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SYNOPSIS 

Neuronal communication is mediated through highly regulated release of 

neurotransmitters. This process is very essential in coordinating all the 

biochemical activities of the body. Synaptic vesicles govern the storage, retrieval 

and exocytosis of synaptic vesicles with the help of Ca2+ ions. This Ca2+ 

dependent neurotransmitter release is mediated by a large number of synaptic 

vesicle and pre-synaptic membrane proteins. The molecular mechanisms of 

these protein functions are not clearly understood. Since this proteins have major 

implications in brain patho-physiology, understanding its functions and regulation 

. in normal nervous system is very important. 

Chapter I introduce the topic discussed in this thesis. Synaptotagmin 1 

(Syt1 ), is a highly conserved synaptic vesicle membrane protein involved in Ca2+ 

dependent neurotransmitter release. It consists of one trans-membrane domain 

and two cytoplasmic domains C2A and C2B which binds to three and two 

calcium ions respectively. Syt 1 protein reaches a constant rate during early 

developmental stages of a neuron. But the mechanism of maintaining this 

constant expression level is not clearly understood. Previous experiments from 

our own lab showed that the soluble form of Syt1 can sequence specifically 

interact with its own mRNA. However it is not clear whether these interactions 

have any influence on normal cellular behavior. This works attempts to 

understand the cellular behavior on Syt 1 and its soluble forms over-expression 

in PC 12 cells. 
liPage 



Chapter 1 also gives a broad description of the literature related to this 

study. Synaptic vesicles formed by budding of from early endosomes and fill with 

neurotransmitters. The classical model of synaptic vesicle cycle happens in 

mainly in four steps: docking of vesicles, priming, exocytosis or fusion of vesicles 

to release neurotransmitters and clathrin mediated endocytosis. "Kiss and run" 

and "kiss and stay" are two alternative pathways exists apart from this. Syt 1, the 

synaptic vesicle associated calcium sensor protein triggers Ca2+ dependent 

· fusion of vesicle to pre-synaptic cleft. In addition Syt1 plays a major role in 

endocytosis of fused vesicle by interacting with adaptor protein 2. It has been 

also found that, in many cases to be functionally active Syt has to oligornerize. 

· Syt 1 is continuously synthesized in cell body and transport directly to axonal 

endosome where it integrates to synaptic vesicles. However its targeting during 

early neuronal development and its translational regulation is still unclear. 

Chapter 2 explains the experimental design of the study including 

materials and methods used. Pheoochromocytoma 12 cells (PC12 cells) have 

shown as a model, because it could transfrorm into a neuron like cell in the 

presence of Nerve Growth Factor (NGF). PC12 cells stabilized with pEGFP Syt1 

full length and pEGFP Syt1 without trans-membrane (TM), pEGFP Syt1 C2A 

transiently transfected PC12 cells were used for all the experiments. Soluble 

form of Syt1 transfected PC12 cells were analysed for its neurite length using 

image J software and compared with normal PC12 cells and PC12 pEGFP Syt1 
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stable cells. Live cell imaging was performed using Jull™ smart fluorescent 

analyser. 

The distribution of Syt 1 in PC12 cells were found using 

Immunocytochemical analysis. mRNA expression levels were quantified by semi

quantitative single cell reverse transcriptase PCR and gels were analyzed using 

lmagej. 

Chapter three explains the results from various experimental aspects of 

this study and discussed the results obtained. Cloning and expression of soluble 

Syt 1 in PC12 results in considerable change in axonal behavior and morphology 

· in NGF induced PC 12 cells. ·Neurite length analysis using image j software 

showed an increase in neurite length of Syt 1 full length over expressing cells. A 

comparable reduction in neurite length has been observed in PC12 cells 

expressing soluble form of Syt 1. Live cell imaging shows that over expression of 

soluble Syt 1 has a major implication in establishing connection between neurons 

that is pEGFP Syt 1 without TM and pEGFP Syt1 C2A expressing PC12 cells 

was not involved in any connections. Fixation experiment shows the nuclear 

localisation of soluble Syt1. To assess the impact of these nuclear localization we 

analysed Syt 1 mRNA levels using single cell PCR and results showed a 50% 

reduction in Syt 1 mRNA levels. 

Chapter 4 explains the conclusion and summary ofthe study. Our results 

have proven that the cells do develop synaptic vesicles at a very early stage 
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before even the functional connections. are formed, indicating that the axonal 

growth is through synaptic vesicle exocytosis. Syt 1 has a critical role in synaptic 

vesicle exocytosis in tandem with other synaptic terminal proteins. We have found 

that Syt1 gene expression levels indeed came down significantly when the soluble 

forms of Syt 1 are expressed in the cell. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

Nervous system is the most complex and highly regulated systems in the 

human body. Neural mammalian formation of nervous system begins early and 

last to be completed after birth. It develops entirely from the ectoderm of the 

embryo. Neural induction, neurulation and neural patterning are the three major 

steps in nervous system development in vertebrates . During neural induction a 

patch of ectoderm tissue forms a neural plate on the dorsal side of embryo. In 

neurulation a neural tube forms from the neural plate and neural patterning 

involves polarity and segmentation (Zigmond, 1999). Nervous system composed 

of millions of neurons which change and interchange connections to form a 

functional network for highly co-ordinate impulse transmission. Synapses are the 

connection between two neurons for impulse exchange 

There are approximately hundred trillion synapses occur in an adult 

human brain. A synapse consists of mainly three parts: a) pre-synaptic terminal 

b) synaptic cleft and c) post-synaptic terminal. The speed and fidelity of the 

synapses are mainly dependent on neurotransmitter release. As a result the 

electrical signals will get converted to chemical messengers and pass from one 

neuron to other (Qu et al., 2009). The basic classification of synapse is electrical 
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synapse and chemical synapse. In electrical synapses direct electrical signals 

pass between neurons. Neurons at electrical synapses are connected using gap 

junctions composed of special proteins called connexons. Neurons communicate 

through these channel proteins. Here the impulse passes bi-directionally. 

Chemical synapses are the most common type of synapse in which post synaptic 

nerve and pre-synaptic nerve is separated by a synaptic cleft. The pre-synaptic 

nerve sends signals in the form of neurotransmitters across the synaptic cleft to 

reach the post synaptic terminal. Here the signal transmission is unidirectional. 

Neurotransmitter containing vesicles clustered at special plasma membrane 

regions of pre-synaptic terminal called active zone. These vesicies are calied the 

synaptic vesicles. Typical pre-synaptic terminals in the mammalian forebrain 

contain about 200 synaptic vesicles (Ikeda and Bekkers, 2009). During synaptic 

transmission, before an impulse arrives, all the neurons remain in a resting state 

which maintains a potential difference of -60 to -90mV across the membrane. 

When an impulse arrives, membrane depolarizes and facilitates the influx of 

sodium ions which result in the propagation of impulse in the form of electricity to 

the pre"'"synaptic terminal. As a result of this the voltage gated ion channels at the 

pre-synaptic membrane opens and recruits calcium ions into the cell. The 

increased Ca2+ concentration (Bollmann, et al., 2000; Schneggenburger and 

Neher, 2000) is sensed by the calcium sensors. 

Increase in Ca2+ level triggers the fusion of synaptic vesicles and release 

of neurotransmitters to the synaptic cleft. This neurotransmitters bind to different 
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receptors presents on the post synaptic neuron and there by opens ligand gated 

channels and thus propagates the impulse. The release of neurotransmitter from 

the synaptic vesicle is a highly· regulated process in which a large number of 

proteins on the synaptic vesicle membrane and pre synaptic neuronal membrane 

are involved. Neurons ar~ highly plastic in nature; means it can form and reform 

functional connections depends on its own activity or activity in another pathway 

termed as "homo-synaptic plasticity" and "hetero-synaptic" activity respectively. 

Synaptic plasticity has been explained to be highly depending on intracellular 

Ca2+ levels (Gerrow et al., 2010). Now it is widely accepted that synaptic 

plasticity can be considered as the major factor behind learning and memory 

·(Paulsen and Sejnowsk, 2005). A series of synaptic proteins have been identified 

which are crucial in maintaining synaptic plasticity. Among this proteins 

snaptotagmin 1 (Syt 1), a synaptic. vesicle protein found to be essential in 

sensing calcium at pre-synaptic terminal and is involved in maintaining synaptic 

plasticity. 

Structurally Syt 1 protein composed of a trans-membrane domain and two 

C2 domains termed as C2A and C2B. C2A and C2B can bind to two and three 

calcium ions respectively. This binding of calcium ions to the C2 domains induce 

conformational changes in overall · protein machinery namely soluble N-

ethylmaleimide sensitive fusion factor attachment receptors (SNAREs), which 

composed of SynaptobrevinNAMP (Vesicular associate membrane protein}, 

syntaxin, SNAP-25 and lead to the membrane fusion and exocytosis of synaptic 
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vesicles· (Sudhof, 2004). Synaptotagmin can self oligomerize and can· combine 

· with other isoformsfor their functional activation. Many experiments in C. elegans 

and drosophila model showed that Syt 1 is very important in vesicle recycling. 

Tandem mutagenesis of syt 1 C2 domains in mouse neurons showed that syt 1 

is directly involved in endocytosis of vesicles (Jun et at., 2012). Biochemical 

analysis showed that Syt 1 interacts with adaptor protein 2 which is crucial in 

vesicle recycling. 

There are 16 isoform Syts in human, coded by independent genes. Most 

of these· isoforms are poorly characterized with the exception of synaptotagmin 1, 

2, 3, 4 and 7. 

The expression of syt 1 in brain remains constant throughout life time. The 

constitutive expression of syt-1 has major implications in proper synaptic vesicle 

docking, axonal behavior and maintaining synaptic plasticity. The expression 

regulation of this protein is quite unknown to the scientific community. In this 

study, we attempted to address major questions like role of syt-1 in axonal 

development and its regulation. 
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1.2 REVIEW OF LITERATURE 

Nervous system shapes the physical, behavioral and physiological 

development of an organism. Development of nervous system involves a series 

of well organized cellular process like cell division, cell proliferation, cell 

migration, differentiation and functional synapse formation (Lavigne & Goodman, 

1996). Neurons are highly polarized post mitotic cells consisting of a cell body or 

perikaryon with nucleus and the organells, dendrites that emanate from the cell 

body harboring post synaptic specializations called dendritic spines and axons 

that are usually single arises initially as the neuron matures from a swelling 

. called axon hillock (Zigmond, 1999). Synapses are the regions of functional 

contact where neurons.communicate with each other and groWth cones helps in 

establishing functional connection in developing neurons. 

1.2.1 Growth cones 

Neuronal axons, sprout from· immature neurons, elongate and search for 

its functional partner throughout the developing body. This process is 

accomplished by the presence of· a motile structure at the tip of an elongating 

axon called growth cones. Spanish neuroscientist Ramon y Cajal in 1980 is the 

one who first observed and described the presence of a growth cone in neurons 

of E4 chick embryo. The primary morphological feature of a growth cone is the 

fan sheet like expansion of the growing tip called lamellopodium from which small 

finger like structures called filopodia arise · that reaches out to sense the 
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functional environment (Purves D et a/., 2001 ). The proximal region of growth 

cones are packed with copious amounts of mitochondria, endosomes and multi

lamellated membrane bound vesicles. These exhibit amoeboid movement as 

growth cone surfs the environment (Luo, 2002).Growth cone development 

essentially depends on the formation and orientation of actin, microtubules and 

neurofilaments. F-actin filaments formed as a result of G-actin polymerization 

constitute the major cytokeletol structure in growth cones. During axonal growth 

and movement, the mictotubules assemble within the growth cone, orients and 

organizes itself towards the direction of axonal navigation (Sabry et al., 1991; 

Suter et al., 1998). Ezrin-radixin-moesin (ERM) proteins regulate major pathways 

in actin depended growth cone motility (Ramesh, 2004) (Figure 1). 

Neuronal regeneration after injury is a very complex process in which 

growth cones have to regenerate. Establishment of new growth cones involves 

several processes that include cytoskeleton reconstruction, calcium signaling, 

new membrane formation, mRNA translation and many more (Bradke et al., 

2012). After growth cone structure, pro-regenerative proteins like Reg2, GAP43 

are localized to the site of injury. GAP43 helps growth cone to interact with its 

microenvironment (Siegel 2006). After growth cone regeneration, functional 

connections can only established with synapse formation. The formation of 

synaptic connections between a pre-synaptic neuron and its target is often critical 

to the survival of the pre-synaptic neuron. In many cases if a synapse is not 

formed, or if an incorrect synapse is made, then the pre-synaptic neuron will 
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eventually die. The establishment of synaptic connections and their maintenance 

depends on the interactions of axons and their targets. These interactions are 

responsible for synapse stabilization and neuron survival. The studies on 

neuronal architecture and activity dependent changes in neuronal architecture is 

always been a fascinating field in neurobiology. 

Nature Rev iews | Neurosc ience 

Figure*!, a) Schematic representation of growth cone structures, b) 

The distribution of radixin and moesin in growth cones (adapted 

from Vijaya ramesh, 2004) 
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1.2.2 The Synapse: Structure and function 

Synapses are the regions where neurons interconnect enabling the 

exchange of impulses. They are mainly classified into two based on the mode of 

impulse transmission: Electrical synapses and chemical synapses (Eccles, 

1982). Though electrical synapses are the easiest way of neuronal transmission 

most of the synapses are chemically regulated. Electrical synapses transmit 

impulses directly in the form of electric current. These are the simplest form of 

synaptic transmission enabling passing of ions across the membrane through ion 

channels which consist of connexin protein, form gap junctions (Hu & Bloomfield, 

2003). Chemical synapses communicate with the help of chemical molecules 

known as neurotransmitters. 

A typical synapse consists of three parts; presynaptic terminal, synaptic 

cleft and post synaptic terminaL Presynaptic terminals contain numerous 

synaptic vesicles filled with neurotransmitters, synaptic cleft that separates pre 

and post synaptic terminals and post synaptic terminal consisting of receptors for 

receiving released neurotransmitters (Zhen and Jin, 2004). 

Synapses can be functionally classified into excitatory and inhibitory. 

Excitatory synapses depend on glutamate as their neurotransmitter. NMDA (N-

Methyi-D-Aspartate) and AMPA (a,..amino-3 hydroxy-5 methyl-4 

isoxazolepropionic acid) are the two receptors which receives glutamate released 

from the pre synaptic terminaL AMPA receptors respond quickly to the incoming 

neurotransmitters while NMDA receptor controlled channels respond very slowly 
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because of the presence of Mg2+ ions blocked inside the NMDA channels. 

Depolarization of AMPA receptor allows the Mg2+ blocked NMDA receptor to 

open. This explains the basic theory of memory formation called as Long term 

potentiation (L TP) and long term depression (LTD) (Bliss and Collingridge, 1993). 

Inhibitory synapse possess y-Aminobutyric acid (GABA) as the 

neurotransmitter (Deutch & Roth, 1999) and its release results in 

hyperpolarization of post synaptic membrane leading to inhibitory post synaptic 

potential (IPSP). Neurons, in resting state maintains a membrane potential of -60 

to -90mV. When an impulse triggers, depolarization of resting state neurons will 

happen which result in influx of large amount of Na+ ions leading to propagation 

of action potential. As a result of the above mentioned process, the voltage gated 

' 
calcium channels get opened and recruit calcium ions inside the membrane. The 

rise of calcium ion concentration in the presynaptic terminal results in the docking 

of synaptical vesicles thereby releasing neurotransmitters to the synaptic cleft . 

(Lodish et al., 2000). Released neurotransmitters pass through synaptic cleft and 

bind to receptors in the post synaptic terminal resulting in opening and influx of 

ions which thus propagate the impulse transmission. 

1.2.3 Synaptic vesicles 

The life cycle of synaptic vesicles begin with the production of lipids and 

membrane proteins in the endoplasmic reticulum and further modification in the 

Golgi apparatus in the soma of neurons. Integral membrane proteins required for 

the functioning of vesicles are incorporated at this point. These vesicles are 
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targeted towards the axonal terminal where it gets filled with neurotransmitters 

and performs its functions. 

In order to achieve a rapid and regulated neurotransmitter release the 

number of synaptic vesicles at the presynaptic cleft is usually restricted to 100 -

200 (Granseth et al., 2006). Transmission Electron microscopic images illustrate 

· that a small population of vesicles are usually docked to the cell membrane -

these vesicles are assumed to be "primed" or release-ready, while the left over 

are on hold to replace pour out docked vesicles. The existence of anatomically 

distinguishable vesicles has led to the concept of "vesicle pools": docked vesicles 

belong to the releasable pool and those waiting to the "reserve pool". There is 

some electrophysiological evidence for the evidence of other pools, but this 

matter is still unresolved (Rizzoli & Betz, 2005). The trafficking cycle of synaptic 

vesicle in the neuronal terminals involves sequential steps: 1) Active transport of 

neurotransmitters into synaptic vesicles, 2) agglomeration of synaptic vesicles at 

the active zone, 3) docking of filled vesicles, 4) Priming of vesicles, 5) Ga2+ 

triggered fusion pore opening and 6) endocytosis of fused vesicle. Endocytosis 

usually takes place in three different ways: a) Vesicles are re-acidified and 

refilled with neurotransmitters without undocking, thus remain in the readily 

releasable pool also called as "kiss and stay'', b) vesicles undock and recycle 

locally called "kiss and run" or c) by Clathrin mediated endocytosis (Sudhof, 

2004) (figure2). 
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In "kiss and stay" vesicles are re-acidified and filled with· neurotransmitters 

without undocking from the active zone but in "kiss and stay" the endocytosis and 

refilling of vesicles takes place as two separate events. The vesicles will undock 

from the active site and locally recycle for neurotransmitter filling. Hundreds of 

proteins regulate the proper release of neurotransmitter from the synaptic· 

vesicles. Synaptotagmin, VAMP/Synaptobrevin, SNAP-25, Syntaxin, Munc 18 

proteins involved in the fusion of synaptic vesicles. 

Clathrin, dynamin, intersectin, adaptor protein and many more are 

involved in vesicle recycling (Paton, 2005) (Figure 3). Targeting of synaptic 

vesicles usually takes place with the. help of cytoskeletal elements and is ATP 

dependent. Myosin and synapsin proteins involve in vesicle docking is 

phosphorylated by Myosin light chain kinase (MLCK) and calcium/calmodullin 

kinasell (CAMKII) (Ryan, 1999). 
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Figure 2: Three ways of synaptic vesicle recycling in neurons 

(Adapted from Sudhof, 2004) 

The assemblage of vesicle SNARE and target-localized SNARE proteins 

is vital for docking and fusion of transport vesicles (Sollner et al., 1993). SNARE 

assembly and proteoliposome fusion in-vitro found to occur in a very slow 

manner and is not regulate by calcium. These finding put forward the necessity of 

a calcium sensor which executes quick and highly regulated vesicle exocytosis 

that should happen at synapses (Chapmann 2002). All these proteins involve in 

synaptic architecture and functions are differentially localized but the exact 

mechanism behind the differential localization is unknown. 
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Figure3. Pre-synaptic localization of proteins (Adapted Staple et al., 

2000) 

1.2.4 Synaptotagmin 1: The calcium sensor 

The neurotransmitter release from pre-synaptic cleft is activated when an 

action potential triggers Ca2+ influx into the pre synaptic terminal and thus 

induces docking and release of synaptic vesicles (Katz and Miledi, 1967). 

Synaptotagmin (Syt) I, a rich synaptic vesicle protein, has one transmembrane 

region, two C2 domains and a short C terminus, is very vital for both synaptic 

vesicle exocytosis and endocytosis (Sudhof 2002). The C2 domains, C2a and 

C2b were initially identified in the regulatory region of protein kinase C and are 

known to recognize a rapid rise in the level of intracellular Ca2+ by means of a 

Ca2+ dependent phospholipid binding site (Schiavo et al., 1998). Both C2 

domains are made of a 13-sandwich containing eight 13-plated sheets with flexible 
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loops rising from the top and the bottom (Fernandez et al., 2001). C2A domains 

generally bind three Ca 2 + ions, whereas C2B domains bind only two Ca 2 + ions 

(Ubach et al., 1998) (Figure 4) 

Fig4. Ribbon diagram of Synaptotagmin c2 domains interacting with 

calcium ions (Adapted from Fernandez et al., 2001) 

Synaptotagmin 1 associate with many proteins involve in synaptic vesicle 

trafficking. These include the neurexins (Hata et al., 1993), the adaptor protein 

Ap2 (Zhang et al., 1994), calcium regulated binding to syntaxin (Li et al., 1995), 

SNAP 25 (synaptosome associated protein of 25 kDa) and synaptobrevin/VAMP 

(vesicle associated membrane protein). These interactions thought to play a 

major role in synaptic vesicle exocytosis and recycling (Sollner et al., 1993). 

Synaptotagmin exist in different isoforms and evidences showed that these 
18 | P a g e 



isoforms have major role in synaptic transmission and functional synapse 

formation. 

· 1.2.5 Synaptotagmin lsoforms 

Syt constitutes sixteen diverse isoforms associate with vesicular trafficking 

in both vertebrates and invertebrates. Formation of different isoforms is explained 

by alternative splicing of the transcript (Sudhof, 2002). Most of the isoforms have 

evolutionarily conserved C2 domains. A cysteine rich highly charged domain 

connect the trans-membrane region to the C2 domins (Chapman 2002). 

Synaptotagmin proteins mainly express in the brain but distribution of syt 

isoforms is also identified in some tissues out of the central nerve system. 

Synaptotagmin 1 and 2 identified in adrenal chromaffin cells; synaptotagmin 7 

distribution was found in heart, lung and spleen (Li C, et al., 1995) and 

synaptotagmin 13 distribution has been identified in sperm heads (Hutt , et al., 

2002). Of these 16 isoforms the syt 1 is the most extensively studied. Expect syt 

1, the functions and mechanism of action of most other synaptotagmin isoforms 

are not been identified yet. Synaptotagmin 1, 2 and 9 has been explained as the 

predominant calcium sensors and their deletion results in complete inhibition of 

calcium regulated exocytosis (Reinhard & Dirk, 2013). In absence of one isoform 

other isoform take up the role. Syt 4 over-expression in wild type drosophila 

larvae results in inhibition of neurotransmitter release. But in absence of syt 1, syt 

4 induces neurotransmitter release (Littleton, 1999). Syt1 and different iso-forms 

functions in an oligomerized form. 
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1.2.6 Synaptotagmin oligomerization 

Synaptotagmins have a well conserved feature of Ca2+ dependent and 

independent oligomerization (Fukuda & Mikoshiba, 2000). Genetic analysis on 

drosophila mutated for Syt 1 showed that it functions in an oligomerized state 

(Littleton & Sellen, 1995). Calcium dependent self association of the C2B 

domain results in syt 1 dimerization (Chapman et al., 1996), where as calcium 

independent oligomerization is attributed to a region downstream of the trans

membrane region (Perin et al., 1991). Synaptotagmin 1 and 2 can oligomerize 

with other isoforms and this hetero-oligomerization of different synaptotagmin 

isoforms results in the formation of variety of calcium sensors (Fukuda & 

Mikoshiba, 2000). In ca2+ dependent oligomerization, calcium ions initiate the 

membrane interactions of cytoplasmic domains, resulting in an alteration in 

conformation and ultimately led to C2B-mediated oligomerization. Ca2+ -mediated 

oligomeriztion between syt subunits thought to play major roles in dilation kinetics 

of fusion pore and endocytosis (Yi et al., 2002). Synaptotagmin isoforms Ill, V, VI 

and X contain disulfide bond stabilized by cycteine residues and these disulfide 

bonds combine together forming homodimers and hetrodimers (Fukuda et al., 

1999). These dimers disrupt by boiling in detergents like SDS with reducing 

agents. Synaptotagmin I can form dimers that are resistant to SDS and reducing 

agents (Fukuda et al., 2001 ). The ability of syt to oligomerize and interact with 

membranes explains its role in synaptic vesicle exocytosis and endocytosis. 
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1.2.7 Syt 1: Roles in synaptic vesicle exocytosis and endocytosis 

Drosophila larvae knocked out for synaptotagmin 1 showed a drastic 

reduction in the number of synaptic vesicles and number of docked vesicles 

(Reist et al., 1998). In some synapses, docking of vesicles happen to occur near 

to calcium channels where calcium concentration remains high. Direct 

interactions of synaptotagmin 1 protein to calcium channels play a major role in 

docking vesicles near this area (Catteral, 1999). Genetic mutation studies in 

drosophila synaptotagmin showed that it inhibits spontaneous fusion (DiAntonio 

& Schwarz, 1994). The role of synaptotagmin 1 in exocytosis is first explained 

with reference to its ability to bind with membrane; especially with a membrane 

phospholipid phosphatidyl serine (Essen et al., 1996). Syt 1 interacts with 

SNARE and form a membrane fusion machine (Jahn & Sudhof, 1999). 

lmmunoprecipitation studies of rat brain extracts clearly depicts the direct 

biochemical . interactions of calcium sensor synaptotagmin and the fusion 

apparatus comprises oft-SNAREs, SNAP-25 and Syntaxin (Bennet et al., 1992). 

Although nuclear magnetic resonance studies have indicated that purified Syt1 

has relatively low intrinsic Ca2+ affinity (Fernandez et al., 2001 ), recent evidence 

suggests that, when anchored to a membrane with physiological lipid 

composition, Syt1 enhances calcium dependent exocytosis at very low calcium 

concentrations (Lee et al., 201 0). 

Though the role of syt1 in exocytosis is well established, its role in 

endocytosis is uncertain. Hosie et al., 2009 showed that calcium ions are very 
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important for synaptic vesicle endocytosis. But the mechanism of calcium 

mediated endocytosis is not clear. Membrane capacitance measurement and syt 

1 knockdown showed that syt1 plays major role in synaptic vesicle endocytosis 

(Li et al., 2012). Studies in different model systems like syt1 knock down 

drosophila, mouse cortical neurons showed that syt 1 has an evolutionally 

conserved role in enhancing endocytosis (Poskanzer et al., 2003). 

The expression of syt 1 in developing neurons is assumed to happen 

excessively. But it has been showed that syt 1 protein expression reaches a 

constant level during early neuronal development (Daly and Ziff, 1997). 

Sukumaran et al, 2008 with the help of in-vitro studies showed that syt 1 protein 

can sequence specifically interact with 3' un-translated region of it's on mRNA 

and explained as a possible mechanism of syt 1 expression regulation. But the 

real mechanism of constitutive expression regulation of syt 1 in neurons is not 

clearly understood. 

The main objective of this study is to elucidate the role of syt 1 protein in 

axonal behavior. We also address another major question; how syt 1 expression 

is regulated? We adopt Pheochromocytoma-'12 cells (PC12 cells) as a model to 

address our question since because this cell line can behave like a sympathetic 

neuron in presence of Nerve Growth Factor (NGF). 
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1.3 HYPODESERTATION 

Neurons are terminally differentiated cells, which functionally interconnect 

for information exchange. Plasticity of neurons allows them to form axonal 

connections, which can be withdraw and reconnect based on the signals it 

receives. This behavior of neurons is termed as synaptic plasticity. However it is 

not clear whether early stages of axonal growth are mediated through synaptic 

vesicles. Moreover, one of the synaptic vesicle proteins, Syt 1 found to express 

early. stages of neuronal development but the implication of this protein in axonal 

growth remains unknown. 

. This study tests the working hypothesis, a) whether Syt1 expression is 

maintained in the early stages of neuronal development and has axonal 

targeting; and b) whether down-regulating the Syt1 levels by introducing 

recombinant soluble Syt1 in cells hampers axonal growth. 
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1.4 OBJECTIVES 

);> To Clone and express Syt-1 C2A -pEGFP fusion protein in PC12 cells. 

);> To analyze axonal behavior in pEGFP-syt-1-PC-12 cells, Syt 1-without 

transmembrane and Syt 1- pEGFP C2A transfected PC-12 cells using live 

cell imaging. 

);> To compare the neurite length using lmageJ software for studying the 

effect of Syt 1 soluble form in neurons. 

};;> To find the distribution and localization of Syt 1 by Fixation and 

Immunocytochemistry of Syt-1. 

);> To compare Syt 1 mRNA expression levels in normal PC12 cells and 

mutated PC12 cells using single cell semi quantitative RT-PCR. 
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CHAPTER2 

MATERIALS AND METHODS 

DMEM F12 was purchased from Himedia Laboratories, India, Horse 

serum and Fetal bovine serums were purchased from PAN biotech, germany. 

Poly L lysinehydrobromide, Penicillin G and nerve growth factor - 7s were 

purchased from Sigma Aldrich, Streptomycin Sulfate was purchased from 

GIBCO, Germany. Sodium Bi Carbonate was purchased from Sisco Research 

Laboratories, India. Forma Direct heat C02 incubator was from Thermoscientific. 

Restriction enzymes, PCR reagents and DNA ladder (10000bp) were form MBI 

· Fermentas. Nucleofector device was purchased from Amaxa, Lonza, Germany. 

All Optical Images were captured using Olympus IX51 microscope operated by 

the software Application NIS Elements -Advanced Research supplied by NIKON. 

Jull smart fluorescent cell viewer live cell imaging system was purchased from 

Nanoentec, Korea. Polystyrene cell culture plates and T25 flasks were from 

Nunclon, Denmark. 

2.1 Competent cell preparation 

E.coli strains DH-5alpha and ER 2925 were made competent by calcium 

chloride method. A single colony of DH-5alpha and ER 2925 was inoculated in 

5ml Luria Bertani Broth (Highmedia) and kept on shaker at 37°C/300 RPM 
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overnight. 2ml of overnight culture was scaled up to sterile 1 OOml LB broth and 

further incubate at 37°C/300 RPM till 00600 reaches around 0.4. 

The cells were then pelleted by centrifuging at 2500g for 5 minutes at 4 °C. The 

supernatant was decanted and the pellet was resuspended in 5 ml of ice cold 

200mM CaCI2 till the suspension appears silky. The suspension was kept in ice 

for 10 minutes and 15 ml of 80mM CaCI2 was added and kept in 4 oc till use 

·(This competent cells were used only for 7 days; fresh competent cells were 

prepared after 7 days) (Hindley 1983). 

2.2 Transformation of competent cells 

50JJI of CaCI2 treated competent cells were thawed on ice for 10 minutes. 

The thawed cells are then mixed with desired plasmid (1JJI) and chilled on ice for 

15 minutes. The mix is given a heat shock for 90 seconds at 42°G and 

immediately chilled on ice for 2 minutes.950JJI of LB broth is added to the heat 

shocked cells and revived by mixing at 300rpm, 37°C for 1 hour. Cells are then 

plated on LB agar with specific antibiotic for the selection. Usually a negative 

control with th~ antibiotic and positive control with LB agar alone are kept to 

check the efficiency and contamination. 

2.3 Small scale plasmid preparation (Mini preparation) 

A single colony of transformed bacteria was inoculated in 5ml LB medium 

containing the appropriate antibiotic for overnight at 37°C with vigorous shaking. 
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1.5ml of over-night bacterial culture was centrifuged at 1 O,OOOxg for 2 minutes at 

4°C. The pellet was re-suspended in 0.25 volume of STE buffer and centrifuged 

at 10,000xg for 2 minutes at 4°C. The pellet was then re-suspended in 100JJI of 

GTE buffer by vigorous vortexing and kept at room temperature for 5 minutes. To 

this solution 200JJI of alkaline lysis solution II was added, mixed gently by 

inverting the tube for 10 times and placed on ice for 15 minutes. To the tube 

150JJI of alkaline lysis solution Ill was added, mixed gently by inverting the tube 

for 1 0 times and placed on ice for 10 minutes. The tube was centrifuged at · 

1 O,OOOxg for 5 minutes at 4°C. The clear supernatant was transferred to a fresh 

microfuge tube. An equal volume of Tris saturated phenol (pH 8) and 

chloroform:isoamyl alcohol mix (24:1)was added to the tube· and mixed 

vigorously. The microfuge tube was centrifuged at 1 0, OOOxg for 5 minutes at 4°C 

and the aqueous phase was transferred to a fresh tube. The step was repeated 

with equal volume of chloroform- isoamyl alcohol, mixed vigorously and 

centrifuged at 10,000xg for 5 minutes at 4°C. The aqueous phase was 

transferred to a fresh tube and plasmid DNA was precipitated using one volume 

of isopropanol. The tube was kept at -80 for 30 minutes and centrifuged at 

1 OOOOxg for 15 minutes at 4°C. Isopropanol was removed and pellet was washed 

with 500JJI of 70% ethanol and air dried, before dissolving in appropriate volume 

of deionized water. 
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2.4 Large scale plasmid isolation (Maxi preparation) 

A single colony of bacteria was inoculated into 50ml of LB broth with 

appropriate antibiotics and grown overnight at 37°C. The bacterial culture was 

centrifuged at 10,000xg for 5 minutes at 4°C in a 50 ml round bottom tube. The 

pellet was re-suspended in 20ml of STE buffer and centrifuged at 1 O,OOOxg for 5 

minutes. The pellet was resuspended in 1.8 ml of GTE buffer. Vortex and kept at 

room temperature for 5 minutes. To this solution 4ml of alkaline lysis solution II 

was added, mixed gently by inverting the tube and placed in ice for 15 minutes. 

To the tube 2ml of alkaline lysis solution Ill was added, mixed gently by inverting 

the tubes for 1 0 times and kept on ice for 1 0 minutes. The tube was centrifuged 

at 1 O,OOOxg for 30 minutes at 4°C. The clear supernatant was transferred to a 

fresh tube. To this one volume of isopropanol was added and kept at -20 for 45 

minutes. The tube was centrifuged at 10,000xg for 15minute at 4°C. The pellet 

was dissolved in 300!-11 of deionized water. This was further purified using 

phenol:chloroform extraction as mentioned in small scale plasmid DNA isolation 

protocol. The presence of plasmid DNA was confirmed by visualized in 0. 7% 

agarose gel. 

2.5 Restriction digestion 

• Syt 1 full length (Figure 5, a) gene and Syt 1 without transmembrane (TM) 

(Figyre 5, b) has already been synthesized and cloned into pEGFP C1. 
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• Syt-1 C2A (Figure 5, C) has already been constructed in the lab by PCR 

and subcloned into p TZ57RT. 

~ c tj,.,_.,._.,.,,._._ 

Figure 5. a) Syt 1 full length with the trans-membrane and C2A and 
C28 domains (TM) region, b) Syt 1 without TM and with C2A and C28 
c) Syt 1 without TM and C2B domain and with C2A domain. 

• pTZ57RT Syt-1-C2a was isolated in small scale by alkaline lysis method 

(Sambrook and Russel,vol 1, 2001). The orientation of gene was 

confirmed to be reverse by Kpn1 digestion. 

• Xba1-Bam H1 digestion and cloning of Syt1-C2a into pEGFP-C1 was 

planned. 

Xba-1 site in pEGFP-C1 vector was methylated. Before digestion this 

methyaltion was removed by transforming the vector into DNA-adenyl methylase· 

negative bacteria (NEB-E.Coli K12 ER 2925). The digestion was performed as 

follows. 
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Day1 

MBI MBI 
Fermentas Fermentas 

Plasmid Xba-1- v+tango Distilled Total Reaction 

10U/IJI buffer water volume temperature 

(10x) 

Tube 1 

pTZ57R 
1!-11 201-11 1731JI 2001-11 37°C/ON 

T Syt1-

C2a-51JI 

Tube 2 

pEGFP- 0.51JI 21JI 15!-11 201-11 37°C/ON 

C1-21JI 

Table 1. Plan for Restriction digestion of plasmids for cloning 

Day2 

Both reaction mixtures were heat inactivated at 65°C for 20 minutes; 1 J.JI 

and 0.5 IJI of Bam H1 (MBI Fermentas, 10u/1JI) was added to tube 1 and 2 

respectively. The reaction mixture was incubated overnight at 37°C. 

Day3 

The reaction mixes were heat inactivated at 80°C for 20 minutes. 

pTZ57RT-Syt1-C2a Xba1-BamH1 digest was run on a 0.7% agarose gel. 6 

combs were stuck with a cello tape to accommodate a larger sample volume. 
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The desired fragment of approximately 413bp was eluted out from the gel using 

AXYGEN kit as per directions given in the manual. Finally the Syt1-C2a was 

eluted out using a spin column eluent. 

Day 4: Ligation 

The Syt 1-C2a gene was ligated to Xba1"'Bam H1 digested pEGFP-C1. 

Components for ligation: T4 DNA ligase (5u/ ~1)- 2.5 ~1. 10x ligation buffer (MBI 

Fermentas), Xba1-Bam H1 digested pEGFP-C1 DNA, Eluted Syt1-C2a gene and 

distilled water. The components were added carefully, spin down and incubate at 

22°C overnight. 

Day5 

7.5 ~I of ligated sample was added to 50 ~I of competent E.coli K12 

ER2925 cells and transformed according to the protocol under heading: 

transformation of competent cells .. The resulting cells were swabbed on LB

Kanamycin (Kanamycin working concentration 30~g/ml) plates along with 

positive and negative control plates and kept overnight in incubator at 37°C. 

Day6 

From numerous colonies obtained on LB-Kanamycin plate, 3 colonies 

were inoculated to 5 ml LB-Kanamycin broth each. 
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Day7 

Small scale plasmid isolation was done and presence of insertion of Syt 1 

C2a into pEGFP-C1 was checked using Pvu 2. 

Restriction Digestion 

pEGFP C1 and pEGFP C1 Synaptotagmin I C2a plasmid were 

digested with Pvull restriction enzyme as follows: 

Plasmid 

Pvull 0.5 tJI (10 units) 

10X G+ buffer 

Water 17.5 tJI 

The reaction mixture was incubated for 3 hours. 1 OtJI of digested sample 

was run on agarose gel electrophoresisat 80V. 

2.6 Agarose Gel Electrophoresis 

0.7 % agarose,gel was prepared by dissolving 350 mg of agarose in 50 

mL of in TAE buffer by heating in a microwave oven. 2 tJI of 1 0 mg/ml Ethidium 

Bromide (EtBr) was added to agarose solution when the solution reaches the ear 

bearing temperature. Agarose solution was poured into gel casting tray, the· 

comb was inserted and allowed to solidify. The DNA samples were ·loaded with 

the gel loading dye and the gel was run at 80V in TAE buffer. DNA bands in the 
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gel were visualized under UV light and documented using Uvipro platinum gel 

documentation system, Uvitec, UK. 

2~7 Poly L Lysine Coating 

One ml of 0.1 mg/ml solution of Poly L Lysine hydro bromide solution was 

added to each 35mm polystyrene Petri dishes. The plates were then incubated 

for 5 minutes in a humidified atmosphere at 5% C02 concentration and 3rC in 

C02 incubator (Forma Direct heat, Thermo Scientific, USA). The solution was 

removed and the plates were allowed to dry at room temperature at least for 2 

hours before seeding the cells. 

2.8 Cell Culture Maintenance 

PC12 cells were maintained in DMEM F12 Media supplemented with 10% 

Horse Serum and 5% Fetal Bovine Serum 100 IU/ml Penicillin and 100 

jJg/ml streptomycin, pH 7 .4, under humidified atmosphere at 5%C02 

concentration and 37°C in C02 incubator. Media was replenished in every third 

day. 

2.9 Passaging of Cells 

On attainment of 70. to 80% confluence, the cells were trypsinised by the 

following protocol. Media was removed from the T25 flask; the cells were washed 

with Phosphate Buffered Saline (PBS). PBS was removed and 8001JL 

Trypsin/EDT A mix was added. The flask was incubated at 3rC for 5 minutes. 
-········ . 
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800J..1L of DMEM F12 complete media was added. The trypsinised cells were 

collected in a microfuge tube and centrifuged at 700rcf for 5 minutes at room 

temperature. The supernatant was discarded and the pellet was resuspended in 

new DMEM F12 complete media and plated into new PLL coated T25 flask at a 

density of about 5x1 05 cells per flask. 

2.10 Cell Counting 

2.11 Transfection 

Transfection of PC12 cells with pEGFP-C1-Syt1- without transmembrane 

and pEGFP Syt1-C2a were performed using Amaxa Nucleofector II device, 

Lonza, and Amaxa nucleofector kit V as per the product protocol recommended 

by the manufacturer. Approximately 4 J..19 of DNA was used per transfection. 

2.12 Differentiating PC12 Cells 

PC12 cells, PC12 pEGFP Syt1 stable cells, PC12 pEGFP Syt 1 without 

TM and PC12 pEGFP Syt 1 C2a were seeded at a density of 60,000 cells per 35 

mm Poly L Lysine coated polystyrene petriplate in DMEM F12 medium 
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supplemented with 10% Horse Serum and 5% Fetal Bovine Serum, 1 00 

IU/ml Penicillin and 1001-Jg/ml streptomycin pH 7.4. After the cells were 

attached, new medium: DMEM F12 supplemented with 1% fetal bovine serum, 

200ng/ml nerve growth factor-7s and 50mM potassium chloride, pH 7.4 was 

added. 

Media was replenished every alternate day to ensure constant 

supply of the nerve growth factor and nutrients and the cells were allowed to 

differentiate for seven days. 5 images were taken with 1 Ox objective each 

day and used for neurite length analysis. 

· 2.13 Neurite length analysis 

The length of the neurites was measured· by tracing the each neurite 

using NIH Image J free hand selection tool, and measuring the length of the 

tracing using ROI manager. (Rasband 1997 -2007) 

2.14 Live cell imaging of transfected PC12 cells 

Live cell imaging was carried out on PC 12 alone pEGFP Syt 1 stable 

PC12 cells, pEGFP Syt 1 without TM- PC 12 cells and pEGFP Syt 1 C2a PC12 

cells using JuuTm Smart florescent cell viewer (NanoEnTek, Korea). Bright field 

images, GFP and Merged images were taken with 25% brightness, 20% power 

and 18% brightness, 25% power respectively. Images were captured in· 30 
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minutes time interval for 10 hours under 20x magnification. Images were 

analyzed and made into movie using Jull TM PC software. 

2.15 Fixation and Immunocytochemistry 

PC12 cells were fixed using 4.1% formaldehyde followed by ice cold 

methanol. These cells were permeablized and blocked using 10% Triton x 100 

and FBS followed by staining with polyclonal rabbit syt 1 antibody (1 :500 dilution) 

overnight at 4°C. FITC tagged goat anti rabbit secondary antibody (1 :200) was 

added. Images were taken using Olympus IX51 microscope. 

2.16 Single cell Semi-quantitative Reverse transcriptase PCR 

Transfected cells were allowed to differentiate and approximately 20 cells 

were picked up using 3mm cloning discs (Sigma-Aldrich, USA) as per product 

protocol recommended by the manufacturer. The cells were diluted in a final 

volume of 2.51-fl of PBS and added to 2 1-11 of RNaST denaturing reagent in a PCR 

tube. The tube was frozen on dry ice immediately [Li et al., 2010]. This mixture 

was directly taken for eDNA synthesis. Reverse transcription for ~ actin and Syt 1 

was done using Revert Aid MMuLV reverse transcriptase enzyme (MBI 

Fermentas, Canada) and gene specific primers. The RNA in the cell-denaturing 

mix was denatured at 70°C for 5 minutes in the presence of reverse primer and 

chilled on ice. After adding 41JI of 5x reaction buffer, 2mM dNTP mix and 

ribonuclease inhibitor (15u), the reaction was continued at 37°C for 5 minutes. 

Finally 1 OOU of reverse transcriptase enzyme was added and incubated at 42°C 

36 I Page 



for 1 hour. The reaction was stopped by keeping at 70°G for 10 minutes. The 

resulting samples were analyzed by PCR (Geneamp PCR system 9700, applied 

biosystems, USA). The gel images were analyzed and quantified using Image J 

software. 

Gene Primers Product size 

5' GCCAACCGTGAAAAGATGAC 3' (Forward) 

B-Actin 5' AGCCACCAA TCCACACAGAGTA 3' (Reverse) 691 bp 

5' TGAACCAAAAATGGTGAGTGC 3' (Forward) 

Syt 1 5' AAAGGCTTCGTTTTCCCTTT AC 5' (Reverse) 1284 bp 

Table 2. Primers used in single cell PCR. 

PCR Conditions: 

P-actin .Syt1 

94°C 4 minutes 94°C 10 minutes 

94° C 45 seconds ~ 94°C 30 seconds 

58°C 45 seconds 40 cycles 60°C 30seconds ¢f0 cycles 

72°C 1 minutes 72°C 2 minutes 
J 

72°C 5 minutes 72°C 15 minutes 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Development of pEGFP-C1 Sytl - C2A gene construct 

Synaptotagmin gene has been cloned in the laboratory. The full length Syt l , 

deleted TM- Sytl and C2A were studied earlier in the laboratory for its regulatory 

functions (Sukumaran et al., 2008). This study used the Sytl and deletd TM 

Syt l . In addition to this C2A was cloned into GFP vector as part of this study. 
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Xba 1- Bam H1 digest 

Xba1 

Syt 1 C2A 

Figure 6. Plan to clone Syt1-C2A into Xba1-BamH1 digested pEGFP-C1. a) 
Vector map of pTZ 57R/T showing multiple cloning sites and sites for restriction 
digestion for cloning, b) pEGFP C1 vector map. c) Multiple cloning sites in pEGFP C1 
vector showing plan for cloning Syt 1 C2A 
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The Syt1-C2A gene cloned in into pTZ57Rff was available in the 

laboratory. Figures 7. a, band c elucidate the plan by which Syt1 C2A is eluted 

out from pTZ57Rff and the double digestion of pEGFP C1. This fragment was 

allowed to ligate to pEGFP-C1using T4 DNA ligae (MBf Fermentas). Ligated 

plasmid was transformed to ER2925 cells the plasmid prepared from this gives a 

different conformational pattern for 3rd and 4th colonies (Figure 7. d lane 11 and 

12). These plasmids were further confirmed as clones by digesting using Pvu II. 

Pvu II sites are presentin the vector at sites2253rdbp and 2861thbp and one site 

is present in the insert. This digestion released bands at 3512bp, 1028bp and 

608bp (Figure.7. e. lane 15,16 and 17). 

a b c 
4 G G 
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Figure 7: Cloning of Syt1C2A from pTZ57/RT to pEGFP C1 vector. a) lane 1 
shows pTZ57R/T Syt1-C2A Xba1-BamH1, lane 2 shows marker (GeneRuler1m DNA 
ladder), lane 3 shows pEGFP Syt1-C2A undigested. b) lane 4 shows pEGFP-C1 Xba1-
.BamH1 digest, lane 5 shows marker (GeneRulertm DNA ladder), lane 6 shows 
undigested pEGFP-C1. c) lane 7 shows eluted C2A gene (413bp), lane 8 shows marker 
(GeneRuler1m DNA ladder) d) lane 9, 10, 11, 12, 13,14 shows isolated pEGFP-C1 Syt1-
C2A from various colonies, lane 11 and 12 shows a different conformation. e) lane 15 
shows Pvu II digestion of pEGFP C1 Syt1 C2a gene (expected bands: 3512bp, 1028bp 
and 608bp), lane 16 shows marker (GeneRulerm DNA ladder), lane 17 shows 
undigested pEGFP-C1-Syt1 C2A 

3.2 Over expression of Syt 1 soluble forms reduce neurite length 

To identify whether over expression of soluble fragment of Syt1 regulates 

the neuronal structure, we compared 100cells from each class with the cellular 

architecture with three transfects of Syt1 constructs. Neurite length of pEGFP C1 

Syt1 without TM and pEGFP syt1 C2A transfected cells and compared with 

normal PC12 and Syt1 pEGFP Syt1 stable cells. Syt 1 over-expressing cells 

showed a significant increase in neurite length compared to PC12 cell control. 

This data suggest that Syt1 has a major role in sprouting and neurite outgrowth. 
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Over expression of pEGFP Sytl without TM and pEGFP Sytl C2A in PC12 

cells results in significant decrease in neurite length compared to PC12 control as 

well as Sytl fulMengthoverexpressing cells (Figure.8). This data suggest that 

over-expression of soluble form of synaptotagminl can inhibit some biochemical 

pathways that is crucial for axon elongation. 

Neurite length analysis 
• PC12 •PC12pEGFPSytl HPC12 pEGFP Sytl W/oTM • PC12 pEGFP Sytl C2A 

140 

120 - T x 

100 -
.c 

dayl day2 day3 day4 day5 day6 

Number of days 

Figure 8. Comparitive neurite length analysis on Sytl and its soluble from 
overexpressing PC12 cells. (N=100) 

3.3 Soluble Syt 1 over expression inhibits neurite sprouting and 
conection formation. 

To confirm this observation further, live cell imaging of the cells for 4 days 

were conducted. Live cell imaging of PC12 cells transfected with mutated forms of 

synaptotagmin showed unusual patterns in axonal behaviour when compared with 
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normal PC12 cells (Figure.9 ). Synaptotagmin full length stably expressing PC 12 

cells found to form more extension and involved in forming more connections 

compared to normal PC 12 cells. During axonal elongation small vesicle like 

bodies were found to move in direction of axonal movement in normal PC12 cells 

and PC12 pEGFP syt1 stable cells. Syt1 tagged with pEGFP was found to be 

moving to axonal tip during axona! elongation; This results indicate the role of Syt 

1 in axonal elongation. None of the connections seems to be stable. All the. cells 

imaged were forming connections, withdrawing and triying to form new 

conections. This priliminary data suggests the role of Syt 1 expression in neurons 

is crucial for syn~ptic plasticity. PC12 over expressed with soluble form of Syt 1 

showed a different behavioural pattern compared to normal PC12 cells. Syt 1 

without the transmembrane region and Syt 1 C2A domain overexpressed PC12 

cells didn't form axons and were not involved in forming connections. The length 

of the neurites were vey short and no branching were observed (Figure9.). 

Soluble form of Syt 1 are often expressed in neuronal cells (Bagala etal., 2003) 

normally and its functional role is still debated. Earlier study from the laboraratory 

has suggested that the soluble form of Syt1 could act as a RNA binding protein 

targeting to its own transcript and · downlregulates the translation machinery 

(Sukumaran et al., 2008). The presetn date supports this observation and 

suggests that the soluble Syt1 has major implication in maintaining sprouting, 

neurit elongation and synapse formations in PC12 cells. Besides C2A domain of 

the Syt1 may have a crucital role in this function. 
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PC 12 

PC12 Syt 1 stable 

PC12Syt1W/oTll 

PC12Syt1C2A 

Figure 9: Live cell imaging of mutated PC12 cells; a to e shows the behavior of 
PC12 cells, f to j depicts the behavior of PC12 sytl stable cells. K to O shows the 
behavior of PC12 cells transfected with pEGFp sytl without trans-membrane region and 
p to t represents pc12 cells tranfected with pEGFp sytl C2A (20x) 
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3.4 Syt1 soluble form transfected· PC 12 cells are not targeted to 

synaptic vesicles but localized to nucleus and cell body. 

For further analysis the transfected cells· were fixed and observed for .the 

fluorescence at axonal terminals.PC12 cells transfected with soluble Syt1 showed. 

no axonal elongation when compared to PC12 pEGFPSyt 1 stable cell. PC12 

pEGFP Syt1 stable cells showed fluorescent ·punctures throughout cell body to 

axonal tip (Figure 10 a), suggesting synaptic vesicle transport to the active zone. 

In cells with soluble Syt1, the· localization of fluorescence is in the cell body and 

even the nucleus (Figure 10 b and c). Nuclear localization is a surprising 

. observation. It is not clear because of its new localization; larger effect on 

transcriptome has hampered the cellular architecture and the formation of the 

axons. 

To compare the data with normaiPC 12 cells, PC12 cells were stained with 

Syt 1 antibody (1:200) and counter stained with FITC conjugated secondary 

antibody. Syt1 immunostained PC12 cells showed that the PC12 cells do express 

its own Syt1 and are targeted to synaptic vesicles (Figure 11). No nuclear 

localization was observed for the protein 

.......................................... ··························································································· 
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Figure. 10. Fluorescent and bright field Images showing distribution of Syt 1 
in fixed PC12 cells. A) pEGFP Sytl stable PC12 cell. B) pEGFP Sytl without TM 
transfected PC12 cells. C) pEGFP Syt 1 C2A transfected PC12 cells. 
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Figure 11. Immunocytochemistry of normal PC12 cells for Synaptotagmin. a) 
PC12 cells stained with Sytl antibody, b) Bright field image 
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3.5 Soluble Syt 1 reduces the Syt 1 mRNA expression levels 

We further analyzed how the soluble form of· syt1 affected the normal syt1 

levels in the cells. mRNA levels of full length Syt1 were analyzed in PC12 cells, 

PC12 pEGFP Syt1, pEGFP Syt1 without TM and pEGFPSyt 1 C2A using single 

cell reverse transcriptae PCR. 20 cells from each category used for the 

experiment. Gets were analysed using Image J software and normalized with the 

values of cellular ~-actin level. Syt 1 band appeared corresponding to 1284bp and 

~-actin at 691bp. Data showed that PC12 cells, and PC12 pEGFPSyt 1 stable 

cells mRNA expression levels were not significant altered. (Figure 12. A and B). 

. This is expected because it is reported that the Syt levels in ·neuronal cells are 

maintained constant (Daly and Ziff, 1997). pEGFP Syt1 without TM and pEGFP 

Syt1 C2A transfected cells showed a 20 to 50%. reduction in Syt 1 inRNA 

expression levels. This data suggests that the soluble form of Syt1 has a role in 

transcription mC!chinery. 

The results of the study, have suggested, for the first time, that soluble forms 

of Syt1 ,(especially theC2A domain of the protein) has a critical role in neuronal 

structure formation. Plasticity is one of the main features of theneuronal cells to 

regulate the structural changes and to establish functional connections. Our 

results indicate Syt1 has a significant role in neuronalplasticity though regulating 

the transcriptional and translational levels within the cell. 
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Figure12. Comparative mRNA expressin profiles of normal PC12 and Sytl 
mutated PC12 cells. A) Gel image showing mRNA expression levels of Syt 1 and 
corresponding (3 actin levels in PC12 cells (a and b), PC12 pEGFP Sytl (c and d), marker 
Generuler MBI Fermentas)(d), PC12 pEGFP Sytl without transmembrane (e and f), 
PC12 pEGFP Syt 1 C2A (g and h). B) Relative Syt 1 gene expression of soluble Sytl 
transfected PC 12 cells. 
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CHAPTER4 

SUMMARY AND CONCLUSION 

Although it is well established that Syt family proteins are critically involved 

in neurotransmitter release and synaptic vesicle endocytosis pathway, its role in 

early development of neurons and regulation is not clearly understood. 

Understanding ·the pathways through which the neuronal cell creates functional 

connection has significance in developing new therapy for central nervous system 

injuries. One of the major stumbling blocks in this. research area is lack of 

understating on how the neuronal cells develop functional connections in the first 

place. 

In this study transmembrane deleted Syt1 and Syt 1 with C2A domain were 

transfected and compared with normal PC12 cells and PC12 cells stabilized with 

Syt 1. Neurite length analysis using Image J showed a significant increase in Syt 

1 full length over expressed cells compared to normal PC12 cells. Soluble form of 

Syt 1, on the other hand, showed significant reduction in the neurite length. This 

data suggest that soluble form of Syt 1 hampers major pathways involved in 

axonal growth. Live cell imaging data showed that synaptic vesicles are formed 

during the initial stages of neuronal development and also move through the 

axons while establishing connections. 
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One of major observations in the study was the nuclear localization of Syt 

1. This prompted us to look into the expression profile of Syt 1 gene and found 

that Syt 1 soluble form transfected cells show a considerable reduction in the Syt 

1 mRNA expression. 

Our results have proven that the cells do develop synaptic vesicles at a 

very early stage before even the functional connections are formed, indicating that 

the axonal growth is through synaptic vesicle exocytosis. Syt 1 has a critical role 

in synaptic vesicle exocytosis in tandem with other synaptic terminal proteins (Jun 

et al., 2011 ). Knocking down the Syt1 by soluble Syt 1 (Sukumaran et al., 2008), 

has shown significant effect in structural changes in the cell, especially axonal 

development. This did not affect the small elongations like dendrites. Surprisingly 

the soluble Syt1 have shown nuclear localization compared to the full length. This 

could result in significant changes in gene expression levels, We have found that 

Syt1 gene expression levels indeed came down significantly when the soluble 

forms of Syt 1 are expressed in the ceiL 

Future prospects 

The future prospects of this work could be furthered by analyzing mRNA 

expression levels of other synaptic proteins like VAMP and Syntaxin. The 

interaction of Syt 1 proteins with its RNA and other synaptic protein RNAs can be 

analysed using Fluorescence Resonance Energy Transfer. Further work on how 
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other synaptic proteins responded with these changes would give a better insight 

into the variations we observed in neuronal development. 
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Reagents and Buffers 

DMEM F12 complete media 

For 50 ml 

DMEM: F12 1:1 Solution 

Fetal bovine serum 

Horse serum 

· Penicillin solution 

Streptomycin Solution 

Appendix 

42.2 ml 

5.0 ml 

2.5 ml 

DMEM F12 differentiating media 

For 50 ml 

DMEM F12 1:1 solution 

Fetal bovine serum 

Penicillin solution 

Streptomycin Solution 

49.4 ml 

0.5ml 

50 j..!L 

50 j..!L 

DMEM F12 1:1 mixture was made by dissolving 15.7 gin 1 L of sterile distilled 
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water. Penicillin stock solution (11akh IU/ml) was made by dissolving 30.165 mg 

of penicillin in 500 1-11 of sterile distilled water and stored at 4 oc streptomycin 

stock solution(100mg/ml) was prepared by dissolving 50 mg of streptomycin in 

500 f..ll of Sterile distilled water and stored at 4°C. 

Phosphate buffered saline (PBS) 

137mM NaCI 

2.7mM KCI 

10mM Na2HP04 

2mM KH2P04 

Dissolve 8g NaCI, 0.2g KCI, 1.44 Na2HP04 and 0.24g KH2P04 in 800ml of 

distilled water. Adjust pH to 7.4 with HCI. Add H20 to 1 litre. Sterilize by 

autoclaving for 20 minutes at 15psi. Store at 4°C 

Nerve Growth Factor - 7s stock 

Nerve Growth Factor- 7s 1 mg 

DMEM F12 Differentiating media 1ml 

Stored at -20°C in 1 0 f..ll aliquots to avoid repeated freeze thawing 
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1 OOx poly L Lysine Stock Solution 

Poly L Lysine hydrobromide 

Sterile Distilled water 

Stored at -20°C 

10X TAE 

For 1 Litre 

Tris Base 

~lacial Acetic Acid 

0.5 M EDTA 

10mg 

10ml 

48.4g 

10.9ml 

2ml 

Dissolved in 1 Liter of Sterile distilled water 

6X gel loading dye 

0.25% bromophenol Blue 

0.25% Xylene cyanol FF 

30% Glycerol in H20 

Alkaline Lysis Solution I (GTE) 

50 mM glucose 

25mM Tris HCI 
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10mM EDTA 

Alkaline lysis Solution II 

0.2 N NaOH 

1%0/VN) SDS 

Alkaline Solution Ill 

5M potassium Acetate 

Glacial Acetic Acid 

H20 

STE Buffer 

10mM Tris-CI (pH 7.8) 

o~1M NaCI 

1mM EDTA 

60ml 

11.5 ml 

28.5 ml 

RNaST buffer for single cell PCR 

0.135M NaCI 

9mM Tris Cl (pH 8) 

4.5mM Dithiothreitol 

'II 
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