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Synaptic Cell Adhesion Molecule 1 induced-dimerisation in 

neuronal growth cone dynamics and synapse formation 

Marianne Edwige Julienne Demailly 

Abstract 

SynCAM 1 is a cell adhesion molecule involved in most stages of neuronal 

circuit formation, from axon guidance and synapse formation to the maintenance of 

synaptic plasticity. Mutations in SynCAM 1 have been identified as causes for 

neurodevelopmental disorders such as autism spectrum disorder (ASD) and 

intellectual disabilities.  

During axonal pathfinding in the CNS and PNS, SynCAM1 guides neurons and 

guarantee axon-axon contacts for their correct targeting at the spinal cord. In synapses, 

SynCAM1 localises at both pre- and postsynaptic sites. Before synaptogenesis, 

SynCAM1 forms clusters in growth cones, the tip end of migrating neurons. The most 

significant characteristic of SynCAM1 is its capacity to induce synapses when 

expressed in cell lines and co-cultured with hippocampal neurons. After synapse 

formation, SynCAM1 contributes to the maintenance of excitatory synapses and 

synaptic plasticity.  

SynCAM1 binding partners have been extensively studied in both axon guidance and 

synapse formation. However, its specific signalling and dynamics in these contexts 

remains unclear. 

This thesis investigates the role of SynCAM 1 in growth cone dynamics and synapse 

formation using two validated inducible dimerisation systems: 1) the chemically-

induced dimerisation (CID) Rapamycin/FRB/FKBP system and 2) the light-induced 

dimerisation (LID) cryptochrome 2 (CRY2) and CIBN pair. After successfully 

designing the molecular tools, I studied SynCAM1-induced dimerisation in the growth 

cone and showed that both CID and LID resulted in drastic morphological changes 

where growth cone size and complexity are significantly reduced, thus affecting the 
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cytoskeletal structure. The LID of SynCAM1 in growth cones showed that SynCAM1 

proteins are highly dynamic and interact transiently. However, cis-dimerisation of 

SynCAM1 was not sufficient for axon guidance, as LID did not initiate growth cone 

attraction or repulsion.  

Besides, I have established a new heterologous co-culture assay that initiates chemical 

dimerisation between neuronal presynaptic SynCAM1, and a non-functional binding 

partner expressed by non-neuronal cells. This rapamycin-induced trans-assembly 

generated specific focal adhesion kinase (FAK) intracellular signalling, an established 

downstream effector of SynCAM1. Furthermore, this system is sufficient to induce 

early presynaptic differentiation in neurons, by recruiting specific synaptic vesicle 

proteins such as SV2 and synaptophysin. Interestingly, presynaptic specialisations are 

also found in neurons expressing mutant SynCAM1, lacking the first immunoglobulin 

domain required for trans-interaction. This novel finding is the first system to report 

the induction of presynaptic differentiation with a non-functional binding partner. This 

artificial synapse assay could be used to isolate SynCAM1-dependent pathway during 

synaptogenesis and potentially be extended to other synaptic cell adhesion molecules.   

Altogether, this work not only brings new insights on SynCAM1 dynamics in growth 

cones and how presynaptic SynCAM1 modulates synaptogenesis, but it also provides 

new technical approaches that can be used to induce artificial synapses ex vivo. 
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Chapter 1: Introduction  

 

Prologue 

 

During the development of the vertebrate brain, billions of neurons become 

interconnected into functional neuronal networks. The functionality within a neuronal 

network is mediated by highly specialised cell-cell adhesion structures known as 

synapses. Chemical synapses are the leading specialized structure through which 

intraneuronal communication occur. The "triple" ultrastructure of such chemical 

synapses was defined as a presynaptic and a postsynaptic membrane specialization, 

with an interstitial space in between called the synaptic cleft (Gray 1959). Based on 

electron microscopy experiments, Gray already qualified at that time the "special 

adhesive properties" of the "thickened region" about the electron-dense cleft material.  

 

Synapse formation and differentiation are initiated by multiple developmental 

processes and based on molecular recognition "cues" or differentiation signals. 

Following axon guidance and pathfinding, axonal growth cones of developing neurons 

form initial contact with their postsynaptic dendritic target to initiate the formation of 

the presynaptic terminal via the recruitment of presynaptic vesicles (Cooper and Smith 

1992; Fletcher et al. 1991). Precise alignment and specificity of presynaptic terminals 

containing specific neurotransmitters with the juxtaposed postsynaptic membranes and 

their appropriate receptors is a crucial step known as synaptic differentiation (Biederer 

2005).  
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Cell Adhesion Molecules (CAMs) belong to such cues, and play a role in: (1) guiding 

axons to accurately recognize their appropriate target and initiate contact (Kose et al. 

1997; Yamagata, Sanes, and Weiner 2003; Seki and Rutishauser 1998; Washbourne 

et al. 2004; Akins and Biederer 2006; Niederkofler et al. 2010; Frei et al. 2014); (2) 

inducing synaptic differentiation and specialisation with pre- and post- synaptic 

compartments (Scheiffele et al. 2000; Biederer et al. 2002; Sytnyk et al. 2002; Fu et 

al. 2003; Sara et al. 2005); (3) promoting synapse maturation and stabilization, by 

regulating the synaptic structure with changes in adhesive strength and signaling, size 

and shape of synaptic contacts, thereby modulating the synaptic efficiency (Yamagata, 

Sanes, and Weiner 2003; Washbourne et al. 2004; Robbins et al. 2010; 

Kochlamazashvili et al. 2010; Perez de Arce et al. 2015; Jang, Lee, and Kim 2017). In 

addition to those adhesion-based differentiating signals (or cues), other neuron target-

derived cues such as locally diffusible molecules are known to induce synaptic 

signalling (Charron and Tessier-Lavigne 2005).  

My work is mainly focused on axon guidance molecules that drive both adhesion 

between synapses, and synapse formation, particularly the synaptic cell adhesion 

molecules (CAMS). Although the fundamental processes in synapse formation are 

well understood, the molecular basis underlying CAMs at the synapse and their 

effectors remain unclear. Among them, the synaptic adhesion molecular SynCAM1 is 

fundamental for both synaptogenesis throughout brain development and the 

maintenance of synaptic plasticity during adulthood (Robbins et al. 2010; Fogel et al. 

2011). Despite all efforts that have been made to elucidate SynCAM1 binding partners 

and effectors underlying these mechanisms (Sara et al. 2005; Fogel et al. 2007; Stagi, 

Fogel, and Biederer 2010; Niederkofler et al. 2010), SynCAM1 signalling in both axon 

guidance and synapse assembly remain incompletely understood.  
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Yet, SynCAM1 specific downstream signalling pathway remains to be identified. To 

examine these questions, I used both chemical-inducible and light-inducible 

dimerisation systems, to force the interaction of SynCAM1 with itself ex vivo. I also 

developed a new co-culture system that dimerises SynCAM1 with a non-functional, 

non-CAM binding partner.  This innovative strategy would not only isolate SynCAM1 

itself from other potential binding partners, but it would also help to elucidate the 

intracellular signaling of SynCAM1-dependent synaptogenesis, by mimicking the 

process happening in vivo. 

In this introduction chapter, I will briefly describe neuronal cells and the general 

concept of axon guidance. I will then recall the principles of synaptogenesis, synaptic 

transmission with pre- and postsynaptic membrane, highlighting functions of 

presynaptic terminals. I will then define the main synaptic CAMS involved in synaptic 

differentiation, with an emphasis on the Synaptic Cell adhesion Molecule 1 – SynCAM 

1. Finally, I will characterise the methods used for this work: both chemical-induced 

dimerization (CID) and light-induced dimerisation (LID) tools and how relevant they 

are to our rationale, as well as describe the animal model used, the chicken embryonic 

neurons.  

My introduction will describe studies from literature on synaptic differentiation in the 

vertebrate system only, and at the central nervous system (CNS) unless otherwise 

stated in the text.   
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1.1 Neuronal cells 

Neurons are highly specialized cells that are the fundamental communication units of 

the nervous system and can transform and relay electrical signals from and to other 

neuronal cells. A typical neuronal structure has a cell body (soma), dendrites and an 

axon (Figure 1.1). 

The soma is where the nucleus lies and where RNA synthesis occurs. Thus, the 

majority of proteins are synthesized in the soma and transported to the entire neurite 

harbor. The dendrites and the cell body receive the electrical inputs from other cells 

through specialized structures called synapses and propagate this signal through the 

cell body. At the specific junction between the cell body and the axon lies the axon 

hillock, where arriving information from dendrites/soma is integrated and where 

action potentials (APs) are initiated (Figure 1.1). Axons propagate APs to other 

neuronal cells through the axon terminals, also known as synaptic terminals (Schuetze 

1983). Neurons thereby communicate between each other via an electrical or chemical 

synapse, from a "sending" or presynaptic neurons to a receiving or "post-synaptic" 

neurons. 

The work here involves chemical synapses that are detailed in section 1.3 and 1.4. 

Briefly, electrical synapses are a direct electrical coupling allowing a direct flow of 

ions between cells pre- and post-synaptic symmetric structures called gap junctions, 

whereas chemical synapses are asymmetric and use chemical messengers with the 

exocytosis pathway (i.e. neurotransmitters) (Hormuzdi et al. 2004). Electrical 

synapses allow ultra-rapid communication, passive and bi-directional and chemical 

synapses are slow and active as they require ion channels activation on their membrane. 
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Axons might be embedded in myelin by Schwann cells in the Peripheral Nervous 

System (PNS) or by oligodendrocytes in the CNS, with periodic gaps called internodes 

of Ranvier, that act like a discontinuous insulation sheath for faster conduction where 

electrical impulses jump from one node to another (Figure 1.1). 

 

 

 

 

Figure 1.1. Neuronal cell structure.  Neuron from the CNS. The soma, dendrites and axon 

are depicted.  
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1.2 An overview of axon guidance 

During neuronal guidance, the growth cone, located at the tip of growing axons, is 

permanently sensing for its environment where it responds to guidance cues (Tessier-

Lavigne and Goodman 1996). Those cues can be either substrate-bound, such as 

extracellular matrix (ECM) components and cell adhesion molecules (CAMs), or 

diffusible in the environment. Both substrate-bound and diffusible cues can act locally 

(short-range cues) or over a long distance (long-range cues), and can be attractive or 

repulsive (Figure 1.2). Together, they represent an integrated process that allows the 

growth cone to navigate and reach their appropriate target in a spatially-directed 

manner.  

 

 

 

 

 

 

 

 

 

Figure 1.2: Axon guidance molecules. During axon guidance, different forces lead the 
growth cone (blue) to their target. Here, the growth cone is pushed away by diffusible 
chemorepulsive cues (red dots) and pulled towards chemoattractive cues (green dots). The 
growth cone also responds to adhesive-substrate bound cues, which are either attractive or 
repulsive.  

Diffusible chemotropic cues 

Adhesive  
substrate-bound cues Repellent 

substrate-bound cues 

Diffusible Chemotropic Cues 
Attractive / Repulsive 

Adhesive Substrate-Bound Cues 
Attractive / Repulsive 
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1.2.1 Growth cone structure and dynamics 

In the late nineteen century, Ramon y Cajal discovered the neuronal growth cone, the 

structure located at the tip of growing axons (y Cajal 1907a; 1907b). As the growth 

cone is highly dynamic, sensing its environment for cues, its structure is fundamental 

to function correctly. The cytoskeletal elements of the growth cone can be divided into 

three domains, the peripheral (P) domain, the central (C) domain and the transition (T) 

domain (Figure 1.3). Together, their dynamics define the growth cone shape and 

movement.  

Through thin actin protrusions called filopodia at the leading edge, the growth cone 

can dynamically explore its surroundings. Each filopodium is separated by a broader 

membrane structure called lamellipodia-like veils. These structures belong to the P 

domain, where bundles of filamentous actin (F-actin) form the filopodia and the veils 

in a mesh-like structure, creating the F-actin network. The C domain forms the axon 

shaft and contains stable bundles of microtubules (MTs) (Figure 1.3). Dynamic MTs 

can reach out to the filopodia along F-actin, that guides MTs towards the P domain 

(F.-Q. Zhou and Cohan 2004). Axon turning or retracting in response to a guidance 

cue involves the redistribution of MTs in both P and C domains (Geraldo and Gordon-

Weeks 2009).  

For the growth cone to turn, dynamics MTs from the C domain extend through the 

transition zone and invades the P domains into the side of turning (Tanaka and 

Kirschner 1995).  

 

Between the P and the C domain lies the transition (T) zone, where actin arcs, 

contractile structures of actin and the motor protein myosin, form a ring 

perpendicularly to F-actin bundles (Lowery and Van Vactor 2009). F-actin is 
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polymerised at the leading edge, and simultaneous depolymerised at the T zone, with 

actin subunits being recycled back to the leading edge, a phenomenon known as actin 

"treadmilling". Together with the continuous movement of F-actin from the leading 

edge towards the C domain, known as the retrograde flow, the growth cone keeps 

idling as both forces are balanced and no protrusion occurs. If the growth cone 

encounters an adhesive substrate, its receptor binds to the substrate and are coupled to 

F-actin, forming a molecular "clutch" (Mitchison and Kirschner 1988). This anchoring 

mechanism prevents the F-actin retrograde flow, whereas F-actin polymerization 

drives membrane protrusion and growth cone exploration.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3: The growth cone structure. Immunostaining of growth cone labelled with F-
actin (phalloidin, green) and microtubules (red). Stable microtubules from the axon shaft are 
embedded in the central (C) domain. Dynamic microtubules can reach out to the peripheral 
(P) domain along with F-actin bundles in filopodium. Image show z-stack of 5 μm. Scale bar: 
5 μm (Demailly, unpublished data).   

C domain 
domain T zone 

P domain 
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1.2.2 Growth cone response to guidance cues 

The growth cone contains the appropriate and membrane-surface specific receptors for 

those cues, and responds to the signal by a chemotropic response – either by repulsion 

or attraction – thereby activating signalling molecules and affecting the cytoskeleton 

dynamics. Response to the guidance cues in the growth cone happens asymmetrically, 

inducing a change in adhesion and cytoskeletal dynamics, enabling the growth cone to 

turn towards or away from the cue (Zhou, Waterman-Storer, and Cohan 2002; Myers 

et al. 2012; Miguel-Ruiz and Letourneau 2014). Calcium (Ca2+) has been identified as 

an essential second messenger in both attractive and repulsive response, where the 

growth cone is turning toward or away from the side with elevated Ca2+ concentrations 

(Tojima et al. 2007; Akiyama and Kamiguchi 2010). Repulsive Ca2+  signals induce 

asymmetric endocytosis with decreased adhesion and cytoskeletal disassembly 

(Tojima, Itofusa, and Kamiguchi 2010). In contrast, attractive Ca2+ signals cause 

exocytosis of membrane vesicles, increased adhesion and cytoskeletal assembly 

(Tojima et al. 2007).   

Some of those cues that the growth cone responds to are classical receptors (such as 

Ephrins, Netrins, Semaphorins, Slits and Integrins – they will not be discussed here). 

They specifically bind to their appropriate ligands. A different class of proteins, the 

CAMs, interact and bind to each other on growing axons to mediate guidance signals.  
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1.3 Presynaptic differentiation 

Following growth cone pathfinding and targeting by molecular cues, synapses 

assemble in three steps: (1) initiation of CAMs-mediated contacts, triggering (2) the 

transport of synaptic precursors in axons and dendrites to nascent synaptic sites, finally 

leading to (3) the maintenance of synaptic materials with scaffolding molecules to 

establish functional synapses, where synaptic CAMs also act as key regulators (Figure 

1.4).  

 

The complete differentiation of presynaptic terminals occur only once contact have 

been initiated between axons and its postsynaptic partner. Thus, postsynaptic signals 

have been established as the trigger for the assembly of presynaptic specialisations, 

and synaptic CAMs in trans-adhesion complexes reciprocally organise both pre- and 

postsynaptic terminals (Figure 1.4) (Siddiqui and Craig 2011).  
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Figure 1.4: The different steps of synapse formation. (a) Targeting and contact initiation of 
the growth cone and its target before synapse assembly and synapse maturation and 
specialization (b). Cell adhesion molecules modulate both the initial differentiation of 
synapses (c), their stabilisation and modulation of presynaptic vesicles and postsynaptic 
receptors, such as scaffolding molecules and cytoskeleton elements (d).  

 

It has to be mentioned that besides trans-synaptic CAMs, other synaptogenic factors 

and soluble target-derived cues, like the secreted proteins fibroblast growth factor 22 

(FGF-22)  and the glycoprotein from the Wnt family, also instruct presynaptic 

differentiation (non-exhaustive list) (Baas et al. 1988; Yan et al. 2013).  

Moreover, glial cells, the supporting cells of the nervous system,  also play a 

significant role in presynaptic differentiation (Perea, Navarrete, and Araque 2009; 

Eroglu and Barres 2010). They can release neuroactive molecules that influence 
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synaptic communication like thrombospondins, GDNF, and protocadherin-γ that act 

in concert to modulate synaptic adhesion and alignment (Christopherson et al. 2005; 

Ledda et al. 2007; Garrett and Weiner 2009; J. Xu, Xiao, and Xia 2010). Altogether, 

these factors induce and promote synapse assembly and modulate pre-synaptic 

differentiation (Johnson-Venkatesh and Umemori 2010; Ferrer-Ferrer and Dityatev 

2018).  

1.3.1 Axonal transport of synaptic components 

The synaptic components required for synapse formation are synthesized in the cell 

body of neurons and transported to nascent synaptic sites on microtubules (MTs) via 

MT-based molecular motors. MTs are specialized structures with a plus end and a 

minus end. MT molecular motor proteins, such as dyneins and kinesins, use the 

polarity of MTs for trafficking of specific cargoes, respectively allowing a retrograde 

or anterograde movement (Goldstein, Wang, and Schwarz 2008; Hirokawa, Niwa, and 

Tanaka 2010; Kevenaar and Hoogenraad 2015). MT polarity and their associated 

motors for transport guarantee the proper delivery and maintenance of presynaptic 

components to nascent synapses (Baas et al. 1988; Yan et al. 2013).  

Actin is a free globular monomer (G-actin) that assembles into a filamentous polymer, 

in an ATP-dependent manner, known as F-actin. F-actin is required for the proper 

assembly of synapses during synaptogenesis as depolymerization of F-actin results in 

reduced number and size of synapses in hippocampal neurons (Zhang and Benson 

2001). F-actin also recruits and stabilizes components of the presynaptic zone 

(Sankaranarayanan, Atluri, and Ryan 2003).  
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1.3.2 Recruitment and specialisation of synaptic components 

The presynaptic proteins are assembled into axonal synaptic precursor pools, that are 

mobile packets, and delivered at the site of synaptic contact to establish the presynaptic 

machinery (Waites, Craig, and Garner 2005; Maas et al. 2012a; Torres and Inestrosa 

2018). These mobile organelles are transported units derived from the trans-Golgi 

network (TGN) and take the form of vesicular intermediates (Park et al. 2011; Maas 

et al. 2012). There are two types of these mobile cargoes: the synaptic vesicle precursor 

transport vesicles (STVs) and the large dense-core Piccolo-Bassoon transport vesicles 

(PTVs) (Sabo, Gomes, and McAllister 2006; Cai, Pan, and Sheng 2007; Maas et al. 

2012). Piccolo and Bassoon are presynaptic multi-domain proteins that participate in 

the cytoskeleton matrix formation and scaffolding of the active zone, at presynaptic 

terminals (Dresbach et al. 2006).  

STVs contain SV-associated proteins like SV2, VAMP2, synaptophysin, and voltage-

gated Ca2+ channels, that are rapidly recruited to axon-dendritic sites (Kraszewski et 

al. 1995; Ahmari, Buchanan, and Smith 2000). PTVs do not contain SV-associated 

proteins but are packed with components of the active zone such as bassoon, piccolo, 

syntaxin, SNAP25, Rab3-interacting molecules (RIMs), proteins associated with the 

exocytosis machinery like Munc13 and Munc18 but also CAM like N-cadherin (Zhai 

et al. 2001; Shapira et al. 2003; Wegrzyn et al. 2010; Torres and Inestrosa 2018). 

Interestingly, not all PTVs contain the same active zone proteins, and PTVs might 

undergo a maturation process before reaching nascent presynaptic sites (Torres and 

Inestrosa 2018). RIM1α and Munc13-1α are respectively transported in vesicles 

associated with CASK, the CAM neurexin, voltage-gated Ca2+ channels and TGN-

derived vesicles not associated with Piccolo and Bassoon (Fairless et al. 2008; Maas 

et al. 2012). 



I. Introduction 
 

 31 

Moreover, a study recently identified lysosomes as a new precursor organelles for the 

axonal transport of synaptic cargoes (Vukoja et al. 2018). The authors showed that the 

presynaptic biogenesis of some SV proteins such as Synaptotagmin 1 and the vesicular 

glutamate transporter (vGLUT) are co-transported with active zone proteins (i.e. 

Bassoon) in lysosomes-derived vesicles, bringing new insights on lysosomal 

dysfunction in neuronal disease (Vukoja et al. 2018).  

STVs and PTVs are targeted to presynaptic terminals via MTs-based axonal transport 

(Sabo, Gomes, and McAllister 2006; Chua et al. 2012; Yagensky, Kalantary Dehaghi, 

and Chua 2016). It has been hypothesized that once targeted, 2-3 PVTs fuse with the 

presynaptic membrane of nascent synapses, thereby generating the active zone, 

followed by the progressive clustering of STVs (Ziv and Garner 2004).  

A different mode of synaptic delivery has been identified in zebrafish where synapsin, 

a significant protein of SVs, is transported in packets independently of STVs and PTVs 

(Easley-Neal et al. 2013). The recruitment of synapsin was rather regulated by cyclic-

dependent kinase 5 (CDK5). Hence, CDK5 controls the size and availability of the 

synaptic vesicle pool by phosphorylation of synapsins (Easley-Neal et al. 2013). 

At postsynaptic membranes, NT receptors, ion channels, transporters and pumps are 

also transported and delivered by specific mobile packets (Setou et al. 2000; Sytnyk et 

al. 2002; Washbourne, Bennett, and McAllister 2002).  

As dynamic interactions between cytoskeleton and molecular cargoes regulate the 

delivery of synaptic components of the active zone (Kilinc 2018), CAMs, notably 

Synaptic CAMs, are also very important mechanical actors and act in concert to 

regulate the initiation of synapse formation (discussed in section 1.5) (Biederer et al. 

2002; Fogel et al. 2011; Stagi, Fogel, and Biederer 2010; Fogel et al. 2007).  
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1.4 Synaptic transmission 

Katz and Miledi (1967) discovered the fundamental mechanism of synaptic 

transmission. Synaptic transmission relies on action potential (AP) initiation. Neurons 

and other cell types maintain a voltage difference (a different concentration of ions) at 

both the extracellular and the intracellular environment, known as the membrane 

potential (Hodgkin and Huxley 1952).  At the neuron resting state, this difference is 

called the resting potential. The AP is an electric impulse which corresponds to a 

variation of this membrane potential, allowing ions to pass the membrane through 

specific voltage-gated channels.  

 

When the membrane potential reaches a threshold value (i.e. because of a stimulus), 

an AP is generated. This action potential is propagated along the axon to arrive at the 

presynaptic terminal and causes a shift in ionic charges, called membrane 

depolarization. Voltage-gated Ca2+ channels open and induced a subsequent highly 

localised increase of Ca2+ in the presynaptic terminal. Ca2+  diffuses around synaptic 

vesicles near the active zone and triggers the fusion of synaptic vesicles with the 

plasma membrane. This process allows the release of neurotransmitters (NTs) into the 

synaptic cleft. By binding of NTs to their respective receptors on the postsynapse, a 

postsynaptic current is produced, and synaptic transmission is initiated. 
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1.4.1 Synaptic Vesicles 

1.4.1.1 Synaptic vesicle proteins 

Synaptic vesicles (SVs) store NTs at presynaptic terminals before exocytosis. SVs are 

tightly packed with a cluster of transmembrane proteins that are mainly localized at 

SVs (Sudhof 2004; Takamori et al. 2006). These proteins are involved in NT packing, 

storage and trafficking. SV proteins are heterogeneous and include SV-specific 

proteins like the synaptic vesicle glycoprotein 2 (SV2), synaptophysin (p38), synapsin, 

that might assist NT release; the vesicle-associated membrane protein (VAMP) also 

known as synaptobrevin, the Ca2+ sensor synaptotagmin; NT transporters like the 

vesicular glutamate transporter (vGLUT) and the vesicular transporter GABA 

(VGAT) (non-exhaustive list) (Sudhof 2004; Shigeo Takamori et al. 2006; Pinto and 

Almeida 2016). Hence, these proteins can be used as synaptic markers for the general 

presynaptic compartment and help visualize synaptic vesicles.  

SV2 is an integral membrane, transporter-like glycoprotein. SV2 has been shown to 

regulate synaptic vesicle dynamics and presynaptic Ca2+ signalling (Wan et al. 2010). 

However, it is still unknown how Ca2+ regulation is operated. SV2 is required for the 

maintenance of the readily-release pool (RRP) at the active zone (Wan et al. 2010) and 

is a regulator of Ca2+-induced exocytosis of NTs (Crowder et al. 1999; Janz et al. 1999).  

Other membrane-associated proteins involved in synaptic vesicle dynamics are 

Synapsins (Hilfiker et al. 1999; Gitler et al. 2008; Song and Augustine 2015). They 

highly regulate NT release by controlling the availability of SVs within a reserve pool 

(RP). Synapsins are phosphoproteins that anchor presynaptic vesicles in the actin 

cytoskeleton and to each other, forming a complex of SVs-actin-synapsins. They are 

mainly localized to SVs in a distal pool, away from the presynaptic membrane. Upon 
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neuronal stimulation, synapsins get phosphorylated by kinases, detach from the 

cytoskeleton and are recruited to the active zone (Hilfiker et al. 1999; Sakurada et al. 

2002). Notably, the serine 603 of Synpasin-1 is phosphorylated by Ca2+/calmodulin-

dependent protein kinase II (CaMKII) (Czernik, Pang, and Greengard 1987; Cesca et 

al. 2010). Phosphorylation of Serine 603 strongly reduced its binding affinity to both 

SVs and actin, thus inhibiting the SVs-actin-synapsins complex (Valtorta et al. 1992; 

Benfenati et al. 1992; Ceccaldi et al. 1995). More recently, synapsin has been shown 

to assemble into distinct liquid-phase that clusters SVs and CaMKII phosphorylation 

disrupt this biomolecular condensate providing new insights on SVs clusters 

mechanisms and RP regulation (Milovanovic et al. 2018). It remains to be addressed 

whether or not other SV organelles can also self-organise following this liquid-liquid 

phase principles.   

1.4.1.2 Synaptic vesicle cycle 

Docking, priming and fusion of SVs– SVs are stored in presynaptic plasma membrane 

area called the active zone (Figure 1.5). At the active zone, multidomain proteins 

provide a proper scaffold for "docking", where close positioning and contact of SVs 

to the presynaptic membrane happen, then "priming" SVs rendering them ready to 

release their material, before triggering Ca2+-dependent SVs fusion with the plasma 

membrane (Südhof 2013; Neher and Brose 2018). Docked and primed SVs constitute 

the readily releasable pool (RRP) where SVs are immediately available for fusion 

when an AP occurs (Holderith et al. 2012). The neuronal Soluble NSF attachment 

proteins (SNARE) have been identified as crucial regulators of the fusion and 

exocytosis machinery including the SV protein synaptobrevin 2 (VAMP2) and 

syntaxins (Jahn and Fasshauer 2012; Rizo and Südhof 2012).  
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The calcium sensor synaptotagmin lock the SNARE complex along with other target-

cell associated SNARE, SNAP25 and syntaxin, to form a trans-SNARE complex, 

allowing the two membranes to fuse (Südhof and Jahn 1991; Jahn and Scheller 2006; 

Südhof 2013).  This process is facilitated by other priming proteins such as Munc 18 

that binds to syntaxin 1, recruiting the proteins complexin and Munc 13 (Rizo and 

Südhof 2012). Synaptotagmins acts as Ca2+ sensors and a critical regulators of 

exocytosis. Binding of Ca2+ to synaptotagmins on its two C2 domains triggers Ca2+-

dependent exocytosis (Brose et al. 1992). The SNARE complex is then disassembled 

with NSF and SNAP proteins, and the SVs are recycled (Littleton et al. 2001).  

 

Endocytosis and recycling – Following vesicle fusion with the plasma membrane, 

synaptic vesicles are retrieved and endocytosed (Figure 1.5). To date, at least four 

models of SV recycling have been described: “Kiss-and-run”, Clathrin-Mediated 

Endocytosis (CME), ultrafast endocytosis and activity-dependent bulk endocytosis 

(ADBE) (Gan and Watanabe 2018; Chanaday et al. 2019a). In the “Kiss-and-run” 

model, docked and primed SVs open and immediately close their fusion pore in a fast 

manner (<1-2s) with direct retrieval and local SVs recycling, for reacidification and 

refilling with NTs (Alabi and Tsien 2013). The dominant model of recycling is by 

CME with clathrin-coated pits and clathrin adaptor proteins such as AP2 reforming 

the vesicle inside the presynaptic terminal (Saheki and De Camilli 2012). This model 

is relatively slow (10-30s) where the fission of such pits is mediated by the GTPase 

dynamin-1 (Watanabe et al. 2013) and vesicles lose their coat through the action of 

synaptojanin-1 and endophilin adaptors (Milosevic et al. 2011; Milosevic 2018). 

Ultrafast endocytosis occurs at a time scale of 50-100ms and large endocytic vesicles 
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are directly targeted to synaptic endosomes, where budding generates new SVs in a 

clathrin-dependent manner (Watanabe et al. 2013; 2014; Delvendahl et al. 2016). In 

the ABDE model, large areas of membrane are retrieved within 1-2s during 

endocytosis in a clathrin-independent manner to form intracellular bulk endosomes, 

from which SVs regenerate (Kononenko and Haucke 2015; Chanaday et al. 2019a). 

The filling of new SVs with NTs occurs either via the endosomal pathway or directly 

back to the reserve pool through a proton (H+) vacuolar ATPase pump (Blakely and 

Edwards 2012; Farsi, Jahn, and Woehler 2017) (Figure 1.5).   
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Figure 1.5: Synaptic vesicle cycle at the presynaptic terminal. Neurotransmitters (NT) are 
packed into synaptic vesicles (SVs) (1) and constitute a reserve pool (2). SVs are then docked 
at the active zone (3) before the priming step (4), where they are ready for the Ca2+-dependent 
fusion with the plasma membrane (5), releasing their material in the synaptic cleft. SVs are 
recycled and can follow distinct pathways of endocytosis (6-8): “kiss-and-run” with direct 
reuse of SVs at the active zone (6), a fast recycling route back to the synaptic endosome (7) 
and clathrin-mediated endocytosis (CME) (8) via the endosomal pathway, where vesicle 
acidification and NTs reuptake occur (9). Ultrafast endocytosis is not depicted here. Adapted 
according to Chanaday et al. 2019.  
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1.4.2 Excitatory and inhibitory synapse 

Synaptic transmission requires the precise alignment of the presynaptic terminal and 

the postsynaptic density (PSD), where CAMs bridges both pre-synaptic and post-

synaptic specialization thereby maintaining adhesion at synaptic sites (Scheiffele 

2003; Ledda 2012). PSD is a microdomain containing specific neurotransmitter 

receptors as well as scaffolding proteins and signalling molecules. Synapses in the 

brain are divided by two major components: excitatory synapses and inhibitory 

synapses. Excitatory transmission is characterised by the binding of NTs that induce 

opening of cationic channels, causing the depolarization of the postsynaptic membrane 

and increasing the probability of the postsynaptic neuron to fire an AP. Electrical 

events resulting from this stimulus are called "excitatory postsynaptic currents" 

(EPSCs). In contrast, at inhibitory synapses, binding of NT induces chloride channels 

to open and decreases the likelihood of an AP by hyperpolarization of the postsynaptic 

membrane. Such electrical events are called "inhibitory postsynaptic currents" (IPSCs) 

(Miyakawa and Hiroyoshi 2009). Hence, information transfer in the brain is mediated 

by excitatory synapses, whereas inhibitory synapses shape the patterns of neuronal 

activity. Typically, both synapses are found at specific subcellular regions of the 

postsynaptic neuron: excitatory synapses are formed at small but very dynamic 

protrusive compartments out of a dendrite, called spines (Bourne and Harris 2008); 

inhibitory synapses generally localize on axon segments or cell body.  

Excitatory transmission in the adult brain uses glutamate as a neurotransmitter. Briefly, 

glutamate is synthesized from glutamine in the neuronal mitochondria, then 

transported into synaptic vesicles by vesicular glutamate transporters (vGLUT) to the 

active zone for release.  
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Upon action potential arrival and vesicle release, glutamate is released into the 

synaptic cleft, where it binds to and activates two types of ionotropic glutamate 

receptors: The N-methyl-D-aspartate (NMDA) and the α-amino-3-hydroxy-5-methyl-

4-isoxazole propionic acid (AMPA) receptors on the postsynaptic membrane. Both 

types of receptors are ligand-gated ion channels, allowing the non-selective passage of 

N+ and K+ ions. AMPARs activation by ligand binding open the ion channel and 

induce a fast depolarization of the postsynaptic membrane through an influx of Na+ 

ions. Mg2+ ions block NMDARs, and these receptors require depolarization in addition 

to glutamate, plus the co-agonist glycine to be activated. When activated, NMDARs 

allow an influx of Ca2+ and increase the Ca2+ concentration within the postsynaptic 

neurons, acting then as a second messenger and activating signalling cascades.  

The membrane-associated guanylate kinase proteins (MAGUK) family, NMDA 

receptors and the calcium-calmodulin-dependent kinase II (CaMKII) are critical 

components of the PSD of excitatory synapses (M. B. Kennedy 1997; Collins et al. 

2006). MAGUK binds directly to NMDA and AMPA receptors, and hold the synapse 

together (E. Kim and Sheng 2004). Another effector protein is recruited to the post-

synaptic sites, PSD-95. PSD-95 interacts with CAMs and other signalling molecules, 

thereby linking CAMs to cytoplasmic pathways (Irie et al. 1997; Garner, Nash, and 

Huganir 2000). At excitatory synapses, two forms of long-lasting changes have been 

identified: long-term potentiation (LTP) and long-term depression (LTD). Briefly, 

LTP is induced by high-frequency stimulation and increases synaptic transmission 

(Bliss and Lømo 1973). LTD is a process that weakens the efficacy of synaptic 

connections upon low-frequency stimulation (Dudek and Bear 1992).  
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Inhibitory transmission is mediated by γ-Aminobutyric acid (GABA) and glycine 

neurotransmitters, binding respectively to ligand-gated chloride channels GABA and 

glycine receptors. The enzyme glutamic acid decarboxylase (GAD) synthesize GABA 

from glutamate and is transported to the active zone by vesicular GABA transporters 

(vGAT). Gephrin, a tubulin-binding protein, has been identified in inhibitory synapse 

PSD, along with glycine receptors (Pfeiffer, Graham, and Betz 1982). 

 

1.5 Cell adhesion molecules at synapses 

 

In central nervous system synapses, there is no basal lamina at the synaptic cleft. Hence, 

many have hypothesized that synaptic cell adhesion molecules (CAMs) embedded 

within pre- and postsynaptic membrane are responsible for synaptic signalling, where 

postsynaptic molecules are considered as adhesion-based differentiation signals to 

incoming axons (Akins and Biederer 2006; Siddiqui and Craig 2011). Indeed, Synaptic 

CAMs instruct a wide range of function and are involved in different steps of synapse 

formation, from guiding axon terminals towards the correct postsynaptic target to fully 

functional synapses with the recruitment of pre- and postsynaptic proteins (section 1.3 

and Figure 1.4). Synaptic CAMs are located at both pre- and postsynaptic 

compartments, spanning across the synaptic cleft. They interact in homo- and 

heterophilic manner via their extracellular domains (Figure 1.6).  
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Their intracellular domains are coupled to the actin cytoskeleton, neurotransmitter 

receptors and synaptic vesicles, as well as scaffold proteins, thereby facilitating 

synaptic transmission (Figure 1.6). Various studies in vertebrate identified specific 

CAMs at synapses that are not just involved in the physical cell-cell adhesion process, 

but can induce neurons to form functional synapses (Biederer et al. 2002; Dityatev, 

Dityateva, and Schachner 2000; Scheiffele et al. 2000; Sytnyk et al. 2002; Fu et 

al.2003; Sara et al. 2005). Thus, Synaptic CAMs are involved in multiple steps of 

synaptogenesis.  

Two main subgroups of CAMs are found on growing axons: the Ca2+-dependent 

CAMs that express their adhesive function in the presence of Ca2+ and, the Ca2+-

independent members that function independently of Ca2+. (M. Takeichi 1988; Kemler, 

Ozawa, and Ringwald 1989). CAMs of the Immunoglobulin (Ig) Superfamily mediate 

Ca2+-independent interactions, whereas cadherins mediate Ca2+-dependent signalling. 

Synaptic CAMs are then classified according to their adhesive specificity, 

characterised by their functional extracellular domains. These domains often consist 

of repeated units, allowing them to instruct a various number of interactions. 

In this section, I will describe major synaptic CAMS in establishing synapses 

formation and differentiation, with a particular emphasis on synaptic cell adhesion 

molecule 1 - SynCAM1 - of the immunoglobulin(Ig) superfamily (SF) (Figure 1.6).  
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Figure 1.6: Functions of CAMs at synapses. Synaptic CAMs span the entire synaptic cleft 
and interact with cytoskeleton component such as actin at both pre- and postsynaptic 
membranes. At the presynaptic site, they regulate SVs recycling whereas at the postsynaptic 
site they are recruiting NTs receptors and scaffolding molecules such as PSD95. Particularly 
SynCAM1 interacts with proteins 4.1B and 4.1N, FARP1 and Rac1 to modulate actin 
polymerisation.  
 
 

1.5.1 Cadherins domains 

Cadherins are Ca2+-dependent transmembrane glycoproteins joining membrane 

through adhesive binding. N-cadherin is the most abundant cadherin that localizes at 

synapses (Uchida et al. 1996). Expressed very early at synaptic sites, they participate 

in the stabilization of axodendritic contact at nascent synapses (Benson and Tanaka 

1998) as well as participating in the stabilization of spines at mature synapses 

(Masatoshi Takeichi and Abe 2005). They interact with β-catenin and link the complex 

to the actin cytoskeleton, stimulating the activity of Rho family GTPases that remodel 

actin filaments in spines, thereby stabilizing synapse (Takeichi and Abe 2005). 

Importantly, even though they are involved in synapse maturation and function, 
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cadherins fail to induce synapses in the in vitro synaptogenesis assay (described in 

section 1.6.4 and in Chapter five) (Takeichi 2007).  

1.5.2 Neurexin / Neuroligin complex 

Neuroligin-1 (NL-1) was the first cell adhesion molecule to induce presynaptic 

differentiation in an in vitro "artificial synapse" assay (Biederer and Scheiffele 2007; 

Sara et al. 2005; Scheiffele et al. 2000; Graf et al. 2004; Chih, Engelman, and 

Scheiffele 2005; Nam and Chen 2005; Chubykin et al. 2007). Neuroligins are 

postsynaptic single-span proteins that were identified as neurexin ligands (Ichtchenko 

et al. 1995). Neuroligins located on the postsynaptic membrane binds in a heterophilic 

manner to presynaptic neurexin, and form a trans-synaptic binding complex to induce 

the formation of functional presynaptic terminals (Scheiffele et al. 2000; Levinson et 

al. 2005; Chih, Engelman, and Scheiffele 2005; Prange et al. 2004; Graf et al. 2004). 

This trans-synaptic association is Ca2+-dependent.  

Hence, postsynaptic neuroligins comprise not only a cue but also relay signals from 

presynaptic neurexins. Neuroligin extracellular sequence is mainly composed of a 

single esterase-like domain, and their cytoplasmic tail comprises a PDZ-binding 

sequence. Pre-synaptic neurexins are single transmembrane proteins with a short 

cytoplasmic tail and large extracellular domain. Their intracellular carboxy-terminal 

tails also contain a PDZ domain binding sequence that interacts with CASK from the 

MAGUK family (Hata, Butz, and Südhof 1996)(Chih, Engelman, and Scheiffele 2005) 

and the protein 4.1 (T. Biederer and Sudhof 2001). Neurexin-neuroligin binding is 

mediated by their respective extracellular LNS domains (Boucard et al. 2005; 

Washbourne et al. 2004). Artificial synapse assay in which neurons cultured with 

neuroligin-expressing non-neuronal cells lead to presynaptic vesicle recruitment such 
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as synapsin and synaptotagmin in the contacting neuron (Scheiffele et al. 2000) 

whereas postsynaptic differentiation markers such as PSD95 and GABA receptors are 

recruited when neurons are cultured with neurexin-expressing non-neuronal cells 

(Graf et al. 2004; Nam and Chen 2005). Thus, neurexins are expressed by both 

excitatory and inhibitory neurons. Post-synaptic neuroligin has the specificity to 

localise at particular synapses. NL-1 is located at excitatory synapses (Song et al. 

1999) whereas NL-2 and NL-4 preferentially locate at inhibitory synapses (Graf et al. 

2004; Chih, Engelman, and Scheiffele 2005; Varoqueaux, Jamain, and Brose 2004). 

NL3 is present at both types of synapses (Budreck and Scheiffele 2007). Sara et al. 

(2005) further demonstrated that synaptic vesicles in NL-1 induced presynaptic 

specialisations were able to release the excitatory neurotransmitter glutamate in 

electrophysiological experiments. Additionally, it has been shown that PSD-95, an 

adaptor protein located at the postsynaptic site in glutamatergic synapses, binds to the 

cytosolic tail of neuroligins through its PDZ-binding motif (Irie et al. 1997). NL-1 is 

also strongly implicated in the recruitment of AMPA and NMDA receptors to the 

synapse (Blundell et al. 2010; Budreck et al. 2013; Hoy et al. 2013). Thus, NL-1 

stimulates the growth and differentiation of excitatory synapses.  

Coherent with NL-1 localisation at post-synapses, NL-1 single knockout selectively 

weakens excitatory synaptic strength, where the ratio of NMDA to AMPA receptor is 

decreased, whereas single knockout of NL-2 selectively depresses inhibitory synaptic 

transmission (Chubykin et al. 2007; Poulopoulos et al. 2009). Overexpression of NL1, 

NL2 or NL3 in vitro in postsynaptic neurons increased the number of excitatory and 

inhibitory presynaptic terminals and the overall synapse density (Chih, Engelman, and 

Scheiffele 2005). Transgenic overexpression on neuroligins in a mouse model also 

confirmed the increased synapse density (Hines et al. 2008; Dahlhaus et al. 2010). In 
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contrast, downregulation by RNA interference of all three neuroligins resulted in a loss 

of both excitatory and inhibitory synapses (Chih, Engelman, and Scheiffele 2005). The 

differential expression pattern of neuroligins might explain how they control the 

functional balance between excitatory and inhibitory synapses. 

Neurexins and Neuroligins can interact with other CAMs and cell surface proteins, 

such as leucine-rich repeat transmembrane proteins (LRRTMs) (de Wit et al. 2009) 

and dystroglycan (Sugita et al. 2001). An LRRTM protein family has been identified 

as interacting with neurexin and instructing the function of excitatory synapses (Ko et 

al. 2009). Besides, the cooperation of neuroligin and N-cadherin is necessary for the 

retrograde control of synaptic vesicle clustering in presynaptic membranes (Stan et al. 

2010). Overall, different pairs of neurexin-neuroligin instruct the synaptic specificity 

of excitatory and inhibitory neurons.  

 

1.5.3 Neural Cell Adhesion Molecule (NCAM)  

Neural Cell Adhesion Molecule (NCAM) belong to the Immunoglobulin (Ig) 

Superfamily. Studies show that NCAM plays a role in both the early step of 

synaptogenesis and synapse maturation. Indeed, NCAM is one of the first proteins that 

accumulates at nascent synapses (Sytnyk et al. 2002; Sytnyk, Leshchyns'ka, and 

Schachner 2017). Clusters of NCAM at the surface of hippocampal neurons are 

associated via the spectrin cytoskeleton with trans Golgi network (TGN) organelles 

(Sytnyk et al. 2002). These complexes are translocated to the site of initial contact 

formation. Both presynaptic and postsynaptic NCAMs are necessary for the TGN 

organelles to be anchored at nascent synapses ant to promote stabilization of synaptic 

contacts (Sytnyk et al. 2002). At later stages, postsynaptic NCAM binds to the spectrin 
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cytoskeleton and recruits NMDA receptor, thereby controlling both numbers of 

synapses and synaptic strength (Dityatev, Dityateva, and Schachner 2000; Sytnyk et 

al. 2006). NCAM is also involved in homophilic NCAM-NCAM recognition and 

interaction as well as other CAMs partners and various heterophilic interactions 

including fibroblast growth factor (FGF) (Saffell et al. 1997; Aonurm-Helm et al. 

2010; Christensen, Berezin, and Bock 2011), and some extracellular matrix (ECM) 

component such as glycans and collagens (Margolis et al. 1996). The extracellular part 

of NCAM contains five Ig-like domains through which they allow protein-protein 

interactions with other proteins. NCAM adhesive interaction is highly regulated by 

post-translational modification with the addition of a long carbohydrate chain of 

polysialic acid (PSA) linked to its fifth Ig-like domain (Finne et al. 1983).  

NCAM-deficient mice exhibited a reduced level of synapses in hippocampal culture 

and decreased the amplitude of excitatory postsynaptic currents (Dityatev, Dityateva, 

and Schachner 2000). Another study showed reduced expression of PSD proteins such 

as PSD-95, and the subunits GluN1 and GluN2B of NMDA receptors in NCAM-

deficient mice (Sytnyk et al. 2006). This finding suggests that post-synaptic NCAM 

regulates excitatory synapse formation and function. However, NCAM itself is not 

sufficient to induce synaptogenesis (Sara et al. 2005), but its role remains crucial for 

the stabilization of synapses.  
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1.6 The Synaptic cell adhesion molecule 1 - SynCAM1  

In this section, I will thoroughly describe Synaptic Cell Adhesion Molecule – 

SynCAMs- family members with an emphasis on SynCAM1 expression, structure and 

function.  

1.6.1 Structural Organisation of SynCAMs 

As described above, many CAMs localising at pre- and postsynaptic plasma 

membrane have been identified. Among them, the synaptic cell adhesion molecules of 

the immunoglobulin superfamily – IgSF SynCAMs - are single-spanning membrane 

proteins and are encoded by four conserved genes, cell adhesion molecule 1-4 (CADM 

1-4). These genes were identified in multiple contexts, and hence, different protein 

names can be found in the literature (see Table 1.1). Biederer (2005) suggested to 

commonly name the family members SynCAM1, SynCAM2, SynCAM3, and 

SynCAM4 to clarify the nomenclature. All four family members are found in 

vertebrates and are highly conserved throughout the evolution and the vertebrate 

genome (Biederer 2006b). SynCAM1-4 are found in mammals, and the three members 

SynCAM1-3 are found in chicken (Biederer 2006b; Niederkofler et al. 2010). All four 

SynCAMs share a high degree of amino acid identity. Human and mouse genes 

encoding SynCAM1 proteins share 98% of sequence homology (Biederer 2006).  
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Table 1.1: Names and functions of SynCAM family members. Their respective context in 
which they were identified are detailed. Adapted from Frei and Stoeckli 2014. 

 

 

Protein Names Function associated 

SynCAM 1  Synaptogenesis and synapse maturation (Biederer et al. 2002; 

Sara et al. 2005; Fogel et al. 2007; 2010; 2011; Hoy et al. 2009; 

Stagi, Fogel, and Biederer 2010; Robbins et al. 2010) ; Axon 

guidance (Niederkofler et al. 2010; Frei et al. 2014; Stagi, Fogel, 

and Biederer 2010) 

Necl2  Epithelial adhesion at the basolateral membrane (Takai et al. 

2008; Shingai et al. 2003) 

TSLC1 / IGSF 4 Tumour Suppressor (Kuramochi et al. 2001)  

RA 175 Mouse ortholog of TSLC1 (Urase et al. 2001; Fujita et al. 2005); 

Spermatogenesis (Maekawa et al. 2011) 

Sg1 GSF Spermatogenesis (Wakayama et al. 2001) 

SynCAM 2 Synaptogenesis and synapse maturation (Stagi, Fogel, and 

Biederer 2010; Fogel et al. 2010; 2011); Axon guidance 

(Niederkofler et al. 2010; Frei et al. 2014) 

Necl 3 Cell-Cell adhesion (Takai et al. 2008) 

SynCAM 3 Axon-astrocytes contact (Kakunaga et al. 2005); Myelination in 

PNS and CNS (Maurel et al. 2007; Spiegel et al. 2007; J. Park et 

al. 2008) 

Necl 1 Cell-Cell adhesion (Takai et al. 2008) 

TSLL 1  Tumour Suppressor (Fukuhara et al. 2001, 1) 

SynCAM 4 PNS myelination (Schwann cells – axon contact) (Maurel et al. 

2007; Spiegel et al. 2007) 

Necl 4 Cell-cell adhesion (Takai et al. 2008) 

TSLL 2 Tumour Suppressor (Fukuhara et al. 2001) 
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Alignment studies of SynCAMs sequences confirmed the significant conservation of 

their domains. Strikingly, their carboxy-terminal intracellular domain is the most 

conserved region between family members and between species and mainly denotes 

the importance of their protein-protein interaction motifs for their critical functional 

role (Biederer 2006a, 2006b). 

 

Their overall domain is organised with three extracellular Ig-like domains, a single 

transmembrane region, followed by a short cytosolic tail (Figure 1.7).  

The carboxy-terminal intracellular sequences of SynCAM1 comprises two binding 

motifs that interact with protein 4.1 family members (Hoover and Bryant 2000) and a 

PDZ type-II domain proteins (Hung and Sheng 2002). Proteins of the 4.1N and the 

4.1B families have been showed to link SynCAMs to the actin cytoskeleton via their 

FERM binding domains (Yageta et al. 2002; Y. Zhou et al. 2005; Hoy et al. 2009; 

Sakurai-Yageta et al. 2009). Via its PDZ-binding motif, SynCAM1 recruits several 

scaffold proteins involved in synaptic organization such as the membrane-associated 

guanylate kinase (MAGUK) (Montgomery, Zamorano, and Garner 2004; Oliva et al. 

2012) and the calcium / calmodulin-dependent serine protein kinase (CASK) (Biederer 

et al. 2002).  

The specific intracellular signalling partners and cascades of SynCAM1 at the synapse 

is thoroughly discussed in section 1.6.4. 
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The extracellular Ig-like domains are conserved as outlined above, through which 

SynCAMs engage in adhesive interactions (Brümmendorf and Rathjen 1996). Ig 

domains consist of two β-sheets, stabilised by a disulfide bond and compacted in a 

sandwich-like structure. The different topologies of the Ig domains differences are 

based on the number of strands comprised in the β-sheets (Biederer 2006b).  

 

 

 

 

Figure 1.7: Human SynCAM 1 structural organisation. SP designates the signal peptide, 
followed by the signal peptidase cleavage site (dashed line). Three distinct Ig-like domains (Ig 
1, Ig 2 and Ig 3) form the extracellular domain. The hexagons on each Ig-like domain depict 
N-glycosylation sites. The black segment shows the single transmembrane region of the 
protein, embedded in the lipid bilayer of the plasma membrane. The intracellular region 
contains specific sequence motifs that can interact with PDZ-domain and the cytoskeleton 
protein 4.1. Implanted between the Ig-domains and the transmembrane region, lies putative O-
glycosylation sites (light grey area). The bottom scale bar indicates the length of the variant 
with amino acid numbers. Figure from Biederer 2006, published in Molecular Mechanisms of 
Synaptogenesis (Springer, USA).  
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1.6.2 SynCAMs expression 

The brain predominantly expresses the four SynCAM transcripts, indicating brain-

specific functions of these proteins. SynCAM2, 3 and 4 expression is restricted to the 

brain. SynCAM1 is the only member of the family found in other tissues like testis 

and lung. In mast cells, SynCAM1 promotes their adhesion to neurites (Furuno et al. 

2005). SynCAM1 is also a tumour suppressor of non-small cell cancer cell lines 

(NSCLC) and was addressed as a Tumor suppressor in lung cancer 1 (Tslc1) 

(Kuramochi et al. 2001; Murakami 2005). How specific then is SynCAMs expression 

in the brain? In situ hybridisation studies demonstrated that all SynCAMs are broadly 

expressed in forebrain region by postnatal developmental stage P15 in mouse, during 

the peak period of synaptogenesis, when intense synapse formation occurs (Harris, 

Jensen, and Tsao 1992; Fiala et al. 1998). Furthermore, in situ hybridisation for 

SynCAMs in parallel with immunostaining with NeuN, a neuronal nuclear and 

differentiation marker, showed a positive colocalisation signal, revealing that all 

SynCAMs are expressed in neurons (Fogel et al. 2007).  

Differential expression of SynCAMs has been identified in the hippocampus. 

SynCAM1 is consistently enriched in CA1, CA3 areas, and the dentate gyrus, 

respectively in the pyramidal neurons and granule cells. Hence, SynCAM1 distribution 

is consistent with its significance in neurodevelopmental disorders, as a dysregulation 

of hippocamal formation is strongly implicated in a broad range of diseases like 

schizophrenia, epilepsy and depressive and anxiety disorders (Small et al. 2011). 

The CA1 hippocampal area expresses a high level of SynCAM2, whereas SynCAM3 

and 4 are strongly expressed in both CA1 and CA3 areas (Fogel et al. 2007).  
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Altogether, the expression pattern of SynCAMs in the brain indicate not only extensive 

functions but also distinct roles in specific areas and neuronal populations. This is in 

line with their general role at synapses in the CNS (Biederer et al. 2002). 

 

1.6.3 SynCAMs interactions 

SynCAM1 engages in both homophilic and heterophilic interactions, as well as cis- 

(in the same membrane plane) and trans- (interaction between proteins of two distinct 

cells) adhesion complexes. Homophilic interaction of SynCAM1, was demonstrated 

by affinity chromatography in which Ig-fusion protein was generated, containing 

either the full extracellular sequence of SynCAM1 or a mutant lacking its Ig-domains 

required for interaction (Fogel et al. 2007). Full-length SynCAM1 was able to bind 

endogenous SynCAM1 of brain fractions but not the mutant lacking Ig-domains (Fogel 

et al. 2007). This homophilic binding was further confirmed in a cell-based interaction 

assay, where SynCAM1-induced expression leads to cell aggregation into clumps, 

explicitly showing that SynCAM1 mediates cell adhesion (Fogel et al. 2011). 

Moreover, this binding was shown to be independent of Ca2+, and hence confirms the 

adhesive properties of SynCAM1 at synapses that act like a “glue” (Biederer et al. 

2002). Fogel et al. (2007) later confirmed the homophilic adhesive properties of 

SynCAM1 via their Ig-domains in a bead clustering assay. Briefly, fluorophore-

labelled beads were coated with SynCAM1 extracellular domain, resulting in an 

extensive clustering of the beads. Furthermore, HEK293 cells expressing full-length 

SynCAM1 were engaged in cell-cell adhesive trans-interactions. SynCAM2 and 

SynCAM3 were shown to form homophilic complexes but not SynCAM4 (Fogel et al. 

2007). Heterophilic interactions were evaluated with the same method of affinity 



I. Introduction 
 

 53 

chromatography. SynCAM1 binds preferentially to SynCAM2 in trans whereas strong 

interaction was detected between SynCAM3 and SynCAM4 (Fogel et al. 2007).  

Affinity chromatography experiments showed that heterophilic interactions happened 

to be stronger than homophilic adhesion (Fogel et al. 2007; Biederer et al. 2002).  

 

SynCAMs can also interact in cis and trans. It has been shown that SynCAM1 first 

engages in cis-assembly of oligomers before establishing homo- or heterophilic trans-

adhesion complexes (Fogel et al. 2011). SynCAM1 cis-interaction occurs via their Ig 

2 and Ig 3 domains, whereas the first Ig-domain of SynCAM1 is required for trans-

binding (Fogel et al. 2007, 2011). Indeed, adhesive interaction between COS 7 

expressing different subsets of SynCAM1 Ig-domains, and soluble fusion protein IgG-

Fc-SynCAM 2 were tested. Ig 2 and Ig 3 domain of SynCAM1 failed to retain 

SynCAM2 on COS 7 cell surface. Cis-assembly of SynCAM1 proteins promotes their 

homophilic or heterophilic trans-adhesion (Fogel et al. 2011).  

A complete overview of SynCAM family members cis- and trans- interaction is shown 

in Table 1.2. 
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Table 1.2: Binding interactions of SynCAMs family. cis- and trans- binding partners and 
homo- heterophilic interactions of SynCAMs family members. Table adapted from (Biederer 
et al. 2002; Shingai et al. 2003; Kakunaga et al. 2005; Fogel et al. 2007; Maurel et al. 2007; 
Spiegel et al. 2007; Fogel et al. 2011; Niederkofler et al. 2010; Frei et al. 2014) 

 

N-glycosylation highly regulates preferences and strength of Cis-Ig 2 Ig 3 dependent-

interactions. Trans-binding regulates synaptic adhesion strength between pre and 

postsynaptic membranes. N-glycosylation sites are located within the three 

extracellular Ig-domains, and an O-glycosylation stalk is juxtaposed to the exon 

encoding the transmembrane region (Biederer 2006b) (Figure 1.7). SynCAM1 and 

SynCAM2 exert differential post-translational modifications during brain 

development (Fogel et al. 2010). 

SynCAM1 and SynCAM2 also possess O-glycosylation sites, but not SynCAM3 and 

SynCAM4 (Biederer 2006b). Whereas the functions of O-glycosylation sites remain 

unknown, N-glycosylation has been identified to affect the structure and function of 

SynCAM interactions (Fogel et al. 2007, 2010). As trans-interactions require the first 

Ig-domain, N-glycosylation in this domain can modify synaptic adhesion and strength 

(Fogel et al. 2010).  

SynCAMs family 
members 

SynCAM 1 SynCAM 2 SynCAM 3  SynCAM 
4 

SynCAM 1  Homophilic 
Cis, trans 

   

SynCAM 2 Heterophilic 
Cis, trans 

Homophilic 
Cis, trans 

  

SynCAM 3 No 
interaction 

No 
interaction 

Homophilic 
Cis, trans 

 

SynCAM 4 No 
interaction 

No 
interaction 

Heterophilic 
Cis, trans 

Unknown   
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Indeed, SynCAM1 N-glycosylation promotes homo- and heterophilic adhesion to 

SynCAM2 (Fogel et al. 2007). Mutational studies also showed that N-glycosylation of 

SynCAM1 in specific asparagines (Asn70 / Asn140) increases its trans-synaptic 

interactions, whereas SynCAM2 N-glycans at Asn60 reduces its adhesive capability 

(Fogel et al. 2010). Furthermore, the modification of SynCAM1 with glycans also 

increase its synaptogenic activity as evidenced by an increase in presynaptic vesicle 

recruitment in cell culture (Fogel et al. 2010).  

Hence, N-glycosylation does not only alter synaptic adhesive strength during brain 

development but also changes the structural organisation of SynCAM complexes at 

the synapse. 

 

1.6.4 SynCAMs at the synapse 

SynCAMs contribute to the induction, the organisation and the maintenance of 

synaptic complexes. SynCAM1 is expressed and localises on axonal growth cone of 

developing neurons. Upon rapid axodendritic contacts between the growth cone and 

its target, SynCAM1 individually assemble into cis-clusters to generate stable 

adhesion, before synaptogenesis (Stagi, Fogel, and Biederer 2010).  

SynCAM proteins are located explicitly at pre and post-synaptic sites, where they act 

like a "glue" that engages pre- and post-synaptic machinery. Electron microscopy and 

super-resolution imaging studies recently showed that SynCAM1 is enriched in the 

synaptic cleft at the edge of the post-synaptic membrane (Perez de Arce et al. 2015). 

Biederer et al. (2002) initially demonstrated and reported the function of SynCAM1 

in synapse formation and differentiation in a co-culture experiment in vitro.  
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1.6.4.1 Co-culture assays in synapse formation 

Co-culture assays are experiments that help to validate the synaptogenic function of a 

protein (Figure 1.8). It evaluates whether a molecule can induce ectotopic synapses. 

The co-culture assay typically consists of non-neuronal cells transfected with a 

putative postsynaptogenic candidate, seeded atop of and co-cultured with dissociated 

neuronal cells, at a time when synaptogenesis begins to occur in culture. If the 

candidate protein can induce synapses, the formation of synaptic specialisation will 

develop at specific contact sites between non-neuronal cells and neuronal processes 

(Scheiffele et al. 2000).  

 

Figure 1.8: The co-culture synaptogenic assay. This method was developed to evaluate cell-
surface molecules and their ability to recruit proteins (i.e. synaptic vesicles) required for 
synapse structure and function. Co-culture design, non-neuronal cell: Neuroligin-1 (green); 
neurons: synapsin (red). Adapted from (Scheiffele et al. 2000; Biederer and Scheiffele 2007). 

 

Such synaptic specialisations can be detected by the expression of presynaptic marker 

proteins, 1-2 days after seeding process, where immunostaining locates the presynaptic 

protein at the neuronal site of the contact. When expressed in HEK293 cells, 

SynCAM1 is sufficient by itself to induce neuronal presynaptic specialisation, as 

evidenced by the presence of a synaptic vesicle protein synaptophysin, forming 
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immunopositive clusters at contact sites on HEK293 cell surface (Scheiffele et al. 

2000; Biederer and Scheiffele 2007). 

Furthermore, the neurons developing these presynaptic specialisations induced by 

SynCAM1-expressing HEK293 contains active recycling vesicles, and are capable of 

endocytosis and exocytosis. This was demonstrated by the use of FM dye in vesicle 

recycling experiments (Biederer et al. 2002). FM dyes are lipophilic molecules that 

insert and fluoresce only in the hydrophobic environment, such as the membrane of a 

synaptic vesicle. Thus, FM dye fluorescence levels can be monitored to assess the 

vesicular activity during recycling. The size of the presynaptic vesicle pools can also 

be estimated. Co-culture with SynCAM1-expressing HEK293 were labelled with the 

FM5-95 dye and were subsequently stimulated by depolarisation to trigger synaptic 

vesicle release (Biederer et al. 2002). 

Consequently, FM dyes are endocytosed into synaptic vesicles, at specific SynCAM1-

induced neuronal specialisations formed atop of HEK293. FM dye levels were 

significantly increased in these specialisations, indicating a large vesicle pool size. 

Interestingly, this synaptic vesicle recycling activities found in co-cultures are highly 

similar to ones found at healthy synapses between neurons (Sara et al. 2005).  

Additionally, co-expression of SynCAM1 with the glutamate receptor GluR2 in the 

postsynaptic HEK293 cell in the same co-culture assay resulted in spontaneous 

electrical activity in non-neuronal cells (Biederer et al. 2002). SynCAM1 

overexpression in hippocampal neurons also showed an increased postsynaptic 

electrical activity (Sara et al. 2005).  

To conclude, these co-culture experiments demonstrate that postsynaptic SynCAM1 

induces hippocampal neurons to develop fully functional presynaptic specialisations.  
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1.6.4.2 SynCAM1 regulate synaptic plasticity 

Conversely, a transgenic mice model overexpressing SynCAM1 in excitatory neurons 

showed an increase in both number of excitatory synapses and mEPSCs frequencies 

when compared to control littermates, whereas a constitutive SynCAM 1 knockout 

mouse model showed reduced mEPSCs frequencies, and reduced excitatory synapses 

number (Robbins et al. 2010).  

Interestingly, another study shows that SynCAM1 also affects the structural 

organisation of photoreceptor ribbon synapses in the mouse retina (Ribic et al. 2014). 

Based on a SynCAM1 knock out mouse model, Ribic et al. (2014) similarly observed 

a reduced number of synaptic ribbon terminals, a specific structure of pre-synapse at 

the retina, resulting in defective signal transduction in the rod photoreceptor pathway.  

As evidenced by the fact that SynCAM1 is still expressed in the hippocampus after the 

peak of synaptogenesis in mouse (at developmental stage P14) (Biederer et al. 2002; 

Fogel et al. 2007), it was hypothesised that SynCAM1 regulates mature synapses and 

synaptic plasticity. Robbins et al. (2010) remarkably showed that Long-Term 

Depression (LTD) was revoked in mice continuously overexpressing SynCAM1. As 

expected in SynCAM1 KO animals, LTD was enhanced. This SynCAM1 -dependent 

LTD regulation also affects spatial learning behaviour and memory (Robbins et al. 

2010).  

These studies show that SynCAM1 is sufficient to not only induce synaptogenesis but 

is also required for excitatory synapses organisation, maturation and maintenance 

(Robbins et al. 2010; Bukalo and Dityatev 2012). Overall, SynCAM1 coordinates the 

early stage of development and regulate synaptic plasticity during adulthood.  
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1.6.4.2 SynCAM1 interactions at synapses 

SynCAM1 cis-binding at synaptic contacts (Stagi, Fogel, and Biederer 2010) leads to 

trans-adhesion complexes of SynCAMs across the synaptic cleft. At maturing 

excitatory synapses, SynCAM1 regulates synapses organisation and restrict their size 

in both pre-synaptic and post-synaptic terminals through specific homo- and 

heterophilic trans-adhesion (Fogel et al. 2007, 2011). SynCAM1-dependent trans-

synaptic adhesion leading to functional synapses rely on a variety of scaffold proteins 

and intracellular effector molecules that recruit the presynaptic vesicle exocytosis 

machinery and postsynaptic neurotransmitter receptors (Figure 1.9).  

The protein FARP1 (FERM, ARH/RhoGEF and Pleckstrin Domain Protein 1) was 

identified in a proteomic analysis of SynCAM1 KO mice (Cheadle and Biederer 2012). 

FARP1 is a guanine nucleotide exchange factor highly expressed in dendritic spines, 

the postsynaptic specialisations of mature excitatory synapses. Knockdown of FARP1 

in neurons reduces spine numbers and impact SynCAM1-mediated increased spine 

density. During trans-synaptic adhesion, postsynaptic FARP1 organise the presynaptic 

active zone via SynCAM1 clusters (Cheadle and Biederer 2012). At postsynaptic 

terminals, FARP1 and the short cytoplasmic tail of SynCAM1 interact via their 

respective FERM domains. FARP1 also recruits postsynaptic actin regulators via its 

DH (Dbl oncogene homology) and PH (pleckstrin homology) domains, including Rac-

1 from the Rho GTPase family. In turn, Rac-1 induces actin polymerisation in spines, 

thereby modulating spine dynamics. This postsynaptic SynCAM1 /FARP1 interaction 

has been shown to trigger retrograde trans-synaptic signalling that acts on the 

presynaptic active zone. Interestingly, FARP1 interaction with SynCAM1 cis-clusters 

is required for such retrograde regulation (Cheadle and Biederer 2012).  
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Figure 1.9: SynCAM1 interaction at both pre- and postsynaptic sites. SynCAM1 (orange) 
and SynCAM2 (green) both interact in cis- and trans- and with active zone proteins (CASK, 
Mint/Veli, proteins 4.1). Red dashed lines indicate retrograde signaling from the postsynapse 
to the presynapse through Rac1 and FARP1, thereby modulating the active zone. Purple 
dashed arrow indicate indirect recruitment of PSD95 by SynCAMs.  

 

The membrane-associated guanylate kinase (MAGUK) family is a well-conserved and 

widely-expressed group of proteins involved protein scaffolding and signal 

transduction. The calcium/calmodulin-dependent serine protein kinase (CASK) 

member from the MAGUK family is recruited by SynCAM1 at both pre and 

postsynaptic terminal to induce synaptogenesis (Oliva et al. 2012; Samuels et al. 2007). 

CASK is phosphorylated by the serine/threonine kinase Cdk5 and binds to the 

intracellular domain of SynCAM1. CASK is also an intracellular binding partner of 

neurexins at the presynaptic membrane (Hata, Butz, and Südhof 1996), and interacts 
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with pre-synaptic exocytic vesicle molecules such as Mint 1, Veli, voltage-gated Ca2+ 

channels and protein 4.1, linking CASK and the presynaptic vesicle release machinery 

to the actin cytoskeleton (Hoover and Bryant 2000; Samuels et al. 2007). Postsynaptic 

CASK interaction with SynCAM1 has been shown to contribute to the recruitment of 

NMDA receptors at the postsynaptic membrane ( Biederer et al. 2002). Mint1 is also 

a direct binding partner of SynCAM1 (Biederer et al. 2002). As CASK and Mint are 

downstream effectors of both SynCAM1 and neurexins/neuroligins, pre- and post-

synaptic organisation might be regulated by these two molecules acting in concert. 

Neurexins interact with postsynaptic neuroligins and leucine-rich repeat 

transmembrane neuronal protein families (LRRTM), recruiting PSD95 (Südhof 2008).  

SynCAM1 interacts explicitly with protein 4.1B and 4.1N through its FERM binding 

domain, to recruit NMDA and AMPA receptors respectively at the postsynaptic 

membrane (Y. Zhou et al. 2005; Hoy et al. 2009). As mentioned above, NMDA and 

AMPA receptors are glutamate receptors, and their activation always produces an 

excitatory postsynaptic response. Thus, through 4.1 proteins, SynCAM1 modulates 

excitatory postsynaptic differentiation. Interestingly, besides its expression at 

excitatory synapses in the hippocampus and the cortex, SynCAM1 was found to recruit 

γ-aminobutyric acid (GABA) receptors via multiple PDZ domain protein 1 (Mupp1) 

at inhibitory synapses between parallel fibres and Purkinje cells in the cerebellum 

(Eriko Fujita et al. 2012). No inhibitory synapses of SynCAM1 were detected in the 

hippocampus. Focal adhesion kinase (FAK) has recently been identified to be a 

downstream functional effector of SynCAM1 (Stagi, Fogel, and Biederer 2010).  

FAK is expressed in hippocampal growth cones, and its activity controls axonal 

pathfinding (Burgaya et al. 1995; Robles and Gomez 2006). FAK is also found in non-
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neuronal cells where it regulates adhesion sites, membrane protrusions and focal 

adhesions that are large complex connections of the extracellular matrix to the 

cytoskeleton (J. T. Parsons et al. 2000; Mitra, Hanson, and Schlaepfer 2005; Chan, 

Cortesio, and Huttenlocher 2009). At the growth cone of migrating neurons, FAK 

binds to axonal SynCAM 1 in a FERM-domain dependent manner (Stagi, Fogel, and 

Biederer 2010).  

SynCAM1 and SynCAM2 trans-complexes have been identified as the most post 

probable model for excitatory synaptic induction, as homophilic SynCAM1 trans-

binding is weaker than heterophilic SynCAM1 / SynCAM2 trans-interaction (Fogel et 

al. 2007, 2011). At presynaptic membranes, SynCAM2 potentially recruits CASK and 

modulates presynaptic functions. No direct interaction between SynCAM2 and CASK 

have been identified but based on SynCAMs conserved domain through the family, 

and such interaction would be very likely (Biederer 2006a). Postsynaptic SynCAM1 

recruits FARP1 to modulate dendritic spine dynamics and CASK, and protein 4.1 to 

indirectly recruits NMDA and AMPA receptors (Hoy et al. 2009; Cheadle and 

Biederer 2012; Kakunaga et al. 2005; Biederer et al. 2002).  

Altogether, SynCAM1 participate and affect the excitatory postsynaptic 

differentiation and stabilisation via these intracellular effectors.  

1.6.4.3 SynCAM1 in axon guidance and myelination 

As mentioned above, SynCAMs were first characterized as synaptic cell adhesion 

molecules (Biederer et al. 2002). A role in axon guidance was then unexpected (Stagi, 

Fogel, and Biederer 2010; Niederkofler et al. 2010). In the CNS, SynCAM1 and 

SynCAM2 are expressed by a subpopulation of interneurons in the dorsal area of the 

spinal cord, called the dI1 commissural axons. These neurons navigate and extend their 
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axons toward the spinal cord floor pate, then cross the ventral midline, to finally turn 

rostrally along the longitudinal axis and extend towards the brain (Chédotal 2011; 

Nawabi and Castellani 2011). SynCAM2, expressed at the floor plate, was identified 

as an intermediate target for commissural axons expressing SynCAM1 (Niederkofler 

et al. 2010). Frei et al. (2014) later showed that heterophilic cis-interaction of axonal 

SynCAM1 and SynCAM2 is required for trans-interaction with floor-plate SynCAM2 

(Frei et al. 2014).  

In the PNS, SynCAMs are found in sensory neurons of the dorsal root ganglia where 

they promote their adhesion. Culture of sensory neurons on SynCAM substrate 

revealed drastic changes in axonal and growth cone morphology when compared to 

laminin substrate (Frei et al. 2014). Axons appeared flattened and thicker while growth 

cones were three times larger than those on laminin. Furthermore, growth cone 

complexity and its filopodia number are reduced in hippocampal neurons expressing 

exogenous SynCAM1 (Stagi, Fogel, and Biederer 2010). Changes in growth cone 

morphology were shown to be dependent on SynCAM1 and its FERM binding domain 

(Stagi, Fogel, and Biederer 2010).  

SynCAM1 is also necessary for fasciculation, where axons interact with each other to 

form bundles for correct pathfinding. Knockdown of SynCAM1 in sensory neurons 

resulted in decreased selective axon-axon interaction and aberrant projections in the 

spinal cord (Frei et al. 2014).  

In addition to a role in synaptogenesis and axon guidance, SynCAM1 and other 

SynCAM family members have been shown to contribute to myelination of axon in 

both the CNS and the PNS (Maurel et al. 2007; Spiegel et al. 2007). In the PNS, the 

adhesion complexes mediated by axonal SynCAM1 / SynCAM3 and SynCAM4 on 
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Schwann cells contribute and promote myelination (Maurel et al. 2007). In the CNS, 

SynCAM3 and SynCAM2 are involved in the myelination of the optic nerve and the 

spinal cord, but their precise subcellular expression in axons and/or glial cells and the 

whole mechanism behind it remain unclear (Kakunaga et al. 2005; Park et al. 2008; 

Pellissier et al. 2007). 

To date, it is still unknown if all these scaffold molecules mentioned above and 

identified in synaptogenesis are also responsible for SynCAM1 function during axon 

pathfinding and guidance.  

1.6.4.4 SynCAM in neurodevelopmental disorders 

Many neurodevelopmental disorders are linked to synaptic dysfunction. Neuroligins 

and neurexins have been associated with Autism Spectrum Disorder (ASD) and 

intellectual disability (Bourgeron 2009). Similarly, as their function is tightly involved 

in synaptogenesis and synaptic plasticity, it is not surprising that mutations in 

SynCAM proteins were found to be a cause or a risk factor for neurodevelopmental 

diseases. Two missense mutations in the SynCAM1 gene are found in patients with 

ASD. Those mutations, H246N and Y251S, are located in the third Ig-domain (Ig3) of 

the protein (Zhiling et al. 2008). As this domain is required for cis-clustering of 

SynCAM1, these mutations may disrupt the ability of SynCAM1 to further recruit a 

trans-binding partner via its Ig1 domain, and subsequently recruit scaffold proteins for 

the synaptic organisation. Additionally, defective post-translational modifications of 

SynCAM1 such as glycosylation, as well as misfolding, may lead to the inappropriate 

intracellular trafficking of the protein causing intracellular retention, instead of being 

correctly addressed to the plasma membrane. Accumulation of mutated SynCAM1 in 

intracellular compartments has been shown to increase the protein degradation, 
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causing endoplasmic reticulum (ER) stress (Fujita et al. 2010). The ER stress 

contributes to synaptic impairment and dysfunction and is linked to the pathology of 

ASD (Fujita et al. 2010). Furthermore, aberrant spine morphology and dysfunctional 

synapses are present in neurons expressing mutated SynCAM1 (E Fujita et al. 2010).  

SynCAM1 KO mice model exhibits some traits that are related to ASD symptoms, 

such as impaired ultrasonic vocalisation and changes in social and emotional 

behaviour (Eriko Fujita et al. 2012).  

 

1.7 The chemical and Light-induced dimerisation tools 

Recently, various artificial dimerisation systems have gain popularity and have been 

used to investigate protein-protein interactions, or to manipulate protein complex 

formation that controls many cellular functions (Fegan et al. 2010; K. Zhang and Cui 

2015; A. S. Baker and Deiters 2014). For our study, I choose to use two validated 

systems, a chemical and a photoinduced protein-protein interaction, respectively 

called chemical-inducible dimerisation (CID) (Rivera et al. 1996) and light-inducible 

dimerisation (LID) (Liu et al. 2008). These methodologies have been shown to 

elucidate spatiotemporal regulation of membrane proteins (Inobe and Nukina 2016; 

Banaszynski, Liu, and Wandless 2005a; Idevall-Hagren et al. 2012; Idevall-Hagren 

and De Camilli 2014; Benedetti et al. 2018). Notably, these systems have been mainly 

used to translocate cytoplasmic protein into the plasma membrane, thereby activating 

and modulating specific signalling cascades (Figure 1.10). Here, the chemical 

Rapamycin/FRB/FKBP and the photo-induced CRY2/CIBN complexes will be 

coupled with fluorescence-tagged proteins and use to dimerise SynCAM1 in vitro, to 
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investigate growth cone dynamics and intracellular signalling pathways involved in 

the formation of the synapse.  

1.7.1 The tertiary Rapamycin /FRB / FKBP12 complex 

The Rapamycin-FRB-FKBP12 tertiary dimerisation complex has been extensively 

used as a tool to elucidate various biological processes (Fegan et al. 2010; Putyrski 

and Schultz 2012; Inobe and Nukina 2016; Chen et al. 1995; Banaszynski, Liu, and 

Wandless 2005b). Rapamycin was identified in 1975 as an antifungal antibiotic from 

the bacteria Streptomyces hygroscopicus found on Easter Island (Vézina, Kudelski, 

and Sehgal 1975; H. Baker et al. 1978). Rapamycin also inhibits immune response and 

have been showed to be an effective immunosuppressive treatment for patients with 

organ transplantation and autoimmune diseases (Sehgal and Bansbach 1993).  

At the cellular level, rapamycin forms a gain-of-function complex by binding 

simultaneously and tightly to the 12 kDa protein binding FK506 (FKBP or FKBP12) 

and the FKBP-Rapamycin Binding (FRB) domain of mammalian target of rapamycin 

(mTOR) (Sabers et al. 1995; Banaszynski, Liu, and Wandless 2005b). Rapamycin has 

a very high affinity for its binding partners. Dissociation constants (Kd) are respectively 

0.2nM for rapamycin-FKBP binding and 12nM for the rapamycin-FRB complex 

(Bierer et al. 1990; Banaszynski, Liu, and Wandless 2005). This binding is non-

reversible, and in the absence of rapamycin, FKBP12 and FRB have no binding 

capacity and cannot interact with each other (Inobe and Nukina 2016). 

mTOR is a serine/threonine-protein kinase that forms two distinct multiprotein 

complexes, mTORC1 and mTORC2, both being central components of cell growth 

and metabolic processes, regulating events like growth factor signalling, cellular 

energy signalling, cell survival and proliferation, mRNA translation and autophagy 

(Wullschleger, Loewith, and Hall 2006; Saxton and Sabatini 2017; J. Kim and Guan 
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2019). The molecular mechanism of action of rapamycin, by binding to its respective 

targets FRB and FKBP12, inhibits mTOR signalling thereby preventing cell growth 

and proliferation (Dumont, Melino, et al. 1990; Dumont, Staruch, et al. 1990; 

Schreiber 1991). 

In clinical applications, rapamycin and its derivatives have been widely used as mTOR 

inhibitors for anticancer treatment (for example, temsirolimus from Pfizer, and 

everolimus from Novartis) (Tabernero et al. 2008; Rangwala et al. 2014).  

 

 

 

Figure 1. 10: The CID model. (a) Graphic design of the CID system with its three 
components: FRB, FKBP modules and the co-factor rapamycin. In the presence of rapamycin, 
FRB and FKBP bind to each other. (b) Rapamycin chemical structure with both FRB (domain 
on mTOR) binding domain and FKBP12, the 12kDa protein FKBP, binding region.  
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Through CID, a wide variety of biological systems can be studied. As important 

second messengers for many biological processes, lipids of the plasma membrane 

represent an attractive target for CID probes. Zoncu et al. (2007) remarkably used the 

CID system to deplete phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) from the 

plasma membrane, by rapamycin-induced translocation of a cytoplasmic 5-

phosphatase fused to FKBP, onto the membrane anchor PI(4,5)P2 fused to FRB, 

leading to the dephosphorylation of the target membrane lipid. The rapid loss of 

PI(4,5)P2 resulted in depletion of clathrin-coated pits from the plasma membrane, 

strongly impacting endocytosis (Zoncu et al. 2007). Another study by Suh et al. (2006) 

reported the specific activation of inactivation of potassium ion channel KNCQ, 

respectively from upregulation of depletion of PI(4,5)P2 at the plasma membrane (Suh 

et al. 2006). Some of these studies revealed the crucial importance and specificity of 

phosphoinositides in membranes targeting and trafficking (Varnai et al. 2006). The 

CID system was also used in hippocampal neurons to artificially recruit CAMKIIα, an 

essential component of the PSD, at postsynaptic sites via rapamycin-induced binding 

to PSD95. This particular translocation enhanced the recruitment of proteasomes at 

postsynaptic density, thus defining a scaffold function of CAMKII (Bingol et al. 2010). 

Proteasomes are multi-subunit protein complexes that selectively degrade proteins, 

and are expected to be localized at the site of extensive cellular remodelling such as 

dendritic spines. With the use of CID, this study could confirm CAMKII roles in 

synaptic plasticity (Fox 2003). 
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1.7.3. The light-induced CRY2 / CIBN  

This dimerisation system is based on plant photoreceptors allowing protein-protein 

interactions controlled by light (Figure 1.11). Cryptochromes are blue light 

photosensory receptors that mediate numerous light responses, such as growth and 

development, flowering, root growth in plants and the circadian clock in both plants 

and mammals (Yu et al. 2010; Chaves et al. 2011). The plant Cryptochrome 2 (CRY2) 

from Arabidopsis thaliana interacts with a transcription factor, the cryptochrome-

interacting basic-helix-loop-helix 1 protein (CIB1) in a blue light-dependent manner, 

thereby regulating gene expression related to floral initiation (Liu et al. 2008). Upon 

blue light stimulation, the coenzyme FAD, localised in the photolyase homology 

region (PHR) of CRY2, absorbs a photon resulting in a conformational change that 

promotes the binding to the N-terminal of CIB1 (CIBN) (M. J. Kennedy et al. 2010). 

Kennedy et al. (2010) have shown that CRY2-CIBN interaction also resulted in light-

dependent protein dimerisation. The advantages of the CRY2 / CIBN system is its 

rapid activity within a time scale of seconds and its reversibility within few minutes 

(Figure 1.11). Protein interaction and dimerisation is triggered under blue light of 450-

480nm during milliseconds and protein dissociates in dark conditions (M. J. Kennedy 

et al. 2010). Unlike the CID system, LID is non-invasive and do not require any 

cofactor like rapamycin. 
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Figure 1.11: The LID System. Schematic representation of the LID system. CRY2 and CIBN 
protein are activated and linked by blue-light of 450-488nm, and reversibly dissociate in dark 
conditions.  
 

 

As per the CID system, lipids and their functions in the cell membrane were 

investigated with LID. Similarly, CRY2 and CIBN were used to reversibly deplete and 

control dephosphorylation of PI(4,5)P2 at the plasma membrane with changes in cell 

polarity with local perturbation of actin dynamics and loss of clathrin-mediated 

endocytosis (Idevall-Hagren et al. 2012). Nonetheless, this study could provide precise 

Spatio-temporal control of membrane lipids with a kinetic approach that would be 

impossible with CID.  

 

1.8 Chick embryonic neurons as a new model for ex vivo synapse 

formation in co-culture assay 

For this study, I deliberately chose to use primary neurons from chick embryos. Both 

primary neurons from lumbar dorsal root ganglions (DRGs) of embryonic chicks at 

day 10 of development (E10) and primary neurons from chick forebrains at E8 were 

cultured.  The use of such neuronal culture gives many substantial technical 

advantages. Culture procedures are easy, rapid, inexpensive and require basic 
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methodologies. Furthermore, chicken eggs do not require the same animal core 

facilities compared to rats or mouse, as only CO2 incubators are needed.  

DRGs are an excellent model to study axon guidance in vitro, as during early brain 

development in vivo, DRGs axonal growth is guided by the ventral spinal cord 

expressing chemo-attractive or chemorepellent signals (T. E. Kennedy et al. 1994; 

Tessier-Lavigne and Goodman 1996; Keynes et al. 1997; Masuda et al. 2008). DRGs 

do not require extensive techniques for their culture in vitro and as they develop their 

dendrites and axons very fast, they can be analysed just a few hours after plating.  

Furthermore, their large growth cone structure enables a thorough study of their 

properties ex vivo (Tamariz and Varela-Echavarría 2015). In comparison, rat DRGs 

are mainly used in most studies. However, rat DRGs dissection can be inconvenient 

for the following reasons: (1) rat DRGs are more expensive and required extensive 

animal care for many days (2) rat DRGs culture are less robust and (3) rat DRGs are 

technically challenging to achieve in a minimum amount of time, and much training is 

required (Powell, Vinod, and Lemons 2014).  

Forebrain neurons from chick embryos share morphological characteristics and 

resemblance to rat hippocampal neurons from E19, the basic model used in most 

synaptogenesis assays (Heidemann et al. 2003).  Strikingly, the cellular processes 

during the first few hours after plating are highly similar to rat hippocampal neurons 

with lamellipodia and filopodia structures (Dotti, Sullivan, and Banker 1988; 

Heidemann et al. 2003). From day 1 ex vivo (DIV 1), individual neurons start forming 

small neurites and start their elongation to develop axons, a process again very similar 

to axonal outgrowth in rap hippocampal neurons (Craig and Banker 1994).  During the 

elongation process, a motile structure like growth cone in hippocampal neurons 
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appears. At the final stage of development, chick forebrain neurons show typical 

pyramidal morphology with few dendrites and a single axon. Cell bodies of chick 

forebrain neuron are slightly more rounded with larger neurites compared to 

hippocampal neurons (Heidemann et al. 2003).  

 

1.9 Aims 

The Synaptic Cell Adhesion Molecule 1, SynCAM1, is implicated in many steps of 

neuronal circuits formations in both CNS and PNS, from axon guidance to early 

synaptogenesis and the maintenance of synaptic plasticity. However, despite the fact 

that SynCAM1 protein and its interacting partners have been extensively studied, its 

specific signalling remains elusive and SynCAM1-dependent pathway is still 

unknown. Furthermore, the dynamics of SynCAM1 in the growth cone are poorly 

understood. The aim of this project is to use well known dimerisation techniques to 

better understand SynCAM1 signalling in these contexts.  

SynCAM 1-induced dimerisation molecular tools will be designed for CID and LID, 

and used to investigate SynCAM1 in growth cone dynamics.  

Particularly, the SynCAM1 CID tool will be used to develop a new innovative 

synaptogenesis assay, using chick neurons, in which forced interaction between 

neuronal SynCAM1 and a non-functional binding partner expressed by non-neuronal 

cells is sufficient to trigger pre-synaptic protein recruitments.  

As these results are still at the preliminary stage, I believe this new artificial synapse 

assay can be used to identify new SynCAM1 interacting partners and potentially 

isolate SynCAM1-dependent pathway during synaptogenesis.  
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Although no new binding partners of SynCAM1 were identified here, these 

dimerisation approaches not only provide valuable insights into the molecular 

mechanisms that underly SynCAM1 cellular processes in axon guidance and 

synaptogenesis, but also offer a new, easy and inexpensive co-culture assay as an 

attractive basis to develop new hypothesis for further investigations, and can be 

extended to other proteins of interest.  
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Chapter 2: Materials & Methods 

2. 1. Molecular biology 

2.1.1 Reagents 

E. coli high efficiency DH5-a competent cells (#C2987H) and S.O.C outgrowth 

medium (#B9020S) were obtained from New England Biolabs Inc. (Hitchin, UK).  

Quick Ligation Kit (#M2200), 1kDa DNA ladder (#N3232) and 100bp DNA ladder 

(#N3231) were also purchased from New England BioLabs. All Miniprep (#27106), 

Maxiprep (#10043), gel extraction (#28704) and PCR purification (#28104) kits were 

from QIAGEN (Crawley, UK). Primers were purchased from Eurofins (Ebersberg, 

Germany or Tokyo, Japan).  

 

2.1.2 Chemically-induced dimerisation (CID) vector design  

The following cassettes have been ordered by Integrated DNA Technologies, IDT® 

(Leuven, Belgium) and are codon optimized by the company, delivered in a bank 

vector.  

Bank Vector Resistance Gene Restriction Enzyme + Insert 
pIDT Kanamaycin Nhe1 [FRB- Xma1- (Cherry)] 
pIDT Kanamaycin Nhe1 [YFP-Xma1-(FKBP12)] 

Table 2.1: List of bank vectors ordered to generate CID plasmids. 

 

 

Dr Stagi kindly gave the pCAG expression vector encoding for PrPΔ23-109, 

SynCAM1 and ΔSynCAM1. The mouse gene of SynCAM1, transcript variant 4 

mRNA of 1251bp was used for this study (Reference sequence NM_001025600.1) and 
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the genetic constructs were previously described in (Fogel et al. 2007; 2010; 2011; 

Stagi, Fogel, and Biederer 2010). 

 

Table 2.2: List of expression vectors previously generated. 

 

The SynCAM1 expression vectors pCAGGS-SynCAM1*Nhe1-Cherry-FRB, 

pCAGGS-SynCAM1*Nhe1-DIg1-Cherry-FRB and pCAGGS-PrPΔ23-109-YFP-

FKBP12 were generated as follow. The molecular construct pCAGGS-

SynCAM1*Nhe1-DIg1-Cherry-FRB is lacking the first Immunoglobulin (Ig 1) 

domain, where the sequence encoding amino acids 54 - 159 is missing. The molecular 

construct pCAGGS- PrPΔ23-109-YFP-FKBP12 is a truncated version of the Prion 

protein, missing amino acids sequence between 23-109 position. To generate 

SynCAM 1 dimerising pair, pCAG- SynCAM1*Nhe1-YFP-FKBP12, pCAGGS- 

PrPΔ23-109-YFP-FKBP12 was digested with Nhe1 restriction site to remove the 

sequence encoding YFP-FKBP12. The insert was then subcloned into the pCAGGS-

SynCAM1 vector using Nhe1 in the expression vector.  

 

Expression Vector Resistance Gene Restriction Enzyme + Insert 

pCAG Ampicillin Nhe1 [SynCAM1]  
pCAG Ampicillin Nhe1 [ΔSynCAM1]  
pCAG Ampicilin Nhe1 [PrPΔ23-109]  
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2.1.3 Light-induced dimerisation (LID) vector design 

Both cassettes for Light-Induced dimerization (LID) vectors were ordered by 

Integrated DNA Technologies, IDT® (Leuven, Belgium). LID vectors were codon 

optimized and delivered in pTOPO vectors as shown in table 2.3. 

Bank Vector Resistance Gene Restriction Enzyme + Insert 
pTOPO Kanamaycin Nhe1 [CRY2- Xma1- (Cherry)] 
pTOPO Kanamaycin Nhe1 [CIBN-Xma1- (pHluorin)] 

Table 2.3: LID vectors with resistance gene and cloning sites.  

Light-induced dimerisation (LID) vectors were generated by subcloning pTOPO-

CRY2-mCherry and pTOPO-CIBN-pHluorin into the pCAGGS-SynCAM1 

expression vector by using Nhe1 restriction site. 

 

All sequences used for this study can be found in Appendix 1. The Sequences of FRB, 

FKBP12, CRY2, CIBN, mCherry, pHluorin, eYFP, PRPΔ23-109, SynCAM1 and 

ΔSynCAM1 were analysed and confirmed via automated DNA sequencing to verify 

correct sequences and no mutation occurred.  

 

2.1.4 Enzyme digestion 

DNA was cut at specific restriction sites using restriction enzymes. All digestion 

reactions were performed in a total volume of 20 µl with a DNA concentration of 1 – 

4 µg, as shown in table 2.1.  To maximize cloning strategies, the highest purified DNA 

concentration was used for enzymatic digestion. All restriction enzymes and specific 

buffers were purchased from NEB Inc. and used according to the manufacturers’ 

guidelines. Generally, the CutSmart® buffer (New England Biolabs Inc.) was used as 
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it is most compatible with NEB enzymes. When necessary, double digestion reactions 

with two distinct restriction enzymes were performed. Incubation time and incubation 

temperatures are enzyme dependent. Most digestion reactions were carried on a heat 

block at 37°C for 1 hour.  

 

Component Volume for 20 µl digestion reaction 
DNA 1 – 4 µg 
NEBufferTM 10X 5 µl 
Restriction enzyme   A  1 µl 
Restriction enzyme B 
(if needed) 

1 µl 

Double distilled H2O Up to 20 µl 

Table 2.4: Reaction mix for enzyme restriction digestion.  

 

2.1.5 Agarose gel electrophoresis 

1% agarose gel solution was prepared by gently mixing and heating in a microwave 

1gr of agarose and 100ml of 1x Tris Acetate-EDTA (TAE) buffer. Ethidium Bromide 

(EtBr) was added to the cooled mixture (1:20,000) before solidification. Gels were 

placed in a horizontal midi-electrophoresis tank (Bio-Rad) containing 1x TAE buffer, 

and DNA samples were run at 100-130V for 30 min – 1 hour. Before loading onto the 

agarose gel, DNA samples were mixed with 6x DNA Gel Loading Dye 

(ThermoFischer). A full range DNA ladder (100bp ~ 10kB) (New England Biolabs 

Inc.) was loaded (7 µl/well) to define the size of DNA fragments. DNA bands were 

visualized under an ultraviolet (UV) light. When needed, gel extraction was performed 

to recover DNA from it using the QIAquick Gel Extraction Kit (Qiagen), following a 

purification step with the QIAquick PCR Purification Kit (Qiagen).    

 



II. Materials & Methods 

 78 

2.1.6 DNA ligation  

Empty vectors were first treated with Alkaline Phosphatase, Calf Intestinal (CIP) or 

Shrimp (rSAP) (New England Biolabs Inc.) enzyme at 37°C for 30 min, to catalyse 

the dephosphorylation of 5' and 3' ends of DNA, and to prevent self-ligation of vectors. 

The enzymatic reaction was then heat inactivated at 80°C for 2 min. Ligation of 

specific DNA insert into digested vector DNA of interest was carried out with the 

DNA Ligation Kit Mighty Mix (Takara, Japan) as shown in Table 2.3. The vector: 

insert molar ratio of 1:3 was generally followed. The concentration of both DNA 

vectors and DNA insert was determined using a NanoDropTM spectrophotometer (Select 

Science). The ligation reaction was incubated on a heat block at 16°C for 30 min. 

Following the ligation reaction, the mixture was used consequently for bacterial 

transformation.  

 

Component Volume 
DNA vector 1 – 5 µl 
DNA insert 1 – 5 µl 
Ligation Mix One volume (DNA insert + DNA vector) 

Table 2.5: DNA Ligation reaction. The amount of Ligation Mix solution added to 
the reaction is the same volume as DNA vector and DNA insert combined. 

 

2.1.7 Bacterial transformation and selection 

The bacterial transformation was carried out using E.coli strain DH5a competent cells. 

100 µl of competent bacterial cells were carefully mixed with 100 ng DNA and 

incubated on ice for 30 min. The mixture was then heat shocked in a water bath at 

42°C for 45 seconds. Bacterial cells were immediately recovered on ice for 3 min, 

before incubation in 300 µl S.O.C medium on a shaking platform at 37°C for 1 hour. 
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Bacterial cells were plated on LB Agar plate with either Ampicillin (100µg/ml) or 

Kanamycin (50µg/ml), depending on the appropriate antibiotic resistance gene of the 

vector DNA, and cultured overnight at 37°C in an incubator.   

The next day, clones from a single bacterial colony were selected and inoculated in 5 

ml LB medium (Ampicillin or Kanamycin resistant) for at least 10 hours at 37°C on a 

shaking platform. Typically, between 5 and 10 bacterial colonies are cultured and 

harvested. Plasmid DNAs were extracted and purified using the QIAprep Spin 

Miniprep Kit (Qiagen). Purified DNA constructs were then assessed by restriction 

enzyme digestion and run on a gel to determine putative positive clones with an 

expected band size of DNA vector an DNA insert. 

 

2.1.8 Production of soluble protein GST-YFP-FKBP 

The soluble protein from the pGEX-6P-YFP-FKBP plasmid was produced in the 

E.coli strain BL21 for correct protein expression, to minimize proteolysis and to make 

lysis more efficient. BL21 bacterial cells were transformed according to standard 

protocols. A single colony was inoculated, and bacteria were grown in a flask in 

Ampicillin LB medium at 37°C on a shaker overnight. The next morning, the OD600 

is carefully monitored until it reaches an OD600 at 0.6-0.7. The bacterial culture is 

shifted to grow at room temperature and protein production is induced overnight with 

1mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Invitrogen). Bacteria were 

harvested by centrifugation and and resuspended in BugBuster Protein Extraction 

Reagent (Novagen), and 2μl Lysonase Bioprocessing Reagent (Novagen) was added 

to the cell suspension to increase protein extraction and efficiency, complemented with 

one tablet of cocktail inhibitors (complete, Sigma Aldrich) to inhibit proteases and to 



II. Materials & Methods 

 80 

increase protein degradation. The sample was incubated for 20 min at room 

temperature on a rotating mixer. Insoluble cell debris was removed by centrifugation 

at 15,000 rpm for 20min at 4°C. The supernatant, that contains soluble extract of YFP-

FKBP is collected and directly bound to PierceTM Glutathione agarose beads (Thermo 

Fischer Scientific), placed on a rotor at 4°C overnight. The beads are collected by 

centrifugation at 1,000rpm for 3 min and washed extensively in 1X PBS. The beads 

are used immediately for protein-protein interaction assay, or alternatively stored in 

specific buffer up to two weeks at 4°C.  

 

2.1.9 Sequencing and Maxi Prep procedure 

All vectors and DNA constructs were sequenced to confirm correct insertion and 

orientation. The sequencing analysis was performed by either Riken Resource 

Research Center (RRD Riken, Japan) or DNA Sequencing Service (University of 

Dundee, UK). Bacterial colonies of positive clones, showing correct orientation of 

DNA and correct sequence alignment, were then inoculated in 250ml of LB medium 

(Ampicillin or Kanamycin resistant) at 37°C on a shaking platform for 12 – 18 hours. 

Plasmids were extracted with Qiagen Plasmid Maxi Kit. Following, maxi prep 

extraction procedure, correct expression of DNA constructs was tested in Human 

Embryonic Kidney (HEK) 293 or COS 7 cell lines, by transfection with Lipofectamine 

2000 (Invitrogen) according to the manufacturer’s guidelines. As most of the plasmid 

constructs are flagged with a fluorescence protein, precise protein expression and 

localisation was confirmed by fluorescence microscopy. 
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2.1.10 Glycerol stock 

Once bacterial cultures with the sequence verified DNA constructs reached the optimal 

bacterial growth in LB medium, they were combined with 50% glycerol (v/v) with 1:1 

ration, in a 2ml cryovial and kept at -80°C for optimal storage conditions.  

2.2 Cell Biology 

2.2.1 Reagents 

Cell culture media Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco #11965-

092) that contains glucose 4.5 g/l; L-glutamine 584 mg/l; (4.5 mM), NaHCO3 3.7 g/l; 

Fetal Bovine Serum FBS (Gibco #16140-07), Penicillin Streptomycin (Gibco #15140-

122; 10,000 U/ml, 10 mg/ml) and 100mM Sodium Pyruvate (Gibco #11360-070); 

Roswell Park Memorial Institute (RPMI) 1640 medium, L-glutamine supplemented 

(Gibco #12633-012); NeurobasalTM medium (Gibco #211030-049) were purchased 

from Thermo Fisher Scientific (UK, Japan). B-27TM Neural Supplement (50X) (Gibco 

#17504-001), CultureOneTM Supplement (100X) (Gibco #A33202-01) and GlutaMAXTM 

Supplement (Gibco #35050-061) were obtained from Thermo Fischer Scientific. Cell 

transfection reagents Lipofectamine2000 (#11668027) and Lipofectamine3000 

(#L3000015) were obtained from Invitrogen (Paisley, UK; Tokyo, Japan). Trypsin-

EDTA 0.25% solution (#T4049) was from Sigma-Aldrich (Poole, UK; Tokyo, Japan).  

Opti-MEMTM (Gibco #31085-070) was provided from GibcoTM Thermo Fisher Scientific 

(UK, Japan). Rapamycin (R8781) was purchased from Sigma-Aldrich. Plates and vials 

for cell culture were either from Corning Inc. (NY, USA) or from Fujifilm Wako 

Chemicals (Tokyo, Japan) unless otherwise stated for specific culture conditions.  
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2.2.2 Cell culture 

HEK 293 and COS 7 cell line were purchased from the European Collection of 

Authenticated Cell Cultures (ECACC). HEK 293 and COS 7 cells were cultured and 

maintained in Dulbecco’s Modified Eagle’s Medium DMEM, supplemented with 10 % 

heat-inactivated FBS, 3ml or 100 units/ml of Penicillin and Streptomycin and 6ml of 

100mM Sodium Pyruvate (final concentration of 1mM). Primary cultures of dorsal 

root ganglions and forebrain neurons were respectively maintained in complemented 

RPMI 1640 as described in section 2.2.5, and complemented NeurobasalTM Medium as 

described in section 2.2.6. All cell procedures were operated under a laminar flow 

hood and cells were cultured and maintained at 37°C in a humidified 5% CO2 

incubator. All reagents were sterile filtered with 0.2 μm membrane into new medium, 

stored at 4°C. HEK 293 Cells were grown in 75 cm2 culture flask until desired 

confluence with a maximum volume of 12ml (approx. 3-4 days after previous passage). 

Then 12 ml of fresh medium is added to the flask. The cells are resuspended by 

pipetting repeatedly and transferred to a 15 ml Falcon tube. 2 ml of the cell suspension 

is diluted in 10 ml of medium to reach a sub cultivation ratio of 1:6, and subsequently 

transferred to a new 75 cm2 flask. If the density is too low, change to sub cultivation 

ratio of 1:4 at the following passage. Cells are grown at 37°C until next splitting. COS 

7 cell culture procedures are the same except for the use of trypsin to dissociate cells 

from each other.  
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2.2.3 DNA Transfection 

All DNA transfection in cells were performed using Lipofectamine2000 (Invitrogen) 

unless otherwise specified in the following sections. On the day of splitting, HEK 293 

or COS 7 cells were plated up to ~70% cell density, roughly corresponding 1 x 106 

cells per well of a six-well culture plate (Ø 3.5 cm, 9.6 cm2). Typically, a 1:2 or 1:3 

dilution of suspended cells is prepared before plating approximatively 1ml per well. 

The transfection is done the following day. For one reaction per well, 125 µl of Opti-

MEM was mixed with 1-3 µg of plasmid DNA of interest. In a separate Eppendorf 

tube, 125 µl of Opti-MEM was mixed with 4-6 µl Lipofectamine 2000. Both solutions 

were incubated for 5 min at room temperature, before being mixed and incubated again 

for 20 min at room temperature. The transfection mixture was added drop-wise to cells. 

Culture media was changed 12 hours after transfection and cells were incubated and/or 

analyzed up to 24-48h later. Transfection methods for neuronal primary culture are 

detailed in section 2.2.5 and 2.2.6.  

 

2.2.4 Animals 

Fertilised chicken eggs obtained from a private farm in Preston (Lancashire, UK) or a 

local supplier (Wako Farm, Japan) were used for this study. Chicken eggs were kept 

under standard conditions in an automated rotating horizontal rack, maintained at 

37.7°C in a 5% humidified CO2 incubator. According to Hamburger Hamilton 

developmental stages (Hamburger and Hamilton 1992), embryos aged 8 -10 days (E8-

E10 - Hamburger-Hamilton stages 34-36) were used for isolation and primary culture 

of forebrain neurons; embryonic day 10 (E10 – HH36) eggs were used for isolation 

and culture of dissociated sensory neurons from dorsal root ganglions (DRGs). All of 

the procedures described below were carried out with rigorous compliance of the 
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Scientific Procedures from the 1986 Animals Act and Riken Animal Act. This thesis 

work only used chick neurons to establish a new model.  In respect with the abundance 

of methods for mouse and rat primary neuronal culture, the following section 2.2.4 

and section 2.2.5 precisely define the methods for primary neuronal culture from chick 

embryos. 

 

2.2.5 Primary culture of Chick Sensory Neurons from Dorsal Root Ganglions 
(DRGs) 

The culture of chick sensory neurons was performed regarding protocols previously 

described by Kamiguchi and Akiyama (Murray 2014; Akiyama and Kamiguchi 2014) 

and by Powell and colleagues (Powell, Vinod, and Lemons 2014) with minor 

modifications for isolation and enrichment of DRGs. 

2.2.5.1 Dish coating 

First, glass-bottom dishes (diameter 12 mm or 27 mm, Iwaki) were treated with 0.01% 

(1mg/ml in double distilled sterile water and filtrated with 0.22 μm membrane) Poly-

D-Lysine (PDL, Sigma) and then incubated at 37°C for one hour up to overnight. All 

glass-bottom dishes were proceeded to three washing steps with sterile water before 

adding either ~50ng/cm2 laminin (Natural Mouse Laminin, Invitrogen) dissolved in 

PBS (1mg/ml) or goat anti-human FC (Jackson) to ~4μg/cm2 , and then incubated 

again one hour to overnight at 37°C.  Dishes were then washed three times in a 1X 

PBS solution. Dishes with goat anti-human FC were subjected to L1-FC chimeric 

protein solution as described by Kamiguchi (Kamiguchi and Yoshihara 2001) and 

were incubated three hours to overnight at 37°C. A last washing step with 1X PBS was 

performed and all dishes were rinsed with serum-complemented RPMI1640 media 

(Invitrogen) supplemented with 10% Fetal Bovine Serum (Gibco), antibiotic mixture 
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of penicillin G (100units/ml), streptomycin (100μg/ml) and amphotericin B 

(0.25μg/ml) (Invitrogen), and 20ng/ml Nerve Growth Factor (NGF, Invitrogen). 

2.2.5.2 Dissection and isolation of DRG neurons 

This protocol is by Powell an colleagues (Powell, Vinod, and Lemons 2014). 

Embryonic day 10 (E10) fertilised eggs were used for dissection. Briefly, embryos 

were placed into 100mm Petri dish with 1 X Leibovitz's L-15 medium supplemented 

with L-glutamine (Gibco) to be dissected under a binocular stereovision microscope 

in a laminar flow hood. By pinching with the fine forceps, embryos were decapitated 

and heads discarded. A vertical incision from tail to the neck is made, exposing organs 

and visceral tissues. The animal is eviscerated, and DRG on the thoracic and lumbar 

vertebral column is visible. Only DRGs from both sides of the lumbar vertebral 

column (16 DRGs in total from two embryos) were collected and transferred to an 

Eppendorf 1.5ml tube with 1 ml of L-15 media. DRGs were first centrifuged at 9,100 

x g for 1 minute at 4°C. L-15 media was carefully removed, 100 µl 0.05% Trypsin-

EDTA (Invitrogen) was added to the DRG pellet and the mixture was incubated at 

37°C for 18 minutes. Next, DRGs were centrifuged again at 9,100 x g for 1 min at 4°C. 

The supernatant is carefully removed, and 1 ml of L-15 medium is added to the tube. 

To wash off the pellet from residual trypsin, the Eppendorf 1.5ml tube containing the 

DRG pellet is gently shacked with fingers. Another centrifuge step at 9,100 x g for 1 

minute at 4°C is proceeded. The supernatant is then discarded and 30 μl of L-15 is 

added to the tube. The DRGs are then triturated (up to 70 strokes) with a Pasteur pipette 

to obtain a homogeneous cell suspension. 1ml of L-15 medium is added and the cell 

suspension is centrifuged 1 minute at 9,100 x g at 4°C. Last, the supernatant is 

discarded and the DRG pellet is resuspended in 500 μl – 1 ml of complemented 

RPMI1640. At this stage, DRGs can be directly plated or be used for DNA transfection.  
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2.2.5.3 DNA Transfection and enrichment of DRG neurons 

For transfection of primary DRG neurons, the cell suspension was first centrifuged at 

9,100 x g for 1 min at 4°C and resuspended in 20 μl of serum-free Neurobasal (Gibco). 

A total of of 2 - 4 μg of Chemical-induced dimerisation (CID) or Light-induced 

dimerisation (LID) plasmid DNA, or any plasmid DNA of interest: pCAG-SynCAM1-

mCherry-FRB and pCAG-SynCAM1-YFP-FKBP12 for CID as an example, is added 

to and gently mixed with DRGs. The cell suspension is then inserted with the 

appropriate plastic pipette to a transfection cuvette (NEPAGENE). It is important to 

make sure the cell suspension reach the bottom of the cuvette by taping it gently. The 

cuvette is inserted into NEPA21 Super Electroporator (Nepagene) and the following 

program shown in table 2.6. is used. 

 
Poring Pulse 
Voltage (V) Pulse 

Length 
(msec) 

Pulse 
Interval 
(msec) 

Number of 
Pulses 

Density 
Rate (%) 

Polarity 

70.0 10.0 50.0 2 10 + 
Transfer Pulse 
Voltage (V) Pulse 

Length 
(msec) 

Pulse 
Interval 
(msec) 

Number of 
Pulses 

Density 
Rate (%) 

Polarity 

10.0 50.0 50.0 5 40 +/- 

Table 2.6: NepaGene electroporator setting parameters. In vitro electroporation 
using Super Electroporator NEPA21 type II from NEPA GENE. For successful 
electroporation, the displayed current should be of at least 0.1 A. 

 

DRGs need to be immediately recovered from the cuvette and resuspended in pre-

warmed supplemented RPMI1640. DRGs neurons are plated as soon as possible after 

the transfection procedure into a 35 mm plastic dish with 2 ml of RPMI1640 and 

incubated for 90 minutes at 37°C/5% CO2 humidified incubator. Glial cells will bind 
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to the plastic dish, while neurons will loosely adhere to glia and remain in suspension. 

DRG neurons are plated according to the desired density, up to 400 μl into pre-coated 

12 mm glass-bottom dish and up to 1000 μl into 27 mm dish and incubated back at 

37°C for another 20 minutes. Finally, 2 ml of warm RPMI1640 is added to dishes and 

cells are returned to the incubator for overnight incubation at 37°C. DRG neuronal 

cultures were then processed to microscopy imaging up to 48h after plating and 

incubation. 

 

2.2.6. Primary culture of Chick Forebrain neurons 

My protocol is based on reference to a protocol established by Dr. Diana Moss 

(University of Liverpool) and according to Heidemann et al. 2003. Some modifications 

were made to improve the survival and overall conditions of neuronal culture. Chick 

embryonic day 8-10 were used to isolate forebrain neurons. All the following 

dissection procedures are performed on ice or with an ice-cold solution unless 

otherwise specified.  

2.2.6.1 Dissection and isolation of chick forebrain neurons 

First, Lab-Tek II chambered coverglass #1.5 borosilicate dishes (Lab-Tekâ, and six-

well tissue culture plates (Iwaki) are coated with 400μl poly-D-lysine (Sigma) 

(1mg/ml, dissolved in double distilled sterile water and filtered with 0.22μm 

membrane).  Dishes are incubated one hour to overnight at 37°C. Lab-Tek II 

chambered coverglass dishes are used for immunocytochemistry procedures followed 

by imaging analysis. Samples of six-well tissue culture plates were used for 

immunoblotting procedures. All the dishes are washed three times with sterile water 

and dried under a laminar hood. 
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For isolation of chick forebrain neurons, E8-E10 embryo are dissected in a 100 mm 

Petri dish with ice-cold 1x HBSS Ca2+ / Mg2+ free (Gibco). While pinching the neck 

using forceps, the body is discarded. The head is placed on the dorsal view allowing 

to differentiate the forebrain and the optic tectum (Figure 2.1) (Banfield, 1998). The 

outer membrane is carefully removed and, using fine forceps, the forebrain, the 

midbrain containing the optic tectum, and the brainstem is flipped out by pressing 

gently at the base connecting the optic tectum to the cerebellum. By pressing carefully, 

the forebrain, both left and right lobes are isolated and transferred into another Petri 

dish with HBSS Ca2+ / Mg2+ free medium. Both lobes are dissected out to remove outer 

layer membrane containing meninges and cut into ± 2 mm2 small pieces. The forebrain 

tissue is then transferred into 1.5ml Eppendorf tube containing 1 ml HBSS Ca2+ / Mg2+ 

free and centrifuged at 80 x g for 1 min at 4°C. Following centrifugation, the 

supernatant is discarded and resuspend in 1 ml 0.05% Trypsin-EDTA for 30 min 

incubation at 37°C. The mixture is centrifuged again at 80 x g for 1 min at 4°C and 

washed three times with 1x HBSS Ca2+ / Mg2+ free.  

2.2.6.2 Transfection and enrichment of chick forebrain neurons 

The cell pellet is resuspended in 500 μl-1 ml of warm Neurobasal medium (Gibco) 

supplemented with 0.4% v/v Penicillin/Streptomycin (Invitrogen), 1% v/v 100 mM 

Sodium Pyruvate (Gibco), 1% v/v 100x Glutamax (Gibco), 2% v/v 50x B27 Neural 

Supplement (Gibco) and 10% v/v 100x Culture One Supplement (Gibco). To 

dissociate neurons, the cell pellet is triturated with a fired-polish Pasteur pipette to 

approximately ~70 strokes. At this stage, chick forebrain neurons can be plated directly 

or used for DNA transfection.  
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For DNA transfection procedures, 2-4 μg of plasmid DNA of interest, 100μl of cell 

suspension, and 100μl of NucleofactorTM transfection solution from AmaxaTM Chicken 

Neuron NucleofactorTM Kit (Lonza) are mixed carefully in a 1.5ml Eppendorf tube. The 

mixture is then transferred to an AmaxaTM cuvette, inserted in Nucleofector II cuvette 

holder and the O-003 Neuron Chick DRGs/Hippoc (high viability) program is applied 

for nucleofection. The cells need to be immediately recovered into 500μl-10ml pre-

equilibrated culture medium and plated right away into prepared culture dishes at an 

appropriate density. To prevent high mortality and maximise transfected neuronal cells 

viability and correct density, cells were not counted, and density was assessed by eye 

under a microscope.  Neurons were maintained in a 37°C/5% CO2 humidified incubator 

and half of the culture medium is replaced with fresh medium every week. Neuronal 

cultures were maintained up to 14 days.  
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Figure 2.1: Dorsal and ventral view of the chick embryonic brain at embryonic day 8 
(E8). The dorsal (left) and ventral (right) views are pictured. The two superior lobes describe 
in the dorsal view (left) characterize the forebrain, used for primary neuronal culture, followed 
by the optic tectum, the cerebellum, the medulla and the spinal cord. The ventral view allows 
visualisation of the brainstem, midbrain and forebrain. From Banfield et al. 1998.  
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2.2.7 Co-culture assay with HEK 293 cells  

The following method is based on protocols for mixed cell culture assays to analyse 

neuronal synapse formation in vitro (Biederer and Scheiffele 2007; Perez de Arce and 

Stagi 2017). As these protocols describe co-culture assay with rat hippocampus 

neuronal culture, the method described in this section is in line with 

neurodevelopmental features of primary forebrain chicken neuronal culture. Hence, 

some modifications have been made from the original protocols.  

2.2.7.1 HEK 293 cell transfection 

HEK 293 cells were plated and cultured in a 6-well tissue culture plate, at a seeding 

confluence of 90%, 15,000 cells/cm2 in DMEM (Gibco) supplemented with 10% FBS. 

At days 4-5 in vitro of the neuronal culture and up to 48h before the mixed co-culture 

assay, HEK 293 cells were gently washed with prewarmed PBS and incubated in 100μl 

opti-MEM (Gibco®, serum-free, no antibiotics) 30 min - 1h before transfection with 

Lipofectamine® 3000 (Invitrogen®) reagent. Transfection solutions were prepared 

according to the manufacturer’s guidelines and carefully optimised as follow. Two 

opti-MEM solutions of 125 μl, solution A and solution B, are aliquoted. Solution A 

contains a mixture of 2 μg plasmid DNA (using the plasmid of interest tagged with a 

fluorescent protein pCAGGS-PrPΔ23-109-YFP-FKBP12) and 4μl P3000 reagent 

(following ratio of 2 μl P3000/μg DNA). In solution B, 6 μl of Lipofectamine 3000 (1 

μg DNA: 3 μl Lipo3000) is added. Both solutions in each tube are briefly vortexed 

and spin down. Both solutions are incubated at room temperature for 10 min in dark 

conditions before combining both by adding contents of tube A to tube B. Further 

incubation at room temperature for 30 min in the dark is carried out. Finally, the DNA-

lipid complex is added dropwise to cells (6-well plates, enough for one well). These 

steps with solution A and B are repeated for each well. To assess transfection 
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efficiency, cells are checked 24-48h later under an epifluorescence microscope before 

proceeding to the co-culture assay. 

2.2.7.2 Mixed co-culture 

The next day, HEK 293 cells transfection efficiency should reach 50-60%. At day 5-6 

in vitro, the peak of synaptogenesis occurs in culture for chicken forebrain neurons 

(Heidemann et al. 2003). HEK 293 cells are then harvested and seeded on top of the 

dissociated neuronal culture as follows. HEK 293 cells are first gently washed twice 

with warm neurobasal complemented media. Cells are then carefully resuspended and 

collected by pipetting up and down with a Pasteur pipette in 2 ml warm neurobasal per 

well of a six-well tissue culture plate. It is crucial to avoid the use of trypsin-EDTA to 

optimise cell health and exogenous protein expression. Cells are processed to counting 

with a hemocytometer. Plate cells with chick forebrain neuronal culture at D.I.V 6-7 

to a density of 30 x 103 cells per 12 mm diameter cover glass, and 90 x 103 cells per 

well of the 6-well tissue culture plate. To prevent glial and HEK 293 overgrowth, fresh 

medium is added with 1 µM cytosine arabinoside once HEK 293 have settled. The 

mixed-cultures are maintained and carefully monitored at 37°C/5% CO2 humidified 

incubator before drug treatment and analysis.  

2.2.7.3 Chemical-induced dimerisation with rapamycin 

Cell treatment was carried out 24h after HEK 293 cells seeding on top of the primary 

neuronal culture. The dimerisation of proteins of interested was induced with 

rapamycin (Sigma Aldrich) dissolved in Dimethyl sulfoxide (DMSO) as Rapamycin 

is insoluble in water (Simamora, Alvarez, and Yalkowsky 2001). Rapamycin was 

administrated to a final concentration of 5μM per well of mixed-culture. To avoid drug 

crystallisation and precipitation, rapamycin was first resuspended in warm neurobasal 
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media before administration. Control co-cultures were treated in the same manner, 

with DMSO (Sigma Aldrich) only, up to 0.2% (v/v) final concentration to prevent 

potential toxic effects on cells.  

2.2.7.4 Analysis  

Analysis of presynaptic terminal formation was performed between 24-72 hours after 

seeding of the HEK 293 cells atop of neurons and chemical dimerisation, either by 

immunostaining or by Western Blot analysis.  

 

2.3 Biochemistry 

2.3.1 Materials and Reagents 

Radioimmunoprecipitation (RIPA) Lysis buffer (#89900), immunoprecipitation (IP) 

buffer (#87787), HaltTM protease inhibitor cocktail (#78430) and the Coomassie Protein 

Assay Kit were obtained from Thermo Fischer Scientific (Tokyo, Japan). 2-

mercaptoethanol (#13-1434) was purchased from Fujifilm WAKO Pure Chemicals 

(Japan). Trans-Blot Turbo transfer system with mini PVDF packs (#1704156), 2X 

Laemmli buffer (#1610737) and the protein ladder Precision Plus Protein Dual Colors 

(#1610374) were obtained from BioRad (Japan). Precast gels Extra PAGE One 5 - 20 % 

gradient gels (#11955-54) and running buffer solution (10X) for SDS-PAGE (#30329-

74) were purchased from Nacalai Tesque Inc. (Japan). i-MyRun.P Electrophoresis 

System for Protein (#CBJ-IMR-006-EX) was obtained from CosmoBio (Japan). 

Immunoreaction enhancer solutions Can Get SignalÒ (#NKB-101T) for western 

blotting were obtained from Toyobo (Japan). 
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2.3.2 Cell lysis and protein extraction 

Adherent cells were first placed on ice and then washed two times with ice-cold PBS. 

Cell lysis was performed using either RIPA lysis buffer with 10 mM Tris-HCl pH 8.0, 

1 mM EDTA, 0.5 mM EGTA, 1% (v/v) Triton X-100, 0.1% (v/v) sodium 

deoxycholate, 0.1% (v/v) sodium dodecyl sulfate (SDS), 140 mM NaCl (Thermo 

Fischer Scientific) or PierceÒ IP lysis buffer with 25 mM Tris-HCl pH7.4, 150 mM 

NaCl, 1% Nonidet P-40 (NP-40), 1 mM EDTA and 5% glycerol . RIPA and IP lysis 

buffers were supplemented with protease and phosphatase inhibitor cocktail freshly 

added with 1mM AEBSF, 800 nM aprotinin, 50 μM Bestatin, 15 μM E64, 20 μM 

leupeptin, 10 μM pepstatin A and 5mM EDTA (Thermo Fischer Scientific). Cells were 

incubated on ice in 200 μl lysis buffer per well for 20min, then harvested using a cell 

scraper. Cell lysates were transferred to an Eppendorf tube and incubated on a rotating 

platform at 4°C for 30 min. Cell lysates were centrifuged at 15,000 rpm for 20 minutes 

at 4°C. Cell debris was discarded, and supernatants were stored at –20°C or used 

immediately for western blotting.  

 

2.3.3 Coomassie (Bradford) protein assay 

The protein concentration of samples was measured using the PierceTM Coomassie 

(Bradford) Protein Assay Kit (Thermo Fischer Scientific) according to the 

manufacturer’s guidelines. Sample absorbance was measured at 750nm on the 

BenchmarkTM Biorad Microplate reader, and final protein concentration was 

determined with bovine serum albumin (BSA) standard curve, as shown in table 2.4. 

Serial dilution of BSA was made (B2,3; C2,3; D2,3; duplicates) to determine the 

standard curve. Lysis Buffer (A1, B1, C1) helped to determine background. All 



II. Materials & Methods 

 95 

samples were measured in duplicate as per 5 μl per well (A4 and A5 for one sample). 

25 μl of solution A was first added per well then 200 μl of solution B and plates were 

incubated for 15 min at room temperature. 

 1 2 3 4 5 
 Lysis 

Buffer 
BSA (μg/μl) 
Standard Samples (μl) 

A 3 1.59 5 5 
B 1.06 5 5 
C 0.795 5 5 
D - 0.398 5 5 

Table 2.7: 96 well plate configuration for BCA Protein Assay.  This configuration 

was used to determine protein concentration in cell lysates.  

 

Samples were then combined with 2X Laemmli Sample Buffer with 65.8 mM Tris-

HCl pH6.8, 26.3% (w/v) glycerol, 2.1% (w/v) SDS and 0.01% (w/v) Bromophenol 

Blue, supplemented with 10% (v/v) b-Mercaptoethanol, to a final (3:1) sample: buffer 

ratio. Samples were boiled at 100°C on a heat block for 5-10 minutes to denature 

proteins.  

2.3.4 Sodium dodecyl sulfate polyacrylamide electrophoresis (SDS-PAGE) 

Samples were loaded at an equal concentration on the same gel, ranging from 20 to 30 

µg of total protein concentration. The molecular weight marker Precision Plus ProteinTM 

Dual Color Standards (Biorad) was used as a reference. Electrophoresis of samples 

followed using an Extra PAGE One Precast 5 - 20 % gradient gel (Nacalai) in the i-

MyRun.P Electrophoresis System (CosmoBio). 25mM Tris, 192mM glycine and 0.1% 

SDS were used as running buffer. Proteins were separated by 20 mA for 20 minutes, 

followed by a constant electrical current of 30 mA for 40 minutes. 
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2.3.5 Protein transfer and detection by Western blotting 

Proteins were transferred onto a 0.2 µm pore size PVDF mini membrane using the 

Trans-Blotâ TurboTM Transfer System (Biorad) at a constant electrical current of 2.5 A, 

25 V for 7 minutes. Immediately after the transfer, the membranes were washed for 5 

minutes in 1X TBST (0.1% Tween 20 v/v, TBS) and subsequently incubated in 

Blocking One buffer (Nacalai) for one hour on a shaker at room temperature. The 

membranes were then incubated with the primary antibody solution overnight at 4°C 

(see Table 2.5). Following three washes of 5 min in 1X TBST, membranes were 

incubated with the second antibody for one hour at room temperature on a shaking 

platform (see table 2.6). For incubations of both primary and secondary antibody, the 

immunoreaction enhancer solutions Can Get Signalâ (Toyobo) was used. Membranes 

were processed to final washing steps in 1X TBS, before being revealed with an 

enhanced chemiluminescence (ECL) kit. An equal volume of solution A and solution 

B of ImmunoStarâ Zeta (Wako) were mixed, and membranes were incubated for 3 

minutes in the dark at room temperature. Visualisation of proteins on membranes was 

performed by Image Quant LAS4000 system (GE Healthcare Life Sciences). Band 

intensity of proteins was quantified with ImageJ software. Immunoblotting 

experiments were done in triplicate unless otherwise stated. 

 

2.4. Immunocytochemistry 

Cells in glass-bottom dishes or Lab-TEK dishes were washed three times with warm 

PBS before fixing for 10 minutes at room temperature with a solution of 4% (w/v) 

paraformaldehyde (PFA) and 4% (w/v) sucrose in PBS at pH 7.4. After removal of 
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PFA, cells were washes three times with room temperature PBS. Cells were then 

treated for one hour at room temperature in PBS buffer with 0.3% (v/v) Triton X-100, 

5% (v/v) Normal Goat Serum (NGS) and 1% (v/v) BSA for blocking unspecific sites 

and permeabilization of the cell membrane. Subsequently, cells were thoroughly 

rinsed twice with room temperature PBS. Samples were incubated with primary 

antibody diluted in blocking buffer at 4°C overnight, then washed three times in PBS, 

before secondary antibody incubation in blocking buffer at room temperature for one 

hour in dark conditions (see Table 2.7 and 2.8 for antibodies used). Samples were 

carefully washed three times with PBS and mounted with SlowFadeTM Gold antifade 

reagent (Invitrogen). Samples in Lab-TekTM chamber slides were directly used after 

washing steps for microscopy imaging and maintained in PBS. Immunofluorescence 

images were acquired with either a spinning disk confocal microscope (Marianas 3i, 

Intelligent Imaging Innovations) or with an SP8 TSC (Leica Microsystems) with a 63x 

1.40 oil objective. 

 

2.5. Antibodies 

2.5.1 Immunoblotting Antibodies 

Primary and secondary antibodies used for immunoblotting were respectively diluted 

in Solution 1, and Solution 2 of the enhancer Can Get Signalâ (Toyobo). The following 

tables list all the antibodies used for this study, their references and the optimal 

working dilution used for experiments.  
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Primary 
Antibody Clone 

Host Species 

Clonality 

Commercial 
Reference Dilution kDa 

b-Actin 
AC-
74 

Mouse 
monoclonal Sigma A2228 1:3000 42 

GAP 43 GAP-
8A12 

Mouse 
monoclonal Abcam ab129990 1:1000 50 

GFP B-2 Mouse 
monoclonal 

Santa Cruz 
Biotechnology  

sc-9996 
1:1000 27 

mCherry  Rabbit 
polyclonal 

Rockland 600-
401-379 1:2000 30 

Synaptophysin  6855 Rabbit 
polyclonal 

Novus 
Biologicals 
NB300-653 

1:2000 39 

p-synapsin - Rabbit 
polyclonal 

R&D Systems 
PPS036 1:2000 78 

p-FAK - Rabbit 
polyclonal 

Cell Signaling 
Technologies 

#3283 
1:2000 125 

FAK - 
Rabbit 

polyclonal 

Cell Signaling 
Technologies 

#3285 
1:5000 125 

SV2 A - 
Rabbit 

polyclonal 
Synaptic System 
SYSY #119 002 1:1000 90 

Synaptotagmin 
1/2 

- Rabbit 
polyclonal 

Synaptic System 
SYSY #105 0053 

1:5000 60 

Table 2.8: List of primary antibodies used in western blotting. 

 
Secondary Antibody  Host Species Commercial Reference Dilution 

anti-Mouse-HRP Goat Jackson ImmunoResearch 
#AB_10015289 

1:30000 

anti-Rabbit-HRP Goat Jackson ImmunoResearch 
#AB_2307391 

1:20000 

anti-Rat-HRP Goat Jackson ImmunoResearch 
#AB_2338128 1:15000 

Table 2.9: List of secondary antibodies used in western blotting. 
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2.5.2. Immunocytochemistry Antibodies 

Primary and secondary antibodies used for immunocytochemistry (or 

immunofluorescence) were diluted in the same blocking buffer (see 9.). The following 

tables list all the antibodies used for this study, their references and the optimal 

working dilution used for experiments.   

Primary Antibody Host Species Commercial 
Reference 

Fixation 
method 

Dilution 

β-Tubulin Mouse 
monoclonal 

Merck Millipore 
MAB3408 

PFA/Tubulin 
buffer 1:1000 

SV2 A Rabbit 
Polyclonal 

Synaptic System 
SYSY #119 002 

PFA / 
Sucrose 1:100 

Synaptophysin  Rabbit 
polyclonal 

Novus 
Biologicals 
NB300-653 

PFA / 
Sucrose 1:200 

Synaptophysin Rabbit 
polyclonal Abcam ab14692 PFA / 

Sucrose 1:500 

Synaptophysin Rabbit 
polyclonal 

Synaptic System 
SYSY #101002 

PFA / 
Sucrose 1:100 

VGLUT 1 Mouse 
monoclonal 

Synaptic System 
SYSY #135011 

PFA / 
Sucrose 1:100 

VGLUT 1/2 Rabbit 
polyclonal 

Synaptic System 
SYSY #135503 

PFA / 
Sucrose 1:100 

Table 2.10: Primary antibodies used in immunocytochemistry. 

 

 

Secondary Antibody Host 
Species 

Commercial Reference Dilution 

Anti-mouse Alexa FluorÒ 647 Goat Invitrogen #A-21235  1:1000 
Anti-rabbit Alexa FluorÒ 647 Goat Invitrogen #A-27040 1:500 
Anti-rabbit Alexa Fluor 488 Goat Invitrogen #A-27034 1:1000 

Table 2.11: Secondary antibodies used in immunocytochemistry 
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2.6. Protein-protein interaction assay 

Protein-beads complexes were washed three times in IP buffer (20 mM Tris-HCl pH 

7.5, 150 mM NaCl, 1% Nonidet P-40, 2 mM EDTA, protease and phosphatase 

inhibitor cocktail). HEK293 cells were transfected with Lipofectamine 2000 

(Invitrogen) with either wild-type SynCAM1 (pCAGGS-SynCAM1*Nhe1-Cherry-

FRB) or mutated ΔSynCAM1 (pCAGGS-SynCAM1*Nhe1-DIg1-Cherry-FRB). Cells 

were lysed 24h after transfection with cold IP buffer for 30 min on ice and centrifuged 

at 15,000 rpm for 20 min to pellet cell debris. HEK 293 cell extracts expressing wild-

type or ΔSynCAM 1 were incubated with YFP-FKBP-agarose beads complexes, with 

or without rapamycin (5μM) (Sigma Aldrich) for 4 hours at 4°C on a rotor. Protein 

complexes were eluted for 5 min at 100°C and detected by immunoblot analysis using 

anti-GFP (Nacalai) and anti-RFP (Rockland) antibodies. Densitometric analysis and 

quantification were performed using Image J software (NIH). 

 

2.7. Microscopy 

2.7.1 Acceptor photobleaching Fluorescence Resonance Energy Transfer (FRET) 
assay 

Acceptor photobleaching FRET experiment was performed with a 3i Spinning Disk 

Confocal Microscope (Marianas, Intelligent Imaging Innovations). COS-7 cells were 

plated and cultured to 70-90% confluence into glass-bottom 35mm dishes. Cells were 

co-transfected with equal amount of vectors encoding FRET protein pair: either 

pCAG-SynCAM1*Nhe1-Cherry-FRB or pCAG-SynCAM1*Nhe1-DIg1-Cherry-FRB, 

and pCAG-PrPΔ23-109-YFP-FKBP. Lipofectamine 2000 kit (Invitrogen) was used 

for transfection. 24h following transfection, cells were washed three times in PBS and 
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maintained in live cell imaging solution (Invitrogen). For Cherry, an excitation 

wavelength of 580 nm and emission wavelength of 603-670 nm was used. For YFP, 

an excitation wavelength of 514 nm and an emission wavelength of 515-545 nm was 

used. Prior to acceptor photobleaching, images were acquired in both red and green 

channels. Photobleaching of the acceptor in the red channel was performed by repeated 

scanning a region of interest (ROI) at maximum intensity of 580 nm. Typically, 

membranes areas where the two transfected proteins emitted strong signal of 

colocalization were used as ROI. To ensure that FRET signals are measured within the 

same cell membrane, only transfected cells that were isolated were analyzed. Images 

were analysed using MATLAB (MathWorks) FRET acceptor photobleaching script 

from Massimiliano Stagi (Institute of translational medicine, University of Liverpool). 

Image acquisition was continued and FRET efficiency is evaluated as an increase in 

fluorescence intensity of the green channel (donor) in the RIO. The FRET efficiency 

of energy transfer was calculated and quantified by the following standard formula: 

FRETTeff = (DonAB – DonBB)/DonAB ; where DonBB and DonAB are respectively, the 

fluorescence intensity of the ROI before and after bleaching.  

 

2.7.2. Live-cell imaging acquisition 

Cells lines were maintained in Live Cell Imaging Solution (Thermo Fischer Scientific) 

in a humidified chamber at 37°C with 5% CO2, whereas neuronal cell preparations 

were maintained in Leibovitz’s 15 medium supplemented with 1% NGF(NGF, Sigma-

Aldrich). Images were acquired using a Nikon 3i Marianas spinning disk confocal 

microscope (Intelligent Imaging Innovations, Germany) or a Leica TSP8 confocal 

microscope (Leica, Germany) with a 63x oil objective. 
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2.8. Statistical Analysis 

All graphics and data are represented as means ± standard error of the mean (SEM). 

The statistical analysis was performed using Graph Pad Prism software and Microsoft 

Excel. The independent and paired samples Student’s T-test was used to compare two 

groups of equal variance distribution. One-way Analysis of Variance (ANOVA) was 

used to determine the statistical difference between three or more groups. Generally, 

the significance level or p-value (p), is used to express the statistical significance and 

is represented as (*) when p<0.05, (**) for p<0.01. (***) for p<0.001 and (****) for 

p<0.0001. 
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Chapter 3: Characterisation of chemically-inducible and light-

inducible dimerisation tools 

3.1 Introduction  

By manipulating target molecules, dimerisation systems have been used in cell biology 

to unravel proteins interactions and signalling cascades that would be otherwise very 

difficult to study (Fegan et al. 2010; DeRose, Miyamoto, and Inoue 2013; M. J. 

Kennedy et al. 2010). These systems have the advantage to control protein activity 

within a cell, in a high spatial and temporal manner. In particular, the chemical-

inducible dimerisation (CID) Rapamycin/FRB/FKBP and the light-inducible 

dimerisation (LID) light/CRY2/CIBN systems (Figure 3.1) are widely used and were 

successful to trigger specific dimerisation of target proteins (M. J. Kennedy et al. 2010; 

Putyrski and Schultz 2012; T. Xu et al. 2010; DeRose, Miyamoto, and Inoue 2013).  

The typical experimental set up for CID and LID involves one component of the 

dimerisation system (FRB or CIBN) being anchored at a specific subcellular 

compartment (a target site), while the other component (FKBP or CRY2) is fused to a 

cytosolic protein of interest and diffuse freely in the cytoplasm (DeRose, Miyamoto, 

and Inoue 2013). Dimerisation is triggered by either rapamycin (CID) or light (LID), 

which respectively results in a ternary complex of FKBP-rapamycin-FRB for CID, or 

CRY2-light-CIBN, and thereby bringing the protein of interest to the target site. 

Through this phenomenon known as protein translocation, cellular compartments can 

communicate, exchange material and signal transduction is conveyed (Putyrski and 

Schultz 2012; Agarraberes and Dice 2001). CID is irreversible while the LID has the 

advantage to be reversible in a time scale of a few minutes (Figure 3.1) (M. J. Kennedy 

et al. 2010).   
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CID and LID have been used to study a wide variety of systems, by modulating 

enzymatic activities, and dissecting complex signaling patterns between common 

signaling effectors of protein families (i.e. small G-proteins, phosphoinositide 

metabolising enzyme, tyrosine kinase receptors, serine/threonine protein kinases) at 

different cellular localisation (i.e. plasma membrane, endosome, Golgi, ER) (Idevall-

Hagren et al. 2012; Idevall-Hagren and Decamilli 2014; Bingol et al. 2010; Zoncu et 

al. 2007; Komatsu et al. 2010).  However, these techniques are less frequently adapted 

for direct dimerisation of cell surface membrane receptors or proteins, upstream of the 

cytosolic signalling network pathways. SynCAM1 proteins assemble laterally in cis at 

the neuronal cell surface (Fogel et al. 2011). These cis-interaction forms SynCAM1 

stable oligomers that inculcate its adhesive capacity with other adhesion partners and 

intracellular effectors. Forcing the dimerisation of SynCAM1 with CID and LID 

systems could be advantageous to decipher SynCAM1-dependent signalling. 

 

To investigate SynCAM 1 dimerisation signals in different contexts, we needed to 

prepare the appropriate tools. This chapter aimed to prepare a set of CID and LID 

molecular constructs related to SynCAM1, characterised by: 

(1) The molecular design of CID and LID expression vectors; 

(2) Establishing a cloning strategy and producing expression vectors for each 

CID and LID for use in further investigations;  

(3) To generate a plasmid bank; 

(4) To confirm both dimerisation systems efficiency and prioritise the targets 

for further investigations. 
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3.2 Chemical-induced dimerisation (CID) tools 

 

3.2.1 Designing expression vectors 

At first, we designed expression vectors required for SynCAM1-SynCAM1 

dimerisation and SynCAM1/non-CAM dimerisation. An overview of the protein 

design can be seen in Figure 2.a. All amino acid sequences of SynCAM1 protein and 

CID modules can be found in Appendix 1.  

The mammalian expression vector pCAG containing a CAG promoter was chosen for 

its high levels of gene expression. The CAG promoter has the advantage to be strong 

compared to other synthetic promoters (i.e. cytomegalovirus (CMV) promoter) (Niwa, 

Yamamura, and Miyazaki 1991).  

 

SynCAM1 protein comprises three extracellular immunoglobulins (Ig) domains, 

followed by a single transmembrane domain (TMD) and a short cytoplasmic tail. Both 

Ig2 and Ig3 domains are required for cis-adhesion, whereas the first Ig domain (Ig1) 

is required for homo- or heterophilic trans-interaction. One of the CID complementary 

module, either FRB or FKBP, is flanked between the first Ig domain and the Ig2, Ig3, 

transmembrane domains (Figure 2.a).  

 

For SynCAM1-SynCAM1 specific interaction, the following complementary 

expression vectors were designed: pCAG.SynCAM1.mCherry.FRB and 

pCAG.SynCAM1.YFP.FKBP, where the fluorophore mCherry and YFP are fused to 

FRB and FKBP respectively, allowing protein visualisation in cells. The whole 

dimerisation cassette, mCherry-FRB or YFP-FKBP, is then flanked after the first Ig 

domain (SC1 Ig1) (Figure 1.a top panels).  
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The same strategy is used to generate ΔSynCAM1 expression vector, pCAG. 

ΔSynCAM1.mCherry.FRB. (Figure 1.a bottom) where the mCherry.FRB cassette is 

flanked right after the signal peptide of the protein (MASAVLPSGSQCAAA). This 

SynCAM1 construct is lacking the first Ig domain.  

The respective amino acid sequences of SynCAM1 and ΔSynCAM1 were aligned 

using the ClustalW2 Alignment online tool from the European Bioinformatics Institute 

(EMBL-BI). The alignment results demonstrate the differences between the two 

proteins, where ΔSynCAM1 is missing amino acids in position 16-44, corresponding 

to the Ig 1 domain (Figure 2.b).  
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Figure 3.1:  CID Vector design for SynCAM 1. (a) pCAG vector design encoding 
SynCAM1.Cherry.FRB (top), ΔSynCAM1.Cherry.FRB (bottom) and SynCAM1.YFP.FKBP (left) and 
their respective cellular topology depicting the single protein spanning across the plasma membrane 
(p.m.). The CID module FRB or FKBP is flanked between the Immunoglobulin (Ig) domain 2-3-
transmembrane (TMD) domain and the Ig1 domain for SynCAM 1.  The 3’ Untranslated Region (3’ 
UTR PolyA) immediately follow the STOP codon. ΔSynCAM1.Cherry.FRB lack the first Ig1 domain. 
Small circles on Ig domains represent N-glycosylation sites.  (b) Amino acid sequence alignment of 
mouse SynCAM 1 (pubmed access number NM_001025600.1) (top) and ΔSynCAM1 (bottom) with 
amino acid number position. Stars (*) indicates identical amino acids, spots (.) weakly conserved amino 
acids and dashes (-) the gaps. (extracted from ClustalW2 Alignment software).  
 

b 

a 
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For our future investigations, SynCAM1 will be dimerised with a non-cellular 

adhesion molecule and non-natural binding partner of SynCAM1 (discussed further in 

Chapters 5 and 6). I, therefore, generated a protein attached to the plasma membrane 

through a glycosylphosphatidylinositol (GPI) anchor and containing the 

complementary dimerising module of SynCAM1.mCherry.FRB, YFP-FKBP. 

 

GPI anchored proteins are soluble proteins that undergo posttranslational modification 

where a glycolipid is attached to the C-terminal end of a soluble protein (Zurzolo and 

Simons 2016). In contrast with other posttranslational modification like myristoylation 

for example, where a protein is anchored at the internal leaflet of the plasma membrane, 

GPI modification correctly anchors glycoproteins at the external leaflet of the plasma 

membrane (Carr et al. 1982; Paulick and Bertozzi 2008).  

Here, I use the small cell surface GPI-glycoprotein Prion (PrP) to design a non-natural 

binding partner of SynCAM1 with the chemical dimerisation tool. Briefly, the prion 

protein is derived from the proteinaceous infection particle. The PrP protein 

misfolding into the pathogenic form causes fatal transmissible neurodegenerative 

disorders known as transmissible spongiform encephalopathies (TSEs) or prion 

diseases, of which the most famous forms are the Creutzfeldt-Jakob Disease (CJD), 

Huntington disease-like type 1 (HDL1) in humans and Bovine Spongiform 

Encephalopathies (BSE) in cattle (Zafar et al. 2018).  

 

The prion protein we use was mutated to eliminate the N-terminal lipid modification 

in amino acids positions 23-109, resulting only in the signal peptide of the protein (1-

22) and the GPI sequence of the protein (110-146), called PrPΔ23-109, hence promoting 

plasma membrane localisation in the cell. Similar to the expression vector 
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pCAG.SynCAM1.mCherry.FRB, the fluorophore YFP was tagged to the 

complementary dimerisation module FKBP and fused right after the signal peptide of 

the prion protein (Figure 3.3.a). Alignment sequences of the full prion protein and the 

modified version PrPΔ23-109 can be seen in Figure 3.3.b. 

 

 

 

 

 

 

 

 

 
 

 
 
 
Figure 3.2: FKBP non-CAM binding partner for CID. (a) pCAG vector design of PrPΔ23-109.YFP.FKBP 
and its cellular topology (p.m: plasma membrane). (b) Amino acid sequence alignment of the Prion 
protein full sequence (top) and Prion protein lacking (23-109) amino acids (PrP, bottom) with position 
values. Stars (*) indicates identical amino acids, spots (.) weakly conserved amino acids and dashes (-) 
the gaps. (extracted from ClustalW2 Alignment software).  
 
 

a 

b 
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3.2.2 Cloning strategy: restriction enzyme ligation 

 
To successfully clone and generate our expression constructs for subsequent 

experimental studies, the universal restriction enzyme ligation method was used as the 

primary cloning strategy. This technology takes advantage of the site-specificity of 

these restriction enzymes. Restriction enzymes are endonucleases that cut or digest 

DNA sequences at specific sites, and thus allowing insertion of specific DNA 

sequences into a plasmid of interest at those sites, a process called ligation (Luria and 

Human 1952; Boyer 1971). The plasmid can then be replicated in competent bacterial 

cells to obtain a high number of plasmid copies and can be further expressed in 

mammalian cells. 

 

The concept of the restriction cloning strategy to obtain 

pCAG.SynCAM1.mCherry.FRB and pCAG. ΔSynCAM1.mcherry.FRB is shown in 

Figure 3.4, with specific positions values of each vector components. 

 

The donor vector pIDT Smart® was designed with IDTTM. At the insertion site or 

multiple cloning sites of the vector, the Nhe1 restriction site is flanking mCherry.FRB 

cassette from either side. Additionally, XmaI links the fluorophore mCherry and the 

module FRB. The pIDT Smart® vector contains a resistance gene to kanamycin, 

allowing amplification and selection of positive colonies (i.e. containing the plasmid) 

on agar-kanamycin plates.  

The recipient plasmid pCAG contains EcoRI restriction sites flanking both SynCAM1 

and ΔSynCAM1. Digestion and purification of both the donor vector 

pIDT.mCherry.FRB and the recipient vector pCAG.SynCAM1 with Nhe1 allows the 

insert mCherry.FRB and the recipient vector to be ready for ligation and subcloning. 
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The ligation reaction with T4 DNA ligase results in the recombination of the Nhe1-

mCherry.FRB-Nhe1 product with the pCAG.SynCAM1-Nhe1 recipient plasmid to 

generate pCAG.SynCAM1.mCherry.FRB.  
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Figure 3.3: Restriction cloning strategy to obtain pCAG.SynCAM1.mCherry.FRB. The insert 
mCherry.FRB is flanked between Nhe1 restriction sites and synthesised in a donor plasmid pIDT 
Smart® with a kanamycin (Kan) resistance gene (top left). Both the donor plasmid and the recipient 
plasmid pCAG.SynCAM 1 vector (top right) are digested with Nhe1 to ligate and insert the mCherry-
FRB cassette, and to obtain the expression vector pCAG.SynCAM1.mCherry.FRB (bottom). The same 
strategy is used to obtain pCAG. ΔSynCAM 1.mCherry.FRB. (not shown here).  
  

- + Reset to 100% Resize window to fit map

Sequence map of pCAG.SynCAM1.mCh.FRB about:blank

1 of 1 07/08/2019, 14:46
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The same approach and cloning strategy are used to digest, subclone and generate the 

recombinant protein ΔSynCAM1.mCherry.FRB, encoded by pCAG vector and 

designed with the same restriction sites. 

 

Similarly, to generate the expression vector pCAG.PrPΔ23-109.YFP.FKBP, a pIDT 

Smart® donor vector is designed with IDTTM, flanking YFP.FKBP cassette with EcoRI 

at the insertion site (Figure 3.5). The pcAG.SynCAM1 recipient vector contains an 

EcoRI site that flanks full SynCAM1 coding sequence. Hence, EcoRI digestion allows 

obtaining the pCAG vector backbone, allowing recombination by ligation of EcoRI-

YFP-FKBP-Ecor1 cassette into the recipient vector.  

Finally, we also generated the SynCAM 1 expression vector encoding for the 

complementary dimerising module, FKBP, to obtain pCAG.SynCAM1.YFP.FKBP. 

This construct, in complementary with pCAG.SynCAM1.mCherry.FRB, will allow 

direct SynCAM1 - SynCAM1 protein dimerisation in vitro. To do so, the expression 

vector pCAG.PrPΔ23-109.YFP.FKBP is used as a donor vector. Using Nhe1 restriction 

enzyme and following digestion, the YFP.FKBP cassette is retrieved. Concomitantly, 

pCAG.SynCAM1 is digested by Nhe1 to be ligated with Nhe1-YFP.FKBP.-Nhe1 

cassette (Figure 3.6).  

Following ligation reactions, recombined plasmids were transformed in E.coli. All 

pCAGs expression vectors contain an ampicillin resistance gene. Thus, positive clones 

were selected for growth using ampicillin-containing media. All positives clones were 

then subjected to restriction digestion and sequencing to confirm the correct insertion 

and orientation of each cassette in recipient vectors.   
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Figure 3.4: Cloning strategy to obtain the final plasmid of pCAG.PrPΔ23-109.YFP.FKBP. The 
pCAG.SynCAM 1 is used as the backbone vector. Enzyme digestion by EcoRI allow removal of 
SynCAM 1 and subcloning with the insertion of the cassette EcoRI-YFP.FKBP12-EcoRI. 
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Figure 3.5: Cloning strategy to obtain the final plasmid of pCAG.SynCAM1.YFP.FKBP. The 
pCAG. PrPΔ23-109.YFP.FKBP is used as the donor plasmid and pCAG.SynCAM1.mCherry.FRB as the 
recipient plasmid. After Nhe1 restriction digestion of both plasmids, the cassette Nhe1-YFP.FKBP-
Nhe1 is recombined into the recipient vector and generate the final expression vector 
pCAG.SynCAM1.YFP.FKBP12.  
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3.3 Light-Induced Dimerisation (LID) tools 

3.3.1 Designing expression vectors 

To successfully design and obtain the expression vectors relative to SynCAM1 LID, 

we used a strategy comparable to SynCAM 1 CID detailed above. SynCAM 1 tagged 

with their respective LID modules were subcloned into pCAG expression vectors 

(Figure 3.6). Both LID modules, CRY2 and CIBN, were positioned after the first Ig 

domain of SynCAM1, followed by Ig 2, Ig3 and SynCAM1 transmembrane domains. 

CRY2 and CIBN modules were respectively coupled with mCherry and pHluorin 

fluorescence markers (Figure 3.7a). pHluorin is a pH-sensitive GFP protein that 

becomes fluorescent only when exposed to neutral extracellular space. Synaptic 

vesicles have an intracellular acidic pH. Hence, pHluorin can be used to visualise 

neurotransmitter release and vesicle recycling  (Miesenböck, De Angelis, and 

Rothman 1998).  

3.3.2 LID cloning strategy 

Similarly, to the strategy used for SynCAM 1 CID describe above, the restriction 

enzyme cloning and ligation method were used to generate SynCAM 1 LID expression 

vectors.  A partial overview of the cloning strategy of the final LID vectors obtained 

is pictured in Figure 3.6.b. with exact position values. The cloning strategy is very 

similar to SynCAM 1 CID vectors, where the LID modules coupled to fluorescence 

proteins were synthesised in a donor pIDT Smart plasmid (not shown in Figure 3.6b). 

CRY2-mCherry and CIBN-pHluorin cassettes were respectively flanked by Nhe1 

enzyme and shuffled into pCAG.SynCAM 1 expression vector previously digested 

with Nhe1. Ligation reaction resulted in the two distinct vectors 

pCAG.SynCAM1.CRY2.mCherry and pCAG.SynCAM1.CIBN.pHluorin (Figure 

3.6b).  
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Figure 3.6: LID vector design and cloning strategy of SynCAM1. (a) pCAG vectors encoding 
SynCAM1.CRY2.mCherry (top panel) and SynCAM1.CIBN.pHluorin (bottom panel), with a similar 
strategy to CID plasmids. The LID modules CRY2 and CIBN are flanked between the Immunoglobulin 
(Ig) domain 2-3-transmembrane (TMD) domain and the Ig 1 domain for SynCAM 1 in their respective 
expression vector.  
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3.4 CID characterisation in cell line and primary neuronal culture  

 

Having successfully designed and cloned pCAGs expression vectors encoding for CID, 

these constructs were co-transfected with respect to their dimerisation modules in the 

cell line to investigate their correct cellular distribution and interaction (Figure 3.8 and 

Figure 3.9). In the following result sections, either COS 7 or HEK293 cells were used 

for our investigations. COS 7 cells are derived from the kidney of the African green 

monkey and HEK293 are derived from human embryonic kidney cells (Yasumura and 

Kawakita, 1963; Graham et al. 1977). Both COS 7 and HEK293 are well-established 

mammalian cell lines. They are suitable recipients for expression constructs and are 

well-known for their high efficiency of transfection, translation and protein process 

(Thomas and Smart 2005).  

To minimise the immunosuppressant activity of rapamycin by binding and inhibiting 

endogenous mTOR, and to ensure the specificity of CID, cells were treated with a 

single administration of 5μM rapamycin (Suh et al. 2006; Varnai et al. 2006). However, 

it is not excluded that rapamycin might have side effects on neuronal growth cones 

with such concentration and some studies suggest a neuroprotective effect of 

rapamycin on neurons (Fletcher et al. 2013; Wang et al. 2017). Although some studies 

are using rapamycin at lower concentration, cell lines respond differently to rapamycin 

dosages, and neurons have been shown to be less permeable to rapamycin than other 

cell lines (Fletcher et al. 2013; Banaszynski, Liu, and Wandless 2005; Mukhopadhyay 

et al. 2016). Hence, the concentration used for this study was initially based optimized.  

Furthermore, rapamycin analogues called Rapalogs that do not inhibit mTOR are 

highly recommended for applications where rapamycin could disturb the process or 

signalling pathway being investigated (Faivre, Kroemer, and Raymond 2006; Yuan et 
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al. 2009). As the mTOR pathway is highly crucial in the regulation of cell cycle and 

cell metabolism, and the investigation is focused on SynCAM 1 dimerisation signals, 

the use of rapalogs was not considered. Furthermore, because of its easier availability 

and faster mechanism of action, rapamycin was used in this study.  

First, the expression and distribution of SynCAM1, ΔSynCAM 1 and PrPΔ23-109 were 

investigated (Figure 3.8). All three proteins are cell membrane proteins; thus, they are 

expected to be predominantly distributed on the cell surface (Biederer et al. 2002; 

Castle and Gill 2017). Expression of SynCAM1.mCherry.FRB and ΔSynCAM 

1.mCherry.FRB in HEK293 cells resulted in their expected expression profile, 

localising at the cell membrane, where they display a puncta-like phenotype. No 

differences were found between the expression and distribution of SynCAM1 and its 

mutant form ΔSynCAM1 (Figure 3.8). Similarly, expression of PrPΔ23-109YFP.FKBP 

also resulted in the same distribution pattern with its expected localisation at the cell 

surface. 

Additionally, both SynCAM 1 and ΔSynCAM 1, and PrPΔ23-109were also distributed 

at intracellular structures. Some of them might be trafficking vesicles (Figure 3.8). 

This preliminary data show that these expression vectors are expressed and sorted 

correctly in cell lines. In the absence of rapamycin, both SynCAM1 and ΔSynCAM1 

co-localised with PrPΔ23-109 at both the cell surface plane and intracellularly. Co-

localisation between SynCAM1 and PrPΔ23-109 and, ΔSynCAM1 with PrPΔ23-109 

appeared more pronounced in the presence of rapamycin compared to controls, 

respectively at cell-cell contacts reminiscent of trans-interactions, and at the cell 

surface.   

Co-transfection and CID of SynCAM1–SynCAM 1 and ΔSynCAM1-SynCAM1 were 

also investigated. HEK293 cells were co-transfected with SynCAM1.mCherry.FRB 
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and SynCAM1.YFP.FKBP and treated with or without rapamycin (Figure 3.9). As 

expected, SynCAM1.YFP.FKBP cell expression was comparable to 

SynCAM1.mCherry.FRB expression profile, exhibiting the puncta-like phenotype at 

both cell surface and intracellular localisation. Similarly, co-localisation was 

observable in both control condition and in the presence of rapamycin.  

 
 
 

 
 
Figure 3.7: Cellular distribution of SynCAM1 CID with PrPΔ23-109.YFP.FKBP in 
HEK293 cells. HEK293 cells were plated on glass-bottom dishes and co-transfected with 
SynCAM1.mCherry.FRB and PrPΔ23-109YFP.FKBP (top panel), or ΔSynCAM 
1.mCherry.FRB and PrPΔ23-109.YFP.FKBP (bottom panel). 24h Following transfection, cells 
were treated with rapamycin (5μM) for dimerisation or DMSO (vehicle). Magnification is 
shown on right panels. Single z-section images are displayed. Scale bar = 10μm.  
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Co-localisation appeared more prominent in rapamycin-induced dimerisation of 

SynCAM1–SynCAM1 and ΔSynCAM1-SynCAM1 (Figure 3.9). 

 

 Colocalization itself does not prove that two protein are physically interacting but 

rather may suggest their interaction (Dunn, Kamocka, and McDonald 2011).  Hence, 

this approach is not appropriate to determine any molecular interaction. Additionally, 

SynCAM1 and the prion protein are both membrane proteins, localising at the cell 

surface. Thus, it remains impossible to detect their rapamycin-induced dimerisation by 

colocalization only and even in the absence of the dimeriser rapamycin, the two 

proteins could be in very close proximity, and co-localisation can be seen (Figure 3.9).  
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Figure 3.8: CID of SynCAM1 – SynCAM1 and ΔSynCAM1-SynCAM1 and their cellular 
distribution in HEK293 cells. Cells were co-transfected with SynCAM1.mCherry.FRB / 
SynCAM1.YFP.FKBP (top panel) or ΔSynCAM1.mCherry.FRB / SynCAM1.YFP.FKBP 
(bottom panel) and treated with 5 μM rapamycin or DMSO. White arrows show strong co-
localisation signals. Single-z section images are displayed. Scale bar = 10μm. 
 
 
 
 
To confirm the correct protein profile expression in neurons of both 

SynCAM1.mCherry.FRB, ΔSynCAM1.mCherry.FRB and SynCAM1.YFP.FKBP12, 

primary neurons from chicken dorsal root ganglions (DRGs) were cultured and 

transfected with the appropriate expression vectors (Figure 3.10).  
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Single transfection of DRGs with either SynCAM1 expression vectors resulted in 

robust expression of the protein in a puncta-like phenotype, comparable to what was 

observed in HEK293 and in agreement with previously published work (Figure 3.10a.) 

(Biederer et al. 2002; Stagi, Fogel, and Biederer 2010).   

 

SynCAM1 is expressed along axons and highly enriched in growth cones (Figure 3.10). 

Co-transfection of DRGs with SynCAM1.mCherry.FRB and SynCAM1.YFP.FKBP 

also confirmed the specific expression phenotype, and co-localisation signal can be 

seen (Figure 3.10b).  

 

This preliminary data of co-localisation suggests that the modules FRB and FKBP 

might be interacting at the molecular scale.  
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Figure 3.9: Expected protein expression of SynCAM1 and ΔSynCAM1 in neurons. (a) 
DRG primary neurons were cultured and transfected with either SynCAM1.mCherry.FRB, 
ΔSynCAM1.mCherry.FRB and SynCAM1.YFP.FKBP. All recombinant proteins are 
expressed in axons and growth cones where they display a puncta-like phenotype. Scale bar = 
25μm (b) Growth cones from DRGs neurons co-transfected with SynCAM1.mCherry.FRB 
and SynCAM1.YFP.FKBP. Scale bar = 10μm. Number of cultures transfected n=3 for each 
single and double transfection.  
  

b 

a 
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3.5 Rapamycin induces binding of YFP.FKBP and mCherry.FRB 

The expression constructs encoding for proteins SynCAM 1, ΔSynCAM 1 and PrPΔ23-

109, are correctly expressed at the membrane cell surface. The overlap of fluorescence 

or co-localisation in the presence of rapamycin can be visualised, but it does not 

necessarily indicate that two distinct proteins are interacting. Hence, evaluating 

colocalisation at this scale has its limits as protein-protein molecular interactions are 

beyond the resolution limits (Dunn, Kamocka, and McDonald 2011).  

 

To overcome this issue and further corroborate the co-localisation data, the 

Fluorescence Resonance Energy Transfer (FRET) imaging approach was used to 

determine the efficacity of interaction between both rapamycin-induced dimerisation 

molecules FRB and FKBP. FRET is a technique allowing the measurement of 

molecular interactions between two proteins below 10nm, overcoming the microscope 

resolution limit  (Forster 1946; Clegg 1992; 1995; Gordon et al. 1998).   FRET is a 

nonradiative process by which within a cell, a donor fluorophore gets electronically 

excited and transfers its excitation energy to a neighbouring acceptor fluorophore 

(Forster 1946). To be detected, the pair of fluorophores must be chosen wisely. The 

donor's fluorescence emission spectrum must partially overlap with the acceptor's 

fluorescence excitation spectrum so that energy transfer can occur and FRET can be 

detected in the cell. When FRET occurs, the two proteins of interest or the 

fluorophores are in very close proximity (<10nm), and the donor emission 

fluorescence decreases whereas the acceptor emission fluorescence increases. 

mCherry and YFP are a well-known FRET couple that can be used for different FRET 

techniques (Kaminski, Rees, and Schierle 2014). Here, the FRET acceptor 

photobleaching method was used to determine mCherry.FRB and YFP.FKBP 
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interactions. The principle is to measure the donor intensity before and after acceptor 

photobleaching and to directly related increases in donor intensity to FRET efficiency 

(Wouters et al. 1998; Gu et al. 2004).   

 

COS7 cells were cultured, transfected with SynCAM1-cherry-FRB (the acceptor), co-

expressed with PrPΔ23-109-YFP-FKBP (the donor) and treated with either DMSO 

(vehicle) for control or rapamycin. FRET acceptor photobleaching was assessed by 

live imaging confocal microscopy (Figure 3.11). A single COS 7 cell co-expressing, 

both donor and acceptor molecule was selected. First, images of both acceptor and 

donor were acquired in their respective channel, before photobleaching. Second, a cell 

area is bleached in the acceptor channel for 2s (yellow dotted line), and third, images 

of both acceptor and donor were acquired post-bleaching (Figure 3.11).  

In both vehicle- and rapamycin-treated dishes, bleaching of the 

SynCAM1.mCherry.FRB acceptor resulted in the destruction of the fluorescence 

molecule in the area of interest (yellow dashed line). In control cells treated with 

DMSO, the photobleaching of the acceptor did not result in YFP fluorescence increase 

(left panel), indicating no energy transfer occurred. FRET efficacy was measured to 

be 0 ± 5%. 

 

In contrast, in the presence of the dimeriser rapamycin, an apparent increase in YFP 

fluorescence in the cell is visualised after bleaching of the acceptor mCherry and FRET 

efficiency is evaluated at 22 ± 5% (right panel).  
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Figure 3.10: Rapamycin induces interaction of FRB and FKBP. FRET acceptor 
photobleaching in COS7 cells transfected with The FRET matrix represents the pseudocolour 
image for visualisation of FRET efficacy, based on the FRET lookup table (LUT), that shows 
an increase in green intensity values. SynCAM1-cherry-FRB (acceptor), co-expressed with 
PrPΔ23-109-YFP-FKBP (donor). The yellow dotted line depicts the bleached area of the acceptor. 
Images were acquired pre- and post-bleaching.  Rapamycin induced an increase in YFP 
fluorescence by 22 ±  5% after bleaching (right), whereas no fluorescence increase was 
detected in cells treated with DMSO (vehicle, left). The FRET matrix shows the pseudocolour 
image for visualisation of FRET-based on the FRET lookup table (LUT), that shows an 
increase in green intensity values.   
 
 

This data confirms that SynCAM1.mCherry.FRB and PrPΔ23-109-YFP-FKBP are 

interacting at the molecular scale in the presence of rapamycin. I tried to reproduce the 

FRET acceptor photobleaching method in primary neuron culture. Unfortunately, we 

could not succeed to show FRET interaction in neurons, possibly because of their very 

high sensitivity and thin membrane characteristics.  

To further confirm the association of FRB and FKBP, the immunoprecipitation 

technique was used. I used immobilised glutathione-agarose beads, conjugated with a 

GST-tagged YFP-FKBP (Figure 3.12). Glutathione-S-Transferase (GST) is a 26 kDa 

protein commonly used as a protein tag in protein-protein interaction assays. The 
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soluble protein GST-YFP-FKBP encoded by a pGEX-6P plasmid was produced in 

E.coli. After several purification and washing steps, GST-YFP-FKBP was bound to 

the glutathione agarose beads.  

Cell lysates (input) from HEK 293 cells expressing either SynCAM1-mcherry-FRB or 

ΔSynCAM1-mcherry-FRB were incubated with immobilised beads conjugated with 

GST-tagged YFP-FKBP, and immunoprecipitated against RFP to detect both 

SynCAM 1 and ΔSynCAM1. Before collecting the immunoprecipitates from the 

beads, the flow-through (FT) were collected. All elutions were subjected to SDS-

PAGE and further analysed by Western blotting. Anti-GFP was used as a negative 

control (Figure 3.12). RFP was detected in the immunoprecipitates only in the 

presence of rapamycin, confirming that both SyCAM1 and ΔSynCAM1 bind to YFP-

FKBP. The same size of the RFP band was respectively detected in the input controls 

from SynCAM1-beads and ΔSynCAM1. 

 

 

 
Figure 3.11: Binding of SynCAM1 and ΔSynCAM1 with the complementary YFP-FKBP 
module. Immunoprecipitation assay to analyse the association of FRB and FKBP. HEK 293 
cells expressing either SynCAM1-mcherry-FRB or ΔSynCAM1 -mcherry-FRB were bound 
to immobilised beads conjugated with GST-tagged YFP-FKBP. Proteins from cell lysate were 
extracted with detergent (input) and immunoprecipitated with antibodies against the 
extracellular domain of SynCAM1 (mCherry) and control antibody (GFP). Elution was 
analysed by western bot. The flow-through (FT) was obtained before collecting the 
immunoprecipitates (IP) from beads. In the presence of rapamycin (5μM), high heterodimer 
complexes with both SynCAM1 (left panel) and ΔSynCAM1 (right panel) are formed. n=1 
depicted for each condition in SynCAM1 and ΔSynCAM1 culture from triplicates 
experiments.  
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Large protein complexes of high molecular weight (~150kDa) were detected in both 

input and flow-through of SynCAM1-beads. This result is in line with SynCAM1 

interacting in cis and trans to form large oligomer complexes (Fogel et al. 2007; 2011).  

 

Interestingly, two proteins with a molecular mass of ~100 and ~140 kDa were detected 

in SynCAM1-beads eluates, whereas only one major protein of ~130 kDa was detected 

in eluates from ΔSynCAM1-beads. This is highly due to the presence of N-

glycosylation sites on the Ig1 domain (Biederer 2006; Fogel et al. 2010), as SynCAM1 

proteins are prone to a high level of N-glycosylation modifications. 

These results confirm that in the presence of rapamycin, FKBP and FRB bind to each 

other. 

 

3.6. LID characterisation 

I first assessed the correct protein expression and distribution of SynCAM1 LID 

constructs in both cell line and primary neurons (Figure 3.13). Both 

SynCAM1.CRY2.mCherry and SynCAM1.CIBN.pHluorin were co-transfected in 

HEK293 and primary DRGs neurons. As expected, SynCAM1 recombinant proteins 

showed a robust localisation at both the plasma membrane and the cytoplasm, where 

punctae of fluorescence are visualised (Figure 3.13). No difference was visualised in 

the protein expression profile between HEK293 (top panels) and DRG neurons 

(bottom panels). This is consistent with the literature (Biederer et al. 2002) and with 

our CID data as their cell distribution is highly similar to SynCAM1-CID recombinant 

proteins (Figures 3.8, 3.9 and 3.10), thus confirming the correct expression of both 

LID vectors. Co-localisation was visualised in both cell types, without triggering any 
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light stimulation (Figure 3.13). This is also in line with what we observed in the CID 

recombinant proteins of SynCAM1.  

 

 

 
Figure 3.12: Expected LID protein expression of SynCAM1 and ΔSynCAM1 in neurons. 
HEK293 (top panel) and DRGs neurons (bottom panel) were co-transfected with 
SynCAM1.CRY2.mCherry and SynCAM1.CIBN.pHluorin to assess their expression profile. 
Images show single z-sections and right panels depict magnification. Number of cultures 
transfected n=3 for each cell type. Scale bar: 10 μm. 
 

 

Next, CRY2-CIBN interaction was investigated by live-cell imaging (Figure 3.14). 

This experiment was set up based on Kennedy et al. method (2010) where the authors 

showed rapid light-induced dimerisation of proteins with a single “pulse” of 100ms at 

a blue-light of 488nm (M. J. Kennedy et al. 2010).   

 

Co-transfected HEK293 with SynCAM1.CRY2.mCherry and 

SynCAM1.CIBN.pHluorin (Figure 3.14a) were cultured and carefully kept in the dark 

conditions to avoid unsolicited potential dimerisation. During live imaging, images of 

both proteins in their respective channel were acquired before light stimulation; 
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dimerisation was then initiated with a single pulse of 100ms at 488nm  (M. J. Kennedy 

et al. 2010). As both proteins are localised at the plasma membrane, some co-

localisation signals are observed before light induction (Figure 3.14b). Blue light-

induced a robust co-localisation signal after 5s and the signal was still persistent after 

5min, indicating that both SynCAM1 were still interacting. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13: SynCAM1 LID in HEK293 cells. (a) LID scheme with each synCAM1 
recombinant protein and their dimerisation pair CRY2.mCherry or CIBN.pHluorin. Upon light 
stimulation at 488nm, both SynCAM1 proteins associate. (b) LID induce strong co-
localisation of both SynCAM1 proteins. HEK293 cells were co-transfected with 
SynCAM1.CRY2.mCherry and SynCAM1.CIBN.pHluorin and were subjected to live 
confocal imaging the next day. Cultures were kept in the dark and images were acquired before 
and after a single pulse at 488 nm for 100ms. Images show single z-sections. Scale bar: 10 μm. 

a 

b 
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In contrast with Kennedy et al. (2010) study, where rapid a robust co-localisation 

signal was observed from 300ms post-light-induction (M. J. Kennedy et al. 2010), such 

rapid dimerisation was not visualised with our SynCAM1 constructs. However, in their 

study, the authors showed the rapid translocation of a cytoplasmic protein to a protein 

anchored at the plasma membrane. The slower induced-interaction of SynCAM1 

observed here might be explained by SynCAM1 dynamics at the membrane as 

SynCAM1. SynCAM1 forms oligomers at membranes through its Ig2 and Ig3 domains 

and thereby controls its adhesive function (Fogel et al. 2011).  

Nonetheless, little is known about SynCAM1 adhesive association and dissociation 

dynamics at the synaptic membrane. Super-resolution microscopy imaging showed 

that SynCAM1 shapes the synaptic cleft and SynCAM1 punctae were not static, they 

can disperse and assemble into "cloud-like" structure near the postsynaptic border 

(Perez de Arce et al. 2015). Thus, SynCAM1 can undergo redistribution at the edge of 

the cleft in a very high dynamic manner.  

This result strongly suggests that SynCAM1 LID is effective, at least in non-neuronal 

cell lines. 

 

3.7 Discussion  

For the analysis of intracellular signals, dimerisation systems are powerful tools to 

investigate specific protein-protein interactions. 

This chapter aimed to generate a complete set of molecular tools and creating a valid 

plasmid bank, needed for our further investigation of SynCAM1 dimerisation signals. 

This chapter described the process from protein design, cloning strategy to obtain 

expression vectors for CID and LID, to the validation of the set of tools. 
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The initial protein design of the tools was elaborated with Dr Stagi. Each dimerisation 

cassette mCherry.FRB/YFP.FKBP for CID and CRY2.mCherry/CIBN.pHluorin for 

LID was carefully designed with the correct enzyme restriction sites to allow 

subcloning in designated pCAG expression vectors. Fluorophores were tagged to their 

respective dimerisation modules to allow protein visualisation in cells. Most of the 

dimerisation cassettes of CID and LID were synthesised commercially with Addgene 

and obtained in a donor vector. Finally, we used the enzyme restriction cloning 

strategy to allow fast protein recombination of SynCAM1 and ΔSynCAM1 with their 

respective dimerisation modules. Additionally, a non-CAM binding partner of 

SynCAM1 was designed, resulting in a GPI-anchored protein derived from the Prion 

protein and tagged with the complementary YFP.FKBP. This will allow dimerisation 

of SynCAM1 with a non-functional cell membrane protein for our future 

investigations. All expression vectors were generated and cloned successfully. The 

specific molecular techniques for successful ligation, cloning and transformation 

reactions are described in chapter 2.   

 

We then showed the correct expression profile of all CID and LID constructs in both 

cell lines and primary neuronal cultures. All recombinants proteins showed robust 

localisation at the plasma membrane, with SynCAM1 and ΔSynCAM1 also being 

localised in the cytoplasm, possibly in trafficking vesicles, reminiscent of the correct 

protein process. In neurons, SynCAM1 and ΔSynCAM1 were enriched in axonal 

processes as well as in growth cones, consistent with the literature (Biederer et al. 

2002; Stagi, Fogel, and Biederer 2010; Niederkofler et al. 2010). 

FRET and immunoprecipitation techniques confirmed Rapamycin-induced interaction 

of FRB and FKBP modules. FRET positive signals were energy transfer occurred 
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between mCherry.FRB as the donor and YFP.FKBP as the acceptor were detected in 

COS 7 cells treated with rapamycin, demonstrating FRB/FKBP interaction.  

Unfortunately, I could not reproduce this FRET assay in primary neuronal cultures. 

Immunoprecipitation assay were cell lysates expressing either 

SynCAM1.mCherry.FRB or ΔSynCAM1.mCherry.FRB were pull-down with beads 

containing GST-tagged YFP-FKBP also confirmed that both complementary modules 

(FRB/FKBP) are interacting only in the presence of the dimeriser rapamycin. 

SynCAM1 LID in the HEK293 cell line resulted in a robust and persistent co-

localisation of both recombinant protein SynCAM1.CRY2.mCHerry and 

SynCAM1.CIBN.pHluorin. 

However, whereas these co-localisation and immunoprecipitation techniques show 

evidence for CID and LID protein interactions, their precise dynamic of interaction 

under dimerising condition remains elusive and difficult to analyse as our proteins of 

interest are all localised at the cell surface. Other techniques are needed to conclude 

about the potential activity of CID and LID. The cell-membrane sheet technique could 

be very useful in this context. Using a brief ultrasonic pulse, plasma membrane of 

cultured cells can be flattened to thin planar membranes whit conserved composition 

of membrane-associated proteins and cell cytoskeleton (Milosevic 2018). This 

technique could precisely decipher SynCAM-SynCAM interaction under dimerising 

conditions and shed some lights on their spatial distribution as well as kinetics.  

 

SynCAM1 CID and LID signals in the growth cone will be investigated and discussed 

in Chapter 4. Finally, CID will be used for SynCAM1 and ΔSynCAM1 interaction 

with the unfunctional GPI-anchor protein generated, PrPΔ23-109.YFP.FKBP. This 
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innovative dimerisation will be examined in the context of SynCAM1-induced 

synaptogenesis and discussed in chapter 5.  

 

The preliminary data obtained in this chapter set the fundamental molecular basis for 

our future investigations on SynCAM1 dimerisation signals and SynCAM1-induced 

synaptogenesis.  
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Chapter 4: SynCAM1 dimerisation signals in growth cone dynamics 

 

4.1. Introduction  

SynCAM1 was identified as a surface protein of axonal growth cones, on both central 

(C) and peripheral (P) domains (Stagi, Fogel, and Biederer 2010). Preceding synapse 

formation, SynCAM1 is already expressed by migrating neurons and is strongly 

enriched in their growth cone structures. Growth cones expressing either exogenous 

or endogenous SynCAM1 were less dynamic, restricting the growth cone size and 

filopodia dynamics, thereby negatively regulating their overall complexity (Stagi, 

Fogel, and Biederer 2010). This unique feature has not been identified in other CAMs. 

Cadherins have been found at nascent synaptic sites, only after growth cone migration 

(Jontes, Emond, and Smith 2004). Furthermore, SynCAM1 rapidly assembles into 

stable cis-oligomers upon axon-dendritic contacts and persistently localise even when 

these sites differentiate into mature synapses (Stagi, Fogel, and Biederer 2010).  

SynCAM1 was also shown to play an essential role in axon guidance, hence 

confirming its pioneering role in neural circuit formation, before synapse formation 

(Niederkofler et al. 2010). SynCAM2 expressed at the spinal cord floorplate was 

identified as a guidance cue and a trans-binding partner of SynCAM1 on commissural 

axons, thereby guiding axons to cross the ventral midline an to extend towards the 

brain.  

Although the overall cytoskeletal machinery controlling axonal growth and growth 

cone dynamics is well understood, SynCAM1-dependent cell surface dynamics on 

growth cone has not been characterised yet. I aimed to analyse SynCAM1 dimerisation 

using the rapamycin-induced system first, and compare it to the SynCAM1 phenotype 
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in growth cone observed by Stagi et al. (2010).  I hypothesised that SynCAM1 CID in 

cis would impact growth cone morphology and complexity. Then, SynCAM1 LID will 

be investigated in live imaging to better understand SynCAM1 dynamics in this 

context. The question of whether or not SynCAM1 cis-dimerisation itself can induce 

an axonal turning response (either attractive or repulsive) will be addressed.  

 

For this investigation, the dissociated lumbar sensory neurons from chick dorsal root 

ganglions (DRGs) were used as the primary model. These neurons have been 

extensively used in neurobiology, and many features such as growth cone structure, 

motility and axonal outgrowth have been characterised (D. M. Snow and Letourneau 

1992; Diane M. Snow 2011; Lemons et al. 2013). Moreover, DRGs neurons display a 

relatively large growth cone structure, highly convenient to study their properties in 

vitro. Hence they have been used as a model to investigate growth cone guidance (i.e. 

attractive or repulsive behaviour in response to a cue) (Tamariz and Varela-Echavarría 

2015). Additionally, these cultures do not require the support of non-neuronal cells 

(i.e. glial cells) like in mixed culture and allow a direct approach. Finally, the culture 

procedure from chicken embryos is fast, inexpensive and do not require extensive 

training, compared to other culture models like rat DRGs.   

 

The aims of this chapter are: 

(1) To investigate SynCAM1 chemical-induced cis-dimerisation in growth 

cone dynamics. 

(2) To perform SynCAM1 light-induced cis-dimerisation and evaluate 

SynCAM1 dynamics by live imaging.  
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(3) To assess growth cone guidance in SynCAM1 light-induced cis-

dimerisation. 

 

4.2 Rapamycin-induced dimerisation of SynCAM1 impacts growth 

cone morphology 

First, we investigated the growth cone morphology upon SynCAM1 cis-CID in fixed 

conditions. Primary neuronal cultures from chicken DRGs at embryonic stage E10 

were cultured and grown on a laminin substrate, and transfected with their respective 

SynCAM1 dimerisation modules, SynCAM1.mCherry.FRB along with 

SynCAM1.YFP.FKBP. To allow correct transient protein expression, cultures were 

then treated 24h post-transfection, with rapamycin (5μM) for 3h, 6h and 12h (Figure 

4.1). Control cultures were treated with DMSO as a negative control.  

 

Cultures treated with rapamycin for 3h and inducing SynCAM1 dimerisation 

displayed large growth cones with lots of filopodia protruding towards their 

environment (Figure 4.1). Their growth cone structure was similar to the control 

growth cones at 3h. In contrast, 6h following SynCAM1 cis-dimerisation with 

rapamycin, growth cones displayed an altered morphology, with less area covered by 

both P and C-domain, and where filopodial structures appeared reduced and thicker, 

as revealed by their membrane outline (GC outline – bottom panels).  

 

Strikingly, at 12h post-induced dimerisation of SynCAM1, drastic changes in growth 

cone morphology can be observed when compared to control growth cones, with the 
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P and C-domains being no longer discernable. Although reduced, the shorter filopodial 

protrusion extending from the growth cone are still visible (Figure 4.1).   

Control-treated cultures showed highly conserved and similar growth cone 

morphology at 3h, 6h and 12h, with visually well-defined C and P domains, as well as 

distinct filopodial structures. No differences and no apparent structural changes were 

visualised in the three different control conditions (Figure 4.1). 

 

 
 
Figure 4.1: Rapamycin-induced SynCAM1 dimerisation impacts growth cone 
morphology. Co-transfected DRGs neurons with SynCAM1.mCherry.FRB and 
SynCAM1.YFP.FKBP were cultured and treated with rapamycin (5μM) for 3h, 6h or 12h 
(right panels) or DMSO vehicle (left panels) for control. The membrane outline of each growth 
cone is shown in the bottom panels. Images show 3-7 μm z-sections. Number of growth cones 
analysed: vehicle n=16 (3h), n=15(6h), n=16(12h); rapamycin n=13 (3h), n=9 (6h), n=18(12h) 
in three independent experiments. Scale bars: 10 μm. 
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Interestingly, in 12h rapamycin-treated cultures, SynCAM1 seems to be enriched 

along the axons towards the distal end of the growth cone but not in filopodia as both 

C and P-domain became barely distinct.  In contrast, SynCAM1 seems to be localised 

in filopodia and both distinct growth cone C and P-domain in cultures treated for 3h 

and 6h.  

 

Quantification analysis was performed to evaluate growth cone area, filopodia number 

and filopodia length (Figure 4.2). SynCAM1 induced-dimerisation in growth cones 

significantly decrease their area by 61 ± 9% ( rapamycin mean 3h= 318.20 μm2, SD= 

225.43; rapamycin mean 12h=125.49 μm2, SD=52.76; rapamycin 3h vs. rapamycin 

12h p=0.0191) (Figure 4.2a).  

Interestingly, controls growth cones at 3h were smaller in size compared to SynCAM1-

dimerised growth cones at the same time point (3h: control mean=198.56 μm2, 

SD=72.23; rapamycin mean=318.02 μm2, SD=225.43), potentially due to the high 

heterogenicity between the cultures expressing exogenous SynCAM1. Control growth 

cones were larger compared to the rapamycin-treated ones at 6h (6h: control 

mean=355.33 μm2, SD=198.41; rapamycin mean=303.59 μm2, SD=147.92) and two 

times larger at 12h, (12h: control mean=251.51 μm2, SD=196.32; rapamycin 

mean=125.49 μm2, SD=52.76).  

Notably, 12h post-treatment with DMSO, control growth cones also show a reduced 

area compared to 6h post-treatment, but no significance was found between the two 

groups. This difference can be explained by the high density of neurons being plated. 

Wild-type (i.e. non-transfected) chick DRGs neurons are very fast to grow, and growth 

cone structure can already be visualised from 4h post-plating.  
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However, transfected neurons require at least a few hours to recover from transfection 

and to express the exogenous protein of interest. For these reasons, both control and 

treated cultures were plated at relatively high density, to allow sufficient recovery and 

proper developing of primary neuronal cells. 

 

Similarly, the number of filopodia was decreased by 56 ± 8% upon SynCAM1 

dimerisation (mean 3h=8.69 filopodia vs mean 12h=3.83 filopodia; rapamycin 3h vs 

rapamycin 12h p=0.0062) (Figure 4.2b), confirming the effect of rapamycin-induced 

cis-dimerisation of SynCAM1 on growth cone complexity. The number of filopodia 

was comparable between control cultures and rapamycin-treated cultures at 3h (control 

mean=8.12 filopodia, SD=3.91; rapamycin mean=8.69 filopodia, SD=4.23), whereas 

filopodia number of rapamycin-treated growth cone was significantly reduced by 51 

± 8% at 12h, when compared to controls (12h: control mean=7.81 filopodia, SD=3.6, 

12h rapamycin mean=3.83 filopodia, SD=2.06; p= 0.0296).  

 

Rapamycin-induced dimerisation of SynCAM1 also resulted in a reduction of 

filopodia length by 29 ± 14% when comparing 3h vs 12h (mean 3h=11.2 μm, SD=5.25; 

mean 12h=7.95 μm, SD=5.15) (Figure 4.2c). Interestingly, filopodia length of 

SynCAM1 CID cultures was slightly increased by 19 ± 5% at 3h, and by 11 ± 3% at 

6h, when compared to controls. Moreover, both control and rapamycin-treated cultures 

show an increase of filopodial length at 6h post-treatment and a subsequent decrease 

at 12h. 
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Figure 4.2: Quantification of growth cone morphology upon SynCAM1 CID. Growth 
cone (GC) area (a), filopodia number (b), and filopodia length (c) were measured in control 
(DMSO-treated) and rapamycin-induced cultures at 3h, 6h and 12h. Number in parentheses 
below each bar indicates the number of growth cones analysed. Control GC: n=16 (3h), n=15 
(6h), n=16 (12h), rapamycin-induced GC: n=13 (3h), n=9 (6h), n=18 (12h), in three 
independent experiments. Both the growth cone area and filopodia number are significantly 
reduced in rapamycin-treated cultures in a time-dependent manner.  Filopodia length remains 
unaffected by rapamycin when compared to controls. P-values: (a) Control 6h vs. rapamycin 
12h p=0.0013; rapamycin 3h vs. rapamycin 12h p=0.0191. (b) rapamycin 3h vs. rapamycin 
12h p=0.0062; control 12h vs. rapamycin 12h p=0.0296.  (C) Rapamycin 6h vs rapamycin 12h 
p=0.0298. Values are given ± SEM and (*p<0.05, **p<0.01) are indicated between groups, 
using ANOVA with Tukey’s multiple comparison test.  

a 

b 

c 
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 I found statistical significance between SynCAM1 CID at 6h and 12h, where filopodia 

lengths were reduced by 46 ± 11% (mean 6h=14.66 μm, SD=7.87; mean 12h=7.95 μm, 

SD=5.14). Fluctuations in length of filopodia did not show any convincing differences 

between controls and rapamycin-treated cultures.  This is consistent as the growth cone 

is a highly dynamic structure, permanently sensing its surrounding environment by 

extending its filopodia (Goldberg and Burmeister 1986; Stirling and Dunlop 1995; 

Betz et al. 2007; Goodhill et al. 2015).  

These results indicate that cis-dimerisation of SynCAM1 negatively regulate growth 

cone morphology, suggesting that changes might also occur underneath the membrane 

at the cytoskeletal level.  

 

4.3 Microtubules reorganisation upon SynCAM1 dimerisation 

Microtubules (MTs) dynamics are essential for growth cone extension, retraction and 

turning (Kahn and Baas 2016). During these events, filopodia protrude to respond to 

local signals, mainly powered by actin polymerisation, and dynamics MTs can further 

expand the protrusion of the filopodial membrane (Etienne-Manneville 2013). 

Furthermore, local perturbation of MT dynamics can induce growth cone turning 

(Buck and Zheng 2002). 

 

To determine the morphological variations at the cytoskeletal level and better evaluate 

growth cone dynamics upon SynCAM1 dimerisation, immunocytochemistry analysis 

was performed, and DRG cultures were immunostained with β-tubulin antibody 

(Figure 4.3).  
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In control growth cones, dynamics microtubules (MTs) are localised to the C-domain 

with some protrusion, extending towards the P-domain into filopodia structures, 

resembling non-polarized axon growth (i.e. no turning) (Dent and Gertler 2003).   

Interestingly, SynCAM1 signals overlap with β-tubulin signals in the central domain 

of the growth cone towards the axonal shaft, and also in the peripheral domain (Figure 

4.3, left panels). Growth cones upon SynCAM1-induced dimerisation undergo a 

drastic cytoskeletal reorganisation. As previously observed, the number of filopodia is 

reduced, and fewer dynamics MTs were localised to the growth cones P-domain. Most 

MTs remained along the axon shaft and at the C-domain, notably at 6h and 12h 

following rapamycin treatment (Figure 4.3, right panels).   

 
 
Figure 4.3: Rapamycin-induced SynCAM1 dimerisation triggers cytoskeleton 
rearrangement. Immunostaining of co-transfected DRGs neurons SynCAM1 LID constructs 
with β-tubulin.  Cultures were treated with rapamycin for 3h, 6h or 12h (right panels) or 
DMSO vehicle (left panels) for control. Images show 3-7 μm z-sections. Scale bars: 5 μm. 
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Overall, these results indicate that SynCAM1 cis-dimerisation in growth cones 

strongly impact its morphology and its cytoskeletal dynamics, and thus confirming 

previous studies depicting SynCAM1 as a negative regulator of growth cone 

complexity (Stagi, Fogel, and Biederer 2010). SynCAM1-induced cis-interaction  alter 

cytoskeletal dynamics by locally restructuring microtubules and may alter growth cone 

steering. 

 

 

4.4. SynCAM1 LID in DRGs growth cones 

 

4.4.1 SynCAM1 forms transient protein complexes upon LID 

Growth cones sense their environment by protrusions of filopodia and lamellipodia, 

thereby detecting specific guidance cues. In response, growth cones are steered 

towards (i.e. attraction) or away (repulsion) from those cues (Gomez and Letourneau 

1994; Goodman 1996). Thereby, growth cones are reorganising their cytoskeletal to 

properly redirect their migration (E. Tanaka and Kirschner 1995; Challacombe, Snow, 

and Letourneau 1996).  

To address how microtubules rearrangement could impact growth cone migration (i.e. 

causing either attractive or repulsive response), SynCAM1 LID was assessed by 

confocal microscopy live imaging.  

First, SynCAM1 LID was tested in the growth cone membrane to confirm the data 

obtained in chapter 3, where I showed that SynCAM1 LID was effective in HEK293. 

Indeed, primary neurons are more sensitive than cell lines, and growth cone is a 

susceptible structure. Growth cone membranes are fragile, compared to very robust 
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cell lines. Thus, light pulse triggering dimerisation needed to be optimised and verified. 

Establish the proper settings to avoid any damage in the growth cone membrane is 

necessary. I tested the same settings as the one for HEK293 cells (M. J. Kennedy et al. 

2010).  

A single pulse of 488nm for 100ms was triggered in the whole growth cone area 

(Figure 4.4).  After only 2s of blue-light induction, some light co-localisation signal 

can be visualised. After 10s, the co-localisation signal was still visible. The co-

localisation signal was still persistent at 40s post-light pulse, suggesting that both 

proteins were continuously interacting for at least 40s. Although LID was triggered 

over a more significant cell surface area, SynCAM1 interaction seems to be very 

localised at the tip end of the growth cone, at lamellipodial structure between filopodia. 

Interestingly, 1 min following LID, no-colocalisation signal was detected neither in 

lamellipodia nor filopodia. Co-localised signals of SynCAM1 proteins was detected 

again at 2 min post-LID. More generally, subsequent association and dissociation of 

SynCAM1 were observed for a few minutes post LID in different neuronal DRGs 

cultures. The setting of a single 488nm pulse during 100ms seems appropriate to 

investigate SynCAM1 LID further.   

 

However, this observation indicates that SynCAM1-induced dimerisation by light is 

transient in the growth cone and differs from the established LID model, where 

proteins interact in a time scale of approximatively 10 minutes to then completely 

dissociate from each other (M. J. Kennedy et al. 2010).  

Additionally, this result contrasts with SynCAM1 LID data in the HEK293 cell line 

(Chapter 3) where constant SynCAM1-SynCAM1 interaction was observed as 

evidenced by persistent co-localisation signals for over 5min.  
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Thus, SynCAM1 in the growth cone of DRGs neuronal cultures seems to cluster 

transiently for the temporary association when induced by light dimerisation. 

SynCAM1 would assemble into highly dynamic protein complexes that can rapidly 

dissociate. As SynCAM1 have never been subjected to LID or any dimerisation in 

live-cell imaging, such behaviour was unpredictable. Especially because a different 

phenotype was initially observed in cell lines (Chapter 3).   

 

This behaviour could be consistent with biophysics properties of the cell membrane 

and its subcomponents, where functional assembly of proteins are highly transient at 

the time scale of milliseconds, and where some proteins disintegrated right after their 

association (Suzuki, Fujiwara, Sanematsu, et al. 2007; Suzuki, Fujiwara, Edidin, et al. 

2007; Kasai et al. 2011; Suzuki et al. 2012).   
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Figure 4.4: SynCAM1 LID in DRGs neurons. Confocal live imaging of primary neurons 
cultured from chicken DRGs co-transfected with SynCAM1.CRY2.mCherry (red) and 
SynCAM1.CIBN.pHluorin (green). Images were acquired before and after a single pulse at 
488 nm for 100ms. Dashed white circles denote the region of interest for LID. Asterisks show 
dimerisation assessed by co-localised SynCAM1 proteins. Note that the interaction is transient 
and highly localised. Images show single z-sections. Scale bar: 10 μm. 
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4.4.2 SynCAM1 LID does not induce growth cone turning 

As we confirmed SynCAM1 LID settings in the growth cone, I next investigated if the 

changes in cytoskeletal stability are underlying differences in the growth cone 

navigational decisions. Usually, microtubules reorganisation in the growth cone takes 

place when the growth cone responds to an environmental cue, thereby activating cell 

surface receptors on its membrane that activate signalling cascades and affect the 

cytoskeleton (Dent and Gertler 2003; Lowery and Van Vactor 2009). I then speculated 

that SynCAM1 induced dimerisation might trigger growth cone turning, even in the 

absence of a guidance cue in the extracellular environment.   

 

The first approach was to trigger SynCAM1 LID in the whole growth cone C-domain 

and evaluate the growth cone dynamics, to compare with our CID data. As we 

observed that SynCAM1 association dynamics under LID is highly transient, a pulse 

was triggered every 5min for sustaining SynCAM1 dimerisation over time. The 

scheme of the live imaging timeline can be visualised in Figure 4.5.   

 

 

 
 
Figure 4.5:  Timeline of SynCAM1 LID. Growth cones (grey) of co-transfected DRGs 
neurons with SynCAM1.CRY2.mCherry (red dots) and SynCAM1.CIBN.pHluorin (green 
dots) were subjected to LID every 5 min for a total duration of approximatively 40 min. LID 
was triggered at 488nm during 100ms. 
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The total length of the experiment lasts about 40 min, as this is the time for the growth 

cone to exhibit a full response to a localised cue (Gallo, Lefcort, and Letourneau 1997).   

DRG neurons were co-transfected with LID SynCAM1 expression vectors and kept in 

the dark for 24 hours before live imaging. 

 

Control neurons were co-transfected with one of the CID pair 

SynCAM1.mCherry.FRB and one of the LID pair SynCAM1.CIBN.pHluorin that do 

not induce dimerisation upon blue-light stimuli (Figure 4.6). Both control growth 

cones and SynCAM1.CRY2-CIBN growth cones were subjected to the same blue-

light stimuli.  

SynCAM1 CRY2-CIBN growth cones morphology was drastically altered upon LID, 

whereas control growth cones did not display such variations (Figure 4.6). Images 

recorded in live imaging showed an apparent decrease in growth cone size and 

filopodia number. 

Interestingly, LID seems to induce growth in neurons co-expressing SynCAM1-

CRY2-CIBN but not in control neurons (Figure 4.6). 
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Figure 4.6: SynCAM1 LID in the whole growth cone decreases its complexity. DRGs 
neurons were co-transfected with either 
SynCAM1.CRY2.mCherry/SynCAM1.CIBN.pHluorin for LID or with a non-light-
dimerising pair of SynCAM1.mCherry.FRB and SynCAM1.CIBN.pHluorin for control. 
Images were acquired before blue light stimulation at 488nm (left panels) and after the LID 
series every 5 min (right panels) for a total time of ~40min. Scale bars: 10 μm. 
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Quantification of both growth cone size and filopodia number is highly consistent with 

the data obtained with SynCAM1 CID (Figure 4.7).  

Before LID, both controls and SynCAM1 CRY2-CIBN have comparable growth cone 

size (mean control=23.07 μm2, SD=12.80; LID mean=24.37 μm2, SD=27.81, n=7 for 

each condition in three independent experiments) and filopodia numbers (mean 

control=7.00 filopodia, SD=2.76; LID mean= 6.00 filopodia, SD=3.05).  

 

The size of control growth cones was not altered after LID (control mean before 

LID=32.07 μm2, SD=12.80; control mean after LID=26.02 μm2, SD=10.48) whereas 

SynCAM1 CRY2-CIBN growth cones area was decreased by 44  ± 10 % compared to 

before LID (mean before LID=24.37 μm2, SD=27.81; mean after LID=13.66 μm2, 

SD=9.68)  but no statistical significance was found between the two groups. 

 

SynCAM1 LID significantly decreased filopodia numbers by 69.38 ± 11.16% 

(SynCAM1 CRY2-CIBN mean before LID=6.00 filopodia, SD=3.05; mean after 

LID=2.14 filopodia, SD=1.95; SynCAM1 CRY2-CIBN before LID vs. after LID p-

value=0.0419; after LID control vs. SynCAM1 CRY2-CIBN p-value=0.0077 (Figure 

4.7). These results confirmed the preliminary data obtained with SynCAM1 CID.  
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Figure 4.7:  SynCAM1 LID reduces growth cone area and filopodia number. Growth cone 
area (a) and Filopodia number (b) were measured before and after SynCAM1 LID. n=7 growth 
cones analysed in 3 different experiments. Filopodia number CRY2-CIBN: before LID vs after 
LID p-value=0.0419;  control after LID vs CRY2.CIBN after LID p-value=0.0077. Values are 
given ± SEM. (*p<0.05, **p<0.01) are indicated between groups, using ANOVA with Tukey's 
multiple comparison test. 
 

 

 

As guidance cues asymmetrically activate second-messenger pathway in the growth 

cone, I next investigated asymmetric cis-dimerisation of SynCAM1  (Tojima et al. 

2007; Tojima, Itofusa, and Kamiguchi 2010; Akiyama and Kamiguchi 2015).  

a 

b 
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The pattern of the LID was the same, as shown in Figure 4.5. To induce asymmetric 

dimerisation, blue-light stimuli was triggered on P and C-domains but only on one side 

of the growth cone (Figure 4.8). 

The side where the LID was induced on growth cones was selected arbitrarily.  

Interestingly, asymmetric SynCAM1 LID on growth cones seems to alter their 

morphology differently compared to SynCAM1 LID on the whole growth cone. 

Indeed, growth cones area did not seem to be dramatically reduced as observed in 

SynCAM1 CID, and filopodia are still actively sensing their environment (Figure 4.8). 

LID did not seem to affect control growth cones, as no apparent changes in their 

morphology or dynamics were visualised (Figure 4.8). 

Quantification analysis show that upon SynCAM1 LID, there is a tendency of  

decreased growth cone area by 32 ± 15% (SynCAM1.CRY2-CIBN mean before 

LID=73.108 μm2, SD=49.59; SynCAM1.CRY2-CIBN mean after LID=49.46 μm2, 

SD=39.25; n=12), whereas the area of control growth cones remains unaffected 

(control mean before LID=88.11 μm2, SD=81.06; control mean after LID=88.46 μm2, 

SD=97.522; n=12) (Figure 4.9a). However, this data was not significant, and more 

experiments are needed to confirm this tendency. 

The number of filopodia also appeared to be decreased by 42 ± 13% in SynCAM1 

rapamycin-induced dimerisation cultures (mean before LID=8.83 filopodia, SD=3.43; 

mean after LID=5.16 filopodia; SD=3.32; n=12). Control cultures did not show any 

difference in filopodia length between before LID and after LID (mean before 

LID=11.08 filopodia, SD=5.5; mean after LID=11.16 filopodia, SD=7.29; n=12 

growth cones analysed) (Figure 4.9b). Similarly, SynCAM1 LID effect on the number 

of filipodia needs to be confirmed by more experiments as the data presented here was 

not significant.  
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Figure 4.8: Asymmetric SynCAM1 LID in the growth cone reduces its complexity. DRGs 
neurons were co-transfected with either 
SynCAM1.CRY2.mCherry/SynCAM1.CIBN.pHluorin for LID (n=12 in three different 
experiments) or with a non-light-dimerising pair of SynCAM1.mCherry.FRB and 
SynCAM1.CIBN.pHluorin for controls (n=12 in three different experiments). Dashed-line 
shows where asymmetric dimerisation was triggered. Images were acquired before blue light 
stimulation at 488nm (left panels) and after the LID series every 5 min (right panels) for a total 
time of ~40min. Scale bars: 10 μm. 
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Figure 4.9 Asymmetric SynCAM1 LID reduces growth area and filopodia number. 
Growth cone area (a) and Filopodia number (b) were measured before and after SynCAM 1 
LID. n=12 control growth cones and n=12 CRY2/CIBN transfected growth cones analysed in 
3 different experiments. Values are given ± SEM, no significance was found between groups 
using ANOVA with Tukey's multiple comparison test. 
 
 

 

This result indicates that light-induced, asymmetric cis-dimerisation of SynCAM1, 

reduces the growth cone complexity, comparable to symmetric LID.  

 

I then examined whether or not SynCAM1 asymmetric LID could induce growth cone 

turning (Figure 4.10). The turning angles were measured based on which side of the 

a 

b 



IV. SynCAM1 CID & LID in growth cone dynamics 
 
 

 157 

growth cone were subject to LID. A negative angle indicates that the growth cone is 

turning away from the LID side (i.e. repellent), and a positive angle implies that the 

growth cone is turning towards the LID side (i.e. attractive). 

 

Upon SynCAM1 asymmetric LID, growth cones did not show any turning response 

(angle mean= -0.14° degrees, SD=14.56, n=12) and no difference was found with 

controls (control angle mean= -2.44° degrees, SD=21.52, n=12) (Figure 4.10a). 

Furthermore, there was no difference between the number of growth cone exhibiting 

an attractive or a repulsive response (attractive: n=6 GC, repulsive n=6 GC, total n=12 

GCs) (Figure 4.10b). Thus, SynCAM1 asymmetric LID had no effect on axon 

guidance. Growth cones from control cultures showed a slightly more repellent than 

attractive behaviour (attractive: n=5, repellent: n=7, total n=12). 

  
 
Growth cone not only alters their size in response to cues, but they also alter their rate 

of movement and speed, also known as velocity (Lentz et al. 1999; Tai and Buettner 

1998). As no effect of SynCAM1 LID was seen on growth cone turning, I investigated 

growth cone velocity (figure 4.11). 

The average speed of control and SynCAM1 LID growth cones were highly similar, 

indicating that no growth effect was measurable in both conditions (control mean= 

2.180 μm/min, SD=0.258; SynCAM1.CRY2-CIBN mean=2.070 μm/min, SD=0.44). 

Similarly, the acceleration rate between controls and SynCAM1 LID growth 

conditions was highly similar (Figure 4.11). In both conditions, growth cones slightly 

decelerate over time, indicating that SynCAM1 cis-dimerisation do not affect adhesion. 
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Figure 4.10:  SynCAM1 asymmetric LID did not induce growth cone turning. (a) Turning 
angles were measured following SynCAM1 LID in growth cones. No differences were 
observed between control and SynCAM1.CRY2-CIBN (n=12). (b) The same number of 
attractive (n=6) and repellent (n=6) growth cones were observed in SynCAM1 LID, whereas 
control cultures showed slightly more repellant (n=7) than attractive (n=5) growth cones. Total 
n=12 growth cones analysed in 3 different experiments. Values are given ± SEM.  
 

 

These results indicate that the LID of SynCAM1 in growth cone had no effect on 

growth cone attraction or repulsion, as no turning was detected.  The cis-binding of 

SynCAM1 in growth cones is not sufficient for axon guidance. 

  

a 

b 
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Figure 4.11:  SynCAM1 asymmetric LID did not affect growth cone velocity. (a) Speed 
remains unchanged in both control and SynCAM1.CRY2-CIBN neurons. Average speed for 
control growth cone is 2.180 μm/min, and CRY2-CIBN average speed is 2.070 μm/min. (b) 
Growth cones decelerate during LID in both controls and SynCAM1.CRY2-CIBN neurons. 
Total n=12 growth cones analysed in three different experiments. Values are given  ± SEM. 
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4.5. Discussion  

In this chapter, I aimed to investigate SynCAM1 in growth cone dynamics in DRGs 

neurons, using both Chemical-induced dimerisation (CID) and Light-induced 

dimerisation (LID) systems. 

As changes in growth cone behaviour were associated with cis-interaction of some 

IgSF-CAMS, I first performed CID of SynCAM1 in DRG neurons to examine growth 

cone morphology under dimerising conditions (Stoeckli et al. 1996; Kunz et al. 1998). 

I showed that SynCAM1 cis-dimerisation induces significant growth cone 

morphological changes, where the growth cone size and its number of filopodia are 

significantly decreased. Thus, growth cone complexity is reduced upon SynCAM1-

induced dimerisation. I then analysed microtubules by immunocytochemistry under 

the same rapamycin-induced SynCAM1 cis-dimerisation. The immunostaining assay 

revealed that upon dimerisation of SynCAM1, microtubules assemble in bundles in 

the central (C) domain as the peripheral (P) domain become drastically reorganised 

with fewer filopodia.   

SynCAM1 LID by live-imaging further confirmed the CID data, where growth cones 

complexity was decreased in SynCAM1 dimerisation conditions compared to controls. 

Furthermore, the LID of SynCAM1 in growth cone resulted in transient protein 

interaction where SynCAM1 proteins dynamically associate and dissociate. This result 

differs from what was observable in the LID system established by Kennedy et al. 

2010, where robust and persistent interaction of membrane-associated protein and 

cytoplasmic molecule occurred for a period of 10min (M. J. Kennedy et al. 2010). The 

dimerisation dynamics of membrane proteins such as SynCAM1 has never been 

reported before.  
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SynCAM1 LID failed to induce a growth cone response in both asymmetric and non-

asymmetric cis-dimerisation, indicating that cis-dimerisation of SynCAM1 is not 

needed for axon guidance.  

 

4.5.1 SynCAM1-cis dimerisation reduces growth cone complexity 

Here, I showed that the overall growth cone complexity of DRGs neurons was reduced 

upon SynCAM1-induced chemical cis-dimerisation as growth cones area and active 

filopodia number are significantly decreased. This observation is consistent with 

SynCAM1 function in growth cones (Stagi, Fogel, and Biederer 2010). Hippocampal 

neurons from SynCAM1 KO mice show increased growth cone complexity with a high 

number of active filopodia and this phenotype is rescued by expressing exogenous 

SynCAM1. Thus, SynCAM1 is needed to restrict growth cone size of developing 

neurons, before synaptic contact (Stagi, Fogel, and Biederer 2010). SynCAM1 on 

growth cones forms stable homophilic cis-cluster that are maintained at contact sites 

with dendrites  (Stagi, Fogel, and Biederer 2010; Fogel et al. 2011; Thomas, Akins, 

and Biederer 2008).  

 

Furthermore, the immunostaining of MTs with β-tubulin antibody, in both SynCAM1 

dimerisation and non-dimerising conditions, revealed co-localisation signals between 

SynCAM1 punctae and axonal MTs, suggesting an interaction between SynCAM1 and 

MTs. Therefore, it is likely the SynCAM1 might be transported along MTs that act as 

a route to deliver SynCAM1 to the leading edge of the growth cone, before contact 

initiation. This is likely to contribute to the stabilisation of SynCAM1 clusters upon 

synaptic contact.  
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In the growth cone, MTs accumulating at the P domain is believed to increase the 

adhesion to its substrate through actin, thereby allowing actin polymerisation and 

resulting in cell protrusion (Lee and Suter 2008). In contrast, the number of MTs 

restricted to the C domain increases when the growth cone pause (Tsui et al. 1984; E. 

M. Tanaka and Kirschner 1991; Dent et al. 1999). Moreover, when growth cone makes 

a turn, MTs are stabilised by their extension into filopodia in the P domain and are 

coupled with F-actin, on the side of the turn (Williamson et al. 1996; Challacombe, 

Snow, and Letourneau 1997).  This stabilisation of MT could provide a track for the 

delivery of organelles during growth cone turning. 

 

SynCAM1-dimerisation induces a critical rearrangement of microtubules, where only 

bundles of MTs in the C-domain remain visible 12h post-dimerisation, as the P-domain 

appeared more compact with a reduced number of filopodia. MTs are less dynamic as 

they do not extend through filopodial structures. This would suggest that the growth 

cone might either stop its trajectory upon SynCAM1 dimerisation or enhance its speed 

for contact initiation (Dent et al. 1999).   

Interestingly, SynCAM1 LID had the same effect on growth cones that CID, where 

growth cones complexity was negatively regulated. However, it is essential to point 

out here a significant difference in time scale between the dimerisation methods. 

Rapamycin-induced dimerisation of SynCAM1 was shown to be time-dependent as 

growth cone significantly reduced their area by 6h and 12h post-dimerisation. In the 

chemical system, control growth cones and growth cones 3h post-SynCAM1 

dimerisation showed similar morphologies.  In contrast, repetitive SynCAM1 LID in 

live imaging shows the same effect in only 40min. The CID system is non-reversible, 

whereas LID system is established in being reversible within minutes (M. J. Kennedy 
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et al. 2010). Nonetheless, I observed transient interactions of SynCAM1 in the growth 

cone upon LID. I have excluded the suggestion that LID is deleterious and trigger 

growth cone collapse (i.e. no motile activity) as control growth cones remain 

unaffected by LID (i.e. no morphological changes).  Therefore, because of these 

critical variations in time scale, convincing conclusions cannot be drawn from these 

results. 

 

4.5.2 Dynamics of SynCAM1 in the growth cone 

SynCAM1 LID response in growth cones of DRGs neurons revealed that SynCAM1 

cis-interaction is highly transient. Indeed, around 1 min after LID is triggered, 

SynCAM1 co-localisation signals are lost in the growth cone and reappear 2min post-

LID. This observation was consistent in different cultures, but the average time of 

association and dissociation of SynCAM1 was not measured. This result is highly 

contrasting with what I observed in the HEK293 cell line where SynCAM1 cis-

dimerisation induced by light show robust protein-protein interaction evidenced by 

sustained co-localisation for at least 5 minutes (Chapter 3). Little is known about 

SynCAM1 dynamics in the growth cone membrane. This transient interaction 

highlights the dynamic properties of SynCAM1. The rapid association and 

dissociation of SynCAM1 might regulate adhesion complexes in specific contexts like 

axon-axon fasciculation (Frei et al. 2014). A recent study pointed out the dynamics of 

SynCAM1 at the synaptic cleft, where SynCAM1, is not static but assemble in “cloud-

like” manner at the post-synaptic site (Perez de Arce et al. 2015).  

Additionally, another study of the plasma membrane and its lipid components known 

as lipid rafts showed that in resting cells, GPI-anchored proteins were highly mobile 

and forming transient clusters for ~200ms, thereby transiently and dynamically 
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recruiting signalling molecules (Suzuki et al. 2012). This LID approach on SynCAM1 

cis-dimerisation sheds some light on its high dynamics in growth cones.  

 

4.5.3 SynCAM1 in axon guidance 

Setting the hypothesis that cis-dimerisation of SynCAM1 might trigger an attractive 

or repulsive response, without a guidance cue, was audacious. Indeed, it is well 

established that a growth cone exhibits a specific response to its environment (i.e. to a 

cue) by activating receptors on its membrane, thereby integrating and relaying signals 

to its cytoskeleton by second messengers (Kalil and Dent 2005; Wen and Zheng 2006; 

Zhou and Snider 2006). One of the most studied second-messenger is Ca2+ that can 

trigger both attractive and repulsive growth cone turning: elevation of Ca2+ 

concentration on one side of the growth cone induce attractive turning towards the side 

with higher Ca2+ concentration, whereas lower Ca2+ concentration induce repulsive 

turning towards the same side (Zheng 2000; Hong et al. 2000; Henley and Poo 2004; 

Ooashi et al. 2005; Tojima et al. 2011).  

However, my hypothesis was supported by experiments in which downregulation of 

SynCAM1 in chicken by in ovo RNAi resulted in pathfinding errors of commissural 

axons at the spinal cord. These axons failed to change direction and to extend their 

axons in the longitudinal axis at their intermediate target, the floor plate, towards the 

brain (Niederkofler et al. 2010).  

 

I thus examined both SynCAM1 cis-dimerisation in the whole growth cone area and 

on one side of the growth cone. In both cis-dimerisation conditions, SynCAM1 failed 

to induce any turning response indicating that cis-dimerisation is not required for axon 

guidance. The number of growth cone exhibiting either an attractive or a repulsive 
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response was similar in both SynCAM1-induced dimerisation and control cultures. 

Furthermore, no differences were found in growth cones speed, when comparing 

dimerisation of SynCAM1 and control conditions, indicating that SynCAM1 is not a 

growth promotor. Thus, this cis-interaction of SynCAM1 did not promote the growth 

of DRGs axons. 

 

These results are consistent with the actual literature. During axonal pathfinding in the 

chicken developing spinal cord, growth cones of commissural axons express 

SynCAM1 that associate in cis with SynCAM2. In respect with morphogens gradients 

at the spinal cord, growth cones are guided by SynCAM2 expressed by the floorplate, 

to cross and subsequently turn at this choice point and to extend their axons towards 

the brain (Niederkofler et al. 2010; Frei et al. 2014). Furthermore, SynCAM1 does not 

act as an active promoter of axonal growth in DRGs neurons (Frei et al. 2014). Thus, 

only homophilic cis-dimerisation of SynCAM1 is not sufficient to induce growth cone 

turning.   

 

The results from this investigation confirm that SynCAM1 cis-dimerisation negatively 

regulates growth cone complexity of DRG sensory neurons. Furthermore, this study 

showed premises of SynCAM1 dynamics on growth cone as rapid assembly and 

disassembly was observed. Because no effect in axon guidance were detectable in 

SynCAM1 cis-dimerisation, I have then investigated SynCAM1 trans-dimerisation in 

a specific co-culture system to decipher SynCAM1 synaptic specialisations.  
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Chapter 5: SynCAM1-induced synaptogenesis in vitro co-culture 

 

5.1 Introduction  

Synapses are highly specialised, asymmetric cellular junctions allowing 

communication between neurons (M. R. Bennett 1999). The pre-synaptic terminal, 

where synaptic vesicles (SVs) release neurotransmitters, is precisely aligned with the 

post-synaptic density containing scaffold proteins and receptors that transduce the 

neurotransmitter signal (Peter Scheiffele 2003). The assembly of these compartments 

is instructed and required cell adhesion proteins. These proteins act like a “glue” that 

guarantee the primary signalling steps at nascent synaptic sites, and further strengthen 

trans-synaptic interactions. SynCAM1 have been identified to guide these steps of 

synapse formation, induction and development (Biederer et al. 2002; Fogel et al. 2007; 

Stagi, Fogel, and Biederer 2010; Fogel et al. 2011).  

 

SynCAM1 spans across the synaptic cleft and is localized at both pre- and post-

synaptic sites, and actively participate in the differentiation of immature synaptic 

terminals by rapidly clustering at site of nascent synapses (Biederer et al. 2002; Sara 

et al. 2005; Stagi, Fogel, and Biederer 2010; Perez de Arce et al. 2015). Moreover, 

SynCAM 1 overexpression in hippocampal neurons resulted in increased postsynaptic 

electrical activity, consistent with its role SynCAM1 to induce synapse formation. The 

Ca2+-independent adhesion of SynCAM1 is also consistent with its function as a 

synaptic glue, as expressed in both synaptic sides. The in vitro study on SynCAM1 

was further supported by in vivo studies where SynCAM 1 knockout mouse model 

showed reduced excitatory synapses numbers in contrast with a mouse model 
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overexpressing SynCAM1 exhibiting an increased number of excitatory synapses 

(Robbins et al. 2010).  

Importantly, when exogenously expressed in non-neuronal HEK cells and co-cultured 

in vitro with rat hippocampal neurons, SynCAM1 is sufficient to induce synapse 

formation onto these cells (Biederer et al. 2002; Sara et al. 2005; Fogel et al. 2007; 

Biederer and Scheiffele 2007; Hoy et al. 2009). This co-culture assay, also known as 

synaptogenesis assay or “artificial” synapse assay, relies on primary neurons cultured 

with non-neuronal cells that are transfected with the cDNA encoding for the (usually) 

postsynaptic adhesion molecule of interest (Biederer and Scheiffele 2007). By 

considering a single neuronal protein in non-neuronal cells, the complexity of 

signalling proteins at synaptic sites on neuronal cells is significantly reduced. 

Moreover, molecular responses, dependent on the single neuronal protein of interest, 

can be measured by various techniques like biochemistry, imaging or 

immunocytochemistry.  

 

This artificial synapse co-culture assay has been used to address the effect of synaptic 

proteins and factors in synaptic differentiation (Scheiffele et al. 2000; Graf et al. 2004; 

Chih, Engelman, and Scheiffele 2005; Biederer and Scheiffele 2007). However, this 

co-culture assay is designed to evaluate the potential of a synaptic protein to drive a 

response at postsynaptic sites, as the non-neuronal cells mimic presynaptic terminals 

of neuronal cells. Thus, SynCAM1-dependent presynaptic signals remain challenging 

to analyse, and this mixed-culture approach is limited. Furthermore, this 

synaptogenesis assay identified SynCAM1 as a postsynaptic effector driving the 

assembly of presynaptic terminals. Indeed, Biederer et al. (2002) remarkably showed 

that a single signal provided by postsynaptic SynCAM1 is sufficient to induce 
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differentiation of the presynapse by recruiting synaptic vesicles proteins (Biederer et 

al. 2002; Fogel et al. 2007). However, presynaptic specialisations of SynCAM1 remain 

poorly understood. 

Here, I used the CID tool to successfully establish a new co-culture artificial synapse 

assay, to investigate SynCAM1 presynaptic specialisations. In our modified version of 

the mixed-culture, SynCAM1 is exogenously expressed in neurons, and forced to 

interact with a non-functional postsynaptic binding partner expressed by HEK293 cells.  

Furthermore, I developed a new co-culture system introducing primary neurons from 

chick forebrains embryos at embryonic day 8 (E8) to study synapses formation in vitro. 

This is of substantial advantages as not only they share many characteristics with rat 

hippocampal neurons from E19, the basic model used in most synaptogenesis assays 

(Heidemann et al. 2003), but they also have essential technical conveniences and do 

not require all the equipment and needs that other animal models like rats or mouse 

would require. To only cite a few advantages, this culture methods is very rapid, easy 

and economical.  

The aims of this chapter are to:  

(1) design a co-culture assay where SynCAM1 will be constrained to dimerise 

with a protein that has no functional domains, and that is not naturally involved in 

synaptic physiology, hereafter referred to as the non-functional binding partner  

(2) investigate rapamycin-induced SynCAM1 signalling in neurons;  

(3) validate this mixed-culture assay with artificial synapse formation in vitro.  
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5.2 The co-culture assay 

5.2.1 Experimental design  

 
First, the co-culture assay scheme was designed. Unlike the traditional co-culture assay 

allowing the expression of a putative synaptogenic candidate in non-neuronal cells 

seeded atop of primary hippocampal neurons (Biederer and Scheiffele 2007), the co-

culture assay I developed relies only on the exogenous expression of the synaptogenic 

proteins in primary neurons.  

 

Here, SynCAM1 or its mutant forms ΔSynCAM1, lacking the first Ig domain 

necessary for trans-interaction (Biederer et al. 2002), is transiently expressed in chick 

forebrain primary neurons and co-cultured with non-neuronal cells exogenously 

expressing their dimerising partner, PrPΔ23-109-YFP-FKBP (Figure 5.1).  In other words, 

SynCAM1 or ΔSynCAM1 will be forced to dimerise with a non-functional binding 

partner, thereby mimicking an unnatural, rapamycin-induced, trans-synaptic adhesion. 

The structure of the recombinant protein PrPΔ23-109-YFP-FKBP is a GPI-anchored 

protein at the external leaflet of the plasma membrane, fused with the complementary 

module required for SynCAM1.mCherry.FRB or ΔSynCAM1.mCherry.FRB 

dimerisation, in the presence of rapamycin in culture. These partners are impossible to 

bind naturally and cannot modulate or translate any downstream signalling.  

 

The different stages of the co-culture assay are depicted in Figure 5.1.  

First, primary neurons from chick forebrain embryos at E8 are transfected using an 

electroporation system and seeded for culture (Figure 5.1). Concomitantly, HEK293 

cells are separately cultured to express PrPΔ23-109-YFP-FKBP. Second, when 
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synaptogenesis begins in culture, at 6-8 days in vitro (D.I.V.), transfected HEK293 are 

carefully collected and seeded atop of the primary neuronal culture (Fiala et al. 1998; 

Biederer et al. 2002; Fogel et al. 2007; Heidemann et al. 2003). Third, once co-cultures 

have reached the optimal conditions (i.e. HEK293 cells attached properly, good cell 

survival, no overgrowth), drug treatment with either rapamycin dissolved in DMSO at 

a final concentration of 5μM, or DMSO only as the vehicle for control conditions, is 

added to cultures, usually 24h post-HEK293-seeding. Fourth, the next day, at 7-9 

D.I.V., co-cultures can either be fixed and analysed by immunocytochemistry assays, 

or cell lysates can be collected for further analysis by western blotting. The detailed 

procedure and critical steps of this assay are thoroughly described in Chapter 2.  

 
 
 
 
 

 
 
 
Figure 5.1. Co-culture assay scheme.  Panel showing mixed culture assay procedure. 
Primary neurons from chick embryos are cultured and transfected with the expressing vector 
encoding for either SynCAM1.mCherry.FRB or ΔSynCAM1.mCherry.FRB. During the peak 
of synaptogenesis, at the day in vitro (D.I.V.) 6-8, HEK293 cells exogenously expressing 
PrPΔ23-109-YFP-FKBP are seeding atop of neurons (2). Drug treatment with rapamycin or with 
vehicle control (DMSO) follows the next day (3) before further analysis (4) by 
immunocytochemistry and western blotting.  
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5.2.2 Rapamycin induces robust cell-cell contacts between neuronal SynCAM1, 
ΔSynCAM1 and its non-functional binding partner on HEK293  

 

I first examined the co-cultures of neuronal SynCAM1 in fixed samples (Figure 5.2). 

Strikingly, in cultures treated with 5μM rapamycin, strong positive signals of 

colocalisation were observed between neuronal SynCAM1 and PrPΔ23-109-YFP-FKBP 

in HEK293 cells. No colocalisation signals were detected in control cultures treated 

with DMSO (Figure 5.2). The colocalisation is reminiscent of SynCAM1 neuronal 

processes engaging in contacts with HEK293 cells in a rapamycin-dependent manner. 

These contacts were very predominant in rapamycin-treated co-cultures compared to 

controls. Particularly, neurons expressing SynCAM1 expand their axonal and 

dendritic processes all around HEK293 cells, where they cover their surface area in a 

very dense manner and arbour their specific shapes (Figure 5.2).  

 

In contrast, control cultures did not show such phenotype: neuronal SynCAM1 punctae 

are observed around and close to HEK293 cells expressing PrPΔ23-109-YFP-FKBP, but 

no contacts between both cell types were visualised.  

These observations are consistent with the rapamycin/FRB/FKBP system inducing 

binding and being non-reversible (Sabers et al. 1995; Banaszynski, Liu, and Wandless 

2005).  
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Figure 5.2: Co-culture of neurons expressing SynCAM1 with HEK293. Transfected 
neurons expressing SynCAM 1-mCherry-FRB (left panels, greyscale), co-cultured with 
HEK293 expressing PrPΔ23-109-YFP-FKBP (middle panels, grayscale), with rapamycin 
(bottom panels) or DMSO as vehicle control (top panels) were analysed by confocal 
microscopy. Z-stack of optical sections of 1.5~2μm were obtained. Merge panels (right) show 
colocalization in colour (SynCAM1.mCh.FRB: red; PrPΔ23-109-YFP-FKBP: green). In the 
presence of rapamycin, both proteins colocalize and many contact sites between dendrites and 
HEK293 are observed in the ROI area (white dashed lines), whereas no contacts are observed 
in vehicle conditions, Neurons expressing SynCAM1 enclave and cover HEK293 cells surface 
area. Scale bar: 10 μm. 
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The same effect was observed in co-cultures expressing neuronal ΔSynCAM1 (Figure 

5.3). 

Consistent colocalization signals between neuronal ΔSynCAM1 and HEK293 were 

observed in rapamycin-treated co-cultures compared to control co-cultures treated 

with DMSO where no colocalisation signals were detected (Figure 5.3). Similarly, 

even if in close vicinity, HEK293 and neurons expressing ΔSynCAM1 seem to engage 

in very few contacts in control cultures. Rapamycin treatment resulted in robust cell-

membrane contacts where ΔSynCAM1 axonal projections covered a substantial 

surface area of HEK293 cells (Figure 5.3).  

 

Quantification data revealed that in both co-cultures with neurons expressing 

SynCAM1 and ΔSynCAM1, rapamycin significantly increased the number of contacts 

between neurons and HEK293 cells (i.e. positive cells) (Figure 5.4).  

 

In chemical dimerisation condition, 49 ± 8% and 43 ± 3% of neurons in contacts with 

PrPΔ23-109-YFP-FKBP on HEK293, were respectively found in SynCAM1 and 

ΔSynCAM1 co-cultures. In contrast, only 23 ± 2% and 22 ± 5% of positive cells were 

found in respectively SynCAM1 and ΔSynCAM1 control co-cultures (n=215 (vehicle) 

and n=165 (rapamycin) total cells analysed in 3 different co-culture assays; p-values 

SynCAM1 vehicle vs. rapamycin p=0.0001, ΔSynCAM1 vehicle vs. rapamycin p-

value<0.0001).  

 

In SynCAM1 and ΔSynCAM1 co-cultures treated with rapamycin, neurons covered a 

significant larger HEK293 cell surface area compared to controls (Figure 5.4). 
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The HEK293 cell surface area covered by neurons was 0.5 ± 0.4% μm2 of the total 

HEK293 cell surface area, and 0.6 ± 0.4% μm2, respectively by SynCAM1 and 

ΔSynCAM1 neurons in control cultures, compared to 12 ± 10% μm2 by SynCAM1 

and 13 ± 10% μm2 by ΔSynCAM1 in rapamycin-treated cultures (n=28 (vehicle) and 

n=39 (rapamycin)) cells analysed in 3 different co-culture assays; p-values SynCAM1 

vehicle vs. rapamycin p<0.0001, ΔSynCAM1 vehicle vs. rapamycin p-value=0.0002). 

 

These results indicate that robust cell-cell contacts between neuronal SynCAM1 or 

ΔSynCAM1 with HEK293 expressing PrPΔ23-109-YFP-FKBP is strictly mediated by 

rapamycin. This system requires rapamycin as these binding partners cannot interact 

naturally. Furthermore, this rapamycin-induced dimerisation is independent of the 

native trans-binding capacity of SynCAM1.  
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Figure 5.3: Co-culture of neurons expressing ΔSynCAM 1 with HEK293. Confocal 
microscopy images of transfected primary neurons expressing ΔSynCAM1.mCherry.FRB, 
missing the Ig1 domain required for trans-interaction (left panels, grayscale), co-cultured with 
HEK 293 expressing PrPΔ23-109-YFP-FKBP (middle panels, grayscale). 
ΔSynCAM1.mCherry.FRB, Red; PrPΔ23-109-YFP-FKBP, green. Right colocalization panels 
depict merging image in colour. Many contact sites between HEK293 and neurons are 
visualized in rapamycin-treated cultures. Image show z-stack section of 2-3 μm. Scale bar: 10 
μm. 
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Figure 5.4: Rapamycin-induced contact between neuronal SynCAM1 and ΔSynCAM 1 
with HEK293. (a) Quantification of transfected HEK293 cells that engage in contact with 
neurons expressing SynCAM 1 (left) and ΔSynCAM1 (right) with or without rapamycin. 
Mean ± SEMs of percentage of transfected cells are indiacted (SynCAM1 co-cultures vehicle: 
n=107; rapamycin: n=91. ΔSynCAM1 co-cultures vehicle: n=108; rapamycin: n=74 total cells 
analysed). SynCAM1 vehicle vs. rapamycin p-value = 0.0001. (b) Quantification of HEK293 
area covered by SynCAM1 (left) and ΔSynCAM1 (right) induced by rapamycin. Mean ± 
SEMs of percentage of HEK293 area (SynCAM1 co-cultures: vehicle n=15, rapamycin: n=20; 
ΔSynCAM1: vehicle: n=13; rapamycin: n=19 total cells analysed. P-value: ΔSynCAM1 
vehicle vs. rapamycin p=0.0002. ***p<0.001 and ****p<0.0001 indicated between groups, 
using unpaired t-test comparisons with two-tailed p-values. Values given ± SEMs.  
  

a 

b 
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5.3 SynCAM1-dependent intracellular signalling is conveyed by 

rapamycin-induced dimerisation  

 

Based on the previous finding that rapamycin-induced robust contacts between 

neuronal cells expressing either SynCAM1.mCherry.FRB or 

ΔSynCAM1.mCherry.FRB with HEK293 cells expressing the non-functional 

dimerising partner PrPΔ23-109-YFP-FKBP, I speculated that such interaction could 

mimic trans-adhesion of SynCAM1 at synaptic sites and lead to the activation of the 

intracellular signalling pathway. To confirm and characterise the rapamycin-induced 

interaction of neuronal SynCAM1 and ΔSynCAM1 with the unfunctional PrPΔ23-109-

YFP-FKBP at the intracellular scale, I aimed to investigate both GAP-43 and FAK 

signalling in co-cultures. 

 

The focal adhesion kinase (FAK) has been identified as a direct intracellular binding 

partner and functional effector of SynCAM1 on growth cones of migrating neurons 

(Stagi, Fogel, and Biederer 2010). Both FAK and SynCAM1 contains a FERM domain. 

The interaction between FAK and SynCAM1 specifically occur through this FERM 

domain, located on SynCAM1 short carboxy-terminal cytoplasmic tail. Furthermore, 

the effects of SynCAM1 on growth cone complexity require FAK signalling, as loss 

of SynCAM1 reduces FAK activity in growth cones (Stagi, Fogel, and Biederer 2010). 

FAK activation involves phosphorylation at different sites of its tyrosine residues, and 

levels of phosphorylated-FAK are an indicator of its activity (Mitra, Hanson, and 

Schlaepfer 2005; Parsons et al. 2000; Parsons 2003).  
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The growth-associated protein 43 (GAP-43) is a neuron-specific protein that 

contributes to axonal outgrowth (Meiri, Willard, and Johnson 1988; Strittmatter et al. 

1995). GAP-43 is distributed in presynaptic terminals with a very high density in 

growth cones of migrating axons (Donnelly et al. 2013; Yoo et al. 2013; Holahan 

2017). During neurites extension in vitro, GAP-43 immunostaining reveals increased 

protein levels at the growing tips of developing axons, whereas neuronal soma exhibit 

a reduced GAP-43 staining (Meiri, Willard, and Johnson 1988; Burry, Lah, and Hayes 

1991). Moreover, in respect to its cellular localization in neurons, GAP-43 protein 

levels are reduced in newly born synapses, thus signalling to growth cones to stop 

axonal growth, and to develop into immature synapses (Patterson and Skene 1999).  

 

Cell lysates from SynCAM1 and ΔSynCAM1 co-cultures were collected, and 

antibodies against GAP-43, activated phosphorylated-FAK (p-FAK) and total FAK 

were used to assess their protein levels by western blotting (Figure 5.5). 

Quantification of protein levels show that dimerisation conditions resulted in 

significant increase of activated p-FAK protein levels by 2-fold in SynCAM1 and 1.4-

fold changes in ΔSynCAM1 co-cultures when compared to vehicle-treated cultures 

(n=4 independent co-culture assays, p-values of p-FAK SynCAM1: vehicle vs 

rapamycin p=0.0496; p-FAK ΔSynCAM1: vehicle vs rapamycin p=0.0263) (Figure 

5.5). FAK levels remain unchanged in both co-culture conditions, and rapamycin or 

DMSO treatment did not alter total FAK protein levels. This result indicates that 

rapamycin-induced dimerisation of either SynCAM1 or ΔSynCAM1 with a non-

functional binding partner expressed on non-neuronal cells is sufficient to induce 

SynCAM1 specific neuronal intracellular signalling.  
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Figure 5.5: SynCAM 1-dependent transduction signalling and growth inhibition are 
induced by rapamycin. Western blot analysis (a) and quantification of GAP43 and p-FAK 
protein levels in SynCAM1 (b) and ΔSynCAM1 co-cultures (c), treated with rapamycin for 
24h or with vehicle control (DMSO). In both SynCAM1 and ΔSynCAM1 rapamycin-treated 
co-cultures, p-FAK levels are significantly increased whereas protein levels of the neuronal 
growth indicator GAP43 are significantly decreased, respectively indicating SynCAM1-
dependent downstream signalling and growth inhibition. n=4 independent co-culture assays. 
Actin was used as a loading control. GAP43 and p-FAK band intensities were respectively 
normalised to actin and total FAK using ImageJ software.  p-values of p-FAK SynCAM1: 
vehicle vs. rapamycin p=0.0496, GAP43 SynCAM1: vehicle vs. rapamycin p=0.0102; p-FAK 
ΔSynCAM1 : vehicle vs. rapamycin p=0.0263, GAP43 ΔSynCAM1 : vehicle vs. rapamycin 
p=0.0138. Mean ± SEMs, *p<0.05 indicated between groups, using paired t-test comparisons 
with two-tailed p-values. Values	given ± SEMs.   

a 

b 
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Interestingly, rapamycin-dimerisation with the complementary binding partner in 

HEK293 significantly reduced protein levels of the growth cone marker GAP-43, 

respectively by 75% and 85%, in SynCAM1 and  ΔSynCAM1 co-cultures (p-values: 

GAP-43 SynCAM1: vehicle vs rapamycin p=0.0102; GAP-43 ΔSynCAM1: vehicle 

vs rapamycin p=0.0138 (Figure 5.5). The difference in western blot signals between 

vehicle and rapamycin-treated cultures is striking (Figure 5.5a). A strong GAP-43 

protein band of ~50 kDa was detected in both control SynCAM1 and ΔSynCAM1 co-

cultures, whereas a very faint band in SynCAM1 and no band were detected 

respectively in SynCAM1 and ΔSynCAM1 cultures with rapamycin treatment. No 

apparent difference of GAP-43 proteins levels was found between SynCAM1 and 

ΔSynCAM1 neuronal control cultures.  

 

Therefore, GAP-43 is highly expressed in cultures with non-dimerising conditions, 

indicating that neurons still undergo axonal outgrowth and contains migrating growth 

cones. The strong growth inhibition in dimerisation condition is coherent with 

confocal microscopy images, where robust cell-cell contact between axonal processes 

and HEK293 were visualised.  

 
 
To verify that rapamycin has no effect on our markers of interest, I treated co-cultures 

of wild type neurons (i.e. non-transfected primary cultured neurons) and HEK293 

expressing PrPΔ23-109-YFP-FKBP, with rapamycin and with DMSO as vehicle 

condition. Protein expression levels of p-FAK and GAP-43 were then assessed by 

western blotting (Figure 5.6). No differences were found in both protein levels of p-

FAK and GAP-43 when comparing vehicle-treated and rapamycin-treated cultures 

(Figure 5.6). 
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Figure 5.6: Transduction signalling and growth is not affected by rapamycin in wild type 
neurons. (a) Wild type neurons (i.e. non-transfected) and HEK293 expressing PrPΔ23-109-YFP-
FKBP were co-cultured together with DMSO for control cultures or with rapamycin and 
processed to western blotting with antibodies against GAP43, p-FAK, and total FAK. (b) 
Quantification of the relative amount of protein GAP43, p-FAK and total FAK. No differences 
were found between rapamycin-treated cultures and control cultures. n=5 independent co-
culture assays GAP43 and p-FAK band intensities were respectively normalised to actin 
(loading control) and total FAK using ImageJ software. p-values GAP43: control vs. 
rapamycin p=0.1274; p-FAK: control vs. rapamycin p=0.7218, using paired t-test comparisons 
with two-tailed p-values. Values are given ± SEMs.  
 

  

a 
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p-FAK protein levels were highly similar to each other in both conditions. Western 

blots showed a strong GAP-43 protein band in both cultures. However, quantification 

analysis revealed that in dimerisation-induced co-cultures, protein levels of GAP-43 

were slightly higher compared to controls, but no statistical significance was found (p-

values: GAP-43: control vs rapamycin = 0.1274; p-FAK: control vs rapamycin= 

0.7218) (Figure 5.6). This variation can be due to the high heterogenicity of wild type 

primary neurons in culture. 

 

Then, I examined whether or not the exogenous expression of non-dimerising 

SynCAM1 in neurons could impact the chemically-induced dimerisation system. To 

do this, I used the expression construct SynCAM1.CRY2.mCherry from the LID bank 

that does not induce dimerisation in the presence of rapamycin. Similarly, p-FAK and 

GAP-43 protein levels were investigated in co-culture with neurons expressing 

SynCAM1.CRY2.mCherry (Figure 5.7).   

 

GAP-43 and p-FAK protein levels remained unchanged in co-cultures using the 

SynCAM1 LID construct when comparing controls and rapamycin-treated cultures (p-

values GAP43: control vs rapamycin p=0.0708; P-FAK: control vs rapamycin 

p=0.1314) (Figure 5.7). This is highly comparable to what I observed in control co-

cultures using wild type (non-transfected) primary neurons, where rapamycin had no 

effect on both p-FAK and GAP-43 proteins. This result further confirms that the 

activation of specific intracellular signalling pathway and the axonal growth inhibition 

are dependent on SynCAM1 CID with the unfunctional binding partner.    
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Figure 5.7: Neurons expressing a non-dimeric pair and co-cultured with HEK293 do not 
trigger transduction signalling or growth. (a) Neurons expressing exogenous SynCAM1-
CRY2-Cherry, a non-dimeric protein pair for the rapamycin/FRB/FKBP system, and HEK293 
expressing PrPΔ23-109-YFP-FKBP were co-cultured together with or without rapamycin. Cell 
lysates were collected for western blotting (F). Quantification analysis shows that no 
differences were found between culture treated with rapamycin and controls, in both GAP43 
and P-FAK protein levels. n=4 independent co-culture assays. p-values GAP43: control vs. 
rapamycin p= 0.0708; P-FAK: control vs. rapamycin p= 0.1314. Band intensities were 
normalised to actin (loading control) for GAP43, and to total protein amount of FAK for 
quantification of p-FAK levels. *p<0.05 using paired t-test comparisons. Value is given ± 
SEMs.  
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Taken together, these results strongly suggest that, under dimerising condition 

inducing SynCAM1 trans-dimerisation with a non-functional protein, axonal 

outgrowth is stopped, implying that structural and synaptic differentiation in growth 

cones was initiated. Importantly, I found that specific SynCAM1-dependent signalling 

with FAK was conveyed. The signal transduction is strictly dependent on rapamycin, 

as the mutant form of SynCAM1 lacking its first Ig1 domain required for trans-

adhesion, was also able to induce such signalling.  

 

5.4 Rapamycin-induced presynaptic specialisations in vitro 

 

So far, I showed that the CID of neuronal SynCAM1 and ΔSynCAM1 with a non-

functional binding partner triggers both p-FAK signalling and growth inhibition. 

Besides, it is well known that SynCAM1 can induce presynaptic specialisation in the 

traditional mixed-culture assay established by Biederer et al.2002 (Biederer et al. 

2002; Biederer and Scheiffele 2007).  Indeed, syntaxin-I and synaptophysin-positive 

clusters were found in transfected HEK293 with full-length SynCAM1 protein 

(Biederer et al. 2002). Syntaxin-I and synaptophysin are both associated with synaptic 

vesicle proteins and are essential for synaptic vesicle exocytosis and endocytosis at 

synaptic active zones (M. K. Bennett, Calakos, and Scheller 1992; Kwon and 

Chapman 2011). Thus, as I searched for the functional consequences of these 

interactions, I investigated whether rapamycin-induced dimerisation of both 

SynCAM1 and ΔSynCAM1 with HEK293 PrPΔ23-109-YFP-FKBP, also induces 

presynaptic specializations in the designed co-culture assay.  
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Cell lysates from both SynCAM1 and ΔSynCAM1 co-cultures were collected, and the 

presynaptic markers synapsin and synaptophysin were assessed by immunoblotting 

(Figure 5.8).   

Synapsins are a neuron-specific family of phosphoproteins that constitute one of the 

major structural components of SVs membrane and therefore are highly concentrated 

in presynaptic terminals (De Camilli et al. 1983; Südhof et al. 1989; Fletcher et al. 

1991)  . Synapsins tether synaptic vesicles (SVs) to the actin cytoskeleton by binding 

them to F-actin, thereby mediating the clustering of SVs upstream of the synaptic site, 

called the reserve pool of SVs  (Bähler and Greengard 1987; Petrucci and Morrow 

1987). Synapsins are regulated by phosphorylation by various kinases that modulate 

their functions. Notably, phosphorylation of the splice variant Synapsin-I at a serine 

in position 603 (ser603) by CamKII induces a conformational change of the protein, 

that drastically decreases its binding affinity for both actin and SVs (Czernik, Pang, 

and Greengard 1987; Benfenati et al. 1992; Ceccaldi et al. 1995; Menegon et al. 2002). 

The complex SVs-actin is inhibited and SVs are available at the active zone for 

neurotransmitter release (Sakurada et al. 2002; Cesca et al. 2010). Thus, synapsins 

regulate both SVs availability and neurotransmitter release. To investigate presynaptic 

specialization in our model, Synapsin-I was selected as pan-specific synapsin 

antibodies were not available for chick specificity.  

Synaptophysin is a transmembrane glycoprotein and the most abundant protein found 

on SVs (Navone et al. 1986; Shigeo Takamori et al. 2006). Synaptophysin is 

exclusively localised to presynaptic terminals on SVs and hence is widely used as a 

presynaptic marker (Camilli et al. 1988). A recent study showed that synaptophysin 
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might be involved in targeting SVs to the plasma membrane, and in regulating 

endocytosis of SVs in cultured hippocampal neurons (Kwon and Chapman 2011).  

Interestingly, mixed-cultures exposed to chemical dimerisation were greatly enriched 

in synaptophysin compared to vehicle controls (Figure 5.8a). A strong synaptophysin 

band at ~40kDa was detected in western blots of both SynCAM1 and ΔSynCAM1 

rapamycin-treated cultures (Figure 5.8a). Quantification of synaptophysin protein 

levels indicates that protein levels of synaptophysin were significantly increased by 2-

fold compared to controls (p-values: SynCAM 1 control vs. rapamycin p = 0.0196; 

ΔSynCAM1 vehicle vs. rapamycin p = 0.0394; SynCAM1 mean: vehicle = 0.59 a.u., 

SD = 0.25; rapamycin = 1.28 a.u., SD = 0.20; ΔSynCAM1 mean: vehicle = 0.60 a.u., 

SD = 0.18, rapamycin = 1.32 a.u., SD = 0.38; n = 5 independent co-culture assays for 

both SynCAM1 and ΔSynCAM1) (Figure 5.8b). Control cultures of both SynCAM1 

and ΔSynCAM1 show similar protein levels of synaptophysin (Figure 5.8a).  

 

In contrast, protein levels of phosphorylated-synapsin I at ser603 (p-synapsin) were 

dramatically reduced when both SynCAM1 and ΔSynCAM1 dimerise with HEK293 

even if no statistical differences were found between controls and CID groups (p-

values: SynCAM 1 control vs. rapamycin p = 0.06; ΔSynCAM1 vehicle vs. rapamycin 

p = 0.1; SynCAM1 mean: vehicle = 1.27 a.u., SD = 0.59; rapamycin=0.56 a.u., SD = 

0.19; ΔSynCAM1 mean: vehicle = 1.39 a.u., SD = 0.37; rapamycin = 0.82 a.u., SD = 

0.52, n = 6 independent co-culture assay for both SynCAM1 and ΔSynCAM1). This 

result indicates that the binding affinity between SVs and actin is increased in 

dimerising conditions in the co-culture assay.  

This result suggests that more SVs are accumulated in the reserve pool at SynCAM1 

presynaptic terminals.   
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Figure 5.8: Rapamycin induces pre-synaptic specializations in both SynCAM1 and 
ΔSynCAM1 co-cultures. (a) Western blot analysis with antibodies against the pre-synaptic 
vesicles markers synaptophysin and p-synapsin and (b) quantification of protein levels in 
SynCAM 1 and ΔSynCAM1 co-cultures treated with DMSO (vehicle) or rapamycin. p-
synapsin and synaptophysin protein levels were respectively decreased and increased in the 
presence of rapamycin, in both SynCAM 1 and ΔSynCAM1 co-cultures. n=6 for p-synapsin 
n=5 for synaptophysin, independent co-culture assays. p-values of p-synapsin: SynCAM1 
vehicle vs. rapamycin p=0.0695; ΔSynCAM1 vehicle vs. rapamycin p=0.1171; 
synaptophysin: SynCAM 1 control vs. rapamycin p=0.0196; ΔSynCAM1 vehicle vs. 
rapamycin p=0.0394; Actin was used as a loading control. Band intensities were normalized 
to actin with ImageJ software. Values are given ±  SEMs, *p<0.05 using paired t-test 
comparisons.  

b 

a 
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As the previous results suggested that more SVs are accumulated at synaptic sites in 

SynCAM1 CID, I then investigated other pre-synaptic markers that are associated with 

SVs. I choose to address the synaptic vesicle marker SV2 and Synaptotagmin. Studies 

show that SV2 proteins act via presynaptic calcium to control neurotransmitter release 

(Janz et al. 1999; Wan et al. 2010; Bartholome et al. 2017).  Synaptotagmins are 

transmembrane proteins highly present on SVs and act as a calcium sensor for the 

calcium-dependent exocytosis of SVs in the synaptic cleft (Perin et al. 1990; Brose et 

al. 1992). Additionally, SV2 has been used as a synaptic marker in studies with the 

conventional co-culture assay (Chih, Engelman, and Scheiffele 2005; Fu et al. 2003; 

Nam and Chen 2005; Graf et al. 2004; Sara et al. 2005).  

In both SynCAM1 and ΔSynCAM1 CID mixed-cultures, SV2 protein levels appeared 

higher, as shown by a robust SV2 protein band at ~90 kDa, more significant when 

compared to vehicle bands (Figure 5.9a). Quantification analysis showed a 2-fold 

increase in protein levels of SV2, and this increase is statistically significant (p-values 

SV2: SynCAM 1 vehicle vs rapamycin p=0.0011; ΔSynCAM1 vehicle vs rapamycin 

p =0.0060, n=4 independent co-culture assays) (Figure 5.9b). However, 

Synaptotagmin protein levels were not affected by the rapamycin-induced 

dimerisation of neuronal SynCAM1s and HEK293 (Figure 5.9). In SynCAM1 mixed-

cultures, Synaptotagmin levels were similar compared to controls, whereas in 

ΔSynCAM1 co-cultures, Synaptotagmin levels were slightly reduced, but this 

variation was not significant.   

 

These results indicate that dimerisation of SynCAM1 with a non-functional dimer 

located on non-neuronal cells is sufficient to induce presynaptic specialisations.   
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Figure 5.9: Rapamycin induces pre-synaptic specializations in both SynCAM1 and 
ΔSynCAM1 co-cultures. Co-cultures expressing neuronal synCAM1 and ΔSynCAM1 were 
subjected to Western blot analysis (a) with antibodies against SV2 and Synaptotagmin, 
followed by their relative quantification of protein levels (b). Rapamycin induced a significant 
increase in SV2 in both SynCAM1 and ΔSynCAM1 co-cultures. Actin was used as a loading 
control. p-values SV2: SynCAM1 vehicle vs. rapamycin p=0.0011; ΔSynCAM1 vehicle vs. 
rapamycin p=0.0060; p-values Synaptotagmin: SynCAM1 vehicle vs. rapamycin p=0.0610; 
ΔSynCAM1 vehicle vs. rapamycin p=0.8168. n=6 independent co-cultures investigated for 
SV2, and n=4 independent co-cultures investigated for Synaptotagmin. Band intensities were 
normalized to actin using ImageJ software. Value are given ± SEMs, *p<0.05 and **p<0.001 
using paired t-test comparisons.  
 

a 

b 
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To confirm that pre-synaptic marker accumulation is exclusively triggered by the 

dimerisation and physical contact between neuronal SynCAM1 and HEK293, and to 

differentiate endogenous versus induced synaptic specialisation, the synaptic markers 

tested, SV2, Synaptophysin and p-synapsin I, except for Synaptotagmin, were 

addressed by immunoblotting of control mixed-cultures. 

 

In co-cultures with wild type neurons and HEK293, both SV2 and synaptophysin 

protein levels remained unaffected by chemical dimerisation (Figure 5.10). Both 

synaptic markers show a strong protein band, respectively at ~77 kDa and 44~kDa in 

vehicle-treated and rapamycin-treated co-cultures (Figure 5.10a). No significance was 

found when comparing protein levels to their controls (p-values of SV2: vehicle vs. 

rapamycin p=0.3345; synaptophysin: vehicle vs. rapamycin p=0.3425; n=5 different 

co-culture assays) (Figure 5.10b).  

 

Surprisingly, p-synapsin protein levels appeared enhanced in mixed-cultures treated 

with rapamycin (Figure 5.10a, blot) but no significance was found between controls 

and treated cultures (p-synapsin: control vs rapamycin p =0.4188) (Figure 5.10b).  
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Figure 5.10: Wild-type neurons did not induce pre-synaptic specialisations when co-
cultured with HEK293. Western blot analysis (a) followed by relative quantification of 
protein levels (b) of presynaptic markers in co-culture of wild type neurons (i.e. non-
transfected) with HEK293 cells expressing PrPΔ23-109YFP-FKBP. No differences were found 
in protein levels of SV2 and Synaptophysin when comparing controls to rapamycin-treated 
cultures. Interestingly p-synapsin levels appeared  increased on the blot in rapamycin-induced 
co-cultures but no significance was found between controls and treated culture. Actin was used 
as a loading control. p-values of SV2: vehicle vs. rapamycin= 0.3345; synaptophysin: vehicle 
vs. rapamycin= 0.3425; p-synapsin: control vs. rapamycin=0.4188. n=5 independent co-
culture assays. Band intensities were normalized to actin. Value is given ± SEMs, **p<0.001 
using paired t-test comparisons.   

a 

b 
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I also examined presynaptic markers protein levels in co-cultures with neurons 

expressing the non-dimeric pair, SynCAM1.CRY2.mCherry. Immunoblotting showed 

that SV2 and synaptophysin proteins were comparable between vehicle-treated and 

rapamycin-treated cultures (Figure 5.11a). Quantification of their protein levels did 

not show any subsequent variations when comparing the two groups (p-values of SV2: 

vehicle vs rapamycin p=0.1520; synaptophysin: vehicle vs rapamycin p= 0.5812, n=5 

independent co-culture assays) (Figure 5.11b). Surprisingly, levels of p-synapsin were 

higher in rapamycin-induced cultures compared to vehicle controls, similar to what I 

observed in control mixed-cultures with wild type neurons (Figure 5.11). No 

significance was found between the two groups (p-synapsin: vehicle vs rapamycin 

p=0.2664). This result was unexpected, as rapamycin had no effect on other SVs 

markers and FAK and GAP43 in all controls. 

These results indicate that rapamycin might have an effect on phosphorylation of 

synapsin at a serine at position 603 (ser603), independently of the dimerisation system 

with FRB/FKBP.  

 

Thus, rapamycin-induced dimerisation of SynCAM1 and ΔSynCAM1 with a nun-

functional binding partner triggers recruitment of some synaptic markers like SV2 and 

synaptophysin but not synaptotagmin.   
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Figure 5.11: Neurons expressing a non-dimeric pair did not induce pre-synaptic 
specialisations when co-culture with HEK293. Western blot analysis (a) followed by 
relative quantification of protein levels (b) of presynaptic markers in co-culture with neurons 
expressing a non-dimeric pair of FKBP, SynCAM1-CRY2-mCherry, with HEK293 cells 
expressing PrPΔ23-109-YFP-FKBP. No differences were found in protein levels of all synaptic 
markers expect for p-synapsin, when comparing controls to rapamycin-treated cultures. p-
values of SV2: vehicle vs. rapamycin p=0.1520; synaptophysin: vehicle vs. rapamycin 
p=0.5812; p-synapsin: vehicle vs. rapamycin p=0.2664. n=5 independent co-culture assays. 
Band intensities were normalized to actin. Value is given ±  SEMs using paired t-test 
comparisons. 
  

a 
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5.6 Rapamycin-induced clusters of VGLUT1/2 at contact sites 

between neuronal SynCAM1 and HEK293.  

 

5.6.1 Identification of specific antibody for immunocytochemistry procedures 

 

I previously showed that SynCAM1 and its mutant form ΔSynCAM1, when dimerised 

with a non-functional protein, can induce presynaptic specialisations in mixed-cultures. 

To further support this, I aimed to confirm our immunoblotting data with 

immunohistochemistry analysis of mixed-cultures.  

 

First, I had to address the mixed-cultures to immunolabelling. The model I used for 

our study are primary neurons from chick forebrains embryos and is not a very 

common model. Only few laboratories used them as a primary model even though they 

exhibit an authentic neuronal character (Heidemann et al. 2003), but despite many 

advantages, there is a little library of antibody available. Thus, it was at first 

challenging to find the correct antibody for immunolabelling of chick neuronal 

cultures. Several antibodies for presynaptic vesicles were examined in 

immunocytochemistry (ICC) procedures of primary neurons. 

Primary neurons isolated from chick forebrain embryos at E8 were transfected with 

SynCAM1.mCherry.FRB and they were subsequently plated. At 7-9 D.I.V, primary 

neuronal cultures were fixed in a PFA-Sucrose solution, permeabilised and 

immunolabelled with antibodies against presynaptic proteins. In total, five different 

antibodies were investigated: SV2, Synaptophysin (three different antibodies/clones) 

and the vesicular transporter of the neurotransmitter glutamate vGLUT1/2 (Figure 

5.12). 
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Most of the antibodies were successfully used before for immunoblotting procedures 

and were confirmed to be efficient in ICC techniques according to the manufacturers. 

However, the ICC of primary neurons revealed that only one antibody out of five, 

vGLUT1/2 showed high specific immunolabelling (Figure 5.12). vGLUT1/2 was 

highly enriched in axonal and dendritic processes, reminiscent of SVs at excitatory 

synapses (Fremeau et al. 2001; Nunzi, Russo, and Mugnaini 2003).  

The four other antibodies, SV2 and the three synaptophysins showed excessive protein 

aggregates in cultures, or unspecific staining or sometimes both (Figure 5.12).  

For example, Synaptophysin (Novus) and Synaptophysin (Abcam) exhibited a high 

amount of protein aggregation, whereas SV2 was localised to neuronal cell bodies 

(Figure 5.12). Therefore, I decided to investigate the artificial synapse assay using 

vGLUT1/2 antibody. The list of the different antibodies examined can be seen in Table 

5.1. 

 

 

Table 5.1: Antibodies tested in ICC. Highlighted in grey is the antibody that showed high 

specific immunolabelling in primary neurons isolated from chick forebrain embryos. 

 

Primary Antibody Host Species Commercial Reference Dilution 

SV2 A Rabbit 
Polyclonal 

Synaptic System SYSY 
#119002 1:100 

Synaptophysin  Rabbit 
polyclonal 

Novus Biologicals NB300-
653 

1:100 

Synaptophysin Rabbit 
polyclonal 

Abcam ab14692 1:500 

Synaptophysin Rabbit 
polyclonal 

Synaptic System SYSY 
#101002 1:100 

vGLUT1/2  Rabbit 
polyclonal 

Synaptic System SYSY 
#135503 1:100 
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Figure 5.12: identification of antibody for immunocytochemistry analysis of SynCAM1-induced 
synaptogenesis. Different antibodies were tested in immunocytochemistry assay for labelling of presynaptic 
structures in chick primary neurons culture expressing SynCAM1.mCherry.FRB. Synaptophysin (three different 
antibodies) and SV2 depict non-specific staining with aggregation, whereas vGLUT1/2 (bottom panel) shows very 
specific staining (magnified image in the left bottom corner). Images show a z-stack section of ~3 μm. Scale bar: 
25 μm. 
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5.6.2 vGLUT1/2 is enriched in co-cultures with neuronal SynCAM1 induced-
dimerisation  

 

As I have previously identified the correct antibody for immunolabeling of primary 

neurons from chick embryos, I have next examined the novel pre-synaptic marker 

vGLUT1/2 in different conditions of co-cultures.  

 

First, mixed-culture with SynCAM1 being expressed by neurons have been 

investigated. Mixed-cultures were treated with either rapamycin to dimerise 

SynCAM1 with the partner PrPΔ23-109-YFP-FKBP on HEK293 cells, or with vehicle 

DMSO at 6-8 D.I.V and cultures were fixed at 7-9 D.I.V for subsequent 

immunolabelling for vGLUT1/2 (Figure 5.13). Rapamycin-treated cultures were 

highly enriched in vGLUT1/2 at specific contact sites between neuronal SynCAM1 

and non-neuronal PrPΔ23-109-YFP-FKBP (Figure 5.13). As expected, neuronal 

SynCAM1 completely surrounds and wraps HEK293 cells with its dendritic and 

axonal processes. SynCAM1 neurons take the form of and shape HEK293. vGLUT1/2 

punctae were visualised on HEK293 and covered the non-neuronal cell surface at sites 

where SynCAM1 is engaged in cell-cell contacts by rapamycin (Figure 5.13).   

In contrast, in control mixed-cultures treated with DMSO, vGLUT1/2 specific staining 

was not seen in HEK293 cells but was found on nearby dendritic and axonal processes 

where SynCAM1 is also expressed, also confirming the specificity of vGLUT1/2 as it 

is not expressed in non-neuronal cells. This observation is also consistent with 

vGLUT1/2 as a marker of presynaptic vesicles and a glutamate transporter (Fremeau 

et al. 2001; S. Takamori et al. 2001).  
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Figure 5.13: Rapamycin induces the formation of synapses atop of HEK293 with 
SynCAM1. Co-cultures with transfected HEK293 that express PrPΔ23-109-YFP-FKBP seeded 
atop of neurons expressing either SynCAM1.mCherry.FRB was immunostained with 
antibodies against the presynaptic marker and glutamate transporter vGLUT1/2 and analyzed 
by confocal microscopy. Right panels show colocalization and merged staining of the three 
proteins (SynCAM1, red; HEK293 cells, green; vGLUT1/2, blue). Rapamycin induces and 
retains the accumulation of vGLUT1/2 punctae at specific contacts site between neuronal 
SynCAM1 and HEK293 cells (bottom panels). Vehicle-treated cultures do not engage in 
contact between neuronal SynCAM1 with HEK293 cells and do not accumulate vGLUT1/2 
punctae. n=4 independent co-cultures. Images show a z-stack section of ~3 μm. Scale bar: 10 
μm. 
 
  



V. SynCAM1-induced synaptogenesis 
 
 

 199 

Colocalisation signals between vGLUT1/2 and SynCAM1 were observed, where 

SynCAM1 is juxtaposed to and sometimes opposed to vGLUT1/2 punctae, but not 

within HEK293 cells (Figure 5.13). This results strongly suggest that the accumulation 

of vGLUT1/2 atop of HEK293 is specific to the induction of SynCAM1-dimerisation 

with rapamycin.   

 

I next investigated mixed-cultures with neuronal ΔSynCAM1 (Figure 5.14). 

Immunolabelling of vGLUT1/2 was highly similar to what I observed in SynCAM1 

co-cultures. Upon rapamycin treatment, vGLUT1/2 staining was precisely localised 

atop of HEK293 cells, where ΔSynCAM1 neuronal processes were also expressed 

(Figure 5.14). Furthermore, vGLUT1/2 is only visualised at those contact sites 

between SynCAM1 and PrPΔ23-109-YFP-FKBP on non-neuronal cells. The phenotype 

where neuronal SynCAM1 shapes HEK293 expressing PrPΔ23-109-YFP-FKBP was also 

observed (Figure 5.14). As expected, in the absence of the dimeriser rapamycin, no 

vGLUT1/2 punctae were retained on HEK293 cells, as neuronal SynCAM1 did not 

engage in cell-cell contact with its dimerising partner on HEK293.  

 

As ΔSynCAM1 is non-functional for trans-interaction, this result confirms the 

specificity of the rapamycin-induced vGLUT1/2 accumulation at specific SynCAM1 

dimerisation sites.  
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Figure 5.14: Rapamycin induces the formation of synapses atop HEK293 with neuronal 
ΔSynCAM1. Neurons expressing ΔSynCAM1.mCherry.FRB and co-cultured with 
transfected HEK293 that express PrPΔ23-109-YFP-FKBP were immunostained with vGLUT1/2 
antibody. Right panels show colocalization and merged staining of the three proteins 
(ΔSynCAM1.mCherry .FRB, red; HEK293 cells, green; vGLUT1/2, blue). No contacts and 
no vGLUT1/2 signals are detected in control cultures whereas rapamycin induces and retain 
the accumulation of vGLUT1/2 punctae at specific contacts site between neuronal 
ΔSynCAM1 and HEK293 cells. n=4 independent co-cultures. Images show a z-stack section 
of ~3 μm. Scale bar: 10 μm.  
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Quantification analysis of vGLUT1/2 punctae the mixed-cultures with both SyncAM1 

and ΔSynCAM1 was performed (Figure 5.15). I used the pluging Puncta Analyser in 

ImageJ software, where colocalisation signals beteween presynaptic antibody (here, 

vGLUT1/2) and the HEK293 cell surface area covered by neuronal SynCAM1 were 

examined (Ippolito and Eroglu 2010). 

 

The treatment with rapamycin in co-cultures expressing SynCAM1 and ΔSynCAM1 

significantly increase the number of vGLUT1/2 punctae per μm2 by at least 2-fold 

compared to vehicle-treated cultures (n=33 total cells for vehicle and n=31 total cells 

for rapamycin, SynCAM1 and ΔSynCAM1 ****p<0.0001) (Figure 5.15).  in 

rapamycin-treated cultures, vGLUT1/2 average number of punctae was 0.42 ± 0.17 

per μm2 for SynCAM1 and 0.44 ± 0.14 per μm2 for ΔSynCAM1.  

 

 

Altogether, these results indicate that SynCAM1 at pre-synaptic sites is sufficient to 

induce presynaptic differentiation when engaged in trans-contact with a non-

functional binding partner.  
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Figure 5.15: Quantification of vGLUT1/2 punctae in both SynCAM1 and ΔSynCAM 1 
co-cultures. Rapamycin caused a significant increase in vGLUT1/2 positive punctae on 
HEK293 in both co-cultures expressing neuronal SynCAMs compared to control cultures. 
SynCAM1 co-cultures: vehicle, n=19, rapamycin: n=17; ΔSynCAM1 co-cultures: vehicle, 
n=14, rapamycin n=16 cells analysed in four independent experiments. ****p<0.0001 
indicated between groups, using unpaired t-test comparisons with two-tailed p-values.  
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5.7 Discussion  

In this chapter, the capacity of presynaptic SynCAM1 to induce presynaptic 

differentiation when binding to an unfunctional protein was investigated. I 

successfully designed a unique co-culture assay using CID, that differs from the 

traditional co-culture technique. The later mainly examines the capacity of 

postsynaptic proteins to induce synaptic differentiation. The results reported here 

reveal three significant findings.  

SynCAM1 CID with a non-specific and non-functional receptor on HEK293 cells was 

sufficient to induce SynCAM1 specific signalling. SynCAM1-induced dimerisation 

resulted in decreased levels of the growth cone marker GAP-43, indicating that growth 

was inhibited, and suggesting that synaptic differentiation has begun. FAK specific 

signalling was also enhanced.  

Trans-assembly of presynaptic SynCAM1 with a non-functional binding partner on 

non-neuronal cells is sufficient to induce presynaptic differentiation, as several 

synaptic vesicle proteins were levels were increased in SynCAM1 dimerising 

conditions. These results were also observed in co-cultures with neuronal ΔSynCAM1, 

a mutant form of SynCAM1 defective for trans-adhesion, thus indicating that the 

effects are SynCAM1 dependent and rely on the chemical dimerisation system. 

There is no evidence showing the complete functionality of these synapses in this assay 

but the results obtained here are very encouraging. More experiments are needed to 

understand their properties better and to identify to what extent these presynaptic 

specialisations can differentiate. 
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5.7.1 Co-culture model 

The innovative co-culture model presented here has never been explored before. In 

this assay, non-neuronal cells HEK293 are seeded atop of primary neurons from chick 

embryos. In contrast with the established co-culture assay by Biederer et al. 2002 

where the putative synaptogenic candidate is expressed by HEK293 cells, I have 

"reversed" the expression of the synaptic protein of interest, SynCAM1, to primary 

neurons. Thereby, specific SynCAM1 signalling can be addressed in presynaptic 

terminals, as the non-neuronal cells mimic the postsynaptic sites in the co-culture 

model. With respect to the traditional assay that allowed the identification of proteins 

with synaptogenic activity and their effectors at postsynaptic sites (P. Scheiffele et al. 

2000; Biederer et al. 2002; Graf et al. 2004; Chih, Engelman, and Scheiffele 2005; 

Biederer and Scheiffele 2007), this novel assay shed some light on how SynCAM1 

might instruct presynaptic differentiation. To do so, I used the CID system that I have 

successfully developed (see Chapter 3) to trans-dimerise SynCAM1 with a binding 

partner that has no physiological function, cannot induce any signalling cascades and 

that does naturally bind to SynCAM1. This way, if the co-culture assay is well-

designed and functional, the specificity of SynCAM1 presynaptic signalling can be 

addressed. 

Imaging analysis by confocal microscopy revealed that CID by rapamycin of neuronal 

SynCAM1 and the unfunctional binding partner on HEK293 resulted in increased 

membrane contacts between neurons and HEK293, as evidenced by strong 

colocalization signals. Furthermore, the mutant form of neuronal SynCAM1 lacking 

its Ig1 domain required in physiological conditions for trans-adhesion (ΔSynCAM1) 

also exhibited increased membrane contacts with HEK293 (Biederer et al. 2002). No 

effect was seen between either neuronal SynCAM1 or ΔSynCAM1, and the 
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unfunctional partner on HEK293 when control vehicle is added to co-cultures. This 

observation was expected as rapamycin is a chemical dimeriser specific to FRB and 

FKBP modules, respectively expressed by neuronal SynCAM1 and HEK293 PrPΔ23-

109 (Banaszynski, Liu, and Wandless 2005).  

5.7.2 Intracellular signalling in growth cones upon SynCAM1 CID in co-cultures 

I first examined whether or not this co-culture system was effective and could trigger 

downstream signalling cascades in growth cones, related and specific to neuronal 

SynCAM1. As a previous study identifies FAK as an effector of SynCAM1, I 

performed biochemistry analysis to investigate FAK signalling in co-cultures (Stagi, 

Fogel, and Biederer 2010). Indeed, phosphorylated FAK was enhanced in SynCAM1 

CID with its unfunctional binding partner. These results indicate three findings. First, 

the novel co-culture assay is applicable. Second, intracellular SynCAM1-dependent 

signalling is transduced. Third, specificity might not be required on the postsynaptic 

site to induce presynaptic SynCAM1 signalling cascade. As many studies point out 

postsynaptic SynCAM1 guiding migrating growth cones during synaptogenesis, and 

SynCAM1 is also expressed and localised at postsynaptic membranes, this results 

support function for a specific role for SynCAM1 in leading presynaptic differentiation 

(Biederer et al. 2002; Stagi, Fogel, and Biederer 2010; Fogel et al. 2011; Perez de Arce 

and Stagi 2017). 

I found that the expression of the growth cone marker GAP-43 was drastically 

inhibited in dimerising conditions of neuronal SynCAM1 with HEK293 in co-cultures. 

Migrating neurons are highly enriched in GAP-43 proteins, and newly formed 

synapses are depleted of GAP-43 proteins (Meiri, Willard, and Johnson 1988; 



V. SynCAM1-induced synaptogenesis 
 
 

 206 

Patterson and Skene 1999). Thus, axonal outgrowth is stopped, and SynCAM1 CID 

with the unfunctional binding partner might lead to synapse induction. 

Similarly, the same effect was seen on ΔSynCAM1 co-cultures, where respectively 

increased level of p-FAK and decreased level of GAP-43 were found in CID 

conditions. As ΔSynCAM1 is defective for trans-adhesion, the CID with rapamycin 

of neuronal ΔSynCAM1 and the nun-functional binding partner is sufficient to induce 

presynaptic cascade signalling.  

Control experiments with either non-transfected neurons and neurons expressing 

SynCAM1 with a non-dimeric pair of the rapamycin system did not show any 

differences in GAP-43 and p-FAK protein levels, between vehicle-treated and 

rapamycin conditions, further confirming that the effect observed on p-FAK and GAP-

43 were specific to neuronal presynaptic SynCAM1. 

5.6.3 SynCAM1 presynaptic differentiation  

To address if SynCAM1 CID with the unfunctional binding partner leads to synapse 

induction, I investigated several presynaptic markers by immunoblotting. 

I found significantly increased levels of the presynaptic markers SV2, synaptophysin 

but not synaptotagmin in dimerising conditions of both neuronal SynCAM1 and 

ΔSynCAM1 co-cultures with HEK293. Hence, SynCAM1 at presynaptic sites is 

sufficient to induce the recruitment of presynaptic specialisations, when trans-

dimerisation is induced with a non-functional binding partner on non-neuronal cells.  

SV2, synaptophysin and synaptotagmin are all major synaptic vesicles proteins. At 

synapses, the exocytosis of neurotransmitters is mediated by Ca2+, where 

synaptotagmins bind to Ca2+ to trigger fusion (Brose et al. 1992). SV2 is essential for 
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maintaining a readily releasable pool (RRP) of secretory vesicles, the fraction of 

synaptic vesicles available for immediate Ca2+-triggered exocytosis, and mice lacking 

SV2A isoforms showed altered neurotransmission with a reduced level of exocytosis 

(Crowder et al. 1999; Xu and Bajjalieh 2001).  

Thus, in our system, neuronal SynCAM1 at the presynaptic engaged in CID in co-

culture might increase synaptic vesicles number in the RRP. SVs contained in the RRP 

have the highest probability of fusion with the plasma membrane and constitute the 

first SVs to be released during exocytosis (Dobrunz and Stevens 1997; Waters and 

Smith 2002). The RRP size, among other factors, defines the synaptic strength, the 

changes that affect synaptic function (i.e. the ability for synapses to weaken or 

strengthen over time), (Waters and Smith 2002; Schneggenburger, Sakaba, and Neher 

2002). It is known that postsynaptic SynCAM 1 can recruit SV2 in the traditional co-

culture assay, when expressed by non-neuronal cells and co-cultured with neurons 

(Biederer et al. 2002), and that postsynaptic SynCAM1 is also contributing to the 

stabilisation of mature synapses (Robbins et al. 2010). My results indicate that 

presynaptic SynCAM1 might also be involved in synapse stabilisation by maintaining 

the RRP through the recruitment of SV2. 

SV2 isoforms can directly bind to synaptotagmin (Schivell et al. 2005; Lazzell et al. 

2004). However, in the co-culture system established here, the protein expression level 

of synaptotagmin, upon both SynCAM1 and ΔSynCAM1 CID, was not upregulated. 

Thus, presynaptic SynCAM1 recruits SV2 and the RRP, but do not influence Ca2+-

triggered fusion of SVs with the plasma membrane.  

Furthermore, phosphorylated levels of synapsin (p-synapsin) were downregulated in 

dimerising conditions. Upon stimuli in growth cones, synapsins get phosphorylated, 
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detaching from the SV-actin complex, allowing their dispersion into the cytoplasm and 

their recruitment to the active zone for exocytosis (Chi, Greengard, and Ryan 2001; 

Bonanomi et al. 2005; A. Menegon et al. 2000). Decreased level of p-synapsin, 

therefore, stabilise the complex SVs-synapsin-actin and indicate that SVs accumulates 

in the reserve pool of synaptic vesicles. Thus, presynaptic SynCAM1 might not only 

act at the RRP levels but also on the resting pool, upstream of the active zone.  

In addition, synaptophysin is also upregulated in the co-culture system with both 

SynCAM1 and ΔSynCAM1. Synaptophysin is the most abundant glycoprotein on SVs 

membranes, where this is its exclusive localisation (Shigeo Takamori et al. 2006). A 

recent study showed that synaptophysin might be involved in endocytosis to regulate 

SVs availability during and after neuronal activity (Kwon and Chapman 2011).  

Taken together, these results are consistent with the suggestion that presynaptic 

SynCAM1 regulates SVs pools during synaptogenesis.  

The immunocytochemistry assay of SynCAM1 and ΔSynCAM1 co-cultures showed 

that vGLUT1/2 number of punctae were significantly increased when trans-

dimerisation is initiated. The vesicular glutamate transporters vGLUT1/2 are 

necessary and sufficient to load and store glutamate into SVs. Glutamate is the most 

important excitatory neurotransmitter, and vGLUT1/2 characterise glutamatergic 

synapses (Fremeau et al. 2001; S. Takamori et al. 2001). This result, consistent with 

SynCAM1 exclusive localisation at excitatory synapses, indicate that presynaptic 

SynCAM1 is sufficient for glutamate transport at excitatory synapses (Biederer et al. 

2002; Sara et al. 2005; Robbins et al. 2010). Whether this glutamate transport is 

reminiscent of effective glutamatergic exocytosis in this co-culture system, remain to 

be addressed.  
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Surprisingly, I found that rapamycin positively regulates synapsin, independently of 

the dimerisation system, even at the very low concentration of 5μM. However, 

synapsin was the only synaptic vesicle marker affected by rapamycin, as protein level 

of the other markers tested in control condition remain unchanged. Therefore, its 

immunosuppressant activity on synapsin have to be considered.  

It has been shown that cis-clusters of SynCAM1 at the postsynaptic membrane restricts 

the size of both pre- and postsynaptic specialisations. This was evidenced by increased 

punctae of the postsynaptic marker shank and the presynaptic marker SV2 in mature 

hippocampal neurons (21 DIV) expressing exogenous Ig2+Ig3-GPI domain of 

SynCAM1 (Fogel et al. 2011).  

This is the first report indicating that presynaptic SynCAM1 might also determine 

synaptic specialisations, independently of postsynaptic differentiation. Thus, this 

investigation strongly suggests that, to a certain extent, specialisation of the nerve 

terminal might precede postsynaptic differentiation. Altogether, this co-culture system 

provides a valuable tool for the investigation of presynaptic proteins and their 

signalisation.  
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Chapter 6: Discussion 

  

6.1 Introduction 

In this thesis, I have investigated SynCAM1 in growth cone dynamics and 

synaptogenesis, using a chemical and a light-dimerisation system. I successfully 

design and built the expression vectors as molecular tools, encoding for SynCAM1 

and the respective FRB/FKBP modules for chemical-inducible dimerisation (CID) and 

CRY2/CIBN for the light-inducible dimerisation (LID). Additionally, I have built a 

non-functional binding partner for SynCAM1, composed of a GPI-anchor and the 

required module for CID, for the investigation of SynCAM1 synaptogenesis in the 

artificial synapse assay. This non-functional binding partner does not have any 

synaptogenic activity nor any other cellular/molecular activity. All of the expression 

constructs built here resulted in correct protein expression in both cell lines and 

primary neurons from chick embryos. SynCAM1 CID and LID strongly affected 

growth cone morphology with reduced complexity and microtubules reorganisation. 

SynCAM1 LID in live imaging was not sufficient to induce a guidance response in 

growth cones.  

Importantly, I have successfully developed a new artificial synapse assay, using 

primary neurons from forebrain chick embryo as a new model, that has never been 

established before. Using this assay, I have highlighted the role of SynCAM1 in 

presynaptic differentiation, independently of postsynaptic specificity.  
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6.2 Dimerisation tools  

Remarkably, the CID system established here with SynCAM1 has shown to be a 

powerful tool in both investigations of SynCAM1 cis-dimerisation in the growth cone 

and trans-dimerisation in the artificial synapse assay.  

FRET acceptor photobleaching experiment in COS7 and a pull-down assay confirmed 

the interaction of FRB and FKBP in the presence of the dimer rapamycin. Although I 

did not succeed to perform FRET in cell line expressing SynCAM1 LID constructs, a 

brief blue light pulse resulted in increased and maintained co-localisation of both 

SynCAM1 proteins for 5 minutes.   

In contrast, the LID system used here for SynCAM1-SynCAM1 cis-dimerisation at 

the growth cone membrane was more elusive. SynCAM1 LID in the HEK293 cell line 

differs from SynCAM1 LID in growth cones of DRG neurons in a temporal manner. 

SynCAM1 in growth cones was highly transient upon light dimerisation, compared to 

SynCAM1 in HEK293 cells. Spatiotemporal analysis of SynCAM1 was challenging 

to study because of the particularity to adapt the LID system to two transmembrane 

proteins, rather than a cytosolic protein being translocated to the plasma membrane.  

  

6.3 SynCAM1 in growth cone complexity 

Both CID and LID investigation showed that cis-interaction of SynCAM1 negatively 

regulated the growth cone complexity. Immunostaining with β-tubulin in SynCAM1 

CID cultures showed microtubules reorganisation as a bundles-like structure in the 

central domain of growth cones. LID resulted in a high transient interaction of 

SynCAM1 proteins in the growth cone, where even forced dimerisation did not 
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maintain their  cis-interaction. Instead, SynCAM1 proteins were dynamically 

assembling and disassembling from each other at growth cone membranes. This 

observation differs from the established LID systems where cytoplasmic proteins are 

translocated to membranes and completely dissociate 10 minutes later (Kennedy et al. 

2010). Thus, I have identified a high transient dynamic of SynCAM1 at the growth 

cone cell surface. The dynamic activity might regulate adhesion complexes in axon 

guidance and synaptic strength. Evidence supporting this hypothesis is that SynCAM1 

has been identified to assemble at the postsynaptic site in a highly dynamic manner 

rather than in static clusters (Perez de Arce et al. 2015). This LID approach allowed to 

pinpoint the dynamic of SynCAM1 in growth cone membranes. LID of 

transmembrane proteins remains poorly studied, and SynCAM1 dynamics under LID 

has never been examined before. 

However, a significant difference in time scale was seen between the CID and LID 

techniques. Changes in growth cone morphology were clearly distinct at 12h post-CID 

of SynCAM1 whereas repeated LID showed reduced growth cone area and filopodia 

number in only 40min. Convincing conclusions are delicate to draw from these results 

and more experiments are needed to conclude these investigations. More rigorous 

spatiotemporal LID analysis of SynCAM1 in the growth cone is necessary to better 

understand its dynamics and regulation.  

With respect to gradients, morphogens and other guidance cues during development, 

SynCAM1 was identified as a guidance molecule for axons in both PNS and CNS, 

where they mediate axon-axon contact for correct fasciculation and targeting of 

sensory neurons, and where they guide axons to reach out the other side of the spinal 

cord so they can extend towards the brain (Niederkofler et al. 2010; Frei et al. 2014). 
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SynCAM1 cis-dimerisation by repetitive and asymmetric LID in the growth cone 

failed to induce a guidance response, either attractive or repulsive. The LID does not 

seem to damage growth cone as control growth cones remain unaffected with no 

apparent morphological changes, and no growth cone collapsing event. 

Additionally, growth cone velocity was similar between controls and SynCAM1 LID 

condition, thus excluding SynCAM1 as a growth inducer. These results are in line with 

the actual literature (Niederkofler et al. 2010; Frei et al. 2014). However, it would be 

interesting to study SynCAM1 cis-dimerisation upon light with either an attractive or 

repulsive cue. Such assay would help to unravel SynCAM1 dynamics in response to 

guidance signals.  

 

6.4 SynCAM1 in presynaptic differentiation 

In the conventional model of synaptogenesis, presynaptic material is first recruited and 

clustered at axodendritic contact sites, and rely on postsynaptic proteins that organise 

presynaptic terminals by retrograde signalling (Akins and Biederer 2006; Siddiqui and 

Craig 2011).  

SynCAM1 assemble in cis-dimers in the growth cone membrane, and this cis-

assembly is maintained upon contacts with postsynaptic membranes (Stagi, Fogel, and 

Biederer 2010). Consequently, trans-dimerisation of SynCAM1 is initiated, with other 

SynCAMs family member, and most probably with SynCAM2, thereby spanning 

across the synaptic cleft (Fogel et al. 2007; 2011). It has been demonstrated that 

SynCAM1 heterophilic adhesion was stronger than homophilic adhesion, in line with 

the role of SynCAM1 acting like glue at synapses (Fogel et al. 2007; Maurel et al. 

2007; Niederkofler et al. 2010; Thomas, Akins, and Biederer 2008). This 
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SynCAM1 trans-binding induces differentiation and specialisation of the presynaptic 

terminal that becomes fully functional. Additionally, SynCAM1 modulates the size of 

both pre- and postsynaptic sites through its homophilic cis-assembly (Fogel et al. 

2011).  

SynCAM1 is well characterised at postsynaptic sites, where SynCAM1 have been 

shown to recruit the protein Farp1 and to promote spine dynamics by regulating actin 

polymerisation (Cheadle and Biederer 2012). Hence, postsynaptic effectors of 

SynCAM1 were identified, yet presynaptic specialisations and its specific signalling 

pathway are still unknown.  

Here, I coupled a co-culture system with chemical dimerisation, enabling the study of 

presynaptic SynCAM1 signalling. This assay relies on primary neurons expressing 

SynCAM1.mCherry.FRB with non-neuronal cells (HEK293 cell line) expressing the 

dimer, a non-functional binding partner. In other words, the non-viable receptor on the 

cell line mimics the postsynaptic membrane.  

The non-reversible interaction between presynaptic SynCAM1 or ΔSynCAM1, and 

the non-viable receptor on non-neuronal cells, with the dimer rapamycin, was 

sufficient to trigger SynCAM1-specific signalling, as evidenced by elevated levels of 

phosphorylation of its downstream effector FAK. The growth marker GAP43 was 

downregulated, suggesting a functional change from growth to the formation of 

nascent synapses. I further showed that the same dimerising conditions were also 

sufficient to enhance SVs recruitment, as some synaptic vesicle proteins were 

upregulated, such as SV2 and synaptophysin, whereas phosphorylated synapsin levels 

were significantly decreased. In contrast, Synaptotagmin level remains unchanged. 
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Due to the lack of specific antibodies available for chick reactivity, the candidates for 

SVs markers and SynCAM1 effectors were restrained.  

ICC analysis showed that the number of vesicular glutamate transporter vGLUT1/2 

punctae were increased at specific cell-cell contact sites, induced by dimerisation, 

between neuronal SynCAM1 and HEK293. This results further suggest an early 

presynaptic maturation form presynaptic SynCAM1, independently of postsynaptic 

specificity.  

Thus, presynaptic SynCAM1 might play a more critical role in steps of synaptogenesis, 

by inducing SVs recruitment independently of the establishment of the postsynaptic 

site. Synapsins are responsible for the anchoring of SVs to actin in the reserve pool 

upstream of the active zone whereas SV2 is involved in the regulation of vesicle 

exocytosis at the readily release pool (RRP) (Janz et al. 1999; Cesca et al. 2010). How 

SynCAM1 recruits the different pools of SVs remain to be addressed.  

Bassoon might be a good starting point to examine this question. Bassoon is a 

scaffolding protein of the cytomatrix active zone (Takao-Rikitsu et al. 2004; Schoch 

and Gundelfinger 2006). Recent studies showed that Bassoon is also involved in the 

recruitment and maintenance of SV pools at the active zone (Mukherjee et al. 2010; 

Hallermann et al. 2010). The postsynaptic complex SynCAM1/FARP1 triggers trans-

retrograde signalling to presynaptic terminals, where SynCAM1 interact with Bassoon 

to maintain the cytoskeletal matrix at the active zone (Cheadle and Biederer 2012). 

Whether presynaptic SynCAM1 also interact with Bassoon to recruit SVs 

independently of trans-retrograde signalling has to be tested.  
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This assay with a non-reversible chemical dimeriser brings a new approach to artificial 

synapse formation in vitro. I believe this co-culture system could be readily applicable 

to other synaptogenic candidates or other proteins localised at synapses to investigate 

their presynaptic specialisations. Furthermore, this synaptogenesis assay is 

straightforward, accessible, and its robust viability can easily replace other co-culture 

systems using rat hippocampal neurons.  

 

6.5 Limitations 

One limitation of this co-culture assay that remains to be addressed is the redundancy 

of adhesion molecules located at synapses. The system developed here relies on 

SynCAM1 overexpression in cultured neurons, not in non-neuronal cells like in the 

traditional artificial synapse assay. In the traditional model, a single molecular 

interaction is investigated as the putative synaptogenic candidate is expressed by non-

neuronal cells and presented to neurons. Thereby, the postsynaptic response and 

biochemical pathway of a single synaptic protein are examined. At synapses, 

SynCAM1 can associate with itself and form homophilic adhesion complexes, as well 

as heterophilic complexes with SynCAM2 (Biederer et al. 2002; Shingai et al. 2003; 

Kakunaga et al. 2005; Fogel et al. 2007; Maurel et al. 2007). SynCAM1 can also 

interact with other proteins of the Ig superfamily like the T-cell receptor CRTAM and 

induce the activation of natural killer T-cell in the immune system (Arase et al. 2005; 

Boles et al. 2005). However, the relevance of this interaction in neuronal cells remains 

to be identified.  

More importantly, presynaptic SynCAM1 share some downstream intracellular 

effectors with Neurexins, notably the MAGUK family member CASK, thereby 
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providing a link between these molecules (Hata, Butz, and Südhof 1996; T. Biederer 

and Sudhof 2001; Biederer et al. 2002; Kakunaga et al. 2005). CASK also interact with 

molecules from the synaptic vesicle exocytosis machinery Mint1 and Veli, and 

voltage-gated Ca2+-channels (Samuels et al. 2007). Therefore, it is likely that 

SynCAM1 overexpression in neurons indirectly recruits others synaptic CAMs. It 

cannot be excluded that others trans-membrane proteins such as Neurexins found at 

excitatory synapses might intervene in the process of presynaptic recruitment of SVs 

in this new artificial synapse assay, and they must be considered.  

One study remarkably points out the importance of CAMs at synapses in recruiting 

each other (Yamagata, Duan, and Sanes 2018). Cadherins are Ca2+-dependent CAM 

implicated in synapse formation and adhesion, but they are not sufficient for synapse 

formation, as they failed to induce synaptic specialisation and to recruit presynaptic 

components in the traditional synaptogenesis assay (Takeichi 2007). However, 

cadherins are actively recruiting CAMs at synapses, notably Neuroligin-1, SynCAM1 

and the leucine-reach repeat transmembrane protein (LRRTM2) (Yamagata, Duan, 

and Sanes 2018). Hence, cadherins influence important synaptic organisers and 

indirectly promote synaptic differentiation.  

Another limitation of this new artificial synapses assay ex vivo is the use of rapamycin 

as the dimeriser. Because I have found that rapamycin affects the endogenous protein 

synapsin, it is essential to consider this co-culture system using rapamycin analogues 

called “rapalogs” to prevent potential immunosuppressant activity underlying its 

dimerising potential (Pollock and Clackson 2002). Rapamycin binds to intracellular 

FKBP and to FRB domain on the mTOR complex, that acts upstream of growth, 

proliferation and cell survival pathways (Dumont and Su 1996; Dumont et al. 1990). 
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Furthermore, the mTOR pathway is crucial for synaptic plasticity, and mTOR 

inhibition by rapamycin prevents protein synthesis in forms of synaptic plasticity 

including LTP and LTD (Hou and Klann 2004; Tang et al. 2002; Cammalleri et al. 

2003). I did not verify the effectiveness of rapamycin to inhibit mTORC1 activity and 

its downstream effectors like the ribosomal protein S6 in this co-culture system 

(Magnuson, Ekim, and Fingar 2012). More controls are needed, and such activity 

remains to be addressed.  

 

6.6 Future directions 

I did not identify new binding partners or effectors downstream of SynCAM1, yet the 

new co-culture system established here is bringing new insights on SynCAM1 

signalling, especially at the presynaptic site. I believe such a system could be used to 

investigate new binding effectors of presynaptic SynCAM1. SynCAM1 is associated 

with several neurodevelopmental disorders such as intellectual disability and Autism 

Spectrum Disorder (ASD) (Zhiling et al. 2008; Bourgeron 2009; Fujita et al. 2010). 

ASD is highly complex and refers mainly to the subjective assessment of someone’s 

social behaviour. Identifying the intracellular signalling pathway of SynCAM1 is 

critical to isolate some effectors that could be used as neurological biomarkers, and 

help to develop precise diagnostic tests (Ratajczak 2011).  

For example, using proteomic analysis and mass spectrometry, where molecules that 

interact with presynaptic SynCAM1, when dimerised with the non-functional binding 

partner on non-neuronal cell, can be identified. Proteomics screens have already 

allowed the identification of novel synaptogenic partners of SynCAM1 by comparing 

synaptic membranes of forebrains from SynCAM1 KO mice and SynCAM1 wild type 
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mice (Robbins et al. 2010; Cheadle and Biederer 2012). I believe this co-culture 

system would be more specific and allow the identification of novel proteins of the 

SynCAM1-dependent signalling pathway in specific conditions of synaptogenesis.  

How SynCAM1 modulates the vesicles pools, and its dynamics would be interesting 

to investigate, under the dimerising condition in the co-culture system. The use of FM 

dyes would be useful to track SVs in SynCAM1 presynaptic specialisation, as a change 

in fluorescence intensity of these amphipathic molecules would indicate endocytosis 

(staining) and exocytosis (destaining) cycles (Alabi and Tsien 2012). Using a synaptic 

vesicle marker coupled with the fluorescent protein pHluorin, that is quenched at 

acidic pH of SVs and only fluoresce upon fusion with the plasma membrane, and one 

could investigate if the recruitment of SVs in the co-culture system lead to a functional 

synaptic activity or not upon rapamycin-induced dimerisation (Alabi and Tsien 2012).  

In respect to the postsynaptic site, this investigation on SynCAM1 suggests that 

presynaptic SynCAM1 might govern to a certain degree the assembly of presynaptic 

terminals. As synaptogenesis is established to rely on a bidirectional process, new 

insights on presynaptic SynCAM1 are recognised here.   
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Appendix 1 

 

The following table lists all the amino acid sequences of chemical-induced 

dimerisation vectors and light-induced dimerisation vectors, along with SynCAM1 

and ΔSynCAM1 sequences used in this study (name of species in italic). 

 

Name Amino Acid (AA) Sequence 5’3’ 

FRB 
(H. sapiens) 

MWHEGLEEASRLYFGERNVKGMFEVLEPLHAMME
RGPQTLKETSFNQAYGRDLMEAQEWCRKYMKSGN
VKDLTQAWDLYYHVFRRISK 

FKBP12 
(H.sapiens) 

SAGGGVQVETISPGDGRTFPKRGQTCVVHYTGMLE
DGKKFDSSRDRNKPFKFMLGKQEVIRGWEEGVAQM
SVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVEL
LKLESAGGSAGGSAGGSAGGSAGGPRAQASNSAVD
GTAGPGSTGSR 

CRY2 
(Arabidospsis 
thaliana) 

 

MKMDKKTIVWFRRDLRIEDNPALAAAAHEGSVFPV
FIWCPEEEGQFYPGRASRWWMKQSLAHLSQSLKAL
GSDLTLIKTHNTISAILDCIRVTGATKVVFNHLYDPV
SLVRDHTVKEKLVERGISVQSYNGDLLYEPWEIYCE
KGKPFTSFNSYWKKCLDMSIESVMLPPPWRLMPITA
AAEAIWACSIEELGLENEAEKPSNALLTRAWSPGWS
NADKLLNEFIEKQLIDYAKNSKKVVGNSTSLLSPYL
HFGEISVRHVFQCARMKQIIWARDKNSEGEESADLF
LRGIGLREYSRYICFNFPFTHEQSLLSHLRFFPWDAD
VDKFKAWRQGRTGYPLVDAGMRELWATGWMHNR
IRVIVSSFAVKFLLLPWKWGMKYFWDTLLDADLEC
DILGWQYISGSIPDGHELDRLDNPALQGAKYDPEGE
YIRQWLPELARLPTEWIHHPWDAPLTVLKASGVELG
TNYAKPIVDIDTARELLAKAISRTREAQIMIGAA 

CIBN 
(Arabidospsis 
thaliana) 

 

MNGAIGGDLLLNFPDMSVLERQRAHLKYLNPTFDSP
LAGFFADSSMITGGEMDSYLSTAGLNLPMMYGETT
VEGDSRLSISPETTLGTGNFKAAKFDTETKDCNEAA
KKMTMNRDDLVEEGEEEKSKITEQNNGSTKSIKKM
KHKAKKEENNFSNDSSKVTKELEKTDYIH 
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mCherry 
(Discosoma) 

 

MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEG
EGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMY
GSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDG
GVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQ
KKTMGWEASSERMYPEDGALKGEIKQRLKLKDGG
HYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNE
DYTIVEQYERAEGRHSTGGMDELYK 

eYFP 
(Aequoera 
victoria) 

 

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEG
DATYGKLTLKFICTTGKLPVPWPTLVTTFGYGLQCF
ARYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNY
KTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLE
YNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQL
ADHYQQNTPIGDGPVLLPDNHYLSYQSALSKDPNEK
RDHMVLLEFVTAAGITLGMDELYK- 

PrPΔ23-109 

(H.sapiens) 

MANLGYWLLALFVTMWTDVGLCKDIAGAAAAGA
VVGGLGGYMLGSAMSRPMIHFGNDWEDRYYRENM
YRYPNQVYYRPVDQYSNQNNFVHDCVNITIKQHTV
TTTTKGENFTETDVKMMERVVEQMCVTQYQKESQ
AYYDGRR 

pHluorin 

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGD
ATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFS
RYPDHMKRHDFFKSAMPEGYVQERTIFFKDDGNYK
TRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEY
NYNDHQVYIMADKQKNGIKANFKIRHNIEDGGVQL
ADHYQQNTPIGDGPVLLPDNHYLFTTSTLSKDPNEK
RDHMVLLEFVTAAGITHGMDELYK- 

SynCAM1 
(Mus musculus) 

MASAVLPSGSQCAAAAAVAAAAAPPGLRLRLLLLL
LSAAALIPTGDGQNLFTKDVTVIEGEVATISCQVNKS
DDSVIQLLNPNRQTIYFRDFRPLKDSRFQLLNFSSSEL
KVSLTNVSISDEGRYFCQLYTDPPQESYTTITVLVPP
RNLMIDIQKDTAVEGEEIEVNCTAMASKPATTIRWF
KGNKELKGKSEVEEWSDMYTVTSQLMLKVHKEDD
GVPVICQVEHPAVTGNLQTQRYLEVQYKPQVHIQM
TYPLQGLTREGDAFELTCEAIGKPQPVMVTWVRVD
DEMPQHAVLSGPNLFINNLNKTDNGTYRCEASNIVG
KAHSDYMLYVYDSRAGEEGTIGAVDHAVIGGVVAV
VVFAMLCLLIILGRYFARHKGTYFTHEAKGADDAA
DADTAIINAEGGQNNSEEKKEYFI 
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ΔSynCAM1 
(Mus musculus) 

MASAVLPSGSQCAAAAAVAAAAAPPGLRLRLLLLL
LSAAALIPTGDGVLVPPRNLMIDIQKDTAVEGEEIEV
NCTAMASKPATTIRWFKGNKELKGKSEVEEWSDMY
TVTSQLMLKVHKEDDGVPVICQVEHPAVTGNLQTQ
RYLEVQYKPQVHIQMTYPLQGLTREGDAFELTCEAI
GKPQPVMVTWVRVDDEMPQHAVLSGPNLFINNLNK
TDNGTYRCEASNIVGKAHSDYMLYVYDSRAGEEGT
IGAVDHAVIGGVVAVVVFAMLCLLIILGRYFARHKG
TYFTHEAKGADDAADADTAIINAEGGQNNSEEKKE
YFI 
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“Challenges are what make life interesting; overcoming them is what makes life 
meaningful.”                                                                                       Joshua J Marine 
 


