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The synapse: a basic unit for information processing in the brain 

The brain is the most complex and dynamically organized organ of the human body. It has a high 

degree of computational capability enabling the execution of a wide spectrum of physiological 

processes and behaviors, based on integrative transmission of signals among neural systems and 

across brain regions. In the human brain, there are more than 100 billion neurons, which 

communicate with each other at specialized structures called synapses. Two types of synapses can 

be distinguished based on their mechanisms of transmission: the electrical and the chemical 

synapses (Schweizer, 2001). At electrical synapses, two nerve cells are connected by gap junction 

channels, which allow for ionic currents that permit the pre-synaptic action potential to flow 

directly and passively to the post-synaptic cells, therefore depolarizing it and initiating the 

post-synaptic action potential. However, the overwhelming majority of connections between 

neurons are chemical synapses consisting of the pre- and post-synaptic compartments separated by 

a synaptic cleft. When an action potential reaches the pre-synapse it triggers the fusion of 

neurotransmitter-containing synaptic vesicle (SV) at the active zone (AZ), leading to the release of 

neurotransmitter into the synaptic cleft (Südhof and Rizo, 2011; Schweizer, 2006). The 

neurotransmitter rapidly diffuses and binds to its receptors on the post-synaptic membrane, and 

initiates a corresponding response that may be excitatory, inhibitory, or modulatory in nature (Fig. 

1). In general, glutamatergic synapses are excitatory, GABAergic synapses are inhibitory, and various 

types of metabotropic receptors modulate these responses. Thus, synapses play an important role 

in signal transduction in the brain. 

Whereas synapses are able to perform the rapid transduction of signals between neurons, in 

addition to this, they are able to adapt the efficiency by which signals are transduced. This change in 

synaptic strength is often dynamically regulated by neuronal activity. This process of synaptic 

plasticity (Fioravante and Regehr, 2011; Castillo, 2012; Luscher and Malenka, 2012) finds its origin in 

adaptation of presynaptic release and / or is achieved by changing postsynaptic signal transduction. 

Synaptic plasticity in turn underlies plasticity of neuronal circuitry, which is thought to be the 

molecular basis of higher brain functions, including learning and memory (Neves et al., 2008; Sutton 

and Schuman, 2006). Abnormalities in neurotransmission or in synaptic plasticity processes are 

known to be the causes of many brain disorders, including neurodegenerative (Wolfe and Selkoe, 

2010; Moore et al., 2005) and neuropsychiatric diseases (Krishnan and Nestler, 2008; Kim et al., 

2012). 

 

Organization of excitatory synapse 

In this thesis I focus on the excitatory glutamate synapse. These synapses are the most numerous in 

the brain. The excitatory synapse consists of three major structural components: the presynaptic 

bouton (presynaptic terminal), the postsynaptic spine (postsynaptic terminal) and the synaptic cleft 

between the opposite terminals (Burn and Augustine, 1995; Harris and Weinberg, 2012; Li and 

Jimenez, 2008) (Fig. 1).  

The presynaptic bouton is a specialized area appearing as expansion or swelling approximately 1um 

diameter on the axonal terminal (Siksou et al., 2011). Each presynaptic bouton contains hundreds of 

http://en.wikipedia.org/wiki/Synaptic_cleft
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SVs that are filled with neurotransmitters. A few SVs are tethered to the AZ, and these form the 

readily releasable pool. Besides, there are other organelles in the presynapse, such as mitochondria, 

which provide energy for the synaptic function. In addition the synaptic presynaptic terminal is filled 

with a large array of different types of proteins, including those that form scaffolds for the 

presynaptic machinery to anchor to, and those that regulate the biophysical release properties of 

the presynapse. The molecular complexity of the presynapse, like that of the postsynapse, is huge 

and of many of the proteins functions are still not known. 

The postsynaptic element appears generally as a mushroom-like postsynaptic protrusion (spine) 

emanating from the dendrite shaft (Spruston, 2008). Where the spine membrane faces the AZ, it 

contains a high amount of proteins with a dense structure called the postsynaptic density (PSD). The 

PSD contains the transmitter receptors, many scaffolding proteins, cell adhesion proteins and 

signaling proteins, which are involved in many different functions, among which anchoring and 

trafficking of neurotransmitter receptors and regulating synaptic transmission and plasticity.  

Between pre- and post-synaptic terminals is a narrow gap of synaptic cleft, which is approximately 

20~30nm wide and is filled with a dense-staining material. This gap is bridged by transsynaptic 

proteins, such as the Neuroligin- Neurexin connection (Missler et al., 2012; Yamagata et al., 2003), 

that keep the two parts tightly attached to form stable synapses and also act to align the 

presynaptic release machinery and the PSD. In addition, it contains various proteins and 

carbohydrate-rich adhesion molecules.  

 

Figure 1. Neurons 

communicate with 

each other at 

synapses. (A) An 

axon is branched at 

its distal end, 

making chemical 

synapses on the 

dendrites of 

another neuron. (B) 

An excitatory 

chemical synapse is 

composed of a 

presynaptic axonal 

bouton and 

postsynaptic dendritic spine. The presynaptic compartment contains many SVs, some of which are docked 

close to the active zone. When an electrical signal arrives at the presynaptic bouton, neurotransmitters are 

released from the SVs into the synaptic cleft and bind to specific receptors, causing the generation of 

electrical or chemical signals in the post-synaptic cells. (Figure 1 was reprinted from Expert review of 

proteomics, 5, Li, K., and Jimenez, C., Synapse proteomics: current status and quantitative applications, 

353-360., 2008, with permission from Company of Biologists Ltd.) 
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Organization of the presynapse: molecular underpinning of SV release and 

recycling 

In the pre-synaptic terminal, neurotransmitters are packaged into SVs. When the action potential 

depolarizes the presynaptic membrane, Ca2+ channels are opened and the influx of Ca2+ triggers 

vesicle fusion and subsequent exocytosis of SVs. The neurotransmitter release requires successive 

events comprising of docking, priming and fusion (Pang and Südhof, 2010). The membrane-fused 

SVs are retrieved by endocytosis, reloaded with neurotransmitters, and ready for another round of 

exocytosis (Dittman and Ryan, 2009) (Fig. 2). 

 

Figure 2. Simplified schematic 

presentation of a chemical synapse, 

highlighting the presynaptic SV cycle, 

involving vesicle docking, priming, 

fusion, endocytosis, and recycling (the 

proteins involved in these processes 

are indicated in more detail in Fig. 3). 

Neurotransmitters are packaged into 

small vesicles by active transport and 

form vesicle clusters at the 

presynaptic bouton. The transmitter 

filled vesicles dock at the active zone, 

where they undergo a priming 

reaction making them competent for 

Ca
2+

 triggered fusion-pore opening. 

After fusion with the plasma 

membrane, SVs are retrieved by 

endocytosis and recycled via fast or 

slow pathways to be reused for 

synaptic transmission. The released 

neurotransmitters bind to receptors on the postsynaptic membrane, leading to activation of signal 

transduction. The insertion and retrieval of neurotransmitter receptors in the postsynaptic compartment is 

believed to be an important mechanism for regulating synaptic strength (Figure 2 was reprinted from 

Encyclopedia of life sciences (eLS), Schweizer, F.E., Neurotransmitter Release from Presynaptic Terminals, 

2006, with permission from John Wiley & Sons Ltd, Chichester.) 

 

SV components are synthesized in the cell body, and transported to the synapse by kinesin motors. 

Once arrived at synaptic sites, vesicles are loaded with neurotransmitter by their membrane 

proteins, e.g., the vesicular glutamate transporter (VGlut) and the vacuolar H+ ATPase (V-ATPase), of 

which the latter provides a pH and electrochemical gradient across the SV membrane, driving 

neurotransmitter uptake. The SV membranes consist of many different proteins (Fig. 3), which are 

involved in the processes of exocytosis and recycling, e.g., including Synaptobrevin, Synaptotagmin, 

Synaptophysin, Synaptogyrin, SV2, and Synapsin (Südhof, 2006).  
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On electron micrographs, many SVs are found clustered closely to the AZ, and a few SVs are docked 

to the presynaptic plasma membrane of AZ. Based on morphological data from mutant animal 

model systems, several proteins were found implicated in the docking process, including Sec1 / 

Munc18 (SM), Syntaxins, (M)unc13, CAPS / Unc31, RIM / Unc10, Rabphilin / Granuphilin / 

Exophilin4, Rabs, Synatotagmins and MyoVa (Fig. 3) (Verhage and Sørensen, 2008). In addition, the 

scaffold proteins around the docked vesicles also modulate SV release, such as Bassoon, Piccolo, 

ERCs, MALS, Liprins, MINT1 and CASK (Mukherjee et al., 2010; Olsen et al., 2006). While some SVs 

are morphologically docked at AZ, only a small fraction of them are released upon a brief stimulus. 

Priming is an ATP-dependent process that renders docked SVs competent to rapid fusion with the 

plasma membrane in response to calcium influx. This priming step involves the partial trans-SNARE 

complex assembly (Südhof and Rizo, 2011; Becherer and Rettig, 2006) and probably also the 

synthesis of Phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P2] by 

Phosphatidylinositol-4-phosphate 5- Hay et al., 1995). Using the energy of ATP 

hydrolysis, NSF / α-SNAP dissociate the remaining cis-SNARE complexes, thereby allowing these to 

form fusion-competent trans-SNARE complexes on opposing membranes which are resistant to 

NSF-mediated disassembly (Burgalossi et al., 2010; Tolar and Pallanck, 1998). Heat shock cognate 70 

/ α cysteine string protein / glutamate- and threonine-rich protein (Hsc70 / αCSP / SGT) complex 

and synucleins facilitate maintenance of SNARE proteins in proper states that promote SNARE 

complex assembly (Sharma et al, 2011; Burré et al, 2010). Munc13 and RIM also participate in this 

process. After dissociation of Rab3a by GTP hydrolysis, RIM binds to Munc13 and activates priming 

(Deng et al., 2011). The partial displacement of Munc18 by activated Munc13 from Syntaxin 1 is 

thought to stimulate the conversion of the t-SNARE Syntaxin from a closed to an open conformation, 

which facilitates the assembly of v-SNARE / t-SNARE complexes (Südhof and Rothman, 2009; Rizo 

and Rosenmund, 2008).  

For vesicle fusion to occur, the SNARE complex acts as the core machinery of SV fusion. It comprises 

two classes of components: the v-SNAREs, the SNARE proteins localized on the SVs, predominantly 

Synaptobrevin; and the t-SNAREs, the proteins localized on the target presynaptic membrane, 

predominantly Syntaxin and SNAP25 (Fig.3) (Chen and Scheller, 2001). Upon a stimulus, the 

trans-SNARE complex assembles into a zipper-like structure, in which the complex assembly starts 

from the N-terminus of SNARE motifs and proceeds towards the C-terminus, pulling membranes 

closer together and likely initiates the opening of the fusion-pore. Then the fusion extends until the 

SV membrane collapses into the target membrane, and the trans-SNARE complex converts to 

cis-SNARE (Südhof and Rothman, 2009). It is proposed that the assembly of the highly stabilized 

heterotrimeric SNARE complex is asscociated with a huge release of energy to drive fusion (Li et al., 

2007; Mohrmann et al., 2010; Sinha et al., 2011). The released neurotransmitters diffuse across the 

synaptic cleft, and then activate receptors on the postsynaptic terminal, initiating an electrical 

response or a secondary messenger pathway. Afterwards, cis-SNARE complexes are disassembled 

by the NSF / SNAPs (Winter et al., 2009), which make the SNARE proteins available for next round of 

fusion. 

In addition, Complexins modulate the exocytosis by their calcium-dependent interaction with the 

assembled SNARE complex (McMahon and Boucrot, 2011). Whereas it is observed that Complexin 
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‘clamps’ the SNARE and temporarily arrests exocytosis, the binding of Complexin may also stabilize 

the C terminus of SNARE complex (Giraudo et al., 2006; Yoon et al., 2008). It is thought that 

Complexin binding to the SNARE complex generates a metastable fusion state (Tang et al., 2006; 

Schaub et al., 2006), in which calcium-activated Synaptotagmin probably displaces at lease part of 

Complexin and triggers the fusion. 

Deletion of Munc18-1 in mice produces a complete loss of neurotransmitter secretion (Verhage et 

al., 2000), indicating Munc18-1 playes a prominent role in SV exocytosis. Munc18-1 is thought to 

interact with the closed conformation of Syntaxin 1 and gates entry of Syntaxin 1 into SNARE 

complexes. During fusion, Munc-18 remains associated with SNARE proteins throughtout their 

assemebly-dissembly circle, perhaps through more than one binding mode, involving simultaneous 

or alternative interactions with the Syntaxin 1 N-terminal peptide and Habc domain as well as the 

SNARE four-helix bundle (Rizo et al., 2012; Südhof and Rothman, 2009). In addition, Complexins and 

Syntaptotagmins constitutively associate with the assembled SNARE complexes to modulate the 

calcium trigged neurotransmitter release (McMahon et al., 1995; Martens 2007; Schiavo et al., 1997; 

Tang et al., 2006; Schaub et al., 2006). Whereas it is observed that Complexin ‘clamps’ the SNARE 

and temporarily arrests exocytosis, the binding of Complexin may also stabilize the C terminus of 

SNARE complex (Giraudo et al., 2006; Yoon et al., 2008). It is thought that Complexin binding to the 

SNARE complex generates a metastable fusion state (Li et al., 2011; Maximov et al., 2009), in which 

calcium-activated SV protein Synaptotagmin probably displaces at lease part of Complexin and 

triggers the fusion (Tang et al., 2006; Schaub et al., 2006). The calcium sensor, Synaptotagmin, 

serves as an essential mediator of the fast calcium-triggered release by association with SNARE 

complexes and phospholipids (Martens et al., 2007; Fernández-Chacón et al., 2001; Südhof 2013). 

After the fusion, vesicles are retrieved from the pre-synaptic membrane by endocytosis. Although 

the neurotransmitter release has been studied for about 60 years, the precise mechanism of 

endocytosis has remained much more elusive. It is known that there are multiple parallel pathways 

of recycling (Smith et al., 2008; Saheki and De Camilli, 2012), fast recycling via local reuse of vesicles 

called 'kiss and run', a slow Clathrin-mediated endocytosis, and a bulk endocytosis. 

After endocytosis, the newly retrieved vesicles may directly get mature by re-loading of 

neurotransmitters, or fuse with primary endosomes for protein sorting and vesicle budding into 

new SVs (Südhof, 2004). Multiple proteins are proposed to be involved in vesicle recycling in 

eukaryotic cells, including Rab5, Early endosome antigen 1 (EEA1), Rabenosyn 5, Syntaxin 6, 

Syntaxin 13, VAMP4, VTI1A for mediating recognization, tethering and fusion of early endosomes 

(Nielsen et al., 2000; Simonsen et al., 1998; Brandhorst et al., 2006); Rab7, Syntaxin 7, Syntaxin 8, 

Syntaxin 11, VAMP7, Endobrevin / VAMP-8 and VTI1B for facilitating the fusion of late endosomes 

(Lebrand et al., 2002; Wang et al., 2011; Antonin et al., 2000a; Pryor et al., 2004; Offenhäuser et al., 

2011); Rab6, Syntaxin 6, Syntaxin 16, VAMP3 / cellubrevin, VAMP4 and VTI1A for retrograde 

transportting from early / recycling endosomes to the trans-Golgi network (Mallard et al., 2002); 

and adaptor proteins, such as AP1 and AP3, for mediating the vesicle budding from endosomes 

(Körber et al., 2012; Faundez et al., 1998; Blumstein et al., 2001). The specific mechanism of vesicle 

recycling in neurons still needs to be revealed. 



 

 
 

 

Figure 3. Simplified schematic of the molecular network of an excitatory synapse. Both pre- and postsynaptic proteins harbor a wealth of proteins. The coordinated 
protein-protein interactions in synapses facilitate neurotransmission and allow it to be dynamically regulated. This figure depicts roughly 100 proteins, which have been 
extensively studied until recently, whereas the synapse is estimated to harbor over 2000 proteins. Systematic elucidation of the global synaptic protein interactome is 
essential for the in-depth study of neurotransmission in the future. (Figure 3 was reprinted from Journal of cell science, 123, Chua et al., The architecture of an excitatory 
synapse, 819-823., 2010, with permission from Company of Biologists Ltd.) 
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In recent years, increasing evidence suggests the existence of presynaptic plasticity, which regulates 

synaptic function on the timescale of milliseconds to minutes. Active zone proteins mediate much of 

the short- and long-term presynaptic plasticity, by direct responding to second messengers, such as 

Ca2+, or by recruiting other proteins that are responsible for the plasticity of neurotransmitter 

release (Südhof, 2012; García-Junco-Clemente et al., 2005). Short-term plasticity is probably due to 

the interplay of residual Ca2+ and vesicle depletion (Regehr, 2012), the modulation of presynaptic 

Ca2+ channels (Catterall and Few, 2008) or the direct modification of the proteins of the release 

machinery (e.g. Antonucci et al., 2013; Watanabe et al., 2013; Kaeser and Südhof, 2005). 

Presynaptic long-term potentiation (LTP) and depression (LTD) are caused by enduring increases or 

decreases of neurotransmitter release (Castillo, 2012). It is observed that presynaptic LTP is blocked 

in the mutant RIM1 or Rab3a mice, underlying the crucial roles of these proteins in long-term 

plasticity (Lonart et al., 1998; Lonart et al., 2003; Schoch and Gundelfinger, 2006). The presynaptic 

growth protein GAP-43 is associated with information processing, and plays an important role in 

learning and memory (Benowitz and Routtenberg, 1997; Rekart et al., 2005). Besides, mutations in 

the SNARE proteins and their interacting partners also could alter neurotransmitter release 

machinery (Kawasaki and Ordway, 2009; Young, 2005). Although many proteins have been detected 

essential for presynaptic plasticity, the precise molecular mechanisms, in particular how they act 

together, still remains unclear. A global screening of the dynamic interactomes might provide more 

insights into this. 

 

Organization of the postsynapse 

In the excitatory glutamate synapses, glutamate receptors of the NMDA- and AMPA-type are 

localized in the PSD facing opposite to the AZ across the synaptic cleft. These receptors respond 

upon binding of the released transmitters by initiating the post-synaptic membrane depolarization 

and eliciting a cascade of signal transduction pathways. With the development of neuroproteomics, 

and the advancement of new mass spectrometric technology (Bayés and Grant, 2009; Stevens and 

Kobeissy, 2011), hundreds of different proteins have been identified in the PSD (Fig. 3)(Cheng et al., 

2006; Li et al., 2004), of which main functional groups would include proteins involved in cellular 

communication and signal transduction (adhesion, GTPases, kinase / phosphates, receptors, and 

channels), cellular organization (cytoskeleton, membrane traffic, motors, and scaffolds), energy 

(mitochondria and metabolism), protein synthesis and processing (translation and chaperones), and 

others (Li et al., 2004; Peng et al., 2004). In particular, a large number of membrane-associated 

guanylate kinase (MAGUK) family proteins composed of PSD-95 (DLG4), PSD-93 (DLG2), SAP97 

(DLG1), and SAP102 (DLG3) are concentrated at the core of PSD near the postsynaptic membrane 

and assemble the PSD by binding to receptors, other postsynaptic membrane proteins, cytoplasmic 

signaling enzymes, and cytoskeletal elements (Sheng and Hoogenraad, 2007; Feng and Zhang, 

2009). 

The protein constituents of the PSD are dynamically regulated by synaptic activity via mechanisms 

such as protein phosphorylation, local translation, degradation, and protein translocation into and 

out of synaptic spines. Altered composition and structural remodeling of the PSD are believed to 

play critical roles in the formation / elimination and the plasticity of synapses (Sutton and Schuman, 
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2006; Renner et al., 2008). 

 

The AMPAR receptor complex and neuroplasticity 

Postsynaptic AMPA receptors are responsible for the glutamate-induced depolarization in most 

excitatory synapses and play important roles in neuroplasticity (Roche et al., 2007; Traynelis et al., 

2010). AMPA receptors are glutamate-gated cationic channels composed of four subunits GluA1-4 

in heterotetramers consisting of a symmetric 'dimer of dimers'. During synaptic transmission, the 

released glutamate diffuses through the synaptic cleft and binds to the AMPAR located in PSD. This 

leads to AMPAR channel opening that allows the influx of cations, especially sodium ions, which 

drives postsynaptic depolarization.  

In particular, the number of AMPARs present at the postsynaptic membrane determines synaptic 

efficacy (Sjöström et al., 2008). Thus, AMPAR trafficking, membrane insertion and endocytosis 

govern plasticity of the synapse (Anggono and Huganir, 2012; Kessels and Malinow, 2009), which is 

highly relevant for changing the properties of neuronal circuitry and higher order processes, such as 

learning and memory. Following synaptic stimulation, Ca2+ influx through the NMDA receptors 

activates CaMKII and PKC, which phosphorylate the existing AMPA receptors to increase their 

activity and modulate the insertion AMPA receptor to the postsynaptic membrane in LTP (Ahmad et 

al., 2012). Whereas during LTD, small and slow rises in postsynaptic calcium levels activate the 

calcium-dependent phosphatases, leading to the internalization of synaptic AMPA receptors by 

Clathrin-coated endocytosis mechanism, thereby reducing sensitivity to released glutamate (Carroll 

et al., 1999). 

Over the past decades a number of cytosolic proteins have been implicated in the insertion or 

removal of AMPARs from the synapse (Lüthi et al., 1999). The endocytosis, exocytosis and recycling 

of AMPA receptors are tightly regulated in a neuronal activity-dependent manner by many 

interacting proteins, such as Dynamin (Carroll et al., 1999), PICK1 (Citri et al., 2010), GRIP (Mao et al., 

2010) and Arc (Chowdhury et al., 2006). More recently, several membrane proteins, the presumably 

auxiliary proteins of AMPAR, have been shown to modulate AMPAR channel properties including 

current amplitude, desensitization and deactivation rates, resensitization, as well as having a role in 

trafficking of the AMPAR (Jackson and Nicoll, 2011; Straub and Tomita, 2012). A comprehensive 

affinity purification - mass spectrometry (AP - MS) analysis on the AMPAR receptor reported 34 

proteins as high-confidence constituents of AMPAR complexes in the rodent brain. Taken together, 

Schwenk and co-workers (Schwenk et al., 2012) postulated a model of the AMPAR interactome, 

which contains a common inner core comprising of the AMPAR and TARPs and / or CNIHs, and a 

variable peripheral extension with different proteins. Together, these form AMPAR complexes, 

which range in size, in molecular composition, and in function (Fig. 4). The precise interaction of 

these proteins in multiple co-existing complexes needs further investigation. 

 

http://en.wikipedia.org/wiki/Receptor-mediated_endocytosis
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Figure 4. Model 

of the assembly of 

AMPARs complex. 

Several 

transmembrane 

auxiliary subunits 

of AMPA receptors 

have been 

identified by 

interaction 

proteomics. In this 

figure of Schwenk 

et al., the authors 

showed the AMPA 

receptor complex 

composition based on their proteomic, biochemical, and functional analyses. Solid circles in red and gray 

depict the suggested asymmetric pairs of binding sites for the indicated ‘inner core constituents’ TARPs, 

CNIH-2,3 and GSG1l; dashed circles in orange are suggested binding sites for the indicated ‘outer core 

components’ PRRTs, CKAMP44, C9orf4, and Neuritin, that interact directly with the GluA proteins. The Noelins, 

Brorin-2l, and CPT-1 are boxed with Neuritin and C9orf4 with which they were found tightly correlated. 

Dashed line in black delineates ‘periphery / entity of the AMPAR complex’; open circles indicate constituents 

‘without yet defined interaction with the core proteins’ (Figure 4 was reprinted from Neuron, 74, Schwenk et 

al., High-resolution proteomics unravel architecture and molecular diversity of AMPA receptor complexes, 

621-633., 2012, with permission from Elsevier.) 

 

Interactomics: identifying protein-protein interactions driving synapse 

function 

It has become clear that cell biological processes, including that of the synapse, are driven by 

coordinated actions of multiple proteins. Interestingly, cellular processes are determined by specific 

protein-protein interactions (PPIs). These PPIs can be transient or more long-lived, in which larger 

protein complexes are formed. Historically, due to the molecular complexity of the nervous system 

the studies were often focused on single to a few genes or proteins. The lack of targeted analysis 

technologies limited the analysis of protein complexes.  

Understanding the interactions of proteins allows the construction of models explaining the 

coordination of extended series of molecular events driving a process. Thus, models needed to 

explain neurotransmission events ranging from the pre-synapse SV tethering to AZ, exocytosis and 

endocytosis, and the corresponding changes of molecular events in the post-synapse, crucially 

depend on the insight into the larger interaction structure of the synaptic proteome (Fig. 3), called 

the interactome. Interactome analysis has recently taken shape due to new technologies that 

opened up the possibility to acquire PPI data at large-scale, using yeast-two hybrid analysis (Suter et 

al., 2008) and by affinity purification - mass spectrometry (AP - MS) (Trinkle-Mulcahy, 2012; Kaake 

et al., 2010). 
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Rationale of the thesis 

Notwithstanding the usefulness of models of functional elements in presynaptic release or 

postsynaptic signal transduction, its understanding is limited by the completeness of data. There are 

two factors that determine this, first is the insight into the synaptic proteome ‘parts list’, and 

second is the insight in the connectivity between proteins, the ‘interactome’. Typically, the proteins 

under study in the synapse have a bias according to the research interest of the research group. 

However, in the post-genome era it has become possible to carry out a proteomics approach 

analyzing the constituents of the synapse. To quite some extent, though not complete, a 

comprehensive protein list of the synapse has been generated (Takamori et al., 2006; Emes and 

Grant, 2012). This opens up the possibility of analyzing the function of gene products and their role 

in neuronal development, behavior and / or disease processes (e.g., Dahlhaus et al., 2011; Liu et al., 

2010; Lull et al., 2010). 

A next step in the understanding of synaptic function is via interaction proteomics analysis. To 

reveal the molecular units underlying synaptic function and plasticity, mapping the synaptic protein 

interactome, or the local interactomes of smaller functional units is of crucial importance. Using this 

information it will become possible to construct computational models that can explain and / or 

predict the features of synaptic processes. Therefore, interaction proteomics of synapse proteins 

has formed the core activity of my thesis study. 

 

Aim and outline of this thesis 

The main aim of this study was to systematically analyze the synaptic protein network by 

interaction proteomics. Identifying and characterizing the entire complement of protein-protein 

interactions in synapses can help to understand many aspects of nervous system (dys)function. In 

the context of this wider aim, it was of interest to focus on local interactomes, which were 

constituted by smaller sets of proteins that together served a specific synaptic function. Both the 

wider aim and the more focused approach are described in my thesis. 

The DMXL2 interactome analysis was shown as specific example of our interaction proteomics 

strategy in chapter 2. Besides the normal beads control, the use of an antigen peptide 

pre-saturated antibody was introduced to discriminate true interactors from off-target recognition 

of antibodies. Quantitative comparison between IPs and negative controls, IPs with two antibodies 

against the same bait and statistical analysis of multiple replicates together contribute to a short list 

of interacting candidates with high confidence. 

Chapter 3 describes our workflow of large-scale interaction proteomics, and gives a first overview 

of all the immunoprecipitation - mass spectrometry (IP - MS) experiments on pre-synapse proteins 

covering 87 bait proteins and the identification of more than 2000 interacting proteins. A draft of a 

pre-synaptic protein interactome is presented. Our pre-synaptic IP - MS screening data confirmed 

the previous reported protein-protein interactions, and in addition showed a large number of novel 

interacting candidates. 
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In chapter 4, the interactome analysis focuses on the AMPA receptor and its interacting proteins. 

Multiple detergents were tested to characterize the AMPA receptor interactome. Brain region 

specificity of AMPA receptor complexes are examined by combined immunoprecipitation - blue 

native PAGE – mass spectrometry (IP - BN-PAGE - MS) strategy. Many known interacting partners of 

the AMPA receptor were identified in our dataset. The overview of brain region specific AMPA 

receptor interactomes contributes to the understanding of AMPAR mediated synaptic plasticity and 

resulting adaptations in brain function.  

In chapter 5, the adhesion protein Contactin-associated protein-like 2 (CNTNAP2) interactome is 

characterized, which may provide insights for autism disease pathology. Multiple negative controls 

such as empty beads, peptide blocked antibodies and knockout mice were used subsequently in 

overlay to exclude false positive proteins in data derived from immunoprecipitation. Interestingly, 

according to the IP - BN-PAGE - MS data, we found that a low amount of CNTNAP2 interacts with 

Contactin 2 and a minor amount of CNTNAP2 seemingly forms a single complex containing ADAM22, 

LGI1, Contactin 2 and potassium channels. 

Finally, chapter 6 summarizes the synaptic interactome analysis until now which might give rise to 

many potential research projects in the future, and discusses the challenges and perspectives of 

interactome proteomics screening. 




