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Chapter  I 

General  Introduction 

Human brain is a complex organ that controls thinking, memory, perception, judgment and 

integration of environment in addition to controlling every conscious action performed by our 

body. An estimated 100 billion nerve cells (neurons) make up a single human brain. Neurons are 

polarized cells that possess a soma, multiple dendrites and an axon. They transfer information 

from the axon of a sender neuron to the dendrites and/or soma of the receiver neurons in the 

form of electrochemical signals. At the end of 19th century, Ramón y Cajal provided evidence for 

the neuron doctrine, according to which neurons are discrete cells that contact one another at 

specialized junctions. These membrane junctions or gaps of around 20 nanometres were named 

“synapses” by Sir Charles Sherrington in 1895. Synapses are tiny structures, less than a micron 

in diameter and an estimated 100 trillion synapses in a human brain provide the computational 

capability to acquire, manipulate and integrate information required to control the manifold func-

tions of a human body. 

Synapses are fundamental signalling elements of the nervous system as they mediate 

communication between individual neurons and store information through long-term modifica-

tions of strength and structure. There are fundamentally two different types of synapses: elec-

trical and chemical synapses. In electrical synapses, the cytoplasm of the pre- and postsyn-

aptic neurons is continuous via channels called gap junctions. These gap junctions allow for a 

fast passage of electric current between cells, causing voltage changes in the presynaptic cell 

to induce voltage changes in the postsynaptic cell. In chemical synapses, the pre- and post 

synapse is separated by a synaptic cleft. Electrical signals at the presynapse are converted 

into the release of neurotransmitters (e.g. glutamatergic, GABAergic, cholinergic). The neuro-

transmitter is detected by receptors located in the plasma membrane of the receiving neuronal 

surface and converted to electrical signals that excite or inhibit the receiving neuron. In the verte-

brate nervous system, most neurons communicate via chemical synapses. Due to their complex 

signal transduction mechanism, chemical synapses are tightly regulated and susceptible to 

amplification and/or modulation by electrical signals. This regulation can occur at multiple steps 

of signal transduction; recruitment and assembly of molecular machinery, synapse formation 
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and maturation, activation of ionic channels followed by release of neurotransmitters, detection 

by receptors at the post-synapse or further downstream signalling by these receptors. 

Synapses are increasingly recognized as key structures that malfunction in a large number 

of mental disorders, such as mental retardation, schizophrenia and neurodegenerative disorders 

like Alzheimer’s or Parkinson’s disease. Understanding the underlying molecular mechanisms 

in the development of mature synapses and their maintenance is crucial to the development of 

more successful therapy and for better preventive measures. 

1.1     Synaptogenesis 
Synaptogenesis is the formation of synapses between neurons. Prior to synapse formation 

axonal growth cones follow extracellular cues to reach a precise location on a distant target. 

With the possibility of synapse formation, upon contact with an appropriate postsynaptic cell, 

the growth cone differentiates into a presynaptic terminal. Simultaneously, the target neuron 

creates a specialization that will serve as the postsynaptic site. Sometimes, synaptic junctions, 

called en passant synapses, appear partway along an axon as it extends. Synapse formation is 

a multistage process that can be conceptually divided into four stages; initial establishment of 

synaptic contact, assembly of pre- and postsynaptic molecular machinery, functional specifica-

tion of synapses and finally synaptic plasticity (Missler et al. 2012) (Fig. 1). 

1st Stage: Initial contact and establishment of synapse

Target recognition is the first step in synaptogenesis where an axon navigates a large distance 

before encountering a target cell. This is a tightly controlled process, as the diversity of neuronal 

cell types in the brain, requires a highly sophisticated initial cell recognition system. Polymorphic 

adhesion proteins offer sufficient combinatorial possibilities that can guarantee an axon reaches 

a specific target cell, and is able to discriminate appropriate partner cells (Brose 1999). Synapse 

formation cannot start until an axon reaches a specific target region, and sometimes within a 

target region there are lag times of days before synapses are formed (Ullian et al. 2004; Pfrieger 

& Barres 1996).

2nd Stage: Assembly of pre and postsynaptic machinery 

In the second phase of synaptogenesis, recruitment of pre and postsynaptic proteins forms a 

synapse at the initial point of contact. Molecular assembly stages include recruitment of synaptic 
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vesicles, active zones and postsynaptic density proteins to developing synaptic contact, resulting 

in an anatomically identifiable synapse. For example, for glutamatergic postsynaptic assembly 

accumulation of PSD95 family scaffolding proteins and postsynaptic receptors such as NMDA 

and AMPA receptors is essential (Sans et al. 2000).

Figure 1.1. Synaptic cell adhesion and synaptic function
(I) Establishment of axo-dendritic contacts may require heterophilic and homophilic cell adhe-
sion molecules to recognize appropriate pre- and postsynaptic partners. 
During the molecular assembly 
(II) and functional specification (III) of synapses, synaptic cell adhesion molecules mediate recog-
nition, physical cell–cell adhesion, and serve as anchor proteins to cluster or recruit receptors 
and components of the pre- and postsynaptic signaling machinery. 
(IV) In adaptive events, for example during memory formation, synaptic cell adhesion molecules 
also may contribute to structural changes and functional synaptic plasticity such as long-term 
potentiation or depression 
(Fig. 1 was reprinted from Cold Spring Harbor Perspectives in Biology, Missler et al., Synaptic 
Cell Adhesion, pp1-18, 2012, with permission from Cold Spring Harbor Laboratory Press) 

I) Establishment II) Assembly

III) Specification IV) Plasticity
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3rd Stage: Synapse maturation and specification

After anatomical organization, a synapse is only functional when its molecular components are 

organized in a specific manner that confers specific properties to the synapse. This is known 

as the “functional specification stage”. During the maturation phase there is a general increase 

in synapse size (Vaughn 1989) and pre- and postsynaptic elements develop in a coordinated 

fashion.  Presynaptic differentiation includes increase in total number of synaptic vesicles, 

docked vesicles, and active zone area while postsynaptic differentiation includes clustering of 

postsynaptic receptors and association with signaling proteins. For example, for glutamatergic 

synapses, part of the maturation process is formation of “silent synapses” characterized by 

functional NMDA but not for AMPA receptors (Durand et al. 1996). NMDA receptor activity may 

instruct insertion of AMPA receptors into the postsynaptic membrane presumably by recruitment 

of AMPA receptors to the postsynaptic plasma membrane and turn “silent synapses” into func-

tional synapses (Isaac et al. 1997).

4th Stage: Activity dependent regulation of synaptic plasticity

Synaptic activity is not required for synapse development and formation. For example, gluta-

mate receptor blockers that prevent synaptic transmission in hippocampal cultures do not inter-

rupt synaptogenesis (Rao & Craig 1997). However, remodelling of synaptic circuits and synapse 

elimination is an important mechanism for removing ineffective connections (Trachtenberg et al. 

2002). Moreover, large groups of postsynaptic proteins are up- or down regulated together in 

response to sustained changes in neuronal network activity (Ehlers 2003).  

During development, synaptogenesis is tightly coupled to neuronal differentiation and estab-

lishment of neuronal circuitry. It is difficult to study formation of individual synapses in intact 

tissue because nearly 200 million synapses per mm3 in embryonic rat cortex increase to 4 

billion synapses per mm3 in 5-week-old rat cortex (De Felipe et al. 1997). Additionally, synapse 

assembly in any given area of the central nervous system, at any given time could span days 

to weeks, or even months. This makes it difficult to study formation of individual synapses in 

intact tissue. Assays have been developed that allow for screening of molecular signals involved 

in synapse formation (Kim & Huganir 1999; Zamorano & Garner 2001) and visualization of 

GFP-tagged molecular components of presynaptic terminals, active zones and post synaptic 

densities (PSD). In living cultured neurons, time-lapse imaging techniques have revealed the 

distribution and dynamics of these proteins in synapse formation (Waites et al. 2005).

  1
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1.2     Synaptic Cell Adhesion Molecules
Neuron-neuron synapses have a narrow cleft (~20nm), which makes it possible for presyn-

aptic trans membrane proteins to cross the synaptic cleft and come in contact with trans synaptic 

proteins on the opposite surface.  Synaptic Cell Adhesion Molecule (SCAM) is a common term 

used for membrane-anchored proteins whose extracellular domains directly interact to hold 

membranes of two cells together and are localized to synapses at one or more stages of devel-

opment. SCAMs are involved in synaptic recognition, formation, establishment, specification 

and plasticity of synapses (Craig et al. 2006; Gerrow & El-Husseini 2006; Chen et al. 2007a; 

Yamada & Nelson 2007). In contrast to the substantial effects of null mutations in several mole-

cules involved in synaptic vesicle release, no SCAM mutant has been reported thus far that 

results in a prominently altered structure of the majority of synapses or even a lack of synapses 

(Piechotta et al. 2006). This can be attributed to high redundancy among different SCAMs.

SCAMs are implicated in four major steps in synaptogenesis: maintaining integrity and 

promoting stability of synapses by linking pre- and post-synaptic membranes, target recogni-

tion in initial synapse formation where adhesion molecules recognize each other with specific 

extracellular domains, differentiation and development of pre- and post-synaptic specializations 

and lastly in regulation of synaptic structure and function bringing changes in spine density and 

synaptic size, that is involved in synaptic plasticity (Yamagata et al. 2003). 

To perform these roles SCAMs contain a number of extracellular domains: 

Immunoglobulin (Ig)- domains: Ig-domains are composed of a β-sandwich structure that is 

stabilized by a disulfide bond and often binds to other Ig-domains as homo- or heterophilic 

complexes. Ig-domain CAMs also contain Fibronectin III domains with a similar β-sandwich fold. 

Laminin A, neurexin and sex hormone-binding protein (LNS) domains: LNS domains are composed 

of a lectin-like β-sandwich with a conserved Ca2+-binding site. In neurexins, LNS domains are 

arranged in a manner that gives neurexin-1α an L-shaped structure with two hinge-regions (Chen 

et al. 2011).

Leucine-rich repeats (LRRs): LRRs are 20–30 residue sequences with a characteristic leucine-rich 

sequence pattern. Tandem repeats of LRRs, flanked by characteristic amino- and carboxy-ter-

minal sequence motifs, fold into curved solenoid structures stabilized by extensive hydrophobic 

interactions of leucine residues (Missler et al. 2012). 
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Besides these common domains, a large number of other extracellular domains exist (depicted 

in Figure 2.2). With new discovery of proteins and rapidly growing literature, it is difficult to clas-

sify SCAMs functioning at one exclusive stage of synaptogenesis. However, below is a brief 

description of some of the major CAMs and their roles in different stages of synaptogenesis.

Cadherins: Cadherins, found at pre- and postsynaptic sides, are homophilic cell adhesion 

molecules essential for formation and stability of epithelial-cell junctions (Yagi & Takeichi 2000). 

In line with their role in initiating synapse formation, cadherins are transported in precursor vesi-

cles along with other components of active zones, including piccolo, bassoon, and syntaxin 

(Zhai et al. 2001). N-Cadherins rapidly accumulate at points of cell-cell contact prior to synaptic 

differentiation and disruption (Togashi et al. 2002; Jontes et al. 2004) and disruption of cadher-

in-based contact inhibits formation of synapses in primary hippocampal neurons (Aiga et al. 

2011). The superfamily of cadherins comprise of 100 members in five subclasses, which is why, 

null mutant animal studies do not give a severe phenotype: Genetic disruption of αN-catenin, 

which impairs N-cadherin linkage to the actin cytoskeleton, had only subtle effects on spine 

morphology, with no obvious effect on synaptic function or localization of pre- and postsynaptic 

marker proteins (Togashi et al. 2002). 

Neural Cell Adhesion Molecule (NCAM): NCAM modified with high levels of polysialic 

acid (PSA) during development and distributed ubiquitously at the cell membrane of immature 

neurons functions at the synapse. After birth this modification is strongly reduced and NCAM 

is restricted to synapses during development (Uryu et al. 1999). Triple knockouts of NCAMs 

are viable and fertile with slightly smaller brains and display poor spatial learning (Cremer et al. 

1994). The hippocampal mossy fiber projections are disorganized and show defects in lamina-

tion and fasciculation which is hypothesized to affect presynaptic LTP in these neurons (Cremer 

et al. 1997). Additionally, presynaptic terminals have profound alterations in the mechanisms 

of recycling of synaptic vesicles despite normal morphology at NMJ synapses (Ryan 2001). 

Together with other findings, NCAM has important functions during axon outgrowth, path finding 

in the nervous system, with maturation and plastic changes at peripheral (NMJ) synapses and at 

central synapses (Piechotta et al. 2006). 

SynCAM: SynCAMs are brain-specific Ig proteins present at both pre- and postsynapse. 

Over-expression of full-length SynCAMs results in enhanced spontaneous synaptic activity, while 

a dominant-negative mutant of SynCAM lacking the extracellular Ig domains decreases synapse 

formation (Biederer et al. 2002). In vitro, multiple isoforms of SynCAM engage in specific heter-

ophilic complexes, and overexpression increases the number of excitatory presynaptic termi-
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nals (Fogel et al. 2007). Overexpression of SynCAM1 in transgenic mice promotes the number 

of excitatory synapses while loss of SynCAM1 results in fewer excitatory synapses. SynCAM1 

maintains newly induced synapses but also functions at mature synapses to alter their plas-

ticity by regulating long-term depression which can be seen by the fact that spatial learning 

in SynCAM1 KO mice is altered with a possible improvement in learning overall (Robbins et al. 

2010). 

Integrins: Integrins are heterodimeric glycoproteins that contain α and β subunits, expressed in 

the brain with differential spatial patterns. Integrins function as cell-matrix or cell-cell adhesion 

molecules by binding to Ig-superfamily receptors. Integrins have diverse functions in early CNS 

development including neuronal migration (Milner & Campbell 2002), axon outgrowth (Hoang & 

Chiba 1998) and synapse maturation (Chavis & Westbrook 2001).

Ephrins: Ephrins include ephrin receptors (erythropoietin-producing human hepatocellular 

carcinoma cell line) and their surface associated ligands; ephrins appear to impact both the 

development and the mature function of synapses. Ephrins can initiate new synaptic contacts, 

recruit and stabilize glutamate receptors at nascent synapses and regulate dendritic spine 

morphology. Activation of ephrins by Eph receptors can induce synapse formation and spine 

morphogenesis, whereas in the mature nervous system ephrin signaling modulates synaptic 

function and long-term changes in synaptic strength (Hruska & Dalva 2012). 

Neuroligin and Neurexin: Neurexins and neuroligins (NL) belong to neuronal families of alter-

natively spliced transmembrane synaptic adhesion molecules, whose binding is essential for 

the correct organization of excitatory and inhibitory synapses. Neurexins are pre-synaptic type 

I membrane proteins, which are produced by three neurexin genes (neurexin-1 to -3).  They are 

organizer molecules that regulate N- and P/Q-type Ca2+ channels and components of release 

machinery to presynaptic terminals with the assembly of postsynaptic specializations involving 

extracellular domains of neurexins (Zhang et al. 2005). Localization of neuroligins is very specific: 

neuroligin-1 is present only at excitatory synapses (Song et al. 1999), neuroligin-2 and -4 at inhib-

itory synapses (Varoqueaux et al. 2004; Hoon et al. 2011), while neuroligin-3 is present at both 

excitatory and inhibitory synapses (Budreck & Scheiffele 2007). Overexpression of neuroligins in 

neurons increases synapse density (Boucard et al. 2005), whereas deletion of neuroligins does 

not decrease synapse density (Varoqueaux et al. 2006). Cell-based assays of synapse assembly 

(co-culture assay) demonstrate that non-neuronal cells expressing neuroligins in contact with 

dissociated neurons are able to recruit presynaptic markers (Scheiffele et al. 2000) and non-neu-

ronal cells expressing neurexins recruit postsynaptic markers (Graf et al. 2004). 
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1.3     Leucine Rich Repeat Proteins 
Proteins containing extracellular leucine-rich repeat (LRR) domains have recently emerged 

as key organizers of connectivity. LRRs are protein-interaction motifs that regulate axon guid-

ance, target selection, synapse formation and stabilization of connections. A study in Drosophila 

embryos and larvae screened 410 genes encoding cell-surface and secreted proteins in search 

for those whose overexpression on muscle fibers cause motor axons to make targeting errors 

(Kurusu et al. 2008). Thirty genes were identified, out of which sixteen contained LRR domains. 

A number of LRR proteins have been studied with their respective roles in synaptogenesis; 

secreted LRR proteins are often involved in axon guidance, while trans-membrane LRR proteins 

are involved in target selection and synapse formation. Below is a description of some well-

known trans-membrane LRR proteins and their roles in synaptogenesis. 

Netrin-G Ligands (NGL) are type I membrane proteins composed of an extra-cellular LRR 

sequence, a single Ig-domain, and a short cytoplasmic domain that binds PSD-95 and other 

postsynaptic proteins, including NMDA receptors (Woo et al. 2009). NGLs are localized to post-

synaptic membranes in which NGL1 and NGL2 interact with GPI-anchored presynaptic netrin-G1 

and -G2 while NGL3 interacts with LAR-type receptor protein tyrosine phosphatases (RPTPs) 

(Kim et al. 2006). All NGLs induce presynaptic differentiation in co-culture assays, with NGL-3 

having a stronger effect compared to NGL-1 or -2 (Woo et al. 2009). NGL proteins regulate 

axonal outgrowth and lamina-specific dendritic segmentation, suggesting that NGL-dependent 

adhesion is important for development of axons, dendrites and synapses. This is consistent with 

the fact that defects in NGLs and their ligands lead to impaired learning, memory and hyperac-

tivity in transgenic mice (Woo et al. 2009). 

Slit- and Trk-like proteins (Slitrks) 1-6 are a family of postsynaptic proteins hypothesized to be 

involved in synaptogenesis and synapse development based on their structural similarity with 

other LRR trans-membrane proteins. All Slitrks family members induce presynaptic differentia-

tion of contacting axons in co-culture assays (Linhoff et al. 2009). Overexpression of Slitrk 1, -2, 

-4 or -5 in cultured hippocampal neurons increases density of excitatory synapses, while Slitrik-3 

selectively induces inhibitory presynaptic differentiation in co-cultures and cultured neurons 

(Takahashi et al. 2012; Yim et al. 2013). Conversely, knockdown of Slitrk 1, -2, -4 or -5 selectively 

decreases excitatory synapse density and Slitrik-3 knockdown decreases inhibitory synapse 

density (Takahashi et al. 2012; Yim et al. 2013). The effects of Slitrks on excitatory and inhibitory 

synapse development depend on their interaction with presynaptic receptors, receptor protein 
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tyrosine phosphatase δ (RPTPδ) (Takahashi et al. 2012; Yim et al. 2013). The mechanism with 

which Slitrk and their presynaptic interaction shape excitatory and inhibitory synapses is unclear 

(Wit & Ghosh 2014). 

Figure 1.2. Diagram summarizes important cell adhesion molecules proposed to have a role at 
the presynaptic (pre) and postsynaptic (post) membrane of central synapses. 
Trans-synaptic binding partners are drawn in front of each other or indicated with arrows. 
(LNS: laminin/neurexin/sex-hormone-binding globulin domain, NCAM: Neural Cell Adhesion 
Molecules, NGL: Netrin-G Ligands, SALM: synaptic adhesion-like molecule, Slitrks: Slit- and 
Trk- like proteins, LRRTM: Leucine-rich repeat trans membrane, FLRTs: Fibronectin leucine-rich 
repeat transmembrane proteins, LPHNs: Latrophilins, LAR-RPTPs: Leukocyte common anti-
gen-related receptor protein tyrosine phosphatases)

The HEK293-neuron co-culture assays revealed another type of LRR protein, Leucine-rich repeat 

trans membrane neuronal proteins, LRRTMs, that play a major role in synaptogenesis (Linhoff 

et al. 2009). LRRTM2 localizes to the postsynaptic density of excitatory synapses and regu-
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lates recruitment of PSD-95 and glutamate receptor subunits (de Wit et al. 2009). Post-synaptic 

LRRTM4 binds to heparin sulfate proteoglycans (HSPGs) on the presynaptic cell surface to 

induce synapse formation (Siddiqui et al. 2013), while LRRTM1 and -2 bind to neurexins (de Wit et 

al. 2009; Ko et al. 2009; Siddiqui et al. 2010). Overexpression of LRRTM2 or LRRTM4 in cultured 

hippocampal neurons increases the density of excitatory, but not inhibitory synapses (Ko et al. 

2009; DeWit et al. 2013; Siddiqui et al. 2013). LRRTM1 knockout mice display increased VGLUT1 

immunofluorescence, dispersed distribution of synaptic vesicles, immature dendritic spines but 

no overall change in spine density (Linhoff et al. 2009; Takashima et al. 2011). Knockout or 

knockdown of LRRTM4 selectively decreases excitatory synapse density in cultured neurons 

and decreases spine density in the dentate gyrus (DeWit et al. 2013; Siddiqui et al. 2013). These 

anatomical and functional changes are consistent with a role for LRRTMs in regulating synapse 

formation, maturation or maintenance or possibly all of these, in vivo. 

Fibronectin leucine-rich repeat transmembrane proteins 1-3 (FLRT1-3) are members of another 

family of LRR proteins. Unlike Slitrks, NGLs and LRRTMs, FLRTs induce presynaptic differentia-

tion in co-culture assays. FLRTs regulate glutamatergic synapse development in cultured neurons 

and in vivo, likely via trans-synaptic interaction with Latrophilins (de Wit & Ghosh 2014). Amongst 

the well-known synaptogenic properties of LRR proteins, an exception is Elfn1, a protein with 

similar domain organization as FLRTs that is involved in trans-synaptic instruction of presynaptic 

neurotransmitter release properties (Sylwestrak & Ghosh 2012). 

Thus, a large number of LRR proteins are involved in organizing both pre- and postsynaptic 

sites and at different stages of synaptogenesis. Although our understanding of these proteins is 

rapidly increasing, mechanisms underlying their functions are incompletely understood. In this 

study, we looked at a novel and as yet, relatively less studied LRR cell adhesion family consisting 

of five members called SALMs. 

1.4     Synaptic Adhesion Like Molecule 1  
SALM1-5, also known as leucine-rich repeat and fibronectin III domain-containing (Lrfns), 

are synaptic adhesion molecules that have an almost identical extracellular domain-structure 

containing six LRRs flanked by cysteine-rich capping domains (LRRNT and LRRCT), a C2- type 

Ig-domain, and a fibronectin type III (FNIII) domain (Nam et al. 2011). SALMs exhibit an amino 

acid (aa) sequence identity of ~57–61% in the extracellular region while the cytoplasmic region 

essentially shows no amino acid sequence similarity, except for the C-terminal PDZ-binding 
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motifs in SALMs 1–3. Via the PDZ motif SALM 1-3 bind with PSD95 and the three known members 

of PSD family (SAP102, PSD93, PSD97) (Ko et al. 2006; Wang et al. 2006; Morimura et al. 2006). 

This divergence suggests that individual SALMs may have distinct functions (Wang et al. 2006).

SALM 1-5 mRNAs are expressed in the brain of adult mice with SALM3 and SALM4 

expressed in the heart, stomach and small intestine too (Morimura et al. 2006; Ko et al. 2006). 

All SALM proteins are expressed in the brain, however due to lack of good antibodies, it is diffi-

cult to visualize endogenous expression (Morimura et al. 2006). SALMs are post-translationally 

modified mainly by N-Glycosylation (Morimura et al. 2006). Over-expression studies show that 

all SALMs are localized in axons and dendrites with varying distribution in inhibitory and excit-

atory synapses. SALM 1-5 are identified in PSD fractions, crude synaptosomes and synaptic 

membranes, and it is generally hypothesized that they are present at postsynaptic sites (Wang et 

al. 2006; Morimura et al. 2006; Seabold et al. 2008). During postnatal rat brain development (1-4 

weeks), the expression levels of SALM 1-3, and 5 gradually increases suggesting these proteins 

play important roles in synaptic development (Nam et al. 2011).

In the brain, SALMs 1-3 form heterodimers with each other, whereas SALM4 and 5 form 

homomeric complexes. Co-immunoprecipitation in heterologous cells transfected with all 

SALMs showed that all five SALMs form heteromeric and homomeric complexes (Seabold et 

al. 2008). As SALM1-3 interacts with PSD95 family and SALM5 shows a weak interaction with 

PSD95, it is plausible that forming homo- and heteromeric complexes can serve to enhance the 

efficiency of synapse formation. Overexpression and knockdown studies reveal that all SALMs 

possess the ability to promote neurite outgrowth and branching, utilizing their N- and C-terminal 

regions (Seabold et al. 2008).

SALM1 binds NR1 subunits but no interaction was observed with the NR2 subunit or 

between SALM1 and AMPA receptors (Wang et al. 2006). Overexpression of SALM1 clusters 

NMDA receptors in dendrites, which is inhibited with SALM1 that lacks the PDZ-binding domain. 

SALM1 ability to recruit NMDA receptors in a PDZ-dependent manner suggests that the two 

molecules are linked by PSD 95 or other PDZ proteins (Wang et al. 2006). SALM2 associates 

with AMPA and NMDA receptors, with stronger association to AMPA receptors as bead-in-

duced aggregation of SALM2 on dendrites induces co-clustering of both AMPA and NMDA 

receptors (Ko et al. 2006). Direct interaction between SALM2 and AMPA/NMDA receptors is not 

known, however, SALM2 appears to promote the maturation, and not the formation of excitatory 

synapses. This is in line with the fact that synaptic localization of AMPA receptors occurs at late 

stages of excitatory synapse development (Nam et al. 2011). Knockdown and overexpression 
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of SALM2 influences excitatory synapses at late-stage neurons. Especially, over-expression of 

mutant SALM2 that lacks PSD-95 binding fails to increase excitatory synapse numbers. Hence, 

SALM2 is targeted and stabilized at excitatory synapses via its interaction with PSD-95, while it 

recruits NMDA and AMPA receptors (Ko et al. 2006). SALM3 and SALM5 induce both excitatory 

and inhibitory presynaptic differentiation in contacting axons, while only SALM3 induces excit-

atory postsynaptic differentiation. Knockdown of SALM5 reduces the number and function of 

excitatory and inhibitory synapses (Mah et al. 2010). This study indicates that some members of 

the SALM family show synaptogenic activity like other LRR proteins described earlier and can 

act as bona-fide adhesion molecules. 

Knowledge of the SALM family indicates that each of the proteins have distinct expression 

patterns in the mouse brain and is involved in different aspects of synapse development and 

function. SALM1 function is mostly implicated at the post synapse as it binds with MAGUKs and 

cluster NMDA receptors. Besides neurite outgrowth, SALM1 is the only member that contains 

a putative dileucine ER retention motif that signifies a unique trafficking mechanism. Enhanced 

expression of SALM1 in dendrites causes an increase in spine density, branching complexity 

and production of filopodia-like spines making SALM1 an interesting starting point to study the 

family of SALM proteins (Seabold et al. 2012).  Trans-synaptic LRR proteins have been implicated 

in various nervous system disorders as they play wide roles from organizing neural connectivity 

and axon guidance to target selection to synapse formation. SALM1 and SALM5 have been 

associated with autism spectrum disorders (Wang et al. 2009; De Bruijn et al. 2010; Mikhail et al. 

2011). With a unique intracellular region of SALM1 and multiple extracellular domains, SALM1 

has an important role to play in nerve development. 

1.5     Postsynaptic receptor trafficking 
Functional specification and plasticity of synapses in synaptogenesis is often modulated 

by surface expression, regulation and trafficking of postsynaptic receptor proteins that deter-

mine the formation and stabilization of neural circuits during brain development. Postsynaptic 

receptors are necessary for neurotransmitter-mediated postsynaptic excitation or inhibition of 

neurons important for neural communication.

AMPA receptor trafficking: AMPA receptors are tetrameric molecules, composed of 

GluA1, A2, A3 and A4 receptor subunits, often present in dimerized combinations of GluA1/2 or 

GluA2/3 combinations. Dimerization of AMPA receptors starts at the exit from endoplasmic retic-

  1



 21

ulum (ER) early in the biosynthetic pathway, where trafficking of AMPA receptor requires interac-

tion with SAP97 and PICK1 (Xia et al. 1999). Targeting of AMPA receptors involves long-range 

dendritic transport along microtubules via interactions with motor proteins like Myosin V, KIF1A, 

and KIF5 (Anggono & Huganir 2012). AMPA receptors are localized to synapses through direct 

binding of PSD-95 to AMPA receptor-associated protein, stargazin (Schnell et al. 2002). AMPA 

receptor also binds to other PSD proteins via PDZ domains like GRIP (glutamate receptor-in-

teracting protein), PICK1 (protein interacting with C Kinase 1) and ABP (AMPA receptor-binding 

protein) that help in local recycling, endocytosis and degradation of the receptors (Anggono & 

Huganir 2012). Increased levels of AMPA receptors at synapses results in long-term potentiation 

of synaptic strength, while removal of synaptic AMPA receptors leads to long term depression 

(Shepherd & Huganir 2007). 

NMDA receptor trafficking: NMDA receptors are tetrameric complexes by assembly of 

GluN1 (8 different subunits generated by alternative splicing), GluN2 (four different subunits) 

and GluN3 (two different subunits). Correct stoichiometry and assembly of NMDA receptors 

in neurons is a prerequisite for NMDA receptor export (Schorge & Colquhoun 2003). NMDA 

receptors are delivered from the Golgi apparatus to dendritic spines via two independent path-

ways: mLin10 interacts with KIF17 to transport NMDA receptors along microtubules to synapses 

(Setou et al. 2000) and NMDA receptors interact with SAP102 (described in section 1.5) and with 

the exocyst complex component sec8 (Hsu et al. 1999). Non-assembled subunits are retained 

by ER retention motifs at the C termini of the NMDA receptor subunits. Deletion of the C-terminal 

PDZ binding domain of GluN2 inhibits synaptic localization of NMDA receptors. Thus, the PDZ 

domain binding is essential for synaptic targeting of NMDA receptors (Carroll & Zukin 2002).

Kainate receptor trafficking: Kainate receptors are tetrameric glutamate receptors 

composed of GluK1, GluK2, GluK3, GluK4 and GluK5. GluK1-3 can form functional homomeric 

and heteromeric receptors, whereas GluK4 and GluK5 generally co-assemble with other subunits 

(Fisher & Mott 2011). Kainate receptors are also assembled in ER and undergo quality control for 

efficient delivery to subcellular locations. For example, ER retention signals have been identified 

on the GluK5 subunits (Hayes et al. 2003), while the ligand-binding site of GluK2 is essential for 

membrane expression of Kainate receptor subunits (Mah et al. 2005). Additionally, PSD95, GRIP 

and PICK1 interact with the C terminal domain of GluK2 for synaptic anchoring and surface 

expression of Kainate receptors (Garcia et al. 1998; Hirbec et al. 2003).

GABA receptor trafficking: GABAα receptors are pentamers that mediate most of the 

inhibitory synaptic transmission. They are assembled from seven different classes of subunits, 
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of which some have multiple isoforms: α (1-6), β (1-3), γ (1-3), δ, ε (1-3), π and θ. Theoretically, 

GABAα receptors can be assembled in many different combinations of receptor subunits, but 

only few reach the plasma membrane. Most are composed of two α, two β and one γ subu-

nits (Rudolph & Möhler 2004). GABA Receptor associated protein, GABAAR interacting factor 

1 (GRIF1), N-ethylmaleimide-sensitive factor (NSF) and Gephyrin are known binding partners of 

GABAα receptor subunits (Smith et al. 2006; Charych et al. 2004; Goto et al. 2005). Depending 

on the subunit composition, GABAα receptors are delivered either to the synapse or to extra-

synaptic membrane domains. Gephyrin colocalizes and clusters with GABAA receptor subunits; 

supporting the hypothesis that gephyirn promotes stability of synaptic GABA receptor subunits 

(Sassoè-Pognetto & Fritschy 2000; Lévi et al. 2004).

1.6     Scaffolding Proteins   
The post-synaptic density (PSD) of excitatory synapses is a multi-protein complex, 

comprising receptors, signaling molecules, ion channels, cell adhesion molecules and scaf-

folding proteins. Synaptic scaffolding proteins regulate signal transduction and localize signalling 

molecules at the synapse.  They function as platforms on which signalling molecules assemble, 

localizing signalling molecules at specific sites in a cell such as AKAPs (described below), coor-

dinating positive and negative feedback signals to modify signalling pathways and to protect 

activated signalling molecules from inactivation (Shaw & Filbert 2009)(Greenwald et al. 2014).

1.6.1     MAGUKs 
Membrane-associated guanylate kinases (MAGUKs) are a group of proteins including 

PSD-95, SAP102, SAP97, PSD-93 and CASK that act as scaffolds in neuronal synapses. During 

synaptic development, MAGUKs organize the postsynaptic density via association with other 

scaffolding proteins, such as Shank and the actin cytoskeleton. They affect clustering of gluta-

mate and other receptors. MAGUKs are one of the most abundant PSD proteins at excitatory 

synapses, while Gephyrin is the major scaffolding protein in inhibitory synapses, which interacts 

directly with glycine receptors. MAGUK expression levels are tightly regulated as their levels 

play critical roles in synaptic function. MAGUKs have different expression levels during develop-

ment and different mobility in synapses. SAP102, along with Shank and Homer, is highly mobile 

during synaptogenesis, whereas the majority of PSD95 is immobile in spines (Zheng et al. 2010). 

Different mobility of PSD95 and SAP102 may indicate distinct roles in regulating expression and 
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trafficking of NMDARs as NR2B-NMDARs are highly mobile while NR2A-NMDARs are stable 

(Groc et al. 2006). Deletion of the PDZ-binding domain of NR2B subunits leads to significant 

decrease in synaptic NMDARs and NR2B with a point mutation, that blocks its interaction with 

MAGUKs, is not targeted to the synapse. These findings suggest that NR2B-NMDARs require 

MAGUK interaction for synapse localization (Zheng et al. 2011). SAP102, NMDAR and mPins 

form clusters in the ER (Sans et al. 2005), while SAP97 associates with the NMDAR-CASK-KIF17 

complex in ER-derived transport vesicles (Jeyifous et al. 2009). It is possible that MAGUKs func-

tion at different stages of NMDAR transport from the point they are synthesized in ER/Golgi to 

their insertion at the synaptic surface membrane. 

MAGUKs interact with SCAMs at synaptic spines. MAGUKs can regulate localization of 

SCAMs at a particular type of synapse. For instance, overexpressed PSD95 recruits Neuroligin 

2 (NL2) from inhibitory synapses to excitatory synapses to increase the ratio of excitatory to 

inhibitory synaptic responses (Cline 2005). Recently, MAGUKs were found to localize to neuronal 

nicotinic synapses with neuroligin 1 (Rosenberg et al. 2010). CASK knockouts have decreased 

protein levels of β-neurexins but increased expression of neuroligin suggesting that synaptic 

levels of SCAMs may also be regulated by MAGUK interactions (Atasoy et al. 2007). LRRTM2 

associates with PSD95 and in turn modulates surface expression of AMPA receptors, and hence 

synaptic strength (Ko et al. 2009; de Wit et al. 2009; Siddiqui et al. 2010). Similarly, overexpres-

sion of SALM1 at later stages of neuronal development increases surface detection of NR2A, 

which is reduced when SALM1 lacking the PDZ-binding domain is overexpressed. Thus SALM1, 

via its interactions with MAGUKs modulates NMDA receptor clustering (Wang et al. 2006). Also, 

bead induced aggregation of SALM2 and SALM3 in dendrites clusters PSD-95 while SALM5 that 

does not have a PDZ-binding domain does not cluster PSD-95 (Mah et al. 2010; Ko et al. 2006). 

Despite structural differences and the ability to recruit different receptors and cell adhesion 

molecules, individual MAGUK members can compensate when others are removed from the 

brain (Elias & Nicoll 2007).

1.6.2     AKAPs
A-Kinase Anchoring Proteins (AKAPs) are structurally diverse proteins, which bind regula-

tory subunits (RI or RII) of protein kinase A (PKA) and confine the holo-enzyme to discrete loca-

tions within the cell (Colledge and Scott 1999). PKA activity is dependent on cellular levels of 

cyclic adenosine monophosphate (cAMP) produced by adenylyl cyclases following stimulation 
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of G-protein-coupled receptors. As the cAMP/PKA system is ubiquitous, PKA signalling path-

ways require strict spatial and temporal control to achieve specificity. AKAPs bind and target 

PKA to defined cellular compartments which exposes it to discrete subcellular cAMP gradients 

allowing for localized catalytic activation (Smith & Scott 2006). 

AKAPs promote termination of cAMP signals by recruiting protein kinases and protein 

phosphatases that use phosphorylation as a rapid, bidirectional, reversible method of influencing 

cellular activity in response to a variety of incoming stimuli (Roskoski 2015). Many aspects of gene 

regulation, cell cycle control, transport and secretion, including actin remodelling are controlled 

by this mechanism (Carnegie & Scott 2003). AKAPs are a heterogeneous family of proteins 

and after identification of 50 AKAPs, there three common properties have been identified: an R 

subunit-binding sequence that helps AKAPs to anchor with PKA, a unique localization signal that 

targets the PKA/AKAP complex to membranes and organelles and subcellular environment and 

enzyme-binding sites that permit formation of multi protein signalling complexes (for review see 

(Skroblin et al. 2010; Carnegie & Scott 2003). 

AKAPs have been suggested for therapeutic intervention as targeted protein-protein inter-

action has several advantages compared to interfering with conventional drug targets (Yin & 

Hamilton 2005). Influencing AKAP-dependent protein-protein interactions will increase drug 

specificity and lower side effects, as it would alter a defined cellular event (like phosphorylation). 

1.7     BEACH domain family of proteins 
The BEACH domain is a highly conserved domain shared amongst a diverse group of 

proteins in multiple organisms, including S. cerevisiae, A. thaliana, C. elegans, D. melanogaster 

and mammals (Kaplan et al. 2008). In addition to a BEACH domain, often two other carbox-

yl-terminal (C-Terminal) domains are found in BEACH containing proteins: a pleckstrin-homology 

(PH)-like domain and WD40 repeats (Nagle et al. 1996). Mutations in BEACH domains result in 

defects in vesicle biogenesis, fusion, fission and/or trafficking (Ward et al. 2000; Certain et al. 

2000). Many BEACH domain-containing proteins are large (>400 KDa) and a number of them 

have been implicated in membrane trafficking or as AKAPs (Wang et al. 2002; Nagle et al. 1996). 

In Drosophila AKAP550/rugose and Bchs/blue cheese are two BEACH family proteins 

(Wang et al. 2002). Rugose encodes a Drosophila A Kinase anchor protein (Han et al. 1997) 

which targets PKA to specific substrates and subcellular compartments. Rugose mutants display 

a rough eye phenotype (Volders et al. 2012). Reducing activity of the catalytic subunit of PKA, 

  1



 25

enhances the rough eye phenotype (Wech & Nagel 2005). This indicates that rugose’s impor-

tance for correct retinal pattern formation is likely mediated through its effect on the subcellular 

localization and activity of PKA by integrating crosstalk between different signaling pathways 

(Wech & Nagel 2005). Bchs mutants have a reduced adult life span with the age-dependent 

formation of protein aggregates throughout the CNS, indicating that the Bchs gene is essential 

for normal adult survival and longevity (Khodosh et al. 2006). In aged mutants, progressive loss 

of CNS size with extensive neuronal apoptosis occurs (Finley et al. 2003). 

Seven mammalian BEACH proteins have been identified: CHS1/LYST, ALFY, FAN, LRBA, NBEAL1 

and 2 and Neuroebachin (Nbea). 

LYST is a causative gene for Chediak-Higashi Syndrome (CHS) in humans (Nagle et al. 

1996) which is characterized by severe immunodeficiency, bleeding tendency, frequent bacterial 

infections and progressive neurologic dysfunction (Kaplan et al. 2008; Spritz 1998). A hallmark 

of this disease is enlarged organelles of lysosomal origin, including lysosomes, melanosomes, 

platelet dense δ-granules and cytolytic granules, in various cell types (Kaplan et al. 2008). The 

severe immunodeficiency is a result of defective cytotoxicity in T lymphocytes, natural killer cells 

and granulocytes, which is most likely due to a secretory defect that prevents exocytosis (Spritz 

1998). Underlying biochemical defects in CHS is due to alterations in cyclic nucleotides and 

protein kinase C (PKC) levels (Shiflett et al. 2002). Rapid down-regulation of PKC in fibroblasts 

can result in enlarged lysosome-related organelles (Tanabe et al. 2000). Increasing PKC levels by 

treating fibroblasts with inhibitors of PKC proteolysis prevents giant granule formation (Huynh 

et al. 2004; Tanabe et al. 2000). This suggests that the underlying factor interfering with normal 

lysosomal exocytosis, is probably an enlargement of CHS lysosomes rather than a dysfunction 

of the exocytic machinery (Huynh et al. 2004). 

ALFY is hypothesized to function as a scaffolding adaptor protein connecting the p62-pos-

itive ubiquinated aggregation-prone proteins and the core autophagy effector proteins, bringing 

cargo to the molecular machinery that builds autophagosomes (Filimonenko et al. 2010). 

FAN, the smallest mammalian BEACH protein, physically and functionally interacts with 

two members of the tumor necrosis factor receptor (TNF-R) superfamily, TNF-R55 and CD40, 

and the cannabinoid type I receptor (Adam-Klages et al. 1996; Ségui et al. 1999). FAN defi-

cient mice show an impaired TNF-induced filamentous actin increase and filopodia formation, 

revealing FAN’s important role in TNF-mediated reorganization of the actin cytoskeleton (Haubert 

et al. 2007). FAN is hypothesized to play a role in establishment of a specific immune system 

(Montfort et al. 2009). However, most importantly, since cells lacking FAN also show an increase 
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in lysosome size, it is probable that FAN functions in signaling pathways that regulate the lyso-

somal compartment (Möhlig et al. 2007). 

LRBA, a protein most closely related to Neurobeachin is targeted to intracellular vesicles 

(Wang et al. 2001) and its expression is upregulated in several different cancers (Wang et al. 

2004). LRBA promoter is regulated by the transcription factors p53 and E2F1 and LRBA knock 

down or inhibition of LRBA activity with a dominant-negative mutant, sensitizes cancer cells to 

apoptosis and thereby inhibits growth in human cancer cells (Wang et al. 2004). Even though 

LRBA does not have the ability to bind regulatory subunits of PKA (Wang et al. 2000), it is 

involved in regulation of EGFR, likes its orthologue rugose/AKAP550 (Wang et al. 2004). 

Neurobeachin–like 1 (NBEAL1) is highly expressed in the brain and Neurobeachin-like 2 

(NBEAL2) is expressed in megakaryocites, with no expression in brain (Albers et al. 2011; Kahr 

et al. 2011). NBEAL1 contains a vacuolar-targeting motif (Chen et al. 2004), while NBEAL2 is 

mutated in Gray platelet syndrome (Gunay-Aygun et al. 2011; Albers et al. 2011; Kahr et al. 2011). 

NBEAL2-knock down in zebrafish shows a complete abrogation of platelet formation, which 

suggests its role in thrombocyte generation (Albers et al. 2011). 

Homologues of Neurobeachin (Nbea) generally act as AKAPs or scaffolding proteins during 

their role in the organization of synapses and exocytic secretory pathways of neurons, with null 

mutants resulting in severe diseases. Nbea is mutated in idiopathic cases of non-familial autism 

giving it significant clinical importance. Nbea is a very large protein due to which it is not very 

well studied. Section 1.6.1 is a comprehensive overview of what is known about Nbea to date 

and the context of this research thesis. 

1.7.1     Neurobeachin
Neurobeachin (Nbea) has been identified as a putative neuronal trafficking protein for 

several major ionotropic excitatory and inhibitory receptors in nerve cells (Nair et al. 2013). Nbea 

is a large multidomain protein (327 KDa) selectively expressed in neurons and endocrine cells 

(Wang et al. 2000). Its C-terminus contains a highly conserved BEACH domain, and similar to 

the family of BEACH family proteins, contains pleckstrin homology-like (PH) domain and WD40 

repeats (Wang et al. 2002; Wang et al. 2000). 

Nbea was first discovered by immunoscreening a chicken brain cDNA expression library 

with Ab raised against an enriched population of synaptic plasma membrane (Wang et al. 2000). 
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Nbea is prominently expressed in the CNS and is highly conserved in avian, mammalian and 

invertebrate species (Wang et al. 2000; Jogl et al. 2002). It is associated with pleomorphic 

tubulovesicular endomembranes near the trans side of Golgi stacks and throughout the cell 

body, cell processes and subpopulation of synapses concentrated at the postsynaptic plasma 

membrane. Crystal structure analysis reveals that the BEACH domain might be involved in 

protein binding through the adjacent weakly conserved PH-domain (Jogl et al. 2002). Addition-

ally, Nbea also contains a centrally located, high-affinity 20 amino acid binding site for PKA RII, 

which is conserved in mouse and is a Drosophilla neurobeachin homolog (DAKAP550) (Wang et 

al. 2000). The presence of an A-kinase anchor domain in conjunction with the protein-interaction 

BEACH domain may allow Nbea to play a pivotal role in targeting PKA to specific membranous 

or vesicular compartments (Colledge & Scott 1999). 

The first functional role of Nbea was documented in the neuromuscular junction (NMJ) 

where Nbea null mice displayed a complete block of evoked transmission. Morphological studies 

showed that muscle fiber contractility, spontaneous neurotransmitter release, and action poten-

tial conduction was unchanged in Nbea null mice even though the mice die upon birth, possibly 

from breathing paralysis (Su et al. 2004).

In two different Nbea-null mice lines synaptic transmission is reduced, in hippocampal 

glutamatergic and GABAergic neurons (Nair et al. 2013) and in acute slices from brainstem 

(Medrihan et al. 2009). This reduction is due to decrease in postsynaptic receptor surface 

expression assessed using exogenous application of receptor agonists, biotinylation assays 

and surface labelling of receptors. AMPA receptors accumulate in/near the ER while NMDA, 

GABA and Kainate receptors are trapped at the level of the Golgi apparatus. Hence, loss of 

Nbea alters synaptic transmission by causing aberrant receptor trafficking at distinct stages of 

the secretory pathway. However, surface expression of synaptic adhesion molecule NL1, scaf-

folding molecules PSD95, Gephyrin and expression of extrasynaptic receptors was unchanged 

in Nbea KO neurons. It thus appears that proteins destined for the post synapse under resting 

conditions can be recruited via at least two pathways. One pathway is Nbea-dependent and 

transports the majority of neurotransmitter receptors from intracellular compartments directly 

to the synapse. The other pathway is Nbea independent and targets the scaffold and adhesion 

proteins to synapses. Additionally, an Nbea independent pathway also regulates the insertion of 

transmitter receptors into the extrasynaptic plasma membrane and is probably contributing to 

the remaining postsynaptic receptor population in Nbea KO by allowing receptor redistribution 

between extrasynaptic and synaptic sites. Rescue experiments using full-length Nbea indicate 

that the phenotype of the Nbea KO are cell autonomous and that Nbea loss does not lead to 
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complex secondary effects that are reverted by Nbea re-expression (Nair et al. 2013). 

Nbea also appears to be important for the formation and composition of central synapses 

because area density of mature asymmetric contacts in the fetal brainstem is reduced to 30% 

of wild-type levels with reduced expression levels of a subset of synaptic marker proteins 

(Medrihan et al. 2009). Nbea deficiency results in decreased dendritic spines leading to struc-

turally and functionally altered contacts. Nbea mutant synapses lack enriched filamentous actin 

and accumulation of actin and actin-associated spine protein synaptopodin near trans-Golgi 

network suggests that Nbea might be involved in organization of actin filament (Niesmann et 

al. 2011). Forward genetics in Nbea-null zebrafish revealed that Nbea is required for electrical 

synapse formation and function (Miller et al. 2015) which broadens Nbea’s role in formation of 

major forms of synaptic communication within the nervous system. 

Clinically, Nbea is important as it spans a common fragile site on human chromosome 

13q13, FRA13 (Savelyeva et al. 2006; Gilbert et al. 1999) and heterozygous disruptions of the 

Nbea gene have been linked to idiopathic cases of non-familial autism (Castermans et al. 2010; 

Castermans 2003; Smith et al. 2002). Rugose (the Drosophila homolog of Nbea) mutant larva 

exhibit defective social interactions, impaired habituation, aberrant locomotion and hyperactivity; 

characteristics reminiscent of human Autism Spectrum Disorder (Wise et al. 2015). Linkage and 

association of glutamate receptor 6 (GluR6/GRIK2) gene (Jamain et al. 2002), GABA receptor 

subunit genes (Ma et al. 2005) and mitochondrial aspartate-glutamate carrier AGC1 (Ramoz et al. 

2004) with autism suggests that imbalances between excitatory and inhibitory synaptic receptor 

activity is relevant to pathogenesis in Autism Spectrum Disorder.  

Keeping this information in view, Nbea null mice phenotype suggests that Nbea is involved 

in neurodevelopmental pathways that possibly lead to Autism. Nbea targets Glutamate and 

GABA receptors to synapse surface and understanding the mechanism and mode of action with 

which Nbea performs this function will increase the chances of understanding the underlying 

pathology of non-familial autism.

1.8     Aim of thesis: 
As outlined above, synaptogenesis is a complex process that involves a large number of proteins 

performing multiple functions at different stages of synapse development. The research study 

presented here focused on two main topics: elucidating the mechanism with which Nbea targets 

postsynaptic receptors to the synapse, while the second half of the thesis focuses on a synaptic 
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adhesion molecule, SALM1, and its role in synapse formation during neuronal development.

In Chapter 2, proteomics was used to identify novel Nbea interacting proteins in mouse 

brain. SAP102, a MAGUK protein implicated in trafficking of AMPA- and NMDA- receptors 

during synaptogenesis, was found to interact directly with Nbea in brain and in heterologous 

cells. Nbea interacted with SAP102 via its C-terminal pleckstrin homology domain. 

In Chapter 3, the role of Nbea-dependent targeting of postsynaptic receptors was inves-

tigated by studying Nbea interaction with SAP102 and Protein Kinase A subunit II (PKAII). In 

Nbea-null neurons, GABA and Glutamate receptors showed reduced surface expression, which 

could be restored by re-expression of full-length Nbea. A single point mutation in the pleckstrin 

homology domain of Nbea results in loss of binding with SAP102 restored GABA receptor but 

not glutamate receptor surface expression in Nbea-null neurons. To understand the relevance of 

Nbea interaction with SAP102, we analyzed SAP102 null mutant mice. Nbea levels were reduced 

by ~80% in SAP102 null mice, but glutamate receptor expression was unchanged. An Nbea 

mutant lacking the PKA binding domain, differentially affected GABA and Glutamate receptor 

surface expression. Our findings suggest that Nbea targets glutamate and GABA receptors to 

the synapse via distinct molecular pathways by interacting with specific effector proteins. 

In Chapter 4, proteomics was used to find novel interactors of SALM1. Immunoprecipita-

tion experiments in heterologous cells showed that SALM1 directly interacted with CASK. To test 

the relevance of this interaction, SALM1 was knocked down at different stages of synapse devel-

opment using short hairpin RNAs. SALM1 depletion at 7 days in vitro (DIV7) or earlier, resulted 

in a 60% reduction of excitatory synapses, while infection of SALM1 shRNA after DIV9 had no 

effect on synapse formation. The results suggest that SALM1 is required for excitatory synapse 

development, but becomes redundant once synapses have been formed. 

In Chapter 5, we investigated the role of SALM1 in synaptic vesicle release and neurotrans-

mitter detection at the post synapse. We depleted SALM1 unilaterally, either from the pre- or 

post-synapse, and investigated synapse formation and synaptic transmission. The remaining 

synapses after shRNA-mediated knockdown of SALM1 at DIV7 and all synapses after depletion 

at DIV9 were physiologically similar to wild type synapses. Unilateral removal of SALM1 at either 

pre- or post-synapses did not affect synapse formation or function. Hence, SALM1 is sufficient 

at one side of the synapse for its role in synapse development.

The main findings of this thesis are summarized in Chapter 6. We provide a working model of 

the role of Neurobeachin in synapse targeting and of SALM1 in synapse formation and function. 
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Abstract

Neurobeachin (Nbea) is a multidomain scaffold protein abundant in the brain, where it is highly 

expressed during development. Nbea-null mice have severe defects in neuromuscular synaptic 

transmission resulting in lethal paralysis of the newborns. Nbea is important also for the func-

tioning of central synapses, where it is suggested to play a role in trafficking membrane proteins 

to both, the pre- and post-synaptic sites. So far, only few binding partners of Nbea have been 

found and the precise mechanism of their trafficking remains unclear. Here, we used mass spec-

trometry to identify SAP102, a MAGUK protein implicated in trafficking of the ionotropic gluta-

mate AMPA- and NMDA-type receptors during synaptogenesis, as a novel Nbea interacting pro-

tein in mouse brain. Experiments in heterologous cells confirmed this interaction and revealed 

that SAP102 binds to the C-terminal part of Nbea that contains the DUF, PH, BEACH and WD40 

domains. Furthermore, we discovered that introducing a mutation in Nbea’s PH domain, which 

disrupts its interaction with the BEACH domain, abolishes this binding, thereby creating an ex-

cellent starting point to further investigate Nbea-SAP102 function in the central nervous system.
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2.1     Introduction: 
Neurobeachin (Nbea), a large (327 KDa), brain-enriched, multi-domain protein is essential 

for synaptic transmission (Medrihan et al., 2009; Niesmann et al., 2011; Su et al., 2004). Nbea 

was initially discovered in an attempt to identify novel synaptic proteins, but was subsequently 

found to associate with tubulovesicular endomembranes near the trans-Golgi network and 

throughout the neuronal cell body and dendrites (Niesmann et al., 2011; Wang et al., 2000). Its 

membrane association is stimulated by GTP and antagonized by brefeldin A (Wang et al., 2000). 

Hence, Nbea may play a role in post-Golgi sorting or targeting of neuronal membrane proteins 

and vesicle trafficking (Wang et al., 2000). 

Nbea knock-out (KO) mice lack spontaneous and reflexive movement (i.e. movement elic-

ited by tail pinch) and die immediately after birth due to their inability to breathe (Medrihan et 

al., 2009; Su et al., 2004) This primary asphyxia is probably the result of the absence of evoked 

neurotransmitter release at neuromuscular junctions (Su et al., 2004). In fetal Nbea KO brain-

stem slices, spontaneous and miniature excitatory postsynaptic currents (mini EPSCs) show 

a reduction in frequency, whereas spontaneous and miniature inhibitory postsynaptic currents 

(mini IPSCs) are both reduced in frequency and amplitude (Medrihan et al., 2009). Along with a 

reduced number of asymmetric contacts in the fetal brainstem, reduced levels of several presyn-

aptic proteins were observed (Medrihan et al., 2009). 

Nbea belongs to a family of BEACH (Beige and Chediak-Higashi) proteins, which share 

three carboxyl-terminal (C-terminal) domains: a Pleckstrin-Homology like domain (PH) (Jogl et 

al., 2002), a highly conserved BEACH domain (Nagle et al., 1996) and tryptophan-aspartic acid 

(WD40) repeats. In addition, some of the BEACH proteins share a domain of unknown function 

1088 (DUF 1088). 

Pleckstrin-homology domains, first identified as an internal repeat in the phosphoprotein 

pleckstrin (a substrate of protein kinase C in platelets (Haslam et al., 1993; Mayer et al., 1993)), 

comprise a well-defined class of phospholipid-binding protein domains. More than 500 different 

PH domain-containing proteins have been found (Hurley and Misra, 2000), many of which are 

involved in signal transduction and cytoskeleton organization (Bottomley et al., 1998). While 

generally binding to inositol lipids, a subset of PH domains responds to up-stream signals by 

targeting the host protein to the correct cellular site (Blomberg et al., 1999). In addition, they can 

also function in phosphotyrosine binding and mediating protein-protein interaction (Jogl et al., 

2002). 
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The BEACH domain that is adjacent to the PH-like domain is highly conserved among the 

BEACH proteins (50–60% sequence identity)(De Lozanne, 2003). With approximately 280 amino 

acids, it is hypothesized to contain enzymatic activity (Wang et al., 2000). Structural analysis 

revealed that the BEACH domain is in extensive association with the PH domain (Jogl et al., 

2002). Protein binding assays, using purified PH domain fused with glutathione S-transferase 

and the purified His-tagged BEACH domain of the protein FAN, clearly demonstrate strong inter-

actions between the PH and BEACH domains of FAN (Jogl et al., 2002). Moreover, specific 

single-site mutations in FAN’s PH-BEACH interface not only disrupted the interactions between 

these two domains, but also reduced FAN’s signalling, showing that the two domains may func-

tion as a single unit (Jogl et al., 2002).The WD40 repeat domain was first identified in the β-sub-

unit of trimeric G-proteins (Fong et al., 1986). A common feature of WD40 repeat domains is that 

their propeller structures create a stable platform for reversible interactions with multiple other 

proteins to form complexes (Smith et al., 1999).

The amino-terminal (N-terminal) region of Nbea contains an armadillo repeat-flanked 

Concavanalin A (ConA)-like lectin domain (Figure 2.1A) that is shared by other mammalian 

BEACH proteins, e.g. CHS (Chediak-Higashi syndrome), LRBA and ALFY (Burgess et al., 2009). 

Apart from the Drosophila AKAP550, Nbea is the only BEACH protein with a binding site for the 

RII regulatory subunit of the 3′5′-cyclic-adenosine-monophosphate (cAMP)-dependent protein 

kinase (also called Protein kinase A; PKA), classifying it as an A-kinase anchoring protein (AKAP; 

for graphical representation see Figure 2.1A) (Han et al., 1997; Wang et al., 2000). AKAPs cluster 

cAMP signalling enzymes in discrete units, creating cAMP microdomains that underlie the spatial 

and temporal resolution of cAMP signalling (Smith and Scott, 2006).

 

Table 2.1: Previously identified binding partners of Nbea

  2

Interactor Alternative Names Detection method

PRKAR2A

PRKAR2B

BMPR2

STRN4

Ywhab

FYN

ABL1

DTNBP1

glpD

BA_0681

Surface plasmon resonance, pull down

Surface plasmon resonance, pull down

Pull down

Two hybrid pooling approach

Co-sedimentation through density gradient

Peptide array

Peptide array

Two hybrid

Two hybrid

Two hybrid

Protein kinase, cAMP dependent, regulatory type II, alpha

Protein kinase, cAMP dependent, regulatory type II, beta

Bone morphogenetic protein receptor type II

Striatin calmodulim binding protein 4; Zinedin

Protein kinase C inhibitor protein 1; 14-3-3 protein beta

Proto-oncogene Syn; Src-like Kinase; Proto-oncogene-cFyn

Abelson murine leukemia viral oncogene homolog 1; Abelson
tyrosine-protein kinase 1; Proto-oncogene c-Abl; p150

Dysbindin-1; Hermansky-Pudlak syndrome 7 protein;
Dystobrevin-biding protein1

Y3891; YP_3299; q8cwg4_yerpe

BAS0647; GBAA_0681; q81v23_bacan
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Taken together, Nbea is a complex multidomain protein, likely acting as a scaffold for 

binding of many proteins. So far, only a few binding partners of Nbea have been reported (Table 

2.1) and it has not yet been possible to deduce a role of Nbea in cellular function. In this study we 

used protein interaction proteomics technology to identify novel Nbea interactors. Here we show 

that SAP102, a scaffolding protein that has been implicated in trafficking of AMPA and NMDA 

receptors during synaptogenesis (Elias and Nicoll, 2007), binds to Nbea’s C-terminal part, and 

that this encompasses the DUF1088, PH, BEACH and WD40 domains. In addition, we describe 

a mutation in the PH domain that abolishes this binding, creating a solid base to further dissect 

Nbea-SAP102 function in the CNS.

2.2     Results: 

SAP102 is a Potential Interactor of Nbea

To identify novel interaction partners of Nbea, we performed a proteomics interaction analysis 

in fetal (embryonic day 18; E18) and adult mice (postnatal day 84; P84) using α-Nbea antibody, 

generated to immunoprecipitate (IP) potential binding proteins. Characterization of this antibody 

is shown in Supplemental Figure 1. Since the Nbea KO mice present a lethal phenotype, we first 

carried out 3 IPs on E18 brain homogenates. IPs were performed on WT and KO brain homoge-

nates, using α-Nbea antibody (n = 3), and on WT brain homogenates using either beads coated 

with pre-immune serum (n = 1) or non-coated, empty-beads (EB; n = 1) served as controls for 

non-specific binding. 

 

 Table 2.2: List of proteins identified from IPs on brain homogenates of E18

 2

Unused Values

Protein Name Gene Name Exp 1 Exp 2

Neurobeachin Nbea 204.5 209.2

Disc Large Homolog 3; Synapse Associated Protein 102 Dlg3 6.0 4.2

Dipeptidyl aminopeptidase-like protein 6 3.7 10

1.7 2.2

2.1

4.0

Lipopolysaccharide-responsive and beige-like anchor protein 2.22.4

EML2

Echinoderm microtubule-associated protein like 4 EML4 2.0 12.2

EML1 2.2 2.0

Serine/threonine-protein kinase Nek 9 Nek9 

11.2

6.0

Lrba 

5.0 4.6

Dpp6

\

Exp 3

6.1

353.8

9.2

Echinoderm microtubule-associated protein like 2

Echinoderm microtubule-associated protein like 1
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Immunoprecipitated proteins were separated by SDS-PAGE and visualized by coomassie. 

Proteins separated on gel were trypsin digested, and identified by LTQ-Orbitrap mass spectrom-

etry. Table 2.2 shows the list of proteins that were present in at least 2 of the 3 IP experiments, 

and were enriched at least 20-fold in the IP samples compared to the controls. In total, 8 proteins 

were identified, among which the Discs large homolog 3 (Dlg3), also called Synapse Associated 

Protein 102 (SAP102) was repeatedly identified. 

To examine the Nbea protein interactome in adult mice, we performed IPs on a crude 

membrane with microsomes fraction (P2+M) from 12 week old mice (n=3). In addition to the non- 

coated, empty beads (EB; n = 2), we also used the IP from E18 KO mice as controls. Using the 

same analysis as for the E18 condition, 29 proteins were identified. Most of the proteins identified 

from the E18 IP samples were also present in the adult IP samples. Dlg3/SAP102 was repeatedly 

identified (Table 2.3). In line with this, reverse IP using two different SAP102 antibodies on P2+M 

fractions from adult WT mice, identified Nbea (Figure 2.1B). This data show that SAP102 and 

Nbea are part of the same complex in vivo in young (E18), as well as in adult (P84) mice.

Table 2.3: Proteins identified from IPs on P2+ microsome fraction from P84 mice             
Limited Co-precipitation and Co-localization of SAP102 and Nbea

  2

Unused Values

Protein Name Gene Name Exp 1 Exp 2

Neurobeachin Nbea 183.73 250.47

Disc Large Homolog 3; Synapse Associated Protein 102 Dlg3 20.54 38.27

Gephyrin isoform 1 Gphn 10.15 25.67

cAMP-dependent protein kinase type II-beta regulatory subunit 3.4 7.4Pkar2b 

Vdac2 Voltage-dependent anion-selective channel protein 2 Vdac2 3.58 \

Voltage-dependent anion-selective channel protein 1 8.14Vdac1

Echinoderm microtubule-associated protein-like 2 11 17.32EML2

MTSS1-like protein ; 70 KDa protein MTSS1 14.06 25.66

 Isoform 1 of Reticulon-4 18.63 16Rtn4

Pfkm 6-phosphofructokinase, muscle type Pfkm 6 21.86 26.38

Early endosome antigen 1 Eea1 35.7 57.3

Methylcrotonoyl-CoA carboxylase subunit alpha, mitochondrial Mccc1 38.3 34.96

Dpp6

\

Dipeptidyl aminopeptidase-like protein 6

Strn Striatin-3; Striatin 3 isoform 2

Kinesin-1 heavy chain isoform 5B

Kif5c Kinesin heavy chain isoform 5C

Strn3

Kif5b

Kif5c

2.0 10

6.27 11.42

10.34 14.9

2.88 3.43
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In comparison to the abundance of identified Nbea peptides (highest unused value 250.47), only 

a relatively low number of SAP102 peptides (highest unused value 38.27) were identified by 

mass spectrometry (Table 2.2 & Table 2.3). This suggests that only a fraction of SAP102 inter-

acts with Nbea. Vice versa, as shown by the reverse IP (Figure 2.1B), only a subset of Nbea was 

immunoprecipitated by SAP102. This notion was further supported by subcellular fractionation 

(Supplemental Figure 2.2A), which revealed that only small amounts of both proteins are present 

in the same fractions, and that the two proteins in general localize to different compartments 

within a cell. Whereas the largest proportion of SAP102 was found in the postsynaptic density 

(PSD) fraction, Nbea was mostly enriched in P2, and P2+M fractions, but was also found in 

synaptosomes. Only a small proportion of Nbea was present in the PSD-enriched fraction.  

 2
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Additionally, Nbea and SAP102 staining patterns show only limited co-localization in DIV14 

cultured hippocampal neurons (Figure 2.1C). Whereas SAP102 was not detectable in the soma, 

but was only present as puncta in the dendrites, a large fraction of Nbea staining was found in 

the cell soma. We detected a prominent punctate Nbea pattern throughout the dendrites. This is 

in line with Nbea’s reported localization throughout the cell, especially near the trans-Golgi (del 

Pino et al., 2011; Wang et al., 2000).

Nbea did not colocalize with the postsynaptic marker Homer (Supplemental Figure 2.2B). This 

is not surprising, given the fact that Nbea’s immunoreactivity was earlier observed near post-

synaptic plasma membranes only in a subset of synapses (Wang et al., 2000). An alternative 

scenario that cannot be ruled out is that Nbea is still present at these postsynaptic sites, but 

that the epitope is not accessible to the antibody, which would result in lack of immunoreactivity. 

Similar to previous findings (Wang et al., 2000), no apparent colocalization with the presynaptic 

marker VAMP2 could be observed (Supplemental Figure 2.3A).

Because SAP102 has been linked to the transport of glutamate receptors (Elias et al., 2008), we 

also co-stained GluA1 subunits of AMPA receptors and Nbea (Supplemental Figure 2.3). The 

α-GluA1 antibody resulted in a diffuse staining pattern throughout the cell without prominent 

accumulations at the postsynaptic site and no significant overlap with Nbea could be detected. 

This corresponds with our mass-spectrometry data, where AMPA receptors were never isolated 

with the α-Nbea antibody in brains of embryonic and adult mice. This data indicate that only a 

small proportion of SAP102 and Nbea engage in the same complex.

Figure 2.1 (Previous Page): Nbea interacts with a fraction of SAP102 in vivo
(A) Schematic representation of mouse Nbea (NCBI Reference Sequence: NP_085098.1). The 
predicted armadillo (ARM) repeat-flanked Concavanalin A (Con A)-like lectin domain is local-
ized at the N-terminus of the protein (blue). The region the Nbea antibody was raised against is 
depicted by the purple rectangle, encompassing also the PKA binding site (pink stripe). At the 
C-terminus the domain of unknown function 1088 (DUF; in orange), the Pleckstrin-Homology 
like domain (PH; in gray), the BEACH domain (yellow) and the WD40 repeats (red) are depicted. 
(B) Co-immunoprecipitation of SAP102 and Nbea from crude membrane with microsomes frac-
tion (P2+M) of P84 WT mice. Proteins were immunoprecipitated (IP) with two different α-SAP102 
antibodies, i.e. a mouse monoclonal (NeuroMab clone N19/2; left lane) and a rabbit polyclonal 
one (GenScript; right lane), respectively. In the control condition non-coated, empty beads (EB) 
were used for the IP. The Input lane represents the crude membrane with microsomes fraction 
that was used for immunoprecipitation. Immuno-blotting (IB) was performed with α-Nbea and 
α-SAP102 antibody (NeuroMab clone N19/2). 
(C) Dendritic Nbea immunoreactivity shows limited overlap with SAP102. DIV14 WT hippocampal 
neurons (E18) fixed in methanol and stained for endogenous SAP102 (in green), endogenous 
Nbea (in red) and MAP2 (not shown in the merge). Top scale bar = 20 µm, lower scale bar = 5 µm.
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Nbea and SAP102 Co-immunoprecipitate from Heterologous Cells

To further confirm the interaction of SAP102 and Nbea, we performed co-immunoprecipitation 

(co-IP) assays using heterologous (HEK 293T) cells transfected with DNA constructs expressing 

full-length Nbea-YFP, FLAG-SAP102 or empty control vector. Αn α-GFP antibody, which also 

binds YFP, pulled down flag-SAP102 in lysates of cells expressing full-length Nbea, but not in 

empty vector control (Figure 2.2A). Although we also used the α-Nbea antibody successfully 

(Supplemental Figure 2.4C), we decided to use the α-GFP instead. The rationale for this is that 

the Nbea fragments used in later experiments did not contain the epitope to which the Nbea 

antibody was raised. GFP-tagging allowed the usage of same antibody for all co-IPs throughout 

our study (additional control experiments see Figure 2.4). Similarly, in the reverse co-IP assay, 

α-FLAG pulled down full-length Nbea-YFP in lysates of cells expressing FLAG-SAP102, but not 

in the empty vector (Figure 2.2B). 

Figure 2.2: Nbea interacts with SAP102 in HEK293T cells
Co-imunoprecipitation of Nbea and SAP102. (A) HEK 293T cells were co-transfected with full-
length Nbea tagged with YFP and flag-tagged SAP102 or an empty vector and were immunopre-
cipitated (IP) with α-GFP antibody before immuno-blotting (IB) with α-Nbea and α-flag antibody. 
In the control condition non-coated, empty beads (EB) were used for the IP. 
(B) Reverse IP to the ones in A. HEK 293T cells were co-transfected with full-length Nbea tagged 
with YFP and flag-tagged SAP102 or an empty vector, but this time they were immuno-precip-
itated (IP) with α-flag antibody before immuno-blotting (IB) with α-Nbea and α-flag antibody. In 
the control condition non-coated, empty beads (EB) were used for the IP.
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These data suggest that the interaction between Nbea and SAP102 originates either from direct 

binding or alternatively, that the expressed full-length Nbea-YFP interacts with endogenous HEK 

cell proteins forming a complex with SAP102 and thereby interacting with SAP102 indirectly. 

Other putative interactors of Nbea identified in the mass-spectrometry experiments (Table 2.3) 

such as Gephyrin, VDAC1, VDAC2, KLC1, DPP6 and APBB1, do not interact directly with Nbea 

in heterologous cells (Supplemental Figure 2.5). 

Figure 2.3: SAP102 binds to the C-terminal part of Nbea
(A) HEK293 cells were co-transfected with flag-tagged SAP102 and either full-length Nbea tagged 
with YFP or various Nbea deletions encompassing different domains fused to GFP. Following 
deletions were used: GFP-Duf, PH, BEACH, WD40; GFP-Duf, PH, BEACH; GFP-PH, BEACH, 
WD40; GFP-PH, BEACH; GFP-PH; GFP-BEACH. In the control condition SAP-102 was co-trans-
fected with YFP and GFP. IPs were performed using the α-GFP antibody, before immune-blotting 
with α-flag and α-GFP antibodies. (B) Quantification of flag and GFP protein levels using the 
immuno-labelled bands. Error bars indicate the standard error of the mean (SEM).
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SAP102 Binds to the C-terminal Part of Nbea

To define the domains of Nbea involved in its interaction with SAP102, we transfected HEK293T 

cells with constructs expressing various deletions of Nbea (Figure 2.3) along with FLAG-SAP102 

and conducted a co-IP assay with α-GFP antibody. In addition to full-length Nbea, the fragment 

containing all four domains (DUF, PH, BEACH, WD40) immunoprecipitated with SAP102 (Figure 

2.3). As all constructs apart from the full-length lack the N-terminal part of Nbea, the latter does 

not seem to be a prerequisite for the interaction with SAP102. Immuno-blot analysis of the input, 

as well as confocal microscopy (Supplemental Figure 2.6) of the transfected HEK cells demon-

strated that all constructs were of the expected molecular mass and adequately expressed 

(Figure 2.3A, Supplemental Figure 2.6). None of the Nbea fragments showed the same subcel-

lular expression pattern as full-length Nbea. Whereas the latter displayed a punctate pattern, 

the Nbea fragments exhibited an overall diffuse localization, similar to mCherry (Supplemental 

Figure 2.6). These results imply that SAP102 binds to different domains in Nbea’s C-terminus 

and that the PH and BEACH domains alone are not sufficient for this interaction. In addition, at 

least in HEK cells, the N-terminus is necessary for proper localization of full-length Nbea.

A Mutation within the PH Domain of Nbea Disrupts Binding to SAP102

To further characterize the Nbea-SAP102 interaction, we engineered mutations in the different 

domains of Nbea, some of which have previously been analyzed and shown to have functional 

consequences (Jogl et al., 2002; Karim et al., 2002; Rudelius et al., 2006). The Nbea mutants 

created included E2090K in the DUF domain (a missense mutation causing a milder form of 

Chediak-Higashi Syndrome in adults (Karim et al., 2002)), E2218R in the PH domain and N2302A 

in the BEACH domain (equivalent mutations in FAN: E256R and N328A, respectively; disrupt 

the interactions between the PH and BEACH domain (Jogl et al., 2002)), V2346Q, E2447R and 

P2499S in the BEACH domain and V2773I in the WD40 repeats (corresponds to a missense 

mutation within the murine LYST gene that causes severe progressive Purkinje cell degeneration 

(Rudelius et al., 2006); Supplemental Figure 2.7). The sub-cellular expression patterns of the 

mutated Nbea proteins did not differ from the non-mutated protein, although a fraction of cells 

also showed a compartmentalized expression of the proteins (Supplemental Figure 2.8), which 

might reflect targeting of these proteins, probably for degradation. Introducing the E2218R muta-

tion in the PH domain prevented the interaction with SAP102, whereas the other mutations did 

not show loss of binding (Figure 2.4B). Thus, either this amino acid is at the interaction interface 

with SAP102, or more likely, the lost interaction of PH and BEACH domains by this mutation, 

 2
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causes the loss of interaction. This emphasizes the importance of the local orientation of PH and 

BEACH domains in Nbea with respect to interaction with SAP102. 

Figure 2.4: The E2218R mutation within the PH domain abolishes Nbea’s binding 
to SAP102.
(A) HEK293 cells were co-transfected with flag-tagged SAP102 and either the non-mutated 
C-terminal part of Nbea (encompassing the Duf, PH, BEACH and WD40 domains) fused to GFP 
or the mutated versions of this protein. The following mutations were used: E2090K in the DUF 
domain (1), E2218R in the PH domain (2), N2302A in the BEACH domain (3), V2773I in the WD40 
domain (4), and an additional three mutations within the BEACH domain, V2346Q (5), E2447R (6) 
and P2499S (7) (B) Quantification of FLAG-tagged and GFP-tagged protein levels of the immu-
no-blot. Error bars indicate the standard error of the mean (SEM)
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2.3     Discussion: 
Nbea was initially identified and characterized as an essential player in synaptic transmis-

sion in the peripheral nervous system (Su et al., 2004), and further studies confirmed also its vital 

role in the formation and functioning of central synapses (Medrihan et al., 2009; Niesmann et 

al., 2011). Considerable evidence has accumulated confirming Nbea’s importance for trafficking 

cargo to pre- as well as to post-synaptic compartments (Medrihan et al., 2009; Niesmann et al., 

2011; del Pino et al., 2011; Su et al., 2004; Wang et al., 2000). Still, the precise role of Nbea in 

this has remained unclear. Using an immunoaffinity-based proteomics approach, we identified 

SAP102 as a novel, Nbea interacting protein in the brains of embryonic and adult mice. Exper-

iments in heterologous cells demonstrated that Nbea bound to SAP102 via the C-terminal part 

of the protein and that introducing the E2218R mutation in the PH domain disrupted this binding. 

Because we confirmed this binding by multiple independent approaches, we concluded that 

Nbea and SAP102 interact.

The Nbea interacting SAP102 is a scaffold protein in excitatory synapses and it belongs 

to the PSD-95 (post-synaptic density protein of 95 kDa) family of membrane-associated guany-

late kinases (MAGUKs). These include in addition to SAP102/Dlg3, also SAP-90 (also known as 

PSD-95 or Dlg4), PSD93 (also known as Chapsyn-110 or Dlg2) and SAP97 (also known as Dlg1)

(Zheng et al., 2011), which all share three PDZ (PSD-95/Discs large/Zona occludens 1) domains, 

a src-homology 3 (SH3) domain and a C-terminal guanylate kinase (GUK) domain (Gardoni et al., 

2009). These large scaffolding proteins are important for clustering and anchoring receptors at 

the postsynaptic site (Kim et al., 1996; Zheng et al., 2011), and through this they can significantly 

affect synaptic plasticity, i.e. keep or modulate the strength of synaptic transmission between 

neurons (Zheng et al., 2011).

SAP102 has been shown to associate with NR2A- and NR2B-subunit containing NMDA 

receptors (NMDARs) in synapses (Al-Hallaq et al., 2007; Cousins et al., 2008; Lau et al., 1996; 

Müller et al., 1996; Sans et al., 2000). In addition to its scaffolding function, SAP102 has also 

been implicated in transport and membrane insertion of NMDA receptors preceding synapse 

formation (Sans et al., 2005; Washbourne et al., 2004). In mice, its expression is highest before 

P10 and then gradually declines (Sans et al., 2000). NR2B receptors exhibit a similar expression 

pattern (Sans et al., 2000). They are trafficked by SAP102 during synaptogenesis (Elias et al., 

2008), before the maturational switch from NR2B- to NR2A-type NMDARs occurs and during 

synapse maturation when NMDAR trafficking is taken over by PSD95 (Elias et al., 2008). Nbea, 
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which also shows a high level of expression during synaptogenesis (Wang et al., 2000), and 

SAP102 might be involved in the same pathway of trafficking NMDA receptors.

Only small proportions of the total amount of SAP102 and Nbea engage in the same 

complex. Since very little Nbea is present in the PSD, where SAP102 is enriched in, it is likely 

that the interaction of the two proteins takes place predominantly somewhere else in the cell. It 

has been shown that the MAGUK SAP97 selectively associates with a subset of AMPA receptors 

early in their biosynthetic pathway (Sans et al., 2001). Given Nbea’s localization at the trans-

Golgi, its enrichment in the P2+M fraction and SAP102’s role in NMDA receptor trafficking, one 

might speculate that a similar scenario is possible for SAP102 and Nbea, interacting in the early 

secretory pathway. Different studies that used expression constructs to dissect the functional 

domains of BEACH proteins indicate that the various domains can be simultaneously involved 

in different cellular actions (see (Adam-Klages et al., 1996; Kaplan et al., 2008; Wu et al., 2004)), 

e.g. the PH-BEACH region in Alfy is involved in the direct interaction with the autophagy receptor 

p62 (Clausen et al., 2010), while the WD40 is essential for its colocalization and interaction with 

the autophagic marker Atg5 (Filimonenko et al., 2010).

We found that SAP102 interacts with the C-terminal part of Nbea that contains the DUF, 

PH, BEACH and WD40 domains. Like the BEACH domain of BGL (Wang et al., 2001), the BEACH 

domain of Nbea contains a predicted SH3 binding site. Hence, we expected SAP102 to bind 

to the BEACH domain and since the PH and BEACH domains might function as a single unit 

(Jogl et al., 2002), we expected the PH-BEACH fragment to be sufficient for the interaction with 

SAP102. However, no SAP102 binding was observed when using this construct. This suggests 

that the DUF and WD40 domains are also necessary for binding or for the correct conformation 

of the PH-BEACH domains.

We discovered that mutation of E2218R within the PH domain of Nbea compromised 

SAP102 interaction. This mutation is located within the β6 strand that forms the PH portion 

of the conserved interface between the PH and BEACH domains together with strands β1, β5 

and β7. A similar mutation in FAN disrupts the interaction between these two domains (Jogl et 

al., 2002), indicating that preservation of this interaction is vital for the association of SAP102.  

In addition to SAP102, we identified the RII regulatory subunit of the cAMP-dependent protein 

kinase (Table 2.3) in adult mice, confirming earlier findings of Nbea role as an AKAP (Wang et 

al., 2000). Using the E2218R mutation in PH domain of Nbea in combination to hypothesized 

binding site of RII regulatory subunit of protein kinase, we can now possibly understand how 

these two interactions help Nbea in targeting post-synaptic receptors to the synapse surface. 
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2.4     Experimental Procedures: 

Ethics Statement
These studies were approved by the institutional ethic committee of the VU University (Protocol 
FGA 06-11-2). All animals were housed and bred according to the institutional and Dutch govern-
mental guidelines for animal welfare. Use of human embryonic kidney cells 293T (HEK293T/17; 
ATCC No: CRL-11268) was approved according to the institutional and Dutch governmental 
regulations (DGM/RB IG 02-185).

Laboratory Animals and Cell Lines
Nbea KO mice have been described before (Su et al., 2004). Mouse embryos were obtained at 
embryonic day 18 by caesarian section of pregnant females from timed mating of Nbea hete-
rozygous animals (C57/Bl6 background). For experiments involving older animals, 12 week 
old C57/Bl6 mice were used. For mass spec experiments mice were decapitated, the brain 
was removed and immediately frozen. The tissue was stored at −80°C until further use. For rat 
neuronal cultures and glia preparations newborn P0–P1 pups from pregnant female Wistar rat 
(Harlan or Charles River) were used. For immunoprecipitation experiments in heterologous cell 
lines human embryonic kidney cells 293T (HEK293T) were used.

Nbea Antibody Production
For the Nbea antibody production a fragment containing the Nbea AA 953-1318 was ampli-
fied from the Y2HcDNA library using rz60 5′TGAGGAGTACCAGCGACAAGAGGAG3′ and rz59r 
5′CCGAAACATGGTGGTCC3′ and subsequently subcloned into the His-tag vector pQE31 
(Qiagen, Hilden, Germany) using SpHI and PstI. In order to create the correct reading frame 
the construct was digested with SphI, overhangs were modified into blunt ends and self-li-
gated. His-tag fusion protein was expressed in bacteria, purified on nickel agarose, and used for 
immunization of rabbits. Serum was affinity-purified using the same fusion protein coupled to 
CNBr-activated Sepharose (GE-Healthcare) according to the manufacturer’s instructions.

Immunoprecipitation
The fetal brain or P2+microsome fraction from adult mice were solubilized with 1% detergent. For 
the E18 IPs we employed the commonly used detergent, Triton X-100 for solubilization. In the 
adult mice brain, especially proteins located in the post-synapse are tightly packed and may be 
difficult to extract in Triton X-100. Thus we used a stronger detergent, the n-Dodecyl β-D-malto-
side (DDM). The extracts were incubated with either 7 µg of the α-Nbea antibody or 10 µg of 
µ-SAP102 antibody at 4°C on a mechanical rotator. 30 µl slurry of protein A/G PLUS-Agarose 
beads (Santa Cruz) was washed four times with washing buffer (150 mM NaCl, 25 mM HEPES, 
0.1% detergent) before it was added to the samples for 1 h at 4°C. Afterwards, the beads were 
washed four times with washing buffer to washout unboundproteins. The buffer was completely 
removed using an insulin syringe before storing the samples at −20°C, until further use. 
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Identification of Proteins from IP Samples
The ID PAGE LC-MS/MS approach was used for protein identification as described previ-
ously (Chen et al. 2011, Text S1). In short, after separation on the SDS PAGE gel proteins were 
trypsin digested. The resulting peptides were separated on a capillary C18 column using a nano 
LC-ultra 1D plus HPLC system (Eksigent), and analyzed on-line with an electrospray LTQ-Or-
bitrap Discovery mass spectrometer (Thermo Fisher Scientific). MS/MS spectra were searched 
against a mouse database (uniprot_sprot_101020) with the ProteinPilot™ software (version 3.0; 
AB-Sciex) using the Paragon™ algorithm (version 3.0.0.0; Shilov et al. 2007) as the search engine. 
The search parameters were set to cysteine modification by acrylamide and digestion was done 
with trypsin. The detected protein threshold (unused protscore (confidence)) in the software was 
set to 0.10 to achieve 20% confidence, and identified proteins were grouped to minimize redun-
dancy.Proteins with “unused” value <1.3 have low confidence and were excluded from the anal-
ysis. The “unused” value is defined in the handbook of ProteinPilot as a summation of peptide 
scores from all the non-redundant peptides matched to a protein. Peptides with confidence of 
≥99% would have a peptide score of 2; ≥95% a peptide score of 1.3, and ≥66% a peptide score 
of 0.47, etc. Tryptic peptides shared by multiple proteins will be assigned to the winner protein.

Plasmids and Generation of Nbea Constructs
The full-length Nbea was generated by using a yeast-two-hybrid cDNA library (Clontech CAT# 
ML408AH) and a partial image clone (Kazusa mKIAA1544). First, the N-terminal part of Nbea 
was obtained from the yeast-two-hybrid cDNA library and subcloned in pCR-Script (Stratagene 
Cat# 211190) using the following primers:

rz62 5′TGCACAGCTCCTCAGCAGCG3′; rz63r 5′GCTGGGTGTTCTGACATTAGAGCC3′ and 
rz64 5′CAGCTCATATTAAAGGATCGAGG3′; rz65r 5′GGATGAGGGATAGATGGTATGACC3′. The 
resulting subclones were ligated at PstI and ScaI sites. Then, the C-terminal part from the Kazusa 
image clone was connected to the N-terminal part using NotI and SpeI resulting in a full-length 
Nbea in a pCR-Script backbone. A fusion of EYFP and Nbea was made by digesting the Nbea 
full-length pCR-Script with SalI & KspI and ligating this into the pEYFP-C1, digested with the 
same enzymes.

For creating the EGFP-Nbea C-terminal fusion construct (containing the DUF1088, PH, BEACH 
and WD40 domains) the Kazusa image clone was used as template and a C-terminal Nbea frag-
ment containing AA 1956 - 2936 was amplified using rz106 5′AAAGAATTCACCATGGCGGAA-
GGAAGGTTGTTGTGCCATGC3’(adding an EcoRI site) and rz118r 5′TTTGGATCCCACTTGAAT-
GTGGCTTCTGCTGC3’ (adding a BamHI site), which was subcloned into pCR-Script. EcoRI and 
BamHI sites were used for cloning into pEGFP-C3 (See Text S1 on how the rest of the trunca-
tions were created).

To create point mutations in the C-terminus of Nbea the standard protocol of Quick-
Change™Site-Directed Mutagenesis Kit was used. The mutated inserts were subsequently 
cloned in expression vector and fused to GFP. For information on primers used to create the 
point mutations see Text S1.The FLAG-tagged SAP102 was obtained from the yeast-two-hy-
brid cDNA library, by using the following primers to create mouse SAP102 with 5′EcoRV and 
3′SalI restriction sites: 5′GATATCATGCACAAGCACCAGCACTGCTGTAAG3’ and 5′GTCGACT-
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CAGAGTTTTTCAGGGGATGGGACCCA3’. It was first cloned into a pCR-blunt vector (Invitrogen), 
before it was subcloned, using the EcoRV and SalI sites, into a pCMV3TAG1A vector (Invitrogen). 
pEGFP and pmCherry were both purchased from Clontech (CAT#PT2039-5, CAT#PT3973-5). All 
created constructs were sequence-verified.

Construct Expression and Co-imunoprecipitation in HEK Cells
For expression of DNA constructs, HEK293T cells were cultured in DMEM medium (Invitrogen) 
containing 10% fetal calf serum (FCS), 1% non-essential amino acids (NEAA) and 1% penicillin/
streptomycin (all Gibco). They were plated at equal density in 10 cm dishes one day before 
transfection. Cells were transfected with calcium phosphate transfection (for details see Text S1) 
at 80% confluence and grown for 41 hrs after transfection before they were lysed in 800 µl of 
lysis buffer (containing 50 mM Tris pH 7.5, 1% Triton X-100, 1.5 mM MgCl2, 5.0 mM EDTA, 100 
mM NaCl, protease inhibitor). After centrifugation at 14000 rpm for 10 min at 4°C, the superna-
tant was used for immunoprecipitation assays. The lysates were precleared of immunoglobulin 
by incubation for 1 h at 4°C with Protein A Agarose beads (Sigma). The latter were washed 
three times with lysis buffer before usage and were afterwards removed by centrifugation. The 
precleared cell lysates were then incubated with Protein A Agarose beads that were preblocked 
in 1% chicken egg albumin (Sigma) and were removed after incubation with cell lysate by centrif-
ugation. In the different co-imunoprecipitations we either added the α-Nbea antibody (rabbit 
polyclonal, 0.18 µg), the α-GFP antibody (rabbit polyclonal, Abcam ab290/50, 0.25 µg) or the 
α-FLAG antibody (mouse monoclonal clone M2, Sigma, 1.25 µg) for 2 h at 4°C. Afterwards the 
beads were washed five times with lysis buffer and resuspended in SDS-PAGE loading buffer, 
and samples were subjected to gel electrophoresis and immuno-blotting. In short, samples were 
loaded onto 5%–10% SDS-PAGE gels and run on 25 mA per gel until satisfactory mass separa-
tion. Proteins were then transferred to PVDF membranes (Bio-Rad) at 350 mA for 2 hrs. Blocking 
with 2% milk (Merck) and 0.5% bovine serum albumin (BSA; Sigma) for 1 h was used to circum-
vent unspecific binding. Primary antibodies (α-Nbea rabbit polyclonal, SySy, 1:500; α-GFP rabbit 
polyclonal, Abcam, 1:5000 and α-FLAG mouse monoclonal clone, Sigma, 1:5000) were applied 
for 2 hrs or overnight at 4°C. After substantial washing, alkaline phosphatase labeled secondary 
antibodies (goat α-mouse AP 1:10000 or goat α-rabbit AP 1:10000; both DAKO) were applied 
for 1 h at 4°C. Blots were then washed and scanned using ECF substrate for immuno-blot (GE 
Healthcare) on a Fujifilm FLA-5000 Reader. All solutions for blocking, staining or washing were 
prepared in PBS (pH 7.4) containing 0.1% Tween-20 (Sigma). Immuno-blots were stripped using 
Re-blot Plus Strong Antibody Stripping Solution (Millipore).

Immuno-blot Data Analysis
For quantification of immuno-blot band intensities the GelAnalyzer tool in ImageJ (NIH; Bethesda, 
MD) was used. The bar graphs in Figure 3B and Figure 4B depict average intensities of at least 
3 separate experiments. Since there might be a difference in the affinity of the α-GFP antibody 
for GFP and YFP, we did not decide to normalize the data to the full-length Nbea fused to YFP. 
Instead, we normalized it to the intensity of the band obtained with the C-terminal domain frag-
ment (encompassing the Duf, PH, BEACH and WD40 domain) fused to GFP.
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Dissociated Hippocampal Cultures and Immunofluorescence Staining
Hippocampi were dissected from embryonic day 18 (E18) wild type C57/Bl6 mice and collected 
in ice-cold Hanks Buffered Salt Solution (HBSS; Sigma), buffered with 7 mM HEPES (Invit-
rogen). They were incubated in Hanks-HEPES with 0.25% trypsin (Invitrogen) for 20 min at 37°C. 
After washing, neurons were triturated using a fire-polished Pasteur pipette and counted in a 
Fuchs-Rosenthal chamber. The cells were plated in pre-warmed Neurobasal medium (Invitrogen) 
supplemented with 2% B-27 (Invitrogen), 1.8% HEPES, 0.25% glutamax (Invitrogen) and 0.1% 
Pen/Strep (Invitrogen) at a density of 25 k/well on 18 mm glass coverslips and allowed to grow 
for 14 days before fixation.

For the characterization of the α-Nbea antibody, neurons were plated on glass coverslips coated 
with 30 µg/ml poly-L-lysine (Sigma) and 2 µg/ml laminin (Sigma) in Dulbecco’s Phosphate Buff-
ered Saline (D-PBS, Gibco). On DIV14 neurons were fixed in 4% paraformaldehyde (Sigma) in 
D-PBS for 20 min, before being rinsed with D-PBS. Subsequently, they were permeabilized 
for 5 min in D-PBS containing 0.5% Triton X-100, followed by a 30 min incubation in D-PBS 
containing 0.1% Triton X-100 and 2% normal goat serum to block aspecific binding. The same 
solution was used for diluting antibodies. Cells were incubated for 2 hrs in the primary anti-
body mixture containing α-Nbea (rabbit polyclonal, SySy, 1:1000) and α-MAP2 (mouse mono-
clonal AP20, Chemicon 1:1000), washed 3 times with D-PBS and incubated in corresponding 
secondary antibodies for 1 h. The latter consisted of goat α-mouse Alexa Fluor 543 and goat 
α-rabbit Alexa Fluor 647 (Molecular Probes, 1:1000).

For colocalization experiments neurons were plated on coverslips, coated with a mixture of 0.1 
mg/ml poly-D-lysine (Sigma), 0.2 mg/ml rat tail collagen (BD Biosciences) solution and 10.2 mM 
acetic acid solution (Sigma), containing a glial feeder layer. At DIV14-15 they were fixed either in 
100% methanol (Interchema) for 4 min (for co-staining with α-SAP102) or in 3.7% formaldehyde 
(Electron Microscopy Sciences) in D-PBS (for co-stainings with Homer1, VAMP2 and GluA1) 
for 20 min before being rinsed with D-PBS. They were incubated for 2 hrs in the primary anti-
body mixture containing α-Nbea (rabbit polyclonal, SySy, 1:1000), α-MAP2 (chicken polyclonal, 
Abcam ab5392, 1:10000), combined with either α-SAP102 (mouse monoclonal, NeuroMab clone 
N19/2, 1:100) or α-Homer1 (mouse monoclonal SySy clone 2G8, 1:250) or α-VAMP2 (mouse 
monoclonal, SySy clone 69.1, 1:1000) or GluA1 (mouse monoclonal, SySy clone 160E5, 1:200), 
diluted in D-PBS, washed 3 times with D-PBS and incubated in corresponding secondary anti-
bodies (all Molecular Probes, 1:1000) diluted in D-PBS for 1 h. After additional 3 washes they 
were mounted on microscopic slides with ProLong®Gold (Invitrogen) and imaged with a 63X 
Plan-Neofluar lens (Numerical aperture 1.4, Carl Zeiss b.v. Weesp) on a Zeiss 510 Meta Confocal 
microscope (Carl Zeiss).
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Supplmentary Figures: 

Supplemental Figure 2.1: Nbea Antibody specificity
(A) Immunostaining of endogenous Nbea and MAP2 in DIV14 WT, heterozygous and KO 
hippocampal neurons plated on poly-D-lysine/laminin (Sigma). Scale bar  = 5 µm. (B) Immu-
noblots of whole brain homogenates from Nbea heterozygous, WT and KO mice, probed with 
α-Nbea antibody.
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Supplemental Figure 2.2: Subcellular localization of Nbea and SAP102
(A) Hippocampi from adult WT mice were used to obtain different subcellular fractions (see Text 
S1), which were analyzed by immuno-blotting for the presence of Nbea (using a rabbit poly-
clonal antibody; SySy, 1:1000), SAP102 (using a mouse monoclonal antibody; NeuroMab clone 
N19/2, 1:1000) and PSD-95 (using a rabbit polyclonal antibody; Genescript, 1:1000). (B) DIV14 
rat hippocampal neurons transfected via calcium phosphate transfection at DIV10 with EGFP 
(not shown in the merge). The calcium-phosphate-mediated method was described previously 
[46]. After fixation cells were co-stained for the postsynaptic marker Homer1 with a mouse 
monoclonal antibody (in green; SySy clone 2G8, 1:250) and Nbea with a rabbit polyclonal anti-
body (in red; SySy, 1:1000). We decided to use neurons of rat instead of mouse, because the 
spines are more prominently observed in rat neurons. Top scale bar  = 20 µm, lower scale bar  = 
5 µm
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Supplemental Figure 2.3: Nbea does not localize to the pre-synapse and shows 
little overlap with GluA1 
(A) DIV15 WT mouse hippocampal neurons (E18) stained for VAMP2 (in green), Nbea (in red) and 
MAP2 (not shown in the merge). Top scale bar  = 20 µm, lower scale bar  = 5 µm. 
(B) DIV14 WT mouse hippocampal neurons (E18) stained for GluA1 (in green), Nbea (in red) and 
MAP2 (not shown in the merge). Top scale bar  = 20 µm, lower scale bar  = 5 µm.
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Supplemental Figure 2.4: Control IPs confirming the interaction of Nbea and 
SAP102 in HEK293T cells
(A) Co-imunoprecipitation of Nbea and SAP102. HEK 293T cells were co-transfected with full-
length Nbea tagged with YFP and flag-tagged SAP102 or an empty vector and were immu-
no-precipitated (IP) with α-GFP antibody before immuno-blotting (IB) with α-GFP and α-flag anti-
body. In the control condition non-coated, empty beads (EB) were used for the IP. (B) Reverse 
IPs of IPs performed in A. This time the α-flag antibody was used for IPs, while the same anti-
bodies were used for immuno-blotting. (C) HEK 293 cells were co-transfected with full-length 
Nbea tagged with YFP and flag-tagged SAP102 or an empty vector and were immuno-precipi-
tated (IP) with α-Nbea antibody before immuno-blotting (IB) with α-Nbea and α-flag antibody. (D) 
Reverse IP of IPs performed in C. This time the α-flag antibody was used for IPs, while the same 
antibodies were used for immuno-blotting.
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Supplemental Figure 2.5: Nbea does not interact with Gephyrin, VDAC1, VDAC2, 
DPP6, KLC1, APBB1 in heterologous, HEK cells  
(A) Co-expression of Nbea and Flag tagged VDAC1 & VDAC2, immuno-precipitated (IP) with 
α-Flag antibody before immuno-blotting (IB) with α-Nbea and α-flag antibody. (B) Co-expres-
sion of Nbea with Flag-Gephyrin, immuno-precipitated (IP) with α-Flag antibody. Flag-DLG3 was 
used as control. Immuno-blotting (IB) with α-Nbea and α-flag antibody(C & D) Co-expression of 
Nbea with KLC1, APBB1, DPP6 or DLG3, immuno-precipitated (IP) with α-GFP and reverse IP 
with α-Flag before immuno-blotting (IB) with α-Nbea and α-flag antibody
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Supplemental Figure 2.6: Subcellular localization of Nbea deletion constructs in 
HEK293T cells. HEK293T cells co-transfected via calcium transfection with either full-length 
Nbea-YFP or different GFP-fused Nbea deletions and mCherry. Scale bar  = 5 µm.
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Supplemental Figure 2.7 (Opposite Page): The mutations introduced in the C-ter-
minal amino acid sequence of Nbea. 
The shaded areas represent the amino acid sequence of the domain of unknown function 1088 
(DUF; in orange), the Pleckstrin-Homology like domain (PH; in gray), the BEACH domain (yellow) 
and the WD40 repeats (red). The red squares depict the amino acids that have been mutated in 
our study. The numbers on top of the squares are used for identification of the mutations

Supplemental Figure 2.8: Subcellular localization of Nbea mutation constructs in 
HEK293T cells
(A) HEK293 cells co-transfected via calcium transfection with either the non-mutated form of the 
C-terminal part of Nbea (encompassing the Duf, PH, BEACH and WD40 domains) fused to GFP 
or the mutated versions of this construct and mCherry (not shown). Scale bar  = 5 µm. (B) Quan-
tification of the proportion of cells exhibiting a compartmentalized pattern. Error bars indicate 
the standard error of the mean (SEM).
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Abstract

Neurotransmission and synaptic strength depends on expression of post-synaptic receptors on 

the cell surface. Post-translational modification of receptors, trafficking to the synapse through 

the secretory pathway and subsequent insertion into the synapse involves interaction of the 

receptor with A-Kinase Anchor Proteins (AKAPs) and scaffolding proteins. Neurobeachin (Nbea), 

a brain specific AKAP, is required for synaptic surface expression of both glutamate and GABA 

receptors. Here we investigated the role of Nbea-dependent targeting of postsynaptic receptors 

by studying Nbea interaction with Synapse-Associated Protein 102 (SAP102/Dlg3) and Protein 

Kinase A subunit II (PKA II). A Nbea mutant lacking the PKA binding domain showed a similar 

distribution as wildtype Nbea in Nbea null neurons and partially restored GABA receptor surface 

expression. To understand the relevance of Nbea interaction with SAP102, we analyzed SAP102 

null mutant mice. Nbea levels were reduced by ~80% in SAP102 null mice, but glutamatergic 

receptor expression was normal. A single point mutation in the pleckstrin homology domain of 

Nbea (E2218R) resulted in loss of binding with SAP102. When expressed in Nbea null neurons, 

this mutant fully restored GABA receptor surface expression, but not glutamate receptor expres-

sion. Our results suggest that the PKA-binding domain is not essential for Nbea’s role in receptor 

targeting and that Nbea targets glutamate and GABA receptors to the synapse via distinct 

molecular pathways by interacting with specific effector proteins.
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3.1     Introduction: 

The number of functional neurotransmitter receptors in the postsynaptic membrane is the 

dominant factor in the regulation of synaptic strength. Receptor abundance and mobility in the 

postsynaptic membrane are regulated by different mechanisms, such as constitutive and activity 

dependent insertion, local mobility such as recycling via endo/exocytosis and lateral diffusion 

from extra-synaptic sites (Barry & Ziff 2002; Benke 2010; Stephenson et al. 2008). Membrane 

Associated Guanylate Kinases (MAGUKs) in the Discs Large family (Dlg) of scaffolding proteins 

are central in the regulation of receptor abundance and mobility in excitatory neurons (Zheng 

et al. 2011). Mutations of Dlg proteins in mice and humans result in cognitive disorders and 

impairments in synaptic plasticity (Cuthbert et al. 2007; Migaud et al. 1998; Nithianantharajah et 

al. 2013). These scaffold proteins link NMDA and AMPA receptors with signalling and structural 

proteins in postsynaptic multiprotein complexes. Evidence suggests that MAGUKs assemble 

with the receptor subunits during biosynthesis in the Golgi and when this interaction is disturbed, 

NMDARs do not reach the synapse (Sans et al. 2005; Wenthold et al. 2008; Yi et al. 2007). 

However, the principles of receptor assembly and targeting to the synapse are largely unknown. 

Another class of scaffold proteins playing an important role in excitatory synapses are A-ki-

nase anchoring proteins (AKAP), which bind the regulatory subunit of protein kinase A (PKA). In 

mice lacking the AKAP protein Neurobeachin (Nbea), synaptic transmission is severely impaired 

(Nair et al. 2013), and they die shortly after birth (Su et al. 2004). Loss of Nbea results in reduced 

spine number in cultured neurons (Niesmann et al. 2011) and modifications in the composition 

of synaptic proteins (Medrihan et al. 2009). Nbea binds to the MAGUK protein Synapse Associ-

ated Protein 102 (SAP102/Dlg3) (Lauks et al. 2012)  and the type II regulatory subunit of Protein 

Kinase A (PKA II) (Wang et al. 2000). Thus Nbea may be involved in recruiting and targeting PKA 

to specific substrate proteins. Synaptic surface expression of both inhibitory (GABAergic) and 

excitatory receptors (NMDA, AMPA and Kainate) are decreased by Nbea loss, suggesting that 

Nbea controls a generic principle of receptor targeting, despite the fact that the mechanisms of 

receptor targeting appear to be different for GABAergic and glutamatergic receptors (Xiao et al. 

2006). 

The aim of this study was to dissect different pathways that Nbea coordinates to target 

neurotransmitter receptors to the synapse. We used primary neurons from Nbea null mutant 

mice and rescued these neurons using a Nbea mutant that lost affinity for the glutamate receptor 
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interacting protein SAP102. This Nbea mutant is vital for glutamate receptor signalling but not 

required to support GABA receptor signalling. The Nbea mutant designed to block the previ-

ously characterized interaction with PKA II modulates GABAergic and glutamatergic signalling. 

We conclude that Nbea uses distinct pathways to target glutamate and GABA receptors to the 

synaptic surface. Understanding these mechanisms may be relevant to the roles of Nbea and 

SAP102 in humans carrying mutations in these genes that result in idiopathic autism (Caster-

mans et al. 2003) and intellectual disability, respectively (Tarpey et al. 2004). 

3.2     Results: 
Figure 3.1 (Next Page) Expression of NbeaΔPKA in Nbea null neurons partially 
rescues GABA receptor surface expression
(A)Schematic drawing of mouse Nbea showing 22 amino acid deletions to generate NbeaΔPKA. 
The N-terminus consist Concavanalin A (Con A)-like lectin domain surrounded with predicted 
armadillo (ARM) repeats. The C-terminus has the Domain of Unknown Function 1088 (DUF; in 
blue), the Pleckstrin-Homology like domain (PH; in red), the BEACH domain (brown) and the 
WD40 repeats (yellow). Small pink box depicts 1081-1099aa deleted from NbeaΔPKA (B)Repre-
sentative image of Nbea KO neurons expressing WT Nbea and NbeaΔPKA depicts similar distri-
bution in cultured neurons (C)Total number of Nbea puncta in a Nbea KO neuron expressed with 
WT Nbea and NbeaΔPKA are similar (n=49, 5 independent experiments; ns, not significant). (D)
Dendritic length of Nbea KO neurons rescued with NbeaΔPKA and WT Nbea is not different. (E)
Fluorescent intensity of NbeaΔPKA is significantly higher than that of WT Nbea in dendrites (WT 
Nbea: 666.1 ± 26.52 a.u., n=49, NbeaΔPKA: 1269 ± 65.31, n=45; Mann Whitney Test, *** p < 
0.001). (F)Somatic intensity of NbeaΔPKA is also higher than that of WT Nbea (WT Nbea: 789.5 ± 
112 a.u., n=19, NbeaΔPKA: 1182 ± 190.8 a.u., n=19; ns). (G)Sholl analysis shows that NbeaΔPKA 
distribution is similar compared to WT Nbea. (H)Sholl analysis of synapses in neurons expressing 
NbeaΔPKA is similar to WT Nbea. (I)Representative trace of spontaneous minis of Nbea KO 
neurons, Nbea KO rescued with WT Nbea, Nbea KO rescued with NbeaΔPKA. (J)Amplitude of 
spontaneous minis of Nbea KO neurons rescued with NbeaΔPKA is insignificant compared to 
Nbea KO neurons alone (Nbea KO: 20.84 ± 1.302, n=25, Nbea KO + WT Nbea: 26.72 ± 2.074, 
n=25, Nbea KO + NbeaΔPKA: 21.90 ± 1.635, n=21, 5 independent experiments). (K)Frequency 
of spontaneous minis of Nbea KO neurons, Nbea KO rescued with NbeaΔPKA, or with WT Nbea 
are insignificant between groups (Nbea KO: 2.808 ± 0.4671, n=25, Nbea KO + WT Nbea: 4.921 
± 0.9449, n=25, Nbea KO + NbeaΔPKA: 5.268 ± 1.353, n=21, 5 independent experiments). (L)
Representative traces of exogenously applied glutamate (30 μM) and GABA (3 μM) on Nbea KO 
neurons (green), Nbea KO rescued with WT Nbea (red) and Nbea KO rescued with NbeaΔPKA 
(blue). (M)Expression of WT Nbea and NbeaΔPKA in Nbea KO has significantly higher glutamate 
induced responses than Nbea KO neurons. Responses of WT Nbea and NbeaΔPKA neurons 
are not significantly different (Nbea KO: 231.98 ± 36.99, n=30, Nbea KO + WT Nbea: 833.64 
± 99.42, n=22,  Nbea KO + NbeaΔPKA: 638.1 ± 59.82, n=23, 5 independent experiments). (N)
GABA induced responses are partially rescued by re-expression of NbeaΔPKA in Nbea null 
neurons (Nbea KO: 172.75 ± 40.80, n=19, Nbea KO + WT Nbea: 529.56 ± 40.42, n=18, Nbea 
KO + NbeaΔPKA: 314.96 ± 43.91, n=18, 3 independent experiments). A two level multilevel 
statistical analysis was performed including random intercepts. **P<0.01, ***P<0.001. All data 
are mean ± S.E.M
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PKA binding deficient Nbea rescues glutamate and GABA receptor 
signalling in Nbea null neurons

To test the importance of Nbea interaction with PKA II in targeting of glutamate and GABA 

receptors, we generated PKA binding-deficient Nbea (NbeaΔPKA) by deletion of amino acids 

1081-1099aa in full length Nbea as outlined before (Wang et al. 2006) (Figure 3.1A). Nbea null 

mutant (Nbea KO) neurons expressing NbeaΔPKA or wild type Nbea (WT Nbea) showed a similar 

punctate localization pattern of Nbea in dendrites and the cytoplasm as observed previously 

for endogenous Nbea (Nair et al. 2013) (Figure 3.1B). Dendritic length, and the number of Nbea 

puncta in dendrites did not differ between the two groups (Figure 3.1C, D). NbeaΔPKA expression 

was higher in both soma and dendrites compared to WT Nbea (Figure 3.1E, F), but the subcel-

lular distribution of Nbea puncta and synapses was similar in both the conditions (Figure 3.1G, H). 

We analyzed postsynaptic receptor signalling by application of 30µM glutamate or 3μM GABA 

on Nbea KO neurons expressing WT Nbea or NbeaΔPKA. In line with our previous results (Nair 

et al. 2013) expression of WT Nbea increased the amplitude of spontaneous inputs (miniature 

post synaptic currents, mPSC). This was not observed in neurons expressing NbeaΔPKA (Figure 

3.1J). mPSC frequency appeared higher in null neurons expressing WT Nbea or NbeaΔPKA but 

due to the frequency variability this did not reach statistical significance (Figure 3.1K). Nbea 

KO neurons have a strongly reduced response to application of 30µM glutamate or 3μM GABA, 

which can be restored to wild-type levels by re-introduction of WT Nbea (Nair et al. 2013) (Figure 

3.1 L-N).  Compared to Nbea KO neurons rescued with WT Nbea, NbeaΔPKA expressing neurons 

showed a similar response to glutamate application (Figure 3.1 L, M). However, the GABA-in-

duced response, although higher than in Nbea KO neurons, was significantly lower in NbeaΔPKA 

expressing neurons compared to neurons expressing WT Nbea (Figure 3.1 L, N). Our data show 

that PKAII interaction is not required for Nbea function, although rescue appears to be incom-

plete when expressing the NbeaΔPKA on the null background.

Figure 3.2 (Next page): Nbea levels are reduced in E18 SAP102 KO mice
(A) Immunoblot analysis of whole brain lysates of SAP102 WT and KO mice at E18 for Nbea with 
VCP as loading control shows five-fold lower Nbea expression in SAP102 KO neurons compared 
to WT  (SAP102 WT: 2.4 ± 0.30 a.u., SAP102 KO: 0.5 ± 0.13 a.u., n=3, Student’s t-test, t(4) = 5.81, 
p=0.004). (B) Typical images of SAP102 WT and KO cultured neurons show reduction of Nbea 
puncta in dendrites (Bars 25μm, zoomed image bars are 5 μm). 
(C) Nbea is reduced in SAP102 KO cultured neurons compared to WT. (D) SAP102 KO neurons 
have shorter dendrites compared to SAP102 WT neurons. (E) Nbea puncta per µm dendritic 
length of SAP102 KO neurons show reduced levels compared to WT. (F) Sholl analysis show 
altered distribution of Nbea in SAP102 KO compared to WT neurons. 
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(G) Soma analysis show that there is also a significant reduction in levels of Nbea in SAP102 KO 
neurons (SAP102 WT: 803.3 ± 44.61 a.u., n=24, SAP102 KO: 545.7 ± 70.45 a.u., n=24, Mann 
Whitney Test, p=0.0003). (H) Western blot analysis of whole brain lysates of Nbea WT and KO 
mice at E18 for SAP102 with Actin as loading control shows no significant difference (Nbea WT: 
9.9 ± 2.2 a.u., Nbea KO: 6.3 ± 1.2 a.u., Student’s t-test, t(6)= 1.42, p=0.21). (I) Typical image 
of Nbea KO mice show no difference in SAP102 levels (Calibration bars 25um, zoomed image 
bars are 5um). (J) Quantification of SAP102 puncta in Nbea cultured neurons show no difference 
between KO and WT. (K & L) Dendritic length between Nbea KO and WT neurons is unchanged 
and SAP102 puncta per µm dendritic length is unchanged too. (M) Sholl analysis show unaltered 
distribution of SAP102 in Nbea WT and KO neurons. *P<0.05, **P<0.01, ***P<0.001   All data are 
mean ± S.E.M
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Nbea levels are reduced in SAP102 KO mice

SAP102/Dlg3 has been identified as an interactor of Nbea in immunoprecipitation experiments 

from brain homogenates of embryonic (E18) and adult (P84) mice (Lauks et al. 2012). To under-

stand the relevance of this interaction, we analyzed Nbea levels in SAP102 null mutant mice 

(SAP102 KO). Nbea levels in E18 and P84 brain lysates of SAP102 KO mice were significantly 

reduced (Figure 3.2A, Supplemental Figure 3.1A-B). Quantitative PCR (qCPR) analysis revealed 

no difference in mRNA levels of Nbea in SAP102 KO neurons compared to SAP102 WT (Supple-

mental Figure 3.2A). To further investigate how Nbea is degraded in SAP102 null mice, we treated 

SAP102 KO neurons with the protein translation blocker Cyclohexemide (CHX), proteasome 

blocker MG132 or lysosome blocker Leupeptin. Compared to CHX only, we observed a signif-

icant increase in Nbea levels after 24 hrs of CHX + MG132 but not with the lysosomal blocker 

leupeptin indicating that Nbea is degraded via ubiquitin-proteasome system (Supplemental 

Figure 3.2 B, C). Morphological analysis of cultured SAP102 KO neurons at DIV14 showed a 

strong reduction in the number of Nbea puncta in dendrites and intensity of expression in the 

soma of SAP102 KO neurons (Figure 3.2 B, C, G). The dendritic length of SAP102 KO neurons 

was also significantly reduced (Figure 3.2 D), as well as the number of Nbea puncta per µm 

dendrite (Figure 3.2 E). Although Nbea expression is strongly reduced in SAP102 KO neurons it 

is still distributed throughout the dendrite (Figure 3.2 F). In contrast to these SAP102-dependent 

Nbea phenotypes, in Nbea KO mice, SAP102 levels were unchanged in whole brain lysates 

(Figure 3.2H), and total numbers of SAP102 puncta, dendritic length and distribution of SAP102 

puncta were the same as in WT neurons (Figure 3.2 J, K, L, M).  These observations suggest that 

SAP102 plays an essential role in Nbea expression whereas SAP102 expression is independent 

of Nbea. 

Glutamate receptor signalling is unchanged in SAP102 null neurons

To test whether glutamate receptor signalling is impaired in SAP102 null neurons due to the lower 

Nbea levels, we recorded spontaneous miniature excitatory postsynaptic currents (mPSCs) in 

SAP102 WT and KO neurons. Amplitude and frequency were unchanged in SAP102 KO compared 

to WT (Figure 3.3 A, B). In addition, exogenous application of 30 μM glutamate showed no signif-

icant difference between SAP102 WT and KO neurons (Figure 3.3 C, D). Hence, despite the 

±80% reduced levels of Nbea in SAP102 null mice, glutamate signalling is unchanged. 
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Figure 3.3: Glutamatergic receptor 

expression in SAP102 KO neurons is 

unaltered compare To WT SAP102 neurons

(A) Representative trace of spontaneous minis 
of SAP102 WT and KO mice.
(B) Amplitude and frequency of spontaneous
minis of SAP102 WT and KO mice are similar.
(C) Representative trace of glutamate (100uM) 
application on SAP102 WT and SAP102 KO 
neurons
(D) Glutamate induced response on the soma 
of SAP102 WT and KO mice are not significant 
from each other (SAP102 WT: 712.4 ± 109.7, 
n=38, SAP102 KO: 605.0 ± 89.94, n=45, 
4 independent experiments) 
  All data are mean ± S.E.M

E2218R Nbea restores inhibitory transmission in Nbea null neurons

Previously, we have shown that Nbea binds SAP102 via its C-terminus and that a point mutation 

(E2218R) in the Pleckstrin homology (PH) domain of Nbea results in loss of this binding (Lauks et 

al. 2012). We engineered this point mutation in full-length Nbea (Figure 3.4A) and first performed 

immunoprecipitation (IP) experiments in HEK cells expressing Flag-tagged SAP102 and E2218R 

Nbea to confirm loss of binding (Figure 3.4B). Phosphofructokinase (PFKM), a glycolytic enzyme 

identified in Nbea IPs from mouse brain fractions (Lauks et al., 2012) showed direct binding with 

WT Nbea when co-expressed in HEK cells (Figure 3.4C). This interaction was preserved when 

IPs were performed with E2218R Nbea. Hence, the E2218R mutation does not result in protein 

miss folding but specifically loses binding affinity for SAP102. Additionally, we also discovered 

that WT Nbea and E2218R Nbea bind directly with PSD95 in HEK cells (Supplemental Figure 3.3). 

Morphological analysis of Nbea KO neurons expressing WT Nbea or E2218R Nbea showed 

similar distribution of Nbea in both conditions (Figure 3.4D, E, H). Like in the SAP102 null mutant 

neurons, dendritic length of Nbea KO neurons expressing E2218R Nbea was significantly 
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reduced compared to neurons expressing WT Nbea (Figure 3.4 F). The intensity of Nbea puncta 

was reduced in cells expressing E2218R Nbea (Figure 3.4 G). However, the distribution of WT 

Nbea and E2218R Nbea puncta was unaltered (Figure 3.4 H). 

To investigate the effect of SAP102 interaction on synaptic transmission, we rescued Nbea KO 

neurons with WT Nbea or E2218R Nbea. Exogenous application of 30µM glutamate on WT Nbea 

expressing neurons showed a complete rescue of synaptic transmission as demonstrated previ-

ously (Nair et al. 2013). In contrast, glutamate-induced responses in E2218R Nbea expressing 

neurons were strongly reduced (Figure 3.5 A,B), whereas 3µM GABA induced responses in 

E2218R Nbea neurons were comparable to null mutants expressing WT Nbea (Figure 3.5 C). 

E2218R Nbea neurons showed reduced spontaneous frequency (Figure 3.5 E) and amplitude 

(Figure 3.5 F) compared to WT Nbea rescued neurons. Together, these data suggest that the 

Nbea-SAP102 interaction is vital for glutamate receptor signalling but not required to support 

GABA receptor signalling. 

Figure 3.4 (Opposite Page): E2218R Nbea does not bind to SAP102 in heterolo-
gous cells
(A) Schematic drawing of mouse Nbea and the PH domain in which the E2218R mutation was 
generated. (B) Immunoblot of a HEK cell IP shows that SAP102 interacts with WT Nbea but 
does not bind with E2218R Nbea. (C) Immunoblot of a HEK293T cell IP shows that Phosphof-
ructokinase (PFKM), another interactor of Nbea, binds with both WT Nbea and E2218R Nbea. (D) 
Representative image of Nbea KO expressed with WT Nbea and E2218R Nbea depicts similar 
distribution in cultured neurons. (E) Total number of Nbea puncta in a neuron is not different 
between WT Nbea and E2218R Nbea. (F) Dendritic length of Nbea KO neurons rescued with 
E2218R Nbea is shorter than WT Nbea (Nbea KO + WT Nbea: n=49, 5.1 ± 0.3mm, Nbea KO + 
E2218R Nbea: n=47, 3.6 ± 0.2mm, Mann Whitney Test, U=610, *** p < 0.001). (G) Sholl analysis 
shows that E2218R Nbea distribution in dendrite is same as WT Nbea. (H) E2218R Nbea inten-
sity in dendrites is greatly reduced compared to WT Nbea (Nbea KO + WT Nbea: 633.4 ± 24.13, 
n=49,  Nbea KO + E2218R Nbea: 300.3 ± 13.82mm, n=47, Mann Whitney Test, *** p < 0.001). All 
data are mean ± S.E.M   
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  3

Figure 3.5: E2218R Nbea 
does not target Glutamate 
receptors to the synaptic 
surface as well as WT Nbea 
upon expression in 
Nbea null neurons

(A) Representative trace of 
exogenously applied 
glutamate and GABA puff on 
Nbea KO neurons; 
Nbea KO rescued with 
WT Nbea and Nbea KO 
rescued with E2218R Nbea 

(B) E2218R Nbea does not 
rescue glutamate-induced
 response as well as WT Nbea 
in Nbea KO neurons 
(Nbea KO: 
303.56 ± 38.95pA, n=40, 
Nbea KO + WT Nbea: 
917.4 ± 86.15pA, n=30, 
Nbea KO + E2218R Nbea: 
462.3 ± 59.14, n=34, 
6 independent experiments). 
A two-level multilevel 
statistical analysis was 
performed including 
random intercepts

(C) E2218R Nbea rescues 
GABA induced response as well 
as WT Nbea in Nbea KO neurons (Nbea KO: 475 ± 84.65pA, n=44, Nbea KO + WT Nbea: 
1001.32 ± 162.50pA, n=44, Nbea KO + E2218R Nbea: 908.36 ± 151.55pA, n=43, 4 independent 
experiments). A two level multilevel statistical analysis was performed with intercept and slope 
modeled as random coefficients. (D) Representative trace of spontaneous minis of Nbea KO 
neurons; Nbea KO rescued with WT Nbea, Nbea KO rescued with E2218R Nbea. (E) Ampli-
tude of spontaneous minis of Nbea KO neurons rescued with E2218R is significantly decreased 
compared to WT Nbea rescue but non-significant compared to Nbea KO neurons (Nbea KO: 
23.31±1.20pA, n=42, Nbea KO + WT Nbea: 25.97±1.48 pA, n=39, Nbea KO + E2218R Nbea: 
20.37±0.98pA, n=41, 7 independent experiments). A two level multilevel statistical analysis was 
performed including random intercepts. (F) Frequency of spontaneous minis of Nbea KO neurons 
rescued with E2218R is significantly decreased compared to WT Nbea rescue, whereas non-sig-
nificant compared to Nbea KO neurons (Nbea KO: 4.04 ± 0.86, n=42, Nbea KO + WT Nbea: 
4.92 ± 0.64, n=39, Nbea KO + E2218R Nbea: 3.29 ± 0.47, n=4, 7 independent experiments). A 
two level multilevel statistical analysis was performed including random intercepts. (***P<0.001), 
(**P<0.01), (*P<0.05). All data are mean ± S.E.M.
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3.3     Discussion:

In Nbea null neurons, AMPA, GABA and NMDA receptors are not targeted and expressed at 

the synapse surface. Several experiments have demonstrated that this loss of receptor expres-

sion is restricted to synapse while extra-synaptic receptor expression is unaffected (Nair et al. 

2013). Here we show deletion of hypothesized PKA II binding site in Nbea results in decrease of 

GABA receptor surface expression (Figure 3.1 L-N) and the E2218R mutation in Nbea produced 

a selective loss of glutamate-induced synaptic responses (Figure 3.5 A-C). SAP102 KO mice 

have reduced expression of Nbea (Figure 3.2 A-G) but unaffected glutamate induced synaptic 

responses (Figure 3.3 C-D).  Conversely, synaptic transmission was impaired in Nbea null mutant 

neurons even though SAP102 levels were normal (Figure 3.2 H-M, (Nair et al., 2013). 

Nbea, as an AKAP, modulates receptor targeting to synapse

Nbea is an AKAP belonging to a family of BEACH domain proteins. Some of these proteins, such 

as Lyst or Bchs regulate lysosome-related organelles whereas AKAP550 anchors other proteins 

(Scott & McCartney 1994). AKAP proteins are of central importance in cellular function due to 

their ability to interact directly with protein kinases via a common motif at their C-terminus that 

binds to regulatory subunits of protein kinases and concentrates their intracellular location and 

regulates their activity (Feliciello et al. 2001). Due to their importance in local signaling events, 

AKAPs are targets for therapeutic intervention (Esseltine & Scott 2013). Nbea interaction with 

PKA II was found through plasma resonance imaging (Wang et al. 2000) with a hypothesized 17 

amino acid binding site. Deletion of this domain in full length Nbea prevented full rescue of GABA 

receptor expression on the synapse surface (Figure 3.1 H, J).  This suggests that anchoring 

and/or concentrating PKA II is important for the insertion of GABA receptors (although a trend 

towards incomplete rescue of glutamate-induced responses was also observed, Figure 3.1 M). 

Protein Kinase A is known to regulate inhibitory receptors such as glycine receptor-induced Cl- 

currents by increasing the probability of channel openings (Song & Huang 1990). Reduction of 

mPSC Amplitude and mPSC frequency in Nbea KO can be rescued with re-introduction of WT 

Nbea (Nair et al. 2013). We do not see any difference in the mPSC Amplitude and Frequency of 

neurons rescued with NbeaΔPKA compared to the other two groups. Our data show that Nbea 

essentially does not require PKA binding to perform its function but this interaction modulates 

inhibitory and excitatory receptor surface expression. 
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E2218R Nbea mutant suggests that SAP102 binding to Nbea is essen-
tial for excitatory but not inhibitory transmission

Expression of the E2218R Nbea mutant in Nbea KO neurons did not restore glutamate receptor 

expression at the synapse surface (Figure 3.5 A, B). Additionally, significantly reduced mPSC 

Amplitude and Frequency in neurons rescued with E2218R Nbea compared to WT Nbea rescue 

suggests reduced expression of synaptic receptors (Figure 3.5 D-F). As AKAP-MAGUK-NMDA 

receptor complexes are known to exist (Colledge et al. 2000), we predicted that Nbea indirectly 

interacts with NMDA receptors via SAP102 to target receptors to the synapse surface. This 

mechanism might be similar to the SAP97/Dlg1 interaction with AKAP97, which is disrupted 

by Calmodulin-dependent Protein Kinase II resulting in a decrease of GluR1-mediated AMPA 

receptor currents (Nikandrova et al. 2010). Nbea KO neurons expressed with E2218R Nbea have 

shorter dendritic length than neurons with WT Nbea (Figure 3.4 F), which is a phenocopy of 

shorter dendrites present in SAP102 KO neurons (Figure 3.2 D). We did not observe changes in 

glutamate-induced responses in SAP102 KO neurons (Figure 3.3 C, D). PSD95 interaction with 

WT Nbea and E2218R Nbea (Supplemental Figure 3) suggests that other MAGUK/Dlgs maybe 

take over the function of SAP102 in SAP102 null mice, potentially via the promiscuous PDZ 

binding ligand found in all NR2 subunits of the NMDA receptors (Kornau et al. 1995; Niethammer 

et al. 1996). Overlapping functions of PSD95, PSD93 and SAP102 in transport of glutamate 

receptor trafficking has been documented, in which only knocking out two or three MAGUKs 

results in severe loss of receptor signaling (Elias et al. 2006). Additionally, both PSD95 and 

SAP102 knockout mice show enhanced hippocampal long-term potentiation consistent with 

a similar signaling function (Carlisle et al. 2008). Developmental switches and redundant func-

tions among different MAGUKs (Elias & Nicoll 2007; Zheng et al. 2011) might explain the fact 

that the synaptic machinery is intact in SAP102 KO mice. In line with this idea, acute SAP102 

knock down in neurons produced unique phenotypes, not observed upon chronic deletion of 

SAP102 expression in null mutant mice (Murata & Constantine-Paton 2013). These phenotypes, 

for instance a reduced excitatory synaptogenesis (Murata & Constantine-Paton 2013) point in 

the same direction as morphological and functional changes observed when the interaction 

between SAP102 and Nbea is prevented (using the E2218R mutant). 

Cellular Nbea stability depends on SAP102

Analysis of Nbea null brain homogenate and cultured neurons showed no difference in cellular 

levels in many pre- and post synaptic proteins (Nair et al. 2013), while Synapsin, Synaptophysin 

and Mint1 were found to differentially expressed in the brain stem of Nbea null mice (Medrihan et 
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al. 2009). Our observation that SAP102 protein levels are unchanged in Nbea null mice demon-

strates that loss of Nbea does not have a general effect on stability or transportation of other 

proteins in cultured neurons. However, Nbea protein levels are greatly reduced in SAP102 null 

neurons and brain homogenate (Figure 3.2 A-G). The Nbea mutant that abolished SAP102 

binding showed a lower staining intensity when expressed in null mutant neurons than the wild 

type Nbea protein (Figure 3.4 H). Nbea mRNA levels are unchanged in SAP102 null neurons 

(Supplemental Figure 2A). This suggests that SAP102 regulates stability of Nbea protein and we 

show that in the absence of SAP102, Nbea protein is degraded via the ubiquitin-proteasome 

pathway (Supplemental Figure 2B, C). The 80% reduction in Nbea protein levels at E18 still 

results in normal synaptic transmission in SAP102 KO mice (Figure 3.3 C-D). 

Functional changes in Nbea null synapses might have structural con-
sequences 

We observe changes in synaptic surface expression of receptors in Nbea null neurons. Functional 

changes can lead to structural changes in neuronal network. Cultured Nbea null neurons from 

the brain stem have an impaired development and function of spinous synapses with an accu-

mulation of F-actin and synaptopodin (Niesmann et al. 2011). Shorter spine density is possibly 

due to decrease in surface expression of post-synaptic receptors on the synapse surface that 

we observe due to Nbea loss. 

Nbea targets excitatory and inhibitory post-synaptic receptors via 
distinct pathways    

Nbea immunoreactivity was found to be apposed to certain inhibitory synapses (del Pino et 

al. 2011) juxtaposed to the Golgi complex and accumulated in endosome-like organelles in 

dendrites (Nair et al. 2013). Hence, Nbea resides probably at locations in the cell where recep-

tors and their interacting proteins assemble for targeting to the synaptic membrane. The inter-

action between Nbea, PKAII and SAP102 might also take place at such locations, upstream 

of insertion of receptors at the synapse surface. To our knowledge, Nbea is first protein that 

regulates synaptic receptor expression to both excitatory and inhibitory synapses. The current 

data now demonstrate that Nbea orchestrates these trafficking routes using distinct pathways, 

one resistant to the loss of SAP102-NBea interaction (GABA-receptor targeting) and one that is 

not supported by the Nbea mutant that abolishes this interaction (glutamate receptor targeting). 
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3.4     Experimental Procedures: 

Laboratory Animals, Primary hippocampal cultures, and Cell Lines: 
Nbea and SAP102 null mutant mice have been described previously (Cuthbert et al., 2007; Su 
et al., 2004). Embryonic day 18 (E18) embryos were obtained by caesarean section of preg-
nant females through timed heterozygous mating. Hippocampi were dissected from E18 Nbea 
and SAP102 pups. After removal of meninges, hippocampi were collected in ice-cold Hanks 
Balanced Salt Solution (HBSS; Sigma), buffered with 7mM HEPES (Invitrogen) and further disso-
ciated before plating on glia feeder layer as described previously (Lauks et al. 2012). For elec-
trophysiology, 25000 neurons and for immune-cytochemistry, 2000 neurons per 18mm cover 
slip were used. For whole brain lysate, E18 and P84 mice were decapitated; whole brains and 
different parts of brains were removed and immediately frozen. For immunoblots, brains were 
boiled in 1x Laemmli Sample buffer. For immunoprecipitation experiments in heterologous cells, 
human embryonic kidney cells 293T (HEK293T) were used. 

Generation of Nbea mutant constructs:
Full-length Nbea construct has been described previously (Lauks et al. 2012). A Nbea construct 
deficient for binding PKA II was generated by cloning Nbea in two parts: 1-1081aa and 1099-
2936aa separately and by joining via restriction sites thereby deleting the 27 amino acid (aa) 
hypothesized PKA binding site (1081-1099aa) to create PKA mut Nbea (NbeaΔPKA). The SAP102 
binding-deficient E2218R mutation was initially created in the C-terminus of Nbea using Quick-
ChangeTM Site-Directed Mutagenesis Kit (Lauks et al. 2012). The C-terminus containing the 
mutation was re-cloned into full-length Nbea. Phospho-fructo Kinase Muscle (PFKM) is a puta-
tive interactor of Nbea that was identified in mass spectrometry analysis performed as reported 
previously (Lauks et al. 2012). Entry clone of human PFKM (Entrez Gene ID: 5213) was a gift from 
Erich E. Wanker (Max Delbrück Center for Molecular Medicine Berlin, Germany). 

HEK cell transfection, co-immunoprecipitation, Immunofluorescence 
staining:
HEK cell transfection and immunoprecipitation to determine Nbea WT and E2218R binding with 
SAP102 and PFKM was performed as detailed previously (Lauks et al. 2012). SAP102 and Nbea 
WT and KO neurons were allowed to grow till DIV14 before fixation. Nbea KO neurons trans-
fected with NbeaΔPKA and E2218R Nbea at DIV 3 were fixed between DIV 15-17. α-SAP102 
(mouse monoclonal, NeuroMab clone N19/2, 1:100), α-Nbea (rabbit polyclonal, SySy, 1:1000), 
α-MAP2 (chicken polyclonal, Abcam ab5392, 1:10000), α-Actin (mouse monoclonal, Chemicon, 
1:200) were used for immunofluorescence staining. Detailed description of staining procedure 
and Nbea antibody description has been reported previously (Lauks et al. 2012).

Neuron Transfection and Electrophysiology
Nbea null mutant neurons (25k/18mm coverslip) were transfected with WT Nbea, E2218R Nbea 
or NbeaΔPKA together with EGFP as morphology marker at 3 days in vitro (DIV3) as described 
previously (Köhrmann et al. 1999). Whole-cell voltage-clamp recordings were performed 
at DIV14-18 for GABA and glutamate induced response. Cells were kept in a voltage-clamp 
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(membrane potential, Vm= -70mV) using Axopatch 200B amplifier (Axon Instruments) with boro-
silicate glass pipettes (2-4 mOhm) containing 125 mM K+ -gluconic acid, 10 mM NaCl, 4.6 
MgCl2, 4 mM K2-ATP, 15 mM creatine phosphate (Calbiochem), 1 mM EGTA and 20U/ml phos-
phocreatine kinase (pH 7.3, 300mOsm). All chemicals were from Sigma Aldrich unless otherwise 
stated. Series resistance was always 70% compensated and cells with holding current lower 
than -300pA were discarded. The external solution contained 140 mM NaCl, 2.4 mM KCl, 4 mM 
CaCl2, 4 mM MgCl2, 10 mM HEPES, 10 mM glucose (pH 7.3, 300mOsm). 300nM TTX (Abcam) 
were added to external medium before recording. 30µM glutamate or 3µM GABA was applied by 
a 20 msec pressure ejection from a glass electrode (~2.8 mOhm). Digidata 1440A and pCLAMP 
10 software (Axon instruments) were used to record all signals. All experiments were performed 
at ambient temperature (20-230C).

RNA isolation, Real-Time qPCR and Pharmacological treatment of 
cultured neurons:
For RNA isolation, hippocampus of SAP102 WT and KO mice were homogenized in TRIzol 
reagent and total RNA was isolated using the QIAcube (QIAGEN, Venlo, The Netherlands). The 
protocol was used according to the manufacturer’s specifications. RNA concentrations and 
purity were assessed by OD measurements at 260 and 280nm on a NanoDrop spectropho-
tometer (Thermo Scientific). For cDNA synthesis, 1µg of RNA and 125pmol OligoT12 primer 
dissolved in a total of 10µl H20 and incubated at 72°C for 10min. Reverse transcriptase mix was 
added, consisting of 5µl 5xfirst strand buffer (Invitrogen), 0.5µl SuperScript II RNA polymerase 
(Invitrogen), 10mM dNTPs and 25mM MgCl2 in a total of 15µl H2O. The mixture was incubated 
at 42°C for 1 hr, followed by 15 min at 70°C. cDNA quality was assessed on 0.8% agarose gel. 
Real-time qPCR was performed using the Light Cycler 480 system (Roche Applied Science, Indi-
anapolis, IN, USA) on SAP102 WT and KO hippocampus. Oligonucleotide primers (Sigma) used 
for Nbea qPCR were FW: tggctcaaatggagatcaatg and RW: tgtacagctgcttaaagtcacagg. Reaction 
volumes of 5µl contained cDNA, 0.1 µM of Universal Probe Library probe 22 (Roche Applied 
Sciences), 0.4 µM forward primer, 0.4 µM of reverse primer and 2.5μl 2 × LightCycler 480 Probes 
Master (Roche Applied Science). After initial denaturation for 10min at 95°C, amplification was 
performed using 35 cycles of denaturation (95°C for 10s), followed by annealing (58°C for 15s) 
and elongation (72°C for 15s). Results were analyzed using the LightCycler 480 software (Roche 
Applied Science) version 1.5. Eukaryotic elongation factor 1-alpha 1 (Eef1a1) is the reference 
gene to which Nbea mRNA levels were normalized to within samples. 0.1 µM of Universal Probe 
Library probe 31 (Roche Applied Sciences) was used for Eef1a1 gene. Cycloheximide (CHX) 
treatments were performed by adding CHX (100ug/ml Sigma) to cultured mouse cortical neurons 
at Div 10 from SAP102 null mice in combination with MG132 (10 μM; Santa Cruz), Leupeptin (25 
μM; Sigma). After 24 hrs, neurons were dissolved directly in 2 X SDS-sample buffer. 

Image analysis and Quantification:
The GelAnalyzer tool in ImageJ was used to quantify Nbea and SAP102 protein levels in brain 
lysate. Levels were normalized to VCP (Valosin containing protein) or Actin, respectively. Images 
of neuronal cultures were captured on a Zeiss LSM 510 confocal microscope using a 40x oil 
objective (N.A. 1.3) and 0.7x mechanical zoom and appropriate filter settings. Acquired images 
were analyzed in a semi-automated fashion using Matlab based software, SynD (Schmitz et al. 
2011). Nbea null neurons expressing WT Nbea, E2218R Nbea or NbeaΔPKA were identified by 
EGFP. Confocal settings were kept the same for all scans between groups. 
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Statistical tests:
Statistical analysis was performed using SPSS (IBM SPSS Statistics 21).  The student’s t-test 
was performed taking into account Levene’s test for equality of variances. Kolmogorov-Smirnov 
and Shapiro-Wilk tests were used to test for normality of data distribution. A Mann-Whitney 
test for two independent samples was applied when groups were not normally distributed. This 
study contains nested data, thus when the intra cluster correlation was high (> 0.10), which was 
the case in all electrophysiological data, multilevel modelling was performed to decrease false 
positives as has been described (Aarts et al. 2014). The multilevel model was used to find signif-
icant difference between three groups (Nbea KO, Nbea KO + WT Nbea, Nbea KO + mutated 
Nbea) where experimental week was chosen as cluster in which the measurements were nested. 
When the number of weeks and number of measurements per week allowed, both the intercept 
and slope where modelled as random coefficients. However, if there was not enough data to fit 
this complex model, only the intercept was included as a random coefficient when predicting 
significant differences between groups. Data is represented as mean ± SEM. Each condition of 
each data set has the number of neurons measured over the number of independent experi-
ments/cultures through which the measurements were taken. 

Supplmentary Figures: 

Supplemental Figure 3.1: Nbea levels are reduced in P84 SAP102 KO mice 
(A) Immunoblot analysis of whole brain lysates of SAP102 WT and KO mice at P84 for Nbea 
with VCP as loading control shows two-fold lower Nbea expression in SAP102 KO neurons 
compared to WT (SAP102 WT: 6.2 ± 0.49 a.u., SAP102 KO: 3.3 ± 0.33 a.u., n=2, Student’s 
t-test, t(2) = 4.82, p = 0.041). (B) Immunoblot analysis of Cortex, Hippocampus and Cerebellum 
of SAP102 WT and KO mice at P84 for Nbea with VCP as loading control shows two-fold lower 
Nbea expression in SAP102 KO neurons compared to WT (SAP102 WT Cortex: 6.71 ± 0.35 a.u., 
SAP102 KO Cortex: 3.97 ± 0.49 a.u., n=2, Student’s t-test, t(2) =4.51, p=0.045. SAP102 WT 
Hippocampus:  6.38 ± 0.19 a.u., SAP102 KO Hippocampus: 3.27 ± 0.25 a.u., n=2, Student’s 
t-test, t(2) = 9.87, p=0.01. SAP102 WT Cerebellum: 6.33 ± 0.43 a.u., SAP102 KO Cerebellum: 
3.29 ± 0.30 a.u., n=2, Student’s t-test, t(2) =5.84,p=0.045) (*P<0.05). All data are mean ± S.E.M.

  3

IB: Nbea

IB: VCP 70 KDa

250 KDa

C
or

te
x

H
ip

po
ca

m
pu

s

C
er

eb
el

lu
m

C
or

te
x

H
ip

po
ca

m
pu

s

C
er

eb
el

lu
m

SAP102 WT SAP102 KO

N
be

a 
in

te
ns

ity
 (a

.u
.) *

W
T KO

0

2

4

6

8

W
T KO W

T KO

* *

Cortex Hippocampus Cerebellum

IB: Nbea

IB: VCP

SAP102 KOSAP102 WT

70 KDa

250 KDa

0

2

4

6

8

2 2
KOWT

*A

B

2 2 2 2 2 2



 75

Supplemental Figure 3.2: Nbea mRNA transcription or protein stability is not af-
fected due to loss of SAP102
(A) Nbea mRNA levels are not significantly different between E18 SAP102 WT and KO mice
(B) Cortical neurons (at Div 10) from SAP102 null mice were incubated for 24hrs with Cyclohex-
imide (CHX), or in combination with MG132 or Leupeptin (Leu) (n=2). Munc-13 is known to be 
degraded by ubiquitin-proteasome pathway and is used as a positive control. VCP is used as 
a loading control as it has a longer half-life and is not greatly affected by 24 hr drug treatment.
(C) MG132 addition but not leupeptin rescues Nbea expression levels compared to CHX only 
demonstrating that Nbea is degraded by 
ubiquitin-protasome pathway (**P<0.01), (*P<0.05).
All data are normalized to t=0 condition.

Supplemental Figure 3.3:  PSD95 interacts 
with WT Nbea and E2218R Nbea in 
heterologous cells

(A) Immunoblot of a HEK cell IP shows that PSD95
interacts with WT Nbea and E2218R Nbea in HEK cells
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Abstract

Synaptic cell adhesion molecules are trans-membrane proteins involved in target recognition, 

synapse formation, differentiation and synaptic signalling. These proteins promote stability of 

synapses by connecting pre- and postsynaptic compartments. Synaptic adhesion like molecules 

(SALMs) is a family of trans-synaptic proteins, mostly expressed in CNS, which are implicated 

in synaptic function and development. Here we investigate the role of SALM1 in synapse forma-

tion and maturation. Large-scale mass spectrometry analysis of the SALM1 interactome iden-

tified several pre- and post-synaptic proteins including Ppfia3, Lin7b, Kif5c, Cnnm1 and CASK. 

Immunoprecipitation in heterologous cells reveals a direct binary interaction between CASK and 

SALM1 via SALM1’s PDZ-binding domain. Endogenous SALM1 is expressed in dendrites and 

axons of glutamatergic neurons, partially co-localizes with excitatory synapses but is absent 

from inhibitory synapses. SALM1 depletion using viral expression of SALM1 shRNAs at 2 days 

in vitro (DIV2) results in a 63% reduction of excitatory synapses at DIV14. Infection of SALM1 

shRNAs at DIV9 does not result in synapse reduction. SALM1 depletion does not affect inhibi-

tory synapse formation. Together these results suggest that SALM1 plays a critical role in early 

stages of excitatory synapse development, possibly by interacting with synaptic proteins like 

CASK.
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4.1     Introduction: 

Synapse formation is a highly regulated process where specific synapse development 

determines appropriate connectivity for the assembly of functional neuronal circuits. Synaptic 

Cell Adhesion Molecules is a common term used for proteins that are localized to synapses 

and are involved in synaptic recognition, formation, establishment, specification and plasticity 

of synapses. The diversity of neuronal connectivity can be accredited to the large number of 

synaptic adhesion molecules that are involved in synaptogenesis (Chia et al. 2013). Neuroligins 

is one of the well-known trans-synaptic cell adhesion proteins that interact with pre-synaptic 

neurexins to induce pre- and post synapse formation (Südhof 2008). Recent in vitro studies have 

unveiled more components interacting with neurexins or neuroligins in specific synaptic differ-

entiation events. Leucine-rich repeat (LRR) domain containing trans membrane proteins have 

emerged as key organizers of synapses formation and function (de Wit et al. 2011). LRRTMs 

bind pre-synaptic neurexins, and regulate excitatory synapses formation (de Wit et al. 2009; Ko 

et al. 2009). The LRR synaptic adhesion molecule SALM1 belongs to a recently discovered class 

of SALMs (synaptic adhesion-like molecules) that includes SALM2, SALM3, SALM4 and SALM5 

(Ko et al. 2006; Wang et al. 2006). 

SALM1 is a trans-membrane protein with an extra-cellular region that consists of LRR, 

Immunoglobulin and fibronectin domains. Overexpression of SALM1 in early-stage cultured 

hippocampal neurons (DIV 4-6) increases neurite outgrowth and promotes surface expression 

and clustering of NMDA receptors on dendrites (Wang et al. 2008). The PDZ-binding domain 

(PDZ-BD) at the C-terminus of SALM1 is necessary to bind the postsynaptic proteins PSD-95, 

SAP102 and SAP97 and to cluster NMDA receptors at the postsynaptic terminal. This suggests 

that SALM1 recruits and clusters NMDA receptors via a PSD-95 dependent mechanism (Wang 

et al. 2006). The PDZ-BD may also be important to traffic SALM1 to dendrites. Overexpression 

of a delta PDZ-BD SALM1 mutant in hippocampal neurons leads to a decreased surface expres-

sion of SALM1 in dendrites and cell soma but not in axons, suggesting that the PDZ-binding 

domain may influence cellular trafficking of SALM1 to specific neuronal locations (Seabold et al. 

2012). Hence, SALM1 may function at several stages of synapse formation but detailed knowl-

edge on SALM1 subcellular localization, its interacting partners and mechanism of its role in 

synaptogenesis is unknown. 

To understand the role of SALM1 in neuronal development, we developed novel SALM1 
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antibodies to assess the endogenous distribution of SALM1. SALM1 co-localized with nearly 

40% of excitatory synapses while inhibitory synapses did not contain SALM1. Using short hairpin 

RNAs (shRNAs), we depleted SALM1 at DIV2-9 in primary neuronal cultures. SALM1 depletion 

at early stages of neuronal development (DIV2-7) resulted in a marked reduction of glutama-

tergic synapse formation. However, SALM1 knock down at later time-points (DIV9) did not affect 

the number of synapses. We conclude that SALM1 is expressed in a subset of glutamatergic 

synapses and is required for excitatory synapse development but is dispensable for synaptic 

maintenance.  

4.2     Results: 
SALM1 interacts with CASK 

To identify novel SALM1 interacting proteins in neurons, we performed large-scale proteomics 

interaction analysis in adult mice using a novel α-SALM1 antibody (Supplemental Figure 4.1). 

Table 4.1 shows the list of proteins detected by mass-spectrometry with high confidence; that 

is determined if iBAQ is ten times higher in IPs than controls. Most of the proteins identified in 

the SALM1 complex were synaptic proteins (CASK, Ppfia3, Lin7b, Kif5c and Cnnm1). To deter-

mine direct interaction between SALM1 and the proteins detected by mass-spectrometry, we 

performed co-immunoprecipation assays in heterologous cells (HEK293) expressing full-length 

SALM1 or V5-tagged cytoplasmic domain of SALM1, and Cnnm1, Munc18-1, Ppfia1, Ppfia2, 

Ppfia3, and Lin7b. Direct interaction was found between CASK and the cytoplasmic domain 

of SALM1, using the α-CASK or α-V5 antibody (Figure 4.1 A, B). Additionally, the interaction 

between CASK and SALM1 was disrupted when the PDZ-binding domain of SALM1 was deleted 

(Figure 4.1C). We did not find direct interactions between SALM1 and Munc18-1, Cnnm1, Ppfia1, 

Ppfia2, Ppfia3 (Supplemental Figure 4.2) or Lin7b (data not shown). Hence, SALM1 directly inter-

acts with CASK via its PDZ-binding domain and may interact with other proteins through CASK. 

Endogenous SALM1 co-localizes with excitatory synapses 

To investigate the subcellular distribution of endogenous SALM1 in neurons we generated a 

novel and specific antibody against SALM1 (Supplemental Figure 4.1). In cultured hippocampal 

neurons at 14 days in vitro (DIV14), SALM1 immunoreactivity localized throughout neurites 

in a punctate fashion. Co-localization with the dendritic marker MAP2 and the axonal marker 

SMI-312, a cocktail of axon-specific neurofilaments, showed that SALM1 was expressed in 

dendrites and axons (Figure 4.2A). We observed a partial overlap of SALM1 puncta with the 
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vesicular glutamate transporter (VGLUT1), the active zone protein Bassoon and the postsynaptic 

protein Homer (Figure 4.2A arrows). SALM1 did not co-localize with the vesicular GABA trans-

porter (VGAT) (Figure 4.2A arrows). We quantified this co-localization in optical zooms of neurites 

at DIV15 for each of the synaptic proteins and measured the percentage of overlap with SALM1. 

Almost 40% of VGLUT and 35% of Bassoon puncta overlapped with SALM1 while only 6% of 

VGAT co-localized with SALM1 (Figure 4.2B). SALM1 did not accumulate with Golgi (GM130) or 

Endoplasmic Reticulum (KDEL) neuronal markers in mature neurons (Supplemental Figure 4.3). 

These results suggest that SALM1 is expressed in dendrites and axons and mostly co-localizes 

with excitatory synapses. 

Figure 4.1 SALM1 interacts with CASK in HEK293 cells 
(A) HEK 293T cells co-transfected with cytoplasmic V5-tagged SALM1 (V5-Cyt SALM1) and full 
length CASK were immuno-precipitated (IP) with α-CASK antibody and immuno-blotted (IB) with 
α-CASK and α-V5 antibody. Input is HEK cell lysate before addition of antibodies.  
(B) IP from HEK 293T cells co-transfected with cytoplasmic V5-tagged SALM1 and full length 
CASK immuno-precipitated (IP) with α-V5 antibody and immuno-blotted (IB) with α-CASK and 
α-V5 antibody. In the control condition non-coated, empty beads (EB) were used for the IP. (C) 
Co-immunoprecipitation of V5-tagged SALM1∆PDZ domain with CASK shows loss of direct 
interaction compared to V5-cytoplasmic SALM1 when both the constructs are immuno-precipi-
tated (IP) with α-V5 antibody before immuno-blotting (IB) with α-CASK and α-V5 antibody.
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Figure 4.2 SALM1 co-localizes with excitatory synapses  
(A) DIV14 hippocampal neurons were fixed and stained with SALM1 antibody. SALM1 localizes 
in puncta throughout the neurons in axons (SMI) and dendrites (MAP2), partially co-localizing 
with pre- (Bassoon) and post-synaptic (Homer) markers in excitatory neurons. (Scale bar: 5 µm)
(B) Quantification of SALM1 co-localziation. 40.8 ± 2.8% of VGLUT1 puncta (glutamatergic 
synapses) co-localize with SALM1, 34.9 ± 2.8% of Bassoon puncta (active zones) overlap with 
SALM1, while only 6.5 ± 1.5% of VGAT (inhibitory) synapses co-localize with SALM1.

Two shRNA constructs reduce SALM1 expression

To investigate the consequences of SALM1 loss of function, we generated two shRNA 

constructs to eliminate SALM1 expression in hippocampal neurons. Mass neuronal cultures 

were infected with these two SALM1 shRNAs (shRNA#1 and #2), a scrambled shRNA (control), 
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Figure 4.3 
Two independent 
shRNAs reduce SALM1 
expression in cultured 
hippocampal neurons 

(A & B) Western blot of 
mass cultured neurons
 infected at DIV7 with 
shRNA#1 and shRNA#2 
and analyzed at DIV14. 
SALM1 protein levels in 
shRNA infected neurons 
show 70% and 90% 
reduction compared to 
scrambled shRNA. 
SALM1 reduction caused 
by shRNA#2 was rescued 
by shRNA#2 resistant 
SALM1 to 65% of 
endogenous levels. 
(C) Immunocytochemistry of 
single isolated neuronal 
cultures infected with 
shRNAs at DIV7 and 
analysed at DIV14 also 
show a significant reduction 
in SALM1 expression
 throughout the neurons, 
which was rescued by 
expression of shRNA 
resistant SALM1 (rescue). 
(Scale bar: 20 µm)

or shRNA#2 in combination with shRNA#2-resistant SALM1 (rescue) at DIV7. Expression levels 

of SALM1 were examined by immunoblotting, seven days after infection. SALM1 was reduced 

by 70% with shRNA#1 and 90% with shRNA#2. SALM1 levels in shRNA#2 were rescued to 

approximately 65% of endogenous levels by expression of shRNA#2 resistant SALM1 (Figure 

4.3 A, B). In addition, we infected single isolated neuronal cultures and performed immunoflu-

orescence analysis to test the effect of SALM1 reduction by shRNAs on single neuron level. 

Similar to the immunoblotting experiments, we observed a significant reduction of SALM1 in 

neurites by shRNA#1 and shRNA#2 compared to control. This reduction was rescued after intro-

duction of shRNA#2 resistant SALM1 (rescue) to neurons infected with shRNA#2 (Figure 4.3 C). 

Hence, we successfully generated two independent shRNAs targeting different parts of SALM1 
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that can be utilized to study the effect of SALM1 depletion in cultured neurons. 

Figure 4.4: SALM1 knock down in single isolated hippocampal neurons at DIV2 
results in a reduction of excitatory synapse number. 
(A) Representative images of cultured neurons show reduced VGLUT1-staining upon SALM1 
depletion by two independent short hairpins (Scale bar: 5 µm) (B) Dendritic length of neurons 
infected with SALM1 shRNAs (shRNA#1 and #2) is unchanged compared to Scrambled shRNA 
control (Scramb). Numbers in bars represent the number of neurons and independent observa-
tions. (C) Sholl analysis shows that dendritic branching is similar in all conditions. (D) Quantifi-
cation of VGLUT1 positive synapses in single isolated neurons shows a significant decrease in 
neurons infected with shRNA#1 and shRNA#2 compared to Scramb shRNA (Scramb shRNA: 
320.7 ± 32.93, n=55; shRNA#1 119.9 ± 18.25, n=55; shRNA#2 111.3 ± 14.65, n=55, N=3). (E) 
Fluorescent intensity of VGLUT1 is significantly lower in neurons infected with SALM1 shRNAs 
compared to Scramb shRNA (Scramb shRNA: 1.38 ± 0.10 a.u., n=55; shRNA#1 0.35 ± 0.05 
a.u., n=55; shRNA#2 0.45 ± 0.06, n=55). (F) VGLUT1 puncta show altered distribution in SALM1 
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depleted neurons compared to control. (G) Quantification of Bassoon number shows signif-
icant reduction in SALM1 depleted neurons (Scramb shRNA: 179.3 ± 26.2, n=25; shRNA#1: 
106.2 ± 24.48, n=16; shRNA#2: 68.37 ± 13.42, n=19). (H) Intensity of remaining Bassoon in 
SALM1 depleted neurons is significantly reduced compared to control (Scramb shRNA: 1.27 ± 
0.06 a.u., n=25; shRNA#1 0.93 ± 0.09 a.u., n=16; shRNA#2 0.99 ± 0.08, n=19). (I) Number of 
PSD95 puncta is significantly reduced in SALM1 depleted neurons (Scramb shRNA: 198.7 ± 
39.7, n=19; shRNA#1: 79.47 ± 17.93, n=19; shRNA#2: 47.1 ± 13.8, n=19). (J) Fluorescent inten-
sity of remaining PSD95 puncta in neurons infected with SALM1 shRNAs is significantly reduced 
compared to scrambled shRNA (Scramb shRNA: 1.32 ± 0.17 a.u., n=19; shRNA#1: 0.39 ± 0.12 
a.u., n=19, shRNA#2: 0.20 ± 0.04 a.u., n=19) *P<0.05, **P<0.01, ***P<0.001. All data are mean 
± S.E.M

SALM1 knock down results in reduction of excitatory synapses  

To investigate the effect of SALM1 loss on neuronal morphology, we depleted SALM1 from single 

isolated neurons during different stages of neuronal development at DIV2, DIV7 and DIV9 and 

fixed 7 days later. 

When SALM1 shRNAs were infected at DIV2 and analysed at DIV9, dendritic length and branching 

of SALM1 knock down neurons remained unchanged compared to control (scrambled shRNA 

infected neurons; Figure 4.4 B-C), while the number and intensity of VGLUT1 puncta was dras-

tically decreased (Figure 4.4 D-F). The active zone marker, Bassoon and postsynaptic density 

marker, PSD95 showed a similar phenotype as VGLUT1: an almost 40% decrease in Bassoon 

number and intensity and a 60% decrease in PSD95 number and intensity (Figure 4.4 G-J). 

When SALM1 was depleted at DIV7, dendritic branching was unchanged at DIV14 (Figure 4.5 

B-C). The number and intensity of VGLUT1 puncta was 50% reduced (Figure 4.5 D, E). This 

reduction in number, intensity and alteration in distribution of VGLUT1 could be rescued by 

expression of shRNA#2 resistant SALM1 at the time of shRNA infection at DIV7 (Figure 4.5 D-F). 

In addition to the effect of VGLUT1, number, intensity and distribution of Bassoon puncta were 

significantly altered upon shRNA#2 infection (Figure 4.5 G-I). However, depletion of SALM1 at 

DIV7 from inhibitory neurons did not alter VGAT number, intensity or distribution (Supplemental 

Figure 4.4 A-D). 

Finally, neurons infected at DIV9 and analysed at DIV16, dendritic length of SALM1 knock 

down neurons was significantly increased (Figure 4.6 B-C). However, number and distribution 

of VGLUT1 and PSD95 puncta was unchanged (Figure 4.6 D, F, G, I). There was a significant 

decrease in intensity of VGLUT1 and PSD95 puncta at this time point (Figure 4.6 E, H). Hence, 

synapse number is reduced upon SALM1 shRNA infection at DIV2 and DIV7 but not at DIV9. 

Because synapse formation continues to take place between DIV9 and DIV14 (Supplemental 
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Figure 4.5 A), SALM1 appears dispensable during these later stages of neuronal development. 

Our results show that SALM1 is required for formation of excitatory, but not inhibitory, 

synapses in early neuronal developmental phases. At later time points, beyond DIV9 in our 

culture system, synapse formation is less affected by SALM1 depletion: synaptic proteins are 

reduced but not the number of synapses. 

Figure 4.5: SALM1 knock down in single isolated hippocampal neurons at DIV7 
results in a reduction of excitatory synapse number.
(A) Representative images of VGLUT1-staining upon SALM1 knock down by two independent 
short hairpins and rescue with shRNA resistant SALM1. (Scale bar: 5 µm). (B) Dendritic length of 
neurons infected with shRNAs is not significantly different from Scramb shRNA. (C) Sholl analysis 
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show that dendritic branching is similar in all conditions. (D) VGLUT1 synapse numbers in single 
isolated neurons are drastically decreased upon depletion of SALM1 at DIV7 using shRNAs. This 
is rescued by co-expression of shRNA-resisitant SALM1 (Scramb shRNA: 444 ± 27.83, n=64; 
shRNA#1: 20.53 ± 5.88, n=19; shRNA#2: 172.3 ± 29.16, n=52; shRNA#2 + rescue: 455 ± 31.34 
,n=47). (E) SALM1 depletion result sin decreased fluorescent intensity of VGLUT1, which can be 
rescued by co-expression of shRNA resistant SALM1 (Scramb shRNA: 1.69 ± 0.11 a.u., n=64; 
shRNA#1: 0.41 ± 0.06 a.u. ,n=19; shRNA#2: 1.03 ± 0.1 a.u., n=52, shRNA#2 + rescue: 2.02 ± 
0.08 a.u., n=47). (F) Remaining VGLUT puncta show altered distribution in SALM1 depleted 
neurons. (G) The number of Bassoon puncta is significantly reduced in neurons infected with 
SALM1 shRNAs (Scramb shRNA: 528.5 ± 51.9, n=48; shRNA#1: 149.5 ± 21.82, n=50; shRNA#2: 
296.4 ± 27.04, n=51). (H) Intensity of remaining Bassoon puncta is significantly lower (Scramb 
shRNA: 1.99 ± 0.07, n=48; shRNA#1 1.39 ± 0.08, n=50; shRNA#2 1.55 ± 0.06, n=51). (I) Bassoon 
puncta show altered distribution in SALM1 depleted neurons. Numbers in bars represent the 
number of neurons and independent observations. *P<0.05, **P<0.01, ***P<0.001. All data are 
mean ± S.E.M  4A
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Figure 4.6 (Previous Page): SALM1 depletion at DIV9 does not result in reduction 
of excitatory synapes.
(A) Representative images of VGLUT1-staining in neurons infected with SALM1 shRNAs (shRNA 
#1 and #2) or scrambled shRNA (Scramb) at DIV9. (Scale bar: 5 µm). (B) Dendritic length of 
neurons infected with shRNAs at DIV9 is significantly increased compared with Scramb shRNA 
(Scramb shRNA: 2693 ± 221.5 µm, n=28; shRNA#1: 5142 ± 474.1 n=20; shRNA#2: 4115 ± 554.7 
n=24). Numbers in bars represent the number of neurons and independent observations. (C) 
Sholl analysis shows increased dendritic branching in SALM1 knockdown neurons compared to 
scrambled shRNA. (D) VGLUT1 number in SALM1 shRNAs infected isolated neurons is similar 
as in neurons infected with Scramb shRNA (E) VGLUT1 intensity in SALM1 knock down neurons 
is significantly lower compared to scrambled shRNA (Scramb shRNA: 1.71 ± 0.01 a.u. n=28; 
shRNA#1: 1.25 ± 0.13 n=20; shRNA#2: 1.09 ± 0.12 n=24). (F) Distribution of synapses in all the 
three conditions is unaltered when neurons are infected at DIV9. (G) PSD95 number in SALM1 
shRNAs infected isolated neurons is similar as in neurons infected with Scramb shRNA. (H) 
Intensity of PSD95 puncta in SALM1 knock down neurons is significantly lower compared to 
scrambled shRNA (Scramb shRNA: 2.32 ± 0.13 n=12; shRNA#1: 1.51 ± 0.19 n=12; shRNA#2: 
1.47 ± 0.2 n=12). (I) Distributions of PSD95 in neurons infected with Scramb shRNA and SALM1 
shRNAs is unchanged. *P<0.05, **P<0.01, ***P<0.001. All data are mean ± S.E.M

4.3     Discussion:
Trans-synaptic leucine rich repeat proteins are known to regulate synapse development 

from initial contact to the formation of fully functional synapses. Here we identify SALM1 as an 

important regulator of excitatory synapse formation. We show that endogenous SALM1 co-lo-

calizes with glutamatergic, but not GABAergic synapses (Figure 4.2). Large-scale proteomics 

analysis of SALM1 revealed several synaptic proteins, including CASK, Liprin-α3 and Lin7b as 

potential binding partners. We identified direct interaction of SALM1 with CASK via its PDZ-BD 

(Figure 4.1). Depletion of SALM1 in neurons at early stages of development did not affect neurite 

length but reduced excitatory synapse numbers and synaptic protein intensities by more than 

50% in semi-quantitative immuno-fluorescence analyses (Figure 4.4, 4.5). However, a reduction 

in synapse number was not observed when SALM1 shRNAs were infected at later stages of 

neuronal development (Figure 4.6), even though synaptic protein levels were reduced, similar to 

earlier stages. 

The punctate distribution of SALM1, in axons and dendrites, suggests that SALM1 clus-

ters at neuronal membranes throughout the neuron, possibly in transport vesicles, and at the 

synapse. Our data show that SALM1 co-localizes with approximately 40% of VGLUT1 and 

Bassoon positive synapses (Figure 4.2). Previously known interactors of SALM1, PSD95 is 
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highly concentrated at post-synaptic densities and SAP102 is both at postsynaptic density and 

the spine cytoplasm (Zheng et al. 2011). While, CASK is more widely distributed in different 

subcellular regions of neurons, including nuclei, presynaptic and postsynaptic sites (Hsueh et 

al. 1998; Hsueh & Sheng 1999). It is therefore conceivable that SALM1 interacts with its binding 

partners at multiple subcellular locations during synaptogenesis. The co-localization with both 

pre- and postsynaptic proteins (Wang et al. 2006) suggests that SALM1 is present at both sides 

of synaptic terminals. 

Some of the synaptic proteins identified, Liprin-α3, CASK, Kif5c, Mint1, Lin7b, in the 

SALM1 interactome are proteins known to function during synapse maturation and specification 

stages. CASK, Mint1 and Lin7 (or Velis) form a tripartite complex that has been proposed to be 

a nucleation site for assembly of proteins involved in synaptic junctions and signal transduction 

(Butz et al. 1998). It has been shown that liprin-α3 (Ppfia3) binds CASK, which may mediate 

assembly of target proteins into large protein complexes (Wei et al. 2011). However, we did not 

find evidence for a SALM1-CASK-Liprin complex upon co-transfection of SALM1 and Ppfia1-3 

in HEK cells, where CASK is endogenously expressed (Supplemental Figure 4.2C). Similarly, we 

did not find SALM1-CASK-Lin7b complexes in heterologous cells. These interactions may be 

transient, and difficult to detect in HEK cells, or additional proteins present in the brain and absent 

in HEK293 cells may be required to stabilize these complexes. CASK has multiple presynaptic 

and postsynaptic roles including involvement in spinogenesis, which is mediated by protein–

protein interaction through its PDZ domain (Chao et al. 2008). SALM1 interacts with CASK via 

its PDZ-binding domain (Figure 4.1). Surface expression of SALM1 is blocked in heterologous 

cells and decreased in dendrites when its PDZ-binding domain is deleted (Seabold et al. 2012). 

In combination with previously known roles of CASK as a central protein in forming tripartite 

complexes as a nucleation site for assembly of proteins and transport of glutamate receptors 

and potassium channels at the post synapse (Lee et al. 2002; Wu et al. 2002; Leonoudakis et 

al. 2004), we hypothesize that CASK-SALM1 interactions are essential for stable clustering of 

SALM1 at the synaptic membrane and that defects in this interaction impair synapse formation. 

Rescue experiments of SALM1 depleted neurons with SALM1ΔPDZ-BD could be used to test 

this hypothesis. 

The intensity of all the synaptic markers PSD-95 and Bassoon was significantly decreased 

when SALM1 protein expression was inhibited at DIV2, DIV7 and DIV9 (Figure 4.4 E-H-J, 4.5 

E-H, 4.6 E-H). Combined with the previous knowledge that SALM1 is involved in clustering 

NMDA receptors via PSD-95 (Wang et al. 2006), suggests SALM1 clusters pre- and postsyn-

aptic proteins to the synapse. VGLUT1 intensity was also reduced upon SALM1 depletion. This 
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suggests that in addition to synaptic proteins, SALM1 is also involved in clustering synaptic 

vesicles at the presynaptic terminal. We hypothesize that SALM1 promotes synapse formation 

by recruitment and clustering of NMDA receptors and synaptic scaffolding proteins like Bassoon 

and PSD-95 in earlier stages of neuronal development. SALM1 depletion at later stages (DIV9) 

did not alter synapse numbers but still reduced VGLUT1 intensity at synapses suggesting that 

SALM1 continues to be important for synaptic vesicle clustering during later stages of neuronal 

development. 

SALM1 specifically functions in glutamatergic synapse formation as endogenous SALM1 

did not co-localize with VGAT in mature neurons (Figure 4.2) and knock down of SALM1 at DIV7 

did not reduce the number of inhibitory synapses (Supplemental Figure 4.4). Similar results were 

obtained upon knock down of SALM2 (Ko et al. 2006), while SALM5 knock down causes reduc-

tion in both excitatory and inhibitory neurons (Mah et al. 2010). Whether one of the other SALM 

family members is specific for GABAergic synapse formation is unknown. Examples from other 

LRR families suggest that different members within LRR families are involved at either excitatory 

or inhibitory synapse formation with roles at different stages of synaptogenesis. 

40% of VGLUT1 puncta co-localize with SALM1, while SALM1 knock down in early 

stages of neuronal development results in >60% reduction of excitatory synapses (Figure 4.4D, 

4.5D). This may suggest that in some synapses SALM1 was present in protein complexes that 

prevented direct detection with α-SALM1 antibodies or that SALM1 also functions upstream of 

the synapse. Immuno-precipitation experiments have shown that SALM1 interacts with NR1-1, 

a splice variant of the NR1 subunit of the NMDA receptor that is retained in the ER (Wang et al., 

2006). SALM1’s presence at the ER is in line with an upstream role in the biosynthetic pathway, 

possibly by controlling organelle or protein trafficking in addition to a direct role in clustering 

of proteins and vesicles at synaptic sites. The presence of the kinesin motor protein KIF5c in 

SALM1 IPs suggests that SALM1 may be involved in neuronal trafficking.

Depletion of SALM1 during early developmental stages (DIV2 and DIV7) resulted in a 63% 

and 60% decrease in excitatory synapses, respectively (Figure 4.4D, G, I & 4.5D, G). Netrin-G 

ligand2 (NGL2), Fibronectin leucine-rich repeat transmembrane proteins (FLRTs), LRRTM2, and 

LRRTM4 are cell adhesion molecules that also regulate excitatory but not inhibitory synapse 

formation (Kim et al. 2006; de Wit et al. 2009; DeWit et al. 2013). Depletion of these proteins 

generally results in milder phenotypes: LRRTM4 and LRRTM2 knock down at DIV6/7 results in a 

40% reduction in excitatory synapse density in hippocampal cultured neurons at DIV 12 (de Wit 

et al. 2009; DeWit et al. 2013). Depletion of the leucine-rich repeat proteins FLRTs at DIV7 results 
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in a 35% decrease in excitatory synapse at DIV14 (O’Sullivan et al. 2012). Loss of NGL-2 results 

in 40% decrease in excitatory synapses (Kim et al. 2006) while triple knock down of LRRTM1, 

LRRTM2 and Neuroligin 3 (NL3) only causes a decrease in excitatory synapses when expressed 

on a NL1 null mutant background. Triple knock down in NL1 KO mice resulted in around 40% 

reduction of excitatory synapses compared to wild type mice (Ko et al. 2011). Hence, SALM1 is 

the first LRR protein whose removal causes such a drastic reduction of excitatory synapses in 

early stages of neuronal development. This suggests that SALM1 operates as a key regulator 

of synapse development. The severity of SALM1 knock down may be the result of our unique 

culture system (isolated single neurons) in which SALM1 is depleted from both sides of the 

synapse. In chapter 5 we test the effect of unilateral removal of SALM1. 

SALM1 knock down at later stages of neuronal development did not result in significant 

differences compared to scrambled shRNA infected neurons (Figure 4.6 D, G). Hence, in early 

stages of neuronal development, SALM1 is required for synapse formation, however from DIV9 

onwards, SALM1 is dispensable. SALM2 promotes maturation of excitatory synapses during 

later stage of neuronal development (DIV16/17-DIV21) through mechanisms including synaptic 

enrichment of AMPA receptors (Ko at al., 2006). siRNA mediated knock down of SALM2 reduces 

excitatory synapses by 35% in late stage neurons (DIV16/17-DIV21) and not in young neurons 

(Ko et al. 2006). Thus SALM1 and SALM2 are involved at different stages of excitatory synapse 

formation during neuronal development.  

Endogenous SALM1 does not co-localize with VGAT in mature neurons (Figure 4.2) and 

knock down of SALM1 at DIV7 did not reduce the number of inhibitory synapses (Supplemental 

Figure 4.4). Knock down of SALM1 (Figure 4.4, 4.5) and SALM2 (Ko et al. 2006) reduces excita-

tory synapses only while SALM5 knock down causes reduction in both excitatory and inhibitory 

neurons (Mah et al. 2010). Different members within LRR families are involved at either excita-

tory or inhibitory synapse formation with roles at different stages of synaptogenesis. Similar to 

SALMs, Slit- and Trk- like proteins (Slitrks) 1, -2, -4, -5 are LRR proteins that increase the density 

of excitatory, but not inhibitory synapses in hippocampal neurons (Yim et al. 2013). Slitrk3 is 

the only protein in the family that works exclusively at inhibitory synapses when knockdown 

decreases inhibitory but not excitatory synaptic density (Yim et al. 2013; Takahashi et al. 2012). 

By performing time-specific SALM1 knockdowns on neurons, we provide evidence of these Cell 

Adhesion LRR proteins might only work at specific phases of neuronal development. 
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4.4     Experimental Procedures: 

Animals
Wild type E18 embryos were obtained by caesarean section of pregnant female. Newborn P0-P1 
pups from pregnant female Wistar rats were used for glia preparations. 

SALM1 antibody production
The rabbit polyclonal SALM1 antibody used for immune-precipitation from brain lysate of adult 
mice was raised against a peptide fragment (SRTPAGRGAGTSSRG) on the cytoplasmic domain 
of mouse SALM1 (Synaptic Systems SySy, Gottingen, Germany). The rabbit polyclonal SALM1 
antibody used for immunocytochemistry and western blots was developed by Synaptic Systems 
(SySy) and targeted against the 638-788 amino acid fragment of mouse SALM1. 

Immunoprecipitation
The fetal brain or P2+microsome fractions from adult mice were solubilized with 1% detergent 
extraction buffer (1% detergent, 150mM NaCl, 25mM HEPES, pH 7.4 and protease inhibitor 
(Roche)). The IPs was performed in mice aged 8-12 weeks using a strong detergent, the n-Do-
decyl β-D-maltoside (DDM) as proteins located in the synapse are tightly packed and may be 
difficult to extract in Triton X-100. The extracts were incubated with either 10 µg of the α-SALM1 
antibody at 4°C overnight on a mechanical rotator. 50 µl slurry of protein A/G PLUS-Agarose 
beads (Santa Cruz) was washed four times with washing buffer (0.1% detergent, 150mM NaCl, 
25mM HEPES, pH 7.4) before it was added to the samples for 1 h at 4°C. Afterwards, the 
beads were washed four times with washing buffer to washout unbound proteins. The buffer 
was completely removed using an insulin syringe before storing the samples at −20°C until 
further use.

Identification of Proteins from IP Samples and validation of interac-
tors in HEK293 cells
The ID PAGE LC-MS/MS approach was used for protein identification as described previously 
(Ning et al. 2011). In short, after separation on the SDS PAGE gel proteins were trypsin digested. 
The resulting peptides were separated on a capillary C18 column using a nano LC-ultra 1D 
plus HPLC system (Eksigent), and analyzed on-line with an electrospray LTQ-Orbitrap Discovery 
mass spectrometer (Thermo Fisher Scientific). MS-MS spectra were searched against the 
Uniprot proteomics database (version 2013-01-06) with MaxQuant software (version 1.3.0.5). 
Methionine oxidation and protein N-terminal acetylation were set as variable modifications, and 
cysteine alkylation with acrylamide was set as fixed modification. The maximum mass deviations 
of parent and fragment ions were set to 6 ppm and 0.5 Da respectively. Trypsin was chosen 
as the digestion enzyme and the maximum missed cleavage was set at 2. Each valid protein 
hit should contain at least one unique peptide. The false discovery rates of both peptides and 
proteins were set within a threshold value of 0.01. For intensity-based absolute quantification 
(iBAQ), summed intensity of all assigned peptides for the number of theoretically observable 
peptides divided each protein. The protein iBAQ intensities are indicative of absolute protein 
abundances. 
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Validation of binary interaction was performed by cloning of full-length SALM1 or cytoplasmic 
SALM1 in expression plasmids and co-expression in HEK293 cells along with CASK (Calcium/
calmodulin-dependent serine protein kinase), Munc-18, Cnnm1, Lin 7 homologue b and Liprin 
Alpha 1/2/3. Transfection and co-immunoprecipitation methods are explained in chapter 2. α-V5 
(Thermo Scientific), α-HA (Roche), α-CASK (Neuromab), α-munc-18 (Transduction labs) and 
α-CNMM1 (Gen Script) antibodies were used to test interactions in heterologous HEK293 cells. 

Glia preparation and Dissociated Hippocampal Cultures
Isolated single neurons were grown on glia micro-islands such that the axon of the neuron makes 
synapses with dendrites of the same neuron (Wierda et al. 2007). Micro-island plates were 
pre-treated with agarose and stamped with Poly-D-Lysine-collagen-acetic acid-mix (0.5mg/ml 
PDL (Sigma), 3.66 mg/ml collagen (BD biosciences), 17mM acetic acid) to create small circular 
areas promoting cell adhesion. To generate these micro-islands, glass coverslips (Menzel) were 
etched in 1M HCl for at least two hours and neutralized with 1M NaOH for maximum one hour, 
washed thoroughly with MilliQ water and washed once with 70% ethanol. Coverslips were stored 
in 96% ethanol and coated with agarose type II-A (0.0015% in H20, Sigma) prior to microdot 
application. Agarose is a purified linear galactan hydrocolloid isolated from agar or agar-bearing 
marine algae used to make cell-repulsive overlays for cells in culture. Coating was done by 
spreading a thin layer of agarose solution (heated in microwave and kept at 550C during use) with 
a cotton swab over the entire coverslip. Microdots were created using a custom made rubber 
stamp (dot diameter 250 µm) to apply solution consisting of 0.1mg/ml poly-D-lysine (Sigma), 
0.7mg/ml rat-tail collagen (BD Biosciences) and 10 mM acetic acid (Sigma) by stamping from 
a wet filter paper (3 mm cellulose chromatography paper (Whatman)). Coverslips were UV-ster-
ilized for 20 minutes before further use. Astrocytes were plated at 6-8 K/well in pre-warmed 
DMEM medium supplemented with 10% FCS, 1% nonessential amino acids and 1% penicillin/
streptomycin (all Gibco). After 4-5 days, DMEM medium was replaced by Neurobasal. Culturing 
of hippocampal neurons is explained in the second chapter of this thesis. Neurons were plated 
with density of 2000 neurons per coverslip such that there was only one neuron per island of glia 
for morphological study of SALM1 knock down. DIV2 (Days in Vitro 2) is the second day after the 
neurons were plated on the coverslip and we used neurons till DIV 16, when they are often fully 
developed in cultures. 

Immunofluorescence Staining and SALM1 shRNAs
Immunofluorescence staining was performed with custom developed SALM1 antibody (SYSY), 
VGLUT1 (Millipore), Bassoon (Enzo Life Sciences), PSD95 (SYSY), SMI (Covance), Vgat(SYSY) 
and Homer(SYSY).  Short hairpins used to knock down SALM1 from neurons were acquired by 
Sigma Aldrich. 

shRNA #1 (shRNA 173892, Sigma Aldrich): CCGGGATTCTGGTCATCGGAGGTATCTCGAGAT-
ACCTCCGATGACCAGAATCTTTTTTG 

shRNA #2 (shRNA 174511, Sigma Aldrich): CCGGCAAAGGAAAGAAGAACTTCTACTCGAG-
TAGAAGTTCTTCTTTCCTTTGTTTTTTG. 

shRNA-resistant SALM1 was developed against shRNA #2 (rescue SALM1). Three silent muta-
tions were made in the SALM1 cDNA to allow translation in the presence of shRNA #2: CAgAG-
GAAAGAgGAACTTCTg
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In the sequence three small “g” represent the silent mutations. For knock down studies followed 
by rescue, lenti-particles were titrated such that all the neurons on the cover slip were infected. To 
quantify the decrease in SALM1 upon shRNA knock down, mass culture neurons were infected 
at DIV 7 and dissolved in 2 X SDS-sample buffers at DIV 14. Equal amounts of lysate was loaded 
on SDS page and quantified for decrease in SALM1. Cell cultures were infected with lentiviral 
particles at DIV 2 (Days in Vitro 2), DIV 7 or DIV9 and fixed for immunocytochemistry one week 
later. 

Image analysis and Quantification:
The GelAnalyzer tool in ImageJ was used to quantify SALM1 protein levels in knock down cultures. 
Levels were normalized to actin. To quantify localization of SALM1 with VGLUT1, Bassoon and 
Vgat, 5x zooms were taken from 15 neurons using 63x oil objective and VGLUT1, Bassoon or 
Vgat puncta were counted that partially or fully overlapped with SALM1.  Images of neuronal 
cultures were captured on a Zeiss LSM 510 confocal microscope using a 40x oil objective (N.A. 
1.3) and 0.7x mechanical zoom and appropriate filter settings. Acquired images were analyzed 
in a semi-automated fashion using Matlab based software, SynD (Schmitz et al., 2011). shRNA 
infected neurons were recognized based on the expression of EGFP from the plasmid backbone. 

Statistical tests:
Statistical analysis was performed using SPSS (IBM SPSS Statistics 21). A one-way ANOVA test 
was performed taking into account Levene’s test for equality of variances. Kolmogorov-Smirnov 
and Shapiro-Wilk tests were used to test for normality of data distribution. A Kruskall Wallis test 
was applied when groups were not normally distributed. Data is represented as mean ± SEM. 
Each condition of each data set has the number of neurons measured over the number of inde-
pendent experiments/cultures through which the measurements were taken. 

Supplmentary Figures:

Table 4.1. List of proteins identified from IPs on P2+ microsome fraction from 
P56-P84 mice
Intensity-based absolute quantification (iBAQ) value estimate of absolute amount of each protein, 
incorporating individual peptide signals in MS and normalization by the number of observable 
peptides of the protein
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Table 1. List of proteins identified from IPs on P2+ microsomes fraction from P56 - P84 mice

Protein Name Gene Name Exp 1 Exp 2

Peripheral Plasma membrane Protein CASK

Liprin-Alpha-3

Protein Lin-7 homolog B

Kinesin heavy chain isoform 5C

Metal transporter CNNM1

Synaptic Adhesion Like Molecule 1

Cask

Ppfia3

Lin7b

Kif5c

Cnnm1

SALM1

16209 38270

8615.6 9915.8

2785 9649.7

113870 13486

16763 19162

38598 48430
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Supplemental Figure 4.1: SALM1 antibody is specific 
to SALM1 and does not cross-react with other SALMs 

HEK cells were transfected with Cherry-tagged SALM1 
or flag-tagged SALM2-5. After 48-hour expression, HEK 
cells were lysed and stained with SALM1 antibody to check
the specificity of the antibody. Lysates were further stained 
with Flag and Cherry antibodies to demonstrate expression 
of constructs. 
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Supplemental Figure 4.2 (Previous page): SALM1 does not interact with CNNM1, 
Munc18-1 or Liprins in HEK293 cells 
(A) Immunoprecipitation (IP) using α-CNNM1 antibody from HEK 293T cells co-transfected with 
V5- tagged Cytoplasmic SALM1 and full length CNNM1. Immuno-blotting (IB) with α-CNNM1 
and α-V5 antibody. (B) HEK 293T cells were co-transfected with V5-tagged cytoplasmic SALM1 
and full length munc18-1, were immuno-precipitated (IP) with α-munc18 antibody before immu-
no-blotting (IB) with α-munc18 and α-V5 antibody. (C) HEK 293T cells co-transfected with full-
length SALM1 and HA-tagged Liprin α1, Liprinα2 or Liprin α3 were immunoprecipitated with HA 
tag antibody before immuno-blotting (IB) with α-SALM1 and α-HA antibody. (D) HEK 293T cells 
co-transfected with full-length SALM1 and HA-tagged Liprin α1, Liprinα2 and Liprin α3 were IP 
with SALM1 antibody before immuno-blotting (IB) with α-SALM1 and α-HA antibody.

Supplemental Figure 4.3: SALM1 is present in glia and in neurons and does not 
co-localize with Golgi or ER markers. (Scale bar: 5 µm)
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Supplemental Figure 4.4: 
Inhibitory synapses are 
not reduced with SALM1 
depletion at DIV7 
(A) Representative images 
of VGAT staining of 
hippocampal neurons 
infected at DIV7 with 
SALM1 shRNAs (#1 and #2) 
or scrambled shRNA 
control. 
(B) VGAT number in isolated 
neurons is unchanged upon 
SALM1 depletion at DIV7. 
(C & D) Fluorescent intensity
of VGAT (C) and Sholl 
analysis of VGAT (D) puncta 
is similar between the 
different conditions.

Supplemental Figure 4.5: Mean VGLUT1 number in Scramb shRNA and shRNA#2 
infected single isolated neurons at different time points in vitro
(A) VGLUT1 number in single isolated wildtype neurons at DIV 14 and DIV 16 is significantly higher 
than DIV 9 (DIV 9: 320.7 ± 32.93 n=55, DIV 14: 444 ± 27.83 n=64, DIV 16: 464.5 ± 39.16 n=28). 
Numbers in bars represent the number of neurons and independent observations. (B) VGLUT1 
number upon SALM1 knock down with shRNA#2 (DIV9:  infected at DIV2, 111.3 ± 14.65  n=55, 
DIV14: infected at DIV7, 172.3  ± 29.16  n=52, DIV 16: infected at DIV9, 407.6  ± 53.94  n=24).
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Abstract

Synaptic Adhesion Like Molecule 1 (SALM1) is a leucine rich repeat protein present in excitatory 

synapses. The number of excitatory synapses is reduced by more than 60% when SALM1 is 

depleted from pre- and post-synaptic terminals after SALM1 shRNA infection at 7 days in vitro 

(DIV7, Chapter 4). This effect on synaptogenesis is predicted to affect synaptic transmission. To 

test this, we performed patch clamp analysis on single isolated neurons infected with SALM1 

shRNAs at DIV7 and at DIV9. Spontaneous and evoked synaptic transmission measured at 

DIV14 was significantly decreased in neurons infected at DIV7 with SALM1 shRNAs whereas 

amplitude of single spontaneous events, paired pulse ratios and synaptic transmission during 

sustained stimulation were unaffected. Neurons infected with SALM1 shRNAs at DIV9, which 

does not reduce synapse number (Chapter 4), did not reveal changes in any of the electrophys-

iological parameters at DIV16. Selective SALM1 depletion from pre-synaptic terminals at DIV7 

did not affect synaptic vesicle endo- and exocytosis measured with the fluorescent reporter 

synaptophysin-pHluorin and post-synaptic knockdown did not decrease surface expression of 

neurotransmitter receptors. In both conditions, the total number of synapses was unhanged 

compared to wild type. We conclude that shRNA-mediated knockdown of SALM1 at DIV7 results 

in reduced synaptic transmission due to synapse loss and that the remaining synapses upon 

depletion at DIV7 and all synapses after depletion at DIV9 are physiologically similar to wild type 

synapses. Unilateral removal of SALM1 at either pre- or post-synapses does not affect synapse 

formation or function. Hence, SALM1 expression at one side of the synapse is sufficient for 

synapse development.
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5.1     Introduction: 

Trans membrane leucine-rich repeats (LRR) proteins are involved in axon guidance, initial 

synaptic contact followed by formation and function of synaptic connections (Frei & Stoeckli 

2014; Wit & Ghosh 2014; Ko & Kim 2007). To perform these functions, LRR proteins interact 

with multiple synaptic proteins, as well as ligands across the synapse to form trans synaptic 

homo- and hetero-dimers with family isoforms or other synaptic adhesion molecules (Missler 

et al. 2012; de Wit et al. 2011). Recently, novel LRR proteins like Slitrks, LRRTMs (LRR trans-

membrane neuronal proteins), NGLs (Netrin-G ligands) and Elfn1 (extracellular Leucine-rich 

repeat fibronectin containing 1) have been identified that function beyond synapse formation, 

and have been implicated in regulating functional properties and activity-dependent plasticity 

of synapses (Wit & Ghosh 2014). Besides regulating synapse formation, their functions include 

regulating long-term potentiation (LTP) at Schaffer collateral synapses by LRRTMs (Soler-llavina 

et al. 2013), or regulating presynaptic release probability by postsynaptic expression of Elfn1 in 

O-LM interneurons (Sylwestrak & Ghosh 2012).  

SALMs are recently discovered leucine rich repeat proteins involved in synapse formation 

and neurite outgrowth (Nam et al. 2011, chapter 4). The family consists of five homologous 

molecules, expressed mostly in the central nervous system and bind to multiple interacting 

partners like PSD-95, Flotillin-1, and Reticulon 3. In transfected heterologous cells all SALMs 

form heteromeric and homomeric complexes. In brain SALM 4-5 form homodimers and SALMs 

1-3, which contain PDZ-binding domains, co-immunoprecipitate with each other (Seabold et al. 

2008). Knockdown of SALM2 by RNA interference reduces the number of excitatory synapses 

and the frequency, but not the amplitude of miniature excitatory postsynaptic currents (Ko et al. 

2006). Besides SALM2, neither of the other SALMs has been implicated in synaptic transmission. 

Reduction of SALM1-expression in single isolated neurons results in 60% reduction of 

excitatory synapses (Chapter 4). To understand the role of SALM1 in synapse function, we 

performed patch clamp analysis on DIV14 neurons infected with SALM1 shRNAs at DIV7 and 

DIV9. Spontaneous and evoked synaptic transmission was significantly reduced upon infec-

tion at DIV7 while synaptic transmission was unchanged in neurons infected at DIV9. Unilateral 

removal of SALM1 from either the pre- or post synapse did not alter synaptic vesicle release 

kinetics or postsynaptic receptor signalling. In both experiments, the total number of synapses 

was unhanged compared to wild type. These observations indicate that SALM 2-5 or other yet 
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undiscovered adhesion-binding partners of SALM1 are able to partly compensate for the lack of 

SALM1 upon its unilateral depletion from the pre- or postsynaptic terminals.

5.2     Results: 
Evoked and spontaneous synaptic transmission at DIV14 is reduced 
upon shRNA-mediated SALM1 knock down at DIV7

To investigate the functional consequences of shRNA-mediated SALM1 knock down, synaptic 

transmission was measured in DIV14 single isolated hippocampal neurons. Whole-cell patch 

clamp recording of neurons infected with SALM1 shRNA at DIV7 showed a 50% decrease in 

evoked post-synaptic current (EPSC) amplitude compared to neurons infected with scrambled 

shRNAs (Figure 5.1 A-B). The decrease in evoked amplitude was rescued by co-infection of 

shRNA-resistant SALM1 (Figure 5.1 A-B). Spontaneous release quantal size (mEPSC amplitude) 

was unaltered between conditions while the mEPSC frequency was significantly reduced for 

shRNA#2 compared to Scramb shRNA (Figure 5.1 C-D). These findings are consistent with the 

decreased synapse number previously observed for SALM1 knock down at DIV7 (Chapter 4). 

Residual synapses in SALM1 depleted neurons are functionally similar 
to wild type 

To analyse the release probability (Pr) of the remaining synapses of SALM1 depleted neurons, 

we applied paired pulses with different time intervals. No significant difference was observed in 

paired pulse ratios (PPR) at any of the intervals tested (Figure 5.1 E). To test evoked synaptic 

transmission during sustained activity, neurons were exposed to stimulation trains of 60 pulses 

at 5, 10 or 40 Hz. Normalized evoked responses revealed no difference in release rundown 

kinetics between SALM1 depleted neurons and Scramb shRNA infected neurons at any of the 

three frequencies (Figure 5.1 F-H). Together our data show that depletion of SALM1 results in a 

reduction of synapse number but does not have a detectable effect on release parameters in the 

remaining synapses. 

Next, we investigated synaptic transmission in DIV16 neurons infected with SALM1 shRNAs at 

DIV9. Evoked EPSC amplitude, spontaneous release frequency and amplitude were not signifi-

cantly different between wild type and both SALM1 shRNAs (Figure 5.2 A-D). PPR and sustained 

stimulation with 60 pulses at 5, 10 or 40 Hz also did not show significant differences between 

the groups (Figure 5.2 E-H). Hence, synapses in neurons infected with SALM1 shRNAs at DIV9 
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support synaptic transmission similar to WT neurons. 

Figure 5.1: Reduced synaptic transmission in neurons depleted of SALM1 at DIV7 
(A) Representative traces of EPSCs from WT neurons infected with Scramb shRNA, shRNA #1, 
shRNA #2 and shRNA#2 resistant SALM1 in combination with shRNA #2 (rescue) at DIV7 and 
measured at DIV14. (B) Evoked current amplitude is significantly reduced in SALM1 depleted 
neurons, which is partially rescued by co-expression of shRNA resistant SALM1 (Scramb shRNA: 
8.29 ± 0.96 nA, n=29, shRNA#1: 3.72 ± 0.58 nA, n=10, shRNA#2: 4.47±0.62 nA, n=19, shRNA#2 
+ rescue: 6.01 ± 1.58 nA, n=10). Numbers in bars represent the number of neurons and inde-
pendent observations. (C) Representative mEPSC traces from neurons infected with Scramb 
or SALM1 shRNAs. (D) mEPSC amplitude is unchanged upon deletion of SALM1 while mEPSC 
frequency is significantly reduced for shRNA #2 compared to Scramb shRNA (Scramb shRNA: 
8.40 ± 1.35 Hz,  n=21, shRNA#1: 5.84 ± 2.26 Hz, n=8, shRNA#2: 2.93± 0.73 Hz, n=14). (E) Paired 
pulse ratios for different time intervals are similar in SALM1 depleted and WT neurons. (F, G, H) 
Normalized EPSC amplitude of sustained stimulation at 5, 10 or 40 Hz shows that removal of 
SALM1 at DIV7 does not affect release kinetics upon prolonged stimulation. 
All data are mean ± S.E.M. * p<0.05, ** p<0.01, *** p<0.001.
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Figure 5.2: Knock down of SALM1 at DIV9 does not result in reduced synaptic 
transmission
(A) Representative EPSC traces of WT neurons infected with Scramb shRNA, shRNA #1 and 
shRNA #2 at DIV9 and measured at DIV15/16. (B) EPSC amplitude is similar in SALM1 knock-
down neurons and Scrambled control (Scramb shRNA: 7.20 ± 0.97 nA, n=23, shRNA#1: 5.48 
± 1.48 nA, n=10, shRNA#2: 4.09 ± 0.79 nA, n=19). Numbers in bars represent the number of 
neurons and independent observations. (C) Representative mEPSC traces from neurons infected 
with Scramb or SALM1 shRNAs. (D) mEPSC amplitude and frequency are unchanged between 
all conditions. (E) Quantification of the paired pulse ratio for different intervals reveal SALM1 
knock down support evoked release to the same extend as Scramb shRNA (F, G, H) Normal-
ized EPSC amplitude rundown during sustained stimulation at 5, 10 or 40 Hz is similar between 
scrambled and SALM1 shRNA infected neurons.

SALM1 depletion from pre-synaptic terminals does not affect synaptic 
vesicle release

To confirm the strong effect of SALM1 depletion on synapses formed by single isolated neurons 

and to ensure that this phenotype also applies to synapses formed between neurons cultured at 

high density (mass cultures), we depleted SALM1 from pre- and post-synapse in hippocampal 

mass cultures through infection of all neurons at DIV7. VGLUT1-positive synapse numbers were 

significantly reduced (Supplemental Figure 5.1A) similar to the phenotype observed in single
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Figure 5.3: SALM1 knock down at DIV7 from presynaptic terminals does not af-
fect synaptic vesicle release
(A) Time course of fluorescence intensity, averaged over 150 boutons from 18 neurons expressing 
sypHy and SALM1 shRNA #2 or scrambled control after stimulation with 300AP at 10Hz (ΔF300) 
followed by brief NH4Cl superfusion (Fmax) displayed as ΔF over Fmax (ΔF/Fmax). (B) Average 
ΔF300 normalized to ΔFmax does not differ between Scramb neurons and shRNA#2 neurons. 
Numbers in bars represent the number of neurons and independent observations. (C) Silent 
synapses as a percentage of total number of synapses per neurons does not differ between 
Scramb neurons and shRNA#2 neurons. (D) The number of ROIs that correspond to all synapses 
in the field of view for each neuron measured does not differ between Scramb or shRNA#2 
infected neurons. (E) Maximum response to fluorescence, Fmax indicating the total number 
sypHy content in the presynaptic terminal is significantly reduced in SALM1 depleted neurons 
(Scramb shRNA: 4.97 ± 1.17 a.u. n=18, shRNA#2: 2.66 ± 0.31 a.u. n=18, **P<0.01). (F) VGLUT1 
positive synapse number from SALM1 shRNA transfected neurons is similar to control neurons. 
(G) VGLUT1 intensity of synapses from SALM1 shRNA transfected neurons is significantly 
higher than neurons transfected with Scrambled control (Scramb shRNA: 0.83 ± 0.05 a.u. n=22, 
shRNA#2: 1.24 ± 0.09 a.u. n=22, p=0.006 **P<0.01). (H) SypHy intensity of synapses from SALM1 
shRNA transfected neurons is significantly lower than neurons transfected with Scramb shRNA 
(Scramb shRNA: 2.45 ± 0.14 a.u. n=15, shRNA#2: 1.76 ± 0.16 a.u. n=14, p=0.003 **P<0.01).
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isolated neurons (Chapter 4). Hence, simultaneous SALM1 depletion from both sides of the 

synapse results in strongly reduced synapse numbers in isolated and mass cultured neurons.

To test the role of SALM1 at pre-synaptic terminals, mass cultures were transfected such that a 

single SALM1 depleted presynaptic neuron formed synapses onto multiple wild type (postsyn-

aptic) neurons. Transfected neurons expressed the optical reporter for synaptic vesicle fusion 

Synaptophysin-Phluorin (sypHy) in combination with Scramb shRNA or SALM1 shRNA#2. SypHy 

reports vesicle fusion events as gradual increase of fluorescence (Sankaranarayanan et al. 2000; 

Miesenböck et al. 1998; Ashby et al. 2004). Figure 5.3 A-B shows mean intensity changes of 

sypHy fluorescence upon 10 Hz stimulation (300 AP) normalized to the response upon NH4Cl 

application (Fmax), which instantly de-quenches all sypHy fluorescence at the synaptic terminal 

and hence, reports the total number of synaptic vesicles present in each terminal. Fmax in SALM1 

knock down neurons was significantly lower than in control (Figure 5.3 E). However, normalized 

maximal fluorescence during the AP train (F300), fluorescence rise and decay time were similar 

in both conditions (Figure 5.3 A-B). The number of sypHy puncta (ROIs) and percentage of silent 

synapses was not different between wild type and SALM1 knock down neurons (Figure 5.3 C, 

D). Also, synapse number measured by VGLUT1 antibody staining of the synapses from SALM1 

knock down neurons onto wild type neurons was similar compared to control (Figure 5.3F). The 

fluorescence intensity of VGLUT1 puncta was higher in SALM1 depleted neurons, which may 

indicate that these synapses contained more vesicles or more VGLUT1 per vesicle compared to 

wild type neurons (Figure 5.3G). In contrast, fluorescence intensity of sypHy puncta was signif-

icantly lower in SALM1 depleted neurons (Figure 5.3H), in line with our measurements of Fmax 

(Figure 5.3E). Together these data indicate that selective SALM1 depletion from presynaptic 

terminals does not affect kinetics of synaptic vesicle release or the number of synapses. It may 

however, affect trafficking of syPhy-labeled synaptic vesicles to synaptic terminals. 

SALM1 depletion from post-synaptic terminals does not affect syn-
apse number and receptor expression 

SALM1 interacts with NR1 and NR2 subunits of NMDA receptors in the brain and promotes 

surface expression and clustering of NMDA receptors (Wang et al. 2006). To investigate the post-

synaptic role of SALM1 in synapse formation and function, SALM1 was depleted specifically at 

the postsynaptic side using sparse transfection of mass cultured neurons such that the SALM1 

depleted neurons received inputs from wild type presynaptic terminals. The response of SALM1 

depleted neurons to exogenous application of 30 µM glutamate on the neuronal soma was 

similar compared to the response from Scramb shRNA neurons (Figure 5.4 A, B). In addition, the 

number and distribution of VGLUT1-positive wild type presynaptic terminals on SALM1 depleted 
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postsynaptic partners was similar compared to neurons forming synapses on wild type neurons 

(Figure 5.4 C, F). The dendritic length of transfected neurons between the three conditions was 

unchanged (Figure 5.4 D). However, VGLUT1 intensity of synapse onto shRNA#1 expressing 

neurons was reduced by 50% compared to Scramb shRNA while VGLUT1 intensity of synapses 

onto shRNA#2 expressing neurons was comparable to Scramb shRNA (Figure 5.4E). These 

results suggest that glutamate receptor surface expression is unchanged upon SALM1 knock 

down at the postsynaptic terminal.

Figure 5.4: SALM1 knock 
down at DIV7 from 
postsynaptic terminals 
does not affect 
receptor surface expression

(A) Representative traces of 
glutamate induced responses 
of neurons transfected with 
Scramb shRNA or 
SALM1 shRNA#1 or shRNA#2.

(B) Average glutamate induced 
responses of neurons 
transfected with 
Scramb shRNA or 
SALM1 shRNAs is not 
significantly different
(Scramb shRNA: 
223.6 ± 73.38 pA, n=10, 
shRNA#1: 158.1 ± 44.23 pA, n=8, 
shRNA#2: 170.4 ± 31.04 pA, n=7). 
Numbers in bars represent the number of neurons and independent observations.

(C) VGLUT1 number in neurons infected with Scramb shRNA and SALM1 shRNAs is unchanged. 
(D) Dendritic length of neurons infected with Scramb shRNA and SALM1 shRNAs is unchanged. 
(E) VGLUT1 intensity of synapses onto shRNA#1 expressing neurons is significantly lower than 
synapses onto neurons infected with Scramb shRNA (Scramb shRNA: 0.22 ± 0.39 a.u. n=10, 
0.098 ± 0.01a.u. n=11, 0.20 ± 0.02 a.u. n=14). (F) Sholl analysis shows similar VGLUT1-positve 
synapse distribution in WT and SALM1 depleted neurons.
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 5.3     Discussion:

SALM1 regulates excitatory synapse formation at early stages of developing neurons 

(Chapter 4). Here, we tested the effect of SALM1 depletion on synapse function in isolated 

neurons, in which SALM1 was absent from both pre- and postsynaptic terminals, and in mass 

cultured neurons with SALM1 depletion from either the pre- or postsynaptic terminal. Reduction 

of SALM1 expression at DIV7 resulted in a significant decrease of EPSC amplitude and mEPSC 

frequency (Figure 5.1 A-D) while mEPSC amplitude, PPR and release rundown kinetics were 

not affected (Figure 5.1 E-F). Reduction of SALM1 expression at DIV9 did not affect synaptic 

transmission at DIV14 (Figure 5.2). Unilateral SALM1 depletion in presynaptic terminals did not 

alter synapse number or kinetics of synaptic release (Figure 5.3) and depletion of SALM1 expres-

sion at the postsynaptic terminal did not affect postsynaptic receptor surface expression and 

synapse number (Figure 5.4). We conclude that after SALM1 depletion the function of remaining 

synapses in single isolated neurons and unilateral reduction of SALM1 does not affect synapse 

formation or function. 

Depletion of SALM1 at DIV7 infected neurons resulted in reduced EPSC amplitude and 

mEPSC frequency. The extent of the decrease, approximately 50% reduction in EPSC amplitude 

and mEPSC frequency (Figure 5.1), was similar to the decrease in total synapse number docu-

mented in Chapter 4 (Chapter 4, Figure 4.4 & 4.5), which suggests that the effect is likely caused 

by the loss of synapses. The unchanged mEPSC amplitude (Figure 5.1 C-D) argues against a 

postsynaptic effect for the reduced evoked synaptic transmission. The unchanged paired pulse 

ratio and rundown kinetics during sustained activity at DIV7 and DIV9 suggest that the remaining 

synapses upon SALM1 knock down at DIV7 are functionally similar to WT synapses. Addition-

ally, besides a trend towards decreased evoked amplitude, synaptic transmission at DIV9 was 

unchanged which corresponds to the lack of effect on synapse number when SALM1 is depleted 

at DIV9 (Chapter 4, Figure 4.6). Hence, our data supports a model in which SALM1 functions 

in synapse formation and synaptic transmission while we find no evidence to support a direct 

role in synaptic vesicle fusion or post-synaptic receptor function. These findings are in line with 

observations from several studies in which knockdown of LRR trans membrane proteins that are 

involved in synapse formation show an alteration in synaptic transmission. Knock down or knock 

out of NGL-2 in the CA1 region of the hippocampus decreases the density of dendritic spines 

and the strength of glutamatergic transmission (DeNardo et al. 2012). NGL-2 knockdown in 
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hippocampal cultures reduces the frequency but not amplitude of miniature excitatory postsyn-

aptic currents suggesting that NGL-2 is required for morphological and functional maintenance 

of excitatory synapses (Kim et al. 2006). shRNA-mediated knockdown of LRRTM1 and LRRTM2 

in CA1 pyramidal neurons blocks long-term potentiation in acute hippocampal slices (Soler-lla-

vina et al. 2013) and LRRTM4 knockdown in hippocampal neurons results in decreased excita-

tory synapse density and mEPSC frequency but not amplitude (DeWit et al. 2013). Knock-down 

of SALM2 reduces the number of excitatory synapses, dendritic spines and mEPSC frequency 

while mEPSC amplitudes are unchanged (Ko et al. 2006). Hence, similar to other synaptic LRR 

proteins that regulate excitatory synapse development in early stages of neuronal development 

SALM1 is required for morphological as well as functional maintenance of excitatory synapses. 

SALM1 is present in axons and dendrites, co-localizing with pre- and postsynaptic markers 

(Chapter 4, Figure 4.2). SALM1 knockdown in single isolated neurons and mass cultures (Supple-

mental Figure 1) resulted in a drastic loss in synapse number. However, synapse formation was 

unchanged upon unilateral depletion of SALM1 at the pre- or postsynaptic side (Figure 5.3E, 

5.4C). In addition, number of synapses, kinetics of synaptic vesicle release (Figure 5.3 A-B) as 

well as response of postsynaptic receptors to glutamate puff was unchanged (Figure 5.4 A-B) 

between WT and SALM1 depleted neurons. This supports the notion that SALM1 can perform 

most of its functions as long as it is present on one side of the synapse. It is currently unknown 

how synapses can partly compensate for the uni-directional loss of SALM1. The cell adhe-

sion molecule LRRTM4 has two presynaptic binding partners, neurexin and glypican. Blocking 

neurexin-LRRTM4 interaction results in reduction of excitatory synapses, while disturbing glyp-

ican-LRRTM4 interaction does not affect excitatory synapse formation (DeWit et al. 2013). It is 

possible that SALM1 also binds to as yet unknown pre- and/or postsynaptic interactors that 

partly compensate for SALM1 knockdown on either side of the synaptic terminal. Identification 

of binding partners of SALM1 and depleting individual interacting proteins will provide deeper 

insight into the mechanism of SALM1 in synapse formation and function.  

Although we did not detect a defect in synaptic vesicle release using sypHy measure-

ments, SALM1 depletion from the presynaptic terminal resulted in an increase of endogenous 

VGLUT1 staining at the synapse (Figure 5.3F), while total sypHy intensity was reduced (Figure 

5.3 E, G). These apparently contradictory findings may suggest that a possible effect of SALM1 

depletion on synaptic vesicle release remained unnoticed because of the reduction in sypHy 

positive vesicles in our release assay (Figure 5.3). Depletion of SALM1 may result in reduction of 

vesicle release of the synaptic vesicles already present at the terminal  prior to SALM1 depletion 

(explaining the increase in VGLUT1 staining) and in reduced transport of new synaptic vesicles 
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expressing sypHy to synaptic terminals (explaining the reduced syPhy intensity). Endogenous 

SALM1 is present at the ER and Golgi (Chapter 4) and SALM1 interacts with Reticulon 3 (Chang 

et al. 2010) an ER associated protein that plays a role in membrane trafficking in the early secre-

tory pathway (Wakana et al. 2005). Thus in addition to its role at the terminal, SALM1 may have 

an upstream role in the biosynthetic pathway involved in transport or clustering of presynaptic 

vesicles, even though SALM1 depletion did not have a detectable effect on release kinetics of 

the sypHy-labeled vesicles (Figure 5.3A-B). VGLUT1 levels in presynaptic terminals from WT 

neurons were also altered when SALM1 was deleted only at the postsynaptic side, at least with 

one of the two shRNAs (Figure 5.4E). This is in line with observation from the LRR adhesion 

proteins, Slitrk1 and Slitrk2 which also fail to induce VGLUT1 clustering when the presynaptic 

interactor, PTPσ is depleted (Yim et al. 2013). We suggest that upon knockdown at the post-

synaptic terminal, SALM1 at the presynapse may interact with other postsynaptic cell adhesion 

molecules that may be sufficient for synapse formation but less efficient in clustering of synaptic 

vesicles at the contacting presynaptic terminal. Future patch-clamp experiments of pre- and 

postsynaptic neurons could test both hypotheses. 

SALM1 has been implicated in NMDA receptor clustering via interaction with PSD95 and 

disruption of this interaction is known to reduce NMDA clustering (Wang et al. 2006) while the 

SALM family member SALM2 is involved in AMPA receptor targeting (Wang et al. 2006). NMDA 

receptor clustering may have been altered in our system even though SALM1 knock down did 

not result in unaltered glutamate response. It is possible that 30µM glutamate saturates the 

somatic and extra-somatic NMDA receptors or that the unaltered AMPA receptors may have 

obscured the effect of NMDAR depletion. Hence, although we could not detect an effect of 

SALM1 depletion using glutamate superfusion we cannot rule out a role of SALM1 in post-syn-

aptic NMDA receptor surface expression. To resolve this issue surface labelling of NMDA recep-

tors to test for reduced receptor expression. An alternative method to test SALM1’s role at the 

post synapse is to block synaptic NMDA receptors by applying a 0.33-Hz train of 100 stimuli in 

presence of irreversible open-channel blocker MK-801 and measure NMDA currents in wildtype 

and SALM1 knockdown neurons.

In brain and heterologous cells, SALM1 forms heteromeric complexes with other SALMs 

(Seabold et al. 2008). We hypothesize that SALM1 is present at both sides of the synapse, inter-

acting with synaptic proteins such as CASK to form nucleation sites for assembly of presynaptic 

proteins and PSD95 to cluster NMDA receptors. These interactions form nucleation complexes 

that recruit, regulate and cluster proteins involved in synapse formation in early stages of 

neuronal development. The fact that SALM1 is sufficient to perform its role in synapse formation 

  5



 111

when present only at one side of the synapse suggests that it can interact with other cell adhe-

sion molecules across the synapse to form nucleation sites with those proteins for clustering 

of synaptic proteins. Our findings that depletion on the postsynaptic side affects clustering of 

vesicles at the presynaptic side suggests that these alternative binding modes are less efficient 

than cross-synaptic homophilic interactions of SALM1.

5.4     Experimental Procedures: 

Electrophysiology
Hippocampal autaptic whole-cell voltage-clamp electrophysiology was performed at room 
temperature (20-230C) at DIV14-15 (for neuron infected at DIV 7) and at DIV16-17 (for neurons 
infected at DIV 9). Cells were kept in a voltage-clamp (membrane potential, Vm= -70mV) using 
Axopatch 200B amplifier (Axon Instruments) with borosilicate glass pipettes (2-4 MΩ) containing 
125 mM K+ -gluconic acid, 10mM NaCl, 4.6 MgCl2, 4mM K2-ATP, 15mM creatine phosphate 
(Calbiochem), 1mM EGTA and 20U/ml phosphocreatine kinase (pH 7.3, 300mOsm). All chem-
icals were from Sigma Aldrich unless otherwise stated. Electrical stimulation was performed 
by depolarization from -70 to 30mV for 0.5ms. Series resistance was always 70% compen-
sated and cells with holding current lower than -300pA or with resistance above 10 MΩ were 
discarded. The external solution contained 140 mM NaCl, 2.4 mM KCl, 4 mM CaCl2, 4 mM 
MgCl2, 10 mM HEPES, 10 mM glucose (pH 7.3, 300mOsm). Paired pulse protocol was applied 
at different frequencies: 20, 50, 100, 200, 500 and 1000 Hz. For glutamate puff, 300nM TTX 
(Abcam) was added to external medium before recording. 30µM glutamate was applied by a 20 
msec pressure ejection from a glass electrode (~2.8 mOhm). Digidata 1440A and pCLAMP 10 
software (Axon instruments) were used to record all signals. All experiments were performed at 
ambient temperature (20-230C). 

Live Cell Imaging
To test the role of SALM1 in synaptic vesicle release, we studied kinetics of synaptic vesicle 
release with Synaptophysin-Phluorin (sypHy). SypHy is a combination of super ecliptic pHluorin, 
a GFP variant sensitive to changes in pH (Miesenböck et al., 1998), and synaptophysin, a trans-
membrane glycoprotein present on synaptic vesicles that is able to report presynaptic activity 
in live neurons (Granseth et al., 2006). The pHluorin has a pKa of 7.1. Inside acidic synaptic 
vesicles (pH 5.5) the fluorescence of sypHy is quenched. During exocytosis, vesicles fuse with 
plasma membrane and sypHy fluorescence increases 20-fold because of the neutral (pH 7.4) 
extracellular environment. Hence, sypHy can be used as reporter of exocytosis and endocytosis 
in real time (Granseth et al., 2006).

Wild type neurons (25k/18mm coverslip) were transfected as described previously (Kohrmann 
et al., 1999) with sypHy in combination with ECFP tagged Scramb shRNAs or shRNA#2, at DIV 
7. Coverslips were placed in an imaging chamber and perfused with Tyrode’s solution. 5μM 
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AP5 (Ascent) and 10μM DNQX (Tocris) in Tyrode’s solution was used to block NMDA and AMPA 
receptors, respectively. Blocking of the postsynaptic receptor excludes the possibility that the 
current generated at the postsynaptic sites does not influence presynaptic vesicle release. Trans-
fected neurons were imaged on a Zeiss Axiovert 200M microscope equipped with a CoolSNAP 
camera HQ (Photometrics) and an illumination unit (Polychrome IV). Images were acquired with 
MetaMorph software (version 6.2r6; Universal Imaging) at 1 Hz using a 40x oil objective, NA 
1.3. Electrical field stimulation was applied through parallel platinum electrodes by a IsoFlex 
Stimulus Isolator (A385; World Precision Instrument), regulated by a Master-8 pulse generator 
(A.M.P.I.), providing 300 action potentials (AP) at 10 Hz with an output of 30 mA. Action-potential 
firing caused a rapid increase in sypHy fluorescence at individual boutons, reaching a peak that 
decayed with exponential time course after stimulation during which the endocytosed vesicles 
reacidify. Imaging protocol consisted of 15 sec image acquisition at 1 Hz, 30 sec of electrical 
stimulation followed by a recovery period of 70 sec. The imaging protocol ended with 5 sec 
superfusion of ammonium chloride Tyrode’s buffer (Fmax) followed by a 10 sec recovery period 
to visualize total pool size after stimulation. Fmax represents the total number of synaptic vesi-
cles in each synaptic terminal which is achieved by superfusion of NH4Cl. F300 is the peak that 
reflects a balance of exocytosis and endocytosis, measured at individual boutons, as a result of 
300 action potentials at 10Hz stimulation F300 fluorescence follows an exponential time course 
decay representing endocytosis of sypHy and reacidification of endocytosed vesicles (Sankara-
narayanan & Ryan 2000). Measurements were taken from 150 boutons (ROIs) expressing sypHy 
measured over three individual weeks from 18 neurons. All imaging experiments were performed 
at RT.

Image analysis
Stacks from time-lapse recordings acquired with 1 sec interval were used to analyze sypHy 
fluorescence. Synaptic vesicle release events (characterized as puncta with a gradual increase 
in fluorescence) were detected by visual inspection in ImageJ. A 6 x 6 pixel (corresponding to 
2.4 x 2.4 μm) region of interest (ROI) was centred on the event, and average intensity of fluo-
rescence was measured. Moving vesicles and silent synapses (not responding to the stimulus) 
were excluded from analysis. Fluorescent traces were plotted as change in fluorescence (∆F) 
normalized to the initial fluorescence (F0), obtained by averaging the 15 frames before onset of 
stimulus, as a function of time. The maximal change in fluorescence due to the electric stimuli 
(300AP) was called F300. Fmax was defined as the average of the 5 highest values during NH4Cl 
Tyrode’s solution superfusion of each ROI. Onset of exocytosis was defined as the first frame in 
which the average fluorescence increased above a threshold of ∆F/F0 = 0.1. 
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Supplmentary Figures:

Supplemental Figure 5.1: SALM1 knock down at DIV7 in mass hippocampal cul-
tures
(A) VGLUT1-positve synapse in hippocampal mass cultures infected with SALM1 shRNAs is 
significantly lower than Scramb shRNA (Scramb shRNA: 799.7  ± 66.17, n=10, shRNA#1: 436.8 
± 60.77, n=10, shRNA#2: 578.6 ± 73.61, n=10). (B) VGLUT1 intensity in SALM1 depleted mass 
cultured neurons is unaltered compared to Scramb shRNA infected neurons. (C) Synaptic distri-
bution in SALM1 shRNA neurons is unaltered compared to Scramb shRNA neurons. All data are 
mean ± S.E.M. * p<0.05, ** p<0.01, *** p<0.001.
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Chapter VI

General Discussion

Synapses are important functional units that determine how information flows through the 

brain. Understanding the biophysical properties and the molecules associated with synapses 

is an important goal of cellular neuroscience to enhance pathophysiology of neuropsychiatric 

disorders. Apart from the hippocampus and olfactory bulb, neurons are largely irreplaceable 

in the central nervous system. However, in vivo experiments suggest that synapses can be 

formed, eliminated and remodelled during the lifetime of an organism. In this thesis we studied 

two proteins, Neurobeachin (Nbea) and SALM1, involved in synaptogenesis; the mechanism by 

which Nbea is involved in post-synaptic receptor targeting and the role of SALM1 in synapse 

formation in the hippocampus. 

In Chapter 2, mass spectrometry was used to identify novel interacting partners of Nbea 

at the synapse. Out of seven proteins that were detected with highest proficiency in the Nbea 

complex, only SAP102 binds directly with Nbea. Immunocytochemistry of endogenous SAP102 

and Nbea in cultured neurons does not show co-localization. We found that introducing a muta-

tion in PH domain at the C-terminus of Nbea abolishes Nbea-SAP102 binding. Using the E2218R 

mutation, the mechanism by which Nbea targets postsynaptic receptors to the synapse surface 

could be elucidated. 

In Chapter 3, we used primary neurons from Nbea null mutant mice and rescued these 

neurons using two Nbea mutants: E2218R Nbea does not interact with glutamate receptor inter-

acting protein SAP102 and NbeaΔPKA blocks previously characterized interaction with Protein 

Kinase A Subunit II (PKAII). We found that the E2218R mutant is vital for glutamate receptor 

signalling but not required to support GABA receptor signalling, while NbeaΔPKA modulates 

GABAergic and glutamatergic signalling. We conclude that Nbea uses distinct pathways to 

target glutamate and GABA receptors to the synapse surface. 
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In Chapter 4, the role of the Leucine Rich Repeat Cell Adhesion Molecule SALM1 in 

synapse development was studied. Large-scale mass spectrometry analysis of SALM1 reveal 

several synaptic proteins out of which only CASK binds directly with SALM1 in heterologous 

cells. Using short hairpin RNAs (shRNAs), we depleted SALM1 at DIV2-9 in primary neuronal 

cultures. SALM1 depletion at early stages of neuronal development (DIV2-7) results in a marked 

reduction of glutamatergic synapse formation. However, SALM1 knock down at a later time-point 

(DIV9) does not affect the number of synapses. SALM1 is expressed in a subset of glutamatergic 

synapses and we conclude that it is required for the development of excitatory synapses but 

dispensable for synaptic maintenance. 

In Chapter 5, we explored the mechanism by which SALM1 supports synapse formation 

and if the protein plays a role in synaptic transmission. Patch clamp analyses on single isolated 

neurons, infected with SALM1 shRNAs at DIV7 and at DIV9 shows that residual synapses in 

SALM1 depleted neurons are physiologically normal. Removal of SALM1 unilaterally at the pre 

synapse or post synapse does not alter the kinetics of synaptic vesicle release or postsyn-

aptic receptor surface expression. Most importantly, synapse numbers are not reduced with this 

unilateral reduction of SALM1. Our data suggest that SALM1 can perform its role in synapse 

formation when it is present only at one side of the synapse. 

6.1: Nbea-SAP102-NMDAR complex targets glutamate 
receptors to the synapse surface

The clustering of neurotransmitter receptors at the postsynaptic terminals is a critical 

requirement for efficient neurotransmission and neuronal communication. In this study, we 

discovered that Neurobeachin (Nbea), a regulator of neurotransmitter receptors to the synapse 

surface interacts with SAP102 via its PH-Beach domain to target glutamate receptors to the 

synapse surface. 

The number of receptors on the cell surface is determined jointly by secretory and endo-

cytic pathways. The components of the secretory pathway include the endoplasmic reticulum 

(ER), the ER-Golgi intermediate compartment (ERGIC), Golgi apparatus, the trans-Golgi network 

(TGN), a heterogeneous set of endosomes, lysosomes, the plasma membrane and secretory 

granules in regulated secretory cells (Derby & Gleeson 2007). Immunostainings of endoge-

nous Nbea show accumulations in discrete compartments throughout the soma and dendrites 

(Chapter 2, Figure 1.1). The nature of these compartments to which Nbea localizes is uncertain. 

Nbea is juxtaposed to the ERGIC and Golgi complex and shows highest co-localization with 
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the SNARE protein Vti1A followed by recycling endosome markers (Rab11-GFP and transferrin 

receptor) with least co-localization with pre- and postsynaptic compartments and early endo-

some markers (EEA1) (Nair et al. 2013). Nbea immunoreactivity is apposed to and co-localizes 

with Gephyrin and glycine receptors in sections from spinal cord (del Pino et al. 2011). Nbea’s 

membrane association is stimulated by GTP and antagonized by Brefeldin A, suggesting that 

Nbea may modulate post-Golgi membrane targeting, vesicle trafficking and exocytosis (Wang 

et al. 2000). SAP102 is concentrated both at the postsynaptic density (PSD) and cytoplasm 

of spines (Zheng et al. 2011). Unlike PSD95 and PSD93 that are mostly concentrated at the 

postsynaptic density, SAP102 also localizes throughout the cytoplasm of dendrites and axons 

in cultured neurons (El-Husseini et al. 2000). Indeed, SAP102 and Nbea do not strongly co-lo-

calize in cultured neurons (Chapter 2, Figure 1.1) with only a small proportion of Nbea found in 

PSD fractions where SAP102 is enriched (Chapter 2, Figure Supplemental 2.2); we hypothesize 

that this interaction is transient and Nbea-SAP102 does not exist as a stable complex in the 

cytoplasm of dendrites. Additionally, given Nbea’s localization it is probable that SAP102-Nbea 

interaction takes place at the trans-Golgi network that is essential for SAP102 localization at or 

near the PSD for insertion of NMDA receptors on the synapse surface. 

Like most cell membrane proteins, glutamate and GABA receptors are synthesized, folded 

and assembled in the ER where a rigorous quality control system ensures that only correctly 

folded and assembled proteins exit to the Golgi (Vandenberghe & Bredt 2004; Tretter & Moss 

2008; Wenthold et al. 2003; Ellgaard et al. 1999). ER retention signal can be suppressed or 

masked by oligomerization of complementary subunits such as by interaction with PDZ-binding 

domains. In the NMDA receptor (NMDAR) NR1 subunit, the C2’ domain includes a PDZ-binding 

site where masking of ER retention of the C1 cassette can lead to surface expression. The same 

study discovered that NR1-4b interacts with PSD95, SAP102, PSD93 and SAP97 when co-ex-

pressed in HEK293 cells and in vivo NR1 and SAP102 co-immunoprecipitate in the same micro-

somal fractions (Standley et al. 2000). Deletion of PDZ-binding domain of NR2B subunits leads 

to a significant decrease in synaptic NMDARs and NR2B with a point mutation that blocks its 

interaction with MAGUKs does not enter the synapse (Yi et al. 2007; Wenthold et al. 2008). These 

findings suggest that NR2B-NMDARs require a MAGUK interaction for synapse localization. PDZ 

binding motifs in the AMPA receptor (AMPARs) subunit C-terminal tails are required for their ER 

exit, since deletion of the PDZ ligand in GluA2 drastically decreases maturation and ER export 

(Greger et al. 2002). PSD97 interacts with GluA1-GluA2 containing AMPARs early in the secre-

tory pathway, i.e. while the receptors are in the ER or cis-Golgi, dissociating from the complex 

at the plasma membrane (Sans et al. 2001). Palmitoylation of the scaffolding protein, PSD-95, 
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regulates AMPAR accumulation at synapses and receptor internalization requires depalmitoyl-

ation of PSD-95 (El-Husseini et al. 2002). Hence, it is probable that interaction with SAP102 is 

necessary for suppression of ER retention signal for exit of NMDA receptors from biosynthetic 

pathway and further localization to the synapse.

Postsynaptic scaffolding molecules are key components in organization of functional 

synapses as they ensure accurate accumulation of neurotransmitter receptors in apposition to 

presynaptic release sites. SAP102 associates with NR2A- and NR2B- subunit containing NMDA 

receptors in synapses (Al-Hallaq et al. 2007; Cousins et al. 2008; Lau et al. 1996; Müller et al. 

1996; Sans et al. 2000), at the level of the ER, and at the cis- and medial-Golgi (Sans et al. 2003; 

Standley et al. 2000). In addition to its scaffolding function, SAP102 is implicated in transport 

and membrane insertion of NMDARs preceding synapse formation, where SAP102, NMDAR 

and mPins form clusters in the ER (Sans et al. 2005; Washbourne et al. 2004). Like Nbea, the 

Sec6/8 exocyst complex implicated in the secretory process interacts with ER, Golgi apparatus 

and trans-Golgi Network and is often concentrated at growth cones (Yeaman et al. 2001; Hazuka 

et al. 1999; Hsu et al. 1999). Sec8-SAP102-NMDAR forms a complex at the level of the ER and 

disruption of Sec-PDZ interaction blocks NMDAR surface delivery (Sans et al. 2003). E2218R 

Nbea does not interact with SAP102 and is unable to rescue the phenotype of Nbea null neurons 

as synaptic surface expression of Glutamate receptors is blocked (Chp 3, Fig. 5). We hypoth-

esize that Nbea regulates trafficking of NMDAR at trans-Golgi or at Golgi outposts, probably 

localizing or anchoring SAP102-NR complexes at a specific position in the synapse from where 

the receptors can be expressed to the synapse surface. Sec8-SAP102-NMDAR was co-immu-

noprecpiated from adult brain rat (Sans et al. 2003) while Nbea IP did not contain any postsyn-

aptic receptor subunits. Even though Nbea interaction with SAP102 is transient, however it is 

extremely important for localizing NMDAR receptors to the synapse surface. Additionally it is 

possible that Nbea anchors a number of other proteins to the synapse too. Nbea interacts with 

PSD95 (Chp 3) thus Nbea-PSD95-AMPAR or Nbea-SAP97-AMPAR is a complex that localizes 

AMPAR to the synapse. The presence of kinesin motor protein Kif5c and Kif5b in Nbea IPs 

(Chapter 2) indicates that Nbea is regulator of ionotropic receptors by controlling their trafficking 

from Golgi to synaptic density. 

6.2: Nbea, as an AKAP, modulates receptor expression
AKAPs are recognized for their ability to form multi-protein complexes in a variety of 

subcellular regions where they integrate cAMP signalling with other pathways especially in volt-
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age-gated ion channels and in regulation of postsynaptic receptors (Sanderson & Dell’Acqua 

2011). Anchoring of Protein Kinase A (PKA) by AKAPs is required for modulation of AMPA/Kainate 

channels. Kinases modulate channel function by directly phosphorylating receptors or indirectly 

by mediating the effect of extracellular stimuli like growth factors or other neurotransmitter 

systems on trafficking of the receptor. When activity of the catalytic subunit of protein kinase is 

prevented, fast AMPA excitatory synaptic currents are reduced (Rosenmund et al. 1994). Yotiao, 

a protein derived from alternative splicing of much larger AKAP, forms a phosphatase-kinase 

signalling complex with NR1-1A variant of NMDA receptors. NMDAR currents are enhanced 

by activation of anchored PKA and apposed by the activity of the anchored phosphatase PP1 

(Sanderson & Dell’Acqua 2011). Protein Kinase A is known to regulate inhibitory receptors such 

as glycine receptor-induced Cl- currents by increasing the probability of channel openings (Song 

and Huang, 1990). PKA can potentiate or depress GABA receptor function by phosphoryla-

tion depending on the subunit composition of the receptor (Angelotti et al. 1993; McDonald et 

al. 1998). GABAA receptors constitute of either beta1 subunit or beta3 subunit; phosphoryla-

tion of beta3 enhances receptor function while beta1 inhibits receptor function (McDonald et al. 

1998). Similarly, Protein Kinase C is recruited to the GABAA receptor and can have an enhancing 

or inhibiting effect on receptor function depending on the subunit composition (Herring et al. 

2005; Jovanovic et al. 2004; Brandon et al. 2003). Thus, phosphorylation of receptors by protein 

kinases is an important reversible regulatory mechanism that helps in modulation of signal trans-

duction across the synapse. 

The interaction of Nbea with PKA II was found through plasma resonance imaging (Wang 

et al., 2000) with a hypothesized 17 amino acid binding site. Deletion of this domain in full 

length Nbea prevented full rescue of GABA receptor expression on the synapse surface with a 

trend towards incomplete rescue of glutamate-induced response (Chapter 3). GABA-induced 

response for neurons where NbeaΔPKA was reintroduced in Nbea null mutant neurons showed 

an incomplete rescue: the response did not match wild type neurons nor was it at the level of 

Nbea null mutant neurons. Nbea essentially does not require PKA binding to perform its function 

but this interaction modulates inhibitory and excitatory receptor surface expression. Studies on 

platelets of Nbea heterozygous mice show pleiotropic effects of alteration in PKA activity due to 

Nbea haploinsufficiency highlighting important function of the AKAP domain in regulating and 

confining PKA activity (Nuytens et al. 2013) However, the mechanism with which Nbea is able to 

insert a large proportion of inhibitory receptors at the synapse surface is unresolved. 

Considering the literature, the three most probable candidate proteins to account for GABA 

receptor targeting to the synapse and show similar localization patterns as Nbea are GABARAP, 
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Gephyrin and Plic1. GABA Receptor Associated Protein (GABARAP) is one of the binding part-

ners of the GABAA receptor γ2-subunit discovered through yeast two-hybrid screen (Wang et al. 

1999). Similar to Nbea, GABARAP mainly localizes at the ER, Golgi structures, and intracellular 

vesicles. GABARAP is an important regulator of channel kinetics, and clusters synaptic GABAA 

receptors (Everitt et al. 2004; Leil et al. 2004; Kneussel et al. 1999). Overexpression of GABARAP 

in cultured hippocampal neurons enhances cell surface expression of GABAA receptors with the 

help of polymerized microtubules (Chen et al. 2005). In contrast to GABARAP that is enriched 

in intracellular compartments, Gephyrin is enriched at the synapses. Gephyrin interacts with 

GABAA subunits in vivo to cluster inhibitory receptors at the synapse surface (Lüscher & Keller 

2004; Mukherjee et al. 2011; Alldred et al. 2005). Plic1 modulates GABAA receptor cell surface 

number by enhancing the stability of intracellular subunits, increasing the number of receptors 

available for insertion into the plasma membrane. Present at the clathrin-coated pits, border of 

the Golgi apparatus, the ER and at GABAergic synapses, it assists in receptor insertion without 

affecting channel function (Bedford et al. 2001). None of the above proteins or other known 

interactors of GABA receptor were pulled down in our IPs from Nbea null mice brains or Nbea 

deficient neuronal cultures. Also we did not find direct interaction between Nbea and Gephyrin 

in HEK293 cell co-IPs (Chapter 2). More sensitive Y2H interaction studies will be useful in finding 

binding partners of Nbea involved in inhibitory receptor insertion at the synapse. 

To our knowledge, Nbea is the first protein that regulates synaptic receptor expression of 

both excitatory and inhibitory synapses. SAP102 interacts with the NR2 subunit of the NMDA 

receptor to suppress the ER retention signal allowing SAP102-NMDA complex to exit to the 

Golgi. At trans Golgi and Golgi outposts, Nbea-SAP102-NMDA and Nbea-MAGUK-SAP102 

complexes are formed. These interactions are essential for the localization of MAGUK-Receptor 

complexes to the postsynaptic density that eventually results in expression of glutamatergic 

receptors to the synapse surface. Disruption of this interaction does not affect the inhibitory 

synaptic receptor expression to the synapse surface. This suggests that Nbea is involved in a 

distinct pathway for the localization of expression of GABAergic receptors. Both of these path-

ways are modulated by the AKAP function of Nbea. 

6.3: Clinical importance of Nbea
Genetic architecture of autism spectrum disorders is highly heterogeneous and to date 

more than 100 genes are disrupted, deleted, duplicated or mutated in patients (Betancur 2011; 

Abrahams & Geschwind 2008). Nbea was identified as a candidate gene for autism in a boy 
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with de novo balanced reciprocal translocation (Castermans et al. 2003). Three other autistic 

patients were reported to have the Nbea genomic region deleted (Smith et al. 2002; Reddy 2005; 

Ritvo et al. 1988). Nbea spans a common fragile site on human chromosome 13q13, FRA13 

(Savelyeva et al. 2006; Gilbert et al. 1999) that is commonly related to autism. Autism spectrum 

disorders have an aetiology of an “excitatory-inhibitory” imbalance of synaptic activity (Persico 

& Bourgeron 2006). By impairing inhibitory and excitatory transmission, Nbea might be contrib-

uting to this imbalance at the cellular level, which then manifests at the organism level as autism. 

Rugose, the Drosophila homolog of mammalian and human Nbea, encodes an AKAP called 

DAKAP 550. Rugose-loss-of-function mutants exhibit defective social interactions, impaired 

habituation, aberrant locomotion, hyperactivity; characteristics reminiscent of the human autism 

disorder. These results demonstrate that Drosophila NBEA (rg) mutants exhibit could serve as 

a genetic model for studying Autism due to loss of Nbea (Volders et al. 2012; Wise et al. 2015). 

Figure 6.1 Nbea targets inhibitory and excitatory receptors via distinct pathways
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Besides autism, the significance of Nbea in other diseases is coming to light as more 

genetic studies are carried out. A GWAS study reported significant association between a SNP 

in Nbea and the risk of migraine among individuals with bipolar disorder. However, no associa-

tion was found between this variant of Nbea and Bipolar disorder. It is hypothesized that there 

exists a shared genetic component between these two disorders within a specific subgroup of 

patients (Jacobsen et al. 2014). Another study shows that a Nbea gene at 13q13 and its expres-

sion is frequently disrupted in multiple myelomas making it a candidate tumor-suppressor gene 

(O’Neal et al. 2009). Study of heterozygous KO mice haploinsufficient for Nbea have higher body 

weight due to increased adipose tissue. Along with two intronic Nbea SNPs that are significantly 

associated with body-mass index in adult and juvenile cohorts, variation in Nbea abundance or 

activity critically affects body weight by influencing the activity of feeding-related neural circuits 

(Olszewski et al. 2012). AKAP proteins are of central importance in cellular function due to their 

ability to interact directly with regulatory subunits of protein kinases, concentrating kinases’ 

intracellular location and regulating their activity (Feliciello et al. 2001). Due to their importance 

in local signaling events, AKAPs are targets for therapeutic intervention (Esseltine & Scott 2013).

6.4: SALM1’s role in development of the neuron
Synaptic Cell Adhesion Molecules maintain integrity and stability of synapses by linking 

pre- and post-synaptic membranes, target recognition in axonal growth and promote differenti-

ation and regulation of the synaptic structure (Yamagata et al. 2003). Leucine-rich repeat (LRR) 

domain-containing proteins are a group of Synaptic Cell Adhesion Molecules (SCAMs) recog-

nized as key organizers of neural circuits, from axon guidance to target selection to synapse 

formation, as they regulate cell-cell interactions (de Wit & Ghosh 2014). LRR domains, along with 

other extracellular domains serve as key sites for interactions with a wide diversity of binding part-

ners. Synaptic adhesion-like molecules (SALMs) are a newly discovered family of LRR SCAMs 

that are involved in neuronal development. Individual SALMs, while similar in structure, play 

distinct roles in protein interactions, neurite outgrowth and synapse formation (Wang et al. 2008; 

Ko et al. 2006; Seabold et al. 2008). In our study (chapter 4 and 5), we discovered that SALM1 

interacts with CASK in heterologous cells and is expressed at pre- and postsynaptic terminals 

in primary hippocampal cultures. Additionally it regulates excitatory synapse formation in early 

nerve development phase without having any affect on the kinetics of synaptic vesicle release. 

As discussed in Chapter 4, NGLs, FLRTs, LRRTMs and Slitrks are some of the LRR SCAMs 

involved in synapse formation. However, knock down of these proteins does not cause a drastic 
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reduction in the number of excitatory synapses in primary hippocampal cultures as compared to 

wild type, as SALM1 did with 63% loss of synapses. This phenotype was elicited by two sepa-

rate shRNAs with distinct sites of action on SALM1 mRNA and could be rescued with expres-

sion of shRNA resistant SALM1 (Chp 4). Nevertheless, depletion of one or even two SCAMs 

never results in complete loss of synapses from primary cultures. Moreover, as of now knockout 

animals of any of the LRRs never result in a lethal phenotype (Soto et al. 2013; Katayama et 

al. 2010; Shmelkov et al. 2010; Siddiqui et al. 2013; Linhoff et al. 2009). This points towards 

redundancy between different SCAMs where proteins of the same family can (partly) take over 

the function of the mutated protein. One possibility for this functional redundancy is that due 

to enormous structural and functional variety in CNS synapses, various LRR-containing protein 

families evolved to contribute to synaptic specificity. Additionally, functional redundancy can 

also ensure reliable connectivity. 

SALM1 is the only protein amongst other SALMs that contains a putative dileucine ER 

retention motif. Mutation of this motif results in enhanced surface expression in heterologous 

cells and neurons (Seabold et al. 2012). Immuno-precipitation experiments have shown that 

extracellular domains of SALM1 interact with NR1-1, a splice variant of the NR1 subunit of 

the NMDA receptor that is retained in the ER (Wang et al., 2006). Reticulon 3, an ER associ-

ated protein that plays a role in membrane trafficking in the early secretory pathway (Wakana 

et al. 2005), interacts with SALM1 via its LRR domain (Chang et al. 2010). SALM1 depletion 

from presynaptic terminals does not affect kinetics of synaptic vesicle release (Chapter 5), while 

endogenous distribution of SALM1 in mature cultured neurons is apposed to ER (Chapter 4). 

In combination with the presence of the Kinesin motor protein KIF5c in SALM1 IPs (Chapter 

4), we hypothesize that SALM1 has an upstream role in the biosynthetic pathway, possibly by 

controlling organelle or protein trafficking at the ER or Golgi level. 

SALM1 directly interacts with PSD95, SAP97 and SAP102 via its PDZ-binding domain. 

Overexpression of SALM1 in cultured hippocampal neurons, clusters NMDA receptors and 

PSD95 in dendrites (Wang et al. 2006). Adhesion molecules are amongst the earliest residents of 

the synapse and are often maintained at synapses in adults. Interactions between ion channels 

and adhesion molecules are an effective way to recruit the ion channels at the synapse and later 

on possibly modulate ligand binding or channel properties of the receptor. Lack of SALM1 also 

results in the failure of NMDAR surface expression and clustering (Wang et al., 2006). NR1 subu-

nit-knockdown demonstrates that ionotropic activity of NMDA receptors is critical for excitatory 

synapse formation. Hence, the reduction in synapse number can be due to failure of NMDAR 

surface expression and clustering. siRNA knockdown of PSD-95 decreased the number of excit-
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atory synapses and increased the number of inhibitory synapses suggesting that the amount of 

PSD95 in a neuron is a key factor in controlling the balance between excitatory and inhibitory 

synapses (Prange et al. 2004). Knockdown of SALM1 results in decrease of PSD95 intensity 

too, which indicates that SALM1 interaction with PSD-95 might be involved in differentiation 

of excitatory synapses (Chapter 4). Bead aggregation experiments demonstrated that SALM2 

induces co-clustering of PSD-95 and other postsynaptic proteins, including GKAP and AMPARs 

(Ko et al. 2006). Bassoon and VGLUT numbers were also decreased in SALM1 depleted neurons 

indicating a clustering role for SALM1 at the synapse (Chapter 4). Additionally, we discovered 

that CASK interacts with SALM1 via its PDZ-binding domain (Chapter 5). Surface expression of 

SALM1 is blocked in heterologous cells and reduced in dendrites when its PDZ-binding domain 

is deleted (Seabold et al. 2012). CASK has multiple presynaptic and postsynaptic roles including 

involvement in spinogenesis, which is mediated by protein–protein interaction through its PDZ 

domain (Chao et al. 2008). In CASK knockout mice, spontaneous synaptic events are increased 

at excitatory synapses but decreased at inhibitory synapses (Atasoy et al. 2007). Along with 

neurexin, CASK is known to form a tripartite complex as a nucleation site for assembly of 

proteins and transport of glutamate receptors and potassium channels to the post synapse 

(Lee et al. 2002; Wu et al. 2002; Leonoudakis et al. 2004). For example, Neurexin binds to key 

synaptic proteins including synaptotagmin, Mint and CASK where it forms a nucleate aggregate 

and organize synaptic components while signalling trans-synaptically by binding with Neuroligin 

and LRRTM2 (de Wit et al. 2009; Ichtchenko et al. 1996; Hata et al. 1996; Biederer & Südhof 

2000). We hypothesize that MAGUK-SALM1 interactions are essential for SALM1’s role in traf-

ficking and clustering of key synaptic proteins, especially with CASK acting as a nucleation site 

for synapse formation. 

LRR, Immunoglobulin and Fibronectin domain 3 are three extracellular domains of SALMs 

widely found in adhesion molecules where they are involved in forming both heteromeric and 

homomeric cis and trans interactions (Maness & Schachner 2007; Yamada & Nelson 2007). 

Extracellular binding partners of SALMs remain largely unexplored. SALMs form homomeric and 

heteromeric complexes in both heterologous cells and neurons with certain assemblies preferred 

over others (Seabold et al. 2008). Extracellular domains of SALM3 and SALM5 are sufficient 

for presynaptic induction (Mah et al. 2010) that indicates importance of these three domains 

in a synaptogenic role. Unidirectional depletion of SALM1 from either the pre or postsynaptic 

terminal does not result in the loss of synapses (Chapter 5). Pre-synaptic vesicle release and 

postsynaptic receptor detection are also unaffected. This suggests that SALM1 is sufficient to 

perform its function when present unidirectionally and is able to interact with other LRR SCAMs 
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to perform its role in synaptogenesis. Similarly, SALM5’s role in synaptogenesis is hypothesized 

to be in a unidirectional manner as it induces excitatory and inhibitory presynaptic differentiation 

but not postsynaptic clustering (Mah et al. 2010). The PDZ-binding domain is present in the cyto-

plasmic compartment of a large number of SCAMs as it is able to bind with MAGUKs and other 

PDZ-domain proteins. This gives the SCAM flexibility to bind with a large number of proteins 

throughout neuronal development. 

SALM2 exerts a greater influence on excitatory synapses of late-stage neurons and asso-

ciates strongly with AMPA receptors (Ko et al. 2006). Postnatal expression of SALM1 in rat brain 

plateaus at approximately postnatal day 1 while that of SALM2 increases steadily during post-

natal development. Combining the knowledge, we hypothesize that SALM1 promotes synaptic 

formation by recruitment and clustering of NMDA receptors, PSD95, VGLUT in earlier stages 

of neuronal development (DIV 2-7). SALM2 promotes maturation of excitatory synapses during 

later stages of neuronal development (DIV 16-21) including synaptic enrichment of AMPA recep-

tors. Structurally, cytosolic regions of all SALMs share no similarity, which gives each SALM 

the ability to act on different stages of synaptic development through differential interaction 

with binding partners. SALM4 appears to be present at both excitatory and inhibitory synapses 

based on immunogold particles detected at spine synapses (Seabold et al. 2008) which makes 

it a probable candidate for synaptogenesis too. Amongst all the SALMs only SALM3 and SALM5 

were found to promote excitatory and inhibitory presynaptic differentiation via their extracellular 

domains (Mah et al. 2010). Putting the picture together we can see that each SALM has a unique 

role at different stages of synaptogenesis with lower probability of redundancy in roles within the 

family members. 

SALM, LRRTMs, NGLs and Slitrks are four SCAM LRR families involved in synapse forma-

tion. LRRTMs and NGLs act specifically on excitatory synapses, Slitrks were found to func-

tion in both excitatory and inhibitory synapses, with Slitrk1, Slitrk2, Slitrk4, and Slitrk5 acting 

on excitatory synapses and Slitrk3 acting on inhibitory synapses. These results provide strong 

evidence that Slitrks play a central role in general synapse formation, similar to that of NLs. FLRT, 

LRRTM1-4 and NGL2 are LRR trans membrane proteins that are known to regulate excitatory but 

not inhibitory synapses (O’Sullivan et al. 2012; de Wit et al. 2009; Siddiqui et al. 2013; DeNardo 

et al. 2012). However, to our knowledge the SALM family is the only LRR family with a dual role of 

neurite outgrowth and synapse development (de Wit et al. 2011). The unique cytoplasmic region 

of all the SALMs along with Immunoglobulin and Fibronectin domain 3 in the extracellular region 

likely allow the SALMs to play a dual role in neurite growth and synapse formation. 
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6.5: Mechanism of SALM1 in synaptogenesis 
SALM1 has a dual function during neuronal development controlling neurite outgrowth 

and synapse formation. Over-expression of each SALM in young (DIV4) primary hippocampal 

cultured neurons results in enhanced neurite outgrowth and neurite branching but with different 

phenotypes (Wang et al. 2008). SALM1 promotes neurite outgrowth with an increase in mean 

process length and it requires PDZ-binding domain for SALM1’s function (Wang et al. 2006; 

Wang et al. 2008). In our research, we have discovered that SALM1 regulates synapse formation 

until DIV7 in cultured neurons while SALM1 is dispensable at later stages of neuronal develop-

ment. 

We hypothesize that SALM1’s function in synaptogenesis is a combination of controlling 

neuronal trafficking in the early biosynthetic pathway and clustering of vesicles and proteins at 

the synapse. SALM1 possibly controls organelle and protein trafficking at the ER by interacting 

with MAGUKs via its PDZ-binding domain. SALM1-MAGUK-NR1 complex formed at the ER is 

transported to the site of nascent synapse formation for insertion of receptors to the synaptic 

membrane. At the synapse, SALM1-CASK interaction forms a nucleation site for assembly and 

clustering of synaptic proteins. This nucleation complex recruits, regulates and clusters proteins 

involved in synapse formation in early stages of neuronal development such as Bassoon, PSD-95 

and VGLUT. SALM1 depletion at later stages (DIV9) did not alter synapse numbers but still 

reduced VGLUT1 intensity at synapses suggesting that SALM1 continues to be important for 

synaptic vesicle clustering during later stages of neuronal development.

SALM1 is sufficient to perform its role in synapse formation when it is present only at one 

side of the synapse as it possibly interacts with other SALMs or SCAMs across the synapse 

to form nucleation sites with those proteins for recruitment and clustering of synaptic proteins. 

SALM family are key players involved in synapse formation/stabilization and neurite outgrowth 

during development. 

6.6: Future perspectives
Synapse formation and elimination are hallmarks of early development, fundamental to 

learning, memory and other cognitive functions in the mature brain. In the CNS, Nbea mutants 

have defects in the function of the main excitatory and inhibitory synapses correlated with 

morphological defects in synaptic vesicles and size of the postsynaptic density (Nair et al. 2013; 

Medrihan et al. 2009; Niesmann et al. 2011). In vivo, Nbea is required for electrical and chemical 
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Figure 6.2 SALM1 with other Synaptic Cell Adhesion Molecules or SALM1-5 
across the synapse to regulate excitatory synapse formation

synaptogenesis where Nbea is necessary and sufficient in the postsynaptic neuron for synapto-

genesis and dendritic arborization (Miller et al. 2015). The function of amino-terminal region of 

Nbea with a concanavalin A-like domain fringed by armadillo repeats is not known to likely play 

a role in intracellular membrane trafficking as well. In our study, we found C-terminus of Nbea 

involved in glutamate receptor targeting and the “middle portion” for PKA phosphorylation. It is 

probable that the E2218R Nbea mutation results in a collapse of the structure of the C-terminus 

that hampers interaction with other proteins involved in excitatory receptor targeting while inhib-

itory receptors are unaffected. E2218R mutation does not hamper the exit of Nbea from ER to 

be expressed and localized throughout the neuron in punctate format (Chapter 3). To understand 

whether Nbea’s mode of action is at the ER or Golgi, studying expression of NMDA receptors 
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without the PDZ-binding domain in Nbea null neurons will give an insight. As the ER retention 

signal is suppressed, the receptors will be able to leave ER complex without the help of binding 

with SAP102, PSD95 or other PDZ-binding domain proteins and it can be determined whether 

NR subunits are still localized and expressed on the synapse surface or retained at another intra-

cellular component.  Due to the severe phenotype of Nbea null mice, we studied the protein in a 

reduced system. Inducible knock out mice will be a useful tool to understand how Nbea deficient 

neurons incorporate in the network and molecular pathways involved in postsynaptic receptor 

trafficking and surface expression.

The research presented in this thesis for the first time highlights the role of SALM1 in synapse 

formation. Immunoprecipitation (IP) experiment identified potential SALM1 interacting proteins 

including CASK that might be involved in synapse formation and neurite outgrowth. However, 

we did not find other Cell Adhesion Molecules in our IPs that might interact with SALM1 across 

the synapse. A Yeast-2-hybrid screen may reveal possible intracellular and extracellular inter-

acting partners of SALM1, which will help in understanding the mechanism of SALM1’s roles in 

synapse development. 

The challenge remains to identify the exact mechanism of SALM1 in synapse formation and 

which interacting partners are involved in this process. Especially we did not find a role of SALM1 

in synaptic transmission in our reduced autapse system. SALM1 plays a dual role of neurite 

outgrowth and synapse formation. Which domains of SALM1 are dedicated for each of its func-

tions? Do different protein interactions regulate outgrowth earlier in development, while others 

regulate synapse formation? Specifically, do SALMs have different PDZ interactions for neurite 

outgrowth and synapse formation? These questions remain to be addressed and will lead to a 

greater understanding of adhesion molecules at the synapse and the role of the SALM protein 

family in synapse function. 

On a holistic level the question remains why so many different LRR proteins evolved with at least 

partially redundant functions, such as Caps and Trn in flies or SALMs, NGLs, and LRRTMs in 

vertebrates? A more systematic wholesome approach is required to study the redundant CAMs 

rather than studying one CAM and its interacting partners individually on its own. One effective 

strategy is to study multiple knockouts and determine overlapping functions/scenarios that will 

tie up the role of LRRs in synaptogenesis. SALMs join a growing mosaic of synaptic proteins that 

contribute to both neurite outgrowth and synapse formation during the course of development. 

Investigating SALMs and related proteins including other SCAMs is essential for addressing 

fundamental questions of neuronal development.
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Summary  

The fragrance of flowers, the pain of touching a sharp object, the memory of a holiday, the 

taste of a rotten apple – all these experiences are made possible by our brain. Human brain is 

~1.4kg of tissue composed of billions of neurons that pass information to each other through 

structures called “synapses”. Synapses are important functional units that determine how infor-

mation flows through the brain. At synapses neuron communicate with each other by releasing 

neurotransmitters from one neuron that moves across the synaptic cleft to the next neuron, 

where they get accepted at specialized sites called receptors. This process is highly regulated 

and a large number of brain diseases are associated with abnormalities associated with the 

synapse development and function. Thus, understanding the mechanism, biophysical properties 

and the molecules associated with synapse development and function is extremely important in 

finding cure for a large number of diseases.

The research work presented in this thesis cover two aspects of brain development: The 

mechanism with which Neurobeachin (Nbea), a protein implicated in Autism, targets postsyn-

aptic receptors to the synapse surface. Second half of the thesis deals with Synaptic Cell Adhe-

sion Like Molecule 1 (SALM1), a trans-membrane synaptic protein that is involved in synapse 

formation in early stages of neuronal development. 

In Chapter 2, proteomics was used to identify novel interacting partners of Nbea at the 

synapse in mouse brain. SAP102, a MAGUK protein implicated in trafficking of AMPA- and 

NMDA- receptors during synaptogenesis, binds directly with Nbea. However, Immunocytochem-

istry of endogenous SAP102 and Nbea in cultured neurons does not show co-localization. Nbea 

interacts with SAP102 via its C-terminal pleckstrin homology domain. Introducing a mutation 

in PH domain, E2218R, at the C-terminus of Nbea abolishes Nbea-SAP102 binding. Using the 

E2218R mutation, the mechanism by which Nbea targets postsynaptic receptors to the synapse 

surface can be elucidated. 

In Chapter 3, we used primary neurons from Nbea null mutant mice and rescued these 

neurons using two Nbea mutants: E2218R Nbea does not interact with glutamate receptor inter-

acting protein SAP102 and NbeaΔPKA blocks previously characterized interaction with Protein 

Kinase A Subunit II (PKAII). In Nbea-null neurons, GABA and Glutamate receptors show reduced 

surface expression, which could be restored by re-expression of full-length Nbea. E2218R 

Nbea results in loss of binding with SAP102 restored GABA receptor but not glutamate receptor 
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surface expression in Nbea-null neurons. To understand the relevance of Nbea interaction with 

SAP102, we analyzed SAP102 null mutant mice. Nbea levels were reduced by ~80% in SAP102 

null mice, but glutamate receptor expression was unchanged. An Nbea mutant lacking the PKA 

binding domain, differentially affected GABA and Glutamate receptor surface expression. Our 

findings suggest that Nbea targets glutamate and GABA receptors to the synapse via distinct 

molecular pathways by interacting with specific effector proteins. 

In Chapter 4, the role of the Leucine Rich Repeat Cell Adhesion Molecule, SALM1, in 

synapse development was studied. Large-scale mass spectrometry analysis of SALM1 reveal 

several synaptic proteins out of which CASK binds directly with SALM1 in heterologous cells. To 

determine endogenous distribution of SALM1 in cultured neurons, a specific SALM1 antibody 

was developed which shows that SALM1 is apposed to ER and Golgi and is present in a subset 

of glutamatergic synapses. To understand the role of SALM1 in synaptogenesis, SALM1 was 

knocked down at different stages of synapse development using short hairpin RNAs. SALM1 

depletion at 7 days in vitro (DIV7) or earlier, resulted in a 60% reduction of excitatory synapses, 

while infection of SALM1 shRNA after DIV9 had no effect on synapse formation. This phenotype 

could be rescued with shRNA resistant SALM1. We conclude that SALM1 is required for the 

development of excitatory synapses but dispensable for synaptic maintenance. 

In Chapter 5, we explored the mechanism by which SALM1 supports synapse formation 

and if the protein plays a role in synaptic transmission. Patch clamp analyses on single isolated 

neurons, infected with SALM1 shRNAs at DIV7 and at DIV9 shows that residual synapses in 

SALM1 depleted neurons are physiologically normal. Removal of SALM1 unilaterally at the pre 

synapse or post synapse does not alter the kinetics of synaptic vesicle release or postsyn-

aptic receptor surface expression. Most importantly, synapse numbers are not reduced with 

this unilateral reduction of SALM1. Our data suggest that SALM1 is sufficient at one side of the 

synapse for its role in synapse development.

In Chapter 6, possible pathways with which Nbea interacts with other molecules to target 

postsynaptic receptors to the synapse are discussed. A model is provided for the mechanism 

with which Nbea performs its function. Secondly, function of SALM1 in synapse formation is 

discussed in broader context of cell adhesion molecules role in synaptogenesis. Based on  

finding in Chapter 4 and Chapter 5, a model is generated with which SALM1 interacts with other 

proteins in the biosynthetic pathway and at the synapse for synapse formation. 
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