 

degree of mean hydrophobicity for these sequences (-1.12, -0.41, and -2.12 for α-Syn, β-Syn, 

and γ-Syn, respectively, on the combined consensus hydrophobicity scale [300]). These results 

collectively suggest that there is no direct protein-protein interaction between DAT and β-Syn or 

γ-Syn, and that specific sequence differences between these Syn proteins and α-Syn result in 

their failure to interact with DAT. Nonetheless, preliminary experiments intended to investigate 

the relative affinities and sites of interaction between each Syn family member and DAT using 

FRET (Förster resonance energy transfer)-based techniques still show some promise for 

application to binding between α-Syn and DAT (see Appendix D).  

An alternative explanation for Syn-modulation of DAT in the absence of protein-protein 

interactions is an indirect effect of the proteasome on DAT trafficking. Impairment of DAT 

biosynthesis has been linked previously to treatment of cells with MG132 (benzyloxycarbonyl-

leucyl-leucyl-leucinal), an inhibitor of proteasome activity [301]. Although similar effects on 

DAT distribution in SH-SY5Y cells were found in the presence of high concentrations of 

MG132 (see Appendix E), no effect of the Syn proteins on proteasome activity was detected 
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(Fig. VI.6B), and thus an involvement of the proteasome in Syn-modulation of DAT appears 

unlikely. 

VI B.4. Co-localization of synucleins with DAT 

As mechanisms involving protein-protein interactions and proteasome-dependent effects in the 

modulation of DAT trafficking β-Syn and γ-Syn could not be confirmed, alternative explanations 

were explored. Even without direct binding, the possibility remained that these proteins occupied 

distinct but overlapping pools or sub-cellular compartments, and that events in these 

compartments could be involved in the mechanism of Syn-dependent DAT trafficking. To 

identify the regions of the cell where Syns and DAT coexisted, SH-SY5Y cells were co-

transfected with GFP-tagged Syn proteins and DAT-mCherry. Visual inspection of confocal 

images clearly showed overlapping distribution of each of the Syn-GFP proteins and DAT-

mCherry (Fig. VI.8A). The intensity correlation analysis (ICA) quantitative co-localization 

approach [234] was applied to determine whether this overlapping distribution is random or a 

result of spatial co-variance between each Syn-DAT pair. Positive co-variance in intensity was 

statistically significant for each Syn-DAT pair (Fig. VI.8B and Table VI.2). Images generated 

from the ICA indicated that positive co-variance in intensity between each Syn-GFP protein and 

DAT-mCherry occurs primarily in a peri-nuclear compartment (see PDM images; Fig. VI.8A). 

VI B.5. Involvement of the endoplasmic reticulum in a cellular model of DAT trafficking 

Live-cell imaging of SH-SY5Y cells expressing DAT-mCherry showed that expressed DAT was 

largely intracellular, and appeared to reside primarily within the ER. The ER-TrackerTM dye 

(Molecular Probes, Invitrogen), a widely used means for monitoring the ER in living cells, 

provides specific labeling of ER membranes [302, 303]. DAT-mCherry fluorescence overlapped 

closely with the structure of the ER, and both ER-TrackerTM and DAT-mCherry signals moved 
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together over time and throughout multiple imaging planes (Fig. VI.9A; see Video 2 and Video 

3). The close co-labeling of DAT and the ER contrasted sharply with the distribution of GFP-

tagged VSVG (vesicular stomatis virus glycoprotein; VSVG-GFP), a protein that localizes to the 

Golgi, post-Golgi vesicles, and the plasma membrane. Live-cell confocal microscopy showed 

that VSVG was present in highly motile vesicles and at the cell periphery (Fig. VI.9B; see Video 

4). The movements observed with VSVG were distinct from DAT (Video 4), which retained a 

distribution highly reminiscent of tubulo-reticular ER morphology (Fig. VI.9B; see Video 2 and 

Video 3). Though VSVG and DAT were largely segregated, co-labeled vesicles are occasionally 

observed (white arrow in Video 4), and may represent the population of DAT-mCherry moving 

from the ER to cis-Golgi compartments. Together, these images indicated that intracellular DAT, 

which accounted for approximately 50% of total DAT under these experimental conditions (Fig. 

VI.4D), was partially retained within the ER. This suggests that the function of the ER, and ER 

export to the Golgi in particular, may be a critical determinant of DAT distribution. 

To assess whether Syns could impede ER-Golgi transport, and thereby hamper movement 

of DAT, a temperature sensitive mutant of VSVG-GFP (tsVSVG-GFP; see [304]) was used to 

assess the ER-Golgi transition in the presence or absence of the Syn proteins. Although at 37 °C 

VSVG-GFP was distributed to Golgi and plasma membrane compartments (Fig. VI.9B), 

maintenance of tsVSVG expressing cells at 40 °C causes retention of tsVSVG-GFP in the ER 

[241]. Live-cell confocal imaging confirmed that the distribution of tsVSVG-GFP was 

dramatically altered at this temperature in SH-SY5Y cells, with almost no vesicles apparent (see 

Video 5). Folding and release of tsVSVG-GFP from the ER was restored by returning cells to a 

lower temperature environment, resulting in depletion of tsVSVG-GFP signal from ER 

compartments and concentration into cis-Golgi vesicles (Video 5). The change in tsVSVG-GFP 
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distribution following a shift in temperature from 40 °C to 32 °C can be used to calculate the ER-

Golgi transport index, a measure of the speed of the ER-Golgi transition [241, 301]. 

It has previously been shown that both wild-type and A53T α-Syn can delay the ER-

Golgi transition of tsVSVG-GFP in PC-12 neuroendocrine cells [201]. However, the effects of 

β-Syn or γ-Syn on tsVSVG-GFP and the ER-Golgi transition are not known, nor have any 

studies examined Syn-dependent effects on tsVSVG-GFP in SH-SY5Y cells. Following co-

transfection of SH-SY5Y cells with tsVSVG-GFP and the Syns, cells were maintained at 40 °C 

for 24 h (Fig. VI.10A; 0’). Upon exposure of cells to 32 °C, dispersed tsVSVG-GFP rapidly 

condensed into small vesicles, which became apparent within 6 min and were well formed at 12 

min (Fig. VI.10A; 6’ and 12’). The tsVSVG-GFP vesicles occupied the peri-nuclear region, and 

the transition was complete within 10 to 15 min of the temperature shift (Video 5). By assessing 

the intensity of tsVSVG-GFP signal that overlapped with Gpp130, a marker of the cis-Golgi 

compartment, the ER-Golgi transport index was derived for each experimental condition at 0, 6, 

and 12 min after the temperature shit (Fig. VI.10B). Upon co-expression with Syns, the transition 

of tsVSVG-GFP from the ER to the cis-Golgi compartment was significantly delayed, even as 

early as 6 min with α-Syn (p<0.05), β-Syn and γ-Syn (p<0.01), with a larger difference observed 

at 12 min (p<0.001). This suggests that when present, the Syns may similarly decrease the rate of 

ER-Golgi transition of DAT, causing it to be abnormally retained within the ER. 

VI B.6. Identification of high-frequency synuclein binding partners 

Previous work has identified Syn-dependent effects on the ER and Golgi trafficking 

compartments in a variety of model systems and experimental conditions [181, 201-203, 305]. In 

these systems, Syn over-expression leads to impairment of secretion through different 

mechanisms, including disruption of the function of Rab GTPases, SNARE (soluble N-
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ethylmaleimide-sensitive-factor attachment protein receptor) proteins, or other components 

required for vesicle budding and fusion. Exogenous Syn protein also sometimes produces 

toxicity, and these models have generated only limited consensus as to the relationship between 

the secretory pathway, physiological Syn function, and pathological roles for the Syn proteins 

[201, 203, 305, 306]. In order to identify the operative mechanism by which the Syns decrease 

the rate of the ER-Golgi transition and distribution of DAT to the cell surface, a screen for high-

affinity Syn binding partners was performed. Expression constructs for the Syns sub-cloned into 

a hemagglutinin-epitope tagging vector (HA-tagged Syn) were transfected into SH-SY5Y cells 

(see Chapter III). Expressed HA-tagged Syn proteins were isolated on affinity columns and co-

eluting proteins were detected by SDS-PAGE followed by Coomassie stain (Fig. VI.11B). 

Tandem mass spectrometry was used to determine the identity of bound proteins. Aside from the 

Syns, the protein most frequently identified was ER chaperone Grp78 (78 kDa glucose-regulated 

protein; see example spectrum in Fig. VI.11A), along with several other heat shock family 

chaperones (Table VI.3). The association between the Syns and Grp78, which bound with high 

specificity to all three Syn proteins, was of particular interest because this chaperone is a critical 

determinant of ER function. Grp78 is required for the proper folding of many secreted proteins 

that pass through the ER, which together account for more than 25% of all proteins [307, 308]. 

Binding of the Syns to Grp78 was further confirmed by immunoblot, and additional 

immunoprecipitation experiments showed that Grp78 also co-eluted with HA-tagged DAT (Fig. 

VI.11C-11D). 

Given the importance of Grp78 to normal ER function it appeared possible that Syn-

dependent effects on the ER-Golgi transition involved binding and sequestering of Grp78 by the 

Syns. Furthermore, the detected interaction between DAT and Grp78 suggested that Grp78 may 
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be especially important for normal folding and export of the transporter. Indeed, transfection 

with Grp78 can enhance functional expression of SERT, a transporter closely related to DAT 

[309]. Grp78 and other Hsp70 (heat shock protein 70 kDa) family chaperones contain ATPase 

domains, and ATP hydrolysis is required for the chaperone cycle of binding, retention, and 

release of folding substrates [238, 310]. Peptides have been identified which have high affinity 

for Grp78 and other chaperones, and exposure of chaperones to these peptides has the effect of 

stimulating ATPase activity [311]. 

To determine whether binding of Grp78 by the Syns could be functionally relevant, the 

ATPase activity of Grp78 was examined in the presence of the Syn proteins. Compared to Grp78 

alone, ATPase activity was significantly increased by 20-40% (p<0.001) when the chaperone 

was incubated with any of the Syns (Fig. VI.11E). While BSA also stimulates Grp78 activity 

slightly, only the Syns consistently caused a statistically significant increase in Grp78 ATPase 

activity. Replacement of bound ADP with a new ATP molecule is required for eviction of the 

folding substrate from Grp78, making available the chaperone’s substrate binding domain for a 

new occupant [310]. The observed increase in turnover of ATP suggests that in the presence of 

the Syns, Grp78 is maintained in the unavailable, substrate bound conformation for increased 

periods of time [312], in effect sequestering the ER chaperone and reducing the folding capacity 

of the ER lumen [311]. Taken together with the strong interaction observed between the Syns 

and Grp78, and the fact that Grp78 also binds DAT, these data indicate that the Syn proteins 

could modulate ER function in general, and DAT trafficking in particular, by regulating 

chaperone function inside the ER lumen. 
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VI B.7. Synucleins are present in the ER and cause accumulation of Grp78 and DAT 

Although binding of Syns to Grp78 and stimulation of the chaperone’s ATPase activity provide 

strong in vitro evidence for a functional relationship, it was not known whether the Syn proteins 

could enter the ER lumen. Syns do not possess the KDEL localization signal required for ER 

retention [313], and are distributed primarily to a cytosolic compartment under the conditions 

where modulation of DAT trafficking occurs (Fig. VI.12A). It has been shown recently that both 

monomeric and oligomeric α-Syn can enter the ER [314, 315], however, and the Syn proteins 

were also found associated with membrane fractions (Fig. VI.12A). Indeed, in purified ER 

microsomes (ER/M, Fig. VI.12B) from both cells and human brain tissue the Syn proteins were 

readily detectible (Fig. VI.13-14). Furthermore, Syns associated with ER/M from the brain were 

resistant to Proteinase K digestion in the absence of TX-100 permeabilization (Fig. VI.13). 

Probes for other ER-associated proteins showed that peripheral (ribosomal protein S6; RPS6) or 

cytoplasmic epitopes (inositol requiring enzyme 1 alpha; Ire1α) were digested, while lumenal 

epitopes (Calnexin and Grp78) were protected in the absence of TX-100. Together, these results 

indicated that the Syn proteins entered the ER lumen where they could interact with and regulate 

the function of Grp78. 

It is also important to note that Grp78 is not exclusively an ER resident protein, and a 

small proportion of Grp78 was distributed to a cytosolic fraction where the majority of Syn 

protein is also found (Fig. VI.12A). It remains unclear what functional roles non-ER Grp78 has, 

but it has been proposed that distribution of Grp78 outside the ER to the cytoplasm is involved in 

the response to various stressors [316]. Therefore, distribution of Grp78 was examined in the 

presence or absence of the Syn proteins by sub-cellular fractionation. Surprisingly, over-

expression of Syns resulted in decreased levels of cytoplasmic Grp78 (Fig. VI.14A). This was 
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accompanied by a small increase in levels of membrane-associated Grp78 (Fig. VI.14A), and 

quantification of Grp78 in these two compartments relative to appropriate loading controls 

showed that the difference in distribution of Grp78 to the membrane fraction was statistically 

significant (p<0.05) in the presence of the Syn proteins (Fig. VI.14B). Though Grp78 was re-

distributed, total expression was unchanged (Fig. VI.14A; bottom panel), indicating that any ER 

stress that occurred was insufficient to initiate an unfolded protein response [317, 318]. This 

distinguishes the effects observed here, where ER stress is not occurring, from previous reports 

where α-Syn interacted with Grp78 only under conditions of pathological ER stress [319, 320].  

The apparent re-distribution of Grp78 to a membrane fraction suggested that levels of the 

chaperone inside the ER might be increasing. To directly assess the distribution of Grp78 in the 

presence of the Syn proteins, purified ER microsome fractions were prepared and an enrichment 

of Grp78 in the ER was observed (Fig. VI.14C and 14E). DAT also accumulated within the 

purified ER fractions from Syn expressing cells (Fig. VI.14D), an indication that over-expression 

of the Syn proteins reduced trafficking of DAT out of the ER. Taken together, the Syn-dependent 

effects on the ER-Golgi transition, distribution and function of ER chaperone Grp78, and 

accumulation of DAT in the ER strongly support the conclusion that the Syn proteins modulate 

DAT distribution through an impairment of ER export (Fig. VI.15A-15B). 

VI C. Discussion 

The results presented here clearly show that modulation of DAT trafficking can be performed by 

all members of the Syn family of proteins, and that this regulation occurs through multiple, 

distinct mechanisms. Changes in the distribution of DAT were associated with attenuation of the 

ER-Golgi transition, as transport of surrogate secretory protein VSVG out of the ER was 

significantly delayed in the presence of the Syn proteins. Functional interactions of each Syn 
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protein with ER chaperone Grp78 were associated with this disruption of the ER-Golgi transition 

and reduced export of DAT from the ER. Together, these findings confirm earlier proposals that 

the Syn proteins regulate the processes involved in post-translational processing of newly 

synthesized proteins [306]. Importantly, this mechanism for Syn-dependent modulation of DAT 

differs from a previously described process involving a stable protein-protein interaction and 

tethering of DAT to microtubules. Though cytoskeletal tethering via microtubules was 

previously considered the principal mechanism for modulation of DAT (as well as NET and 

SERT) by the Syn proteins, neither β-Syn nor γ-Syn appear to form a sufficiently stable complex 

with DAT to participate in this process. Thus, Syn-dependent modulation of DAT operates 

simultaneously through multiple mechanisms, including parallel effects on ER and Golgi 

function. Furthermore, this evidence supports a novel regulatory role for Syn proteins inside the 

ER lumen which must be considered in the context of related work (see Chapter VII). 

If Syn proteins are simultaneously involved in regulating biosynthesis as well as 

stimulating synaptic membrane insertion [33], the net effects on trafficking of DAT and 

dopaminergic function could be relatively balanced in the brain. In contrast, the cellular model of 

Syn-dependent DAT trafficking described here involves rapid increases in Syn protein 

concentration. The in vivo effects of sudden changes in expression in the present cellular model 

of DAT trafficking have been more pronounced, with lentiviral-mediated knockdown or over-

expression of α-Syn and γ-Syn sufficient to alter the behavioral response to cocaine in rats [182, 

186]. Thus, rapid shifts in Syn protein levels at or near the site of DAT biosynthesis following 

viral transduction could potentially produce these behavioral consequences via the ER export 

mechanism described here, and future work should directly address the short-term effects of 
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altered Syn protein expression on DAT function and trafficking in the brain to dissect out the 

various biochemical processes that could be involved. 
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VI D. Tables 

Table VI.1 Kinetic analysis of DAT-mCherry FRAP 

Co-transfection n 
K of FRAPa 

(1/s)b 

Mobile fraction 

(FM)c 

Immobile fraction 

(FI)d 

DAT alone 15 0.095 ± 0.007 0.454 ± 0.021 0.464 ± 0.065 

α-Syn + DAT 15 0.104 ± 0.009 0.398 ± 0.024 0.220 ± 0.031 *** 

β-Syn + DAT 15 0.096 ± 0.011 0.450 ± 0.031 0.168 ± 0.023 *** 

γ-Syn + DAT 15 0.116 ± 0.015 0.431 ± 0.031 0.226 ± 0.027 *** 

 

aPerformed on transfected SH-SY5Y cells with Kinetic Analysis module of Zeiss AIM software. 

bK of fluorescence recovery (presented as mean ± SEM) calculated for a single exponential from 

background corrected fluorescence intensity at each time (I(t)) according to: [I(t)=IPOST–((I∞–

IPOST)*exp(-t*K))] where IPOST = fluorescence intensity immediately following bleaching period 

and I∞ = plateau of fitted recovery curve (I∞ normalized to 1 for calculations). cMobile fraction 

of DAT-mCherry (FM) determined according to FM = I∞ – IPOST. dImmobile fraction of DAT-

mCherry (FI) determined according to FI = IPRE – I∞, where IPRE = fluorescence intensity 

immediately prior to initiation of bleaching. Data are compiled from three experiments 

conducted independently on five cells per condition (n=15) and are presented as mean ± SEM 

and analyzed by one-way ANOVA followed by Dunnet’s post-hoc analysis for difference from 

DAT alone control (***=p<0.001). 
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Table VI.2 ICA-ICQa analysis of Syn-DAT co-distribution in SH-SY5Y cells 

Co-transfectionb Median ICQc Sign testd 
Mean ICQ ± 

SEMe 
t-testf 

DAT-DAT 0.2170 >0 *** 0.1859 ± 0.0117 ≠0 *** 

α-Syn-DAT 0.0890 >0 *** 0.0900 ± 0.0066 ≠0 *** 

β-Syn-DAT 0.1080 >0 *** 0.1071 ± 0.0117 ≠0 *** 

γ-Syn-DAT 0.1480 >0 *** 0.1424 ± 0.0100 ≠0 *** 

GFP-DAT 0.0080 =0 (p=0.0634) 0.0205 ± 0.0108 =0 (p=0.0638) 

 

aIntensity correlation analysis (ICA) results generated from PDM values (product of the 

differences from the means) calculated for each pixel of imaged cells according to: [PDM = (A – 

a) * (B – b)], where A = individual pixel intensity of red signal, a = average intensity of red 

signal, B = individual pixel intensity of green signal, b = average intensity of green signal. ICQ 

(intensity correlation quotient) values for each cell calculated according to [ICQ = (count of 

positive PDM) / (total count of pixels) – 0.5]. ICA-ICQ analysis [234] indicates positive co-

variance (ICQ > 0), negative co-variance (ICQ < 0), or non-co-variance (ICQ = 0) of GFP-

tagged and mCherry-tagged proteins. bSH-SY5Y cells were co-transfected with equal amounts of 

each plasmid as described in Experimental Procedures. ICA-ICQ analysis quantified co-

distribution of the listed pairs (first in each pair was GFP-tagged, second was mCherry-tagged). 

cGlobal median of all cells analyzed (three independent assays with 13-15 cells per assay, n = 

41). dWilcoxon signed rank test against hypothetical median of zero (*** = p < 0.001). eGlobal 

mean of all cells analyzed (three independent assays with 13-15 cells per assay, n = 41). fTwo 

tailed t-test against hypothetical mean of zero (*** = p < 0.001).  



149 

 

Table VI.3 Mass spectrometric identification of Syn-HA co-eluting peptides 

  vectorc α-Syn β-Syn γ-Syn 
Proteina Accessionb Td Ue T U T U T U 

78 kDa glucose-regulated protein P11021 0 0 19 17 12 11 8 7 

Stress-70 protein, mitochondrial P38646 0 0 13 13 10 10 8 8 

Heat shock cognate 71 kDa protein P11142 0 0 8 6 4 4 4 4 

Heat shock 70 kDa protein 1-like P34931 7 6 12 8 16 9 11 7 

Heat shock 70 kDa protein 1A/1B P08107 6 5 10 7 13 9 12 10 

 

aRecommended name as listed on UniprotKB (http://www.uniprot.org/uniprot/). bAccession 

number as listed on UniprotKB. cPeptides from some proteins were not detected in eluate from 

vector-only lysates. dTotal (T) number of peptides identified. eNumber of unique (U) peptides 

identified. 
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VI E. Figures 

 

Figure VI.1 Uptake of [3H]-DA by DAT is reduced by synucleins. 

Uptake of [3H]-DA into SH-SY5Y cells co-transfected with DAT (100 ng/cm2) and increasing 

amounts (100-400 ng/cm2) of β-Syn (orange open circles) or γ-Syn (red open squares) was 

measured over 10 min. Values (n=6; mean ± SEM) are presented as percent of DAT alone (line 

at 100%). Non-specific uptake in the presence of 10 µM indatraline was subtracted. As a positive 

control for Syn modulation of DAT, uptake was also measured in cells co-transfected with DAT 

and 400 ng/cm2 of α-Syn (yellow open triangle). Total amount of transfected DNA was kept 

constant at 500 ng/cm2 with the addition of empty pcDNA3.1 vector. Data from all experiments 

were analyzed by t-test for difference from a theoretical mean of 100 (*p<0.05, **p<0.01, 

***p<0.001) and corrected for multiple t-tests [240].  
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Figure VI.2 Expression of DAT and synucleins in transfected SH-SY5Y cells. 

(A) Expression levels of α-Syn, β-Syn, γ-Syn, and DAT in cells used for uptake assays were 

analyzed by immunoblot (IB). Bands for (B) DAT and (C) Syn proteins were quantified relative 

to actin (n=3; mean ± SEM). Increased co-transfection ratio of α-Syn, β-Syn, or γ-Syn is 

indicated by increased intensity of yellow, orange, or red hue, respectively. 
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Figure VI.3 Cell viability of SH-SY5Y cells under conditions of Syn trafficking of DAT. 

Viability was assessed in SH-SY5Y cells transfected under conditions identical to the uptake 

experiment by MTT assay. Results from three independent experiments assayed in quadruplicate 

are expressed as absorbance (OD) at 570 nm ± SEM. Increased co-transfection ratio of α-Syn, β-

Syn, or γ-Syn is indicated by increased intensity of yellow, orange, or red hue, respectively. Data 

were analyzed by one-sample t-tests comparing each treatment to a theoretical mean of 100% (no 

significant differences detected) with a correction applied for multiple t-tests [240]. 
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Figure VI.4 Distribution of DAT to the cell surface is reduced by synucleins. 

Cell surface protein was biotinylated in SH-SY5Y cells co-transfected at the 4:1 ratio as above 

(Fig. VI.1). (A) Biotinylated DAT (IB DAT Biotin) captured with streptavidin beads and total 

DAT (IB DAT Total) were measured by immunoblot. Molecular mass (Mr) of nearest protein 

ladder bands is indicated. (B) DAT biotinylation was quantified as optical density (OD) of DAT 

Biotin divided by OD of DAT Total relative to actin (n=4; mean ± SEM). Data were analyzed by 

t-test for difference from a theoretical mean of 100 (*p<0.05, **p<0.01, ***p<0.001) and 

corrected for multiple t-tests [240]. (C) Direct comparison of DAT Total and DAT Biotin from 

cell surface biotinylation experiments. (D) Lower panel shows recovery of biotinylated DAT 
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from intact or Triton X-100 permeabilized cells as quantified by o-phenyldiamine absorbance 

(see Chapter III). 

 

  



155 

 

 

Figure VI.5 Synucleins reduce the immobile fraction of DAT. 

SH-SY5Y cells were transfected with DAT-mCherry and α-Syn-GFP, β-Syn-GFP, or γ-Syn-

GFP DAT-mCherry mobility was analyzed by FRAP in live Syn-positive and Syn-negative 

(DAT alone) cells. (A) Guide images were captured (GFP and mCherry columns) and a region of 

interest (120x80 pixels) was defined (white rectangles) and three pre-bleach images (IPRE) were 

collected followed by bleaching a 30x15 pixel area (red rectangles) so that between 20% and 

40% of DAT signal was retained (IPOST). Representative confocal images of photo-bleached cells 

(IPOST) are shown with bleached areas and corresponding reference areas indicated (yellow 

rectangles), with recovery shown at 27 s post-bleach (I∞). (B) Representative recovery curve fits 
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of FRAP data from DAT-alone cells or DAT-mCherry co-transfected with α-Syn-GFP, β-Syn-

GFP, or γ-Syn-GFP. Pre-bleach (IPRE) and post-bleach (IPOST) intensities are indicated with 

dashed lines. Recovery curves normalized to IPRE are fit to background- and bleach-corrected 

DAT-mCherry intensity at each time point, with plateau indicated at I∞. The immobile fraction 

of DAT (FI; IPRE - I∞) in representative curves is indicated by vertical red lines at t=27 s, and 

was calculated from a single exponential curve fit: I(t)=IPOST–((I∞–IPOST)*exp(-t*K)). (C) FI data 

were compiled from three independent experiments conducted on five cells per condition (n=15; 

mean ± SEM; see also Table VI.1). FI data were analyzed by one-way ANOVA followed by 

Dunnet’s post-hoc analysis for comparison to DAT-alone cells (***p<0.001). 

 

  



157 

 

 

Figure VI.6 Involvement of cytoskeleton and proteasome in Syn modulation of DAT. 

(A) Uptake of [3H]-DA into was measured following treatment with 10 μM nocodazole (NOC) 

as described previously [178]. Values recorded from three assays performed in triplicate (mean ± 

SEM) are presented as percent of DAT alone (line at 100%). Non-specific uptake in the presence 

of 10 µM indatraline was subtracted. Uptake data were analyzed by t-test for difference from a 

theoretical mean of 100 (*p<0.05) and corrected for multiple t-tests [240]. (B) Proteolytic 

activity was measured in SH-SY5Y cells co-transfected as above (Fig. VI.1). Lactacystin-

resistant activity was determined and was subtracted. Values recorded from four assays 

performed in triplicated (mean ± SEM) are presented as relative fluorescence (arbitrary units) per 

μg protein. Proteasome activity data were analyzed by one-way ANOVA followed by Dunnet’s 

post-hoc analysis for comparison to DAT-alone cells (no significant differences detected). 
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Figure VI.7 Immunoprecipitation of α-Syn, but not β-Syn or γ-Syn, with DAT. 

(A) SH-SY5Y cells were co-transfected with DAT and α-Syn, β-Syn, or γ-Syn and lysed for for 

immunoprecipitation (IP) with antibodies (Table III.1-III.3) against Syns or DAT. IP from 

identical samples using pre-immune IgG (sheep, Shp IgG IP; rabbit, Rbt IgG IP) was performed 

in parallel as a control for specificity of each IP and co-IP. Input (5%) and IPs were analyzed by 

immunoblots probed (IB) for Syns and DAT. Blot images are representative of three independent 

experiments; faint non-specific bands were observed below 14 kDa on blots probed for β-Syn. 

The interaction of α-Syn with DAT was further examined in the presence or absence of synthetic 

peptides consisting of the NAC region of α-Syn or corresponding peptides from β-Syn and γ-

Syn. (B) Position of this region and alignment of the amino acid sequences of these peptides 

(excluding indicated gaps in β-Syn) from ClustalW is shown with sequence identity indicated at 

each position (*= identical, := conserved, .= semi-conserved). (C) Lysates from cells transfected 
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with DAT or α-Syn were combined and incubated in the absence (no peptide) or presence of 

each peptide (as indicated). IP of DAT (or Rbt IgG IP) was performed and input (5%) or IP was 

analyzed by immunoblot probed for α-Syn and DAT. Blot images are representative of three 

independent experiments. 
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Figure VI.8 Synucleins co-distribute with DAT. 

Co-distribution of α-Syn-GFP, β-Syn-GFP, and γ-Syn-GFP with DAT-mCherry was assessed by 

intensity correlation analysis (ICA) in SH-SY5Y cells co-transfected with each Syn-DAT pair. 

Analysis of co-expressed DAT-GFP and DAT-mCherry was conducted in parallel as a positive 

control for co-variance (DAT-DAT), while GFP alone co-expressed with DAT-mCherry was 

analyzed as a control for non-co-variance (GFP-DAT). Optimal imaging conditions were 

determined and applied uniformly to all conditions. (A) Representative images of each Syn-DAT 

pair are shown, with GFP-tagged Syn proteins in the first column (GFP), corresponding images 

of DAT-mCherry in the second column, and PDM (product of the differences from the means) 

images generated from ICA in the third column (+ PDM; see Detailed procedures). Color scales 

are embedded in PDM images where yellow represents areas of positive co-variance and blue 

represents areas of negative co-variance. Images are representative of three independent 



161 

 

experiments analyzing 13-15 cells per condition (41 total cells per condition). (B) Box-and-

whisker plots (whiskers, 2.5th and 97.5th percentiles, boxes, 25th, 50th, and 75th percentiles) 

display ICQ values for each pair (41 cells per condition; mean ± SEM). Means were tested 

against hypothetical values of zero (t-test; ***p<0.001). 
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Figure VI.9 Localization of DAT to a non-vesicular intracellular compartment. 

Live SH-SY5Y cells expressing DAT-mCherry and stained with ER-Tracker™ Blue-White dye 

(Molecular Probes, Invitrogen) were imaged by confocal microscopy. (A) DAT-mCherry (red) is 

largely restricted to ER-positive regions (white) of the cell, and moves in concert with ER-

Tracker labeling (see Video 2 and Video 3). In separate experiments cells expressing DAT-

mCherry (red) and VSVG-GFP (green) were imaged. (B) VSVG-GFP distribution to the cell 

periphery and intracellular vesicles contrasts sharply with DAT-mCherry, which is found 
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distributed to the nuclear envelope and tubulo-reticular structures with morphology highly 

reminiscent of the ER (see also Video 4). Images shown are optical sections set 1.6 μm apart on 

the z-axis proceeding from the dish-adjacent plane (left) and upward through the cell body 

(right). 
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Figure VI.10 Synucleins attenuate export from the endoplasmic reticulum to the Golgi. 

The ER-Golgi transition was analyzed by the tsVSVG-GFP transport assay (see Chapter III). (A) 

Representative tsVSVG-GFP images (green) from 0, 6, and 12 min after temperature shift are 

shown for each condition. 12 min images are paired with Gpp130 images (red) used to define 

Golgi area, and images of the respective stains for α-Syn, β-Syn, or γ-Syn (magenta). (B) 

Transport index was calculated from 5-10 cells per condition from three independent 

experiments (15-30 total cells per condition per time point). Values are presented as mean ± 
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SEM and are analyzed by one-way ANOVA with Dunnett’s post-hoc analysis at each time point 

for comparison to DAT alone control (*p<0.05, **p<0.01, ***p<0.001). 
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Figure VI.11 Physical and functional interaction of Syns with ER chaperone Grp78. 

(A) Representative tandem-MS spectrum from a 70 kDa band eluted from Syn-HA IP shows 

positive identification of a peptide specific to ER chaperone Grp78 (see also Table S6). This 

work was performed by Zhen Xiao in the laboratory of Timothy D. Veenstra. (B) Bands yielding 

Grp78 peptides and immunoreactivity are indicated on the Coomassie stained gel. (C) Protein 

eluted from HA columns was also analyzed by immunoblot to confirm the identity of Grp78. 

Molecular mass (Mr) of nearest protein ladder bands is indicated. (D) An identical approach was 

used to isolate HA-tagged DAT, which was analyzed by immunoblot for co-immunoprecipitation 

of Grp78 (right panels). (E) ATPase activity of purified human Grp78 on 100 µM ATP was 

measured following pre-incubation with a 20:1 molar ratio of Syn proteins or BSA. Phosphate 

(Pi) release was quantified in triplicate by malachite green assay (BioAssay Systems) and 

compared to Grp78 alone by one-way ANOVA with Dunnet’s post-hoc analysis (ns=not 

significant; ***=p<0.001). Data representative of three independent experiments are shown 

(mean ± SEM). 

 

  



168 

 

 

Figure VI.12 Sub-cellular fractionation and isolation of purified ER microsomes 

(A) SH-SY5Y cells were transfected with DAT (100 ng/cm2) and (400 ng/cm2) of α-Syn and 

cytosol, membrane, and nuclear fractions were prepared. Fractions were analyzed by 

immunoblot for expression of DAT, α-Syn, Grp78, and markers for cytosol (glyceraldehyde 3-

phosphate dehydrogenase, GAPDH), membrane (Na/K ATPase and voltage dependent ion 

channel, VDAC), and nuclear fractions (Lamin B). (B) SH-SY5Y cells were harvested and 

processed for isolation of purified rough ER/M. Pellets (P2, P3, P4; see Detailed Procedures) 

were extracted in buffer containing detergents and analyzed by immunoblot for expression of 

markers for nuclear material (Lamin B), plasma membrane (Na/K ATPase), mitochondria 

(VDAC), and ER (Calnexin and Grp78).  
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Figure VI.13 Synucleins enter the ER lumen. 

ER/microsome fractions (ER/M) prepared from human brain tissue were digested (ER/M 

Digests) with Proteinase K (PK) or PK with 1% Triton X-100 (PK/TX). Expression of the Syn 

proteins, cytoplasmic ER markers (Ire1α and RPS6), and lumenal ER markers (Grp78 and 

calnexin) was compared to input (-) by immunoblot following digestion. 
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Figure VI.14 Synucleins cause redistribution of Grp78 and DAT. 

(A) SH-SY5Y cells transfected with DAT (100 ng/cm2) and (400 ng/cm2) of α-Syn, β-Syn, or γ-

Syn were separated into cytosol and membrane fractions (see Fig. VI.12 for fractionation 

controls). Fractions were analyzed by immunoblot for expression of Grp78, Syn proteins, and 

loading controls GAPDH (glyceraldehyde 3-phosphate dehydrogenase) and VDAC (voltage 

dependent ion channel). Total Grp78 and actin expression transfected cells are shown in the 
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lower panel. Molecular mass (Mr) of nearest protein ladder bands is indicated. (B) Ratio of 

cytosolic to membrane Grp78 for each sample was calculated as (Grp78CYT / GAPDH) / 

(Grp78MEM / VDAC) and is presented as mean ± SEM. One-way ANOVA with Dunnet’s post-

hoc analysis was used to compare means (n=3) to DAT alone control (*p<0.05). (C) ER/M were 

prepared from SH-SY5Y cells transfected as above and analyzed by immunoblot for expression 

of (D) DAT and (E) Grp78 relative to Calnexin (loading control) and presented as percent of 

DAT alone control (n=3-4; mean ± SEM). Means were analyzed by one sample t-tests for 

difference from a theoretical mean of 100 (*=p<0.05, **=p<0.01). 
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Figure VI.15 Proposed model for synuclein sequestration of Grp78 and modulation of ER 

export of DAT. 

Under normal conditions (A) where the Syn proteins are absent or at low levels, the Syn proteins 

are absent from the ER and Grp78 availability is un-impaired. The Grp78 nucleotide binding 

domain (NBD) is populated with ATP, and the substrate binding domain (SBD) remains 

unoccupied, ready to facilitate substrate folding and enable throughput of the ER-Golgi 

transition. It is under these conditions that DAT (red ovals) export is maintained at normal levels, 

with a relatively increased amount of plasma membrane (PM) distribution. When Syn protein 

expression is elevated (B), the Syns (blue) enter the ER and bind to Grp78, stimulating ATP 

hydrolysis. This increases the population of ADP- and substrate-bound Grp78, which cannot 

facilitate protein folding and ER export, resulting in a slowing of the ER-Golgi transition and 
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retention of DAT in the ER. Thus, although overall expression of the transporter remains 

unchanged, DAT distribution to the PM is decreased. 
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VII. Conclusion and future directions 
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used here with permission (see Appendix F): 
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VII. Conclusion and future directions 

The work described here has produced two broad conclusions; first, that DAT trafficking is 

modulated by the three Syn proteins α-Syn, β-Syn, and γ-Syn; second, that modulation of DAT 

by the Syn proteins involves multiple mechanisms. These conclusions will be discussed in the 

context of the major findings reported here as well as the relevant literature, and future avenues 

of research will be proposed that could elucidate further details about the relationship between 

the Syn proteins and DAT.  

VII A. Synuclein modulation of DAT trafficking and the phenotype of A53T α-Syn 

mice 

A robust phenotype is present in the A53T α-Syn mouse that is likely caused by many different 

direct and indirect consequences of A53T α-Syn over-expression. Previously, there was limited 

evidence of nigrostriatal degeneration in aging A53T α-Syn mice [244, 286], with descriptions 

of synucleinopathy restricted primarily to the spinal cord [214]. More recently, Sidhu and 

colleagues have reported that dopaminergic TH-expressing neurons in the substantia nigra (SN) 

of eight-month-old A53T α-Syn were reduced by 30% [221]. A similar result has been 

reproduced here, where a more thorough analysis found a substantial (~20%) and statistically 

significant loss of both total and TH-expressing SN pars compacta (SNpc) neurons in aged A53T 

α-Syn mice. These results argue against the prior consensus that dopaminergic pathology was 

absent in A53T α-Syn mice. An analysis of striatal medium spiny neurons (MSN), however, 

showed that dendritic spine density was unaltered as late as 10 months in A53T α-Syn mice. The 

apparent sparing of MSN spine density is not necessarily inconsistent with a partial loss of 

dopaminergic innervation. MSN make up 95% of striatal neurons, and are subdivided into 



177 

 

several distinct classes that are nonetheless indistinguishable in terms of morphology or 

anatomical distribution [321]. Recent work has shown that in a toxin-based mouse model of 

parkinsonism the MSN sub-type expressing the D2 dopamine receptor undergoes selective 

dendritic spine loss, while neighboring MSN expressing the D1 dopamine receptor are largely 

unaffected [322]. Similar work showing substantial loss of MSN dendritic spine density typically 

involve lesions causing SNpc neuron losses much greater than 20% [321], and so it is possible 

that the limited loss of TH cells in the present study is insufficient to produce significant 

dendritic spine remodeling. Furthermore, MSN sub-types were not differentiated here; future 

work should examine both D1 and D2 dopamine receptor expressing cells to determine whether 

these functionally distinct populations are differentially affected in the A53T α-Syn mouse. It is 

important to note that the age at which motor dysfunction occurs and the severity of the 

phenotype vary somewhat within the transgenic colony, and not every animal survives until 

twelve months. Thus, animals intended for analysis at the oldest ages in some cases had to be 

euthanized before data could be collected. It is therefore possible that the most affected mice also 

possessed much more severe nigrostriatal damage. This difficulty presents a disadvantage for 

interpretation of this data set with regard to synucleinopathy. The slight bias of the study toward 

non-symptomatic animals, however, may prove to be instrumental in viewing the data in the 

context of “normal” Syn protein function. 

Perhaps the most consistent behavioral feature of the A53T α-Syn mice was their reduced 

activity level, which was evident on varied analyses from several different tests. This is entirely 

consistent with increased clearance of DA from striatal synapses, although increased uptake of 

DA is not likely to be the only factor involved in the reduced activity. To provide context, it 

should be considered that DAT over-expressing mice have increased striatal DA clearance of a 
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similar magnitude, yet no change in basal locomotor activity [323]. This suggests that the 

reduced activity level of the A53T α-Syn mice is only partially dependent on the increase in DA 

uptake. Furthermore, the enhancement of striatal DA uptake fades with aging, yet locomotor 

activity remains low, and motor strength and endurance are additionally lost. A related mouse 

model of A53T α-Syn over-expression with a similar reduction in locomotor activity [247] also 

exhibited robust changes in both pre-synaptic and post-synaptic dopaminergic function including 

increased striatal DA content, enhanced expression of DA receptors, and reduced expression of 

DA metabolizing enzymes [324]. This reflects a circumstance where DA neurotransmission is 

impaired, resulting in sensitization of the synapses. These changes are consistent with increased 

DA uptake capacity, but suggest that DA release probability, a measure of the rate of DA vesicle 

fusion with the synaptic membrane, may also be reduced in the presence of excess α-Syn [198, 

325]. Accumulation with aging of both β-Syn and γ-Syn, though likely to normalize DAT 

trafficking as proposed here, would only exacerbate the reduction in DA release, and thus 

contribute additionally to the overall lowered activity level. 

Importantly, the close alignment between changes in motor activity, DAT distribution, 

and striatal Syn protein load is the first in vivo evidence for Syn modulation of DAT. While 

modulation of NET by α-Syn and γ-Syn has been modeled successfully in a rat model of 

depression [66], the in vivo effects of α-Syn on DAT have been difficult to identify. Though one 

study reports some evidence of DAT trafficking deficits in α-Syn KO mice [266], many 

contradictory findings have emerged from this model [30, 36, 267]. More broadly, studies in α-

Syn/β-Syn double KO mice [32], α-Syn/γ-Syn double KO mice [31], and α/β/γ-Syn triple KO 

(TKO) mice [204] have also failed to provide evidence that Syn proteins influence DAT 

trafficking. As the Syn proteins appear to have broad but subtle effects on many components of 
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the synapse and cell soma, it is very likely that the absence of effects in the KO models is due to 

compensatory mechanisms. This allows generally normal function to develop, at least in the 

mouse brain, even when all three of the Syn genes are absent. Age-dependent functional deficits 

and early death in the TKO mice, however, do demonstrate that Syn proteins are critical for 

normal brain function [33], and further suggest that significant functional overlap exists between 

α-Syn, β-Syn, and γ-Syn. The results presented here, both from the A53T α-Syn model as well 

as the cellular model of DAT trafficking, are consistent with the functional redundancy between 

the Syn proteins, although their mechanisms of action appear to diverge somewhat, as discussed 

below (see VII B-C below) 

The decreased immobility scores on the FST in older A53T α-Syn mice are more 

difficult to align with what is known about the reduced dopaminergic function in these animals. 

The FST primarily measures the behavioral response to entrapment, with swimming and 

climbing behaviors viewed as an attempt to escape, while immobility is viewed as an indication 

of stress-induced despair or depression [253]. Of the various behavioral assays, this is the only 

test where increased activity was observed. These results appear inconsistent with the present 

data and previous reports [247, 324] which show that motor activity and DA signaling are 

impaired in these animals. While a highly speculative comparison, it may be valuable to consider 

reports of PD patients suffering from akinesia that are suddenly able to react and move normally 

in emergency situations, a phenomenon referred to as kinesia paradoxica [326]. Data from 

carefully controlled studies supports the view that quick, well-coordinated movements are 

possible for these individuals, but less probable than in healthy control subjects [327]. Modeling 

of the influence of DA on the latency and vigor of responses to environmental cues has 

suggested that DA depletion produces a circumstance where the inhibition to act is high, 
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delaying the expected response, and simultaneously increasing the likelihood of perseverative 

behavior [328]. Thus, it is possible to develop a hypothesis where decreased immobility on the 

FST is consistent with striatal DA depletion (or at least decreased DA signaling). That is, once 

the high barrier to act is cleared by the sudden exposure to water in the FST, aged A53T α-Syn 

mice paradoxically become more active because of a defect in capacity for behavioral switching. 

It is unclear how decreased bioavailability of trafficking-incompetent A53T α-Syn and increased 

expression of β-Syn and γ-Syn at older ages contribute to the observed increase in FST activity. 

The proposed scenario would need to be validated by expanded investigations, including the 

application of DA agonists as well as other neuromodulators in an attempt to dissect the possible 

involvement of other neurochemicals. 

VII B. Interaction-dependent DAT trafficking by synucleins 

Prior work by Sidhu and colleagues established convincingly that a direct interaction of α-Syn 

with DAT tethers the transporter to cytoskeletal structures, and that this interaction is responsible 

for a significant portion of α-Syn-dependent DAT trafficking [175, 176, 178, 187, 206]. A 

similar mechanism was described for α-Syn-dependent modulation of NET, but does not apply 

to β-Syn or γ-Syn modulation of NET, which are resistant to the microtubule destabilizer 

nocodazole [5, 66, 184, 194, 282]. While binding of α-Syn and γ-Syn with SERT was also 

shown, the involvement of the cytoskeleton in the described modulation of SERT has not been 

tested directly [6, 195]. Thus, in nearly all previous descriptions of Syn-dependent modulation of 

MAT, binding between the implicated Syn protein and the transporter has been detectible, with 

the notable exception of β-Syn and NET, for which modulation has been reported but not 

binding [66]. Therefore, the lack of a detectible interaction of β-Syn or γ-Syn with DAT, despite 
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significant modulation of trafficking, was a surprising result, given that modulation of DAT, 

NET, and SERT by the Syn proteins was previously believed to be “interaction-dependent.”  

 The interaction between α-Syn and DAT has been linked to the NAC domain, a region of 

the α-Syn protein with some hydrophobic residues that can adopt a helical structure when 

associated with lipids [52]. In the work described here, a peptide identical to this sequence 

disrupts binding between full-length α-Syn and DAT, but corresponding sequences from β-Syn 

and γ-Syn have no effect on this interaction. This result suggests that the small variations in 

sequence between the Syn proteins are sufficient to disrupt the interaction with DAT. Yet, these 

same Syn proteins (at least γ-Syn) appear to bind efficiently to NET, raising the question of 

which specific sequences confer DAT and NET binding. Commonly used indices give similar 

mean hydrophobicity values for the three NAC domain peptides (see also Chapter VI), and the 

three Syn proteins have similar capacity to bind lipids and induce their tubulation [329, 330]. 

Although these general characteristics are conserved between the three proteins, they nonetheless 

have shown significant variability in their protein-protein interactions, at least where DAT, NET, 

and SERT are concerned. For example, an unbiased screen for DAT binding proteins similarly 

found α-Syn but neither β-Syn nor γ-Syn associated with the transporter [172]. The sequences 

that determine α-Syn function are increasingly well defined (see for example [54]); similar work 

could help elucidate the source of differences between the Syn family members in how they 

interact with and modulate DAT. 

Equally unresolved is the resistance of β-Syn and γ-Syn modulation of DAT to 

nocodazole-dependent disruption of microtubules. This mirrors results from a cellular model of 

NET trafficking, where nocodazole was similarly ineffective at reversing modulation of NET by 

β-Syn and γ-Syn [66]. Earlier work showed that several microtubule disrupting agents reversed 
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modulation of DAT by α-Syn [178]. These agents (nocodazole, vinblastine, and cholchicine) 

work by binding to various sites on the α-tubulin or β-tubulin proteins, leading to loss of 

dynamic instability at low concentrations and microtubule depolymerization at higher 

concentrations [331, 332]. Upon application of nocodazole to cells expressing DAT and α-Syn, 

binding between DAT and α-Syn was preserved, while binding of α-Syn to microtubules was 

disrupted, leading to the interpretation that α-Syn acted as a tether for DAT. Treatment of 

fibroblasts with similar concentrations of nocodazole (10-100 μM applied to Ltk- cells in the 

prior work) is sufficient to depolymerize the majority of tubulin, effectively disintegrating the 

microtubule cytoskeleton [333]. In the absence of functional microtubules, however, it is unclear 

how DAT trafficking to the cell surface increases. Disruption of microtubules more typically 

leads to decreased externalization of cell surface directed proteins, preventing movement from 

intracellular pools of either recycling endosomes or Golgi-associated vesicles to the plasma 

membrane [334-336]. Following treatment with 10-100 μM nocodazole the microtubule “tracks” 

upon which secretory cargoes typically move are absent, and therefore an unknown component 

must be required to transport DAT toward the cell surface. Work on α-Syn-dependent NET 

trafficking produced a similar model surrounding the actin cytoskeleton, showing that disruption 

of actin dynamics by cytochalasin D and other agents also lead to reversal of α-Syn modulation 

of NET [194]. These findings raise the same question, thus far unanswered, of how MAT 

trafficking is accomplished when cytoskeletal architecture is disrupted in this manner.  

One possibility is that a pool of DAT-containing vesicles is reversibly held just below the 

cell surface, akin to a readily releasable pool of vesicles that is primed for immediate release 

[337]. DAT held in such a compartment would not necessarily be solely reliant on microtubule-

dependent trafficking, but could nonetheless be tethered in the proposed manner by functional 
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microtubules and thus “releasability” could be increased upon microtubule destabilization. 

Another possibility is that DAT trafficking is mediated in part by intermediate filaments. 

Neuron-specific intermediate filaments (neurofilaments), which are also present in SH-SY5Y 

cells [338], are tightly interwoven with microtubules [339], and can be highly crossbridged with 

the microtubule cytoskeleton [340]. Though neurofilaments are known to be an important 

component of axonal cytoarchitecture, neurofilament-dependent transport mechanisms are 

poorly defined, and their involvement with DAT trafficking is unknown. Improved description of 

the structure, composition, and distribution of DAT-containing vesicles and their relationship to 

various components of the neuronal cytoskeleton could help resolve these open questions about 

the interaction-dependent component of Syn-modulated DAT trafficking. 

VII B Interaction-independent DAT trafficking by synucleins 

The Syn proteins are well-known constituents of the synapse, with many putative roles in 

regulating the insertion of membrane-embedded proteins, such as DAT, into the pre-synaptic 

plasma membrane. These “late” effects on trafficking, however, constitute only part of the 

contributions that Syn proteins make to the regulation of secreted proteins. Numerous studies 

have demonstrated a striking impairment of the ER-Golgi transition and vesicle trafficking by α-

Syn, though these models frequently resulted in toxic effects [181, 203, 305]. Perhaps even more 

intriguing were models where Syn-dependent effects on ER-Golgi function and vesicle 

trafficking were evident, but these and other vital cell functions appeared largely intact, 

suggesting a regulatory role for the Syns in the biosynthetic compartments of neurons [201, 325]. 

Synthesis and trafficking of DAT through the ER, Golgi, and post-Golgi compartments is 

subject to regulation at many stages and by a wide array of factors, including many protein 

binding partners [171, 341]. DAT contains 12 transmembrane domains that require co-
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translational translocation into the ER membrane, as well as three extracellular N-linked 

glycosylation sites that can influence DAT distribution [147]. Golgi function is also critical for 

normal trafficking of DAT; for example, disruption of Golgi integrity following proteasome 

inhibition causes intracellular accumulation of DAT [301], although the proteasome does not 

appear to be involved in the Syn-dependent effects on DAT trafficking reported here (see 

Appendix E). Nonetheless, both the ER-Golgi transition and integrity of the Golgi apparatus are 

known to be sensitive to the over-expression of α-Syn [181, 203]. β-Syn and γ-Syn also appear 

competent to influence passage of DAT through these compartments, as they possess both lipid-

binding [342] and chaperone-like properties [343], though direct effects of β-Syn and γ-Syn on 

the ER-Golgi transition have not been described prior to the present findings.    

Once properly targeted to the synapse, regulated insertion of DAT into the plasma 

membrane is a critical mode of clearing released dopamine from the synaptic cleft, and is the 

only means for re-uptake and recycling of dopamine [171, 341]. Syntaxin-1A is a SNARE 

protein that interacts with and can facilitate membrane insertion of DAT [344]. Assembly of 

SNARE complexes that include Syntaxin-1A and other critical components of the exocytotic 

machinery are directly affected by availability of the Syn proteins, as deletion of all three 

endogenous Syn proteins in triple KO mice impairs SNARE complex formation [33, 205]. This 

deficit is rescued by exogenous re-expression of human α-Syn, which restores SNARE complex 

formation in neurons from these animals [33]. Importantly, it has also been demonstrated that 

over-expression of a truncated form of α-Syn in transgenic mice alters the anatomical 

distribution of Syntaxin-1A and DAT in the striatum [345]. Together, these earlier findings 

illustrate that Syn proteins have the potential for involvement at nearly every stage of the DAT 

lifecycle and that expression either above or below an optimal threshold has direct consequences 
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for fundamental neuroregulatory mechanisms. The new results presented here extend these 

consequences further upstream to DAT export from the ER, and are consistent with recent 

findings pointing to a role for all three Syn proteins as cooperating co-regulators of synaptic 

function. These effects constitute the many putative “interaction-independent” modes of Syn 

modulation of DAT trafficking. 

Though these results are largely in agreement with the notion that Syns participate in 

regulated trafficking of DAT and other secreted proteins, the intra-ER mechanism that appears to 

contribute here is novel. SH-SY5Y neuroblastoma cells are a frequently used model of neuronal 

cells that, under normal conditions, express a relatively low amount of α-Syn protein [183, 346-

348]. Ectopic expression of DAT confers a significant capacity for uptake of [3H]-DA, which can 

be modulated by increasing expression of any of the Syn proteins (see Chapter VI). Consistent 

with previous studies [183, 296], cell-surface DAT comprised approximately 50% of the total 

pool of DAT protein in transfected SH-SY5Y cells. This suggests that the model of DAT 

trafficking used here reproduces a situation much like that present in the cell body of 

dopaminergic neurons, where DAT would exist primarily in biosynthetic compartments 

preceding its targeted trafficking to distant synaptic uptake sites. Indeed, this fact may explain 

the apparent discrepancies between previously reported in vitro work on Syn modulation of DAT 

and the many in vivo studies that (until the present work) had produced only limited support for 

Syn-dependent trafficking of DAT (see section VII A above). 

The potential involvement of Syn proteins in regulation of biosynthetic processes inside 

the ER is of great interest. Dopaminergic lesions result in the loss of DAT terminals through 

degeneration, but there are additional losses in DAT function that result from a simultaneous 

reduction of DAT export, leading to its accumulation in the ER-Golgi compartment [349]. Also, 
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the ratio of glycosylated to non-glycosylated DAT is elevated in the dopaminergic neuronal 

populations most affected by PD [350], suggesting that trafficking of DAT in the cells 

composing the nigrostriatal pathway is especially dependent on efficient ER and Golgi function. 

Grp78 is a critical determinant of the folding capacity of the ER lumen, with Grp78 assisting in 

the functional expression of transmembrane proteins such as SERT, which is a close homolog of 

DAT [309]. Like the IgG heavy chain, which is a classical Grp78 substrate [351], the Syns are 

recognized as intrinsically disordered proteins [50]. Structural studies have shown that by 

binding to and stimulating the ATPase activity of Grp78, intrinsically disordered proteins are 

constantly engaged in sequestering the “open” population of the chaperone, thus reducing 

availability of Grp78 for enabling folding reactions of other ER-resident proteins [312]. The site 

of interaction between Grp78 and the Syn proteins is unclear, but whether they occupy the 

substrate binding pocket or merely associate with the substrate binding domain, physical 

interactions with this portion of Grp78 are likely to modify its activity. Presence of the Syn 

proteins inside the ER lumen indicates that exposure of Grp78 to interference by the Syn proteins 

is a normal event. Furthermore, pathological excess of α-Syn can trigger ER stress in rats that is 

reversible by over-expression of Grp78 [319], and similar effects have been reported recently in 

a mouse model of synucleinopathy [314, 315]. How Syns achieve entry into the ER, and the 

mechanisms governing that process, remain to be defined, but could be an important target in 

preventing Syn-dependent ER stress. 

Taken together, these results suggest a potentially important role for all three Syns in 

regulating ER function, and show how this function could contribute to modulation of DAT 

trafficking. Though prior studies showed that the NAC region of α-Syn mediates microtubule 

tethering of DAT, it is clear from the present work that modulation of DAT trafficking is not 
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solely dependent on this interaction. A separate contributor to DAT trafficking is the indirect 

effect of α-Syn, β-Syn, and γ-Syn on the biosynthesis and export of DAT and potentially many 

other secreted proteins. The identification of multiple layers of interlocking, redundant regulation 

of DAT is consistent with overlapping roles for all three Syns. Thus, while α-Syn is often 

viewed as having a special relationship with dopaminergic neurotransmission, it is crucial to 

recognize now that β-Syn and γ-Syn are also present in the relevant tissues and are equally 

capable of significant regulation of DAT, a critical member of the dopamine signaling network. 

 

VII D. Future Directions 

VII D.1 Defining the physiological function of synucleins 

As mentioned throughout this document, the function of the Syn family proteins remains 

obscure. Syns do not appear to be essential for normal development, with negative consequences 

of Syn deletion apparent only in aged TKO mice [33, 204, 205]. Even in these animals, 

dopaminergic functions are largely intact, with only small differences observed in the mechanics 

of storage and release of DA or dopaminergic behaviors that are not associated with loss of 

dopaminergic neurons [204]. Thus, while most studies are in general agreement with a role of the 

Syn proteins as modulators of dopaminergic neurotransmission, the specifics of how and to what 

extent Syns regulate storage, release, and re-uptake of DA under normal conditions are still 

unclear. Equally unclear is the relevance of these (putative) functional roles to known 

pathological effects of Syn over-expression, especially α-Syn. 

One recent study has attempted to address this question directly by mutating residues 

throughout the functional regions of α-Syn as well as truncating portions of the α-Syn protein 
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believed to mediate both normal and pathological roles [54]. This work suggests that α-Syn-

dependent functions, such as SNARE complex assembly, operate in isolation from the 

pathological consequences of α-Syn over-expression, such as aggregate formation. Especially 

important is the finding that a truncated version of α-Syn consisting only of the alpha helical 

portion is capable of reproducing many characteristics of the full length protein, including lipid 

binding and synaptic targeting. The amino terminal region that forms these alpha helices is the 

most similar between the three Syn proteins (see Chapter I). The finding that the function of the 

truncated α-Syn protein is partially preserved supports the view expressed here that significant 

overlaps in function exist between α-Syn, β-Syn, and γ-Syn. This is of particular interest because 

the disordered carboxy terminal, which is less conserved within the Syn family, appears to 

mediate a separate suite of functions that in many cases have not been fully examined for β-Syn 

or γ-Syn. For example, a recent study has shown that over-expression of γ-Syn cannot rescue the 

phenotype of cysteine string protein α null (CSPα KO) mice [95]. CSPα KO mice undergo 

severe neurodegeneration, resulting in early death that is reversible upon over-expression of α-

Syn [94]. The failure of γ-Syn to rescue the CSPα KO phenotype is attributed entirely to 

variability between the carboxy terminal regions of γ-Syn and α-Syn. Future work should 

examine the functional capabilities of both β-Syn and γ-Syn on the various α-Syn functional 

assays that have been established by these groups and others. Strategies such as targeted 

mutagenesis, truncation, and domain swapping between the Syn proteins would enable a direct 

comparison and the indentification of the specific sequence elements responsible for these 

functions. 

In particular, this approach could facilitate further description of the various mechanisms 

contributing to Syn modulation of DAT by identifying the specific residues required for binding 
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to DAT, in interaction-dependent mechanisms, and binding to Grp78, as an example of a DAT-

interaction-independent mechanism. A screen for Syn binding partners identified five Hsp70 

family members, including Grp78 (see Table VI.3). While there have been several reports of 

interactions between the Syn proteins, Hsp70 chaperones, and the associated co-chaperones 

[352-354], much remains unanswered about the functional consequences of these binding events. 

A thorough analysis of the relative affinity of the Syn proteins for these chaperones, as well as 

examination of the effects of the Syn proteins on ATPase activity and folding capacity of Hsp70 

chaperones, could be extremely informative future work. 

 

VII D.2 Modeling synucleinopathy 

Two theories compete to explain the involvement of α-Syn in the pathogenesis of PD and related 

synucleinopathies. One proposes a toxic loss of normal function; the other, a gain of toxic 

function. Though this debate has not been settled, accumulating evidence appears to favor the 

latter model. The dopaminergic system that is preferentially degenerated in PD tolerates deletion 

of the genes for the Syn proteins with few ill effects, at least in young animals [204], suggesting 

that a large proportion of their function is dispensable without immediate consequences. In 

contrast, over-expression of the Syn proteins, especially the A53T mutant of α-Syn, has 

consistently generated synuclein-based pathology with some features that are highly reminiscent 

of human synucleinopathic lesions [244]. While aged animals develop severe neurodegeneration, 

younger animals also manifest Syn-dependent behavioral and neurochemical phenotypes, 

including those discussed here (see Chapter IV and V). Nonetheless, all known models of 

synucleinopathy, including A53T α-Syn mice, suffer from incomplete recapitulation of the 

features of the human disease. Furthermore, while some aspects such as accumulation of α-Syn 
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oligomers and brainstem neurodegeneration are consistently reported in A53T α-Syn mice [214, 

286], only a subset of studies (including the present work) have detected a loss of SNpc DA 

neurons [221]. 

In addition to capturing the cardinal features of PD, successful modeling of the 

constellation of non-motor symptoms that accompany PD remains a pressing challenge for pre-

clinical researchers. Olfactory deficits, affective disorders, and enteric dysfunction may 

constitute a prodromal stage of PD [271], and pre-clinical modeling of these symptoms could 

provide a means for testing prophylactic treatments or other therapeutic measures that could 

prevent or significantly delay the onset of motor dysfunction [253-255]. Although in the present 

work A53T α-Syn mice manifested a loss of anxiety-like and depressive-like behaviors, the 

pattern of reduced depressive-like behavior diverged dramatically at 12 months, as symptomatic 

A53T mice adopted an immobile posture throughout the FST period. The increase in FST 

immobility scores in symptomatic A53T mice suggests that increased depressive-like behaviors 

observed in other rodent models of PD may be linked to the loss of dopaminergic tissues and 

development of motor impairment rather than the development of pre-motor symptoms 

analogous to the co-morbidity of depression with PD [253-255]. An example is evidence from 

the vesicular monoamine transporter 2 deficient mouse (VMAT2 LO) where a progressive loss 

of monoamine storage capacity is associated with increased depressive-like behavior in aged 

VMAT2 LO animals [355]. Younger VMAT2 LO mice have FST immobility scores similar to 

WT, suggesting that their later increase in depressive-like behavior is linked to the 

monoaminergic lesion. 

This type of functional loss was only partially reproduced in A53T α-Syn mice, as loss of 

SNpc neurons but not striatal dendritic spine density was observed (see Chapter V). Previous 
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work has shown that motor impairment in A53T α-Syn mice develops in conjunction with severe 

synucleinopathy and motor neuron losses in the spinal cord, leading ultimately to skeletal muscle 

degeneration and paralysis [214, 247, 248, 268, 356]. Thus, altered anxiety-like and depressive-

like behaviors in the A53T mouse lines may not provide an adequate means to model the non-

motor affective symptoms of PD. Indeed, the use of mice to model affective behaviors may 

ultimately be an unsuccessful strategy for reproducing the highly heterogeneous nature of human 

mood disorders [357]. This inappropriateness may also extend to modeling of synucleinopathy, 

which appears to manifest in mice much differently than in the human brain. Compelling results 

are emerging from more recently developed rat models of synucleinopathy, including stereotactic 

delivery of viruses to express Syn proteins [358] or increasingly successful approaches for rat 

genome editing [359]. These new strategies for studying synucleinopathy could lead to more 

representative neurodegenerative phenotypes as well as models of affective behavior that are 

more relatable to the progression of PD in humans. 

 

VII E. Final comments 

Of central importance to the present work is the conclusion that α-Syn, β-Syn, and γ-Syn are 

capable of producing effects on DAT that are essentially indistinguishable. In support of this 

conclusion are a series of experiments that utilized diverse methods to demonstrate that all three 

Syn proteins reduced distribution of DAT to the plasma membrane in the SH-SY5Y cellular 

model of DAT trafficking. The Syn proteins and DAT were co-distributed in SH-SY5Y cells as 

well as the mouse brain, where the Syn proteins were observed occupying DAT-labeled 

structures present throughout the entire nigrostriatal pathway. Indeed, DAT function and 

distribution to the plasma membrane were altered in the brain of mice over-expressing A53T α-
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Syn, a Syn mutant that is known to be a defective modulator of DAT. Increased expression of the 

endogenous Syn proteins was associated with reversal of disrupted DAT trafficking in these 

animals, suggesting that overlapping roles for the three Syn proteins enabled a compensatory 

regulatory response to over-abundant A53T α-Syn. While many questions regarding the 

mechanism of action and relative contributions of each Syn protein remain unanswered, these 

findings are consistent with a role for the Syn proteins in regulation of DAT function and more 

broadly, DA neurotransmission. Thus, a cooperative regulatory function shared by the Syn 

proteins is an important determinant of many aspects of neurochemical function that underlie 

behavioral and biochemical phenotypes.  
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Appendix A. Original Specific Aims 

At its inception the work detailed in this document had different goals. As originally conceived, 

however, the proposed project failed to generate significant findings. It was therefore broadened 

considerably, and then narrowed to the aims described above (see Chapter II). Below is the 

original Hypothesis and statement of Specific Aims as described in the submitted Thesis 

Proposal. 

A 1. Hypothesis 

γ-Syn acts a pro-depressant molecule such that when it is over-expressed in the pre-frontal 

cortex it interferes with homeostatic regulation of NE release by altering NET trafficking 

and activity. Preliminary results indicated that expression of γ-Syn was elevated in postmortem 

inferior frontal gyrus of patients with depression and that a depressive-like phenotype exists in 

α-Syn knockout (KO) mice, where the gene for α-Syn is deleted. Wild-type (WT), heterozygous 

(HET) and α-Syn KO littermates will provide a system where the γ-Syn to α-Syn ratio is 

progressively altered, creating ideal experimental conditions in which to further investigate the 

putative pro-depressant role of γ-Syn. The proposed studies will characterize the behavioral and 

neurochemical consequences of γ-Syn imbalance, as well as the response of α-Syn KO and HET 

mice to chronic treatment with DMI. In parallel, the molecular mechanisms by which DMI alters 

γ-Syn expression will be investigated in α-Syn KO mice as well as cell lines with high levels of 

endogenous γ-Syn. Finally, the nature of the interactions between Syns and NET will be 

examined using biophysical methods. 
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A 2. Aim I 

To assess behaviorally and neurochemically the pro-depressant effects of γ-Syn on NET in 

the pFC of α-Syn KO, HET, and WT mice treated chronically with DMI or vehicle. 

Rationale The ratio between the Syn proteins α-Syn and γ-Syn governs distribution and function 

NET through interactions with the transporter, producing a depressive-like phenotype in WKY 

rats where γ-Syn abundance is elevated. By excluding the contribution in the mouse brain of the 

highly abundant α-Syn, the role of γ-Syn as a pro-depressant molecule can be isolated and 

studied with greater specificity. 

A 2.1. Aim I.1 

To determine the response to chronic DMI in the absence of α-Syn. Depressive-like behavior 

will be indexed by forced swim test in mice that are absent one (HET) or both (KO) copies of α-

Syn wherein γ-Syn is therefore the primary Syn binding partner of NET.  

A 2.2. Aim I.2 

To determine the effect of chronic DMI on cellular distribution, function, and protein-protein 

interactions of NET in WT, HET, and KO mice. Uptake of [3H]-NE into cortical synaptosomes 

as well as membrane occupancy of NET will be measured, and binding between the Syn proteins 

and NET will be evaluated by co-immunoprecipitation. 

 

A 3. Aim II 

To determine the mechanism by which DMI alters γ-Syn expression. 

Rationale γ-Syn appears to regulate distribution and function of NET through interactions with 

the transporter that are eliminated when γ-Syn expression is reduced by chronic treatment with 
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DMI. It is not known how DMI contributes to regulation of γ-Syn protein levels, but such 

knowledge could generate important new drug targets in the treatment of depression and other 

NET-related mood disorders. 

A 3.1. Aim II.1 

To determine the effect of chronic DMI on γ-Syn gene expression in the noradrenergic cells of 

the locus coeruleus (LC) of WT, HET, and KO mice. TH-expressing LC neurons will be isolated 

by laser capture microdissection and sncg mRNA expression will be assessed by quantitative 

PCR methods. 

A 3.2. Aim II.2 

To determine the effect of exposure to DMI on γ-Syn protein and gene expression cell lines with 

endogenous expression of γ-Syn. T-47D and HCT-116 cell lines both express readily detectible 

levels of γ-Syn. The time course and dose-response of γ-Syn protein expression changes will be 

determined and correlated with gene expression analysis using quantitative PCR methods. 

 

A 4. Aim III 

To assess the interactions underlying modulation of NET by α-Syn, β-Syn, and γ-Syn. 

Rationale Co-immunoprecipitation of Syns and NET suggests that a protein-protein interaction 

drives the observed negative modulation of NET. Distribution and physical proximity of NET 

and the Syns will be measured by confocal microscopy and photobleaching Forster resonance 

energy transfer (pb-FRET) of co-transfected cells. 
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A 4.1. Aim III.1 

Epitope tagged Syn proteins will be co-expressed with NET in SH-SY5Y cells to facilitate co-

immunoprecipitation of each Syn-NET pair to verify protein-protein interactions. Peptide 

competition experiments or deletion mutants may be used to map the interacting domains.  

A 4.2. Aim III.2 

Direct binding between the Syns and NET could put the proteins in sufficiently close proximity 

to perfrom Förster resonance energy transfer (FRET)-based experiments. FRET methods will be 

used to screen for direct interaction between each Syn-NET pair. 
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Appendix B. Synuclein modulation of NET 
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Portions of this appendix have been published elsewhere and are re-used here with permission 

(see Appendix F): 

 

Oaks, A. W., M. Frankfurt, D. I. Finkelstein, and A. Sidhu, Age-Dependent Effects of A53T 

Alpha-Synuclein on Behavior and Dopaminergic Function. PLoS One, 2013. 8(4): p. e60378.  
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Appendix B. Synuclein modulation of NET 

B 1. Synucleins and NET in the α-Syn KO mouse 

B 1.1 NET distribution in the frontal cortex of the α-Syn KO mouse 

To assess NET trafficking in vivo in the absence of α-Syn, expression, distribution, function of 

NET was examined in the frontal cortex of α-Syn KO mice. There were no apparent or 

quantitative differences between genotypes in cortical expression of NET or γ-Syn, or 

distribution between membrane and cytosol fractions (Fig. B.1A). Uptake of [3H]-NE into 

cortical synaptosomes was unaltered between α-Syn KO and WT mice (Fig. B.1B). 

B 1.2 NET distribution in the hippocampus of the α-Syn KO mouse 

To further assess NET trafficking in vivo in the absence of α-Syn, expression and distribution of 

NET was examined in the hippocampus of α-Syn KO mice. There were no apparent or 

quantitative differences between genotypes in cortical expression of NET or γ-Syn, nor was 

distribution of γ-Syn altered (Fig. B.2A). Distribution of NET varied based on apparent 

molecular weight, with only 98 kDa NET increased at the membrane (Fig. B.2B). 

B 2. Synucleins, NET, and Tau in the A53T α-Syn mouse 

B 2.1 NET distribution in the hippocampus of A53T α-Syn mice 

As part of an investigation into the possible involvement of noradrenergic signaling and NE re-

uptake in the behavioral phenotype of A53T α-Syn mice, expression, distribution, and function 

of NET was examined. Hippocampal expression and distribution of NET did not differ 

significantly between genotypes, nor was there an effect of aging (Fig. B.3A-3C). Uptake of 
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[3H]-NE into hippocampal synaptosomes was decreased at four and 12 months in A53T α-Syn 

mice, but unaltered at 2 and 8 months (Fig. B.3D) Thus, there was no consistent effect of aging; 

changes in [3H]-NE uptake did not correlate with changes in NET distribution. Reduced uptake 

is consistent with negative modulation of NET by increased total Syn protein load, although the 

inconsistency of the data prevent definitive conclusions regarding the involvement of the Syns in 

NET trafficking in the hippocampus. 

B 2.2 Expression of the synucleins in the hippocampus of A53T α-Syn mice 

Several studies have shown recently that NET trafficking can be modulated in both cellular 

models and in the rat brain by the relative concentration of the Syn proteins [5, 66, 184, 194]. 

Although the pattern of hippocampal NET distribution in A53T α-Syn mice was confused, 

expression of the Syn proteins was nonetheless analyzed to determine whether a correlation 

existed between NET trafficking and relative Syn protein load. Human α-Syn was only detected 

in A53T α-Syn mice (Fig. B.4A), and total α-Syn and β-Syn expression was by elevated by 

approximately two-fold (Fig. B.4B). Age-dependent changes in expression of the three Syn 

family members were absent, and no difference in γ-Syn between the genotypes was present. 

High molecular weight α-Syn was absent from both TX-100 soluble and insoluble fractions of 

A53T α-Syn mice (Fig. B.4C-4D), which is consistent with previous reports showing the 

absence of hippocampal α-Syn inclusions in aged A53T mice [214]. 

B 2.3 Tau phosphorylation in the hippocampus of A53T α-Syn mice 

As a measure of neuropathological progression in A53T mice, accumulation of PHF-1 Tau, an 

indicator of Tau hyper-phosphorylation, was analyzed by immunoblot in the hippocampus of 2, 

4, 8, and 12 month-old animals (Fig. B.5A). While significant accumulation of Tau hyper-
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phosphorylated at the PHF-1 epitope as well as other sites was observed in the striatum, no 

accumulation of p-Tau or activation of GSK-3β were observed in the hippocampus (Fig. B.5B). 

B 3. Cellular model of NET trafficking by the synucleins 

Previous work has established that Syn:NET co-transfection ratios of 3:1 negatively  modulate 

trafficking of NET to the cell surface in Ltk- cells, with α-Syn and γ-Syn having roughly the 

same effect on NET function [66]. Pre-treatment of cells with nocadozole reverses the effect of 

α-Syn but not γ-Syn on NET distribution, suggesting that the two Syn proteins operate on NET 

by different mechanisms. To determine whether α-Syn and γ-Syn compete or cooperate in 

modulation of NET distribution, Ltk- cells were co-transfected with varying ratios of α-Syn:γ-

Syn:NET and uptake of [3H]-NE was measured. Alone at the 3:1 ratio, both α-Syn and γ-Syn 

reduced NET uptake (Fig. B.6). Modulation of NET at this ratio by α-Syn but not γ-Syn was 

sensitive to treatment with nocodazole, consistent with previous reports. Combined at a 1.5:1.5:1 

ratio, α-Syn and γ-Syn reduced NET uptake, though to a lesser extent than either Syn protein 

acting alone; this modulation was nocodazole sensitive. When the ratio of α-Syn:γ-Syn was 

reduced (0.75:2.25:1), reduction of NET uptake was larger, and modulation of NET was no 

longer sensitive to nocodazole. Together, these data suggest that α-Syn and γ-Syn cooperate to 

modulate NET distribution and that the prevailing Syn protein determines sensitivity of NET 

trafficking to nocodazole treatment. 
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B 4. Figures 

 

Figure B.1 NET expression and function in the frontal cortex of α-Syn KO mice 

Cortical protein isolated from littermate WT (W) and α-Syn KO (K) mice was analyzed by 

immunoblot (A) as total lysates, cytosol, and membrane fractions for expression levels of α-Syn, 

γ-Syn, and NET. Actin expression was also analyzed as a loading control. Representative blot 
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images from each genotype are presented with approximate molecular mass of nearest protein 

ladder bands indicated. Bands were quantified by optical and comparisons between WT (n=6) 

and α-Syn KO (n=6) were made for each protein by t-test (no significant differences detected). 

(B) Uptake of [3H]-NE into cortical synaptosomes isolated from WT and α-Syn KO mice was 

measured in triplicate from six animals per group and is presented as mean ± SEM. Non-specific 

uptake was determined in the presence of 1 μM desipramine HCl and has been subtracted. 

Comparisons between WT and α-Syn KO mice were made by t-test (no significant differences 

detected). 
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Figure B.2 NET expression and distribution in the hippocampus of α-Syn KO mice 

Hippocampal protein isolated from littermate WT (W), heterozygote (H), and α-Syn KO (K) 

mice was analyzed by immunoblot (A) as total lysates, cytosol, and membrane fractions for 

expression levels of α-Syn, γ-Syn, and NET. Actin expression was also analyzed as a loading 

control. Representative blot images from each genotype are presented with approximate 
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molecular mass of nearest protein ladder bands indicated. Bands were quantified by optical and 

comparisons between WT (n=6) and α-Syn KO (n=6) were made for each protein by t-test. (B) 

Band optical density (OD) relative to actin is presented as percent of WT (mean ± SEM) and was 

analyzed by two-way ANOVA with Bonferroni post-hoc tests comparing each A53T group to 

age-matched controls. No significant differences detected except for high molecular weight NET 

(**p<0.01, ***p<0.001). 
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Figure B.3 NET distribution and function in the hippocampus of A53T α-Syn mice 

Expression and distribution of NET in the hippocampus was analyzed by immunoblot on protein 

from (A) total lysates (TL) or synaptosomal plasma membrane (SPM) fractions. Actin or 

cadherin expression, respectively, were analyzed as loading controls. Representative blot images 

from each genotype at each age are presented. Band optical density (OD) of (B) TL (four 

animals per group) and (C) SPM NET (two animals per group) relative to appropriate loading 

controls is presented as percent of 2 month-old WT (mean ± SEM) and was analyzed by two-

way ANOVA with Bonferroni post-hoc tests comparing each A53T group to age-matched 

controls. (D) Uptake of [3H]-NE into hippocampal synaptosomes isolated from WT and A53T 

mice at 2-12 months of age was measured in triplicate from six animals per group and is 

presented as percent of age-matched WT control (mean ± SEM). Non-specific uptake was 
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determined in the presence of 1 μM desipramine HCl and has been subtracted. Comparisons 

between WT and A53T α-Syn at each age were made by t-test (*p<0.05). 
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Figure B.4 Synuclein expression in the hippocampus of A53T α-Syn mice 

(A) Syn expression was analyzed by immunoblot on hippocampal total lysates with actin as a 

loading control. (B) Optical density (OD) relative to actin (five animals per group) is presented 

as percent of 2 month-old A53T mice (A53T α-Syn) or 2 month-old WT (total α-Syn, β-Syn, γ-

Syn) and was analyzed by two-way ANOVA with Bonferroni post-hoc tests comparing 2 and 12 

month-old A53T (no significant differences detected). (C) Solubility of α-Syn was analyzed by 

immunoblot on hippocampal homogenate extracted with 1% TX-100 and centrifuged at 15,000 

RCF for 60 min. (D) Insoluble pellets were further extracted with the addition of 2% SDS and 

fractions were analyzed in parallel by immunoblot. Representative blot images from each 

genotype at each age are presented with approximate molecular mass of nearest protein ladder 

bands indicated (Mr).  
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Figure B.5 Tau phosphorylation in the hippocampus of A53T α-Syn mice 

(A) Phosphorylation of Tau protein at the PHF-1 epitope, expression of Tau kinases, and 

phosphorylation of kinases at activating sites was analyzed by immunoblot on hippocampal total 

lysates. (B) Band optical density (OD) relative to appropriate loading controls (five animals per 

group) is presented as percent of 2 month-old WT (mean ± SEM) and each A53T group to age-

matched controls (no significant differences detected). 
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Figure B.6 Modulation of NET trafficking by α-Syn and γ-Syn 

Uptake of [3H]-NE into Ltk- cells co-transfected with NET (100 ng/cm2) and various ratios of α-

Syn and γ-Syn (as indicated) was measured over 10 min following treatment with 100 μM 

nocodazole (NOC) or DMSO as described previously [66]. Values (n=6; mean ± SEM) are 

presented as percent of NET alone (line at 100%). Non-specific uptake in the presence of 1 µM 

desipramine was subtracted. Total amount of transfected DNA was kept constant at 500 ng/cm2 

with the addition of empty pcDNA3.1 vector. Data from all experiments was analyzed by two-

way ANOVA with Bonferroni post-hoc tests comparing each condition to the NET alone control 

(*p<0.05, ***p<0.001). 
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Appendix C. Simulation of fluorescence recovery after photobleaching 
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Appendix C. Simulation of fluorescence recovery after photobleaching 

C 1. Background 

One approach to analysis of FRAP data is to fit normalized, bleach-corrected fluorescence 

intensity values to a single exponential recovery curve. This approach has been used in Chapter 

VI (see Fig. VI.5) to discriminate intracellular DAT, which is assumed to recover fully in the 

FRAP analysis, from the plasma membrane population of DAT, which is assumed not to 

contribute significantly to FRAP. A limitation of this approach is that it requires a situation 

where recovery of fluorescence is determined by a single process (in this case, passive diffusion 

of the labeled substance) that occurs at a single, stable rate. This assumed situation is quite 

simplistic compared to what is known or at least believed about the various processes 

contributing to movement of DAT in a cell. In a given cell, DAT is likely to occupy at least two 

membranous compartments: intracellular membranes (IM-DAT) and the plasma membrane (PM-

DAT). IM-DAT is likely compartmentalized even further, with distinct mobility characteristics 

present in the tubulo-reticular structure of the ER, the complex network of Golgi stacks, and the 

various post-Golgi vesicles that are trafficked throughout the cell. Further complicating analysis 

of FRAP data is the effect of volume. Although data are usually collected in two dimensions, 

FRAP experiments are frequently analyzing a three-dimensional process, as is likely the case 

here. While in the experiments presented in Chapter VI the imaged area is at the cell periphery, it 

is not clear how much of the signal in this area originates from the various adjacent 

compartments containing DAT. Thus, in addition to modeling recovery via at least two rates of 

diffusion (one for PM-DAT; one for IM-DAT) the analysis may need to account for the 

contributions to recovery of two geometrically distinct types of diffusion: lateral diffusion within 
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the plasma membrane as well as three-dimensional diffusion from adjacent intracellular 

membrane compartments. 

The analysis of the FRAP data utilized in Chapter VI is based upon a simple model for 

fluorescence recovery (for review see [360]) that when successfully applied can distinguish two 

separate populations of labeled proteins: the mobile fraction (FM) and the immobile fraction 

(FI). Formally, these refer to the fraction of initial fluorescence that is recoverable following 

bleaching (and thus “mobile”) and the fraction of initial fluorescence that fails to recover (and is 

thus “immobile”). The population of proteins that these fractions represent will necessarily 

depend on the time scale of the experiment, the physical organization of the fluorescently labeled 

object, and the rates of the processes that contribute to FRAP. In the experiments presented in 

Chapter VI, the FM and FI are assumed to be formally equivalent to IM-DAT and PM-DAT, 

respectively. While this assumption is on its face reasonably well supported by both the general 

model described previously [299] as well as reported diffusion rates for IM-DAT [360] and PM-

DAT [297], the interpretation presented in Chapter VI is further supported by the results of a 

simulated FRAP experiment described below. 

C 2. Simulation results and conclusions 

Several processes have the potential to contribute to the recovery of DAT fluorescence. Previous 

work in cellular models of DAT trafficking has estimated the half-life of PM-DAT at 

approximately 13 min, which is an estimate of the speed of endocytic recycling between 

intracellular and cell surface compartments [361]. Under the experimental conditions in SH-

SY5Y cells that are described here, however, the apparent FRAP half-time of DAT recovery was 

typically 6-8 s (see Fig. VI.5). Therefore, the process of DAT recycling that moves DAT 

between compartments functions too slowly to contribute significantly to FRAP, leaving only 
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lateral diffusion of PM-DAT and three dimensional diffusion of IM-DAT as possible sources of 

DAT FRAP. The rates of these two processes, which have been estimated at 0.01-0.03 μm2/s 

[297] and 0.4 μm2/s [360], respectively, differ by 13-40 fold. As discussed above, this difference 

enabled the assumption that, like DAT recycling, PM-DAT diffusion made a negligible 

contribution to recovery over the FRAP monitoring period (<30 s). Thus, the FI was considered a 

reasonable estimate of the size the PM-DAT population. Interpreted in this manner, the data 

therefore indicated that the FI, and therefore PM-DAT, was reduced in the presence of the Syn 

proteins (see Fig. VI.5).  

To determine whether the difference between the estimated diffusion rates of IM-DAT 

and PM-DAT reported in the literature is sufficiently large to support this interpretation, the 

movement by diffusion of particles on a spherical surface was modeled using the freely available 

Blurlab microscopy simulation tool (simtk.org/home/blurlab). This tool enables customized 

simulation of both the diffusive behavior of the particles as well as the microscopy conditions 

used for imaging experiments, including FRAP [362]. Parameters used to simulate diffusion of 

18,645 molecules on the surface of a sphere with a radius of 3 μm (Fig. C.1A) over a period of 

30 s are listed in Table C.1 for three different rates of diffusion. These rates correspond to IM-

DAT (0.4 μm2/s), a high figure for PM-DAT (0.03 μm2/s, PM-DATHI), and a low figure for PM-

DAT (0.01 μm2/s, PM-DATLO). FRAP microscopy was simulated according to the parameters 

listed in Table C.2, and was intended to mimic as closely as possible the FRAP experiment 

described in Chapter VI. Successfully replicated conditions included a similar extent of 

photobleaching (approximately 40% of initial signal remained), duration of recovery period (27 

s), and bleach area size (2.8 μm2 by 1.4 um2 rectangle). Images generated by the Blurlab 

microscopy simulator showed that while particles with the diffusive properties of IM-DAT 
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recovered to a plateau over the 27 s monitoring period, FRAP of PM-DAT is limited during this 

time (Fig. C.1B and Video 6). FRAP curves generated with ImageJ confirmed the pattern of 

diffusive behavior apparent from these simulated images (Fig. 1C). Recovery curves for PM-

DATHI and PM-DATLO were fitted with I∞ constrained to the plateau value reached by IM-DAT 

(0.8645). This analysis showed that recovery half-time at the slower diffusion rates for PM-DAT 

is much longer (see Table C.3), extending the recovery period well beyond the monitoring period 

of the FRAP experiment described in Chapter VI. Analysis of the mean intensity reached for 

each condition at 27 s after bleaching showed that at slower diffusion speeds the apparent 

percent recovery (% recovery (t = 27 s)) was significantly reduced (Table C.3), with PM-DAT 

recovering only 27-48% of initial signal over this period. 

These results showed that under simulated conditions similar to those present in the 

cellular model of DAT trafficking used in Chapter VI, the behaviors of IM-DAT and PM-DAT 

are distinguished by a simple model of FRAP. Especially at the lower reported estimate of PM-

DAT diffusion [297], PM-DAT appeared likely to make only a limited contribution to FRAP. 

Specifically, while the extent of bleaching (~40% of intial signal remains) was similar in all three 

conditions, less than 30% of bleached PM-DATLO recovered, while IM-DAT recovered more 

than 75% of initial signal. Furthermore, the IM-DAT figure under-estimated the extent of 

recovery, which appeared to be essentially complete (Fig. C.1B-1C), as the total number of DAT 

molecules on the sphere was reduced by approximately 3.5% and the mean fluorescence 

intensity of the imaged area was reduced by approximately 15% following bleaching. Thus, 

according to this analysis, the greater the size of the PM-DAT population in a given cell, the 

lower the amount of initial signal that will be recovered during the 27 s FRAP monitoring period. 
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This simulation therefore supports the interpretation that the FI detected in FRAP 

experiments (Fig. VI.5) is a representative measure of the population of PM-DAT present in the 

imaged cell, as this slowly diffusing population of DAT is not likely to recover substantially over 

the time period analyzed in these experiments. Nonetheless, future analysis of DAT trafficking 

should utilize microscopy conditions with increased capacity to resolve the origin of DAT 

fluorescence. In particular, total internal reflection fluorescence microscopy, which can be used 

to optically isolate plasma-membrane localized proteins, could be coupled with the FRAP 

approach presented in Chapter VI to more specifically analyze both the relative distribution of 

DAT and the characteristic behavior of DAT at the cell surface under conditions of Syn protein 

over-expression. More detailed analysis of DAT diffusion and trafficking both within and 

between the intracellular and cell surface compartments is desirable. Our understanding of the 

nature of DAT trafficking organelles, especially in the brain, is relatively limited, and could 

benefit from further investigation along these lines. In addition, the Syn proteins are believed to 

influence trafficking of DAT and other secretory proteins in many organellar compartments and 

improved description of basic DAT biology could simultaneously enable enhanced description of 

Syn protein function. 
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C 3. Tables 

Table C.1 Diffusion simulation parameters 

Parameter IM-DAT PM-DATHI PM-DATLO 

frames 300 300 300 

s / frame 0.1 0.1 0.1 

sphere radius 3.0 μm 3.0 μm 3.0 μm 

DAT densitya 165 DAT/μm2 165 DAT/μm2 165 DAT/μm2 

Db 0.4 μm2/s 0.03 μm2/s 0.01 μm2/s 

duration 30 s 30 s 30 s 

 

aDensity based on published estimates of maximum rate of DA translocation per molecule of 

DAT [363], maximum velocity of DA uptake in DAT transfected fibroblasts [175, 176, 187], and 

approximate cell surface area of cultured fibroblasts [364]. bD (rate of diffusion) based on 

previously published estimates of IM-DAT [360] and PM-DAT [297] diffusion properties. 
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Table C.2 FRAP simulation parameters 

Parameter Value 

Magnificationa 100X 

Numerical aperturea 1.4 

Index of refractiona 1.515 

Wavelengtha 532 nm 

Z-spacinga 40 nm 

X/Y-spacinga 80 nm 

Pre-bleach duration 3.0 s 

Recovery duration 27 s 

Bleach ROI size 3.92 μm2 (2.8 μm x 1.4 μm) 

 

aParameters defining the point spread function used to simulate convoluted emission from each 

particle of DAT. 
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Table C.3 Kinetic analysis of simulated FRAP 

Parametera IM-DAT PM-DATHI PM-DATLO 

IPRE 1.000 1.000 1.000 

IPOST 0.4378 0.4298 0.4108 

I∞ 0.8645 0.8645 0.8645 

K 0.4462 0.0395 0.0172 

Tau 2.241 25.29 58.17 

Half-time 1.554 17.53 40.32 

FM 0.4267 0.4347 0.4537 

FI 0.1355 0.1355 0.1355 

% recovery (t = ∞)b 75.9 76.2 77.0 

I27
c 0.8645 0.7006 0.5723 

FM27
c 0.4267 0.2885 0.1755 

FI27
c 0.1355 0.2994 0.4277 

% recovery (t = 27 s)d 75.9 47.5 27.4 

 

aParameters of fluorescence recovery calculated for a single exponential from background 

corrected fluorescence intensity at each time (I(t)) according to: [I(t)=IPOST–((I∞–IPOST)*exp(-

t*K))] where IPOST = fluorescence intensity immediately following bleaching period and I∞ = 

plateau of fitted recovery curve (I∞ for PM-DATHI and PM-DATLO constrained to 0.8645 

plateau value from IM-DAT). Mobile fraction (FM) determined according to FM = I∞ – IPOST. 

Immobile fraction (FI) determined according to FI = IPRE – I∞, where IPRE = mean fluorescence 

intensity immediately prior to initiation of bleaching (normalized to 1). bPercent recovery from 
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post-bleach minimum (IPOST) to end of recovery period (I∞). cRe-calculated parameters derived 

from simulated intensity at 27 s time point (lower than fitted plateau for PM-DATHI and PM-

DATLO). dPercent recovery from post-bleach minimum (IPOST) to 27 s time point (I27). 
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C 4. Figures 
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Figure C.1 Simulation of FRAP at three rates of diffusion 

Diffusion of DAT on a sphere with a radius of 3 μm was simulated using Blurlab 

(simtk.org/home/blurlab) at three rates of diffusion (Table C.1) as described previously [362]. 

(A) Simulated images generated in seven optical planes separated by 1 μm demonstrate the shape 

and size of the sphere. (B) An optical section at the base of the sphere (-2.775 μm) was used for 

simulation of FRAP simulation. Pre-bleach images were generated for 2.9 s prior to bleaching 

(0.00 s) of a 2.8 μm x 1.4 μm area such that approximately 40% of the initial signal was retained. 

Simulated images of the bleached area from the indicated times post-bleaching are shown for the 

three conditions. The complete time series can be viewed in Video 6. (C) Recovery curve fits of 

FRAP data from IM-DAT, PM-DATHI, and PM-DATLO are shown. Pre-bleach (IPRE) and post-

bleach (IPOST) intensities are indicated with dashed lines. Recovery curves normalized to IPRE are 

fit to mean intensity within the bleached area measured every 0.1 s, with the plateau indicated at 

I∞. The immobile fraction (FI; IPRE - I∞) in each curve is indicated by vertical red lines at t=27 s, 

and was calculated from a single exponential curve fit: I(t)=IPOST–((I∞–IPOST)*exp(-t*K)). 
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Appendix D. Donor Photobleaching Förster Resonance Energy Transfer 
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Appendix D. Donor Photobleaching Förster Resonance Energy Transfer 

D 1. Introduction 

Resonance energy transfer (RET) involves the non-radiative transfer of energy between 

molecules with sufficient spectral overlap. This document describes briefly some key concepts 

relating to fluorescence, the theory of RET as described by Theodor Förster and others, factors 

affecting the determination of the Förster radius, and some techniques that employ analysis of 

RET between fluorophores in the study of biomolecules. Finally, an example of the application 

one of these techniques, donor photobleaching fluorescence RET, is provided. 

D 2. Fluorescence 

Although RET can occur between non-fluorescent molecules, many RET-based experiments 

employ fluorescently labeled biomolecules. Fluorescence arises in compounds where energy, 

typically in the form of an absorbed photon of the appropriate wavelength, elevates electrons 

from their ground state into one of several excited states [365]. Return of excited state electrons 

to the ground state results in emission of a photon of slightly reduced energy, and thus slightly 

longer wavelength. The loss of energy that produces the increased wavelength of fluorescent 

emission accounts for a feature common to many fluorophores, known as the Stokes shift, 

whereby a molecule’s excitation spectrum covers shorter wavelengths than that same molecule’s 

fluorescence emission spectrum [365]. A useful method of visualizing the various electronic 

transitions that occur in fluorescent molecules is the Jablonski diagram, an example of which is 

included below to depict the transitions that occur in fluorescent RET pairs (Fig. D.1). 
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D 3. Forster Resonance Energy Transfer 

The theoretical description of RET is generally attributed to Förster (thus Förster RET, or FRET, 

which is also often used to abbreviate fluorescence RET), who in turn references foundational 

work by Jean Perrin, Francis Perrin, and others in describing RET formally [366] (see [367] for 

additional history of contributions to RET theory). Förster summarizes FRET, originally 

conceived as occurring in a concentrated solution of identical fluorophores, as “direct 

electrodynamic interaction between the primarily excited molecule and its neighbors” [366]. The 

example is given of a solution of fluorescein in glycerin that is irradiated with polarized light, 

wherein the anisotropy produced at low concentrations is lost as concentration of the fluorophore 

increases. Forster suggests that this loss of polarization of fluorophore emission can only occur if 

“molecules other than those primarily excited take over the radiation process” [366]. The same 

principle applies to the case of two different fluorophores that share sufficient spectral overlap. 

That is, an excited FRET donor, imagined as a dipole, oscillates with a frequency sufficient to 

bring about resonant electronic oscillations in a nearby FRET acceptor [365, 368, 369]. In this 

manner, a proportion of FRET donor molecules with excited electronic configurations is relaxed 

without emission of photons, producing at a certain rate (kT; Fig. D.1) an electronic transition in 

the FRET acceptor molecules, which configuration is then itself de-populated through both 

radiative (i.e. fluorescent emission) and non-radiative (i.e. solvent relaxation, quenching) decay 

processes. 

 

The overall rate of FRET, kT, is strongly dependent on the distance (r) between the donor and 

acceptor, and is defined as 

𝑘𝑇(𝑟) =
1
𝜏𝐷
�
𝑅0
𝑟
�
6
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where τD is the natural donor decay time and R0 is the Förster radius, or the distance at which 

FRET is 50% efficient [365]. Given a well-characterized Förster radius and accurate 

measurements of FRET efficiency (E), it is possible to use analysis of FRET to measure 

distances within or between biomolecules [370]. Generally, FRET efficiency is given by 

𝐸 = 1 −
𝐹𝐷𝐴
𝐹𝐷

 

where E is defined in terms of the fluorescent intensity (or other parameters, such as fluorescence 

lifetime) of the donor alone (FD) and in the presence of acceptor (FDA). This calculation depends 

on important assumptions about the complexity of the sample being analyzed, and may not be 

accurate in situations where r is expected to be heterogeneous. The determination of R0 for a 

FRET pair of interest is considerably more involved, as described briefly below. 

D 4. R0 

R0, the distance at which FRET is 50% efficient, depends on several factors, including physical 

features of the system being analyzed, spectral properties of the fluorophores, and the orientation 

of the fluorophores produced in the molecule or molecules being analyzed. Together, the various 

components can be used to calculate R0 according to 

𝑅06 =
9000(ln 10)𝜅2𝑄𝐷

128𝜋5𝑁𝑛4
𝐽(𝜆) 

where N equals Avogadro’s number and the other variables are defined as follows [365]: 

  

κ2 = dipole-dipole orientation; as transfer of energy occurs between oscillating donor and 

acceptor dipoles, their relative orientation, whether in a fixed molecular configuration or 

averaged over a randomly distributed population, affects the range over which FRET is 

observable (often assumed to be 2/3 for random orientation [365]) 
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QD = quantum yield; ratio of photons absorbed to photons emitted by donor (when alone) 

 

n = refractive index of the surrounding medium 

 

J(λ) = spectral overlap integral; value calculated from the absorption and emission properties of 

the donor and acceptor molecules used in a given FRET pair 

 

Values of R0 for commonly used FRET pairs can be found throughout the literature, and are 

usually in general agreement when based on similar assumptions. As an example, the Förster 

radius between enhanced green fluorescent protein (EGFP) and mCherry (a red fluorescent 

protein derived from DsRed) has been reported as 51 Å [371], 52 Å [372, 373], and 54 Å [374]. 

D 5. FRET Techniques 

Many variations of FRET analysis have been reported or proposed. Those described here are 

some of the more commonly applied methods; more exhaustive lists and descriptions have been 

presented elsewhere [369, 370, 375]. 

D 5.1 Sensitized emission FRET (SE-FRET) 

This is a common, relatively simple method for detecting FRET that involves observing acceptor 

fluorescence (i.e., hνAcc from Fig. D.1) while irradiating a sample at wavelengths that only excite 

the donor fluorophore. SE-FRET measurements must be corrected for crosstalk of donor 

emission at the acceptor emission wavelength, as well as direct excitation of the acceptor at the 

irradiating wavelength. Controls for these cases, including donor-alone and acceptor-alone 

measurements of emission intensity at the irradiating wavelengths, are required in order to 
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accurately calculate FRET efficiency [370, 376]. SE-FRET measurements may also be made to 

qualitatively detect the presence or absence of FRET, often presented as “FRET” images of 

hνAcc, or as ratiometric images of hνF/ hνAcc.  

D 5.2 Donor photobleaching FRET (donor pb-FRET) 

This technique attempts to measure FRET by estimating the photobleaching time constant of the 

donor fluorophore in the presence and absence of acceptor. Photobleaching is an irreversible 

process in direct competition with other pathways of donor de-excitation [377], as in 

𝐷
𝑘𝐹+𝑘𝑛𝑟+𝑘𝑇
�⎯⎯⎯⎯⎯⎯⎯⎯⎯�
         𝑘𝑒𝑥          �⎯⎯⎯⎯⎯⎯⎯⎯⎯�𝐷∗          𝑘𝑏𝑙         �⎯⎯⎯⎯⎯⎯�𝐷𝑏𝑙 

where kex describes the overall rate of donor excitation, kF + knr + kT represents the sum of the 

various rates of donor de-excitation back to the ground state, and kbl is the rate of donor 

photobleaching. A reduced kbl in the presence of acceptor indicates the presence of FRET, which 

adds kT to the de-excitation rate, decreasing the availability of D* for conversion to Dbl [368]. 

Fluorescence intensity measurements are taken from a region of interest over a period of seconds 

or minutes and apparent time constants are calculated from the rate of decay of fluorescence 

[378]. In one approach, a sequence of images is captured, and the change in intensity of each 

pixel is fit to an exponential decay, producing a histogram of time constants from which the 

average time constant is calculated [377]. 

D 5.3 Acceptor-pbFRET 

Instead of monitoring kbl of the donor, acceptor-pbFRET compares donor emission (i.e. hνF from 

Fig. D.1) before and after photobleaching of the acceptor in order to determine FRET efficiency. 

Acceptor bleaching removes the possibility of energy transfer as a pathway for donor de-

excitation, and therefore increased donor emission is interpreted as evidence of FRET. As the FD 



231 

 

and FDA measurements are made on the same sample, the sample serves as its own reference or 

internal control, reducing some of the complications of other methods [379]. 

D 5.4 Fluorescence lifetime imaging microscopy FRET (FLIM-FRET) 

FLIM-FRET differs fundamentally from the other approaches discussed in that donor 

fluorescence lifetime (τD), as opposed to intensity, is the measured parameter [368]. The general 

calculation for efficiency 

𝐸 = 1 −
𝜏𝐷𝐴
𝜏𝐷

 

is similar to that for intensity-based measurements, though acquisition of FLIM-FRET data 

requires additional equipment [380]. FLIM-FRET offers certain advantages, including increased 

specificity of detection (permitting exclusion of autofluorescence) and reduced concentration-

dependence of measurements (thus requiring less stringent control of fluorophore concentration) 

[381]. Like acceptor-pbFRET, FLIM-FRET analysis measures the effects of FRET on donor 

emission (as opposed to acceptor emission or donor bleaching), making this method among the 

most direct available [370]. 

D 6. Application of Donor-pbFRET 

As an example of the application of FRET analysis to a biological question, data collected and 

analyzed according to the method described by Patel et al [377] is presented here. The equipment 

and software used to generate this data set is essentially identical to that described by the various 

groups that have employed this donor pb-FRET method [382-384], although some experimental 

details are different. A variety of putative interactions were tested, however, only data from cells 

transfected with GFP-tagged α-synuclein (α-Syn-GFP) and mCherry-tagged human dopamine 

transporter (hDAT-mCherry) are presented here. 
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Briefly, SH-SY5Y neuroblastoma cells were cultured overnight on coverslips, then transiently 

transfected with plasmids expressing various GFP- and mCherry-tagged proteins (composing the 

putative FRET pairs), as well as GFP- and mCherry-only controls. At 24 hours after transfection 

the cells were removed from culture media, fixed on the coverslips, and mounted on glass slides. 

Cells co-expressing GFP- and mCherry-tagged proteins were visualized using a Leica 

fluorescent microscope with mercury lamp illumination. 

 

Light restricted to peak excitation wavelengths of GFP [385] was used to photobleach the GFP 

donor in each sample. During constant illumination through a filter with a bandpass of 450-490 

nm, a sequence of 20 digital images was collected, with exposure time of 1 second occurring 

every 4 seconds. Images were captured for α-Syn-GFP and hDAT-mCherry co-expressing cells 

(DA, DONOR + ACCEPTOR, Fig. D.2), or for cells expressing α-Syn-GFP alone (D, DONOR 

ALONE, Fig. D.2). 20 to 30 fields, containing 2 or more cells each, were imaged for each 

condition. Following collection of photobleaching images, a reference image of hDAT-mCherry 

fluorescence in each field was captured to guide definition of regions of interest (RED, Fig. D.2). 

 

Photobleaching time constants for DA (τblDA) and D (τblD) conditions were calculated for each 

pixel in the defined regions of interest (ROI, red boxes, Fig. D.2). Up to three ROI were defined 

for each cell imaged, and were selected based on co-expression of hDAT-mCherry and α-Syn-

GFP in DA cells. In the example provided, the ROI selected for the DA images encloses an area 

of the cell where hDAT-mCherry signal overlaps with α-Syn-GFP at what appears based on 

morphology to be the cell membrane (DA, RED, Fig. D.2). Comparable ROI at the apparent cell 
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membrane were defined for D cells. Calculation of τblDA or τblD for each pixel was performed by a 

procedure written in IGOR (Wavemetrics, Oregon) [377]. In summary, low intensity pixels were 

masked below a certain threshold, and the intensity of each remaining pixel was plotted versus 

time and fit to a single exponential decay. The calculated values of τblDA or τblD for each pixel 

were then displayed on a histogram (Fig. D.2) and the population mean was taken as the average 

time constant for the defined ROI. Bleaching constants were calculated for up to three ROI per 

cell, averaged, which averages were then again averaged to derive the mean τblDA or τblD for 40-

60 cells per condition. From the mean τblDA and τblD, FRET efficiency (E) can be readily 

calculated [377] from 

𝐸 = 1 −
𝜏𝑏𝑙𝐷𝐴
𝜏𝑏𝑙𝐷

 

For the experiment described, E between α-Syn-GFP and hDAT-mCherry was determined to be 

15 ± 11 %, based on the measured values of τblDA and τblD (Fig. D.2). This value is necessarily 

representative of a wide range of values for R (distance between α-Syn-GFP and hDAT-

mCherry), as is reflected in the high standard deviation of the calculated efficiency. Furthermore, 

a full analysis requires comparison between FRET resulting from this putative interaction and 

FRET efficiency for important negative controls, including GFP-alone and mCherry-alone 

conditions, as well as a positive control, such as a GFP-mCherry fused to one another. As such, 

to draw conclusions about R and the presence or absence of FRET between the fluorophores 

fused to α-Syn and hDAT would be premature. Nonetheless, the preliminary data acquired are 

suggestive of a close interaction between α-Syn and hDAT, and further investigation by 

alternative methods of FRET analysis seems warranted. 
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D 7. Figures 

 

Figure D.1 Jablonski diagram of state transitions in fluorescent RET pairs 

Electronic transitions from the ground state (S0) to an excited state (S1) occur when a photon of 

the proper wavelength is absorbed (hνA). Some of this absorbed energy is rapidly lost through 

solvent relaxation [365] before emission can occur, producing an emitted photon of slightly 

lower energy and longer wavelength (hνF) than that absorbed. In addition to energy loss through 

solvent relaxation, non-radiative transitions (ki) back to the ground state (S0) can be produced by 

various processes, including quenching (kq) and in some circumstances FRET (kT). Together, 

these processes reduce the apparent quantum yield of a fluorophore, or the number of emitted 

photons relative to absorbed photons. Here, the presence of FRET yields non-radiative transfer 

of energy, resulting in transition of the FRET donor back to the ground state (without emission 

of a photon) and a concurrent electronic transition to an excited state (A1) in the FRET acceptor 

(without absorption of a photon). Following solvent relaxation, emission of a photon by the 

FRET acceptor (hνAcc) can be detected as the acceptor fluorophore undergoes electronic 

transition back to the ground state (A0). Reproduced from Fig. 1.14 of chapter 1 page 11 in 
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Principles of fluorescence spectroscopy (Lakowicz, J. R., 3rd ed. 2006, New York: Spring. xxvi, 

954 p) with kind permission of Springer Science+Business Media and J. R. Lakowicz (see 

Appendix F). 
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Figure D.2 Photobleaching of α-Syn-GFP in presence and absence of hDAT-mCherry 

Representative images captured from the DONOR (D, α-Syn-GFP alone) and DONOR + 

ACCEPTOR (DA, α-Syn-GFP + hDAT-mCherry) conditions. Each image was cropped to 

highlight the analysis of a single cell from each condition. Selected images (of 20 captured) are 

displayed as an example of the photobleaching observed. A typical region of interest (ROI, red 

box) is outlined in each set of images. Images captured of mCherry fluorescence were used a 

reference to define ROI for DA cells (RED). Time constant histograms generated by IGOR-
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based analysis [377] display calculated τbl for each pixel of the selected ROI, with mean τbl for 

the ROI displayed over the histogram. Mean and standard deviation for τblDA (n = 42) and τblD (n 

= 48) are displayed to the left of each example histogram, and represent the average bleaching 

constant for all of the cells analyzed in the respective conditions. 
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Appendix E. Involvement of the proteasome in synuclein modulation of DAT 
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Portions of this appendix have been submitted for publication elsewhere and are re-used here 

with permission (see Appendix F): 

 

Oaks, A. W., N. Marsh-Armstrong, J. M. Jones, J. J. Credle, and A. Sidhu, Synucleins 

antagonize endoplasmic reticulum function to modulate dopamine transporter trafficking. 2013, 

under revision. 
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Appendix E. Involvement of the proteasome in synuclein modulation of DAT 

Several mechanisms have been proposed for Syn modulation of DAT trafficking that occurs in 

the absence of or independent of Syn-DAT interactions. Distribution of DAT to the cell surface 

is directed initially by protein folding and glycosylation performed in the endoplasmic reticulum 

(ER), followed by trafficking through the Golgi apparatus. Disruption of these processes leads to 

decreased cell-surface expression of DAT [147] and accumulation of DAT in the Golgi [386]. 

ER and Golgi function are known to be sensitive to elevated Syn protein concentrations [181, 

201, 203]. Syn proteins could also affect the rate of regulated internalization of DAT through 

recycling endosomes [387, 388]. Passage of DAT through these compartments can also be 

altered indirectly by stress elsewhere in the cell, including mitochondria and the proteasome. 

Sub-cytotoxic treatment with mitochondrial toxins induces accumulation of DAT into the ER-

Golgi compartment [349], and chemical inhibition of proteasome activity results in accumulation 

of DAT at the Golgi [301]. Syn proteins bind to and inhibit the proteasome [389], and can also 

physically associate with mitochondria and alter mitochondrial function [47]. Thus, many of the 

known mechanisms for regulating DAT trafficking through the ER and Golgi can be affected, 

either directly or indirectly, by the Syn proteins. To add complexity, α-Syn, β-Syn, and γ-Syn 

vary in their effects. In fact, the effects of one or more Syn proteins on these processes are often 

unknown, as the three have not always been investigated in parallel. To complement ongoing 

investigation of the involvement of the ER and Golgi in Syn modulation of DAT, a series of 

experiments was initiated to examine the possible involvement of the proteasome. 

E 1. Effect of proteasome inhibition on DAT distribution 

The ubiquitin (Ub) proteasome system (UPS) participates in nearly every cellular process, and is 

a highly regulated pathway for targeted degradation of Ub-labeled proteins [390]. UPS-mediated 
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proteolysis is carried out by the 26S proteasome, a large multi-meric complex that is composed 

of two parts: the 20S proteolytic core and the 19S regulatory cap. 20S proteolytic activity cannot 

process Ub-labeled substrates without the activity of the 19S cap, which recognizes Ub-labeled 

proteins and facilitates their unfolding [390]. 26S activity emerged recently as a critical 

determinant of DAT trafficking. It was shown that treatment of SH-SY5Y cells with 500 nM 

MG132 (benzyloxycarbonyl-leucyl-leucyl-leucinal), a potent and relatively specific inhibitor of 

both 20S and 26S proteasome activity [391], resulted in the disruption of trafficking of DAT to 

the cell surface and the accumulation of DAT at the Golgi [301]. 

It was necessary to determine whether this effect of MG132 on trafficking of DAT was 

reproducible. Following transfection with DAT, SH-SY5Y cells were exposed to increasing 

concentrations of MG132 for 24 h. At high nM concentrations of MG132, the fraction of total 

DAT that was labeled by a non-permeant biotinylation reagent was consistently and reproducibly 

reduced (Fig. E.1A-E.1B). These MG132 treatments, however, were associated with 

cytotoxicity, as cell viability was dramatically reduced to less than 20% of untreated cells (Fig. 

E.1C). Even low nM concentrations, which had smaller effects on DAT trafficking to the cell 

surface, produced substantial loss of cell viability. Thus, although the effect of MG132 on DAT 

distribution was reproduced, it was associated with a significant toxic effect. 

E 2. Effect of synuclein over-expression on proteasome activity 

Despite the toxicity of the treatment, the timing and magnitude of MG132-mediated DAT 

trafficking is similar to the effects of the Syn proteins, which are known inhibitors of 20S 

proteolytic activity [389]. α-Syn and β-Syn are weak 20S inhibitors, while γ-Syn is significantly 

more potent [389]. α-Syn binds the S6’ protein of the 19S complex, while γ-Syn is believed to 

bind the 20S complex; both α-Syn and γ-Syn also inhibit 26S activity [200, 389]. Thus, while the 
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Syn proteins are known modulators of proteasome activity, it is currently unknown to what 

extent 26S function is altered under the experimental conditions where Syn modulation of DAT 

occurs. In order to characterize 26S function, expression and function of the proteasome was 

examined. DAT distribution to the cell surface in the presence of the Syn proteins was routinely 

reduced by approximately 50% at 40 h following transfection, with no effect on total expression 

(see Chapter VI). Under these same conditions, expression levels of the 19S subunit S6’ and the 

20S subunit α5 were unaltered (Fig. E.2A). Proteasome activity was similarly unaffected (Fig. 

E.2B) under the conditions of Syn protein over-expression that produce significant effects on 

DAT trafficking. 

E 3. Conclusions 

While it is difficult to draw broad conclusions from the results of this series of experiments, the 

data presented here are consistent with the conclusion that there is no significant involvement of 

the proteasome in Syn-dependent modulation of DAT trafficking. It is clear that proteasome 

inhibition can produce substantial impairment of DAT distribution to the cell surface, however, 

the MG132 treatment required to produce this effect is apparently quite toxic. This is consistent 

with previous reports showing that similar treatments with MG132 can significantly reduce cell 

viability [392]. In contrast, despite significant effects on DAT trafficking, Syn protein over-

expression causes no loss of cell viability, nor is there any indication that the function of the 

proteasome is altered under the conditions where Syn-dependent DAT trafficking occurs. The 

effects of the Syn proteins on DAT appear to be mediated instead by a slowing of the ER-Golgi 

transition that is associated with entry of the Syn proteins into the ER and accumulation of DAT 

in that compartment (see Chapter VI). The results described here provide further support for the 
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view that Syn modulation of DAT trafficking is not associated with cytotoxicity or other 

deleterious effects, but rather, is a regulatory function of the Syn family of proteins. 
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E 4. Figures 

 

Figure E.1 DAT distribution and cell viability in the presence of MG132. 

SH-SY5Y cells transfected with 100 ng/cm2 of DAT were treated 18 h after transfected with 5-

1000 nM MG132 or vehicle. Cells were incubated for an additional 24 h, and then cell surface 

protein was labeled with sulfo-NHS biotin at 1.0 mg/mL (A) Biotinylated DAT captured with 

streptavidin beads and total DAT were measured by immunoblot. Molecular mass (Mr) of nearest 

protein ladder bands is indicated. (B) DAT biotinylation was quantified as optical density (OD) 

of biotinylated DAT divided by OD of total DAT relative to actin (n=3) and is expressed as 
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percent of vehicle control (mean ± SD). (C) Viability was assessed in parallel on identically 

treated cells by MTT assay. Results from three independent experiments assayed in 

quadruplicate are expressed as mean absorbance at 570 nm ± SD. 
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Figure E.2 Proteasome expression and activity in the presence of synucleins. 

(A) Expression levels of 19S proteasome subunit S6’ and 20S proteasome subunit α5 were 

assessed by immunoblot in cells transfected with 100 ng/cm2 DAT and 400 ng/cm2  of vector 

alone, α-Syn, β-Syn, or γ-Syn (n=3). Syn proteins and DAT were also probed to verify 

experimental conditions. GAPDH is displayed as a control for protein loading. (IB). Lactasystin-

sensitive digestion of the model substrate suc-LLVYAMC was used to measure 26S proteasome 

activity in cells transfected as in A. Proteasome activity is expressed as mean fluorescence ± 

SEM (excitation 355 nm; emission 460 nm). Data were analyzed by one-way ANOVA followed 

by Dunnet’s post-hoc analysis for comparison to DAT-alone cells (n = 4; no significant 

differences detected).  
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TO BE BOUND BY THE TERMS OF THIS LICENSE. TO THE EXTENT THIS LICENSE MAY BE 
CONSIDERED TO BE A CONTRACT, THE LICENSOR GRANTS YOU THE RIGHTS CONTAINED 
HERE IN CONSIDERATION OF YOUR ACCEPTANCE OF SUCH TERMS AND CONDITIONS. 

1. Definitions 

a. "Adaptation" means a work based upon the Work, or upon the Work and other pre-existing 
works, such as a translation, adaptation, derivative work, arrangement of music or other 
alterations of a literary or artistic work, or phonogram or performance and includes 
cinematographic adaptations or any other form in which the Work may be recast, transformed, or 
adapted including in any form recognizably derived from the original, except that a work that 
constitutes a Collection will not be considered an Adaptation for the purpose of this License. For 
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the avoidance of doubt, where the Work is a musical work, performance or phonogram, the 
synchronization of the Work in timed-relation with a moving image ("synching") will be 
considered an Adaptation for the purpose of this License. 

b. "Collection" means a collection of literary or artistic works, such as encyclopedias and 
anthologies, or performances, phonograms or broadcasts, or other works or subject matter other 
than works listed in Section 1(f) below, which, by reason of the selection and arrangement of 
their contents, constitute intellectual creations, in which the Work is included in its entirety in 
unmodified form along with one or more other contributions, each constituting separate and 
independent works in themselves, which together are assembled into a collective whole. A work 
that constitutes a Collection will not be considered an Adaptation (as defined above) for the 
purposes of this License. 

c. "Distribute" means to make available to the public the original and copies of the Work or 
Adaptation, as appropriate, through sale or other transfer of ownership. 

d. "Licensor" means the individual, individuals, entity or entities that offer(s) the Work under the 
terms of this License. 

e. "Original Author" means, in the case of a literary or artistic work, the individual, individuals, 
entity or entities who created the Work or if no individual or entity can be identified, the 
publisher; and in addition (i) in the case of a performance the actors, singers, musicians, dancers, 
and other persons who act, sing, deliver, declaim, play in, interpret or otherwise perform literary 
or artistic works or expressions of folklore; (ii) in the case of a phonogram the producer being the 
person or legal entity who first fixes the sounds of a performance or other sounds; and, (iii) in the 
case of broadcasts, the organization that transmits the broadcast. 

f. "Work" means the literary and/or artistic work offered under the terms of this License including 
without limitation any production in the literary, scientific and artistic domain, whatever may be 
the mode or form of its expression including digital form, such as a book, pamphlet and other 
writing; a lecture, address, sermon or other work of the same nature; a dramatic or dramatico-
musical work; a choreographic work or entertainment in dumb show; a musical composition with 
or without words; a cinematographic work to which are assimilated works expressed by a process 
analogous to cinematography; a work of drawing, painting, architecture, sculpture, engraving or 
lithography; a photographic work to which are assimilated works expressed by a process 
analogous to photography; a work of applied art; an illustration, map, plan, sketch or three-
dimensional work relative to geography, topography, architecture or science; a performance; a 
broadcast; a phonogram; a compilation of data to the extent it is protected as a copyrightable 
work; or a work performed by a variety or circus performer to the extent it is not otherwise 
considered a literary or artistic work. 

g. "You" means an individual or entity exercising rights under this License who has not previously 
violated the terms of this License with respect to the Work, or who has received express 
permission from the Licensor to exercise rights under this License despite a previous violation. 

h. "Publicly Perform" means to perform public recitations of the Work and to communicate to the 
public those public recitations, by any means or process, including by wire or wireless means or 
public digital performances; to make available to the public Works in such a way that members of 
the public may access these Works from a place and at a place individually chosen by them; to 
perform the Work to the public by any means or process and the communication to the public of 
the performances of the Work, including by public digital performance; to broadcast and 
rebroadcast the Work by any means including signs, sounds or images. 

i. "Reproduce" means to make copies of the Work by any means including without limitation by 
sound or visual recordings and the right of fixation and reproducing fixations of the Work, 
including storage of a protected performance or phonogram in digital form or other electronic 
medium. 
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2. Fair Dealing Rights. Nothing in this License is intended to reduce, limit, or restrict any uses free from 
copyright or rights arising from limitations or exceptions that are provided for in connection with the 
copyright protection under copyright law or other applicable laws. 

3. License Grant. Subject to the terms and conditions of this License, Licensor hereby grants You a 
worldwide, royalty-free, non-exclusive, perpetual (for the duration of the applicable copyright) license to 
exercise the rights in the Work as stated below: 

a. to Reproduce the Work, to incorporate the Work into one or more Collections, and to Reproduce 
the Work as incorporated in the Collections; 

b. to create and Reproduce Adaptations provided that any such Adaptation, including any translation 
in any medium, takes reasonable steps to clearly label, demarcate or otherwise identify that 
changes were made to the original Work. For example, a translation could be marked "The 
original work was translated from English to Spanish," or a modification could indicate "The 
original work has been modified."; 

c. to Distribute and Publicly Perform the Work including as incorporated in Collections; and, 
d. to Distribute and Publicly Perform Adaptations. 
e. For the avoidance of doubt: 

i. Non-waivable Compulsory License Schemes. In those jurisdictions in which the right 
to collect royalties through any statutory or compulsory licensing scheme cannot be 
waived, the Licensor reserves the exclusive right to collect such royalties for any exercise 
by You of the rights granted under this License; 

ii. Waivable Compulsory License Schemes. In those jurisdictions in which the right to 
collect royalties through any statutory or compulsory licensing scheme can be waived, 
the Licensor waives the exclusive right to collect such royalties for any exercise by You 
of the rights granted under this License; and, 

iii. Voluntary License Schemes. The Licensor waives the right to collect royalties, whether 
individually or, in the event that the Licensor is a member of a collecting society that 
administers voluntary licensing schemes, via that society, from any exercise by You of 
the rights granted under this License. 

The above rights may be exercised in all media and formats whether now known or hereafter devised. The 
above rights include the right to make such modifications as are technically necessary to exercise the 
rights in other media and formats. Subject to Section 8(f), all rights not expressly granted by Licensor are 
hereby reserved. 

4. Restrictions. The license granted in Section 3 above is expressly made subject to and limited by the 
following restrictions: 

a. You may Distribute or Publicly Perform the Work only under the terms of this License. You must 
include a copy of, or the Uniform Resource Identifier (URI) for, this License with every copy of 
the Work You Distribute or Publicly Perform. You may not offer or impose any terms on the 
Work that restrict the terms of this License or the ability of the recipient of the Work to exercise 
the rights granted to that recipient under the terms of the License. You may not sublicense the 
Work. You must keep intact all notices that refer to this License and to the disclaimer of 
warranties with every copy of the Work You Distribute or Publicly Perform. When You 
Distribute or Publicly Perform the Work, You may not impose any effective technological 
measures on the Work that restrict the ability of a recipient of the Work from You to exercise the 
rights granted to that recipient under the terms of the License. This Section 4(a) applies to the 
Work as incorporated in a Collection, but this does not require the Collection apart from the 
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Work itself to be made subject to the terms of this License. If You create a Collection, upon 
notice from any Licensor You must, to the extent practicable, remove from the Collection any 
credit as required by Section 4(b), as requested. If You create an Adaptation, upon notice from 
any Licensor You must, to the extent practicable, remove from the Adaptation any credit as 
required by Section 4(b), as requested. 

b. If You Distribute, or Publicly Perform the Work or any Adaptations or Collections, You must, 
unless a request has been made pursuant to Section 4(a), keep intact all copyright notices for the 
Work and provide, reasonable to the medium or means You are utilizing: (i) the name of the 
Original Author (or pseudonym, if applicable) if supplied, and/or if the Original Author and/or 
Licensor designate another party or parties (e.g., a sponsor institute, publishing entity, journal) for 
attribution ("Attribution Parties") in Licensor's copyright notice, terms of service or by other 
reasonable means, the name of such party or parties; (ii) the title of the Work if supplied; (iii) to 
the extent reasonably practicable, the URI, if any, that Licensor specifies to be associated with the 
Work, unless such URI does not refer to the copyright notice or licensing information for the 
Work; and (iv) , consistent with Section 3(b), in the case of an Adaptation, a credit identifying the 
use of the Work in the Adaptation (e.g., "French translation of the Work by Original Author," or 
"Screenplay based on original Work by Original Author"). The credit required by this Section 4 
(b) may be implemented in any reasonable manner; provided, however, that in the case of a 
Adaptation or Collection, at a minimum such credit will appear, if a credit for all contributing 
authors of the Adaptation or Collection appears, then as part of these credits and in a manner at 
least as prominent as the credits for the other contributing authors. For the avoidance of doubt, 
You may only use the credit required by this Section for the purpose of attribution in the manner 
set out above and, by exercising Your rights under this License, You may not implicitly or 
explicitly assert or imply any connection with, sponsorship or endorsement by the Original 
Author, Licensor and/or Attribution Parties, as appropriate, of You or Your use of the Work, 
without the separate, express prior written permission of the Original Author, Licensor and/or 
Attribution Parties. 

c. Except as otherwise agreed in writing by the Licensor or as may be otherwise permitted by 
applicable law, if You Reproduce, Distribute or Publicly Perform the Work either by itself or as 
part of any Adaptations or Collections, You must not distort, mutilate, modify or take other 
derogatory action in relation to the Work which would be prejudicial to the Original Author's 
honor or reputation. Licensor agrees that in those jurisdictions (e.g. Japan), in which any exercise 
of the right granted in Section 3(b) of this License (the right to make Adaptations) would be 
deemed to be a distortion, mutilation, modification or other derogatory action prejudicial to the 
Original Author's honor and reputation, the Licensor will waive or not assert, as appropriate, this 
Section, to the fullest extent permitted by the applicable national law, to enable You to reasonably 
exercise Your right under Section 3(b) of this License (right to make Adaptations) but not 
otherwise. 

5. Representations, Warranties and Disclaimer 

UNLESS OTHERWISE MUTUALLY AGREED TO BY THE PARTIES IN WRITING, LICENSOR 
OFFERS THE WORK AS-IS AND MAKES NO REPRESENTATIONS OR WARRANTIES OF ANY 
KIND CONCERNING THE WORK, EXPRESS, IMPLIED, STATUTORY OR OTHERWISE, 
INCLUDING, WITHOUT LIMITATION, WARRANTIES OF TITLE, MERCHANTIBILITY, 
FITNESS FOR A PARTICULAR PURPOSE, NONINFRINGEMENT, OR THE ABSENCE OF 
LATENT OR OTHER DEFECTS, ACCURACY, OR THE PRESENCE OF ABSENCE OF ERRORS, 
WHETHER OR NOT DISCOVERABLE. SOME JURISDICTIONS DO NOT ALLOW THE 
EXCLUSION OF IMPLIED WARRANTIES, SO SUCH EXCLUSION MAY NOT APPLY TO YOU. 
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6. Limitation on Liability. EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO 
EVENT WILL LICENSOR BE LIABLE TO YOU ON ANY LEGAL THEORY FOR ANY SPECIAL, 
INCIDENTAL, CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING OUT OF 
THIS LICENSE OR THE USE OF THE WORK, EVEN IF LICENSOR HAS BEEN ADVISED OF THE 
POSSIBILITY OF SUCH DAMAGES. 

7. Termination 

a. This License and the rights granted hereunder will terminate automatically upon any breach by 
You of the terms of this License. Individuals or entities who have received Adaptations or 
Collections from You under this License, however, will not have their licenses terminated 
provided such individuals or entities remain in full compliance with those licenses. Sections 1, 2, 
5, 6, 7, and 8 will survive any termination of this License. 

b. Subject to the above terms and conditions, the license granted here is perpetual (for the duration 
of the applicable copyright in the Work). Notwithstanding the above, Licensor reserves the right 
to release the Work under different license terms or to stop distributing the Work at any time; 
provided, however that any such election will not serve to withdraw this License (or any other 
license that has been, or is required to be, granted under the terms of this License), and this 
License will continue in full force and effect unless terminated as stated above. 

8. Miscellaneous 

a. Each time You Distribute or Publicly Perform the Work or a Collection, the Licensor offers to the 
recipient a license to the Work on the same terms and conditions as the license granted to You 
under this License. 

b. Each time You Distribute or Publicly Perform an Adaptation, Licensor offers to the recipient a 
license to the original Work on the same terms and conditions as the license granted to You under 
this License. 

c. If any provision of this License is invalid or unenforceable under applicable law, it shall not 
affect the validity or enforceability of the remainder of the terms of this License, and without 
further action by the parties to this agreement, such provision shall be reformed to the minimum 
extent necessary to make such provision valid and enforceable. 

d. No term or provision of this License shall be deemed waived and no breach consented to unless 
such waiver or consent shall be in writing and signed by the party to be charged with such waiver 
or consent. 

e. This License constitutes the entire agreement between the parties with respect to the Work 
licensed here. There are no understandings, agreements or representations with respect to the 
Work not specified here. Licensor shall not be bound by any additional provisions that may 
appear in any communication from You. This License may not be modified without the mutual 
written agreement of the Licensor and You. 

f. The rights granted under, and the subject matter referenced, in this License were drafted utilizing 
the terminology of the Berne Convention for the Protection of Literary and Artistic Works (as 
amended on September 28, 1979), the Rome Convention of 1961, the WIPO Copyright Treaty of 
1996, the WIPO Performances and Phonograms Treaty of 1996 and the Universal Copyright 
Convention (as revised on July 24, 1971). These rights and subject matter take effect in the 
relevant jurisdiction in which the License terms are sought to be enforced according to the 
corresponding provisions of the implementation of those treaty provisions in the applicable 
national law. If the standard suite of rights granted under applicable copyright law includes 
additional rights not granted under this License, such additional rights are deemed to be included 
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in the License; this License is not intended to restrict the license of any rights under applicable 
law. 
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Permission for re-use of content in Appendix D from: 

Figure 1.14 of Chapter 1 page 11 in Principles of fluorescence spectroscopy (Lakowicz, J. R., 

3rd ed. 2006, New York: Spring. xxvi, 954 p). 
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Adam Oaks <awo5@georgetown.edu>  

 
reuse permission 
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Adam Oaks <awo5@georgetown.edu>  Mon, Jan 28, 2013 at 10:29 AM  
To: lakowicz@cfs.umbi.umd.edu  

Dear Dr. Lakowicz, 
 
I am a graduate student in the Department of Biochemistry at Georgetown University. I am writing to you to 
request permission to reuse some content from your publication, "Principles of Fluorescence Spectroscopy." 
This text has been extremely helpful to me as I have completed my dissertation research, and I hope to 
reproduce Figure 1.14 from Chapter 1 on page 11 of the third edition as a means of illustrating the state 
transitions that occur during FRET. 
 
The reuse of this figure will be restricted to the text of my dissertation, which will be made available 
electronically following my defense later this semester. A limited number of copies of my dissertation will also 
be printed. I have already requested and received tentative permission for this reuse from the publisher (see 
attached), pending your approval. 
 
Please let me know if you have any questions about my request, and thank you for producing this excellent 
resource. 
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Adam W. Oaks 
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All addenda are available online at:  

https://blogs.commons.georgetown.edu/awo5/dissertation-addenda/ 

A. Video 1: DAT-mCherry FRAP time series 

Representative FRAP time series of DAT-mCherry expressed alone or in the presence of α-Syn-

GFP, β-Syn-GFP, or γ-Syn-GFP. Three pre-bleach frames are shown, followed by the 27 s 

recovery period after photobleaching. Images presented in Fig. VI.5 are taken from the time 

series shown here. LINK 

B. Video 2: DAT-mCherry with ER-TrackerTM time series 

Time series captured over approximately 18 min through a single optical section of SH-SY5Y 

cells expressing DAT-mCherry and stained with the ER-TrackerTM dye. LINK 

C. Video 3: DAT-mCherry with ER-TrackerTM z-stack time series 

Time series captured over approximately 8 min through six adjacent optical sections (0.80 μm 

apart) of SH-SY5Y cells expressing DAT-mCherry and stained with the ER-TrackerTM dye. Z-

stack time series loops continuously and is rotated along the x-axis and then the y-axis for 

display purposes. LINK 

D. Video 4: DAT-mCherry with VSVG-GFP time series 

Time series captured over approximately 7 min through a single optical section of SH-SY5Y 

cells expressing DAT-mCherry and VSVG-GFP. White arrow that appears from 00:47 to 03:18 

indicates a large moving vesicle that contains both DAT-mCherry and VSVG-GFP fluorescence. 

LINK 

https://blogs.commons.georgetown.edu/awo5/dissertation-addenda/
https://blogs.commons.georgetown.edu/awo5/dissertation-addenda/
https://blogs.commons.georgetown.edu/awo5/dissertation-addenda/
https://blogs.commons.georgetown.edu/awo5/dissertation-addenda/
https://blogs.commons.georgetown.edu/awo5/dissertation-addenda/


289 

 

E. Video 5: tsVSVG-GFP temperature shift time series 

Time series captured over approximately 20 min through a single optical section of SH-SY5Y 

cells expressing VSVG-GFP that have been maintained at 40 °C for 24 h following transfection. 

Temperature is lowered from 40 °C to 32 °C over 5 min, with the last 15 min of the time series 

captured at the lower temperature. LINK 

F. Video 6: Simulation of FRAP at three rates of diffusion 

Time series generated from a simulation in Blurlab (see Appendix C) of the diffusion of DAT at 

three rates (0.4 μm2/s, IM-DAT; 0.03 μm2/s, PM-DATHI; 0.01 μm2/s, PM-DATLO). Bleaching is 

simulated at 3 s and recovery is monitored for 27 s under conditions similar to those used in the 

FRAP experiment in Video 1 and Chapter VI. LINK 

https://blogs.commons.georgetown.edu/awo5/dissertation-addenda/
https://blogs.commons.georgetown.edu/awo5/dissertation-addenda/
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