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Synucleins represent a conserved family of small proteins that include α-, β-, and 

γ- isoforms, which are highly expressed in neurons of the vertebrate nervous system.  The 

normal function of these proteins is not well understood.  However, in humans α-

synuclein dysfunction is causatively linked to Parkinson’s Disease (PD), where it 

abnormally accumulates in neuronal cell bodies as protein aggregates that are associated 

with neuronal death.  Although the associations between synuclein accumulation and 

cellular death are established in PD, the extent to which this occurs in other contexts, 

such as neuronal injury, is unknown.  Furthermore, the effects of synuclein aggregation 

on the function of synapses, where synuclein is normally localized, are not well 

understood. To address these questions I took advantage of the experimentally accessible 

nervous system of the sea lamprey (Petromyzon marinus).  I used molecular cloning and 

phylogenetic analyses to characterize three lamprey synuclein orthologues, one of which 

is highly expressed within a class of neurons called the giant reticulospinal (RS) neurons.  

Spinal cord injury induces the accumulation of synuclein protein only within a population 

of poor surviving RS neurons, and this accumulation is correlated with cellular death.  

Thus, similar to PD, the abundance of synuclein protein is associated with neuronal 

toxicity.  In a related project, I demonstrated that elevating synuclein levels at synapses, 
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such as occurs in PD, is deleterious to synaptic function through an inhibition of synaptic 

vesicle (SV) recycling.  By injecting excess synuclein protein directly into the axons of 

giant RS neurons, and analyzing the ultrastructural morphology of synapses, I have 

shown that clathrin-mediated synaptic vesicle endocytosis was greatly inhibited.  The 

conserved N-terminal domain was sufficient to inhibit vesicle recycling, and injecting 

synuclein mutants with disrupted N-terminal α-helices caused reduced defects in SV 

recycling. Therefore the α-helical structure of the N-terminus is necessary to inhibit SV 

recycling at early stages of clathrin-mediated endocytosis.  Binding interactions with 

clathrin-mediated endocytosis components, such as the phosphoinositide lipid PI(4)P 

support this hypothesis.  These studies provide a better understanding of the mechanisms 

by which synuclein dysfunction leads to neuronal death after injury and synaptic 

dysfunction in PD and other synuclein-associated diseases. 
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Chapter 1: Introduction to Synucleins, an enigmatic family of 

vertebrate specific genes 

Synucleins (α-, β-, γ-) represent a family of small, vertebrate specific genes that 

are primarily expressed in neurons.  In humans, the protein isoform α-synuclein has been 

the most intensively studied and characterized of the family because of its strong genetic 

and pathological links to neurodegenerative diseases.  α-Synuclein was discovered in the 

electric ray, Torpedo californica where it localized to both the nucleus and synaptic 

vesicles at synapses (Maroteaux et al., 1988).  It was independently discovered as a 

significantly upregulated protein (synelfin) in the brains of songbirds during the synaptic 

plasticity of critical learning (George et al., 1995).  However it was not until α-synuclein 

was shown to be a significant component of aberrant protein inclusions within the brains 

of Alzheimer’s and Parkinson’s Disease patients, that the scientific community 

recognized the disease relevance of this protein (Ueda et al., 1993; Spillantini et al., 

1997). Genetic evidence has continued to link α-synuclein to neurodegenerative disease, 

yet despite nearly twenty years of research, the precise physiological role for α-synuclein 

in neurobiology, and how it is so intimately associated with disease progression remains 

surprisingly enigmatic.  Although our understanding of synuclein biochemistry has 

grown, open questions remain. What are the molecular interactions and key features of 

synuclein that lead to neuronal dysfunction and disease progression?  My goal of this 

dissertation is to address some of these outstanding questions, and contribute to this 

growing body of research. By identifying the most critical interactions relevant to 

pathology, we may better understand fundamental aspects of neurobiology, and 

potentially develop therapeutic strategies against the class of synuclein-associated 

neurodegenerative diseases.    
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1.1 SYNUCLEINS ARE SMALL PROTEINS WITH AN N-TERMINAL AMPHIPATHIC Α-HELIX  

The human genome contains three synuclein genes (α-, β-, and γ-) each encoding 

for small proteins of ~110-140 amino acids (a.a.) in size. Synuclein orthologues have 

only been found in vertebrates, and the N-terminus of the protein is highly conserved 

amongst all the vertebrate species (George, 2002). This well conserved N-terminal 

domain comprises the majority of the protein length (~100 a.a.), and although 

intrinsically unstructured, it adopts a characteristic antiparallel α-helix upon lipid binding 

(Weinreb et al., 1996; Eliezer et al., 2001; Perrin et al, 2000; Ulmer et al., 2005; Drescher 

et al., 2008).  The N-terminus is composed of degenerate 11-amino acid repeats that each 

includes the consensus sequence “KTKEGV” (Fig. 1.1A). The C-terminal tail, although 

much less conserved for specific residues, is highly enriched in acidic amino acids (Fig. 

1.1A).  

The α-helix of synucleins is composed of hydrophobic and polar amino acids that 

are distributed as an amphipathic α-helix (Fig. 1.1C) (Davidson et al., 1998). The 

hydrophobic/polar interface is lined with positively charged amino acids (primarily 

lysines from the consensus KTKEGV repeat), which shares structural homology to the 

class A2 amphipathic α-helix of the exchangeable apolipoproteins (Segrest et al., 1990; 

Davidson et al., 1998).  Similar to other lipid binding proteins, α-synuclein can bind to 

lipids through the hydrophobic face of its α-helix (Fig. 1.1C) (Davidson et al., 1998).  α-

synuclein is however differentiated by a preferential binding to lipid vesicles that are 

small in size (25 nm vs. 125 nm vesicles), and contain negatively charged, anionic lipids 

(Davidson et al., 1998; Perrin et al., 2000; Ulmer et al., 2005).  These are features that 

resemble the ALPS (amphipathic lipid-packing sensor) motif of vesicle trafficking 

proteins that assist in vesicle tethering and trafficking (Drin et al., 2008). 
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α-Synuclein was discovered by its localization to synaptic terminals in the 

torpedo, T. californica, and has since been demonstrated to also localize to mammalian 

synapses in an activity dependent manner (Maroteaux et al., 1988; Fortin et al., 2005). 

Although the normal functions of synucleins are not well understood, their specific 

expression within neurons, localization to pre-synaptic terminals, lipid vesicle binding, 

and the high conservation between species suggests an important role for synucleins in 

vertebrate neurobiology (Maroteaux et al., 1988; Clayton and George, 1998; Li et al., 

2002). 



 4 

 

 

FIGURE 1.1 AMINO ACID SEQUENCE AND STRUCTURAL FEATURES OF HUMAN α-

SYNUCLEIN.  (A) Amino acid sequence of human α-synuclein.  The seven degenerate, 11 residue 

repeats are marked by blue lines.  The first 90 amino acids that comprise the amphipathic N-

terminus are back-highlighted in gray.  The three amino acid residues linked to Parkinson’s 

Disease are shown in red.  (B) Domain diagram of human α-synuclein protein.  The amphipathic 

N-terminus is colored gray, and the acidic C-terminus is colored yellow.  The seven 11-mer 

repeats are shown as blue blocks.  Disease linked mutations are colored red with arrows pointing 

to their position within the N-terminus.  The NAC region found in protein inclusions, and the 

fibrillation core essential for filament formation are bracketed and labeled.  (C) Left: an example 

α-helical wheel diagram of amino acids 17-37 of human α-synuclein from Davidson et al., 1998.  

Residues in black are hydrophobic, gray are polar, and white are charged.  Right: Schematic 

representation of the amino acid distribution and amphipathicity of the α-helix shown on left.  

Hydrophobic residues are yellow, blue are positively charged lysines (K+), and red are polar and 

negatively charged.  Schematic diagram is modified from Jensen et al., 2011.  (D) Model of 

human α-synuclein constructed using the NMR structure from Ulmer et al., 2005.  The ribbon 

diagram demonstrates the “horseshoe” shaped α-helical N-terminus contrasted with the 

unstructured acidic C-terminal tail. 
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 1.2 SYNUCLEINS ARE WELL CONSERVED AMONGST VERTEBRATES  

Synuclein proteins are well conserved across vertebrate species (Fig. 1.2), but 

have only been characterized in a small subset of species, mostly from developmental 

studies in model vertebrates such as mouse, zebrafish  and the African clawed frog, 

Xenopus laevis (Sun and Gitler, 2008; Zhong et al., 2010; Wang et al., 2011a).  These 

studies have included phylogenetic analyses to help group synuclein isoforms specific to 

the species being studied.   These analyses have generally been limited in their scope, 

often because the intent was to provide an annotation to a novel synuclein sequence and 

subsequently characterize the features of that isoform within the relevant species (Sun 

and Gitler, 2008; Wang et al., 2011).  What has been clear from sequence alignments and 

phylogenetic analyses, is that all vertebrate species examined generally have three 

synuclein proteins, (α-, β-, and γ-) with the exception of teleost fish, which have two 

duplicate γ-synucleins (γ1-, and γ2-) (Yoshida et al., 2006).  The N-terminus of all 

synucleins is particularly well conserved between isoforms and between species (Fig. 

1.2) (Sun and Gitler, 2008; Wang et al., 2011).  However, a thorough phylogenetic 

analysis with the intent to determine the evolutionary lineage of synuclein proteins has 

not been attempted, possibly because sequences from taxa beyond the standard model 

vertebrates are extremely sparse.  The most comprehensive phylogenetic analysis to date 

was made using sequences from the pufferfish, Takafugu rugripes and sequences from 26 

other vertebrate species (Yoshida et al., 2006). The phylogenetic analysis enabled the 

classification of each newly cloned pufferfish sequence, allowing researchers to test the 

biochemical characteristics of each isoform relative to the human counterpart. This 

bioinformatic approach was useful to categorize the pufferfish synucleins, but the 

majority of the taxa selected were from teleost fish (Yoshida et al., 2006).  To fully 
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understand the evolution of synuclein proteins require a more thorough examination of 

available synuclein sequences, including sequences from vertebrates that predate the 

evolution of teleost fish.  Biological classes that are underrepresented in current 

vertebrate phylogenies include avian and amphibian species, the cartilaginous fishes 

(skates, sharks, and rays), and surviving examples of early agnathan vertebrates 

(lampreys and hagfish).  

Synucleins are described as vertebrate specific, because no invertebrate 

homologues have been found.  However this warrants a thorough examination of closely 

related invertebrate chordate genomes that have recently been sequenced, including 

cephalochordates such as amphioxus, urochordates such as tunicates, and more distantly 

related hemichordates such as the acorn worm (Holland et al., 2008; Pani et al., 2012).  

The rapid growth of genomic data from diverse organisms such as the hagfish, elephant 

shark, dogfish shark, and acorn worm, should provide more synuclein sequences from 

underrepresented taxa, and a better determination of evolutionary relationships, including 

the evolution of synuclein proteins.   
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FIGURE 1.2 AMINO ACID ALIGNMENT OF SYNUCLEIN PROTEINS FROM VERTEBRATE 

SPECIES.  Figure is from George et al., 2002. (A) Multiple sequence alignment of synucleins 

demonstrates the high sequence homology between species, especially in the N-terminal domain. 

Residues highlighted in blue represent identical amino acids to rat α-synuclein.  Blue bars 

indicate six of the 11-amino acid repeats characteristic of synuclein proteins.  Note the high 

sequence identity in the N-terminus between isoforms and species. The C-terminus has much 

lower identity between isoforms and species. (B) Phylogenetic tree of synuclein sequences shows 

the grouping of synuclein isoforms based on amino acid similarity generated using Clustal W. 
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 The vast majority of synuclein research has been on α-synuclein because of its 

links to Parkinson’s Disease (Section 1.3). However there are similarities between α-

synuclein and the related isoforms (β-, and γ-synucleins) beyond the structural 

similarities. For example, similar to α-synuclein, γ-synuclein is natively unfolded, can 

bind to lipid vesicles, has the ability to aggregate into fibrils, and overexpression of γ-

synuclein in transgenic mice leads to neurodegenerative phenotypes reminiscent of α-

synuclein accumulation in PD (Section 1.3) (Eliezer et al., 2001; Biere et al., 2000; 

Uversky et al., 2002; Ninkina et al., 2009).  Understanding the sequence conservation 

between isoforms can provide insights into the evolution of synuclein proteins in 

vertebrate neurobiology.   

I have recently cloned three synuclein isoforms from the agnathan vertebrate 

lamprey, and have also identified several synuclein sequences in hagfish, sharks and 

skates.  Chapter 3 will examine the phylogenetic relationships of synucleins, and the 

structural properties of the conserved N-terminus using this newly available sequence 

information. 

 

1.3 α-SYNUCLEIN IS CAUSALLY LINKED TO PARKINSON’S DISEASE 

  The high expression within neurons and strong synaptic localization of α-

synuclein are indication that it is likely a relevant to protein neurobiology (Iwai et al., 

1995; Fortin et al., 2005). Interest in α-synuclein quickly grew when it was implicated in 

neurodegenerative diseases. The first links to neurodegenerative disease arose when α-

synuclein was isolated as a peptide fragment of amyloid plaques derived from the 

prefrontal cortex of Alzheimer’s Disease (AD) patients and was termed the non-Aβ 

component of AD amyloid (NAC) (Ueda et al., 1993).  This peptide fragment was later 
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identified to be a central portion of α-synuclein protein. Immunohistochemical staining of 

brain tissue from patients with other neurodegenerative diseases demonstrated that α-

synuclein was a protein component of Lewy Bodies, the cytoplasmic inclusions of 

Parkinson’s Disease (PD) and Dementia with Lewy Bodies (DLB), and the inclusions 

bodies of Multiple Systems Atrophy (MSA) (Spillantini et al. 1997; Spillantini et al., 

1998; Goedert et al., 1999).  Therefore, Lewy Bodies, the pathological hallmark of 

Parkinson’s Disease, had synuclein as an identified molecular component to be 

investigated in context of the disease. 

Genetic evidence has further confirmed the pathological importance of α-

synuclein with the discovery of three separate missense mutations (A53T, A30P, and 

E46K), which are genetically linked to families with hereditary early onset Parkinson’s 

disease (Polymeropoulos et al., 1997; Krüger et al., 1998; Zarranz et al., 2004). 

Additional mutations in families with duplications and triplications for the synuclein gene 

locus have also been discovered and the severity of Parkinson’s Disease symptoms, and 

the age of disease onset closely match the gene dosage (Ibáñez et al., 2004; Singleton et 

al., 2003). More recent genome wide association screens (GWAS) have also strongly 

implicated α-synuclein as being causal to Parkinson’s Disease (Satake et al., 2009; 

Simón-Sánchez et al., 2009).  

Parkinson’s Disease (PD) results from the neurodegeneration of dopaminergic 

neurons in a brain region call the substantia nigra pars compacta. As part of the basal 

ganglia, the substantia nigra contributes to body movement, and the death of these 

neurons causes slow, uncoordinated movements and the debilitating effects of the disease 

(Lang and Lozano 1998a,b; Moore et al., 2005).  α-Synuclein has been increasingly 

accepted as a causative agent in Parkinson’s Disease, due to the genetic and pathological 
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links, and suggest that the presence of accumulated or abnormal synuclein is responsible 

for the neurodegeneration of these dopaminergic neurons of the substantia nigra. 

What is it about synuclein protein that could be so deleterious to neuronal health? 

This question is difficult to answer because the normal physiological role of α-synuclein 

is still unclear.  Chapters 2 and 4 of this dissertation will describe my research that 

specifically addresses how synuclein may lead to neuronal death, and the development of 

neurodegenerative diseases such as Parkinson’s disease. 

 

1.3.1 α-Synuclein accumulates as intracellular aggregates within PD neurons 

α-Synuclein is an intrinsically soluble and unstructured protein (Weinreb et al., 

1996; Eliezer et al., 2001) yet has been shown to aggregate into insoluble aggregates in a 

number of biochemical in vitro assays. Since insoluble aggregates of α-synuclein are 

found in Lewy Bodies, the pathological hallmark of Parkinson’s Disease, a long-standing 

hypothesis has been that the aggregated forms of synuclein are toxic within neurons. 

Indeed, these aggregates have been shown in-vitro to induce cellular toxicity ranging 

from mitochondrial dysfunction, oxidative stress, inhibition of the proteosome, and the 

dysregulation of lysosomal autophagy (Lindersson et al., 2004; Snyder et al., 2005), 

suggesting that the cytoplasmic aggregation of α-synuclein is what leads to disease onset 

(Cookson and van der Brug., 2008).  However, α-Synuclein has been shown to adopt a 

variety of aggregated conformations including soluble oligomers, extended fibrils, 

tetramers, or even annular pore-like structures that can cause vesicular leakage (Wang et 

al., 2011b; Volles and Lansbury, 2002; Cookson, 2005; Breydo et al., 2012).  The 

specific biochemical characteristics of α-synuclein aggregates that contribute most to 

toxicity are still not well understood. 
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The α-synuclein within pathological Lewy Bodies was initially shown to consist 

of insoluble fibrils, and structurally these have been characterized as 10-12 nm tubules 

(Conway et al., 2000; Giasson et al., 1999; Gai et al., 2003).  The fibrils found in diseased 

neurons can be replicated using in vitro aggregation assays, and 12 amino acids in the 

center of α-synuclein (a.a. 71-82) have been found to be necessary for this aggregation 

(Giasson et al., 2001). Interestingly, β-synuclein which does not have this region, does 

not fibrillate (Giasson et al., 2001). Structure determination of α-synuclein fibrils by 

either quenched hydrogen/deuterium exchange nuclear magnetic resonance (H/D NMR) 

or solid state NMR has shown that α-synuclein nucleates fibril formation by adopting 

multiple β-sheets that run parallel to each other within the N-terminus (Vilar et al., 2008; 

Lv et al., 2012). 

Pathological aggregates are associated with lipids (Gai et al., 2000; Cole et al. 

2002).  The earliest step in α-synuclein aggregation is the formation of soluble spherical 

oligomers, which maintain partial α-helicity, until they further aggregate into primarily β-

sheet containing fibrils (Apetri et al., 2006). 

The aggregation of synuclein may be linked to the overall abundance of the 

protein. The expression of α-synuclein in mice leads to inclusion body formation and 

dopaminergic cell death, but only in the lines with the highest expression of α-synuclein 

(Masliah et al., 2000).  Overexpression in flies and C. elegans leads to aggregation of α-

synuclein, dopaminergic cell death and Parkinsonian-like motor deficits (Feany and 

Bender, 2000; Auluck et al., 2002; Kuwahara et al., 2006).  Fibrillar aggregates of α-

synuclein have also been shown to accumulate relative to the levels of overexpression 

(Desplats et al., 2009). Genetic triplication of the protein in families or in transgenic 

models (Nemani et al., 2010) leads to Parkinson’s disease.  
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Aggregation of α-synuclein is accompanied by increased ubiquitination, and   

ubiquitin is often found in Lewy bodies together with α-synuclein and lipids (Kuzuhara et 

al., 1988; Gai et al., 2000).  The ubiquitination of synuclein may be a cellular mechanism 

to try and degrade aggregated α-synuclein, or it could be directly causal to disease 

progression, such as through a direct inhibition of the proteosome (Snyder et al., 2005; 

Cookson and van der Brug, 2008).  The abundance and aggregation of α-synuclein are 

therefore tightly associated with neurodegenerative diseases, and a causative role for α-

synuclein in neuronal toxicity is well established. 

 

1.4 α-SYNUCLEIN ACCUMULATES AFTER NEUROLOGICAL INJURY 

In addition to the growing evidence for α-synuclein in Parkinson’s Disease, recent 

evidence has suggested that the accumulation of α-synuclein also occurs after 

neurological injury.  Brain tissue derived from human patients with traumatic brain 

injuries, or mice subjected to traumatic brain injury paradigms, demonstrate increased 

immunoreactivity for α-synuclein in axonal swellings, and throughout multiple brain 

regions surrounding the injury site (Uryu et al., 2003; Uryu et al., 2007).  The levels of α-

synuclein have been shown to increase within the cerebral spinal fluid of patients that 

have suffered from extreme traumatic brain injury (Su et al., 2011).  Rabbit models of 

spinal cord ischemia have also demonstrated increased α-synuclein protein within spinal 

motor neurons (Sakurai et al., 2009).  The accumulation of α-synuclein following 

neuronal injuries has clear precedence, yet the nature of the accumulation and how it 

relates to the aggregated forms of synuclein in Parkinson’s Disease are unclear.  In 

addition the fate of injured neurons with increased α-synuclein protein is not known.  
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The increase in α-synuclein protein could be related to the physiological function 

of synucleins at synapses, or it could provide a protective role, as has been suggested in 

other transgenic systems (Chandra et al., 2005; Quilty et al., 2006).  Alternatively, as in 

neurodegenerative diseases such as Parkinson’s Disease, synuclein accumulation could 

be detrimental to neurons and correlate with neurotoxicity.  The nature of synuclein 

accumulation following spinal cord injury and the effect it has on injured neurons is the 

primary focus of Chapter 2, where some of these questions will be addressed.  

 

1.5 THE FUNCTIONS OF SYNUCLEINS AT SYNAPTIC TERMINALS 

Even though the dysfunction of α-synuclein is well characterized in the context of 

Parkinson’s Disease, the normal function of synucleins are not clearly understood. These 

well conserved proteins localize to presynaptic terminals, but the specific role at synapses 

has been elusive and remains an active area of research.  Identifying the function of 

synucleins in a physiological context would greatly enhance our understanding what goes 

awry in the dysfunctional disease states.  Three general approaches have been used to 

dissect the normal function of synucleins to varying success. These include 

knockout/knockdown studies, binding interaction screens, and synuclein overexpression 

studies.  These studies have provided valuable insights into the function of synucleins at 

synapses, suggesting a potentially important role in vesicle trafficking. Although many 

open questions remain, these studies have paved the way for much of the work within this 

dissertation.  The role of excess synuclein in causing dysfunction of synaptic vesicle 

recycling is the topic of Chapter 4 where it will be addressed more fully. 
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1.5.1 α-Synuclein knockout studies have yielded minor phenotypes  

Approaches to determine the normal function of α-synuclein using α-synuclein 

knockout mice have only yielded mild phenotypes with ambiguous interpretations. Three 

separate lines of α-synuclein knockout mice have normal synaptic morphology including 

no change in active zone size or synaptic vesicle distribution as measured by 

immunohistochemistry or electron microscopy, although a mild decrease in striatal 

dopamine content has been observed (Abeliovich et al., 2000; Schlüter et al., 2003). 

Double knockout mice lacking both α-, and β-synuclein, or α-, and γ-synuclein, also lack 

any changes in synaptic morphology, neuronal survival, or a variety of 

electrophysiological paradigms, but do have decreased dopamine content similar to the 

single α-synuclein knockout mice (Chandra et al., 2004; Ninkina et al., 2003).  Triple 

knockout mice lacking all three synuclein isoforms were recently generated, and these 

mice also have somewhat mild phenotypes, although these mice do have decreased 

survivability and slightly increased density in synaptic vesicles at hippocampal terminals 

(Greten-Harrison et al., 2010).  

The lack of dramatic or consistent phenotypes in the single and double knockout 

mice may seem unexpected for such a conserved synaptic protein, but a likely 

explanation is the apparent genetic compensation that has occurred in many of these 

transgenic lines.  Furthermore, the expression profiles for every one of the synuclein 

knockout mice tested have compensatory changes in the expression of the remaining 

synuclein isoforms, or other synaptic vesicle proteins including synaptophysin, 

synaptobrevin, SNAP25, 14-3-3, the complexins, and the synapsins (Schlüter et al., 2003; 

Chandra et al., 2004; Robertson et al., 2004; Greten-Harrison et al., 2010).  One 

additional study using cultured hippocampal neurons with knocked-down α-synuclein, 

showed a decrease in synaptic vesicle clusters at synapses (Murphy et al., 2000). 



 15 

However, the expression profile of neurons from this study had a clear decrease in 

synapsins, which are synaptic vesicle associated proteins critical to the clustering of 

synaptic vesicles at synapses (Pieribone et al., 1995; Bloom et al., 2003).  Therefore the 

observed decrease in vesicle clustering may not be due to the decrease in α-synuclein, but 

rather due to compensation by other synaptic proteins whose levels are altered by 

synuclein knockout, such as synapsins. 

It has been difficult to interpret the phenotypes of α-synuclein knockout animals 

or cultures with chronic knockdowns, because the observed genetic compensation 

confounds the results. It is not entirely unexpected that the loss of conserved proteins, 

such as the synucleins, would initiate genetic changes to compensate for their loss.  It 

actually suggests that synucleins must have an important role in vertebrate neurons, if 

their absence consistently induces such changes in genetic expression.   However, to 

adequately determine the normal role for these proteins at synapses will require 

additional approaches beyond transgenic knockouts to alleviate the side effects of genetic 

compensation. 
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1.5.2 Overexpression of α-synuclein disrupts vesicle trafficking 

The accumulation of α-synuclein protein has been shown in mice and humans to 

occur within pre-synapses, at a point prior to the pathological aggregation of Lewy 

Bodies within the neuronal soma (Tanji et al., 2010; Scott et al., 2010; Volpicelli-Daley 

et al., 2011). This suggests that the earliest progression of α-synuclein pathology may 

occur as initial defects in synaptic structure.  The structure of pre-synapses is organized 

as a pool of synaptic vesicles clustered adjacent to the pre-synaptic plasma membrane. 

Synaptic vesicles are rapidly trafficked in a continuous cycle of exocytic vesicle fusion 

(neurotransmitter release), subsequent endocytosis from the plasma membrane, and 

recycling back to the vesicle cluster (Fig. 1.3) (Slepnev and De Camilli 2000; Südhof, 

2004).  Each step is highly regulated by the coordinated action of many conserved 

molecular components.  

Although the absence of α-synuclein in transgenic knockouts has produced only 

mild phenotypes, the overexpression of α-synuclein in several genetic models leads to 

defects in vesicle recycling.  The overexpression of α-synuclein in cultured PC12 and 

chromaffin cells was shown to inhibit neurotransmitter release (Larsen et al., 2006).  

Mammalian models have also demonstrated that the overexpression of α-synuclein 

inhibits neurotransmission, disrupts synaptic vesicle trafficking, and alters synaptic 

morphology (Nemani et al., 2010; Gaugler et al., 2012).  Synapses maintain their 

structure following the fusion (exocytosis) of synaptic vesicles with the plasma 

membrane by subsequent internalization (endocytosis) of vesicles from the plasma 

membrane.  In neurons, the primary mechanism for vesicle endocytosis is clathrin 

mediated endocytosis (Heuser and Reese, 1973; Pang and Sudhof, 2010).  Clathrin 
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mediated endocytosis occurs through several discrete molecular and morphological 

stages (Fig. 1.3) (Südhof, 2004; Slepnev and De Camilli, 2000).  In short, these stages 

include the nucleation of clathrin adapter molecules, budding and fission of the coated 

vesicle, uncoating, and return of the vesicle to the vesicle cluster.  The identification of 

each stage requires an analysis of the ultrastructural morphology of individual synapses 

(Fig. 1.7).  Although, the overexpression of α-synuclein appears to be disruptive to 

synaptic morphology and vesicle recycling, the specific stage that is disrupted and the 

precise molecular mechanisms that contribute to these defects remain unknown. 

Consistent with a vesicle trafficking hypothesis, the overexpression of human α-

synuclein in yeast is toxic to cells due to a block in vesicular ER to Golgi trafficking, and 

the neuronal overexpression of α-synuclein in Drosophila and C. elegans results in the 

death of dopaminergic neurons (Lakso et al., 2003; Cooper et al., 2006). α-Synuclein 

toxicity is apparently dependent on interactions with vesicle trafficking proteins, because 

the toxicity can be rescued by the concomitant overexpression of the vesicle trafficking 

Rab GTPases, such as Rab1 and the pre-synaptic RAB3A (Gitler et al., 2008). 
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FIGURE 1.3 SYNAPTIC VESICLES ARE INTERNALIZED BY CLATHRIN-MEDIATED 

ENDOCYTOSIS.  Diagram of the sequential steps of the synaptic vesicle cycle and some key 

molecules involved in each step.  Synaptic vesicles are pooled and maintained in a synaptic 

vesicle cluster via synapsin proteins.  Following an action potential, synaptic vesicle fuse 

(exocytose) with the plasma membrane, releasing their neurotransmitter contents via the 

cooperative action of SNARE proteins including VAMP.  Vesicles are endocytosed via clathrin-

mediated endocytosis.  1) Clathrin adapter proteins, including AP-2 and AP180, nucleate onto the 

plasma membrane and recruit clathrin to the budding vesicle.  2) Vesicles invaginate into the 

plasma membrane.  3)  The necks of budding vesicle are constricted and ultimately endocytosed 

in a fission reaction assisted by dynamin and endophilin.  4) Clathrin coated vesicles are uncoated 

by the vesicle uncoating proteins Hsc70 and auxilin.  5) Fully endocytosed vesicles are then 

trafficked back to the cluster with the assistance of actin and Rab GTPases, and ultimately 

reclustered by synapsin protein.  Figure was generated using information from Südhof, 2004, and 

Slepnev and De Camilli, 2000. 
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The α-synuclein overexpression studies mentioned above demonstrate an 

inhibition of synaptic vesicle trafficking, however the specific stage of vesicle trafficking 

that is affected was not identified.   There are additional limitations to the previous 

studies.  The α-synuclein overexpression phenotypes in yeast, Drosophila, and C. elegans 

suggest a role for α-synuclein in vesicle recycling, however these organisms do not have 

synuclein proteins, and without an endogenous homologue, the overexpression phenotype 

may represent a non-physiological gain of function within neurons.  Mammalian neurons 

do have endogenous synuclein, however synuclein overexpression was performed using 

chronic overexpression, which has the same potential for genetic compensation as 

described in section 1.4.1.  Finally, synaptic vesicle recycling is stimulation dependent. 

Therefore, in overexpression experiments that have used neuronal cultures or animal 

brain slices, the amount of endogenous spontaneous activity is unknown, and likely 

widely variable, making it difficult to interpret the vesicle trafficking defects.  Thus it 

remains unknown whether the abundance of α-synuclein affects vesicle trafficking per se, 

or rather disrupts some other structural aspect of synaptic morphology.   

Chapter 4 will take advantage of the lamprey giant reticulospinal axons (Section 

1.5.3) as a model to address the above questions.  Chapter 4 investigates what role 

synucleins have at synapses, and how the abundance of synuclein disrupts vesicle 

trafficking. In addition, the structural features critical to the trafficking phenotype will be 

addressed.  
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1.5.3 α-Synuclein binds to several proteins involved in vesicle trafficking. 

Clues to synuclein function have been gained through binding interaction studies.  

The α-helix of α-synuclein has been well documented to bind to lipids, especially anionic 

lipids such as phosphatidylserine (PS) and phosphatidic acid (PA), but not to neutral or 

positive lipids such as phosphatidylcholine (PC) (Davidson et al., 1998; Stöckl et al., 

2008; Middleton and Rhoades, 2010).  The ability of synuclein to bind to lipids is 

especially important in the context of synaptic vesicle trafficking, because PS represents 

a significant proportion of the lipid composition of synaptic vesicles, and lipid rafts have 

been suggested to assist in the localization of synuclein to synapses (Fortin et al., 2004; 

Takamori et al., 2006).  There are also indications that the binding of α-synuclein to 

anionic lipids may include the phosphoinositide PI(4,5)P2 which recruits several clathrin 

adapter proteins to membranes for clathrin mediated endocytosis, however this needs to 

be further investigated with other synaptically relevant phosphoinositides (Narayanan et 

al., 2005; Slepnev and De Camilli, 2000; Di Paolo et al., 2004). 

Proteomic screens have shown that α-synuclein can bind to several proteins 

involved in various stages of vesicle trafficking including endocytic proteins such as 

clathrin heavy chains, and the clathrin adapter proteins AP-1 and AP-2, as well as the 

exocytic vesicular SNARE protein synaptobrevin/VAMP (McFarland et al., 2008).  The 

interactions of α-synuclein with clathrin and VAMP have been demonstrated 

biochemically by co-immunoprecipitations, and α-synuclein has been shown to assist 

with SNARE complex assembly in-vitro (McFarland et al., 2008; Burre et al., 2010).  

The binding of α-synuclein to the proteins mentioned above suggests that α-

synuclein may be involved in vesicle trafficking, however the physiological relevance of 

the biochemical interactions have not yet been validated.  In addition, there are 

conflicting reports as to which stage of vesicle recycling that excess α-synuclein inhibits.  
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Does α-synuclein primarily disrupt exocytosis as suggested by in-vitro studies and 

SNARE binding (Larsen et al., 2006; Burre et al., 2010)?  Or does α-synuclein instead 

disrupt endocytosis as suggested by binding to clathrin adapters in proteomic screens 

(McFarland et al., 2008)?  Chapter 4 addresses some of these questions directly at 

synapses and Chapter 5 demonstrates binding interactions of lamprey and human 

synucleins that provide further support for the role of synucleins in synaptic vesicle 

recycling.    

 

1.6 LAMPREYS OFFER UNIQUE ADVANTAGES TO STUDY SYNUCLEIN BIOLOGY 

1.6.1 Lampreys are an early evolved vertebrate with conserved synaptic proteins 

and structure.  

The sea lamprey, Petromyzon marinus, is an early vertebrate that together with 

hagfish, represent the only living group of jawless vertebrates (agnathans).  Lampreys 

diverged approximately 550 million years ago from the lineage of jawed vertebrates 

(gnathostomes) (Hedges et al., 2006; Takechi et al., 2011).  Lampreys posses several 

morphological features that are characteristic of all vertebrates, such as a true brain and 

spinal cord, rhombomere boundaries that define the development of a segmented 

hindbrain, and the presence of pharangeal arches, and neural crest cells during embryonic 

development (Murakami and Kuratani, 2008; McCauley and Bronner-Fraser, 2006).  

In addition to morphological definitions, lampreys share many well conserved 

molecules with jawed vertebrates such as mammals, including those relevant to 

neurobiology and synaptic vesicle recycling.  Lampreys express conserved proteins 

involved in axonal and presynaptic structure, including the cytoskeletal filament proteins 

actin and neurofilaments (Jacobs et al., 1995; Morgan et al., 2004; Bourne et al., 2006).  
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Lampreys also express proteins necessary for all stages of synaptic vesicle recycling 

(Brodin and Shupliakov, 2006).  Examples include the vesicle clustering protein synapsin 

(Pieribone et al., 1995; Bloom et al., 2003), the integral synaptic vesicle protein SV2 

(Oliphint et al., 2010; Lau et al., 2011) as well as endocytic proteins such as endophilin 

and dynamin (Gad et a., 2000; Shupliakov et al., 1997).   

Lampreys represent the earliest vertebrate, yet as described above, have many 

well characterized and conserved homologues of other vertebrate proteins used in the 

study of synaptic biology.  I have discovered that synucleins are also highly expressed in 

the lamprey nervous system (Sections 2.2.3, and 2.3.2) demonstrating the feasibility of 

studying synuclein biology in the lamprey nervous system.  In addition, their unique 

evolutionary position, along with conserved synaptic molecules makes them an excellent 

resource for phylogenetic analysis, which will be addressed in Chapter 3.  
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FIGURE 1.4 LAMPREYS AND HAGFISH OCCUPY A UNIQUE POSITION IN EVOLUTION AS 

THE ONLY LIVING JAWLESS VERTEBRATES.  Cladogram demonstrating the phylogenetic 

positions of the vertebrate lineage.  Hagfish and lampreys occupy a unique position in vertebrate 

evolution as the only living example of agnathans (jawless vertebrates).  Monophyletic placement 

of lampreys and hagfish is based on Heimberg et al., 2010.  Figure is adapted from Murakami et 

al., 1995 and from Lynch et al., 2009. 
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1.6.2 Giant RS neurons are a cellular model for neuronal injury 

The brains of lamprey contain approximately 18 pairs of giant reticulospinal (RS) 

neurons that contribute descending motor commands to motoneurons in the body 

musculature of the lamprey (Dubuc et al., 2008).  These giant RS neurons are classified 

by their position within the brain and consist of Müller neurons and a pair of Mauthner 

neurons.  The Müller neurons, are classified by their large size, and uncrossed axons that 

project through the ventromedial tract of the spinal cord (Rovainen, 1967, 1979).  The 

Mauthner neurons are distinguished by axonal projections that cross into the contralateral 

spinal cord, and lateral axonal projections (Zottoli et al., 1995).  The soma, or cell bodies, 

of the giant RS neurons are located in the lamprey brain and can be subdivided based on 

their stereotyped positions.  The giant RS neurons include the bulbar cells (B1-B6), and 

isthmic cells (I1-I5), that are located in the rhombencephalon (hindbrain), and the 

mesencephalic cells (M1-M3) within the mesencephalon (midbrain) of the lamprey (Fig. 

1.5) (Rovainen, 1967, 1979; Jacobs et al., 1995). The pair of Mauthner cell bodies are 

located near the facial (VII) and vestibular (VIII) cranial nerves (Rovainen, 1967).  These 

giant RS neurons are extremely large (~80 µm), and because they have stereotyped 

positions, each neuron can be reliably located between animals. This provides a 

convenient model to study the physical and molecular properties of specific individual 

neurons in the context of an intact nervous system. 

The giant RS neurons have frequently been used to identify molecular changes 

that occur in neurons following spinal cord injury, due to the unique ability of lampreys 

to regenerate their central nervous system (Rovainen, 1976; Cohen et al., 1986).  

Lampreys can survive a full spinal cord transection, and although initially paralyzed for 

several weeks, they regain functional swimming by 10-12 weeks post injury (Currie and 



 25 

Ayers, 1983; Yin and Selzer, 1983; Cohen et al., 1986; Oliphint et al., 2010).  The 

functional regeneration of descending axons, including those of the giant RS neurons, is a 

remarkable feature that has been used to study multiple aspects of spinal cord injury, 

including the anatomical and molecular events associated with recovery (Jacobs et al, 

1997; Yin and Selzer, 1983).  For example, the brains of lampreys are amenable to in situ 

hybridizations, and immunohistochemistry, and the mRNA expression of specific genes 

has been measured within individual giant RS neurons following spinal cord injury.  The 

expression levels of genes such as neurofilament NF-180, netrins, and semaphorins been 

all been shown to have differential expression following spinal cord injury that correlates 

with the probability for regeneration of individual neurons (Jacobs et al., 1997; Shifman 

et al., 2007, 2009). 

Another characteristic of the giant RS neurons related to their regenerative 

potential, is that only a subset of the giant RS neurons reliably survives after injury 

(Shifman et al., 2008).  Following a full spinal cord transection, the axons of all 

descending neurons are severed, yet some specific RS neurons are reproducibly capable 

of surviving this injury and other types are not, leading to a classification of “good” and 

“poor” surviving RS neurons (Figure 1.5B) (Shifman et al., 2008).  What are the intrinsic 

differences that allow one neuron class to survive injury, and not another class that has 

undergone the same traumatic event?  The giant RS neurons of the lamprey provide a 

tractable model to study the different intrinsic properties of neurons, and their response to 

injury at a molecular level. 

There have been several reports that synuclein accumulates in neurons following 

spinal cord injury (section 1.4), yet the nature of the accumulation, and the fate of 

neurons with increased synuclein has not been determined.  Chapter 2 will take advantage 

of the stereotyped locations, and intrinsic differences in the giant RS neurons of 



 26 

lampreys, to investigate the molecular responses of synuclein within neurons following 

spinal cord injury.  The changes in neuronal expression and accumulation of synuclein, as 

well as the long term effect this has on neurons of the central nervous system, will be 

investigated. 

    .    
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FIGURE 1.5 TWO POPULATIONS OF GIANT RETICULOSPINAL NEURONS HAVE 

CONTRASTING ABILITIES TO SURVIVE INJURY.  (A) Schematic diagram of a lamprey brain 

demonstrating the population of giant reticulospinal (RS) neurons (black circles) throughout the 

mesencephalon (midbrain) and rhombencephalon (hindbrain).  Labeled neurons include the 

mesencephalic neurons M1-M3, isthmic neurons I1-I5, the bulbar cells B1-B6, and the Mauthner 

(Mth) neuron.  Giant RS neurons project descending axons (black lines) from the cell bodies into 

the spinal cord.  Note that many RS axons project ipsilaterally into the ventromedial tract (B1, 

B3, B4, and B6 are shown); however the Mauthner (Mth) neuron projects contralaterally to the 

lateral tract.  Cranial nerve nuclei are labeled Vm, trigeminal motor nucleus; VII, facial motor 

nucleus; IX, glossopharyngeal motor nucleus; X, vagal motor nucleus.  (B) Giant RS neurons 

exist as two populations of “good” and “poor” surviving neurons.  A full spinal cord transection 

(scissors) severs the entire spinal cord and all descending axons, including the axons of the giant 

RS neurons.  “Good” survivors (green) are able to survive the injury, and frequently regenerate 

their axons.  “Poor” survivors (red) frequently do not survive the injury and subsequently undergo 

delayed cell death (Shifman et al., 2008).  Figure adapted from Jacobs et al., 1995. 



 28 

 

1.6.3 Giant RS axons are an ideal model to study synaptic vesicle trafficking 

The axons of giant RS neurons are unmyelinated and have large axonal caliber. 

Due to their large caliber, it is possible to acutely inject reagents of interest directly into 

the cytoplasm of axons, to perturb the function of proteins of interest (Fig. 1.6) (Pieribone 

et al., 1995; Shupliakov et al., 1997; Bloom et al., 2003; Evergren et al., 2004; Morgan et 

al., 2004).  The size of the RS axons not only allows the acute injection of reagents, but 

each injected axon can be reliably located following processing for electron microscopy 

such that injected axons can be analyzed at an ultrastructural level.  Lamprey RS axons 

have been successfully utilized as an acute perturbation model to determine the functions 

of multiple proteins in clathrin-mediated endocytosis (Slepnev and De Camilli, 2000).  

This approach has been especially useful to study clathrin-mediated endocytosis of 

synaptic vesicles, because each step occurs as discrete morphological stages that can be 

assessed using ultrastructural analysis (Fig. 1.7) (Slepnev and De Camilli, 2000).   

The stages of clathrin-mediated endocytosis include the recruitment of clathrin 

triskelia to the plasma membrane by adapter molecules AP-2 and AP180 through binding 

with the phosphoinositide lipid PI(4,5)P2 (Ford et al., 2001).  Then a clathrin coated 

vesicle buds from the plasma membrane assisted by proteins such as epsin and 

amphiphysin (Ford et al., 2002; Boucrot et al., 2012).  The coated vesicle is constricted 

by the GTPase dynamin together with endophilin and synaptojanin leading to fission of 

the vesicle from the plasma membrane (Takei et al., 1995; McMahon and Boucrot, 2011; 

Chang-Ileto et al., 2011).  Finally Hsc70 and auxilin remove the clathrin coat, resulting in 

a fully endocytosed synaptic vesicle (Ungewickell et al., 1995; Morgan et al., 2001; Yim 

et al., 2010). 
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The giant RS neurons of lamprey have successfully been used to acutely perturb 

multiple proteins involved in synaptic vesicle trafficking (Fig. 1.7).  For example, 

chemical inhibition has been used, such as the injection of drugs that disrupt actin 

polymerization (Bourne et al., 2006), or the assembly of clathrin triskelia (von Kleist et 

al., 2011), to demonstrate the essential role for each of these proteins in early stages of 

synaptic vesicle endocytosis.  

The function of individual protein domains can also be dissected using this acute 

perturbation strategy.  Injection of peptides containing the SH3 or CLAP domains of 

amphiphysin, or the SH3 domain of endophilin lead to the accumulation of many clathrin 

coated intermediates on the pre-synaptic membrane, and cause a large reduction in the 

synaptic vesicle cluster (Evergren et al., 2004; Gad et al., 2000).  Peptides containing the 

proline rich domain of dynamin disrupt the late stages of clathrin-mediated endocytosis 

leading to the accumulation of many clathrin coated pits arrested prior to fission from the 

plasma membrane (Shupliakov et al., 1997).  Function perturbing antibodies have also 

been used to study the molecular interactions of proteins at synapses.  Injection of 

antibodies against the phosphoinositide (PI) phosphatase synaptojanin result in a 

reduction of the synaptic vesicle cluster and increased plasma membrane, indicative of 

perturbations in synaptic vesicle endocytosis.  The injection of synapsin antibodies has 

been shown to disrupt the synaptic vesicle cluster, supporting the role of synapsins in the 

reclustering and maintenance of the synaptic vesicle cluster (Pieribone et al., 1995; Gad 

et al., 2000; Bloom et al., 2003). 
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FIGURE 1.6 LAMPREY GIANT RS AXONS CAN BE ACUTELY INJECTED WITH FUNCTION 

PERTURBING REAGENTS.  (A) Diagram of a lamprey brain and spinal cord.  Giant reticulospinal 

(RS) neurons in the brain project giant RS axons into the spinal cord.  A section of spinal cord 

can be isolated (red box) and prepared for microinjection as shown in B.  (B) Giant RS axons can 

be acutely microinjected with various function perturbing reagents by exposing the ventral tract 

of the spinal cord where the RS axons are located.  RS synapses are located along the pre-

synaptic membrane of each giant RS axon (left inset, red circles) that makes en-passant synaptic 

connections onto spinal motor neurons.  At each synapse is a cluster of synaptic vesicles (right 

inset, red spheres), that can be examined at the ultrastructural level to determine the synaptic 

vesicle trafficking effects of function perturbing reagents. 
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FIGURE 1.7 LAMPREY GIANT RS AXONS ARE A USEFUL MODEL TO STUDY CLATHRIN- 

MEDIATED ENDOCYTOSIS.  EM micrographs of lamprey giant reticulospinal (RS) synapses that 

have been microinjected with various function perturbing reagents.  Clathrin coated pits are 

visible at individual stages of clathrin mediated endocytosis (A) The SH3 domain of amphiphysin  

causes an accumulation of budding vesicles (Shupliakov et al., 1997). (B) The PP15 peptide 

(amphiphysin binding site of dynamin) leads to invaginated pits with constricted necks 

(Shupliakov et al., 1997).  (C) The SH3 domain of endophilin causes an accumulation of vesicles 

with constricted necks prior to fission.  Rings of dynamin are also visible on the neck of this 

example coated pit (Takei et al., 1995).  (D) The proline-rich domain peptide of synaptojanin 

blocks the SH3 interactions of endophilin.  A fully internalized coated vesicle prior to uncoating 

is visible (Gad et al., 2000).  (E) Schematic representation of synaptic vesicles at each stage of 

clathrin-mediated endocytosis.  Green, lipid bilayer; orange blocks, clathrin adapters; yellow 

rectangles, clathrin; blue lines, dynamin.  Figure modified from Slepnev and De Camilli, 2000. 
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 The ability to microinject directly into lamprey RS axons, and specifically 

identify those axons by electron microscopy, has provided an invaluable strategy to 

determine the direct consequences of protein perturbations in synaptic vesicle recycling.  

To identify the specific contribution of proteins involved in synaptic clathrin-mediated 

endocytosis requires the analysis of ultrastructural synaptic morphology, and lampreys 

provide a model where this combination of acute perturbation and ultrastructural analysis 

are possible within intact neurons.   

Chapter 4 describes the use of this acute perturbation strategy to investigate the 

role of synuclein proteins during synaptic vesicle recycling.  By microinjecting lamprey 

RS axons with synuclein perturbing reagents, I will study the acute effects of excess 

synuclein, without the complications of genetic compensation described in section 1.4.1. 

In addition we will address what effects the individual domains of synucleins have on this 

essential process of synaptic vesicle recycling.  

 All together, this dissertation will focus on synuclein proteins in several 

biological contexts.  I will begin by examining the effects of synuclein accumulation in 

neurons after injury in a spinal cord injury model (Chapter 2).  I will then analyze the 

phylogenetic relationships of synucleins across multiple vertebrate species (Chapter 3).  

Next, I will demonstrate the deleterious effects of excess synuclein on clathrin-mediated 

endocytosis by acutely introducing excess synuclein directly at synapses (Chapter 4).  

Finally, I will describe synuclein binding interactions that potentially explain the 

underlying mechanisms of excess synuclein that contributes to disrupted synaptic vesicle 

recycling (Chapter 5). 
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Chapter 2: Synuclein accumulation is associated with cell-specific 

neuronal death after spinal cord injury1 

2.1 INTRODUCTION  

Spinal cord injury causes widespread death amongst axotomized neurons, thereby 

markedly reducing the pool of neurons available to regenerate and to restore function.  In 

addition to local cell death at the injury site, some descending brain neurons undergo 

delayed cell death via apoptosis in response to a distant axotomy in the spinal cord.  

Strong evidence for spinal cord injury-induced retrograde neurodegeneration now exists 

in vertebrates ranging from lampreys to mammals, as shown by a reduction in the total 

number of neurons, as well as increased TUNEL and caspase staining (Novikova et al., 

2000; Hains et al., 2003; Lee et al., 2004; Shifman et al., 2008).  Interestingly, only some 

of the injured neurons die while others survive the same insult, raising questions about 

the factors that govern cell-specific death or survival after injury.  Extrinsic factors that 

affect post-injury neuronal survival and regrowth include growth factors, guidance 

molecules and cytokines released at the injury site (Lu and Tuszynski, 2008; Alexander 

and Popovich, 2009).  However, the cell intrinsic factors that govern neuronal death or 

survival are less clear, though changes in gene and protein expression, as well as altered 

cytoskeletal function, are suggested to play critical roles (Ruff et al., 2008; Di Giovanni, 

2009; Sun and He, 2010). 

Synuclein is a protein that is linked to neurodegeneration in several diseases, 

making it an interesting candidate to examine for its potential involvement in injury-

induced neuronal death (Lee and Trojanowski, 2006; Dawson et al., 2010).  Synucleins 

                                                 
1 This chapter is currently published as Busch DJ, Morgan JR. J Comp Neurol. 2012 Jun 1;520(8):1751-71.  

DJB and JRM together designed the experiments and wrote the manuscript.  DJB performed all of the 

experiments.  The published Figure 3 has been reformatted as the current Figures 2.3 and 2.4.  

Supplemental figures were incorporated as Figures 2.5 and 2.10. 
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(α-, β-, γ-) comprise a family of proteins that are abundantly expressed at synapses and 

that associate with presynaptic vesicles (Maroteaux et al., 1988; Surguchov, 2008).  

Although their normal functions are still under investigation, synucleins have been 

implicated in synaptic vesicle trafficking, regulation of SNARE complex formation, and 

protection of nerve terminals against injury (Murphy et al., 2000; Chandra et al., 2005; 

Larsen et al., 2006; Burre et al., 2010; Greten-Harrison et al., 2010; Nemani et al., 2010).  

Abnormal accumulation of α-synuclein is causally linked to Parkinson’s disease, 

dementia with Lewy bodies, and Lewy body variant of Alzheimer’s disease (Spillantini et 

al., 1998; Lee and Trojanowski, 2006).  The consequence of α-synuclein accumulation is 

neurotoxicity and cell death (Cookson and van der Brug, 2008; Gupta et al., 2008).  

Although the exact mechanism of synuclein-related neurotoxicity is unknown, 

disruptions in the ubiquitin-proteosome system, mitochondrial function, and synaptic 

function have all been implicated.  Interestingly, increased immunoreactivity for, α-, β-, 

and γ-synuclein has been reported after spinal cord injury (Sakurai et al., 2009) or 

traumatic brain injury in mammals, including humans (Uryu et al., 2003; Uryu et al., 

2007; Hutson et al., 2011; Su et al., 2011).  However, several key questions remain 

unanswered: Are specific neurons more likely than others to accumulate synuclein in 

response to injury?  What is the fate of neurons that accumulate synuclein after injury?  

Does increased synuclein serve a neuroprotective role after injury in line with its normal 

function, or is it linked with cell death as in the neurodegenerative diseases?  

Here, we begin to address these questions by taking advantage of the giant 

reticulospinal (RS) neurons located in the midbrain and hindbrain of lamprey, whose 

large size permits their reliable identification across animals.  A previous study 

demonstrated that spinal cord injury causes retrograde cell death for a select subset of 

giant RS neurons, as indicated by a loss of Nissl staining (i.e. general chromatolysis), 
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presence of TUNEL staining, pyknotic nuclei, and a lack of retrograde dye labeling from 

the axon (Shifman et al., 2008).  Retrograde cell death, as determined by loss of Nissl 

staining, correlated with a lack of axon regeneration by the same neurons, while neurons 

that retained Nissl staining and remained healthy were those with the highest probability 

of regenerating (Jacobs et al., 1997; Shifman et al., 2008).  In this study, we assessed the 

differential molecular changes that occur in the dying vs. surviving populations of giant 

RS neurons.  The data reported here are the first to show that cell-specific synuclein 

accumulation precedes and is strongly correlated with the select subset of neurons 

destined to degenerate after spinal cord injury-induced axotomy, similar to what occurs 

during the neurodegenerative diseases like Parkinson’s. 

 

2.2 MATERIALS AND METHODS 

2.2.1 Spinal cord transections and brain dissections 

Late larval stage lampreys (Petromyzon marinus; 11-13 cm) were anesthetized in 

0.1 g/L tricaine methanesulfonate (Finquel MS-222; Argent Laboratories; Redmond, 

WA).  Then, the spinal cord was completely transected at the level of the 5
th

 gill, as 

previously described (Jacobs et al., 1997; Oliphint et al., 2010).  Post-axotomy recovery 

occurred at room temperature (RT) for 1, 3, or 11 weeks.  At the time of the experiment, 

uninjured control lampreys and spinal-transected lampreys were anesthetized, and the 

brains were dissected in normal lamprey ringer containing (in mM):  91 NaCl, 2.1 KCl, 

1.8 MgCl2, 4 Glucose, 0.5 L-glutamine, and 2.6 CaCl2, and 2.0 HEPES pH 7.4.  All 

procedures were approved by the Institutional Animal Care and Use Committee at the 

University of Texas at Austin in accordance with the standards set by the National 

Institutes of Health. 



 36 

2.2.2 Nissl staining 

Nissl staining was performed as previously described with a few minor 

modifications (Selzer, 1979; Shifman et al., 2008).  Briefly, dissected lamprey brains 

were fixed overnight for 18 hours in 4% paraformaldehyde (PFA) diluted in 0.1M PBS 

(pH 7.4).  Then, brains were washed in lamprey ringer and stained for 20 min. at 37
o
C in 

1% Toluidine Blue O solution containing 1% Borax (pH 7.6) without boric acid.  After 

staining, brains were differentiated in Bodian's Fixative for 20 min., dehydrated in 

ethanol, cleared in cedarwood oil for 2 hrs, and mounted with Permount.  Bright field 

images were acquired at 32x magnification using a DFC420C camera attached to a Leica 

MZ10F stereoscope and at 100x magnification using a Leica DMI 4000B inverted 

microscope.  Then, Nissl-stained cells were analyzed using ImageJ software.  For Figures 

2.1, 2.2, and 2.11, the giant RS neurons in which the intensity of the Nissl staining in the 

neuronal soma was less than that of the surrounding neuropil and non-uniform were 

scored as Nissl (-) cells.  Nissl (-) cells also exhibited a swollen appearance.  For Figure 

2.12, the actual mean intensity of the Nissl stain within each giant RS neuron was 

measured across a population of lamprey brains using Image J and background subtracted 

using the intensity of the surrounding neuropil.  Then, the average intensity of each cell 

type was plotted (Control:  n = 19-20 measurements/cell type, 10 brains; 11 Weeks Post-

transection: n = 13-18 measurements/cell type, 9 brains).  All graphing and statistical 

analyses were performed using OriginPro 7.0 (OriginLab; Northampton, MA).  For the 

representative images shown in Figures 2.1, 2.2, 2.11, 2.12, and 2.13, the contrast and 

brightness of the Nissl images were slightly adjusted linearly in Adobe Photoshop 10.0 in 

order to match the backgrounds across the panels. 
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2.2.3 Fluoro-Jade C staining 

 Brains of uninjured control lampreys and spinal-transected lampreys were 

stained with Fluoro-Jade® C (Histo-Chem Inc.; Jefferson, AR), using a previously 

published protocol (Schmued et al., 2005).  For the experiments in Figure 2.2, we used 3 

control lampreys and 13 spinal-transected lampreys.   The spinal-transected lampreys 

included a population of animals at 2-3 weeks post-transection (n=3; collectively called 

“3 weeks” to remain consistent with the Nissl analysis) and a population of animals at 11 

weeks (n=2), 12 weeks (n=6), 13 weeks (n=1) and 15 weeks (n=1) post-transection 

(collectively called “≥ 11 weeks”).  Briefly, brains were fixed overnight in 4% 

paraformaldehyde in 0.1M PBS, pH 7.4.  Then, to enhance the signal-to-background 

staining, brains were briefly incubated as whole mounts with 0.06% potassium 

permanganate for 2 min., followed by 10 min. of staining in 0.0001% Fluoro-Jade® C in 

0.1% acetic acid.  Next, brains were washed 3 x 5 min. with 0.1M PBS and imaged using 

a Zeiss Pascal Exciter laser scanning confocal attached to an Axioskop 2FS microscope.  

Stacks of images were taken with an EC-Plan Neofluar® 10x objective (NA 0.3).  Equal 

numbers of sections were acquired under identical imaging conditions for all RS neuron-

containing brain regions, and then 3D projection images were generated using Zeiss LSM 

v4.0 software.  The mean fluorescence intensity of Fluoro-Jade® C was measured and 

background subtracted from the adjacent neuropil for each giant RS neuron using ImageJ 

software.  Cells in which the Fluoro-Jade® C fluorescence intensity was >5% above 

background values were counted as Fluoro-Jade® C-positive (FJC +) in the analyses for 

Figure 2.2 and 2.13.  In total, 97% of cells that showed any visible Fluoro-Jade® C 

staining whatsoever fluoresced >10% above background values, thus confirming the 

strength and inclusiveness of this thresholding approach. 
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2.2.4 Cloning and expression of lamprey synucleins  

Two lamprey synuclein sequences were identified in the lamprey EST database 

(GenBank accession numbers: DY249701 and FD702549).  A third isoform was 

identified in the publicly available 5.9 assembly of the lamprey genome (Pre Ensembl), 

which was recently updated to the 7.0 assembly of the lamprey genome (Ensembl).  

Alignment and phylogenetic analysis using MegAlign and ClustalW software (DNAStar; 

Madison, WI) determined two of these sequences to be γ-synucleins, while the third 

synuclein isoform is still unclassified (D. J. Busch and J. R. Morgan, unpublished data).  

We refer to the gamma synucleins as lamprey γ-synuclein (DY) and γ-synuclein (FD) in 

reference to their original EST accession numbers.  We call the third lamprey synuclein 

isoform “lamprey synuclein 3” due to the fact that it did not group with other α-, β- or γ-

synuclein orthologues in our phylogenetic analysis.  To confirm the identified sequences, 

we independently cloned all three lamprey synucleins from brain cDNA libraries, which 

were generated using “Method B” procedures published in previous studies (Matz, 2002; 

Matz et al., 2003).  For the γ-synucleins, full-length PCR products were amplified using 

synuclein-specific forward (FW) and reverse (REV) primers with the following 

sequences:  γ-synuclein (DY): FW-5’-AAGAGGA(ATG)GACGCGCTGAAGAA-3’ and 

REV-5’-TCCGCGGAACTTTA(CTA)CTC-3’; γ-synuclein (FD): FW-5’-

CAAGGCAGC(ATG)GACGTGTTCAAG-3’ and REV-5’-

ATCTTCTGCGGCCTC(TCA)CATCA-3’.  Parentheses within the primer sequences 

indicate the start and stop codons.  Lamprey synuclein 3 required 3’-RACE to amplify 

the full-length sequence, and for this we also used “Method B” (Matz et al., 2003).  Here, 

the first stage primers were FW-5’-GCAGTAGTAGGAGGTCGTCATCAT-3,’ 

comprising sequence located immediately upstream of the start site that was obtained 

from the 5’UTR lamprey synuclein 3, and “DAP-TS” REV-5'-
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CGACGTGGACTATCCATGAACGCAAAGCAGTGGTATCAACGCAGAGT-3', 

which recognizes a cap sequence added to the 3’ of all cDNAs during the library 

generation.  The second stage nested PCR primers were FW-

5’TGCACTCATGAAGGGCTTTT3’, comprising sequence located 5 bp downstream of 

the start site that was obtained from the coding region of lamprey synuclein 3, and the 

adapter reverse primer “Udist” REV-5’-

TCGAGCGGCCGCCCGGGCAGGTCGACGTGGACTATCCATGAACGCA-3’, which 

recognizes the DAP-TS sequence.  Second stage 3’ RACE produced a single band that 

was cloned and sequenced to determine the 3’ sequence of lamprey synuclein 3.  Finally, 

full-length coding sequence of the synuclein 3 was confirmed by amplifying, cloning and 

sequencing from original cDNA libraries a PCR product obtained by using the first stage 

FW primer and a new reverse primer REV-5’GAGGGGGTCCGGATGTTCAG3’, which 

included sequence from the 3’ UTR located 3 bp downstream of the stop codon.  PCR 

primer pairs produced single bands of the predicted size for γ-synuclein (DY), γ-

synuclein (FD), and synuclein 3.  PCR products were cloned into pGEM®-T Easy vector 

(Promega; Madison, WI) and then re-sequenced to confirm their identities as independent 

synuclein isoforms.  We have now deposited the complete lamprey synuclein sequences 

into NCBI, and they can be found at accession numbers:  JN544525.1 (γ-synuclein DY), 

JN544526.1 (γ-synuclein FD), and JN544527.1 (synuclein 3).   Synuclein PCR products 

were also cloned into the pGEX-2T vector (GE Healthcare; Uppsala, Sweden) between 

the BamHI and EcoRI restriction sites in order to generate recombinant GST fusion 

proteins for use in Western blotting experiments. 

To examine the expression patterns and relative abundance of lamprey synucleins, 

we performed semi-quantitative reverse transcription PCR (RT-PCR) and in situ 

hybridizations.  Semi-quantitative RT-PCR was performed using 10 ng of cDNA libraries 
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generated from three independent uninjured control lamprey brains and 400 ng each of 

the isoform-specific primers, which were designed to amplify the full-length sequence.  

PCR products were then separated on a 0.8% agarose gel, and the resulting bands were 

visualized using an AlphaEaseFC AlphaImager System (Cell Biosciences; San Leandro, 

CA).  Band intensities were measured using Image J and then normalized to that for γ-

synuclein (DY), because it consistently produced the greatest amount of PCR product 

(see Fig. 2.4A).  Statistics and graphing were performed using OrginPro 7.0.  For in situs, 

isoform-specific sense and anti-sense mRNA probes were generated using the full-length 

sequences of each isoform, and then hybridizations were performed as previously 

described with a few minor modifications (Swain et al., 1994).  Namely, Proteinase K 

digestion was for 10 min at RT (20 µg/mL; Roche; Indianapolis, IN), and probe 

hybridization was for 48 hrs at 50ºC.  Post-hybridization washes were for 3 x 20 min. at 

55
o
C in 2X Standard Sodium Citrate buffer (SSC:  0.3 M NaCl, 0.03M sodium citrate), 

followed by RNase A (20 µg/ml) for 30 min. at 37
o
C and 0.2X SSC for 2 x 30 min. at 

50
o
C.  Remaining washes, antibody incubation, and chromogenic reactions with 

NBT/BCIP were as previously described (Swain et al., 1994).  For the representative in 

situ images shown in Figures 2.4 and 2.7, the contrast and brightness were slightly 

adjusted linearly in Adobe Photoshop 10.0 in order to match the backgrounds across 

panels.  For the semi-quantitative analysis shown in Figure 2.7D-E, the mean intensity 

associated with the NBT/BCIP reaction product (i.e. the relative mRNA abundance) 

within each RS neuron was measured in Image J from the original images and 

background subtracted using a measurement taken from the surrounding neuropil.  Then, 

the average intensity values were calculated for a population of good and poor survivor 

neurons.  Control values were set to 1.0, against which all other measurements were 

normalized.   
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2.2.5 Western blotting  

Western blotting was performed on rat and lamprey brain protein extracts, as well 

as GST-synuclein fusion proteins as previously described (Morgan et al., 2004).  Briefly, 

1 µg of total rat brain protein, 20 µg of total lamprey brain protein, or 2.5 µg of 

recombinant GST fusion proteins were separated on a 10% SDS-polyacrylamide gel.  For 

Figures 2.8 and 2.9, 10 µg of rat and lamprey brain protein extracts were loaded onto 

each lane.  Proteins were transferred to nitrocellulose membranes and incubated with 

1:1000 primary antibody for 1 hour at RT.  Blots were washed for 3 x 10 min. in Tris 

Buffered Saline with 0.1% Tween-20 (pH 7.6).  Then, the blots were incubated with 

1:4000 peroxidase-conjugated goat anti-rabbit IgG or goat anti-mouse (H+L) 

(ImmunoPure; Thermo Scientific; Rockford, IL) for 1 hour and developed using Thermo 

Scientific Pierce enhanced chemiluminescence substrates.  

 

2.2.6 Antibody characterization 

In this study, we used a rabbit polyclonal pan-synuclein antibody made against 

amino acid residues 11-26 of human α-synuclein (AbCam ab6176; Cambridge, MA).  As 

a confirmation of the specificity of the synuclein antibody, we tested its ability to 

recognize both recombinant and endogenous synucleins by Western blotting, and we 

performed preabsorption experiments.  The synuclein antibody detects all 3 isoforms of 

GST-tagged lamprey synucleins, but not GST alone (Fig. 2.4H).  In addition, the 

antibody recognizes 17kD and 40 kD bands in both rat and lamprey brain protein 

extracts, matching reports of monomeric and dimeric synuclein (Fig. 2.4I) (Cole et al., 

2002).  Immunofluorescence on whole-mount lamprey brains reveals cytoplasmic 

synuclein in the somata of control RS neurons and cytosolic, nuclear, and plasma 

membrane aggregates in the somata of axotomized giant RS neurons (Fig. 2.6, 2.8-2.10, 
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2.11-2.13).  Preabsorption of the pan-synuclein antibody with 100 µg/ml of each 

recombinant lamprey synuclein isoform at 4°C overnight abolished its ability to 

recognize the synuclein bands in rat and lamprey brain protein extracts by Western 

blotting, as well as the recombinant GST-lamprey synucleins.  Preabsorption of the 

antibody also eliminated its ability to produce an immunofluorescence signal within both 

control and axotomized lamprey RS neurons.  The preabsorption data can be found in 

Figure 2.5 and on our laboratory website at: 

http://web.mac.com/jmorgan38/iWeb/Site%202/Home.html. 

In this study, we also used antibodies against SV2 and ubiquitin.  The SV2 

antibody was a mouse monoclonal made by Dr. Kathleen Buckley and obtained from the 

Developmental Studies Hybridoma Bank (NICHD; Univ. of Iowa) (Buckley and Kelly, 

1985).  This antibody was previously characterized in lampreys (Bloom et al., 2003; 

Oliphint et al., 2010).  Due to extensive glycosylation, it recognizes a smeared band 

starting around ~100 kD in protein extracts from rat and lamprey brain (Fig. 2.8L). The 

SV2 antibody also specifically labels synaptic vesicles in nervous tissues of all 

vertebrates tested, including lampreys (Bloom et al., 2003; Ono et al., 2004; Oliphint et 

al., 2010; Lau et al., 2011).  The ubiquitin antibody is a mouse monoclonal antibody 

made against full-length bovine ubiquitin (Cell Signaling Technologies; P4D1).  It 

recognizes a smear of medium and high molecular weight ubiquitinated proteins in both 

rat and lamprey brain extracts (Fig. 2.9L), as well as recombinant GST-Ub, by Western 

blotting (Bellei et al., 2010).  Preabsorption of the ubiquitin antibody with 100 µg/ml of 

recombinant GST-ubiquitin at 4°C overnight abolished its ability to recognize the 

smeared protein bands in rat and lamprey brain protein extracts, as well as recombinant 

GST-ubiquitin.  These preabsorption data can also be found in Figure 2.10 and on our lab 

website: http://web.mac.com/jmorgan38/iWeb/Site%202/Home.html. 
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2.2.7 Immunofluorescence and image analysis 

For whole-mount immunofluorescence experiments, lamprey brains were first 

dissected and fixed in 4% paraformaldehyde in 0.1 M PBS (pH 7.4) overnight.  Then, 

brains were washed in 0.1M PBS and blocked for 1 hour at RT in Blocking Buffer (6% 

filtered goat serum, 0.3% Triton X-100, 450 mM NaCl, and 20 mM sodium phosphate in 

0.1M PBS).  Brains were then incubated overnight at 4°C with 1:100 primary antibodies 

diluted in Blocking Buffer.  Primary antibodies included the pan-synuclein, SV2, and 

ubiquitin antibodies described above.  After primary antibody incubations, the lamprey 

brains were washed in Wash Buffer (20 mM Sodium Phosphate, pH 7.4, 0.3% Triton-

X100, 450 mM NaCl) for 5 x 1 hour at RT and incubated overnight at 4°C with 1:300 

AlexaFluor® 488-conjugated goat anti-rabbit or AlexaFluor® 594-conjugated goat anti-

mouse secondary antibodies (Invitrogen; Carlsbad, CA).  Finally, brains were washed in 

Wash Buffer for 5 x 1 hour and then imaged. 

Images of giant RS neurons were acquired using a Zeiss Pascal Exciter laser 

scanning confocal attached to an Axioskop 2FS microscope.  For the 

immunofluorescence data presented in Figures 2.6, 2.8 (panels A-P), and 2.11-2.13, short 

z-stacks of images were acquired with a 10X (NA 0.3) Zeiss EC Plan-Neofluar objective.  

Equal numbers of sections were acquired for all brain regions under identical imaging 

conditions and used to generate 3D projections.  For the semi-quantitative 

immunofluorescence analysis in Figures 2.6 and 2.8, the mean fluorescence intensity 

within each giant RS neuron was measured from the 10X projections in ImageJ and 

background subtracted using the adjacent neuropil (n = 3-10 brains for each condition 

and time point).  Data were pooled across all “good survivors” or “poor survivors”, and 

the mean intensities ± SEM of the synuclein immunofluorescence were plotted.  For the 

semi-quantitative fluorescence analyses presented in Figures 2.11 and 2.12, the lamprey 
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brains were also subsequently Nissl stained, and the Nissl (-) neurons were measured as 

described above.  In Figure 2.8 (panel S) and 2.9, single confocal images were acquired 

with a 40X (NA 0.8) Zeiss Achroplan water-dipping objective, and in some images an 

additional 2X digital zoom was applied by using the Zeiss LSM v4.0 software.  For the 

semi-quantitative immunofluorescence analysis in Figures 2.9K, the mean fluorescence 

intensity within each giant RS neuron was measured from 40X projections, because this 

higher magnification was necessary for visualizing the ubiquitin inclusions (n = 3 brains 

for each condition and time point).  All graphing and statistical analyses were performed 

using OriginPro 7.0.  

 

2.3 RESULTS 

The midbrain and hindbrain of lampreys contain ~1200 reticulospinal (RS) 

neurons, which project directly to spinal cord and provide the major descending 

command for the initiation and control of locomotion (Buchanan and Cohen, 1982; 

Kasicki and Grillner, 1986; Deliagina et al., 2000; Dubuc et al., 2008).  Amongst the RS 

neuron population are ~30 “giant” RS neurons, which are exceptionally large (50-200 µm 

in diameter) and are located in stereotypical positions in the brain, permitting their 

identification across animals (Fig. 2.1A-B, G) (Rovainen, 1967; Shifman et al., 2008).   

The giant RS neurons include the Müller neurons in the mesencephalic, isthmic, and 

bulbar brain regions, which are called “M cells”, “I cells,” and “B cells”, respectively, as 

well as the Mauthner (Mth) neurons (Fig. 2.1B).  Spinal cord transection axotomizes all 

giant RS neurons (Fig. 2.1A), after which their injury responses can be examined on a 

cell-by-cell basis (Shifman et al., 2008).   
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FIGURE 2.1 NEURONAL DEATH IN RESPONSE TO AXOTOMY IS HIGHLY CELL-SPECIFIC.  

(A)  Diagram showing the lamprey nervous system and locations of giant RS neurons in the 

midbrain and hindbrain.  All giant RS neurons are axotomized by a complete spinal cord 

transection.  (B)  Giant RS neurons include the identified Müller neurons, specifically the 

mesencephalic (M), isthmic (I), and bulbar (B) cells, as well as the Mauthner (Mth) neurons.  (C-

F)  Nissl-stained lamprey brains.  In control (Con) brains and at 1 week post-axotomy, all giant 

RS neurons were strongly Nissl stained.  However, by 3 and 11 weeks post-axotomy, some 

neurons were swollen and exhibited reduced Nissl substance, indicative of neurodegeneration 

(arrowheads).  Scale bar = 0.5 mm.  (G-K)  Insets of the Nissl-stained lamprey brains showing 

only the B cell region.  (L) Time course and extent of axotomy-induced loss of Nissl stain, 

indicating neurodegeneration.  Bars represent mean ± SEM.  Asterisks indicate statistical 

significance, as compared to controls (ANOVA, Tukey’s post hoc, p<0.05).  (M-R)  Images of 

Nissl-stained neurons taken from different lamprey brains at 11 weeks post-axotomy.  Some cells, 

such as isthmic neuron I4, remained Nissl stained and healthy.  Other cells, such as 

mesencephalic neuron M2, were swollen, lacked normal Nissl substance, and were degenerating.  

Scale = 50 µm.  (S) Loss of Nissl substance was highly variable across the entire giant RS neuron 

population.  (T)  When rank ordered, it became clear that there was a class of “good survivors,” 

which rarely lost Nissl stain, and a class of “poor survivors,” which frequently lost Nissl stain.  

Scale bar = 1 cm in A; 0.2 mm if F (applies to C-F); 50 µm in O (applies to M-O) and R (applies 

to P-R). 
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2.3.1 Spinal cord injury induces delayed, cell-specific death of giant RS neurons  

We began by examining the vitality of giant RS neurons before and after axotomy 

using Nissl staining, a standard histological procedure that labels neuronal somata by 

marking ribosomal RNA in the ER.  In a previous study, it was clearly shown that dark, 

uniform Nissl staining of lamprey giant RS somata indicates healthy neurons, while 

reduced Nissl staining after spinal cord injury is a histological indicator of dying neurons 

undergoing general chromatolysis (Shifman et al., 2008).  

In the brains of uninjured control lampreys, all giant RS neurons exhibited the 

dark, uniform Nissl staining that is characteristic of healthy neurons (Fig. 2.1C, H).  Nissl 

staining remained robust at 1 week post-axotomy, indicating that cell death was not an 

acute injury response (Fig. 2.1D, I).  However, by 3 and 11 weeks post-axotomy, some 

giant RS neurons exhibited a reduction or complete loss of Nissl stain, as well as a 

swollen appearance, indicating that these neurons were degenerating (Fig. 2.1E-F, J-K).  

By 11 weeks post-axotomy, approximately 30% of the total population of giant RS 

neurons had degenerated (Fig. 2.1L) (Control:  0 ± 0%, n = 10 brains; 1 Week: 3 ± 1%, n 

= 9 brains; 3 Weeks:  27 ± 2%, n = 10 brains; 11 Weeks:  31 ± 5%; n = 9 brains; 

ANOVA; p < 5 x 10
-10

).  During these experiments, we observed that some specific 

neurons reliably lost Nissl substance, while others remained strongly Nissl stained, even 

at 11 weeks post-axotomy.  Therefore, we decided to examine cell-specific differences in 

Nissl staining across the entire giant RS neuron population at the latest time point 

evaluated in this study, which was 11 weeks post-axotomy.  Indeed, across a population 

of brains from spinal-transected lampreys (n=9), some cell types reliably retained Nissl 

substance, such as isthmic neuron I4 (Fig. 2.1M-O).  Other cell types reliably exhibited a 

reduction or complete loss of Nissl substance, such as mesencephalic neuron M2 (Fig. 
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2.1P-R).  Across the entire population of identified giant RS neurons, there were large 

differences in the vulnerability to axotomy-induced death, even within subclasses of 

neurons (i.e. M cells, I cells, B cells), providing additional support for cell-specific 

differences in injury responses (Fig. 2.1S).  Rank-ordering the identified giant RS 

neurons by their propensity to exhibit reduced Nissl substance post-axotomy revealed 

two categories: “good survivors”, which in this population of brains lost Nissl stain <20% 

of the time, and “poor survivors”, which lost Nissl stain >60% of the time (Fig. 2.1T).  

Specifically, the “poor survivors” are B1, B3, M2, M3, Mauthner, and I1 neurons. 
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FIGURE 2.2 DUAL FLUORO-JADE® C STAINING AND NISSL STAINING REVEAL THE SAME 

NEURONS AS “POOR SURVIVORS” OF AXOTOMY.  (A-F)  Images showing the lamprey 

hindbrain region containing the bulbar neurons (B cells) and Mauthner (Mth) neurons after co-

labeling with Fluoro-Jade® C (A-C) and Nissl stain (D-F).  In the brains of uninjured control 

(Con) lampreys, all neurons were healthy, as indicated by the absence of Fluoro-Jade® C 

fluorescence and strong Nissl stain (A, D).  In contrast, after axotomy, there was an increase in 

the number of neurons that simultaneously gained Fluoro-Jade® C fluorescence and lost Nissl 

substance, indicating neurodegeneration (B-C, E-F).  Cells that most often labeled with Fluoro-

Jade® C were “poor survivor” neurons, such as B1, B3 and Mauthner (Mth) neurons (arrows). 

Scale bars = 0.2 mm.  (G)  At each individual time point, similar percentages of cells per brain 

were Nissl (-) or Fluoro-Jade® C (+).  Compared to control values, at 3 and 11 weeks post-

axotomy, there were significantly more FJC (+) and Nissl (-) cells.  Bars represent mean ± SEM.  

Asterisks indicate statistical significance with respect to controls (ANOVA, Tukey’s post hoc, 

p<0.05).  (H-I)  When rank ordered, it was clear in this independent measurement that Fluoro-

Jade® C staining revealed the same population of neurons as “good survivors” and “poor 

survivors” as did the histological Nissl staining.  Scale bar = 0.2 mm in C (applies to A-C) and F 

(applies to D-F). 
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As a second, independent method for confirming cell-specific neuronal death after 

spinal cord injury, we double-labeled brains of control and spinal-transected lampreys 

with both Nissl stain and Fluoro-Jade C (FJC), a well-established fluorescent marker of 

degenerating neurons (Schmued et al., 2005; Ehara and Ueda, 2009).  In the brains of 

uninjured control lampreys, FJC labeling was minimal or absent, and as before, all cells 

were strongly Nissl stained (Fig. 2.2A, D).  FJC staining remained minimal by 1 week 

post-axotomy, further supporting the fact that cell death was not an acute injury response 

(data not shown).  By 2-3 weeks post-axotomy, some giant RS neurons became positive 

for Fluoro-Jade C [FJC (+)] (Fig. 2.2B, G).  Fluoro-Jade C staining was sustained up 

to 11-15 weeks post-axotomy (Fig. 2.2C, G).  Moreover, the same exact neurons that 

became positive for Fluoro-Jade C between 2 and 12 weeks post-axotomy also lost 

Nissl substance (Fig. 2.2B-C, E-F).  To further examine the relationship between the gain 

of Fluoro-Jade C staining and loss of Nissl staining, we calculated the percentages of 

FJC (+) neurons that were Nissl (-) and vice versa across a population of lamprey brains.  

At 2-3 weeks post-axotomy, 88% of FJC (+) neurons were also Nissl (-) (14/16 neurons; 

n = 3 brains), and conversely 70% of Nissl (-) neurons were FJC (+) (14/20 neurons; n = 

3 brains).  At ≥11 weeks post-axotomy, 89% of FJC (+) neurons were Nissl (-) (42/47 

neurons, n=10 brains), and conversely 62% of Nissl (-) neurons were FJC (+) (43/69 

neurons, n = 10 brains).  These data indicate an inverse correlation between the loss of 

Nissl staining and gain of Fluoro-Jade C staining.  Furthermore, the average percentage 

of neurons that were Nissl (-) or FJC (+) was similar within each time point tested.  In 

addition, the post-axotomy increase in FJC (+) cells paralleled the increase in Nissl (-) 

cells (Fig. 2.2G) (Control Nissl(-):  1 ± 1%; 3 Weeks Nissl(-):  22 ± 3%; 11 Weeks Nissl(-):  23 

± 3%; Control FJC (+):  2 ± 1%; 3 Weeks FJC(+); 20 ± 3%; n = 3 brains; 11 Weeks FJC(+); 16 ± 

3%; n = 3-10 brains per condition and time point; ANOVA; p<0.05).  Finally, rank 
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ordering the giant RS neurons at 11 weeks post-axotomy by their likelihood to be FJC (+) 

or Nissl (-) revealed that both staining methods reported the same population of “poor 

survivors” and “good survivors” (Fig. 2.2H-I).  These data indicate that both loss of Nissl 

staining and gain of Fluoro-Jade C staining reliably marked degenerating neurons after 

spinal cord injury. 

Taken together, these data are consistent with other work in lampreys and in 

mammals showing that axotomy induces retrograde degeneration of descending neurons 

(Hains et al., 2003; Lee et al., 2004; Shifman et al., 2008).  That degeneration occurred 

only for a select subset of neurons strongly suggests that the “poor survivors” undergo 

different molecular responses to injury than do the “good survivors.”  

 

2.3.2 Synuclein selectively accumulates only in “poor survivor” neurons after spinal 

cord injury 

What are the molecular factors that underlie the highly variable, but reproducible, 

degeneration or survival of specific giant RS neurons after injury?  Given the established 

role for synuclein accumulation in neuronal death in several neurological diseases, we set 

out to determine whether synuclein is also somehow associated with neurodegeneration 

in response to spinal cord injury.  We began by cloning all of the lamprey synucleins 

from the available lamprey EST and genome databases and examining their expression 

patterns in the brain, in order to determine whether synucleins are expressed in the giant 

RS neurons.  The EST database contained two distinct, full-length lamprey synuclein 

sequences (GenBank accession DY249701 and FD702549), which we independently 

cloned.  The lamprey genome database contained another partial synuclein sequence, 

which we completed using 3’-RACE and then cloned (see Methods).   These cloned 

lamprey synucleins have now been deposited into GenBank.  Phylogenetic analysis of 
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these sequences revealed that, similar to other fish, lampreys possess two γ-synuclein 

isoforms (GenBank accession JN544525.1 and JN544526.1), which are 55% and 65% 

identical to human γ-synuclein (Fig. 2.3A) (Yoshida et al., 2006; Sun and Gitler, 2008).  

We call these γ-synuclein (DY) and γ-synuclein (FD), respectively, in reference to their 

original EST accession numbers.  The third isoform of lamprey synuclein (GenBank 

accession JN544527.1) is 56%, 52%, and 53% identical to human α-, β-, and γ-synuclein, 

respectively (Fig. 2.3A).  At present, we are unable to definitively assign the third 

synuclein isoform, because it did not reliably group with other α-, β- or γ-synuclein 

orthologues in our phylogenetic analysis (D. Busch and J. Morgan, unpublished).   The 

reason for this is unclear, but the paucity of available synuclein sequences from closely 

related species, such as other jawless and cartilaginous fishes, is likely a contributing 

factor.  We therefore decided to call this isoform “lamprey synuclein 3” until more 

sequences become available for a definitive assignment.  Semi-quantitative RT-PCR 

performed on lamprey brain cDNA libraries revealed that γ-synuclein (DY) is the most 

abundantly expressed synuclein isoform (Fig. 2.4A) [γ-Synuclein (DY):  1.0 ± 0.0; γ-

Synuclein (FD):  0.5 ± 0.1; Synuclein 3:  0.4 ± 0.2; n = 3 cDNA libraries; ANOVA; p < 

0.005].  This finding was confirmed by in situ hybridization, which additionally revealed 

that the giant RS neurons expressed particularly high levels of γ-synuclein (DY) mRNA 

(Fig. 2.4B, E).  In contrast, giant RS neurons expressed much lower levels of γ-synuclein 

(FD) and synuclein 3 (Fig. 2.4C-D, F-G).  While γ-synuclein (DY) expression was most 

abundant in giant RS neurons (Fig. 2.4E), γ-synuclein (FD) and synuclein 3 had higher 

expression levels in the facial motor nucleus (VII) (Fig. 2.4F-G).  Taken together, these 

data confirm that synuclein, specifically γ-synuclein (DY), is highly expressed in giant 

RS neurons, making it the best synuclein candidate to be involved in the injury response 

in these neurons. 
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FIGURE 2.3 AMINO ACID ALIGNMENT OF LAMPREY SYNUCLEIN ISOFORMS.  Three 

lamprey synucleins were cloned and sequenced.  Phylogenetic analysis revealed these to be two 

γ-synucleins (GenBank: JN544525.1 and JN544526.1), which we call (DY) and (FD) in reference 

to the original EST accession numbers, and a third isoform, which we call synuclein 3 

(JN544527.1). Alignment with human α-, β-, and γ-synuclein revealed a high degree of identity 

especially in the N-terminal domain.  Highlighted residues indicate amino acids that are identical 

to human γ-synuclein.  Black lines indicate the 11-amino acid repeats characteristic of all 

synucleins.  Gray bar marks the epitope recognized by the pan-synuclein antibody used in this 

study.   
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FIGURE 2.4 LAMPREY GIANT RS NEURONS STRONGLY EXPRESS A γ-SYNUCLEIN 

ISOFORM.  (A) Semi-quantitative RT-PCR using cDNA from lamprey brain demonstrates that γ-

synuclein (DY) is the most abundantly expressed isoform.  Representative gel image from a 

single cDNA library is shown on top, while quantification from n=3 cDNA libraries is shown on 

bottom.  Bars represent mean ± SEM.  Asterisks indicate statistical significance, as compared to 

controls (ANOVA, Tukey’s post hoc p<0.05).  (B-D)  Whole mount brain in situ hybridizations 

revealed that all giant RS neurons expressed high levels of mRNA for γ-synuclein (DY), but low 

levels of the other isoforms (synuclein FD and synuclein 3).  Scale bar = 0.5 mm.  (E-G)  In 

contrast, synuclein FD and synuclein 3 were expressed in very low amounts in the giant RS 

neurons such as the Mauthner cell (arrows), but had greater expression levels in the facial motor 

nucleus (VII). (H)  Biochemistry experiments showing specificity of the pan-synuclein antibody.  

Western blot (WB) for synuclein (Syn) (top) and Ponceau staining for recombinant GST fusion 

proteins (bottom) confirms that the pan-synuclein antibody recognized all three lamprey 

synucleins, but not GST alone.  (I)  The pan-synuclein antibody also recognized the same 

endogenous synuclein proteins in both rat brain and lamprey brain extracts (arrows).  Scale bar = 

0.5 mm in D (applies to B-D). 
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FIGURE 2.5 PRE-ABSORPTION OF SYNUCLEIN ANTIBODY WITH RECOMBINANT LAMPREY 

GST-SYNUCLEINS ABOLISHES IMMUNOREACTIVITY. (A-B) Western blots using the pan-

synuclein rabbit polyclonal antibody (Abcam ab6176) on endogenous rat and lamprey brain 

protein lysates and recombinant lamprey GST-synucleins.  This antibody recognizes 17 kD and 

~40 kD proteins in both rat and lamprey brain, consistent with synuclein monomers and dimers 

(A).   It also recognizes all three cloned lamprey synucleins, but not GST alone (B).  Pre-

absorption (Pre-Abs) of ab6176 with all 3 recombinant lamprey synucleins abolished the ability 

to recognize both the endogenous and recombinant synuclein proteins (A-B, right panel).  (C-H)  

Immunoreactivity of ab6176 for whole-mount immunofluorescence was also abolished by pre-

absorption. Typically, synuclein immunofluorescence is low in control neurons (C), but is high in 

a subset of axotomized giant RS neurons at 1 and 11 weeks post-axotomy, such as B1 and Mth 

neurons (D-E)   However, after pre-absorption of the antibody with recombinant synucleins, the 

typical immunofluorescence signal is absent in the giant RS neurons of control lamprey brains (F) 

and those at 1 and 12 weeks post-axotomy (G-H).  Here, only the B cell regions are shown for 

each brain.  Note that the synuclein immunofluorescence normally seen post-axotomy in “poor 

survivors” such as B1 and Mth is completely absent.  Scale bar = 0.2 mm. 
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In synuclein-linked diseases, neuronal death is associated with increased levels of 

synuclein protein in the cell body.  Therefore, to assess whether injury-induced neuronal 

death is also associated with synuclein accumulation, we examined synuclein protein 

levels in giant RS neurons before and after axotomy.  We used a pan-synuclein antibody 

raised against amino acids 11-26 of human α-synuclein, which recognizes a highly 

conserved epitope near the N-terminus of all synucleins (Fig. 2.3A).  This antibody 

recognized GST fusions of all three recombinant lamprey synucleins, but not GST alone 

(Fig. 2.4H).  The synuclein antibody also recognized 17 and ~40 kD protein bands in 

Western blots of both rat brain and lamprey brain extracts, consistent with synuclein 

monomers and dimers (Fig. 2.4I) (Cole et al., 2002; Yamaguchi et al., 2010).  

Preabsorption of the pan-synuclein antibody with a mixture of the three recombinant 

lamprey synucleins abolished its ability to detect the target proteins in brain extracts, as 

well as the recombinant GST-lamprey synucleins, confirming the antibody specificity 

(Fig. 2.5A-B) (http://web.mac.com/jmorgan38/iWeb/Site%202/Home.html).   

In control lamprey brains, all giant RS neurons exhibited low, uniform levels of 

synuclein immunofluorescence (Fig. 2.6A-C).  In contrast, after axotomy, there was an 

increase in synuclein immunofluorescence in a subset of giant RS neurons at 1, 3, and 11 

weeks post-axotomy, which reflected an accumulation of synuclein protein (Fig. 2.6D-L).  

We observed that the “poor survivors” (i.e. M2, M3, I1, B1, and Mth) were most likely to 

exhibit increased synuclein immunofluorescence after spinal cord injury at all time points 

examined (Fig. 2.6D-L).  These synuclein immunofluorescence signals were also 

eliminated by preabsorption of the pan-synuclein antibody with recombinant lamprey 

synucleins (Fig. 2.5C-H) (http://web.mac.com/jmorgan38/iWeb/Site%202/Home.html).  

Prompted by the cell-specific vulnerability of RS neurons to injury, we examined 

whether synuclein accumulation occurred in particular neurons by performing a 
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systematic, semi-quantitative analysis of synuclein immunofluorescence across the giant 

RS neuron population.  At 11 weeks post-axotomy, which was the longest time point 

examined, some cell types reliably exhibited an increase in synuclein 

immunofluorescence, such as the “poor survivors” mesencephalic neuron M2 and bulbar 

neuron B1 (Fig. 2.6M-P).  In contrast, at 11 weeks post-axotomy, other neurons reliably 

retained low synuclein immunofluorescence, such as the “good survivors” isthmic 

neurons I3 and I4 (Fig. 2.6Q-T).  Indeed, across the entire population of classified “poor 

survivor” neurons, the immunofluorescence levels associated with synuclein significantly 

increased at 1, 3, and 11 weeks post-axotomy when compared to control levels (Fig. 

2.6U) (Control:  21.4 ± 1.5 AU, n = 117 neurons, 10 brains; 1 Wk:  33.7 ± 3.0 AU, n = 

105 neurons, 9 brains; 3 Wks: 35.4 ± 3.0 AU, n = 113 neurons, 10 brains; 11 Wks:  36.9 

± 4.3 AU, n = 83 neurons, 9 brains; ANOVA; p < 5 x 10
-4

).  In contrast, in the classified 

“good survivor” neurons, post-axotomy synuclein immunofluorescence intensity 

typically remained at or below control levels (Fig 2.6U) (Con, 19.6 ± 1.3 AU, n = 177 

neurons, 10 brains; 1 Wk, 15.8 ± 1.3 AU, n = 150 neurons, 9 brains; 3 Wks, 17.7 ± 1.5 

AU, n = 164 neurons, 10 brains; 11 Wks, 20.1 ± 1.6 AU, n = 152 neurons, 9 brains; 

ANOVA, p > 0.14).  Thus, after axotomy, synuclein accumulation selectively occurred in 

a subset of giant RS neurons, the “poor survivors” that were most vulnerable to axotomy-

induced death. 
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FIGURE 2.6 ONLY “POOR SURVIVOR” NEURONS ACCUMULATE SYNUCLEIN AFTER 

AXOTOMY.  (A-C)  Confocal projections of the M cell, I cell, and B cell regions from a single 

lamprey brain, which revealed low synuclein immunofluorescence in all uninjured control giant 

RS neurons.  See Figure 2.1B for a reference brain map. (D-L) In contrast, at 1, 3, and 11 weeks 

post-axotomy, a subset of giant RS neurons accumulated synuclein.  Neurons that accumulated 

synuclein appeared to be predominantly “poor survivors” (arrows), such as M2, M3, I1, B1, and 

Mth.  Scale bar = 0.2 mm.  (M-T)  Confocal projections of individual giant RS neurons at 11 

weeks post-axotomy taken from several different brains.  “Poor survivors” such as M2 and B1 

(M-P) reproducibly exhibited higher levels of synuclein immunofluoresence, while “good 

survivors” such as I3 and I4 (Q-T) reproducibly maintained low levels of synuclein 

immunofluorescence. White dotted lines indicate cell borders. (U)  While axotomy did not 

substantially alter synuclein (Syn) immunofluorescence intensity in the “good survivors,” it 

caused a significant accumulation of synuclein only in the “poor survivors.”  Data points 

represent mean ± SEM.  Asterisks indicate statistical significance, as compared to controls 

(ANOVA, Tukey’s post hoc p<0.05).  Scale bar = 0.2 mm in L (applies to A-L), 50 µm in P 

(applies to M-P), and T (applies to Q-T). 
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2.3.3 Injury-induced synuclein accumulation is not due to upregulation of the 

mRNA transcript 

To identify the mechanism responsible for injury-induced synuclein protein 

accumulation, we began by examining the mRNA expression levels for γ-synuclein (DY) 

before and after axotomy.  In situ hybridization revealed that the mRNA levels for γ-

synuclein (DY) started out high in giant RS neurons but gradually declined after axotomy 

(Fig. 2.7A-C).  A semi-quantitative analysis of the signal intensity revealed that across 

the entire population of giant RS neurons, there was a significant decrease in γ-synuclein 

(DY) mRNA at 3 and 11 weeks post-axotomy, when compared to controls or 1 week 

post-axotomy (Fig. 2.7D) (Con, 1.0 ± 0.02 AU, n = 130 neurons, 4 brains; 1 Wk, 0.9 ± 

0.02 AU, n = 130 neurons, 4 brains; 3 Wks, 0.7 ± 0.03 AU, n = 108 neurons, 4 brains; 11 

Wks, 0.6 ± 0.04 AU, n = 102 neurons, 4 brains; ANOVA, p < 5 x 10
-14

).  When the 

neurons were categorized according to their vulnerability to axotomy-induced cell death, 

it became clear that γ-synuclein (DY) mRNA decreased in both “good survivors” and 

“poor survivors,” at 3 and 11 weeks post-axotomy (Fig. 2.7E) (ConGood, 1.0 ± 0.04 AU, n 

= 84 neurons, 4 brains; 1 WkGood, 0.89 ± 0.03 AU, n = 83 neurons, 4 brains; 3 WksGood, 

0.68 ± 0.04 AU, n = 64 neurons, 4 brains; 11 WksGood, 0.71  ± 0.04 AU, n = 69 neurons, 4 

brains; ConPoor, 1.0 ± 0.05 AU, n = 46 neurons, 4 brains; 1 WkPoor 0.97 ± 0.05 AU, n = 47 

neurons, 4 brains; 3 WksPoor, 0.68 ± 0.06 AU, n = 44 neurons, 4 brains; 11 WksPoor, 0.43  

± 0.06 AU, n = 33 neurons, 4 brains; ANOVA, p < 0.01).  There were no visible 

compensatory changes in the mRNA expression levels for the other isoforms γ-synuclein 

(FD) and synuclein 3 after spinal cord injury (data not shown).  Thus, post-axotomy 

synuclein accumulation is not due to an upregulation of synuclein mRNA, but more 

likely reflects a change in protein stability or axonal transport. 
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FIGURE 2.7 γ-SYNUCLEIN (DY) MRNA IS DOWNREGULATED AFTER AXOTOMY. (A-C) 

Whole mount in situ hybridization was performed on the brains of control and spinal-transected 

lampreys using an mRNA probe specific for γ-synuclein (DY).  Only the M cell region is shown.  

In control brains, all giant RS neurons expressed high levels of γ-synuclein (DY) (see also Fig. 

2.4B, E). At 3 and 11 weeks post-axotomy, the mRNA expression levels for γ-synuclein (DY) 

decreased in “good survivors,” such as M1 neuron, as well as “poor survivors,” such as M2 and 

M3.  Scale bar = 0.2 mm.  (D)  Semi-quantitative analysis shows that γ-synuclein (DY) mRNA 

expression is decreased across the entire population of RS neurons at 3 and 11 weeks post-

axotomy. Bars represent mean ± SEM. Asterisks indicate statistical significance, as compared to 

controls and 1 week post-injury time points (ANOVA, Tukey’s post hoc; p < 0.05).  (E)  Both 

“good” and “poor survivors” exhibit significantly decreased levels of γ-synuclein (DY) mRNA 

after axotomy, relative to control levels, particularly at 3 and 11 weeks post-axotomy.  Data 

points represent mean ± SEM.  Asterisks indicate statistical significance, compared with controls 

and 1 week post injury time points (ANOVA, Tukey’s post hoc; p < 0.05).  Scale bar = 0.2 mm in 

C (applies to A-C). 
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2.3.4 Injury-induced synuclein accumulation is not due to a general defect in axonal 

transport. 

To determine whether synuclein accumulation is due to a general defect in 

vesicular transport of synaptic proteins to distal axon processes, we performed double-

labeling of control and spinal-transected lamprey brains using antibodies made against 

synuclein and SV2, a synaptic vesicle protein that spans the vesicle membrane.  The SV2 

antibody recognizes a smeared band starting around ~100 kD in both rat and lamprey 

brain extracts, due to extensive glycosylation of the protein (Fig. 2.8R) (Buckley and 

Kelly, 1985).  In previous studies, immunofluorescence on lamprey brain and spinal cord 

sections revealed that this SV2 antibody labels bright puncta that colocalize with several 

synaptic markers, including synapsin and actin (Oliphint et al., 2010; Lau et al., 2011); 

immunogold EM confirms that the SV2 antibody labels synaptic vesicles at lamprey 

synapses (Bloom et al., 2003).  Consistent with its synaptic localization, the SV2 

antibody also brightly labels puncta in whole-mount lamprey brains (Fig. 2.8S).  The SV2 

antibody labels afferent synapses onto the giant RS neuron cell bodies (Fig. 2.8S).  But, 

the RS neurons themselves have little SV2, because synaptic vesicles are transported 

down the axon away from the cell body and toward their distal synaptic locations.  

After spinal cord transection we found that, as before, synuclein accumulation 

occurred in a subset of giant RS neurons after axotomy (Fig. 2.8A-D).  In contrast, within 

the exact same brains, the SV2 immunofluorescence levels in giant RS neurons remained 

low at all post-axotomy times, as it was in control conditions (Fig. 2.8E-H).  When 

individual neurons were examined, the “poor survivors,” such as M2, accumulated 

synuclein, but these same neurons did not accumulate SV2 (Fig. 2.8I-L).  The “good 

survivors,” such as I3 and I4, did not accumulate synuclein or SV2 (Fig. 2.8M-P).  

Across the entire population of giant RS neurons, neither “poor survivors” nor “good 
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survivors” accumulated SV2 after axotomy (Fig. 2.8Q) (ControlGood:  -0.51 ± 0.6 AU, n = 

78 neurons, 5 brains; 1 WkGood: 3.4 ± 0.8 AU, n = 39 neurons, 3 brains; 3 WksGood : 2.1 ± 

0.7 AU, n = 43 neurons, 3 brains; 11 WksGood:  -0.3 ± 0.6 AU, n = 69 neurons, 6 brains) 

(ControlPoor:  2.8 ± 1.1 AU, n = 57 neurons, 5 brains; 1 WkPoor: 5.5 ± 1.8 AU, n = 35 

neurons, 3 brains; 3 WksPoor: 2.8 ± 1.6 AU, n = 35 neurons, 3 brains; 11 WksPoor:  1.5 ± 

1.3 AU, n = 66 neurons, 6 brains; ANOVA; p=0.29).  Thus, unlike synuclein, SV2 does 

not accumulate in the giant RS neurons in response to spinal cord injury.  These data 

indicate that synuclein accumulation is selective and that it is not simply due to a more 

general defect in axonal transport of all synaptic vesicle proteins.  
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FIGURE 2.8  UNLIKE SYNUCLEIN, SV2, ANOTHER SYNAPTIC VESICLE PROTEIN, DOES 

NOT ACCUMULATE AFTER AXOTOMY.  (A-H)  Confocal projections of the B cell region from 

control and spinal-transected lamprey brains co-labeled with antibodies against synuclein and 

SV2.  As before, synuclein accumulated in a subset of “poor survivor” neurons (A-D).  Confocal 

projections of the same brains co-labeled with an SV2 antibody revealed that none of the giant RS 

neurons accumulated SV2 (E-H).  Scale bar = 0.2 mm.  (I-L)  Confocal projections of individual 

giant RS neurons at 11 weeks post-axotomy taken from several different brains.  “Poor 

survivors,” such as M2, reproducibly exhibited high levels of synuclein immunofluoresence, but 

not SV2. White dotted lines indicate cell borders.  (M-P)  “Good survivors,” such as I3 and I4, 

accumulated neither synuclein nor SV2. Scale bars = 50 µm. (Q)  Axotomy did not substantially 

alter SV2 immunofluorescence intensity in either the “good survivors” or “poor survivors.”  Data 

points represent mean ± SEM (ANOVA, Tukey’s post hoc p>0.05).  (R)  Western blot of rat and 

lamprey (Lamp) brain extracts showing that the SV2 antibody recognizes a smear of proteins 

above 100 kD, similar to what has been shown in other vertebrate species. (S)  High 

magnification confocal image (single optical plane) showing SV2 immunofluorescence on a 

whole-mount control lamprey brain.  The SV2 antibody labels synaptic puncta around a giant RS 

neuron (Mauthner), indicating afferent synapses.  Because SV2 is transported away from the cell 

body to synapses in the distal axon, the SV2 levels within the Mauthner cell body are low 

(asterisk).  Scale bar = 0.2 mm in H (applies to A-H); 50 µm in L (applies to I-L), P (applies to 

M-P), and S. 
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FIGURE 2.9  CHARACTERIZATION OF AXOTOMY-INDUCED SYNUCLEIN ACCUMULATION.  

(A-D)  Confocal images (single plane) of giant RS neurons immunostained for synuclein (Syn).  

(A-B) Synuclein protein levels were uniform, diffuse, and low in uninjured control (Con) 

neurons, such as this I1 neuron. Scale bars = 25 µm. (C-D) In contrast, at 11 weeks post-axotomy, 

“poor survivor” neurons that accumulated synuclein such as this I1 neuron exhibited synuclein 

inclusions (arrows) throughout the cell. Synuclein inclusions were pronounced at the nucleus (N) 

and at the plasma membrane.  Scale bars = 100 µm.  Boxes in panels A and C indicate regions 

shown in panels B and D, respectively.  Dotted lines indicate cell borders. (E-J) Confocal images 

of giant RS neurons double-labeled for synuclein (green) and ubiquitin (Ub; magenta).  Panels F, 

H and J are 3D projections of the same cells shown as single sections in panels E, G and I. In 

uninjured control neurons such as this B1 cell, synuclein is diffuse, and only a few ubiquitin 

positive puncta (arrowheads) are visible (E-F).  Similarly, 11 weeks after axotomy “Good 

Survivor” neurons such as this M1 cell have low levels of synuclein and only few ubiquitin 

positive puncta (arrowheads) (G-H).  In contrast, at 10 weeks post-transection, “poor survivor” 

neurons that accumulate synuclein such as this B1 neuron, also exhibit extensive ubiquitin-rich 

inclusions.  Ubiquitin-positive inclusions (arrowheads) are more numerous and extend across 

larger areas throughout the neuron. Dotted line indicates cell border. In panel I, there is also 

increased synuclein immunofluorescence outside the neuron in the neuropil, which is often 

observed around RS neurons with greatest synuclein accumulation.  Scale bar = 25 µm in A, B, 

E-J; 100 µm in C-D.  (K)  Poor survivors exhibit increased levels of ubiquitin post injury, 

whereas good survivors do not. (L)  Western blot of rat and lamprey brain extracts showing that 

the ubiquitin antibody recognizes a smear of medium and high molecular weight proteins, as 

expected. 
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FIGURE 2.10 PRE-ABSORPTION OF UBIQUITIN ANTIBODY P4D1 WITH RECOMBINANT 

GST-UBIQUITIN ABOLISHES IMMUNOREACTIVITY.  (A-B) Western blots using the 

Ubiquitin antibody P4D1 on endogenous rat and lamprey brain lysates (A) and recombinant GST-

Ubiquitin (B).  The antibody recognizes a smear of ubiquitinated medium and high molecular 

weight proteins in both rat and lamprey extracts.  Pre-absorption of P4D1 with recombinant GST-

Ub abolished the ability of P4D1 to recognize these bands in both brain lysates and recombinant 

proteins (A-B, right). Note that P4D1 does not recognize GST alone, as seen on the ponceau 

stained blots (B, lower panel). 
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2.3.5 Injury-induced synuclein accumulation is accompanied by increased ubiquitin 

inclusions  

In Parkinson’s disease, synuclein accumulation is associated with the formation of 

synuclein-rich intracellular aggregates, or inclusions (Spillantini et al., 1998; Kahle et al., 

2001; Lee and Trojanowski, 2006; von Coelln et al., 2006; Dawson et al., 2010).  The 

synuclein inclusions are accompanied by dysfunctions of the ubiquitin proteosome 

system (UPS), as indicated by higher than normal levels of ubiquitin in the cell 

(Spillantini et al., 1998; von Coelln et al., 2006; Dawson et al., 2010) and lower levels of 

20S proteosome (Chu et al., 2009).  Therefore, we used high-resolution confocal imaging 

to examine synuclein and ubiquitin levels before and after axotomy in order to further 

identify the molecular nature of the injury responses.    

In uninjured control giant RS neurons, synuclein immunofluorescence was faint 

and evenly diffuse throughout the cytoplasm (Fig. 2.9A-B).  In contrast, the axotomy-

induced synuclein accumulation appeared as inclusions within the cytosol, aggregates 

near the plasma membrane, and increased levels at the nuclear membrane (Fig. 2.9C-D).  

The reasons underlying the pronounced synuclein aggregation at the plasma membrane 

and nuclear membrane are currently unclear.  However, since synuclein binds membrane 

phospholipids, one possibility is that is may have a higher affinity for lipids enriched at 

the cell surface and nucleus (Davidson et al., 1998; Perrin et al., 2000; Pfefferkorn et al., 

2011).  Another possibility is that synuclein may be delivered to the cell surface for 

secretion, as has been shown in cellular models of Parkinson’s disease (Lee et al., 2005; 

Emmanouilidou et al., 2010).   

Next, we performed double-labeling of giant RS neurons using antibodies against 

synuclein and ubiquitin.  As previously reported (Flann et al., 1997), this ubiquitin 

antibody recognized a smear of medium and high molecular weight ubiquitinated 
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proteins in rat brain extracts, and a similar pattern was observed in lamprey brain extracts  

(Fig. 2.9L).  These signals were eliminated when the ubiquitin antibody was preabsorbed 

with recombinant GST-ubiquitin (Fig. 2.10A-B) 

(http://web.mac.com/jmorgan38/iWeb/Site%202/Home.html).  As with synuclein, 

uninjured control neurons also had low, resting levels of ubiquitin and exhibited only a 

few ubiquitin-rich puncta (Fig.2.9E-F).  Similarly, at 11 weeks post-axotomy, the “good 

survivors” exhibited only a few ubiquitin-rich puncta (Fig. 2.9G-H).  In contrast, neurons 

that accumulated synuclein after axotomy, the “poor survivors,” also exhibited a greater 

number and extent of intracellular ubiquitin inclusions, suggesting that the UPS function 

was altered after injury (Fig. 2.9I-J).  Across the population of giant RS neurons, “good 

survivor” neurons exhibited only a small insignificant change, a reduction, in ubiquitin 

levels (Fig. 2.9K) (ConGood, 10.4 ± 1.6 AU, n = 15 neurons, 2 brains; 2 WksGood, 7.5 ± 2.4 

AU, n = 8 neurons, 1 brain; 11 WksGood, 4.7 ± 1.4 AU, n = 5 neurons, 2 brains; ANOVA; 

p=0.18).   In contrast, by 11 weeks post-axotomy, ubiquitin levels were significantly 

increased nearly 2-fold in the “poor survivor” neurons (Fig. 2.9K) (ConPoor, 8.6 ± 1.0 AU, 

n = 21 neurons, 2 brains; 2 WksPoor, 8.6 ± 1.7 AU, n = 6 neurons, 1 brain; 11 WksPoor, 

16.6 ± 3.5 AU, n = 12 neurons, 2 brains; ANOVA, p < 0.05).  

Taken together, these data indicate that injury-induced synuclein accumulation 

occurs in the form of intracellular inclusions and is also associated with increased cellular 

levels of ubiquitin only within “poor survivor” neurons, which is similar to the molecular 

profile of neurodegeneration during Parkinson’s disease and other Lewy body disorders 

(Spillantini et al., 1998; Gai et al., 2000; Lee et al., 2002).  



 67 

 

 

FIGURE 2.11  AXOTOMY-INDUCED SYNUCLEIN ACCUMULATION PRECEDES NEURONAL 

DEATH.  (A-H)  In “good survivor” neurons such as I4, synuclein (Syn) does not accumulate at 

any post-axotomy time point, and Nissl staining remains strong.  Dotted line indicates cell border. 

(I-P)  In “poor survivors” neurons such as M2, synuclein accumulation occurs by 1 week post-

axotomy, when Nissl staining is still strong.  At later times, synuclein accumulation is sustained, 

and the cells degenerate as indicated by loss of Nissl staining. Scale bars = 50 µm.  (Q)  For the 

“poor survivors”, synuclein immunofluorescence (IF) and the percentage of cells that lost Nissl 

substance (Nissl -) were normalized to their respective minimum and maximum values.  When 

they were plotted on the same graph, it became clear that synuclein accumulation preceded the 

major wave of neuronal death.  Data points represent mean ± SEM.  Scale bar = 50 µm in D 

(applies to A-H) and L (applies to I-P). 
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2.3.6 Synuclein accumulation precedes and correlates with neuronal death in “poor 

survivors” 

To further examine the link between increased synuclein levels and cell-specific 

vulnerability to axotomy, we directly compared synuclein immunofluorescence and Nissl 

intensity within the exact same giant RS neurons.  In the “good survivors”, such as 

isthmic neuron I4, synuclein levels remained low, and Nissl staining remained strong at 

all post-axotomy time points (Fig. 2.11A-H).  In contrast, in “poor survivors” such as 

mesencephalic neuron M2, synuclein accumulated by 1 week post-axotomy while cells 

were still strongly Nissl stained (Fig. 2.11I-J, M-N).  By 3 and 11 weeks post-axotomy, 

neurons that accumulated synuclein exhibited a reduction or complete loss of Nissl 

staining (Fig. 2.11K-L, O-P).  Next, we plotted a time course comparing the increase in 

synuclein immunofluorescence and the increased percentage of Nissl (-) cells across the 

“poor survivor” population, normalized to their respective minimum and maximum 

values.  This analysis clearly revealed that synuclein accumulation temporally preceded 

the major wave of cell death (Fig. 2.11Q).   

Continuing this comparative analysis, we measured synuclein 

immunofluorescence and Nissl intensity across the entire population of “good survivors” 

and “poor survivors” within the same brains.  Here, we measured the actual intensity of 

the Nissl staining in order to directly compare the relative levels of Nissl substance 

against the relative levels of synuclein immunofluorescence.  In the brains of uninjured 

control lampreys, the synuclein immunofluorescence was low and Nissl staining strong in 

all neurons, including both “good survivors” and “poor survivors”, consistent with our 

previous independent measurements (Fig. 2.12A-B).  A semi-quantitative analysis 

revealed that all uninjured control RS neurons exhibited strong Nissl staining and 

relatively low synuclein immunofluorescence intensities, and there was no obvious 
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difference between “good survivors” and “poor survivors” at this resting state (Fig. 

2.12C).  Indeed, there was no significant correlation between synuclein 

immunofluorescence and Nissl staining in the control neurons (Fig. 2.12C; R = 0.21, p = 

0.45).  In contrast, at 11 weeks post-axotomy, a clear pattern emerged.  Synuclein 

immunofluorescence increased in the “poor survivors” such as bulbar neuron B3 and 

Mauthner, and these neurons also exhibited a loss of Nissl staining (Fig. 2.12D-E).  In 

contrast, synuclein immunofluorescence remained low and Nissl staining strong in the 

“good survivor” neurons such as bulbar neurons B4 and B5 (Fig. 2.12D-E).  A semi-

quantitative analysis revealed a strong inverse correlation between increased synuclein 

immunofluorescence and loss of Nissl staining at 11 weeks post-axotomy, which was 

significantly different from the control situation (Fig. 2.12F) (R = -0.74; p < 0.005; Z-

score = 2.85, Fisher r-to-Z transformation; Pearson regression).  The “poor survivors” 

clearly segregated away from the “good survivors” as those cells that had the highest 

synuclein immunofluorescence and greatest reduction in Nissl staining (Fig. 2.12F).  

Taken together, these data indicate that increased synuclein levels in response to axotomy 

precede and are directly correlated with loss of Nissl staining, which has been shown to 

indicate neurodegeneration (Fig. 2.2) (Shifman et al., 2008).   

As a final measure of the relationship between synuclein accumulation and injury-

induced neurodegeneration, we triple stained brains for synuclein, Fluoro-Jade C (FJC), 

and Nissl.  In control brains, synuclein and FJC staining were dim, and Nissl staining was 

strong in all giant RS neurons (Fig. 2.13A-C).  At 10 weeks post-injury, the very same 

“poor survivor” neurons that accumulated synuclein and lost Nissl stain also labeled for 

FJC (Fig. 2.13D-F).  At 10-12 weeks post-axotomy, 68% of FJC (+) neurons were 

brightly stained for synuclein (27/40 neurons, n=11 brains), and conversely 73% of 

neurons that were brightly stained for synuclein were also FJC (+) (27/37 neurons, n = 11 
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brains).  Taken altogether, our data indicate that synuclein accumulation after spinal cord 

injury is a marker for forthcoming neuronal death and suggest that synuclein 

accumulation may be a potential risk factor that influences the neuron’s fate. 

 

 

 

FIGURE 2.12 INJURY-INDUCED SYNUCLEIN ACCUMULATION IN “POOR SURVIVORS” IS 

HIGHLY CORRELATED WITH NEURONAL DEGENERATION. (A-B) Images showing the 

lamprey hindbrain region containing the bulbar neurons (B cells) and Mauthner (Mth) neurons 

after co-labeling the same brain with the pan-synuclein (Syn) antibody and Nissl stain.  In 

uninjured control neurons, the synuclein immunofluorescence intensity is low (A) and the Nissl 

staining of the same neurons is strong (B).  (C)  In control brains, across the entire giant RS 

neuron population, there is no significant correlation between synuclein and Nissl intensity in 

giant RS neurons amongst the “good survivors” and “poor survivors.”  (D-E)  In contrast, by 11 

weeks post-axotomy, all neurons that accumulated synuclein such as “poor survivors” B3 and 

Mth are dying, as shown by loss of Nissl staining.  Other neurons that did not accumulate 

synuclein, such as “good survivors” B4 and B5, remained healthy as shown by strong Nissl 

staining.  Scale = 0.2 mm.  (F)  By 11 weeks post-axotomy, synuclein accumulation becomes 

linearly correlated with loss of Nissl staining, indicating neuronal death.  Here, the “poor 

survivors” clearly segregate out as the neurons with the greatest synuclein levels and least Nissl 

stain.  Scale bar = 0.2 mm in A (applies to A, B) and E (applies to D, E). 
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FIGURE 2.13 FLUORO JADE C ® (FJC) STAINING CORROBORATES THE FINDING THAT 

SYNUCLEIN ACCUMULATION IS CORRELATED WITH NEURONAL DEGENERATION. (A-C)  

Images of a control lamprey hindbrain (bulbar cells) after triple labeling for synuclein (A), FJC 

(B), and Nissl substance (C). Here, the giant RS neurons exhibit low levels of synuclein, lack FJC 

staining, and are strongly stained for Nissl substance, indicative of healthy neurons.  (D-F)  In 

contrast, by 10 weeks post-axotomy a subset of “poor survivors” accumulate synuclein (D), such 

as the B1, B3 and Mauthner (Mth) neurons (arrows).  These same neurons are also strongly 

labeled for FJC (E), and as before exhibited a loss of Nissl stain (F).  Asterisk in E indicates a 

Mauthner cell that was partially extruded relative to the brain surface.  Scale bar = 0.2 mm in F 

(applies to A-F). 
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2.4 DISCUSSION 

This is the first demonstration that synuclein accumulation is associated with 

injury-induced neuronal death.  Previous studies showed increased synuclein 

immunoreactivity after spinal cord injury (Sakurai et al., 2009) and traumatic brain injury 

(Uryu et al., 2003; Uryu et al., 2007).  However, the fate of neurons that experience 

increased synuclein after injury remained unknown until now.  In theory, the increased 

synuclein immunoreactivity could play positive roles after injury by supporting vesicle 

trafficking events underlying axon or synapse regeneration (Nemani et al., 2010; Bloom 

and Morgan, in press2) or through its neuroprotective functions (Chandra et al., 2005).  

Conversely, the increased synuclein immunoreactivity could play a deleterious role by 

increasing neurotoxic aggregations and neurodegeneration, as occurs in diseases (Lee and 

Trojanowski, 2006; Cookson and van der Brug, 2008).  The fact that synuclein 

accumulation preferentially and selectively occurred within the classified “poor 

survivors” and was strongly correlated with the loss of Nissl substance indicates that 

synuclein accumulation is at the very least a marker for forthcoming neuronal death in 

response to spinal cord injury-induced axotomy (Fig. 2.6, 2.8, 2.12-2.13).  That injury-

induced synuclein accumulation preceded the major wave of neuronal death is somewhat 

suggestive that synuclein accumulation could be part of the molecular pathway leading to 

cell death (Fig. 2.11).  However, at present, the extent to which synuclein accumulation is 

causative for neuronal death remains an open question for future studies.  Whatever the 

case, a major conclusion of this study is that synuclein accumulation after spinal cord 

injury is associated with subsequent neuronal death, as it is during Parkinson’s disease, 

thereby potentially expanding its deleterious roles (Spillantini et al., 1998; Lee and 

                                                 
2Bloom OE, Morgan JR. Membrane trafficking events underlying axon repair, growth, and regeneration. 

Mol Cell Neurosci. 2011 Dec;48(4):339-48. 
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Trojanowski, 2006; Cookson and van der Brug, 2008; Gupta et al., 2008; Dawson et al., 

2010).  

 

2.4.1 Implications for spinal cord injury in mammals  

There is now strong evidence for delayed, retrograde cell death after spinal cord 

injury across vertebrate lineages ranging from lampreys to mammals.  In mammals, ~25-

50% of injured descending rubrospinal neurons appear to undergo delayed retrograde 

death between 6 and 8 weeks after a cervical lesion (Mori et al., 1997; Houle and Ye, 

1999; Novikova et al., 2000).  The rubrospinal neurons can be recovered by applying 

brain-derived neurotrophic factor (BDNF) up to one year after the original injury, 

suggesting that they are only severely atrophied (Kwon et al., 2002).  Nonetheless, in the 

absence of BDNF, the severely atrophied rubrospinal neurons are unable to regenerate 

their axons, indicative of a degenerative response.  In addition, ~40% of primary cortical 

motor neurons undergo apoptosis between 1 and 2 weeks after thoracic lesions of the 

corticospinal tract, as shown by a wide range of cell death markers, including TUNEL, 

caspase-3, and Bax staining (Hains et al., 2003; Lee et al., 2004), though these findings 

were recently disputed using a different neurodegeneration assay (Nielson et al., 2010).  

In lampreys, the extent, time course, and mechanism of retrograde neuronal death 

after spinal cord injury appears to be similar to that demonstrated in mammals.  For 

example, as in the rubrospinal and cortical tracts of mammals, ~20-40% of the transected 

descending giant RS neurons in lamprey eventually die, as determined by loss of Nissl 

substance, lack of retrograde dye labeling, TUNEL staining, and presence of Fluoro-

Jade C staining (Fig. 2.1-2.2) (Shifman et al., 2008).   In addition, the TUNEL staining 

emerges in lamprey giant RS neurons sometime after 1 week post-transection and before 
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4 weeks post-transection (Shifman et al., 2008).  Increased TUNEL staining in both 

mammals and lampreys suggests that neurons are dying by apoptosis.  Finally, like the 

mammalian rubrospinal neurons, the giant RS neurons most susceptible to injury-induced 

degeneration are typically unable to regenerate their axons.  Thus, the extent and time 

course of retrograde death of giant RS neurons, as well as the functional lack of 

regeneration, is consistent with reported observations of retrograde cell death and atrophy 

of mammalian neurons after spinal cord injury.   As such, we postulate that the lamprey 

giant RS neurons will be a valuable model for elucidating the basic cellular and 

molecular mechanisms underlying injury-induced retrograde neuronal death in 

vertebrates. 

What is the likelihood that synuclein accumulation is part of the pathway 

associated with retrograde death in mammalian neurons after spinal cord injury?  At 

present, our answer to this question is of course speculative, and therefore this topic will 

need to be addressed with direct experimentation.  However, there are several clues in the 

literature that suggest the likelihood that synuclein accumulation is also involved in post-

injury responses in mammals.  For example, increased α-synuclein immunoreactivity was 

observed post mortem in 12 out of 18 brains from human patients that survived only 4 

hours to 5 weeks after traumatic brain injury, whereas none of the control uninjured 

patients exhibited strong synuclein staining (Uryu et al., 2007).  In addition, increased 

synuclein levels have been observed in the cerebral spinal fluid of children after 

traumatic brain injury, compared to controls (Su et al., 2011).  In aging mice, traumatic 

brain injury also induced increased immunoreactivity for α-, β- and γ-synuclein at 1 week 

and up to 9 weeks post-injury (Uryu et al., 2003), which is similar to the time course we 

observe for synuclein accumulation in giant RS neurons.  In the Uryu et al., 2003 study, 

the synuclein immunoreactivity was absent by 16 weeks post-injury, and we suggest that 
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this may be due to selective death of the neurons that accumulated synuclein prior to the 

16 week post-injury time point.  Perhaps injury-induced synuclein accumulation and 

subsequent neuronal death explains why some patients with a prior history of traumatic 

brain injury eventually develop Parkinson’s-like symptoms (Goldman et al., 2006).  

 

2.4.2 Potential mechanisms influencing injury-induced neuronal death 

The results of our study demonstrate a strong correlation between injury-induced 

synuclein accumulation and retrograde neuronal death of lamprey giant RS neurons.  

However, there are likely additional factors that come into play to influence neuronal 

death or survival after injury.  In disease models, synuclein aggregation and toxicity is 

greatly exacerbated by other cellular and molecular factors.  For example, overexpression 

of leucine-rich repeat kinase 2, another protein with genetic links to Parkinson’s disease, 

enhances α-synuclein accumulation and increases its neurotoxicity (Zimprich et al., 2004; 

Gupta et al., 2008; Lin et al., 2009).  In dopaminergic neurons of the substantia nigra, 

synuclein-associated toxicity occurs only when there are concomitant increases in 

cytosolic calcium, dopamine and its precursor L-DOPA, indicating that toxicity involves 

the interplay between multiple molecular factors (Mosharov et al., 2009).  Finally, α-

synuclein accumulation and toxicity during disease states has also been linked to protein 

misfolding defects, synaptic dysfunction, mitochondrial dysfunction, ER stress, and 

oxidative stress (Lee and Trojanowski, 2006; Cookson and van der Brug, 2008; 

Surguchov, 2008).  The extent to which these additional factors are associated with 

injury-induced synuclein accumulation will require further investigation.   

Although the precise mechanisms leading to selective neuronal death after injury 

are still under investigation, a previous study in lamprey suggests that the subset of giant 
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RS neurons most vulnerable to axotomy are ultimately dying by a mechanism of 

apoptosis (Shifman et al., 2008).  In that study, the same neurons as our classified “poor 

survivors” (i.e. M2, M3, B1, B3, I1, and Mth) were the most likely to become TUNEL 

positive and pyknotic after spinal cord transection, indicating apoptotic cell death.  

Similarly, apoptotic death of axotomized neurons has also been observed in the 

mammalian cortex in response to a distant spinal cord injury, as shown by TUNEL and 

caspase staining (Hains et al., 2003; Lee et al., 2004).  Neuronal death by apoptosis is 

consistent with disease models of α-synuclein aggregation and neurotoxicity, although 

other mechanisms may also come into play (Cookson and van der Brug, 2008; Yasuda 

and Mochizuki, 2010). 

  

2.4.3 Dissecting neuron-specific responses to injury 

What causes one axotomized neuron to die while its neighbor survives the same 

injury?  This phenomenon has now been demonstrated in vertebrates from lampreys to 

mammals (Hains et al., 2003; Lee et al., 2004; Shifman et al., 2008).  Collectively, these 

studies raise interesting questions about the intrinsic molecular responses that individual 

neurons undergo after injury, which include the differential responses that occur in “good 

survivors” versus “poor survivors.”  As mentioned above, previous studies in lampreys 

elegantly demonstrated that the giant neurons that retain Nissl substance after injury, the 

same neurons we identified as “good survivors,” are also the neurons mostly like to 

successfully regenerate, while the neurons that lose Nissl substance, our “poor survivors”, 

often fail to regenerate (Jacobs et al., 1997; Shifman et al., 2008). Indeed, the previous 

study on injury-induced neuronal death reported a positive, linear correlation between 

neuronal survival and axon regeneration for individual neuron types across the giant RS 
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neuron population (Shifman et al., 2008).  Thus, perhaps not surprisingly, a downstream 

consequence of poor survival is the failure to regenerate, while the downstream 

consequence of good survival is the ability to regenerate. 

The identification of select subsets of neurons that live and that die after axotomy 

permits a detailed examination of neuron-specific molecular responses to injury.  Data 

presented in this study revealed that synuclein accumulation is part of the intrinsic 

molecular response that precedes and correlates with subsequent degeneration of some 

axotomized giant RS neurons, while absence of synuclein accumulation correlates with 

neuronal survival (Fig. 2.6, 2.11-2.13).  Another molecular response that distinguishes a 

“poor survivor” from a “good survivor” is that “poor survivors” also exhibit greater 

numbers and extent of ubiquitin-rich inclusions (Fig. 2.9), which is consistent with 

defects in the ubiquitin proteosome system and/or an abundance of misfolded proteins 

such as synuclein (Cookson and van der Brug, 2008; Desplats et al., 2009; Dawson et al., 

2010).  Synuclein accumulation preceded the increased levels of ubiquitin (Fig. 2.6, 2.9).  

Although the meaning of this is currently unclear, one possibility is that the synuclein 

aggregates overwhelm the ubiquitin proteosome system, leading to its subsequent 

dysfunction.   

In addition to synuclein and ubiquitin accumulation, upregulation of mRNA for 

UNC5 and neogenin, the receptors for repulsive guidance molecules netrin and RGM, 

respectively, occurs only in poorly regenerating giant RS neurons (Shifman and Selzer, 

2000; Shifman et al., 2009).  These findings suggest that alterations in the expression of 

repulsive guidance molecules may be part of the molecular program that limits neuron 

regeneration after injury.  In contrast, after an initial injury-induced downregulation of 

neurofilament-180 mRNA in all giant RS neurons, only good regenerating neurons 

recover normal expression levels while poor regenerators do not (Jacobs et al., 1997).  
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Given that neurofilament-180 protein becomes enriched in the tips of regenerating axons, 

the recovery of its mRNA expression may therefore be part of the pathway leading to 

successful axon regeneration (Pijak et al., 1996; Jacobs et al., 1997).   

Taken together, the pattern supported by a growing number of studies is that 

“good survivors/regenerators” versus “poor survivors/regenerators” undergo very 

different molecular changes after axotomy, leading to different functional outcomes.  

Important next steps include identifying the full complement of genes expressed in 

uninjured “good survivors” and “poor survivors” through transcriptome analysis, to 

quantify the differential gene expression changes after axotomy and to elucidate in a 

unbiased manner the functional interactions between the relevant regulatory genes (Smith 

et al., 2011).  The large size and experimental tractability of lamprey giant RS neurons, 

combined with the emerging possibility of lamprey genomic and transcriptomic analyses, 

suggest that RS neurons will provide an ideal model in which to begin dissecting the 

molecular pathways that promote or prevent neuronal survival and successful axon 

regeneration in the vertebrate central nervous system.  In doing so, these types of studies 

will provide a framework for identifying additional relevant and conserved pathways, 

besides synuclein accumulation, that are associated with cell-specific retrograde neuronal 

death or survival after spinal cord injury. 
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Chapter 3: Phylogenetic analysis of synucleins in vertebrate evolution 

3.1 INTRODUCTION 

In the previous chapter, I discovered that lampreys express three isoforms of 

synuclein within their nervous system, and as part of that study I was able to clone all 

three full length sequences (Section 2.2.4).  Recently there have been other synuclein 

sequences made available in public databases for organisms such as hagfish, the cloudy 

catshark, and the elephant shark.  I set out to perform a thorough phylogenetic analysis 

using the newly available sequences in an attempt to determine the evolutionary lineage 

of synuclein proteins and assign an isoform designation to each of the lamprey 

synucleins. 

Synucleins are present in all vertebrates, including the extant agnathans, lamprey 

and hagfish (Chapter 2.3.2).  However, they are not present in invertebrates or 

invertebrate chordates, categorizing synucleins as a vertebrate specific gene.  Most 

vertebrates have three isoforms of synuclein (α-, β-, and γ-synuclein).  However teleost 

fish have two γ-synucleins, consistent with the whole-genome duplication of teleosts, and 

therefore have four synuclein isoforms (α-, β-, γ1-, and γ2-synucleins) (Ohno, 1993; 

Yoshida et al., 2006).  Although these isoforms likely represent paralogue genes that have 

diverged throughout evolution, the evolutionary lineage of synucleins is not well 

understood.  Previous phylogenetic analyses have included primarily mammalian and 

teleost sequences, but only included one sequence each from the elasmobranches, skate 

and torpedo (George, 2002; Yoshida et al., 2006; Sun and Gitler, 2008).  No other 

sequences from cartilaginous fish, such as sharks and rays were included.  Furthermore, 

sequences from agnathans, lamprey and hagfish were unavailable.  Without synuclein 
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sequences from such early and key taxa of vertebrate evolution, it is difficult to infer an 

accurate evolutionary relationship.   

Lamprey diverged from a common vertebrate ancestor approximately 550 million 

years ago and together with hagfish represent the most basal extant vertebrates in 

evolution (Hedges et al., 2006; Takechi et al., 2011).  Lamprey synuclein sequences have 

recently become available through cloning described in this dissertation (Chapter 2.3.2).  

In addition, a hagfish EST database has recently been made public, which includes 

several putative synuclein sequences.  Thus a more thorough phylogenetic analysis of 

synuclein that includes sequences of the agnathans as well as chondrichthyes could 

provide a better supported evolutionary relationship between the synuclein proteins.   

Synucleins are small proteins of ~110-140 amino acids (a.a.) that are 

characterized by an N-terminal amphipathic α-helix that comprises the majority (~100 

a.a.) of the length of the protein (Fig 1.1) (Davidson et al., 1998; George, 2002).  The N-

terminus is composed of multiple 11 amino acid repeats containing a conserved 

“KTKEGV” motif (Fig 1.1). The unstructured C-terminus has much less similarity 

between species except for a prevalence of acidic amino acids (Fig 1.1) (George, 2002).  

By examining the evolutionary origins of synucleins and the differential rates of 

divergence between isoforms and the specific N- and C-terminal domains, it may be 

possible to understand the constraints imposed on the divergence of synuclein isoforms 

throughout evolution (Chapter 1.2) (Zakon et al., 2009; Liebeskind et al., 2011).  

,  
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3.2 METHODS AND MATERIALS 

3.2.1 RNA extractions 

Frozen brains from the Atlantic hagfish (Myxine glutinosa) were kindly provided 

by Dr. Stacia Sower (Univ. of NH).  RNA was extracted using the RNAqueous-Micro kit 

(Ambion, Life Technologies, Grand Island, NY) per manufacturer instructions.  A single 

hagfish brain was homogenized in lysis buffer using multiple passes of a Dounce 

homogenizer on ice.  Lysates were run through RNAqueous columns, eluted.  RNA was 

treated with DNAse I (Roche, Indianapolis, IN) and quantified using a Nanodrop. 

3.2.2 1
st
 strand cDNA synthesis 

1
st
 strand cDNA libraries were made using the method and primer nomenclature 

described in (Matz et al., 2002, 2003), as well as the SuperScript II reverse transcriptase 

kit (Invitrogen; Carlsbad, CA).  1 µM of the poly dT containing CAP-TRSA-V primer 

(5′-AAGCAGTGGTATCAACGCAGAGTCGCAGTCGGTAC(T)13-3′) was incubated 

with 500 ng hagfish brain RNA and SuperScript II reverse transcriptase per 

manufacturer’s instructions.  RNA was digested with RNase H (Invitrogen; Carlsbad, 

CA), and the resulting cDNA was quantified using a Nanodrop. 

3.2.3 Cloning of hagfish synuclein 

To design primers that could amplify synuclein isoforms from the Atlantic 

hagfish cDNA above, the available EST database of the Japanese Inshore hagfish 

(Eptatretus burgeri) (http://transcriptome.cdb.riken.go.jp/vtcap/) was searched using a 

tblastn search with lamprey synuclein DY (JN544525.1) as a query (Takechi et al., 2011). 

Two synuclein sequences were identified from the EST database (eb_CT003612_b2 and 

eb_CT003695_b2).  Primers were designed to amplify similar products from the Atlantic 

hagfish cDNA library.  One PCR product was successfully amplified using a primer set 
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designed from the CT003612 sequence. The primer pair used was: CT003612 Forward 

primer; 5’-CCATTGCCAGGGAGGGAGTAGT-3’, Reverse primer 5’- 

CAGGTGCATTCCAGACAGAGGTG-3’; (Sigma-Aldrich; St. Louis, MO).    PCR 

conditions were 95°C melting, 66°C annealing, and 72°C extension for 30 cycles.  A 

single band of ~500 bp was extracted from a 1% agarose gel and ligated into pGem-T 

easy vector (Promega; Madison, WI).  The synuclein DNA sequence was confirmed by 

DNA sequencing (ICMB Core facilities; UT Austin, Austin, TX). 

3.2.4 Search criteria for synuclein isoforms. 

Publically available databases were used to search for synuclein isoforms 

including NCBI, Ensembl, UniProt/SwissProt, the Joint Genome Institute for lancelet and 

tunicate sequences, and Wormbase for nematode sequences.  The majority of sequences 

were found in NCBI Refseq and EST databases. Other databases searched included the 

Vertebrate TimeCapsule hagfish EST database 

(http://transcriptome.cdb.riken.go.jp/vtcap/), the Elephant Shark Genome Project 

database (http://esharkgenome.imcb.a-star.edu.sg/), and the Acorn Worm Genome 

Project database (http://www.hgsc.bcm.tmc.edu/project-species-o-Acorn%20worm.hgsc). 

Both human γ-synuclein (NM_003087) and lamprey γ-synuclein DY (JN544525.1) were 

used as search criteria.  I used the lamprey synuclein because the N-terminus is well 

conserved as in other synuclein sequences, and lamprey should be phylogenetically 

closest to the cartilaginous fish and pre-vertebrate chordates.  Nucleotide search criteria 

included blastn and tblastn searches and protein searches used both blast-p and PSI-

BLAST when available.  All searches were performed using the BLOSSUM62 scoring 

matrix, and default settings.  
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3.2.5 Algorithms used for phylogenetic analysis 

Multiple sequence alignments were performed on synuclein amino acid and 

nucleotide sequences.  Various alignment combinations were attempted using amino acid 

and nucleotide sequences in MAFFT version 6 (Katoh et al., 2005; Katoh and Toh, 

2008), or webPRANK (Loytynoja and Goldman, 2010).  Nucleotides were aligned either 

as nucleotides or as translated codons with the assistance of The GUIDANCE server 

(Penn et al., 2010).  Amino acid and nucleotide substitution models were selected for 

maximum likelihood analysis using Akaike Information Criterion in ProtTest and 

jModelTest respectively (Abascal et al., 2005; Posada, 2008; Guindon and Gascuel, 

2003).  Maximum-likelihood phylogenetic analyses were attempted with PhyML 3.0 

(Guindon et al., 2010) from within SeaView 4.3.4 alignment visualization software 

(Gouy, Guindon, and Gascuel., 2010) or with RaxML GUI (Silvestro and Michalak, 

2011).  Final maximum likelihood trees were made using amino acid sequences aligned 

with MAFFT version 6 and RaxML GUI.    ProtTest determined the substitution models 

for all analyses to be a JTT model (Jones, Taylor, Thornton, 1992) except for the β-

synuclein analysis which used a Dayhoff substitution model (Dayhoff et al., 1978).  Each 

model either did, or did not include a parameter for gamma-distributed rate heterogeneity 

(+G), and amino acid frequencies matched to the observed data (+F) as determined by 

ProtTest and described per each tree.  100 bootstrap samples were collected for each 

maximum likelihood analysis and the resulting phylogenetic trees were drawn and 

decorated in FigTree 1.3.1 software.  Final trees are presented in Figures 3.3 to Figure 

3.9. 
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3.3 RESULTS 

To determine the evolutionary relationship of the different synuclein isoforms, I 

wanted to conduct a phylogenetic analysis on synuclein sequences of representative taxa 

throughout evolution.  I began by gathering synuclein sequences from as many organisms 

as possible from publically available databases.  In addition to publically available 

sequences, we also cloned synuclein sequences from the basal extant vertebrate, the sea 

lamprey (Petromyzon marinus), in order to have sequence information from an agnathan 

vertebrate that represents such a key position in vertebrate evolution (Fig 1.4).  Three 

isoforms of synuclein were cloned and identified from lamprey (Section 2.2.4) (Busch 

and Morgan, 2012).  I also wanted to identify synuclein sequences from the only other 

extant agnathan, the hagfish, in order to potentially include these sequences in subsequent 

phylogenetic analyses.  

 

3.3.1 Cloning of hagfish synucleins 

Hagfish represent the closest living relative to lamprey, and are believed to be 

monophyletic to lamprey in vertebrate evolution (Heimburg et al., 2010). Despite the 

recent availability of the hagfish EST database 

(http://transcriptome.cdb.riken.go.jp/vtcap/), only two isoforms of hagfish synuclein were 

found, despite exhaustive searching of this database.  To confirm the sequences, I 

attempted to clone both synuclein sequences from the newly-generated brain cDNA 

library of the Atlantic hagfish, Myxine glutinosa, using the E. burgeri  synuclein EST 

sequences (CT003612 and CT003695).  I was only able to clone one partial synuclein 

sequence similar to E. burgeri  CT003612, which translates to a full length synuclein 

protein minus the first 8 amino acids of the N-terminus.  The other E. burgeri synuclein 

sequence, EST CT003695, which encodes a full length synuclein sequence was unable to 
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be cloned from M. glutinosa.  In summary I was able to identify two E. burgeri 

sequences CT003695 and CT003612 (FY413344), and was able to clone a partial 

sequence from M. glutinosa that matched very closely to FY413344 from E. burgeri. 

 

3.3.2 Synuclein sequences were only identified from vertebrate species 

To conduct a phylogenetic analysis I wanted to include synuclein sequences from 

a representative sampling of available taxa, including agnathans (lamprey and hagfish), 

chondrichthyes (sharks and cartilaginous fish), as well as invertebrates and invertebrate 

chordate sequences if they exist.  Synuclein sequences were readily available for taxa 

including mammals, teleost fish, amphibians, and example avians.  However, sequences 

from sharks and cartilaginous fish were sparsely available, and searches in NCBI, 

Swiss/Prot, and the Vertebrate TimeCapsule only provided four total synuclein sequences 

from the spiny dogfish (EB688046.1), Torpedo (P37379), the little skate (CV221346.1), 

and the cloudy catshark (ST_CT008150) (Table 3.1).  Dr. Randy Dahn (MDIBL) kindly 

provided us two additional sequences not available on NCBI from his genome database 

for the little skate Leucoraja erinacea. He identified these from a search using lamprey γ-

synuclein DY sequence (JN544525.1) and sent us nucleotide sequences (Contig146284 

and Contig13858).  A search of the elephant shark genome project database 

(http://esharkgenome.imcb.a-star.edu.sg/) returned seven potential synuclein sequences 

from the elephant shark.  Of these, three were identifiable as synuclein sequences that 

encoded incomplete ~40 amino acid N-terminal truncations of synuclein proteins.  One 

additional sequence was available that encodes a portion of synuclein spanning from a 

portion of the N-terminus to the C-terminus, however it did not overlap with any of the 3 
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N-terminal sequences, and therefore could not be assembled into a larger sequence (Table 

3.2).   

The only sequences for the agnathans (lampreys and hagfish) are those from the 

Vertebrate TimeCapsule described in the methods above (section 3.2.3) and those cloned 

in this dissertation (sections 2.2.4 and 3.2.3).  No sequences were identified from 

ancestral chordates (hemichordates, urochordates, and cephalochordates), with the 

exception of one sequence from the genomic DNA of the cephalochordate amphioxus, 

Branchiostoma floridae, that was returned from a tblastn search with a poor E value of 

0.036 (Accession # NW_003101534.1) (Fig. 3.1; Table 3.1).  Although the translated 150 

amino acid stretch of sequence contained 13 well spaced repeats of “SSKDGV”, 

reminiscent of the synuclein “KTKEGV”, this sequence was not within a predicted 

protein coding region (Fig. 3.1).  Without any predicted exons to translate, or an 

expressed mRNA sequence, it is difficult to confirm the validity of this putative B. 

floridae synuclein-like sequence.  However, I did use the translated amino acid motif as 

an outgroup in initial phylogenetic analyses (Fig. 3.3).   
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FIGURE 3.1  AMINO ACID ALIGNMENT OF B. FLORIDAE GENOMIC SYNUCLEIN-LIKE 

MOTIF WITH LAMPREY γ-SYNUCLEIN.  (A) The amino acid sequence of lamprey γ-

synuclein DY produced one tBLASTn hit from the genomic database search of B. 

floridae (accession #NW_003101534.1).  This stretch of genomic sequence falls between 

the gene-coding region of two hypothetical proteins, XP_002608283 and XP_002608284 

as displayed by the NCBI graphics viewer.  (B)  The nucleotide sequence of 

NW_003101534 from 1,945,531 to 1,945,249 was translated and the resulting amino acid 

sequence was aligned with full length lamprey γ-synuclein DY. Synuclein proteins, 

including lamprey γ-synuclein, contain seven repeats surrounding  a characteristic 

EKTKEGV motif (blue bars).  The B. floridae sequence contains 13 repeats (blue and 

black bars) surrounding an ESSKDGV motif.  Although the B. floridae amino acid 

repeats are well spaced and similar to other synuclein motifs, they are unlike any known 

synuclein and the 13 repeats continue well into the C-terminus.
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Two unexpected sequences were identified from nematode species.  One 

sequence from the GenBank EST database of the nematode Heterorhabditis 

bacteriophora was found (FF679600.1).  Although this sequence clearly translates into a 

synuclein sequence, and is annotated “similar to Human α-synuclein”, the translated 

amino acid sequence corresponds to a 135 amino acid protein that was 98% identical to 

human α-synuclein (only 3 amino acids substitutions).  It is unlikely that a protein 

sequence from an invertebrate nematode would be so similar to a human protein, 

especially when even mammalian orthologues such as mouse α-synuclein are only 96% 

identical. Due to the dubious nature of this sequence it was not included in any 

phylogenetic analysis.  Why this sequence was isolated from an EST screen from H. 

bacteriophora is unclear, but contamination of the sample from other sources including 

human RNA is possible.   

The other sequence from Caenorhabditis remanei, was found in NCBI RefSeq 

(protein accession, XP_00308962) and could potentially be an ancestral precursor to 

synuclein proteins.  This is a protein called CRE-DUR-1 that is 524 amino acids in 

length.  The similarity with synuclein protein exists within the last 170 amino acids of the 

protein.  Starting at amino acid position 385, are five perfectly spaced consensus repeats 

of “KTKEGV” similar to the canonical repeats found within the N-terminus of all 

synuclein proteins (Fig 1.1, Fig. 3.2).  Whether this is a true homologue of synucleins, or 

instead just a conserved motif is not known, especially since there are no published 

studies on this protein, at least under the given nomenclature.  It is also unclear why other 

related nematodes such as C. elegans do not have this protein.  Regardless it is an 

intriguing possibility that this could be an ancestral precursor to synucleins.  I used this 

Cre-Dur-1 sequence as an alternative outgroup to the B. floridae sequence in initial 



 89 

phylogenetic analyses.  However, the large amount of unaligned amino acids from the N-

terminus simply placed this as a long outgroup branch.  For the phylogenetic analysis 

shown in Figures 3.4 to 3.9, only the aligned 139 amino acids in the C-terminus of Cre-

Dur-1 starting at the methionine were used for analysis (Fig. 3.2).  This amino acid 

sequence is not a clear synuclein, but rather a larger protein with a domain resembling the 

N-terminus of synucleins.  We can not rule out that this may not actually be an expressed 

protein, but instead an intronic DNA sequence translated into amino acids.  If it is an 

expressed protein, a likely possibility is that Cre-DUR-1 is a protein with a synuclein-like 

domain, whose KTKEGV repeats fold into an amphipathic helix that perhaps mediates 

lipid binding. 

In summary, these searches resulted in the identification of at least 11 synuclein 

sequences that have not been annotated as synucleins or described in any previous 

studies, including 2 from the little skate, 3 partial sequences from the elephant shark, 1 

from medaka, 2 from stickleback, and 2 from the hagfish E. burgeri and 1 partial 

sequence from the hagfish M. glutinosa.  These sequences, especially the agnathan and 

chondrichthyes sequences, will be useful for all subsequent phylogenetic studies on 

synucleins, including the current study. 
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FIGURE 3.2  AMINO ACID ALIGNMENT OF C. REMANEI CRE-DUR-1 WITH HUMAN α-

SYNUCLEIN.  The amino acid sequence of human α-synuclein was aligned with the protein CRE-

DUR-1 from the nematode C. remanei.  The start methionine of human α-synuclein is marked by 

a green circle.  The CRE-DUR-1 sequence beginning at amino acid 385 consists of five well 

spaced 11 amino acid repeats (blue bars) containing the characteristic KTKEGV motif of 

synuclein proteins. 
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TABLE 3.1 PART I OF II: LIST OF SYNUCLEIN SEQUENCES USED IN PHYLOGENETIC 

ANALYSIS. Synuclein sequences from tetrapod species used in phylogenic analysis.  Some 

sequences without annotations have been given designations as used in a previous study 

(Yoshida et al., 2006) and are indicated in the table. 
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TABLE 3.1 PART II OF II: LIST OF SYNUCLEIN SEQUENCES USED IN PHYLOGENETIC 

ANALYSIS. Synuclein sequences from aquatic vertebrate species used in phylogenic analyses.  

Sequences shown in blue are synuclein sequences identified by searches of available databases 

which currently have no sequence annotation, or if annotated as synuclein, have no isoform 

identifier.  Sequences shown in green are synuclein sequences that I cloned in the Morgan Lab 

and confirmed by DNA sequencing. Some sequences without annotations have been given 

designations as used in a previous study (Yoshida et al., 2006) and are indicated in the table.  

Sequences that have not been previously described are given proposed isoform identifiers based 

on phylogenetic analysis (Figure 3.4).  Sequences with asterisks have been altered from the 

original sequence as described in the text (Section 3.3.2).  This search was complete as of July 

2012. 
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TABLE 3.2 LIST OF SYNUCLEIN SEQUENCES NOT USED IN PHYLOGENETIC ANALYSIS.  
Additional synuclein sequences were identified from several vertebrate organisms, however they 

were not included. (A) Synuclein sequences from Trout (cx251945), Elephant Shark, and the 

Atlantic Hagfish were not full length (missing a start or stop codon), and introduced large gaps 

within the alignments.  For this reason they were not included in the phylogenetic analysis.  

Synuclein sequences from zebrafish, trout, and salmon were also not included because of the 

pseudo-tetraploid nature of these fish species. (B) One synuclein sequence was identified from 

the nematode (H. bacteriophora), but it was dubiously similar to human α-synuclein and not 

included.  (C)  List of the three non-vertebrate chordate databases that were searched for 

synuclein.  Only the B. floridae (lancelet) database provided any available sequences, and the one 

sequence is shown in (B).  
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3.3.3 Phylogenetic analysis of full length synuclein sequences 

From the available synuclein sequences a total of 55 sequences from 22 species 

were used for the phylogenetic analysis.  A table of all the synuclein sequences used in 

the analysis is shown in Table 3.1 Parts I and II and includes: 18 sequences from 6 

mammalian species, 7 sequences from 2 amphibians, 6 sequences from 3 bird species, 12 

sequences from 3 teleost fish, 6 sequences from 4 chondrichthyes (shark and ray) species, 

and 5 sequences from 2 agnathan (hagfish and lamprey) species.  Either the B. floridae 

sequence (Fig. 3.3) or the C. remanei sequence (Figs. 3.4 - 3.9) were used as outgroups 

for analysis. 

Sequences not included are the putative sequence from H. bacteriophora, full 

length sequences from zebrafish, salmon and trout, as well as partial synuclein sequences 

from M. glutinosa, and the elephant shark (Table 3.2).   

Modifications to three individual sequences are denoted in Table 3.1 Part II with 

asterisks.  The EST sequence for E. burgeri CT003695 actually contains an additional 

“G” nucleotide in the middle of the sequence that shifts the translated amino acid 

sequence out of frame.  I deleted this “G” and the resulting sequence codes for an amino 

acid sequence that is very similar to lamprey synuclein 3.  An adjustment was made to 

the Torpedo synuclein protein sequence.  The region of amino acids 25-35 represents an 

additional repeat domain that is unusual in all synuclein sequences, including those from 

other rays, and has been suspected to be a sequencing error (Fig 1.2).  This sequence has 

never been confirmed, and similar to other studies, I removed this portion from the amino 

acid for phylogenetic analysis (Yoshida et al., 2006).   

To begin I aligned the amino acids of these 55 synuclein sequences and the B. 

floridae sequence as an outgroup.  A GUIDANCE based MAFFT algorithm was used for 
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alignment, and a RaxML maximum-likelihood analysis (JTT+G substitution model) was 

used to generate a phylogenetic tree with 100 bootstrap samples collected.  The resulting 

tree (Fig. 3.3) was rooted using the outgroup sequence of B. floridae NW_003101534 and 

shows the relationships of each synuclein isoform.  The agnathan sequences (lamprey γ-

synucleins FD and DY, and hagfish FY413344) represent the first branches off of the B. 

floridae outgroup.  The next branch point separates all the remaining γ-synuclein 

isoforms.  Lamprey synuclein 3 and the hagfish CT003695 synuclein group together as 

an intermediate branch separating the γ-synucleins from the α- and β-synucleins, 

suggesting that these agnathan synucleins are a precursor synuclein that duplicated into 

the α- and β-synuclein paralogues.  The bootstrap support for this branch is 70 adding 

confidence to this conclusion.  However the bootstrap values for the γ-synuclein branches 

and the agnathan γ-synuclein precursor branches (lamprey γ-synucleins FD and DY, and 

hagfish FY413344) are very low.  
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FIGURE 3.3  PHYLOGENETIC TREE OF SYNUCLEIN SEQUENCES WITH THE B. FLORIDAE 

GENOMIC SYNUCLEIN-LIKE MOTIF AS AN OUTGROUP.  A GUIDANCE assisted MAFFT 

alignment was performed using the amino acid sequences of 54 full length synuclein orthologues 

and the B. floridae synuclein-like sequence.  Maximum-likelihood analysis was performed using 

RaxML under a JTT+G+F substitution model as determined by ProtTest.  A total of 100 

bootstrap samples were collected and the results are labeled on each branch.  The tree was rooted 

using the B. floridae (amphioxus) NW_003101534 synuclein-like motif as an outgroup.  

Agnathan sequences (lamprey and hagfish) are labeled in purple, chondrichthyes (sharks and 

rays) in orange, teleosts (bony fish) in dark blue, amphibians in green, birds in light blue, and 

mammals in red. 
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To try and increase bootstrap support I decided to use the C. remanei Cre Dur-1  

sequence as an outgroup instead of the B. floridae sequence.  Although the amphioxus (B. 

floridae) is more closely related to vertebrates than the nematode C. remanei, the 

genomic amphioxus sequence that I used is not predicted to be expressed and it only 

marginally resembles true synucleins (Fig. 3.1).  The Cre-Dur-1 sequence from C. 

remanei is an expressed mRNA and aligns very well with other synuclein isoforms (Fig. 

3.2).  Therefore I used this sequence as an outgroup for the next analysis.   A 

GUIDANCE based MAFFT algorithm was used to align the 55 synuclein sequences and 

Cre-Dur-1, and a RaxML maximum-likelihood analysis (JTT+G substitution model) was 

used to generate a phylogenetic tree with 100 bootstrap samples collected.  The resulting 

tree (Fig. 3.4) was rooted using Cre-Dur-1 as an outgroup sequence.  Overall, the 

grouping patterns are similar to the previous analysis using the amphioxus sequence, 

however many of the bootstrap values are increased.  The agnathan synucleins (lamprey 

γ-synucleins FD and DY, and hagfish FY413344) again branch off first from the 

outgroup, with lamprey γ-synuclein DY being the first branch in this analysis.  The 

bootstrap values of each of these agnathan γ-synuclein branches is improved from 8 and 

13 (Fig. 3.3) to 58 and 37 respectively (Fig. 3.4).  The branch that results in all other γ-

synuclein isoforms, including the chondrichthyes γ-synucleins, also had an improved 

branch support from 18 to 41 (Fig. 3.4).  It appears that γ-synuclein isoforms from 

chondrichthyes to mammals  have diverged from a common γ-synuclein sequence shared 

by agnathans, since the sharks and rays, teleosts, and tetrapods all branch after the 

agnathan γ-synucleins.  The teleost γ-synuclein has undergone an additional gene 

duplication since teleosts are the only taxa that have two γ-synuclein isoforms (γ1- and 

γ2-synuclein), which is consistent with the whole genome duplication observed in 

teleosts.   



 98 

 
 

FIGURE 3.4  PHYLOGENETIC TREE OF SYNUCLEIN AMINO ACID SEQUENCES WITH THE C. 

REMENAI CRE-DUR-1 SEQUENCE AS AN OUTGROUP.  A GUIDANCE assisted MAFFT 

alignment was performed using the amino acid sequences of 54 full length synuclein orthologues 

and the C. remanei Cre-Dur-1 synuclein-like sequence as an outgroup.  Maximum-likelihood 

analysis was performed using RaxML under a JTT+G substitution model as determined by 

ProtTest.  A total of 100 bootstrap samples were collected and the results are labeled on each 

branch.  The tree was rooted using the Cre-Dur-1 sequence as an outgroup.  Agnathan sequences 

(lamprey and hagfish) are labeled in purple, chondrichthyes (sharks and rays) in orange, teleosts 

(bony fish) in dark blue, amphibians in green, birds in light blue, and mammals in red.   
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The other agnathan synuclein orthologue, lamprey synuclein 3 and hagfish 

CT003695, again grouped together with very high branch support (96) as an intermediate 

branch separating the γ-synucleins from the α- and β-synucleins.  Even though the 

bootstrap support is slightly less than in the previous analysis (Fig. 3.3), the result is 

consistent and supports the conclusion that this agnathan orthologue duplicated into the 

paralogues α- and β-synuclein.  This duplication also appears to have occurred prior to 

the split between chondrichthyes and tetrapods as evidenced by the fact that the little 

skate has two synucleins that each group with either an α- or β-synuclein in each analysis.   

Based on the phylogenetic groupings, I propose that several unannotated 

synucleins can be given synuclein isoform identifiers (Table 3.1 Part II). The medaka 

synuclein (DK096720) is an α-synuclein, and the stickleback synucleins (DW672955 and 

BT028432) are α- and β-synucleins respectively.  Proposed chondrichthyes sequences 

include the little skate synucleins (Contig13858 and Contig146284) which are β- and γ-

synucleins respectively.  The spiny dogfish sequence (EB688046) is a γ-synuclein, and 

the cloudy catshark sequence (ST_CT008150) is a γ-synuclein.  The hagfish (E. burgeri) 

sequence (FY413344) is a γ-synuclein.  The hagfish synuclein CT003695 and the 

lamprey synuclein 3 represent an isoform of synuclein prior to a gene duplication in a 

chondrichthyes ancestor, and therefore can not be classified as either α- or β-synuclein.  

As a temporary identifier for the lamprey synuclein 3 sequence, a proposed αβ-synuclein 

could be appropriate, or alternatively the original synuclein 3 nomenclature may be 

maintained (Chapter 2).  
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3.3.4 Phylogenetic analysis of the synuclein N- vs. C-terminus 

To try and further improve the bootstrap support observed in the phylogenetic 

analysis above (Fig. 3.4), I wanted to conduct a maximum-likelihood analysis on just the 

N-terminus vs. the C-terminus of synuclein proteins.  The N-terminus of synucleins is 

very well conserved and has a high amount of identity between species and between 

isoforms.  However the C-terminus is extremely divergent between isoforms and species.  

By removing the C-terminus there may be less gaps and variability in the alignment, 

providing better support in phylogenetic analysis.  In addition, this approach may allow 

me to determine from which portion of synuclein proteins the main phylogenetic signal is 

coming from. 

I used the same alignment as in Figure 3.4, but removed the C-terminus following 

amino acid 93 of human α-synuclein.  This amino acid in the alignment represents a 

glycine residue that is conserved in all synuclein isoforms, including agnathan 

synucleins, and occurs just after all of the seven KTKEGV repeats of the synuclein N-

terminus (6 repeats in β-synuclein).  A GUIDANCE based MAFFT algorithm was used 

to align the 55 N-terminal synuclein sequences and Cre-Dur-1, and a RaxML maximum-

likelihood analysis (JTT+G substitution model) was used to generate a phylogenetic tree 

with 100 bootstrap samples collected.  The resulting tree (Fig. 3.5) was rooted using Cre-

Dur-1 as an outgroup sequence.  The grouping of the α-, β-, and γ-synuclein isoforms 

with just the N-terminus follows an overall pattern that is very similar to the full length 

analysis (Fig. 3.4), although the exact order is altered and the branch support is lower.  

Again, the agnathan γ-synucleins branch between the outgroup and other γ-synuclein 

isoforms.  However, the individual branch pattern of the amphibian and mammalian γ-
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synucleins branching before the sharks and rays does not make sense phylogenetically.  

The lamprey synuclein 3 and hagfish CT003695 do still group well as precursor 

synucleins before α- and β-synucleins. 

The truncated C-terminal amino acids after glycine 93 (described above) were 

also analyzed in a separate phylogenetic analysis.  A GUIDANCE based MAFFT 

algorithm was used to align the 55 C-terminal synuclein sequences and Cre-Dur-1, and a 

RaxML maximum-likelihood analysis (JTT+F substitution model) was used to generate a 

phylogenetic tree with 100 bootstrap samples collected.  The resulting tree (Fig. 3.6) was 

rooted using Cre-Dur-1 as an outgroup sequence.  The C-terminus of synuclein proteins 

produced a phylogenetic tree that did not correspond with any previous trees.  Although 

the α- and β-synuclein isoforms basically group together, and the γ-synucleins are still 

between the outgroup and the α- and β-synucleins, the amphibian and mammalian γ-

synucleins branch before the agnathans, chondrichthyes and teleosts.  Also, all of the 

bootstrap values are extremely low in this analysis.  The C-terminal phylogenetic tree 

will not be useable to infer the relationships between synuclein isoforms or to assign 

lamprey synucleins as a particular isoform, but it does suggest that the majority of the γ-

synuclein phylogenetic signal is coming from the N-terminus of synuclein proteins.  The 

C-terminus of α- and β-synucleins are very similar to each other explaining why these 

isoforms still group well together. 
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FIGURE 3.5  PHYLOGENETIC TREE OF THE N-TERMINUS OF SYNUCLEIN AMINO ACID 

SEQUENCES.  A GUIDANCE assisted MAFFT alignment was performed using the N-terminal 

amino acid sequences of 54 full length synuclein orthologues and Cre-Dur-1.  Maximum-

likelihood analysis was performed using RaxML under a JTT+G substitution model as 

determined by ProtTest.  A total of 100 bootstrap samples were collected and the results are 

labeled on each branch.  The tree was rooted using Cre-Dur-1 as an outgroup.  Agnathan 

sequences (lamprey and hagfish) are labeled in purple, chondrichthyes (sharks and rays) in 

orange, teleosts (bony fish) in dark blue, amphibians in green, birds in light blue, and mammals in 

red.   



 103 

 
FIGURE 3.6  PHYLOGENETIC TREE OF THE C TERMINUS OF SYNUCLEIN AMINO ACID 

SEQUENCES.  A GUIDANCE assisted MAFFT alignment was performed using the C-terminal 

amino acid sequences of 54 full length synuclein orthologues and Cre-Dur-1.  Maximum-

likelihood analysis was performed using RaxML under a JTT+F substitution model as determined 

by ProtTest.  A total of 100 bootstrap samples were collected and the results are labeled on each 

branch.  The tree was rooted using Cre-Dur-1 as an outgroup.  Agnathan sequences (lamprey and 

hagfish) are labeled in purple, chondrichthyes (sharks and rays) in orange, teleosts (bony fish) in 

dark blue, amphibians in green, birds in light blue, and mammals in red. 
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3.3.5 Phylogenetic analysis of individual synuclein isoforms 

The previous phylogenetic trees using the full length and N-terminal sequences of 

synucleins (Fig. 3.4 and Fig. 3.5) support that the lamprey synuclein DY and FD are γ-

synucleins and that lamprey synuclein 3 is a precursor to α- and β-synucleins.  In a final 

attempt to determine the identity of these agnathan isoforms, I wanted to run maximum-

likelihood analyses with the agnathan sequences and each individual isoform.  If a 

phylogenetic tree places the lamprey isoforms in the same order as previous trees, yet has 

higher bootstrap support with individual synuclein isoforms, it may be informative as to 

what the relationship is with other synucleins.  

A GUIDANCE based MAFFT algorithm was used to align the 5 agnathan 

synucleins, Cre-Dur-1, and either the 15 α-synucleins, 14 β-synucleins, or 20 γ-synuclein 

sequences.  A RaxML maximum-likelihood analysis was used to generate a phylogenetic 

tree with 100 bootstrap samples collected.  Substitution models for α-, β-, and γ-synuclein 

analyses were  JTT+G+F, Dayhoff+G+F, and JTT+G+F respectively.  The resulting trees 

(Fig. 3.7 to Fig. 3.9) were rooted using Cre-Dur-1 as an outgroup sequence.   

The α-synuclein analysis generated a tree with very similar branching patterns and 

bootstrap support as the full length analysis (Fig. 3.4).  The main difference is that the 

amphibian and teleost α-synuclein sequences branch before the skate, avian and 

mammalian sequences.  Otherwise the α-synuclein analysis supports the full length 

observations. 

The β-synuclein analysis very much supports the full-length analysis, however the 

lamprey synuclein 3 and lamprey DY and FD branches are reversed (Fig. 3.8).  The 

bootstrap support is however less than in the α-synuclein analysis.  An additional 
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explanation for the difference is that the β-synuclein maximum-likelihood analysis is the 

only one to not use a JTT substitution model and instead uses a Dayhoff model. 

The γ-synuclein alignment mostly matches the full length data, and has the 

highest branch support of all of the previous phylogenetic analyses (Fig. 3.9).  Lamprey 

γ-synuclein DY is the first branch after the outgroup as before, and lamprey γ-synuclein 

FD groups well with the hagfish FY413344 synuclein.  Although the lamprey synuclein 3 

and hagfish CT003695 still branch after the other lamprey synucleins, they now branch 

before the chondrichthyes and teleost γ-synucleins with low branch support (37).   

Taken together, the analysis with the full length lamprey synucleins and Cre-Dur-

1 as an outgroup has the highest branch support, although the N-terminal analysis 

supports the same conclusions.  The main conclusions are that the lamprey synucleins 

DY and FD are γ-synuclein isoforms along with the hagfish FY413344 synuclein.  Also 

the lamprey synuclein 3 and hagfish CT003695 are precursor synucleins that duplicated 

into the α- and β-synuclein paralogues in chondrichthyes, teleosts, and mammals. 
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FIGURE 3.7  PHYLOGENETIC TREE OF α-SYNUCLEIN AND AGNATHAN SYNUCLEIN AMINO 

ACID SEQUENCES.  A GUIDANCE assisted MAFFT alignment was performed using the amino 

acid sequences of 15 full length α-synuclein orthologues, 5 agnathan (hagfish and lamprey) 

synucleins, and Cre-Dur-1.  Maximum-likelihood analysis was performed using RaxML under a 

JTT+G+F substitution model as determined by ProtTest.  A total of 100 bootstrap samples were 

collected and the results are labeled on each branch.  The tree was rooted using Cre-Dur-1 as an 

outgroup.  Agnathan sequences (lamprey and hagfish) are labeled in purple, chondrichthyes 

(sharks and rays) in orange, teleosts (bony fish) in dark blue, amphibians in green, birds in light 

blue, and mammals in red.     
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FIGURE 3.8  PHYLOGENETIC TREE OF β-SYNUCLEIN AND AGNATHAN SYNUCLEIN AMINO 

ACID SEQUENCES.  A GUIDANCE assisted MAFFT alignment was performed using the amino 

acid sequences of 14 full length β-synuclein orthologues, 5 agnathan (hagfish and lamprey) 

synucleins, and Cre-Dur-1.  Maximum-likelihood analysis was performed using RaxML under a 

Dayhoff+G+F substitution model as determined by ProtTest.  A total of 100 bootstrap samples 

were collected and the results are labeled on each branch.  The tree was rooted using Cre-Dur-1 

as an outgroup.  Agnathan sequences (lamprey and hagfish) are labeled in purple, chondrichthyes 

(sharks and rays) in orange, teleosts (bony fish) in dark blue, amphibians in green, birds in light 

blue, and mammals in red.     
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FIGURE 3.9  PHYLOGENETIC TREE OF γ-SYNUCLEIN AND AGNATHAN SYNUCLEIN AMINO 

ACID SEQUENCES.  A GUIDANCE assisted MAFFT alignment was performed using the amino 

acid sequences of 20 full length γ-synuclein orthologues, 5 agnathan (hagfish and lamprey) 

synucleins, and Cre-Dur-1.  Maximum-likelihood analysis was performed using RaxML under a 

JTT+G+F substitution model as determined by ProtTest.  A total of 100 bootstrap samples were 

collected and the results are labeled on each branch.  The tree was rooted using Cre-Dur-1 as an 

outgroup.  Agnathan sequences (lamprey and hagfish) are labeled in purple, chondrichthyes 

(sharks and rays) in orange, teleosts (bony fish) in dark blue, amphibians in green, birds in light 

blue, and mammals in red.   
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3.4 DISCUSSION 

The evolution of synuclein proteins has not been well described or investigated 

using representative taxon sampling from species prior to the divergence of teleost fish 

(Yoshida et al., 2006).  The most comprehensive phylogenetic analysis published to date 

only included teleosts, amphibians, avians, and mammals, and a single skate sequence 

(Yoshida et al., 2006).  We have been able to identify novel synuclein sequences from 

key vertebrate species such as the lamprey and hagfish, as well as additional sequences 

from cartilaginous fish such as skate, the cloudy catfish, and the ghost shark.  The 

sequence information was not previously available because many databases had not yet 

been published.  Our cloning and database searches have demonstrated that synuclein 

orthologues did exist in agnathan vertebrates and cartilaginous fish (sharks and rays) 

prior to the divergence of teleost fish.  In addition, a thorough examination of all 

publically available databases at the time of this writing (July, 2012), have not identified 

any definitive synuclein sequences in invertebrates, or the invertebrate chordates 

(hemichordates, urochordates, or cephalochordates).   

Although the grouping of the synucleins in both the full length and N-terminal 

synuclein phylogenetic analyses is consistent and makes sense evolutionarily, the branch 

support for the main outside branches is still somewhat low.  The phylogenetic analyses 

were able to group individual isoforms together with fairly robust bootstrap values, such 

as the teleost α-, β-, and γ-synuclein isoforms which all have branch support of at least 

98/100 (Fig. 3.4).  The shark and ray γ-synucleins consistently grouped together with a 

bootstrap value of 76/100, and the mammalian α- and γ-synucleins also group with 

bootstrap values above 96/100.  Although individual isoforms are able to be consistently 

grouped in maximum likelihood trees, the relative placement between isoforms does not 
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have good branch support. Even though it is still hard to make definitive statements about 

the evolutionary origins of each synuclein isoform relative to each other, because of low 

bootstrap values, various alignments using different algorithms (MAFFT, PRANK, 

MUSCLE) that were curated for unreliable columns (Gblocks, or Guidance) all produced 

trees with similar groupings.  The largest variation was in the placement of the non γ-

synuclein chondrichthyes branches.  The placement of the lamprey synuclein 3 branch 

was frequently observed prior to the split between α-, and β-synuclein paralogues as it is 

in the full length tree (Fig. 3.4).  

There are several possible reasons that the current maximum likelihood analysis 

has not produced strong bootstrap support.  The first reason is intrinsic to synuclein 

proteins.  Synuclein proteins are short (~100-140 amino acids) and therefore do not have 

many conserved regions to compare between species and isoforms.  In fact, the only 

region conserved for amino acid identity is the ~100 amino acids of the N-terminus (Fig. 

1.1).  The remaining C-terminus is only conserved for acidic residues, and is very 

divergent across species.  Thus synuclein is a sequence with two extremes; an almost 

invariant N-terminus and an extremely divergent C-terminus, neither of which are ideal 

for phylogenetic analysis.  The N- vs. C-terminal analysis did however demonstrate that 

the majority of the γ-synuclein phylogenetic signal comes from the N-terminus, because 

when the C-terminus was run alone, the branch placement and bootstrap support of the γ-

synuclein isoforms did not at all resemble the full length trees (compare Fig. 3.6 to Fig. 

3.4). 

The other reason for low bootstrap support is the lack of synuclein sequences 

from species between lamprey and tetrapods.  Of the four chondrichthyes species used in 

this analysis with identifiable synuclein sequences, only the little skate had more than one 

isoform represented.  The little skate, along with all tetrapods, has three synuclein 
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isoforms, and together with the current phylogenetic analysis suggests that other sharks 

and rays should also have three isoforms.  The catshark, torpedo, and dogfish sequences 

appear to be γ-synucleins, but the lack of paralogues in phylogenetic analyses can 

negatively affect bootstrap scores, or even produce misleading results (Baldauf, 2003).  

Therefore a major confounding factor in our analysis is the lack of predicted synuclein 

paralogues in cartilaginous fish. More full length sequences will be needed from 

cartilaginous fish, such as sharks and rays, as well as additional sequences from hagfish.  

With the availability of more genomic information, a more complete phylogenetic 

analysis should be possible, which may clear up the current ambiguities in the analysis.  

Although ESTs have been useful to identify expressed protein sequences, fully assembled 

genomes of lamprey, hagfish, sharks and rays into chromosomes would allow the 

possibility of neighboring gene comparisons (syntenic analysis) that could more 

accurately reflect the lineage of synuclein proteins.  For example, our tree does show that 

β-synucleins and α-synucleins have branched from a common synuclein sequence.  When 

I search for the gene locus of human α-synuclein (SCNA), the G Protein-Regulated 

Inducer of Neurite outgrowth 3 (GPRIN-3) is near SCNA on chromosome 4q21.  Another 

isoform of GPRIN in also near human β-synuclein on chromosome 5q35.  This syntenic 

relationship supports our current phylogenetic branching.  The assembly of 

chondrichthyes genomic sequences into chromosomes could allow future syntenic 

analysis to be possible.  

Given the current availability of synuclein sequences, and the fact that it is a 

small, vertebrate specific gene (does not exist in clear outgroup species), has made it 

difficult to produce phylogenetic trees with convincing bootstrap support.  Without strong 

branch support the placement of synuclein isoforms relative to each other is slightly 

ambiguous, although the placement of each isoform branches has been consistent 
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between my analyses.  Future steps with the available dataset would be to run a 

phylogenetic analysis with Bayesian inference rather than maximum likelihood, which 

has been reported to deal with missing data better than maximum likelihood in 

phylogenetic analysis (Dwivedi and Gadagkar, 2009; Yang and Rannala, 2012).  

Ultimately, identifying more sequences from early taxa such as the sharks and rays will 

be necessary to perform definitive phylogenetic analyses in the future. 
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Chapter 4: Acute elevation of synuclein protein inhibits synaptic vesicle 

recycling3 

4.1 INTRODUCTION 

Parkinson’s Disease (PD), Dementia with Lewy Bodies, and Lewy body variant 

of Alzheimer’s Disease are associated with the aberrant aggregation of α-synuclein in 

neurons (Lee and Trojanowski, 2006; Spillantini et al., 1998), although the precise roles 

of the aggregates in disease pathogenesis are not clear (Cookson and van der Brug, 2008).  

Familial Parkinson’s Disease is linked to excess α-synuclein, caused by multiplication of 

the α-synuclein gene (SNCA), or by several missense mutations, including A30P, E46K, 

or A53T (Dawson et al., 2010; Kruger et al., 1998; Polymeropoulos et al., 1997; 

Singleton et al., 2003; Zarranz et al., 2004).  Sporadic Parkinson’s Disease is also 

associated with increased α-synuclein expression (Chiba-Falek et al., 2006; Dumitriu et 

al., 2012).  Thus, understanding the function of α-synuclein and the consequences of its 

overexpression provides a means for understanding the pathobiology of Parkinson’s 

Disease. 

α-Synuclein is a small protein (140 a.a.) that is naturally disordered in an aqueous 

environment (Davidson et al., 1998; Eliezer et al., 2001).  When presented with 

negatively-charged acidic phospholipids in small vesicles, the N-terminal domain of α-

synuclein (a.a. 1-110) binds and folds into an amphipathic alpha helix (Chandra et al., 

2003; Davidson et al., 1998; Perrin et al., 2000; Ulmer et al., 2005).  That α-synuclein 

binds to small vesicles explains why it localizes to presynaptic vesicle clusters 

                                                 
3 This chapter has been submitted in manuscript form to the Journal of Neuroscience as David J. Busch, 

Paul A. Oliphint, Wendy S. Woods, Julia M. George and Jennifer R. Morgan. Acute elevation of synuclein 

protein inhibits synaptic vesicle recycling.  DJB and JRM together designed the experiments and wrote the 

manuscript.  DJB performed the experiments, data analysis, and 3D reconstructions.  PAO processed the 

spinal cord tissue and collected the EM micrographs, WSW and JMG provided reagents and performed the 

SUV binding assay. 
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(Maroteaux et al., 1988; Murphy et al., 2000).  Because α-synuclein is abundant at 

synapses under physiological conditions and because SNCA multiplication causes 

Parkinson’s Disease, there is a growing interest in understanding the defects associated 

with excess α-synuclein at synapses.  Long-term overexpression of human α-synuclein 

decreases synaptic transmission, alters vesicle trafficking, and results in the loss of 

several other presynaptic proteins (Gaugler et al., 2012; Larsen et al., 2006; Nemani et 

al., 2010; Scott et al., 2010).  The axonal and synaptic defects precede the aggregation of 

α-synuclein in somata, implicating synaptic perturbations in early disease pathogenesis 

(Scott et al., 2010; Volpicelli-Daley et al., 2011).  Although we know that excess α-

synuclein impairs synapse structure and function, the underlying mechanisms remain 

unknown.   

Proper synapse structure and function are maintained via cycles of vesicle 

exocytosis and endocytosis (Schweizer and Ryan, 2006).  Synaptic vesicles are recycled 

via clathrin-mediated endocytosis, which proceeds through several morphologically- and 

molecularly-distinct stages: initiation, coat assembly, fission, and vesicle uncoating 

(Heuser and Reese, 1973; Slepnev and De Camilli, 2000).  α-Synuclein overexpression 

reduces the recycling pool of synaptic vesicles, suggesting an endocytic effect (Nemani et 

al., 2010).  However, the specific stage of the endocytic pathway perturbed by excess α-

synuclein is unknown.  Also, the immediate and direct effects of excess α-synuclein on 

synapses are unclear, because previous studies utilized long-term overexpression 

strategies, where expression levels of several other presynaptic proteins were also altered 

(Nemani et al., 2010; Scott et al., 2010).  Finally, the conformation of α-synuclein 

causing the synaptic defects remains unknown.  Is it the disordered, fibrillar, or α-helical 

confirmation of synuclein causing the deleterious effects at synapses?  Here, we resolve 

the specific vesicle recycling defects induced by excess α-synuclein and provide evidence 
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for the underlying molecular mechanisms, revealing novel insights into synaptic 

dysfunction in Parkinson’s Disease. 

4.2 MATERIALS AND METHODS 

4.2.1 Recombinant proteins 

Cloning and expression of glutathione S-transferase (GST)-tagged lamprey 

synucleins (Section 2.2.4) (Busch and Morgan, 2012), as well as human α-synuclein and 

mutants (T6K and A30P) (Perrin et al., 2000), were previously described.  For this study, 

an additional GST fusion comprising only the N-terminal domain (a.a. 1-89) of lamprey 

γ-synuclein was also generated (GenBank accession JN544525).  All recombinant 

proteins were expressed in BL21 cells.  GST fusion proteins were then purified using 

glutathione sepharose beads (GE Healthcare, Uppsala, Sweden). Wild type human α-

synuclein and mutants were precipitated from the soluble protein fractions using 

ammonium sulfate, and the precipitated powder was resuspended in 20 mM sodium 

phosphate buffer (pH 7.4).  Resuspended α-synuclein and mutants were further purified 

using a Sepharose hydrophobic interaction column, followed by gel filtration on a 

Sephacryl S-200 size exclusion column and lyophilization.  All proteins were 

resuspended or dialyzed into the appropriate buffer prior to each assay, as noted below.    

 

4.2.2 Western blotting  

Western blotting was performed as previously described (Section 2.2.5) (Busch 

and Morgan, 2012; Morgan et al., 2004).  Briefly, 0.5 µg of each recombinant protein was 

separated on a 10% SDS-polyacrylamide gel.  Or, 5 µg of rat brain lysates and 20 µg of 

lamprey brain lysates were separated on a 10% SDS-polyacrylamide gel.  Proteins were 

transferred to nitrocellulose membranes, blocked with 5% dry milk, and then incubated 
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with a rabbit polyclonal pan-synuclein antibody (AbCam ab53726; Cambridge, MA) at 

1:1000 in TBST (20 mM Tris Base pH 8.0, 137 mM NaCl, 0.1% Tween 20) for 1 hr. at 

room temperature (RT).  Secondary antibody incubation was 1:4000 goat anti-rabbit IgGs 

(Thermo Scientific, Waltham, MA) for 1 hr. at RT.  Western blots were developed using 

Thermo Scientific Pierce ECL substrates. 

 

4.2.3 Vesicle binding assays 

 Vesicle binding assays were performed as described previously for human 

α-synuclein (Davidson et al., 1998; Perrin et al., 2000).  Briefly, small unilamellar 

vesicles were prepared from a mixture of POPC and POPA (3:1) or pure POPC (Avanti 

Polar Lipids, Alabaster, AL), and incubated with recombinant protein for 2 hours at a 

20:1 mass ratio of lipid to protein.  Samples were separated by gel exclusion 

chromatography (Superose 6), and peaks representing free protein, small unilamellar 

vesicles (suv) and large multilamellar vesicles (mlv) were pooled and subjected to 

immunoblotting with anti-GST antibody (GeneTex GTX110736; Irvine, CA).  

 

4.2.4 Immunofluorescence 

All procedures were approved by the Institutional Animal Care and Use 

Committees at the University of Texas at Austin in accordance with standards set by the 

National Institutes of Health.  Late larval stage sea lampreys (Petromyzon marinus; 11-13 

cm) were anesthetized with 0.1 g/L tricaine methanesulfonate (Finquel MS-222; Argent 

Laboratories; Redmond, WA).  Spinal cords were then dissected in oxygenated lamprey 

ringer containing (in mM): 100 NaCl, 2.1 KCl, 2.6 CaCl2, 1.8 MgCl2, 4 glucose, 0.5 

glutamine, 2 HEPES, pH 7.4), as previously described (Oliphint et al., 2010).  Dissected 
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spinal cords were fixed, cryoprotected, embedded in TissueTek OCT, cross-sectioned at 

14 µm, and immunostained, as described in Oliphint et al., 2010.  Primary antibodies 

used were:  a rabbit polyclonal pan-synuclein antibody (AbCam ab53726; Cambridge, 

MA) and a mouse monoclonal antibody against synaptic vesicle glycoprotein 2 (SV2) 

(DSHB; Univ. of Iowa).   The SV2 antibody has been previously characterized in 

mammals and lampreys (Section 2.3.4) (Buckley and Kelly, 1985; Busch and Morgan, 

2012; Lau et al., 2011).  The synuclein antibody is characterized in Figures 4.1 and 4.2. 

Secondary antibodies used were:  AlexaFluor® 488-conjugated goat-anti-rabbit IgGs and 

AlexaFluor® 594-conjugated goat-anti-mouse IgGs (Invitrogen, Carlsbad, CA).  

Preabsorption of the synuclein antibody with 100 µg/ml recombinant human α-synuclein 

completely eliminates the immunofluorescence signal on lamprey spinal cord sections 

(not shown).  Confocal images were acquired with a Zeiss LSM Pascal Exciter on an 

Axioskop 2FS using a 40x, 1.3 NA EC Plan-Neofluar oil immersion objective.  For high 

magnification images, an additional 3x digital zoom was applied. 

 

4.2.5 Microinjections and Stimulation 

Microinjections were performed as previously described (Morgan et al., 2004).  

Briefly, a 2-3 cm section of spinal cord was dissected and pinned ventral side up in a 

Sylgard-lined petri dish containing oxygenated lamprey ringer (Fig. 4.3A).  Prior to 

injection, all recombinant proteins were dialyzed at 4oC overnight into lamprey internal 

solution (180 mM KCl, 10 mM HEPES, pH 7.4).  Proteins (120-200 µM) were then 

loaded into glass microelectrodes and injected directly into giant RS axons using small 

pulses of N2 (5-20 ms; 30-50 psi, 0.1-0.3 Hz) delivered via a Toohey Spritzer.  To 

estimate the axonal protein concentration, all proteins were co-injected with 100 µM 
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fluorescein dextran (10 or 40 kDa, anionic, lysine fixable; Invitrogen, Carlsbad, CA).  

After 10-30 minutes of microinjection, the axonal fluorescence reached 1/10th to 1/20th 

of that in the microelectrode.  Therefore, we estimate the axonal concentration of all the 

proteins to be in the range of 6-20 µM.  After injection, some spinal cords were 

immediately fixed without stimulation.  In other experiments, injected axons were 

stimulated intracellularly by action potentials using short, depolarizing current pulses (1 

ms; 20-80 nA; 20 Hz, 5 min), generated by an Axoclamp 2B amplifier.  While continuing 

to stimulate, the spinal cords were fixed for electron microscopy using 3% 

glutaraldehyde, 2% paraformaldehyde in 0.1 M Na Cacodylate, pH 7.4.  Fixation 

occurred within 5-10 seconds, as determined by the disappearance of action potentials.  

 

4.2.6 Electron Microscopy and Morphometric Analysis  

Spinal cords were processed for electron microscopy as described in Oliphint et 

al., 2010 with a few modifications.  Spinal cords were post-fixed in 2% osmium tetroxide 

containing 2% potassium ferrocyanide for 1.5 hrs on ice, stained en bloc with 2% 

aqueous uranyl acetate, dehydrated in an ethanol series, and embedded in Embed-812.  

Thick sections (1 µm) were cut and stained with toluidine blue in order to identify the 

injected axon.  Ultrathin sections (70 nm) were cut and counterstained with 2% uranyl 

acetate and 0.4% lead citrate, after which individual synapses were imaged at 26,500x 

using a Technai Spirit BioTwin T12 electron microscope (Technai, Hillsboro, OR).  For 

each experimental condition, images were collected of >10 synapses, taken from 2-3 

individual axons or lampreys.  For consistency, the synapse images were obtained from 

the same range, which was 20-180 µm to either side of the injection site, ensuring that the 

protein concentration in each preparation was comparable.   
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Morphometric analyses of synaptic membranes were performed by an 

experimenter blinded to the condition using Image J software.  All synaptic vesicles were 

counted within a 1 µm radius of the active zone.  Cisternae were defined as irregularly-

shaped membranous structures larger than 100 nm in diameter.  In one analysis, “total 

cisternae” per synapse was determined by measuring along the perimeter of each cisterna 

and calculating the sum (Fig. 4.4F, 4.6I).  In another analysis, the “cisternal size” 

reported is the average size (perimeter) of individual cisternae (Fig. 4.6J).  Measurements 

of plasma membrane evaginations were performed as previously described (Morgan et 

al., 2004).  A straight line (1 µm) was drawn laterally from the edge of the active zone to 

the nearest point on the axolemma, and then the curved distance between these two points 

was measured.  After obtaining measurements from the right and left sides of the active 

zone, the average for each synapse was recorded.  Clathrin-coated pits and vesicles were 

distinguished by the presence of an electron dense coat.  All data shown in the graphs are 

reported as the mean ± SEM per synapse.  Graphs and ANOVA statistics were generated 

using Origin Pro 7.0 (OriginLab, Northampton, MA). 

The 3D reconstructions in Figure 4.7 were generated from 5 serial sections using 

RECONSTRUCTTM software (Fiala, 2005).  First, the micrographs were aligned to each 

other using fiduciary markers.  Next, the cisternae, active zones, and plasma membranes 

were traced on each micrograph.  Finally, the traces were reconstructed as objects into a 

3D scene as either a trace slab or boissonnat surface, and synaptic vesicles were 

reconstructed as 50 nm diameter spheres. 

 



 120 

4.3 RESULTS 

The goal of this study is to identify the precise step(s) of the synaptic vesicle 

trafficking pathway that are impaired by excess synuclein and to elucidate the underlying 

molecular mechanism causing these defects.  To address these questions requires a model 

vertebrate synapse where acute perturbations of synuclein protein levels are possible, 

where the synaptic activity levels are under exquisite experimental control, and where the 

specific stages of the synaptic vesicle trafficking pathway can be evaluated using high 

resolution, ultrastructural methods.   Therefore, we took advantage of lamprey giant 

reticulospinal (RS) synapses, which meet all these requirements and have provided 

fundamental insights into the functions of many presynaptic proteins due to their large 

size, experimental accessibility, and similarity with other vertebrate synapses (Brodin and 

Shupliakov, 2006; Pieribone et al., 1995).   

 

4.3.1 Lamprey and human synucleins are highly conserved 

We first examined the extent to which lamprey synucleins are structurally similar 

to other synuclein orthologs and used this information to build a molecular toolkit.  

Previously, we cloned three synuclein isoforms from sea lamprey, Petromyzon marinus 

(Section 2.2.4) (Busch and Morgan, 2012).  Lamprey giant RS neurons, which give rise 

to the synapses of interest, abundantly express the mRNA for only one isoform, a γ-

synuclein (GenBank: JN544525), while others synucleins are expressed in much lower 

abundance (Fig. 2.4) (Busch and Morgan, 2012).  Multiple sequence alignment reveals 

that this lamprey γ-synuclein is 56%, 54%, and 55% identical to the amino acid 

sequences of human α-, β- and γ-synuclein, respectively (Fig. 4.1A).  Homology is even 

greater (~70% identical and ~80% similar) within the first 90 amino acids of the N-
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terminus, which is the region of the protein that is most conserved amongst all synucleins 

(George, 2002).  Comparative sequence analysis software (3D-JIGSAW, version 2.0) 

predicts that the N-terminal domain of lamprey γ-synuclein folds into an extended alpha 

helix, followed by a less structured, random coil at the C-terminus, similar to the 

structure of human α-synuclein bound to lipid micelles (Fig. 4.1B) (Ulmer et al., 2005).  

As another indication of structural conservation, recombinant human and lamprey 

synucleins, as well as endogenous rat and lamprey synucleins, are all recognized by the 

same pan-synuclein antibody, which was raised against a highly conserved epitope (a.a. 

19-41) within the N-terminus of human α-synuclein (Fig. 4.1A, C-E).  Furthermore, as 

was previously shown for human α-synuclein, full length lamprey γ-synuclein and its N-

terminal domain (Nterm; a.a. 1-89) bind to small unilamellar vesicles (suv) containing 

phosphatidyl choline (PC) and phosphatidic acid (PA), but not PC alone (Fig. 4.1F) 

(Davidson et al., 1998; Perrin et al., 2000).  In contrast, lamprey γ-synuclein and its N-

terminal domain did not bind to larger, multilamellar vesicles (mlv)(Fig. 4.1F).  Thus, 

lamprey γ-synuclein demonstrates a preference for binding to acidic phospholipids, but 

only when presented in highly curved surfaces such a small vesicles.  Taken together, 

these data indicate that lamprey γ-synuclein and human α-synuclein are structurally 

conserved, which predicts that they will produce overlapping phenotypes at synapses. 
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FIGURE 4.1  LAMPREY γ-SYNUCLEIN IS STRUCTURALLY SIMILAR TO HUMAN α-

SYNUCLEIN.  (A)  Multiple sequence alignment containing human α-, β-, and γ-synuclein and 

the lamprey γ-synuclein used in this study.  Black highlighted residues are those identical to 

human α-synuclein.  Note the higher degree of similarity within the N-terminal domains of all 

synucleins (a.a. 1-90; backlit in gray).  Black lines indicate the 11-amino acid repeats that 

characterize all synucleins and that fold into an extended alpha helix.  Epitope of the pan-

synuclein antibody is indicated.  (B)  (top) NMR structure of human α-synuclein bound to lipid 

vesicles (Ulmer et al., 2005).  (bottom) The predicted structure of lamprey γ-synuclein.  Ribbon 

models were generated using UCSF Chimera modeling software.  (C-D)  The pan-synuclein 

antibody recognizes all three human synucleins (C), as well as GST-tagged lamprey γ-synuclein 

(D), indicating structural conservation.  The antibody does not recognize GST alone (D).  Top 

panels are the Western blots against synuclein (WB:Syn), while the bottom panels are the 

Coomassie (Coom) stained gels of the same proteins.  (E)  In rat brain lysates, as well as lamprey 

spinal cord and brain lysates, the pan-synuclein antibody recognizes an endogenous 17 kD protein 

- the expected size for monomeric synuclein.  (F)  Full length lamprey γ-synuclein and its N-

terminal (Nterm) domain bind to small unilamellar vesicles (suv) containing phosphatidic acid 

(PA) and phosphatidyl choline (PC) in a 1:3 molar ratio, but not to PC alone.  The C-terminal 

domain (Cterm) of lamprey synuclein and GST alone do not bind, but instead remain as free 

protein.  mlv = multilamellar vesicles. 
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4.3.2 Synuclein is expressed at lamprey giant RS synapses 

Giant RS synapses are large, en passant glutamatergic synapses in the spinal cord 

that are formed between descending giant RS axons and several types of identified spinal 

neurons (Fig. 4.3A, insets) (Buchanan, 2001; Rovainen, 1974; Wickelgren et al., 1985).  

The giant RS axons are accessible for microinjection when the isolated spinal cord is 

pinned ventral side up, permitting acute introduction of any reagent of interest directly 

into the presynaptic compartment (Fig. 4.3A).  We first examined whether synuclein is 

endogenously expressed at the giant RS synapses using dual-labeling 

immunofluorescence for synuclein and synaptic vesicle glycoprotein 2 (SV2), a reliable 

marker of presynaptic vesicle clusters in all vertebrates examined, including lampreys 

(Buckley and Kelly, 1985; Lau et al., 2011).  Indeed, synuclein is abundant in small 

synaptic puncta throughout the neuropil around the giant RS axons, where it colocalizes 

with SV2 (Fig. 4.2A-D).  Synuclein also colocalizes with SV2 at giant RS synapses, 

which contain ~1000 synaptic vesicles per cluster and are located along the giant RS 

axon periphery (Fig. 4.2E-G).  Here, the intensity of synuclein immunolabeling ranged 

from moderate to strong, consistent with the variable expression of endogenous synuclein 

observed at mammalian hippocampal synapses (Fortin et al., 2005; Murphy et al., 2000).   

Thus, synuclein is endogenously expressed at lamprey giant RS synapses, providing an 

excellent opportunity to investigate the effects of acute introduction of excess synuclein 

on synaptic vesicle trafficking. 
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FIGURE 4.2  SYNUCLEIN IS LOCALIZED TO SYNAPTIC VESICLE CLUSTERS AT LAMPREY 

GIANT RS SYNAPSES.  (A)  Cross-section of a lamprey spinal cord stained with toluidine blue.  

Note the large giant RS axons in the ventromedial tract.  The box indicates a single giant RS axon 

and the view shown in panels B-D.  D-V = Dorsal-Ventral.  (B-G)  Cryosections of lamprey 

spinal cord co-immunostained for synuclein (green) and the integral synaptic vesicle membrane 

protein, SV2 (red).  Merged image reveals colocalization between synuclein and SV2, indicating 

synuclein’s localization at synaptic vesicle clusters.  Dotted line indicates border of giant RS 

axon.  Arrows indicate giant RS synapses, which are shown in high magnification in panels E-G.  

Scale bar in B is 20 µm and applies to panels B-D.  Scale bar in E is 5 µm and applies to panels 

E-G. 
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4.3.3 Excess lamprey γ-synuclein has no effect on vesicle clustering at resting, 

unstimulated synapses 

The synaptic vesicle trafficking defects observed in mammalian neurons after 

overexpression of human α-synuclein could be explained, in theory, by primary 

disruptions in synaptic vesicle clustering (Nemani et al., 2010; Scott et al., 2010).  To 

determine this unequivocally requires examining the effects of excess synuclein on 

vesicle clusters when the synapses are not active.  Here, our model provides an 

advantage, because within the isolated lamprey spinal cord, giant RS axons do not fire 

action potentials until they are provided exogenous stimulation, and the giant RS 

synapses have low spontaneous release rates, making the resting synapses relatively 

quiescent (Brodin et al., 1994).  In addition to testing the effects of excess full-length 

lamprey γ-synuclein on synapses, we were also interested in the effects of the highly 

conserved N-terminal domain of the protein (Fig. 4.1A).  In unstimulated axons, either 

GST-tagged full-length lamprey γ-synuclein or the N-terminal domain (NTD; a.a. 1-89) 

alone was microinjected directly into giant RS axons in order to acutely elevate the levels 

of synuclein protein at synapses (Fig. 4.3A-B).  GST was used as a negative control.  

Spinal cords were immediately fixed and processed for electron microscopy.  

At unstimulated giant RS synapses, neither excess GST, full-length lamprey γ-

synuclein, nor NTD caused any obvious changes to presynaptic structures when 

compared to uninjected control synapses (Fig. 4.3C-F).  In all cases, the synaptic vesicle 

clusters remained large and tightly clustered around the electron dense active zone.  The 

adjacent plasma membrane remained relatively flat, with only small indentations.  

Quantitative analysis across synapses revealed no significant difference in the size of 

synaptic vesicle clusters amongst these experimental conditions (Fig. 4.3G) (Uninjected 

Controls: 131.2 ± 12.2 SVs/synapse, n = 12 synapses; GST: 103.4 ± 8.9 SVs/synapse, n = 
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13 synapses; GST-Synuclein: 138.6 ± 21.7 SVs/synapse, n = 11 synapses; GST-synuclein 

NTD:  101.1 ± 12.6 SVs/synapse, n = 8 synapses; ANOVA p > 0.05).  Thus, excess 

synuclein has no effect on synaptic vesicle clustering at resting, unstimulated synapses.   
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FIGURE 4.3  EXCESS SYNUCLEIN DOES NOT AFFECT VESICLE CLUSTERING AT RESTING, 

UNSTIMULATED SYNAPSES.  (A)  Lamprey giant reticulospinal (RS) axons were microinjected 

with excess recombinant synuclein, followed by either immediate fixation without stimulation 

(w/o Stim) or fixation after 20 Hz, 5 min of stimulation (w/ Stim).  (B)  Domain diagrams of the 

recombinant proteins injected.  (C-F)  Electron micrographs of unstimulated giant RS synapses 

after no injection (Control) or after injection of GST (GST), full length lamprey γ-synuclein 

(Synuclein), or just the N-terminal domain (Synuclein-NTD).  In all cases, the clusters of synaptic 

vesicles (SVs) appear normal.  Asterisks mark the postsynaptic dendrite.  Scale bar in C applies to 

panels C-F.  (G)  There was no significant difference in the number of synaptic vesicles per 

synapse in any of these conditions.   Bars represent mean +/- SEM.  n.s. = not significant by 

ANOVA analysis. 
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4.3.4 Excess lamprey γ-synuclein impairs synaptic vesicle recycling from the plasma 

membrane 

Next, we wanted to determine the extent to which excess synuclein affects 

synaptic vesicle trafficking at stimulated synapses.  Importantly, by utilizing an acute 

perturbation combined with a quantitative ultrastructural analysis, we could thus 

determine for the first time the precise stages of vesicle trafficking that are immediately 

and directly altered by excess synuclein.  We microinjected axons with GST, full length 

lamprey γ-synuclein, or synuclein N-terminal domain.  We then stimulated the axons 

intracellularly via current injection in order to produce action potentials (20 Hz, 5 min), 

thereby inducing vesicle exocytosis and endocytosis at the synapses.  After treatment 

with GST, stimulated synapses still exhibited large synaptic vesicle clusters, and the 

plasma membrane adjacent to the active zone became slightly evaginated (Fig. 4.4A).  

Plasma membrane evaginations occur at the periactive zones of stimulated synapses 

because endocytic vesicle retrieval from the cell surface is slower than exocytosis 

(Morgan et al., 2004; von Kleist et al., 2011).  Therefore, in the presence of GST, 

endocytosis is efficient and therefore sufficient for maintaining a large synaptic vesicle 

cluster.   

In contrast, when synapses were treated with full-length lamprey γ-synuclein and 

stimulated (20 Hz, 5 min), there was a dramatic effect on presynaptic morphology.  The 

most obvious effect was a massive loss of synaptic vesicles at the active zone (Fig. 4.4B).  

In addition, there was an increase in large, atypical, irregularly-shaped membrane 

compartments, which we refer to as “cisternae,” in keeping with previous studies (Fig. 

4.4B) (Andersson et al., 2008; Heuser and Reese, 1973).  The most commonly observed 

cisternae were irregular and vesicular in nature (Fig. 4.4D, left).  However, cisternae also 

sometimes appeared as flattened sacs or tubules (Fig. 4.4D, right).  We often observed 



 129 

clathrin-coated pits emanating from the cisternae (Fig. 4.4B, D).  Interestingly, injection 

of the N-terminal domain of lamprey γ-synuclein alone produced the same phenotype: a 

loss of synaptic vesicles and gain of cisternae (Fig. 4.4C).  Quantitative analysis revealed 

that both full-length lamprey γ-synuclein and its N-terminal domain caused a significant 

reduction in the number of synaptic vesicles per synapse, 60% and 91% respectively, 

when compared to GST controls (Fig. 4.4E) (GST: 81.8 ± 20.3 SVs, n = 13 synapses; 

GST-Synuclein: 32.7 ± 4.3 SVs, n = 35 synapses; GST-synuclein NTD:  7.5 ± 1.4 SVs, n 

= 13 synapses; ANOVA p = 2.5 x 10-5, Tukey’s post hoc p < 0.05).  The diameter of the 

remaining synaptic vesicles observed in the presence of full-length synuclein or NTD was 

not significantly different from controls (GST: 50.2 ± 0.5 nm, n = 200 vesicles; GST-

Synuclein: 48.5 ± 0.6 nm, n = 200 vesicles; GST-synuclein NTD: 50.3 ± 1.0 nm, n = 94 

vesicles; ANOVA; Tukey’s post hoc p > 0.05).  After injection of excess synuclein or its 

NTD, there was a significant 4-fold increase in the total amount of membrane trapped 

within cisternae (Fig. 4.4F) (GST: 0.5 ± 0.1 µm, n = 13 synapses; GST-Synuclein: 2.2 ± 

0.3 µm, n = 35 synapses; GST-synuclein NTD:  2.2 ± 0.5 µm, n = 13 synapses; ANOVA 

p < 0.005, Tukey’s post hoc p < 0.05).  Taken together, these data indicate that excess 

lamprey γ-synuclein or its N-terminal domain induced a dramatic depletion of the 

synaptic vesicle pool at stimulated synapses, which was paralleled by an increase in 

atypical cisternae.   
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FIGURE 4.4  EXCESS LAMPREY γ-SYNUCLEIN INHIBITS VESICLE RECYCLING AT 

STIMULATED SYNAPSES.  (A-C) Electron micrographs of giant RS synapses treated with GST 

(GST), GST-tagged full-length lamprey γ-synuclein (Synuclein), or its N-terminal domain 

(Synuclein-NTD) after a 20 Hz, 5 min. stimulus.  In the GST controls, large synaptic vesicle (SV) 

clusters were visible, and plasma membrane extensions (dotted lines) were modest owing to 

efficient recycling of synaptic vesicles.  In contrast, after treatment with synuclein or synuclein-

NTD, the number of synaptic vesicles was dramatically reduced, and large cisternae (C) became 

apparent, indicative of a defect in vesicle recycling.  Cisternae often had clathrin-coated pits 

emanating from them (circles), suggesting that they derived from the plasma membrane.  

Asterisks indicate postsynaptic dendrites.  Scale bar in panel A applies to A-C.  (D)   Examples of 

the types of cisternae observed at stimulated synapses treated with excess full-length lamprey γ-

synuclein.  (E-H)  Synuclein reduced the number of vesicles at synapses (E) and increased the 

amount of membrane trapped in cisternae (F).  Synuclein NTD additionally increased the size of 

plasma membrane evaginations (G).  Changes in clathrin coats were not significant (H).  These 

data are consistent with an inhibition of early stages of synaptic vesicle recycling from the plasma 

membrane.  Bars represent mean +/- SEM.  Asterisks indicate statistical significance from 

controls by ANOVA analysis. 

 



 131 

 

During stimulation, synaptic vesicles first fuse with the plasma membrane and 

release their neurotransmitter contents, and then they are locally recycled via clathrin-

mediated endocytosis (Heuser and Reese, 1973; Slepnev and De Camilli, 2000).  

Disruption of clathrin-mediated synaptic vesicle recycling results in a loss of synaptic 

vesicles, concomitant with an expansion of the plasma membrane and/or an increase in 

the amount of membrane trapped within other endocytic intermediates (Morgan et al., 

2004; Morgan et al., 2000; Shupliakov et al., 1997; von Kleist et al., 2011), which is 

consistent with our synuclein-induced phenotypes.  Thus, to fully understand the nature 

of the endocytic defect, we needed to determine the origin of the cisternae.  The fact that 

there were clathrin-coated pits budding from the cisternae, along with the observation 

that they were typically found within a short distance of the plasma membrane, suggested 

to us that cisternae might be derived from the plasma membrane (Fig. 4.4B-D).  To test 

this, we systematically traced 36 cisternae through serial EM sections (3-7 sections) at 

synapses treated with full-length lamprey γ-synuclein (n = 20 synapses).  Of the cisternae 

that could be reliably traced back to their origins, 83% (30/36) were still connected to the 

plasma membrane (Fig. 4.5).  A much smaller proportion of cisternae, only 17% (6/36), 

was separated from the plasma membrane at the time of fixation (not shown).  Thus, the 

vast majority of cisternae were still connected to the plasma membrane, indicating that 

excess synuclein dramatically impairs the earliest stages of synaptic vesicle re-

internalization from the plasma membrane, leading to atypical, inward membrane 

buckling and bulk endocytosis.   

Lending further support to this conclusion, the plasma membrane evaginations 

trended toward larger sizes at synapses treated with either full length lamprey γ-synuclein 

or its N-terminal domain (Fig. 4.4G).  A significant 45% expansion of plasma membrane 
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evaginations occurred in the presence of synuclein NTD, which is consistent with the 

greater loss of synaptic vesicles observed in this experimental condition (Fig. 4.4G) 

(GST: 2.0 ± 0.1 µm, n = 13 synapses; GST-Synuclein: 2.0 ± 0.1 µm, n = 34 synapses; 

GST-synuclein NTD: 2.9 ± 0.3 µm, n = 12 synapses; ANOVA p<0.01, Tukey’s post hoc 

p < 0.05).  The total number of clathrin-coated pits and clathrin-coated vesicles observed 

with excess synuclein or synuclein-NTD was not significantly different from the GST 

controls (Fig. 4.4H) (GST: 3.1 ±0.8 Clathrin Coats, n = 13 synapses; GST-Synuclein: 1.6 

± 0.4 Clathrin Coats, n = 35 synapses; GST-synuclein NTD: 5.2 ± 0.8 Clathrin Coats, n = 

13 synapses; ANOVA, Tukey’s post hoc p > 0.05).  This is in contrast to the dramatic 5- 

to 10- fold increase in clathrin-coated pits or vesicles that is observed when later stages of 

clathrin-mediated synaptic vesicle recycling are perturbed, such as vesicle fission or 

uncoating (Morgan et al., 2001; Ringstad et al., 1999; Shupliakov et al., 1997).  Taken 

together, these data indicate that excess lamprey γ-synuclein inhibits the early stages of 

synaptic vesicle endocytosis from the plasma membrane and that the N-terminal domain 

alone is sufficient to reproduce the phenotype. 
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FIGURE 4.5  CISTERNAE CAUSED BY EXCESS LAMPREY γ-SYNUCLEIN ARE CONNECTED 

TO THE PLASMA MEMBRANE.  (A-D)  Serial electron micrographs through a stimulated giant 

RS synapse treated with GST-tagged full-length lamprey γ-synuclein.  In the sections shown in 

panels A and B, a single cisterna (C) appears disconnected from the plasma membrane (dotted 

line).  However, in panel C, the cisterna is shown to be continuous with the plasma membrane.  In 

panel D, it is fully incorporated into the plasma membrane and no longer visible. Asterisks mark 

the postsynaptic dendrite.  Scale bar in panel A applies to A-D. 
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4.3.5 Excess human α-synuclein also impairs synaptic vesicle recycling from the 

plasma membrane 

The fact that the highly conserved N-terminal domain of lamprey γ-synuclein was 

sufficient to produce the vesicle trafficking defects suggested to us that other synuclein 

orthologs might have similar effects at synapses.  To test this, and to further evaluate the 

mechanism underlying the vesicle trafficking defects, we injected untagged full-length 

human α-synuclein into giant RS axons, followed by stimulation (20 Hz, 5 min), fixation, 

and processing for electron microscopy.  For these experiments, lamprey internal solution 

(i.e. buffer) was injected as a negative control.  As with lamprey γ-synuclein, acute 

introduction of excess human α-synuclein also caused an obvious depletion of synaptic 

vesicles and buildup of cisternae at stimulated synapses (Fig. 4.6A-C).  Excess human α-

synuclein reduced the number of synaptic vesicles by 78%, relative to controls (Fig. 

4.6H) (Control: 135.5 ± 10.2 SVs, n = 44 synapses; Human α-synuclein: 29.7 ± 3.8 SVs, 

n = 22 synapses; ANOVA p = 5.4 x 10-11; Tukey’s post hoc p < 0.05).  The diameter of 

the remaining synaptic vesicles was not different from that of controls (Control: 52.4 ± 

0.4 nm, n = 200 vesicles; α-Synuclein: 51.3 ± 0.6 nm, n = 200 vesicles; T-test; p > 0.05).  

The total amount of membrane trapped in cisternae increased 3.4-fold in the presence of 

α-synuclein (Fig. 4.6I) (Control: 0.66 ± 0.12 µm, n = 45 synapses; α-Synuclein: 2.23 ± 

0.40 µm, n = 22 synapses; ANOVA p = 4.3 x 10-5; Tukey’s post hoc p < 0.05).  

Once again, in order to identify the origins of the cisternae, we systematically 

traced through serial EM sections (4-7 sections) at synapses treated with excess human α-

synuclein (n=18 synapses).  Of the cisternae that could be reliably traced back to their 

origins, 92% (34/37) were still connected to the plasma membrane (Fig. 4.7A-C), while 

only 8% (3/37) showed no obvious connection (not shown).  Compared to the few 

cisterna observed at control synapses, the individual cisternae at synapses treated with 
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excess human α-synuclein were much larger in size (Fig. 4.6B, J; Fig. 4.7D-E).  In 3D 

reconstructions, these large cisternae could be seen connecting with the plasma 

membrane in at least one section (Fig. 4.7E, arrowheads).  Thus, excess human α-

synuclein also impairs the earliest stages of synaptic vesicle recycling from the plasma 

membrane, leading to atypical, inward membrane buckling and bulk endocytosis.   

Lending additional support for this assertion, the sizes of plasma membrane 

evaginations increased by 55% in the presence of α-synuclein, relative to controls (Fig. 

4.6K) (Control: 2.0 ± 0.08 µm, n = 44 synapses; α-Synuclein: 3.1 ± 0.17 µm, n = 21 

synapses; ANOVA p < 0.001; Tukey’s post hoc p < 0.05).  There was only a very small 

increase in the total number of clathrin-coated pits and vesicles at synapses treated with 

excess human α-synuclein (Fig. 4.6L) (Control: 1.7 ± 0.3 Clathrin Coats, n = 44 

synapses; α-Synuclein: 3.5 ± 0.43 Clathrin Coats, n = 22 synapses; ANOVA, Tukey’s 

post hoc p < 0.05).   Again, this is in stark contrast to large 5-10 fold increase in the 

number of clathrin-coated structures that are observed after disruption of late stages of 

clathrin-mediated synaptic vesicle endocytosis (Morgan et al., 2001; Ringstad et al., 

1999; Shupliakov et al., 1997).  Taken together, these data indicate that, as with lamprey 

γ-synuclein, acute introduction of excess human α-synuclein also causes primary defects 

in vesicle re-internalization from the plasma membrane at stimulated synapses, indicating 

functional conservation across synuclein orthologs.   
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FIGURE 4.6 PART I OF II  EXCESS HUMAN α-SYNUCLEIN INHIBITS SYNAPTIC VESICLE 

RECYCLING BY A MECHANISM THAT REQUIRES PROPER FOLDING OF THE N-TERMINAL 

ALPHA HELIX.  (A-B)  Electron micrographs of giant RS synapses treated with buffer 

only (Control) or with wild type human α-synuclein (Human α-Syn) and then stimulated 

for 20 Hz, 5 min.  In controls, large synaptic vesicle (SV) clusters were visible, and plasma 

membrane evaginations (dotted lines) were modest because of efficient synaptic vesicle 

recycling.  In contrast, after treatment of synapses with human α-synuclein, there were fewer 

SVs, cisternae (C) were apparent, and plasma membrane evaginations were greatly expanded.  

Asterisks mark postsynaptic dendrites.  Scale bar in A applies to panels A-B.  (C)  Examples of 

cisternae observed at stimulated synapses after treatment with excess human α-synuclein.  (D)  

Diagram of wild type human α-synuclein and the mutants used in this study.  Red asterisks 

indicate the locations of the mutations made within the N-terminal alpha helical domain of the 

protein.  T6K and A30P significantly reduce the alpha helical content of the protein (Bussell and 

Eliezer, 2004; Perrin et al., 2000).   
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FIGURE 4.6 PART II OF II  EXCESS HUMAN α-SYNUCLEIN INHIBITS SYNAPTIC VESICLE 

RECYCLING BY A MECHANISM THAT REQUIRES PROPER FOLDING OF THE N-TERMINAL 

ALPHA HELIX.   (E-F)  After treatment of synapses with either T6K or A30P, the synaptic 

vesicle recycling defects were greatly reduced.  SV clusters were larger, and cisternae were less 

prevalent.  Asterisks mark the postsynaptic dendrites.  Scale bar in E applies to panels E-F.  (G)  

Examples of cisternae observed at stimulated synapses after injection of excess T6K mutant (top) 

or A30P mutant (bottom).  These cisternae are much smaller than those observed with wild type 

α-synuclein. (H-L) Consistent with an inhibition in early synaptic vesicle recycling, human α-

synuclein decreased the number of synaptic vesicles (H), while increasing the total amount of 

membrane within cisternae (I), and the size of plasma membrane evaginations (K).  The average 

size of an individual cisterna was also increased with excess human α-synuclein (J), and only 

small changes were observed in clathrin-coated structures (L). As a result of the T6K and A30P 

mutations, which disrupted the alpha helical conformation of α-synuclein, all aspects of the 

synaptic vesicle recycling defects were greatly reduced.  Bars represent mean +/- SEM.  Asterisks 

indicate statistical significance by ANOVA analysis. 
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4.3.6 Mutations that disrupt the alpha helix of α-synuclein greatly reduce the 

endocytic effects 

Since lamprey γ-synuclein, its N-terminal domain alone, and human α-synuclein 

all produce similar endocytic defects, this suggests that some structural feature within the 

highly conserved N-terminal domain is responsible for causing the observed phenotype.  

We wanted to determine what this structural feature could be.  As previously mentioned, 

the N-terminal domains of all synuclein orthologs fold into an amphipathic alpha helix 

upon binding to acidic phospholipids (Fig. 4.1B) (Chandra et al., 2003; Davidson et al., 

1998; Perrin et al., 2000).  Previous circular dichroism and NMR analyses revealed 

several mutations in the N-terminal domain of α-synuclein that significantly reduce the 

alpha helical content of the protein (Perrin et al., 2000; Ulmer and Bax, 2005).  The first 

is a synthetic mutant, called “T6K,” in which six threonines lying along the hydrophobic 

face of the amphipathic alpha-helix were converted to lysines (i.e. T22K, T33K, T44K, 

T59K, T81K, T92K) (Fig. 4.6D) (Perrin et al., 2000).  The second is “A30P”, a missense 

mutation found in familial Parkinson’s Disease in which an alanine is converted to a 

proline (Fig. 4.6D) (Perrin et al., 2000; Ulmer and Bax, 2005).  Though it is only a point 

mutation, A30P causes one turn of the alpha helix to adopt an extended conformation, 

and in doing so it destabilizes the surrounding turns and induces a large stretch of the 

amphipathic alpha helix to fall out of register (Ulmer and Bax, 2005).  T6K and A30P 

variants of α-synuclein still retain moderate affinity for phospholipid vesicles, although 

the lipid-bound alpha-helical conformation is severely disrupted (Bussell and Eliezer, 

2004; Perrin et al., 2000).  
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FIGURE 4.7 CISTERNAE OBSERVED WITH EXCESS HUMAN α-SYNUCLEIN ARE LARGE AND 

CONNECTED TO THE PLASMA MEMBRANE, UNLIKE THOSE AT CONTROL, T6K-, AND 

A30P-TREATED SYNAPSES.  (A-C) Serial electron micrographs taken through a stimulated 

synapse treated acutely with excess human α-synuclein.  This is the same synapse shown in 

Figure 4.6B.  In panels A and B, the large cisterna (C) appears to be disconnected from the 

plasma membrane (dotted line). However, in the next section in panel C, the cisterna was 

revealed to be continuous with the plasma membrane.  Asterisks mark the postsynaptic dendrite.  

Scale bar in A applies to A-C. (D-G)  Reconstructions of stimulated giant RS synapses treated 

with buffer (control), or with excess human α-synuclein, T6K or A30P.  The control synapse 

exhibits a large cluster of synaptic vesicles (blue), relatively flat presynaptic plasma membrane 

(green), and small, infrequent cisternae (magenta). In contrast, after excess human α-synuclein 

(E), there were only a few synaptic vesicles, extended plasma membrane evaginations, and 

several large, atypical cisternae.  Most cisternae were connected to the plasma membrane in at 

least one section (arrowheads). In contrast, α-synuclein mutants T6K (F) and A30P (G) do not 

exhibit drastic endocytic defects but instead appear similar to controls.  Active zones in D-G are 

shown in red.  Scale bar in D applies to D-G. 
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To determine the mechanism by which α-synuclein produces the synaptic vesicle 

recycling defects, we decided to examine the extent to which the synaptic defects were 

influenced by changes in the alpha helical content of the protein.  To do so, we injected 

T6K and A30P into axons, followed by stimulation (20 Hz, 5 min), fixation, and 

processing for EM.  Strikingly, stimulated synapses treated with either T6K or A30P 

appeared much more similar to control synapses than to synapses treated with wild type 

human α-synuclein (Fig. 4.6E-F; Fig. 4.7F-G).  With both mutants, the synaptic vesicle 

clusters were much larger than those at synapses treated with wild type α-synuclein, and 

in the case of A30P the vesicle clusters were indistinguishable from controls (Fig. 

4.6H)(Control: 135.5 ± 10.2 SVs, n = 44 synapses; α-Synuclein: 29.7 ± 3.8 SVs, n = 22 

synapses; T6K: 74.7 ± 9.4 SVs, n = 28 synapses; A30P: 147.5 ± 16.4 SVs, n = 24 

synapses).  In addition, the total amount of membrane trapped in cisternae was 

significantly reduced by 69.4% and 63.7%  in the presence of T6K and A30P 

respectively, relative to the amount observed with wild type α-synuclein (Fig. 4.6I) 

(Control: 0.66 ± 0.12 µm, n = 45 synapses; α-Synuclein: 2.23 ± 0.40 µm, n = 22 

synapses; T6K: 1.14 ± 0.18 µm, n = 28 synapses; A30P: 1.23 ± 0.27 µm, n = 24 

synapses).  Although some additional cisternae still remained in the presence of T6K and 

A30P, the average size of individual cisternae (measured as the circumference) was much 

smaller than that observed with wild type α-synuclein and instead matched that of 

controls (Fig. 4.6G, J; Fig. 4.7F-G) (Control: 0.44 ± 0.04 µm, n = 66 cisternae; α-

Synuclein: 0.77 ± 0.09 µm, n = 61 cisternae; T6K: 0.39 ± 0.02 µm, n = 81 cisternae; 

A30P: 0.48 ± 0.05 µm, n = 58 cisternae; ANOVA, Tukey’s post hoc p > 0.05).  As in the 

control condition, the cisternae observed with T6K and A30P did not exhibit any obvious 

connections to the plasma membrane (Fig 4.7D, F-G).  Paralleling the recovery of the 

synaptic vesicle clusters, the plasma membrane evaginations were also progressively 
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smaller in the presence of T6K and A30P, relative to wild type α-synuclein (Fig. 4.6K) 

(Control: 2.0 ± 0.08 µm, n = 44 synapses; α-Synuclein: 3.1 ± 0.17 µm, n = 21 synapses; 

T6K: 2.9 ± 0.18 µm, n = 28 synapses; A30P: 2.5 ± 0.17 µm, n = 24 synapses.  Finally, the 

clathrin-coated pits and vesicles were still slightly elevated with T6K, but similar to 

control values with A30P (Fig. 4.6L) (Control: 1.72 ± 0.31 Clathrin Coats, n = 44 

synapses; α-Synuclein: 3.5 ± 0.43 Clathrin Coats, n = 22 synapses; T6K: 3.8 ± 0.45 

Clathrin Coats, n = 28 synapses; A30P: 1.79 ± 0.39 Clathrin Coats, n = 24 synapses).   

Taken together, these results indicate that T6K and A30P mutations within the N-

terminal domain greatly reduced the endocytic defects caused by excess human α-

synuclein.  Thus, a properly folded N-terminal alpha helix is the major structural 

determinant underlying the synaptic vesicle recycling defects caused by excess α-

synuclein.  
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FIGURE 4.8  WORKING MODEL FOR HOW EXCESS α-SYNUCLEIN INDUCES SYNAPTIC 

VESICLE RECYCLING DEFECTS. (A) Normal synaptic vesicle (SV) recycling.  After calcium 

(Ca
2+

) influx and exocytosis, vesicles are efficiently recycled via clathrin-mediated endocytosis, 

which requires the coordinated functions of many proteins and lipids.  Several key molecular 

players are shown here.  (B) After introducing excess synuclein, the early stages of clathrin-

mediated endocytosis are disrupted as evidenced by a loss of SVs and a buildup of the plasma 

membrane.  Our working model is that excess synuclein, in its alpha-helical conformation, masks 

or mislocalizes some key protein or lipid component necessary for clathrin assembly and/or 

budding reactions. 
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4.4 DISCUSSION 

Before now, there were conflicting reports about the stages in the synaptic vesicle 

trafficking pathway that are perturbed by α-synuclein overexpression.  While some 

studies report pronounced defects in exocytosis (Gaugler et al., 2012; Larsen et al., 2006; 

Lundblad et al., 2012), others report primary defects in endocytosis (Nemani et al., 2010), 

or pleiotropic effects (Scott et al., 2010).  With chronic manipulations, such as 

overexpression, it is difficult to discern which vesicle trafficking defects are directly due 

to excess α-synuclein and which effects arise secondarily as a consequence of altered 

expression of other synaptic proteins.  Overexpression of human α-synuclein reduces 

expression levels of other key presynaptic proteins, including synapsin, complexin, 

VAMP, Piccolo, and amphiphysin (Nemani et al., 2010; Scott et al., 2010), which could 

easily account for the previously-reported pleiotropic effects.  

 By utilizing acute perturbations, we were able to probe the effects of excess 

synuclein on vesicle trafficking within a few minutes of its introduction to synapses, 

thereby bypassing other types of molecular compensation that occur with long-term 

manipulations and providing insight into the starting point of synuclein-induced synaptic 

pathologies.  After acute introduction of excess lamprey γ-synuclein or human α-

synuclein, there was a massive loss of synaptic vesicles and expansion of the plasma 

membrane, indicating that excess synuclein leads to primary defects in synaptic vesicle 

endocytosis (Fig. 4.4-7).  This conclusion is consistent with previous observations at 

mammalian hippocampal synapses overexpressing human α-synuclein, where there was 

also a loss of synaptic vesicles and an increase in abnormally large vesicles (Scott et al., 

2010).  We would now interpret those large vesicles to be cisternae, resulting from 

infoldings or bulk endocytosis of the plasma membrane.  Similar phenotypes were 



 144 

reported at dopaminergic synapses after α-synuclein overexpression (Gaugler et al., 

2012).  Another study reported reductions in the synaptic vesicle recycling pool and 

vesicle reclustering, leading to exocytic defects, which is consistent with an inhibition of 

endocytosis (Nemani et al., 2010).  Since excess synuclein did not have any effects at 

unstimulated synapses, the endocytic defects observed are not caused by defects in 

vesicle clustering per se.  Instead, the conclusion is that excess synuclein causes activity-

dependent endocytic defects at synapses.   

The precise step in the endocytic pathway directly perturbed by excess synuclein 

is vesicle re-internalization from the plasma membrane.  Normally, synaptic vesicle 

endocytosis proceeds through several stages with distinct molecular players (Fig. 4.8A).  

First, the clathrin assembly proteins AP180 and AP-2 initiate clathrin coat formation on 

the plasma membrane by binding to PI(4,5)P2 and recruiting clathrin triskelia (Boucrot et 

al., 2012; Ford et al., 2001; Profit et al., 1998).  Next, epsin, Eps15, and several other 

proteins assist in the maturation and budding of the clathrin-coated pit (Mettlen et al., 

2009).  The GTPase dynamin, assisted by endophilin and synaptojanin, mediates vesicle 

fission (Chang-Ileto et al., 2011; Milosevic et al., 2011; Schmid and Frolov, 2011; Takei 

et al., 1995).  Finally, the actions of Hsc70 and auxilin mediate clathrin uncoating 

(Morgan et al., 2001; Ungewickell et al., 1995; Yim et al., 2010).  The loss of synaptic 

vesicles and buildup of plasma membrane observed with excess lamprey γ-synuclein or 

human α-synuclein is most consistent with a perturbation of the earliest stages of clathrin-

mediated endocytosis (Fig. 4.8B).  In support of this, acutely inhibiting AP180 and AP-2 

also leads to a loss of synaptic vesicles and expansion of the plasma membrane (Morgan 

et al., 2000; Morgan et al., 1999).  Drosophila AP180 and AP-2 mutants exhibit similar 

phenotypes (Gonzalez-Gaitan and Jackle, 1997; Zhang et al., 1998).  Furthermore, small 

molecules called “pitstops” that bind to clathrin triskelia and inhibit their functions also 
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produce a loss of synaptic vesicles and expansion of plasma membrane (von Kleist et al., 

2011).  That excess synuclein inhibits early stages of clathrin-mediated vesicle 

endocytosis is further supported by the fact that it caused only small changes in the total 

numbers of clathrin-coated pits and vesicles at stimulated synapses, unlike perturbations 

of later stages of clathrin-mediated endocytosis which cause massive accumulations of 

these structures (Milosevic et al., 2011; Morgan et al., 2001; Shupliakov et al., 1997).   

Mechanistically, how could excess synuclein interfere with early stages of 

clathrin-mediated synaptic vesicle endocytosis?  One possibility is that excess α-

synuclein may mislocalize or otherwise alter the functions of AP180, AP-2, and/or 

clathrin, such that they are no longer able to initiate the formation of clathrin-coated pits 

(Morgan et al., 2000; Morgan et al., 1999).  Alternatively, excess α-synuclein may bind 

and mask phospholipid components that are critical for initiating vesicle internalization 

from the plasma membrane, such as the phosphoinositides (Di Paolo et al., 2004; Ford et 

al., 2001).  Going forward, it will be interesting to determine whether these possibilities, 

or others, are in play.   

In addition to pinpointing the precise stage of endocytosis most affected by excess 

α-synuclein, this study elucidates the mechanism by which excess α-synuclein leads to 

synaptic vesicle trafficking defects.  The first clue emerged when we discovered that the 

N-terminal domain of lamprey γ-synuclein was sufficient to produce the observed 

endocytic defects (Fig. 4.4).  Similarly, the N-terminal domain of human α-synuclein 

(a.a. 1-110) and full-length β-synuclein were sufficient to produce the synaptic vesicle 

trafficking defects at mammalian synapses (Nemani et al., 2010).  Indeed, amongst all 

synuclein orthologs, the N-terminal domain is the most highly conserved region, 

predicting that it has an important function (Fig. 2.3) (Busch and Morgan, 2012; George, 
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2002; Sun and Gitler, 2008).  Thus, some structural feature within synuclein’s N-terminal 

domain mediates the vesicle recycling defects. 

To elucidate what that structural feature could be, we took advantage of two 

mutations in human α-synuclein, T6K and A30P.  Both mutants disrupt the proper 

folding of the extended N-terminal alpha helix (Perrin et al., 2000; Ulmer and Bax, 

2005).  T6K and A30P retain some ability to bind to vesicular lipids, albeit with reduced 

affinity (Bussell and Eliezer, 2004; Perrin et al., 2000).  As a consequence of the T6K and 

A30P mutations, excess α-synuclein no longer produced severe endocytic phenotypes 

(Fig. 4.6-4.7).  Instead, vesicle clusters were present, cisternae were reduced, and plasma 

membrane evaginations were smaller, similar to control synapses.  Thus, unlike excess 

wild type α-synuclein, excess T6K and A30P mutants allow synaptic vesicles to proceed 

efficiently through the endocytic pathway.  Since T6K and A30P share in common a 

significantly reduced alpha-helical content, this implicates the alpha-helical conformation 

of wild type α-synuclein as the critical structural feature causing the endocytic defects at 

synapses.  At present, we do not know whether the exogenous α-synuclein remains 

helically folded in a monomeric form or whether it is stabilized in the helically folded 

tetrameric form that was recently reported (Bartels et al., 2011; Wang et al., 2011).  

Whatever the case, a fully functional, properly folded α-synuclein protein, in excess, is 

what causes the synaptic vesicle trafficking defects.   

At first it may seem surprising that excess A30P did not produce endocytic 

defects, since it is a Parkinson’s Disease-linked mutation.   However, it is important to 

note that this manipulation does not mimic the disease state, because the endogenous 

wild-type synuclein was still present, and presumably functional, at synapses.  A30P may 

thus have a different pathogenic mechanism in Parkinson’s Disease.  
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Whether excess α-synuclein exacerbates the normal function of synuclein or 

whether it causes a neurotoxic gain-of-function is still in question.  A limiting factor is 

the lack of understanding of α-synuclein’s normal function.  Antisense knockdown of α-

synuclein alters synaptic morphology in ways consistent with a role in vesicle trafficking 

(Murphy et al., 2000).  Early studies on single and double synuclein knockouts (α, α/β, 

α/γ) indicated that synuclein plays a role in synaptic transmission, though the phenotypes 

reported were mild (Abeliovich et al., 2000; Chandra et al., 2004; Senior et al., 2008).  

One possible explanation is that synuclein single and double knockouts induce an 

upregulation of the remaining isoforms (Chandra et al., 2004).  The normal roles for 

synucleins were recently re-investigated with the generation of synuclein triple knockout 

mice (α/β/γ) (Burre et al., 2010; Greten-Harrison et al., 2010).  The triple knockouts 

exhibit reduced SNARE complex formation and synaptic transmission, as well as altered 

presynaptic structure, supporting a normal role for synucleins in synaptic vesicle 

trafficking.  Interestingly, the synapses of triple knockouts have increased synaptic 

vesicle density and reduced synaptic plasma membrane area (Greten-Harrison et al., 

2010), an opposite effect of what we observe at synapses treated with excess α-synuclein.  

These findings suggest that synaptic vesicle endocytosis might be increased in the 

absence of synucleins, though this will need to be formally tested.  With the present data 

available, we suggest that one normal function of synuclein is to put a brake on synaptic 

vesicle recycling, or otherwise modulate it, and that introducing excess synuclein 

exacerbates its normal function (Fig. 4.8).  A priori, this model predicts that synaptic 

levels of α-synuclein must be under tight regulation in order to ensure proper vesicle 

recycling, which is consistent with the varied levels of endogenous synuclein observed at 

synapses (Fortin et al., 2005; Murphy et al., 2000).  Further investigation of synuclein’s 

normal functions are warranted, as is a better understanding of how age-dependent 
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alteration of synuclein function at synapses impacts the pathobiologies of Parkinson’s 

disease and other Lewy body disorders. 
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Chapter 5: Synuclein binding interactions that potentially mediate 

inhibition of vesicle recycling  

5.1 INTRODUCTION 

A growing amount of evidence has demonstrated that the overexpression of α-

synuclein has a deleterious role in vesicle trafficking (Cooper et al., 2006; Nemani et al., 

2010; Scott et al., 2010).  I was able to show in Chapter 4 that the acute elevation of α-

synuclein protein at synapses leads to a disruption in clathrin-mediated endocytosis.  In 

this study, we demonstrated that the α-helical form of the N-terminal domain of synuclein 

was necessary to cause this perturbation.  However, the specific molecular interactions 

that were involved in disrupting synaptic vesicle recycling have not yet been determined.  

In order to identify potential synuclein binding interactions that could explain the 

inhibition of endocytosis, I have begun to test the ability of synuclein to bind to candidate 

molecules in a variety of binding assays.  In this chapter I will describe two synuclein 

binding interactions that have potential implications in synaptic vesicle trafficking. 

α-Synuclein has been shown to bind to several chaperone proteins including α-

crystaline, 14-3-3, and Hsp90 (Rekas et al., 2004; Ostrerova et al., 1999; Uryu et al., 

2006).  One chaperone protein that is particularly critical for the process of synaptic 

vesicle recycling is Hsc70.  Unlike heat shock proteins such as Hsp90 which are 

ubiquitously upregulated during cellular stress, the related Hsc70 chaperone is 

constitutively expressed, and together with the J-domain containing cochaperone auxilin, 

assists in the uncoating of clathrin from synaptic vesicles following endocytic vesicle 

fission (Ahle and Ungewickell., 1990).  Disrupting Hsc70/auxillin interactions with 

clathrin-coats has been shown to inhibit clathrin-mediated endocytosis, likely because 

uncoated vesicles sequester available clathrin, thus preventing subsequent rounds of 



 150 

assembly (Ungewickell et al., 1995; Morgan et al., 2001). This inhibition of clathrin-

mediated endocytosis also leads to an increase in plasma membrane invaginations at 

synapses similar to the observed phenotype from excess synuclein in Chapter 4 (Morgan 

et al., 2001).  Due to these established interactions with multiple chaperones such as 

Hsp90, the association of synuclein with the related vesicle uncoating chaperone Hsc70 

will be evaluated. 

In addition, the α-helix of α-synuclein has been well documented to bind to 

various lipid classes (Fig. 4.1) (Davidson et al., 1998; Perin et al., 2000; Ulmer et al., 

2005).  α-Synuclein preferentially binds to anionic membrane lipids such as 

phosphatidylserine (PS) and phosphatidic acid (PA) compared to other lipids such as 

phosphatidylcholine (PC) which is does not bind well (Fig. 4.1) (Davidson et al., 1998; 

Stöckl et al., 2008; Middleton and Rhoades, 2010).  There is some evidence that α-

synuclein may bind to the phosphoinositide PI(4,5)P2 which recruits several clathrin 

adapter proteins, such as AP-2 and AP180, to membranes for clathrin mediated 

endocytosis (Narayanan et al., 2005; Stöckl et al., 2008).  However the relative 

preferences for PI(4,5)P2 compared to other synaptically relevant phosphoinositide 

classes has not been established.  For example PI(4,5)P2 is generated locally at synapses 

as a conversion of PI(4)P into PI(4,5)P2 via phosphorylation by type I PtdInsP kinases 

(Rameh et al., 1997; Di Paolo and De Camilli, 2006; Krauss and Haucke, 2007).  If 

synuclein can bind to either the precursor PI(4)P or PI(4,5)P2, excess synuclein at 

synapses may limit the availability of PI(4,5)P2, thus reducing the recruitment of clathrin 

adapters.  Such an inhibition of clathrin adapter recruitment could potentially explain 

how excess synuclein at synapses disrupts clathrin-mediated endocytosis.  The binding of 

synuclein to various physiological lipids will be evaluated in this chapter to determine 
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which interactions could explain the observed defects in clathrin-mediated endocytosis 

observed previously in Chapter 4.  

 

5.2 METHODS AND MATERIALS 

5.2.1 Recombinant protein purifications 

Recombinant GST, as well as GST-tagged lamprey synuclein DY full length (a.a. 

1-119), its N-terminal domain (a.a. 1-89) and its C-terminal domain (a.a. 90-119) proteins 

were expressed from pGex2T plasmids in BL21 cells and purified as described in 

Chapters 2 and Chapter 4 using glutathione sepharose beads (GE Healthcare; Uppsala, 

Sweden).  pGex2TK plasmid constructs of GST-tagged human α-synuclein and α-

synuclein ∆5,6 (exons 2, 3,and 4, encoding amino acids 1-102) were provided by Dr. 

Julia George (Univ. of Illinois). The PH domain of phospholipase C-δ1 (GST- PLC-δ1-

PH) in a pGex vector was a gift from Dr. Pietro de Camilli (Yale Univ.).  Human α-

synuclein and GST-PLC-δ1-PH constructs were transformed into BL21 cells and 

expressed and purified as described in Chapters 2 and Chapter 4 for the GST-tagged 

lamprey synuclein constructs.  Once purified, the proteins were dialyzed into Lamprey 

Internal Solution (10 mM HEPES pH 7.4, 180 mM KCl).  Untagged wild type human α-

synuclein was also provided by Dr. Julia George and was expressed and purified as 

described in Chapter 4. 

Recombinant bovine Hsc70 protein was kindly provided as a gift from Dr. Eileen 

Lafer.  Bovine Hsc70 was purified as previously described (Jiang et al., 2005).  Briefly 

the bHsc70 protein was expressed in BL21/DE3/plysS cells (Novagen) and purified by 

anion exchange on Q-Sepharose (pH 8.0), cation exchange on S-Sepharose (pH 6.5), and 

gel exclusion on Superdex 200 (resins from Amersham Biosciences).  bHsc70 was 
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dialyzed into HKET (25 mM HEPES pH 7.4, 150 mM KCl, 1 mM EDTA, and 1% Triton 

X-100). 

5.2.2 GST protein pull-down assay 

Glutathione-Sepharose beads (GE Healthcare; Uppsala, Sweden) were incubated 

with 100 µg each of the recombinant lamprey GST-synuclein DY or human GST-α-

synuclein protein constructs, and rotated for 1 hour at 4°C.  Beads-only and GST 

reactions were included as negative controls.  The protein bound beads were incubated 

with either rat brain lysates or bovine Hsc70 (bHsc70) recombinant protein for GST 

protein pull-down assays.   

For pull-downs from rat brain lysates, rat brains were homogenized in HKET 

buffer (25 mM HEPES KCl pH 7.4, 150 mM KCl, 1 mM EDTA, 1% Triton X-100), 

centrifuged at 55K rpm in a TLA 100.2 rotor, and the protein concentration was 

quantified by BCA assay.  Lamprey GST-synuclein constructs were incubated with 7 mg 

rat brain lysates, and human α-synuclein constructs were incubated with 7.8 mg rat brain 

lysates. Each protein/bead solution was rotated at 4°C for 2 hours. Beads were washed 

with HKET buffer and boiled with SDS sample buffer. 

For binding to recombinant bovine Hsc70, all constructs were incubated with 70 

µg bHsc70.  Protein/bead solutions were rotated at 4°C for 2 hours. Beads were washed 

with HKET buffer and boiled with SDS sample buffer.  

Each pull-down sample was run by SDS-PAGE with starting material loaded as a 

positive control.  Proteins were transferred onto nitrocellulose membrane, immunoblotted 

with a rabbit polyclonal Hsc70 antibody (Stressgen SPA-816; Enzo Life Sciences; 

Farmingdale, NY), and developed using Pierce ECL substrates (Thermo Scientific, 

Waltham, MA).  
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5.2.3 Membrane Lipid Strip
TM

 overlay assay 

Membrane Lipid Strips
TM

 containing 3 phosphoinositides, and 12 other types of 

abundant membrane lipids were acquired from Echelon Biosciences Inc. (Salt Lake City, 

UT).  Lipid Membrane Strips
TM

 were blocked in 0.1 M PBS pH 7.4, 1% Milk.  20 µg of 

lamprey GST-synuclein DY or commercially provided PIP Grip
TM

 (GST-PLC-δ1-PH) 

was incubated in blocking solution with each strip at room temperature for 1 hour.  Strips 

were washed using blocking solution with 0.1% Tween-20.  Protein binding to 

Membrane Lipid Strips
TM

 was detected using a custom GST antibody (kindly provided 

by Ophelia Papoulas), and developed using Pierce ECL substrates (Thermo Scientific, 

Waltham, MA). 

5.2.4 PolyPIPosome
TM

 overlay assay 

All available PolyPIPosomes
TM

 (each of seven combinations of phosphorylated 

phosphatidylinositol head groups) were acquired from Echelon Biosciences Inc. (Salt 

Lake City, UT).   500 nmol of each PolyPIPosome
TM

 was added to nitrocellulose 

membranes by mixing the stock 1:1 with deionized water and spotted onto the membrane.  

2 ng of each recombinant protein were also spotted to the membrane as a positive control.  

Membranes were blocked in 3% Milk solution, in either 20 mM NaPO4 pH 7.2 for human 

α-synuclein, or 20 mM TBS pH 7.4, 20 mM NaCl for GST-PLC- δ1-PH.  Membranes 

were washed and incubated with 2 µg/ml of each protein in the respective blocking 

buffer.  Binding to PolyPIPosomes
TM

 was measured by immunoblotting with the pan-

synuclein polyclonal antibody ab53726 (AbCam; Cambridge, MA), or a mouse 

monoclonal GST antibody (Genetex; GTX110736; Irvine, CA), and developed using 

Pierce ECL substrates (Thermo Scientific, Waltham, MA). 
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5.2.5 Giant Unilamellar Vesicle (GUV) binding assay 

Giant unilamellar vesicles (GUV) were made in the lab of Dr. Jeanne Stachowiak 

using protocols previously published (Angelova and Dimitrov, 1986).  GUVs were 

electroformed at 70°C above the lipid melting temperature in a ~350 mM sucrose buffer. 

GUVs were composed of 60% dioleoyl phosphatidylcholine (DOPC)/ 30% dioleoyl 

phosphatidylethanolamine (DOPE), and 10% of either phosphoinositide PI(4)P or 

PI(4,5)P2.  Control GUVs without PIPs were composed of 65% DOPC and 35% DOPE.  

All GUVs had 0.3% Texas-Red 1,2-dihexadecanoyl phosphatidylethanolamine (Tx-Red 

DHPE) to visualize GUVs via red fluorescence. All lipids were purchased from Avanti 

Polar Lipids (Alabaster, AL). 

Human wild type α-synuclein protein was labeled with Atto-488 NHS ester per 

manufacturer’s instructions (Sigma-Aldrich; St. Louis, MO). GUVs were suspended in 

25 mM HEPES, pH 7.4, 20 mM KCl, and ~300 mOsm sucrose, incubated with 10 µM of 

atto-488 labeled α-synuclein, and added to glass slides with a coverslip chamber.  GUVs 

images were acquired using a Zeiss Pascal Exciter laser scanning confocal attached to an 

Axioskop 2FS microscope. 

Binding of α-synuclein to GUVs were determined using fluorescence line 

intensity measurements in Image J software.  Each GUV diameter was measured and a 

line 40% larger was drawn through the GUV center.  The line included an adjacent 20% 

distance on both sides of the GUV in order to measure the fluorescence background of α-

synuclein in solution.  Fluorescence intensity was measured across the line distance, 

normalized as percent line distance (normalized GUV size), and normalized to the mean 

background fluorescence intensity within the first 15% of the line (normalized α-

synuclein intensity).  
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5.3 RESULTS 

5.3.1 The N-terminus of lamprey and human GST-synucleins pull-down Hsc70 

To identify potential binding partners of synuclein proteins that could be relevant 

to synaptic vesicle trafficking, a protein pull-down strategy was implemented to 

rationally screen for protein binding interactions. Lamprey GST-synuclein DY or Human 

GST-α-synuclein protein constructs were bound to glutathione sepharose beads and 

incubated with homogenized rat brain lysates for protein pull-down and immunodetection 

by western blotting.  Since α-synuclein has been shown to bind to several chaperone 

proteins including Hsp90 (Uryu et al., 2006), we decided to determine if lamprey γ-DY 

and human α-synuclein could bind to the vesicle trafficking chaperone Hsc70.  Hsc70 is a 

constitutively expressed chaperone that assists in the uncoating of clathrin coats from 

newly endocytosed synaptic vesicles (Ungewickell et al., 1995).  Excess synuclein 

binding interactions with Hsc70 could perturb clathrin-mediated endocytosis as observed 

in previous studies that disrupt Hsc70 interactions (Ungewickell et al., 1995; Morgan et 

al., 2001). 

Full length lamprey GST-synuclein DY, along with the GST-tagged N- and C-

terminal domains (a.a 1-89, and 90-119 respectively) were used to pull-down proteins 

from rat brain lysates.  Immunoblotting the pull-down samples for the clathrin uncoating 

protein Hsc70 demonstrated that both the full length, and the N-terminal domain of 

lamprey synuclein DY bound to Hsc70 and not to beads only, or GST negative controls 

(Fig. 5.1A).  The C-terminal domain of synuclein DY however did not pull-down Hsc70 

from lysates (Fig. 5.1A).   

Human α-synuclein protein was next used to determine if it could also bind to 

Hsc70.  The full length human α-synuclein, and an N-terminal construct composed of 

only the coding exons 1-4 (SCNA ∆5, 6) were incubated with rat brain lysates and 
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pulled-down by glutathione sepharose beads.  Immunoblotting for Hsc70 demonstrated 

both the full length human α-synuclein protein, and the N-terminal domain were able to 

bind to rat Hsc70 (Fig. 5.1B).  Thus, both lamprey and human synucleins were able to 

pull-down Hsc70 from brain lysates, indicating a highly-conserved interaction. 

The synuclein-Hsc70 interaction could potentially be through direct binding.  

Alternatively, synuclein and Hsc70 could interact through a larger complex involving 

other molecular factors.  To address if synuclein could directly bind to Hsc70, pull-downs 

were repeated using recombinant bovine Hsc70 (bHsc70) rather than whole brain lysates.  

Full length lamprey γ-synuclein and full length human α-synuclein were able to pull-

down the recombinant bHsc70 (Fig. 5.1C).  However, bHsc70 was not pulled down by 

the beads only or GST negative controls.  These data demonstrate a direct binding 

interaction of synuclein with bHsc70 (Fig 5.1C).  As before, the binding interaction was 

mediated by the N-terminal domain of synucleins, since lamprey synuclein DY 1-89 was 

able to pull-down bHsc70 (Fig 5.1C), but the C-terminal domain 90-119 did not. 
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FIGURE 5.1 SYNUCLEIN INTERACTS DIRECTLY WITH HSC70.  (A) Recombinant lamprey 

GST-synuclein DY full length, N-terminus (a.a 1-89), and C-terminus (a.a 90-119) proteins, were 

bound to glutathione sepharose beads. Rat brain lysates were incubated with the proteins, washed, 

and boiled. 10 µg of starting material, and bound protein samples were run on SDS-PAGE and 

immunoblotted for Hsc70 protein.  The N-terminus of lamprey synuclein DY, and not the C-

terminus can bind to rat Hsc70.  (B)  Recombinant human GST-α-synuclein (SCNA-FL) and N-

terminus (SCNA-∆5,6) proteins were bound to glutathione sepharose beads.  Rat brain lysates 

were incubated with the proteins, washed, and boiled. 7.5 µg of starting material, and bound 

protein samples were run on SDS-PAGE and immunoblotted for Hsc70 protein.  The N-terminus 

of human α-synuclein was also able to bind to rat Hsc70 protein.  (C)  Recombinant GST proteins 

(same as A and B) were bound to glutathione sepharose beads and incubated with recombinant 

bovine Hsc70, and pulled down by glutathione beads.  0.7 µg of starting material, and bound 

protein samples were run on SDS-PAGE and immunoblotted for Hsc70 protein.  Synuclein 

proteins bound directly to recombinant bovine Hsc70. 
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5.3.2 Lamprey GST-Synuclein DY binds to multiple lipid classes  

Human α-synuclein, and now lamprey synucleins have been shown to bind with 

several lipid classes, especially anionic lipids (Fig. 4.1) (Davidson et al., 1998; Stökl et 

al., 2008).  This binding is mediated by the amphipathic α-helix of the N-terminus, which 

is the domain necessary for inhibiting synaptic vesicle recycling (Fig 4.4).  Key lipids 

involved in synaptic vesicle recycling are the phosphoinositides PI(4)P and PI(4,5)P2, 

that are essential for clathrin-mediated endocytosis.  The precursor lipid PI(4)P is 

converted into PI(4,5)P2 which binds and recruits clathrin adapter proteins such as AP-2 

and AP180 (Rameh et al., 1997; Morgan et al., 2000).  The recruitment of these clathrin 

adapter proteins leads to the nucleation of clathrin triskelia, and ultimately to the 

endocytosis of synaptic vesicles.  A disruption in lipid interactions between these 

phosphoinositides such as PI(4)P or PI(4,5)P2 and clathrin adapter proteins could be 

responsible for the observed defects in clathrin-mediated endocytosis. 

To determine if lamprey synuclein DY could bind to either of these 

phosphoinositides, or a complement of other physiologically relevant lipids, Membrane 

Lipid Strips
TM

 were acquired from Echelon Biosciences Inc.  Lamprey GST synuclein 

DY full length protein was incubated onto the Membrane Lipid Strips
TM

, washed, 

immunolabeled with an anti GST antibody (GeneTex GTX110736; Irvine, CA) and 

detected with ECL chemiluminescence.  As a control, the reagent PIP Grip
TM

, which is 

recombinant GST-phospholipase C-δ1-PH domain, that selectively binds PI(4,5)P2.  This 

control protein bound very well to the target substrate PI(4,5)P2 (Fig. 5.2).  Synuclein DY 

bound very weakly to several of the example lipids, including the phosphoinositide 

PI(4)P, however binding to PI(4,5)P2 binding was not observed (Fig. 5.2). 
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In addition to the phosphoinositides, synuclein also bound to phosphatidic acid 

(PA) and phosphatidylglycerol (PG) two previously demonstrated lipid partners of 

synuclein, thus validating the technique (Fig. 4.1; Fig. 5.2) (Kim et al., 2006; Stökl et al., 

2008)  Lamprey synuclein DY bound especially well to cardiolipin, a negatively charged 

lipid highly enriched on mitochondrial membranes, and although this interaction has been 

demonstrated previously (Bayir et al., 2009), the strength of signal relative to the other 

bound lipids suggests a particularly high preference for this cardiolipin. 

The binding interaction with 3-sulfogalactosylceramide, or sulfatide, is interesting 

because it is a major component of the myelin sheath (Eckhardt, 2008).  Although 

lampreys do not have myelin, the loss of sulfatide has been implicated in Alzheimer’s 

disease (Eckhardt, 2008). 

Binding to PI(4)P is a novel interaction which has not previously been 

demonstrated.  PI(4)P is the precursor for PI(4,5)P2, an essential lipid for the recruitment 

of adapter proteins such AP-180 and AP-2 (Slepnev and De Camilli, 2000; Morgan et al., 

2001).  Although α-synuclein has been shown to bind with PI(4,5)P2 by others 

(Narayanan et al., 2005), binding was not detected by the Membrane Lipid Strip
TM

 

method (Fig. 5.2). 



 160 

 

 

FIGURE 5.2 IN A MEMBRANE LIPID STRIP
TM

 ASSAY, LAMPREY SYNUCLEIN DY BINDS 

WEAKLY TO MULTIPLE LIPIDS INCLUDING PI(4)P.  Echelon Membrane Lipid Strips
TM

, 

containing 100 pmol of lipid per spot, were incubated with full length recombinant lamprey GST-

synuclein DY, or the positive control PIP Grip
TM

 (GST-PLC-δ1), a GST-tagged PH domain of 

phospholipase C-δ1. Binding was detected by an anti-GST antibody. The PH domain of PLC was 

specific for the phosphatidylinositol PI(4,5)P2 as expected. Lipids that bound to lamprey 

synuclein DY are highlighted in red.  
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5.3.3 Human α-synuclein binds to PI(4)P on PIPosomes
TM 

The Membrane Lipid Strip
TM

 binding assay demonstrated a potentially relevant 

binding interaction with PI(4)P,  which seemed specific over two other 

phosphatidylinositols (PIs), PI(4,5)P2 and PI(3,4,5)P3.  There is evidence that PI(4)P is 

made on synaptic vesicles, and so the prevalent thought is that SVs are enriched in the 

PI(4)P species of phosphoinositides (Guo et al., 2003).  This enrichment in PI(4)P could 

provide one mechanism to localize synuclein to synaptic vesicles.  However, PIs exist as 

seven possible species, each with specific phosphorylation statuses and cellular 

localization patterns (Di Paolo et al. 2006).  Since PIs are so critical for multiple forms of 

vesicle trafficking, we also wanted to test the specificity of synuclein for each PI.  Also 

the weak binding to PI(4)P observed in the Membrane Lipid Strip
TM

 assay could be 

explained by the presentation of lipids on a flat surface.  Synuclein has been 

demonstrated to prefer highly curved membrane surfaces (Davidson et al., 1998; 

Middleton and Rhoades, 2010), and the flat Membrane Lipid Strips
TM

 may not have 

provided optimal binding conditions.
 
 

To address this, we took advantage of commercially available PolyPIPosomes
TM

 

that incorporate phosphoinositide lipids into stabilized liposomes.  PolyPIPosomes
TM

 are 

~200 nm synthetic vesicles, that have been stabilized by UV crosslinking, and are 

composed of a mixture of 65% phosphatidylcholine (PC), 30% phosphatidylethanolamine 

(PE), and 5% of a single PI subtype.  In addition to providing a source of vesicles with 

the full combination of PIs, the PolyPIPosomes
TM

 offer the advantage of being ~200 nm 

in diameter, and therefore present lipids on a surface with greater curvature than the 

lyophilized lipids of the Membrane Lipid Strip
TM

 assays, which present lipids on a flat 

surface. 
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PolyPIPosomes
TM

  containing all seven PIs were acquired, and 500 nmol of each 

PolyPIPosome
TM

 was added as a single “spot”.  Recombinant human α-synuclein was 

incubated on the surface of nitrocellulose membranes that had been “spotted” with 

individual PolyPIPosomes
TM

 in duplicate. The GST-tagged PH domain of PLC-δ1 was 

also included as a positive control. Similar to the Membrane Lipid Strip
TM

 assay, PLC-δ1 

bound specifically to PI(4,5)P2 and not to the other six PIs (Fig. 5.3, bottom).  In contrast, 

human α-synuclein bound much more specifically to PI(4)P than to any of the other PIs 

(Fig. 5.3, top).  A small amount of binding to PI(3)P was also observed.  Although this 

was not as strong as the PI(4)P binding, it was repeatable, and suggesting a potential 

interaction with PI(3)P. 
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FIGURE 5.3 HUMAN α-SYNUCLEIN BINDS TO POLY PIPOSOMES
TM

 CONTAINING PI(4)P.  
Echelon PIPosomes

TM
, containing each of the seven phosphatidylinositols (PIs) were “spotted” 

onto nitrocellulose membrane. Wild type human α-synuclein was incubated with the PIPosomes 

in 20 mM NaPO4, washed and detected by an anti α-synuclein antibody. GST-PLC-δ1-PH was 

included as a control, incubated with 20 mM TBS, 20 mM NaCl, and detected by an anti GST 

antibody. Human α-synuclein bound to the phosphoinositides PI(4)P, as well as to PI(3)P, 

although with slightly less affinity. 
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5.3.4 Human α-synuclein binds to PI(4)P on Giant Unilamellar Vesicles 

Both lamprey synuclein DY and human α-synuclein were able bind to PI(4)P in 

either the Membrane Lipid Strip
TM

 and the PolyPIPosomes
TM

 binding assays.  This 

interaction is potentially meaningful because PI(4)P is the precursor for PI(4,5)P2 which 

is the lipid that recruits clathrin adapter proteins such as AP180 and AP-2 to the plasma 

membrane during early clathrin-mediated endocytosis.  PI(4)P is also highly enriched on 

synaptic vesicles (Guo et al., 2003).  We previously showed that the acute injection of 

synuclein to synapses inhibits early stages of clathrin-mediated endocytosis (Fig. 4.4, Fig. 

4.6).  A high concentration of synuclein bound to PI(4)P could disrupt the conversion to 

PI(4,5)P2 and limit the accessibility of these lipids to clathrin adapter proteins.  Such 

binding interactions could provide an additional mechanistic explanation as to how 

synucleins disrupt synaptic vesicle recycling. 

Membrane Lipid Strips
TM

 contain flat lyophilized lipids, not in the context of a 

vesicle, and although the PolyPIPosomes
TM

 were spherical liposomes, the cross-linking 

necessary to stabilize them could inhibit membrane fluidity (Fig. 5.3).  These limitations 

might explain why the binding signal was at the limits of detection.  To further validate 

the binding of synucleins to the phosphoinositide PI(4)P, we utilized Giant Unilamellar 

Vesicles (GUVs) of varying lipid compositions in collaboration with Dr. Jeanne 

Stachowiak (UT Austin).  GUVs were formed as a composition of DOPC/DOPE, and 

incorporated 0.3% of the red fluorescently labeled lipid Texas-Red-DHPE.  Two 

additional DOPC/DOPE GUVs were made that incorporated 10% of either PI(4)P or 

PI(4,5)P2.  When fluorescently labeled human α-synuclein was incubated with each of the 

GUV types, α-synuclein bound preferentially to GUVs containing PI(4)P as shown by the 
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green fluorescence that overlaps with the red labeled GUV (Fig. 5.4A).  Binding was not 

observed in GUVs with DOPC/DOPE alone or to DOPC/DOPE GUVs with PI(4,5)P2 

(Fig. 5.4A). 

The binding was quantified by measuring the fluorescence intensity of α-

synuclein across the diameter of the GUV.  Line measurements were made using Image J 

and the normalized intensities were plotted as overlapping graphs per each GUV type 

(Fig. 5.4B).  Only GUVs containing PI(4)P demonstrated any fluorescent signal above 

background (Fig. 5.4B).  The normalized peak fluorescence of each vesicle type was also 

measured and background subtracted.  The green fluorescence in arbitrary units (a.u.) 

bound to each GUV is as follows: DOPC/DOPE = 0.14 ± 0.02 a.u., n = 5 GUVs; 

DOPC/DOPE/ PI(4)P = 0.49 ± 0.11 a.u., n = 5 GUVs; DOPC/DOPE/ PI(4)P2 = 0.11 ± 

0.01 a.u., n = 4 GUVs.  The peak intensity fluorescence of human α-synuclein bound to 

PI(4)P was significantly higher than binding compared to DOPC/DOPE or PI(4,5)P2 

containing GUVs (ANOVA p = 0.005; Tukey’s post hoc). 

All together, lamprey γ-synuclein and human α-synuclein had similar binding 

interactions demonstrating the conserved characteristics of these synuclein proteins.  

Each synuclein was able to bind directly to lipids, and had a preference for the 

phosphoinositide PI(4)P over other phosphoinositides such as PI(4,5)P2.  This 

interactions was shown in the context of three separate lipid binding assays, 

demonstrating the validity of this interaction.  This suggests that excess synuclein at 

synapses may bind to PI(4)P and limit the accessibility of PI(4)P for phosphorylation.  If 

the conversion of PI(4)P into PI(4,5)P2 is inhibited through binding to synuclein, then the 

recruitment of clathrin adapters will also be disrupted, resulting in delayed or inefficient 

clathrin-mediated endocytosis. 
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FIGURE 5.4 HUMAN α-SYNUCLEIN BINDS TO GIANT UNILAMELLAR VESICLES 

CONTAINING PI(4)P.  (A)  Giant Unilamellar Vesicles (GUV) composed of 

phosphatidylcholine (PC)/ phosphatidylethanolamine (PE)/ and Texas-Red DHPE, with or 

without the phosphoinositides PI(4)P or PI(4,5)P2, were incubated with atto-488 labeled human 

α-Synuclein protein.  GUVs were imaged by confocal microscopy.  α-Synuclein preferentially 

bound to the PI(4)P containing GUVs as shown by the green fluorescence that corresponds to the 

red fluorescence of the GUV bilayer. (B) The relative amount of α-synuclein bound to each GUV 

was measured by fluorescence line intensity.  Image J software was used to draw a measurement 

line (white lines in A) onto each GUV normalized to the GUV diameter.  Fluorescent intensity 

measurements were acquired for multiple GUVs of each composition, were normalized to 

background and overlayed onto graphs.  α-Synuclein did not bind above background to PC/PE or 

PI(4,5)P2 containing vesicles, but did preferentially bind to PI(4)P containing GUVs.  Arrows in 

B point to the increase in fluorescence that occurs at the GUV membrane surface.  The drop in 

fluorescence represents the absence of signal within the lumen of the GUV. 
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5.4 DISCUSSION 

With the data presented in this chapter, I have demonstrated a direct interaction 

between synucleins and the constitutive chaperone Hsc70 that occurs within the N-

terminus of synucleins.  Hsc70 has a specialized role in uncoating clathrin from newly 

internalized synaptic vesicles (Ungewickell et al., 1995; Morgan et al., 2001; Yim et al., 

2010).  By binding Hsc70, excess synuclein may inhibit uncoating and sequester clathrin 

and adapter proteins on coated vesicles, thereby preventing subsequent clathrin formation 

on the plasma membrane.  Although the endocytic phenotype we observed by acutely 

introducing excess α-synuclein to synapses (Chapter 4) did not necessarily show an 

uncoating phenotype, we did observe an unusually high amount of clathrin-coated 

vesicles at some synapses.  Further studies will be needed to test whether the binding of 

synuclein to Hsc70 contributes to our observed defects in clathrin-mediated endocytosis.  

An alternative is that Hsc70 may help to recruit synucleins to coated vesicles such that 

they can bind to SVs after the uncoating reaction.  Additional research will also be 

required to determine if the binding of synuclein to Hsc70 is specific over related 

chaperones such as Hsp70, or whether it represents a general chaperone-mediated 

response to an amphipathic helix in solution. 

I have also demonstrated the binding of synucleins to the phosphoinositide PI(4)P 

in three separate contexts, and this interaction appears to be specific over other 

phosphoinositides such as PI(4,5)P2.  The binding to PI(4)P suggests a relevant 

mechanism to explain the inhibition of synaptic vesicle recycling by excess synuclein 

described in Chapter 4.  For example PI(4)P is the precursor of PI(4,5)P2, the 

phosphoinositide necessary for the recruitment of clathrin adapter molecules.  If PI(4)P is 
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bound by excess synuclein and can not be converted into PI(4,5)P2 then there would be 

no recruitment of clathrin adapter molecules to internalize synaptic vesicles.  

PI(4)P is also the predominant phosphoinositide in the Golgi complex (Odorizzi 

et al., 2000; Di Paolo et al., 2006). The overexpression of synuclein could potentially 

bind to the Golgi complex and disrupt the organization or trafficking of vesicle traffic.  

Consistent with this idea, yeast overexpressing human α-synuclein exhibit defects in ER 

to Golgi trafficking, and this toxicity could be explained by the binding of α-synuclein to 

PI(4)P (Cooper et al., 2006). 

Is synuclein binding to Hsc70 involved in vesicle trafficking, or does this 

represent a general chaperoning function shared by other chaperone proteins such as 

Hsp90?  Is PI(4)P binding to synuclein responsible for the inhibition of clathrin-mediated 

endocytosis? Future directions will be to determine which of these binding interactions, if 

any, are responsible for the deleterious effects of synuclein in neurons and during 

synaptic vesicle recycling. 



 169 

Chapter 6: Discussion and Future Directions 

α-Synuclein has been implicated in multiple neurodegenerative diseases, yet the 

mechanisms by which synuclein exerts its neurotoxicity are less clear.  The synaptic 

localization and conservation of synucleins suggests an important role in vertebrate 

neurobiology, yet understanding the roles for synuclein at synapses has been elusive.  

The research described in the preceding chapters demonstrated the deleterious role of 

excess synuclein on the health of neurons in an injury context as well as in a synaptic 

vesicle trafficking model of Parkinson’s Disease (Fig. 6.1).  I used an early vertebrate, the 

sea lamprey, to study aspects of synuclein biology that have not been previously been 

determined and could provide key insights into how this protein and its dysfunction 

negatively affect neuronal health.  I was able to demonstrate the deleterious effects of 

synuclein accumulation within neurons following spinal cord injury and show that this 

injury-induced accumulation was correlated with cell-specific neuronal death.  I cloned 

and characterized three lamprey synuclein sequences and using phylogenetic analyses, I 

was able to propose an evolutionary lineage for synuclein proteins.  Finally, I was able to 

demonstrate that excess synuclein protein inhibited clathrin-mediated endocytosis of 

synaptic vesicles, and was able to determine some binding interactions that could further 

explain mechanistically how synuclein inhibits vesicle recycling.   The implications of 

these studies will be discussed below, along with potential directions for future research. 

 

6.1 α-SYNUCLEIN ACCUMULATION AFTER INJURY. 

α-Synuclein has been shown to accumulate in neurons after spinal cord injury in 

rats and humans, yet the effect on neurons, and the nature of the aggregates had not 

previously been determined (Uryu et al., 2003; Uryu et al., 2007).  I have been able to 
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demonstrate that similar to previous studies, spinal cord injury causes axotomized 

neurons to accumulate synuclein protein.  However, until now the effects of this 

accumulation within neurons had not been determined.  I have shown that synuclein 

preferentially and selectively accumulates in neurons with the worst ability to survive 

injury (poor survivors) (Fig. 6.1A), whereas the other neurons (good survivors) that have 

undergone the same injury do not accumulate synuclein.  This correlation between 

synuclein accumulation and cell death is similar to the cellular toxicity associated with 

synuclein accumulation observed in Parkinson’s Disease (Cookson and van der Brug., 

2008).  My observations that synuclein accumulates one week after injury, prior to the 

major wave of giant RS neuron cell death demonstrates that synuclein is at least 

associated with a molecular response to injury, and is potentially causative to the 

subsequent cell death. This is the first demonstration that synuclein accumulation is 

associated with cellular death following injury and has implications for the study of 

neuronal injury and repair. 

In lampreys one of the poor surviving neurons that accumulates synuclein after 

injury is the physiologically well characterized Mauthner neuron (Fig. 2.1; Fig. 2.6; 

Shifman et al., 2008).  The Mauthner neuron has been well studied in teleost fish where it 

initiates a characteristic escape- or startle-reflex in response to vibrational and visual 

stimuli (Eaton et al., 1977; Zottoli, 1977; Korn and Faber, 2005).  Lampreys also 

demonstrate a short latency startle-reflex mediated by the Mauthner neuron (Currie and 

Carlsen, 1985; 1987a; 1987b).  Ablation of Mauthner neurons in goldfish and zebrafish 

significantly decreases the probability of eliciting startle responses, and these responses 

occur with longer latencies than when the Mauthner neurons are intact (Liu and Fetcho, 

1999; Zottoli et al., 1999).  The escape response still does occur likely because of a larger 

brainstem escape network (B1 and B2 neurons in lampreys) and Mth neuron homologues 
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(auxiliary Mauthner neuron in lampreys), but the response is not as robust (Rovainen, 

1967; Currie and Carlsen, 1987b; Eaton et al., 1977; Metcalfe et al., 1986; Gahtan et al., 

2002).  If the accumulation of synuclein protein after injury is causative to cell death, 

then it may be possible to experimentally reduce synuclein accumulation after injury and 

spare poor surviving neurons including the Mauthner neuron (see morpholino section 

6.1.1 below).  Sparing poor surviving Mauthner cells from neuronal death after injury 

would allow an injured organism to maintain a robust short-latency escape response.  

Therefore, preventing the accumulation of synuclein represents a potential experimental 

and therapeutic strategy to increase neuronal survival after injury, leading to beneficial 

behavioral recovery.  

My observations that synuclein accumulation is associated with neuronal cell 

death also has implications for mammalian injury studies.  In mammals, neuronal death 

frequently occurs following spinal cord injury (Novikova et al., 2000; Hains et al., 2003).  

There is also evidence that only a certain percentage of these cells survive, suggesting 

that even in mammals there are good and poor survivors.  Identifying the molecular 

events associated with the contrasting intrinsic responses of good and poor surviving 

neurons will be important next steps in understanding how neurons can be repaired 

following injury (Smith et al., 2011). 

Another potential area for further study, relates to our observed increase in 

ubiquitin concurrently with the accumulation of α-synuclein.  This is similar to the 

accumulation that occurs during Parkinson’s Disease where ubiquitin is increased within 

neurons and also within Lewy Body aggregates (Kuzuhara et al., 1988; Uryu et al., 2006; 

Wakabayashi et al., 2012).  This accumulation in ubiquitin suggests dramatic changes in 

the ubiquitin-proteosome system following injury (Fig 6.1A).  α-Synuclein has been 

shown to inhibit the function of the proteosome, which could account for the 
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accumulation of ubiquitinated substrates, and increased toxicity within neurons (Tanaka 

et al., 2001; Snyder et al., 2005).  Identifying the downstream effects of synuclein 

accumulation will be necessary to understand how much overlap there is between injury 

induced synuclein accumulation compared to accumulation during neurodegenerative 

diseases.  Our observed increase in synuclein and ubiquitin accumulation following 

injury suggests that there is overlap, and provides potential targets to study in each of 

these forms of neuronal toxicity.  
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FIGURE 6.1 MODELS OF SYNUCLEIN ACCUMULATION AFTER INJURY AND IN SYNAPTIC 

VESICLE RECYCLING.  (A) A schematized poor survivor reticulospinal (RS) neuron that has 

undergone injury (yellow bolt).  In lamprey giant RS neurons, injury (axotomy) results in 

synuclein accumulation (orange aggregates) only within poor surviving RS neurons and is 

associated with subsequent neuronal death.  Synuclein accumulates as cytoplasmic aggregates, 

and on the plasma and nuclear membranes (Chapter 2).  Blue text represents potential directions 

for future research. MO, morpholino; UPS, ubiquitin/proteosome system. (B)  Synaptic model of 

the effects of excess synuclein at synapses, similar to what occurs during Parkinson’s Disease.  

Acutely delivered excess synuclein inhibits an early stage of clathrin-mediated endocytosis.  This 

is evidenced by a decreased synaptic vesicle cluster, increased plasma membrane surface, and the 

presence of large membranous cisternae derived from the plasma membrane.  The mechanism of 

inhibition may be due to binding interactions with two molecular factors involved in clathrin-

mediated endocytosis, the phosphoinositide lipid PI(4)P and the uncoating chaperone Hsc70 

(Chapter 5).  The conversion of PI(4)P is critical for proper recruitment of clathrin adapters such 

as AP-2 and AP180, and inhibition of this process prevents adapter recruitment and vesicle 

endocytosis.  Hsc70 (green ovals) is necessary for the uncoating of clathrin coats from 

endocytosed vesicles, and disruptions in Hsc70 interactions have been shown to interfere with 

clathrin-mediated endocytosis.  Future experiments should focus on determining if the 

inhibition of clathrin-mediated endocytosis caused by excess synuclein is primarily mediated 

by lipid or protein interactions, or a combination of multiple factors. 
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6.1.1 Morpholino knockdown of synuclein is a feasible next step.  

We demonstrated that synuclein accumulates in neurons following spinal cord 

injury (Chapter 2) and that this accumulation correlates with cell-specific neuronal death.  

However, whether synuclein accumulation is causal for the injury-induced 

neurodegeneration was not fully established.  Therefore, a potential strategy could be to 

knockdown, or otherwise inhibit the deleterious accumulation of synuclein after injury 

(Fig 6.1A).  Translation blocking morpholinos have successfully been used in zebrafish 

to knock-down genes involved in neurodegeneration, such as the amyloid-precursor 

protein (Song and Pimplikar, 2012).  I have recently been able to demonstrate the 

feasibility of knocking down synuclein in lamprey RS neurons using translation blocking 

morpholinos (D. Busch, A. van Brummen, and J. Morgan, unpublished).  By loading 

morpholinos into giant RS axons at the time of injury to inhibit the translation of 

synuclein protein, it may be possible to spare poor survivor neurons from the effects of 

synuclein accumulation.  Using similar assays as described in Chapter 2 would allow the 

assessment of neuronal survival in lamprey giant RS neurons after injury, and determine 

if the reduction of synuclein accumulation is an effective proof-of-principle strategy to 

protect neurons from injury.  These preliminary experiments are currently underway. 

6.1.2 Molecular differences in neuron-specific responses to injury. 

My studies have also demonstrated the differences in intrinsic responses between 

neurons such as the good and poor surviving RS neurons similar to previous studies 

(Shifman et al., 2008). What are the molecular differences between neuron classes that 

allow one population to survive injury, but not another that has received the same injury?    

I have shown that the accumulation of synuclein is at least one factor involved (Chapter 
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2).    Future steps will be to identify the factors that trigger such a global increase in 

synuclein accumulation in the poor-surviving neurons.  Factors that have previously been 

demonstrated to contribute to α-synuclein toxicity include cytosolic Ca
2+

 and dopamine, 

the combination of which lead to neuronal toxicity in a dose-dependant manner 

(Mosharov et al., 2009).  Calcium has also been shown to increase the ability of α-

synuclein to bind to lipid membranes, and increases the aggregation of α-synuclein 

(Lowe et al., 2004; Narayanan et al., 2005).  Since axonal injury causes disruptions in the 

plasma membrane, leading to an influx of extracellular Ca
2+

 into neurons (Fig 6.1A) 

(Spaeth et al., 2012), it is possible that a differential ability of good surviving neurons to 

better handle Ca
2+

 could be a potential difference between neuron classes.  A candidate 

based approach could be employed to determine if the expression levels of calcium 

binding molecules such as calmodulin, can differentially regulate or buffer calcium levels 

in good surviving neurons.  Conversely, the factors that induce synuclein to accumulate 

could be determined experimentally by simulating aspects of injury, such as by 

increasing intracellular Ca
2+

 to test if synuclein would then accumulate in the good 

surviving neurons.  

My results show that spinal cord injury induces synuclein accumulation and 

neuronal cell death, similar to what is observed in Parkinson’s Disease (Chapter 2) 

(Busch and Morgan, 2012).  This indicates that there is potential overlap between 

neurodegeneration and injury responses within neurons.  More than 16 gene loci have 

been identified as risk factors for Parkinson’s disease in addition to α-synuclein, 

including LRRK2, DJ-1, parkin, and PINK1 (Hardy, 2010).  Any of these other 

Parkinson’s Disease linked proteins would be good candidates to determine if they have 

differential responses to injury in good and poor surviving neurons.  
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In addition to using a rationale approach based on known cellular responses to 

injury or neurodegenerative links, an approach based on the expression profiles of gene 

regulatory networks between good and poor survivors could be used to determine 

differences in injury responses, similar to previous comparisons between the meiotic and 

somatic genomes of lamprey (Fig 6.1A) (Smith et al., 2009, 2011).   

 

6.2 EVOLUTION OF SYNUCLEIN PROTEINS 

The phylogenetic studies described in Chapter 3 provided some useful 

information about the feasibility of performing a robust phylogenetic analysis on 

synuclein proteins.  I was able to gather multiple synuclein sequences from publically 

available databases of various organisms, including 11 sequences that currently have no 

annotation (Table 3.1, Part II).   I was also able to clone synuclein sequences from basal 

extant agnathans, lamprey and hagfish (Sections 2.2.3, and 3.2.3).  Although these 

sequences have expanded the available amount of synuclein sequences and improved 

previous phylogenetic analyses, the paucity of synuclein sequences from cartilaginous 

fish, and the apparent lack of synuclein orthologues in any known invertebrate or 

invertebrate chordate, makes it difficult to determine a definitive phylogenetic lineage for 

synucleins with any high level of branch support.  Additional analyses using Bayesian 

inference will be to see if this method is better suited to deal with the lack of synuclein 

paralogue sequences in the cartilaginous fish.  

As genomic sequencing continues and synuclein sequences become available, a 

more thorough phylogenetic analysis should be possible.  In addition to determining the 

evolutionary lineage of synucleins, deeper analyses could also be attempted.  For 

example, the nucleotide sequence of the conserved N-terminus could also be evaluated 
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for synonymous vs. non- synonymous mutations to determine what differential 

evolutionary constraints have been placed across this domain.  A particularly interesting 

analysis could be to try just the 12 amino acids of the fibrillation core of synuclein to 

determine if there have also been differential constraints on this region (Fig 1.1).  

Although the β-synuclein isoform does not have this region, both the α- and γ-synuclein 

isoforms that are able to fibrillate do have this sequence, and could provide enough signal 

to study this region. 

Overall, the current dataset has too few synuclein sequences from cartilaginous 

fish, and together with the specific features of synuclein sequences has made it difficult 

to study using phylogenetic analyses.  Future studies will have to wait for more synuclein 

sequences to become available. 

 

6.3 EXCESS SYNUCLEIN INHIBITS VESICLE RECYCLING 

Several studies have demonstrated a role for α-synuclein in vesicle trafficking by 

overexpressing the protein at synapses, however the interpretation of these results has 

been confounded by clear genetic compensation, such as changes in the expression of 

proteins such as synapsins, complexins, VAMP, and amphiphysin (Nemani et al, 2010; 

Scott et al., 2010).  Since each of these proteins is directly involved in the synaptic 

vesicle cycle, the data could be explained by the pleiotropic effects of altered gene 

expression.  There has also been a debate about whether exocytosis or endocytosis is 

most affected.  The overexpression of α-synuclein has been shown in vitro to inhibit 

neurotransmitter release from chromaffin cells (Larsen et al., 2006).  Biochemically, α-

synuclein has been shown to bind to SNARE proteins, suggesting a role in inhibiting 
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exocytosis (Burre et al., 2010).  However, other studies have demonstrated results more 

consistent with defects in endocytosis (Scott et al., 2010; Nemani et al., 2010). 

I have been able to show that acutely elevating synuclein protein at synapses, 

leads to a disruption of synaptic vesicle recycling (Fig. 4.4, Fig. 4.6).  Synapses undergo 

rapid vesicle recycling through repeated vesicle exocytosis and endocytosis.  Endocytosis 

is primarily achieved by clathrin-mediated endocytosis as a series of discrete molecular 

and morphological stages (Fig. 1.4) (Slepnev and De Camilli, 2000).  I have shown that 

excess synuclein at synapses leads to a reduced synaptic vesicle cluster, an increase in 

abnormal membranous structures or “cisternae”, and an increase in plasma membrane 

length (Fig. 4.4, Fig. 4.6; Fig. 6.1B).  We did not observe a significant increase in clathrin 

coated pits or vesicles (Fig. 4.4, Fig. 4.6), as is often observed from disruptions in late 

stages of clathrin-mediated endocytosis (Shupliakov et al., 1997, Sundborger et al., 

2011).  Therefore we conclude that excess synuclein produces a phenotype most 

consistent with an inhibition in early stages of clathrin-mediated endocytosis prior to the 

visible formation of clathrin-coated pits (Slepnev and De Camilli, 2000; Morgan et al., 

2000). 

I have shown that α-synuclein disrupts early stages of clathrin-mediated 

endocytosis, but how could this work mechanistically?  One potential interaction is by 

inhibiting the association of the clathrin adapters AP180 or AP-2 (Fig 6.1B).  

Perturbations using AP180 and AP-2 peptides cause a reduction in the number of 

synaptic vesicles and increased plasma membrane, similar to my current results (Morgan 

et al., 2000).  In addition α-synuclein has also been shown to bind to clathrin and AP-2 in 

proteomic screens (McFarland et al., 2008), therefore future studies may be directed at 

determining if synuclein binds with known clathrin adapters during the physiological 

contexts of synaptic vesicle trafficking.   
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One possible mechanism of inhibition could be mediated through binding to the 

phosphoinositides, which are critical for proper vesicle endocytosis (Ford et al., 2001; Di 

Paolo et al., 2004).  Phosphoinositide PI(4)P is converted to PI(4,5)P2 via 

phosphorylation of the 5-carbon position by type I PtdIns5 kinases (Rameh et al., 1997; 

Di Paolo and De Camilli, 2006; Krauss and Haucke, 2007).  Clathrin adapters such as 

AP-2 and AP180 are recruited to the plasma membrane by binding to PI(4,5)P2 in the 

lipid bilayer (Morgan et al., 2000).  I have demonstrated that lamprey synuclein-DY and 

human α-synuclein can bind to the phosphoinositide PI(4)P preferentially over any other 

phosphoinositide, including PI(4,5)P2 (Fig. 5.2, 5.3, 5.4).  The preference for PI(4)P could 

explain why synucleins localize to synaptic terminals (Fig. 4.2) (Iwai et al., 1995; Scott et 

al., 2010), possibly by directly binding to synaptic vesicles which are highly enriched in 

PI(4)P (Guo et al., 2003).  Excess synuclein at synapses may bind and compete for 

PI(4)P, thus inhibiting the accessibility for phosphorylation by type PtdIns5 kinases (Fig 

6.1B).  If PI(4)P is not converted into PI(4,5)P2 then this would greatly disrupt the ability 

of clathrin adapters to assemble, leading to a disruption in clathrin mediated endocytosis, 

similar to previous clathrin adapter perturbation experiments (Morgan et al., 2000).   

I was also able to show that synuclein is able to bind to the clathrin uncoating 

chaperone Hsc70 (Fig 5.1).  Although Hsc70 is involved in the final stages of clathrin-

mediated endocytosis (Morgan et al., 2001), it will be interesting to study what 

contribution this interaction has on synaptic vesicle recycling in the context of excess 

synuclein at synapses.  α-Synuclein has been shown to bind to Hsc70 along with Hsp90 

and other J-domain chaperones (Fig. 5.1) (Uryu et al., 2006; Luk et al., 2008; Hinault et 

al., 2010).  Future directions will be to determine if the binding to Hsc70 represents a 

functional interaction with the synaptic vesicle cycle.  Alternatively Hsc70 may be 

binding to the α-helix of synuclein in an attempt to chaperone the hydrophobic face (Fig 
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1.1).  Determining if the interaction at synapses is specific for Hsc70 compared to other 

chaperones such as Hsp70 will help differentiate these possibilities (Fig 6.1B). 

Future studies will have to determine if the inhibition of endocytosis by excess 

synuclein at synapses is primarily mediated through protein-protein interactions such as 

to clathrin or its adapters, AP180 and AP-2, or the chaperone Hsc70.  Alternatively, 

excess synuclein may inhibit endocytosis through lipid binding such as to the 

phosphoinositide PI(4)P.  These interactions are not mutually exclusive and will have to 

be pursued experimentally. 

 

6.4 SYNUCLEIN CONFORMATIONS THAT INHIBIT VESICLE TRAFFICKING 

Excess α-synuclein has been demonstrated to disrupt synaptic vesicle trafficking, 

however the precise stage of the trafficking pathway perturbed by excess α-synuclein and 

the conformation of synuclein protein that is necessary to induce synaptic phenotypes 

were not previously addressed (Scott et al., 2010).  I have shown that excess synuclein 

protein at synapses inhibits vesicle recycling, and that the N-terminal domain is sufficient 

to produce the phenotype.  The N-terminus of synucleins consists of a well conserved α-

helical domain (Fig 1.1, Fig 2.3) (George, 2002).  I was able to show that the α-helical 

conformation of synuclein was necessary to produce the phenotype by using two 

previously characterized synuclein mutants (T6K and A30P) (Perrin et al., 2000).  These 

synuclein proteins have mutated residues that disrupt the α-helicity of the N-terminus, 

and subsequently reduce the lipid binding ability of each protein (Perrin et al., 2000).  

Although the wild-type α-synuclein was able to inhibit vesicle endocytosis, as evidenced 

by reduced synaptic vesicles, and increased membranous structures, the T6K and A30P 

mutants did not demonstrate synaptic defects in vesicle recycling (Fig. 4.6).  Therefore I 
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have shown that the α-helicity of synuclein is a necessary conformation to inhibit 

synaptic vesicle recycling. 

Although I have shown that mutant synuclein proteins with a disrupted α-helix do 

not cause defects in synaptic vesicle recycling, this does not entirely rule out the 

possibility that other conformations may play a minor role in the effects.  Are the toxic 

forms of synuclein the α-helix itself, or does wild-type synuclein form fibrils or 

oligomers?  One study utilized mutant synucleins that preferentially aggregate as either 

oligomeric multimers of synuclein or the fibrillar beta-sheet conformation of synuclein 

(Section 1.3.1),  and by overexpressing them in the substantia nigra of rats, showed that 

only the oligomeric form lead to dopaminergic cell loss, and not the fibrillar form 

(Winner et al., 2011).  Membrane bound α-synuclein has also been shown in-vitro to 

nucleate or “seed” soluble α-synuclein monomers into oligomers (Lee et al., 2002).  

Therefore, the abundance of α-synuclein binding to synaptic membrane could seed the 

formation of oligomers and toxicity within neurons.  Future work will be to identify the 

nature of synuclein conformations at synapses, and determine which of these forms is 

most critical to inhibit vesicle recycling. 

Synucleins are assumedly important synaptic proteins in vertebrate neurobiology 

as evidenced by their high conservation in vertebrate species and the consistent genetic 

compensations that occur when they are removed (Section 1.5.1).  However, despite the 

apparent importance of these proteins, there are clear deleterious effects associated with 

an over-abundance of synuclein proteins within neurons.  This has been shown in 

neurodegenerative diseases, as well as in my studies with spinal cord injury (Chapter 2) 

and synaptic vesicle recycling (Chapter 4).  Future work will have to distinguish between 

the normal functions of synucleins in neurons and at synapses, and the dysfunctional and 

neurotoxic roles that are associated with excess synuclein.  Research in 
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neurodegenerative diseases, brain and spinal cord injury, and basic neurobiology will all 

surely benefit from future studies that seek to answer some of the open questions that 

remain in synuclein biology.  The work within this dissertation has hopefully provided 

some key contributions to assist in the continued research and understanding of this 

enigmatic family of proteins. 
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