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Neuroligins mediate synaptogenesis through formation of a trans-synaptic complex with 

presynaptic neurexins. Interaction of neuroligin 1 with neurexins is regulated by alternative 

splicing of both neuroligin 1 (at splice site B) and of neurexins (at splice site #4). Full-length 

neuroligin 1 that binds only β-neurexin more potently promotes synapse formation in 

hippocampal neurons, whereas neuroligin 1 lacking splice site B, which binds both α- and β-

neurexins, is more efficient at synapse expansion. Mutations in two surface loops of 

neuroligin 1 abolished neuroligin binding to neurexin 1β and blocked synapse formation. 

Neuroligin mutation found in autism spectrum disorders impairs cell-surface transport but 

does not completely abolish synaptogenic activity.  In hippocampal neurons, overexpressed 

neuroligin 1 enhances excitatory but not inhibitory synaptic responses, and increases the ratio 

of NMDA to AMPA receptor-mediated synaptic currents. In contrast, genetic deletion of 
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neuroligin 1 in mice decreases NMDA receptor-mediated synaptic currents and the 

NMDA/AMPA receptor ratio. Contrary to neuroligin 1, neuroligin 2 potentiates inhibitory 

but not excitatory synaptic responses. The synaptic actions of neuroligin 1 are suppressed by 

chronic blockade of NMDA receptors or of CaM-kinase II. Neuroligin 1 with an autistic-

spectrum syndrome mutation decreases excitatory synaptic responses, consistent with a role 

for endogenous neuroligin 1 in synapse development. Taken together, our data suggest that 

neuroligin-neurexin interaction regulated by their alternative splicing promotes formation of 

specific synapses; synaptogenic function of neuroligin is regulated by NMDA receptor and 

Cam-kinase II activation, suggesting a critical role for neuroligins in synaptic plasticity and 

modulation of neural circuits. 
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Chapter One: Synapse Formation in Central Nervous 
System 

Formation of the specific neuronal circuits designed for solution of particular 

computation problems requires precise coordination and regulation of synapse 

formation. Studies of the neuromuscular junctions have provided a lot of information 

about the mechanisms of synaptogenesis in peripheral nervous system. In contrast, 

the mechanisms of synapse formation in central nervous system are still poorly 

understood, it is a complex multi-step process including neurite outgrowth, axonal 

pathfinding, correct target recognition, formation of the first cell-cell contacts and 

activity-dependent synapse stabilization or elimination (Figure 1-1). Once neurons 

have finished migration during the first stage of their development, they sprout axons 

and dendrites, which are guided by two sets of cues: soluble diffusible molecules and 

cell surface adhesion molecules. Soluble guidance cues are secreted by specialized 

cells to create a gradient of concentration in space, providing the growing axons and 

dendrites with general direction. Once the axons or the dendrites reach the target area 

they need to establish specific connections only with particular cells. As the axons 

and the dendrites grow through the tissue, they encounter different classes of cells 

both neuronal and non-neuronal. All these cells contain different composition of cell-

adhesion molecules on their surface. Yet, although these axons come into contact 

with all classes of cells during their growth, they refrain from making synapses onto 

inappropriate target cells. 
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Neuronal Migration 

Neurite outgrowth 

Axonal pathfinding 

Target cell recognition 

Synapse formation 

Activity-dependent synapse 
stabilization or elimination 

Figure 1-1 Synapse formation in CNS 
  

There are different ways in which this process could be regulated: one of the 

potential solutions is provide the target cell with a specific set of surface molecules 

recognizable only by the specific corresponding axon. This solution requires a large 

combinatorial pool of surface molecule pairs, which would have high affinity of 

interaction with each other, while low affinity of interaction with other molecules 

from this pool. This can be realized by alternative splicing of different families of cell 

adhesion molecules: different types of cadherins (Huntley, 2002), L1 molecules 

(Brummendorf et al., 1998; Rathjen et al., 1987), sidekick proteins (Nguyen et al., 

1997; Yamagata et al., 2002), neurexins and neuroligins(Ichtchenko et al., 1995; 

Ushkaryov et al., 1992), synaptic cell adhesion molecules (SynCAMs) (Biederer et 

al., 2002), neural cell adhesion molecules (NCAMs) (Cremer et al., 1994)  and others. 

Another solution to the problem of specificity could be regulation of the timing when 
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the synapses are formed. This would ensure, that a growing axonal growth cone 

doesn’t form any synapses too early, but only once it has reached a particular area, or 

once it has traveled far enough. For example, retinal ganglion cell axons first travel 

from the eye into the lateral geniculate nucleus of the thalamus and only then do they 

form synapses onto the thalamic cell dendrites (Shatz, 1996; Shatz, 1997). Similarly, 

motor neuron axons delay synapse formation until they travel all the way from the 

spinal cord to the muscle fibers. Once they reach the muscle fibers they form many 

active zones, the majority of which lose competition to other active zones and become 

eliminated (Burden, 2002; Sanes and Lichtman, 2001). Interestingly, even when the 

axons reach the target area it often takes days or even weeks for them to form 

synapses (Pfrieger and Barres, 1996). This could be potentially regulated through 

mechanisms of immediate early genes transcription and expression. This solution 

doesn’t necessarily require having very specific patterns of expression of particular 

cell adhesion molecules unique to a target cell and a contacting axon. Instead this 

axon might express a functional “generic” cell adhesion molecule inducing synapse 

formation only at the particular time when it reaches the target area. It would then 

start forming random synapses, some of which would be stabilized by activity, while 

others would be pruned and eliminated. Both of these variants seem to be viable, and 

could potentially coexist. 

 

Soluble Target-Derived Guidance Cues  
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Neuronal Factors  
 

One group of molecules involved in synapse formation includes Wnt, 

fibroblast growth factor (FGF) and Narp families. These proteins are soluble 

diffusible factors. They are secreted by specific populations of neurons and induce 

axonal arborization and synaptic vesicles clustering. 

 

Wnt 
Wnt factors are a family of secreted diffusible signaling molecules, which 

play an important role in controlling early cell fate decision and embryonic 

patterning. Based on the studies in Drosophila and C.elegans the following model of 

Wnt signaling was proposed. Binding of Wnt to the seven pass transmembrane 

receptor Frizzled induces activation of Disheveled, and consequently inhibition of a 

serine/threonine kinase, glycogen synthase kinase 3β  (GSK-3β). Next, reduction of 

GSK-3β activity results in underphosphorylation and increased stability of β-catenin 

and its consequent accumulation in the nucleus, where it activates T-cell factor 

(TCF)-mediated transcription resulting in cell fate changes (Cadigan and Nusse, 

1997). Wnt can also modulate cell shape and cell fate decision through cytoskeleton 

reorganization (Rocheleau et al., 1997; Schlesinger et al., 1999; Thorpe et al., 1997). 

The small GTPases, RhoA and Rac, lay downstream of the Frizzled-Disheveled 

signaling pathway and regulate planar cell polarity (Strutt et al., 1997). Wnt signaling 

via GSK-3β was also reported to be involved in microtubule organization (Lucas et 

al., 1998).  
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Recent evidence implicated the Wnt factors in synapse formation. 

Overexpression of DWnt-3 protein in Drosophila revealed that DWnt-3 is localized 

to axonal processes, and its overexpression disrupts commissural axon tracts (Fradkin 

et al., 1995). In vertebrates, Wnt-3 is secreted by dendrites of motor neurons in the 

spinal cord to induce arborization of the corresponding axons from sensory neurons 

(Krylova et al., 2002).  

Wnt-7A has also been identified as playing an important role in cerebellar 

development. Mossy fiber axons form a multisynaptic structure called cerebellar 

glomerular rosette on the dendrites from different cerebellar granule cell neurons 

(GCs). The growth cones of these mossy fibers, which originate from different 

sources, expand in size when they enter the cerebellar cortex and contact the dendrites 

of GCs. It is the increase in size and surface area of these growth cones that allows 

the formation of these multiple synapses. The first studies on the mice lacking 

cerebellar granule cell neurons revealed that the factors secreted by these cells are 

important for glomerular rosette formation (Eisenman and Arlinghaus, 1991; Sotelo, 

1975). Wnt-7A has recently been identified as one of the factors involved in this 

process (Hall et al., 2000). Wnt-7A is secreted by cerebellar granule cells to induce 

growth cone enlargement, axonal spreading, and clustering of the synaptic vesicle 

protein synapsin 1 in corresponding mossy fiber terminals. It induces axonal 

remodeling through inhibition of GSK-3β  (Lucas and Salinas, 1997). GSK-3β 

phosphorylates several microtubule-associated proteins: Tau, MAP-1B, and MAP2, 

which are involved in microtubule stabilization. Decrease in MAP-1B 

phosphorylation induced by Wnt-7A results in microtubule unbundling and formation 
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of the spread areas of axons (regions where the synaptogenesis rate is increased) 

(Lucas et al., 1998). Wnt-7A mutant mice exhibit a delay in synapse maturation based 

on morphology studies and accumulation of synaptic proteins (Hall et al., 2000). 

Thus, Wnt-7A works as a retrograde signal from postsynaptic neurons to regulate 

axonal remodeling and expression of synaptic proteins on presynaptic terminals.    

 

Fibroblast Growth Factors (FGFs) 
Another factor, FGF22 produced by cerebellar granule cells, promotes 

synapse formation by innervating mossy fiber axons through interaction with its 

corresponding partner FGF2 receptor in mossy fiber axons. FGF22 was discovered in 

a screen that analyzes the redistribution of the synaptic vesicle protein synapsin in 

cultured chick motoneurons. Using different fractions of high salt extraction from 

forebrains of early postnatal mice Umemori et al. were able to induce aggregation of 

synaptic vesicles in clusters within these neurons without affecting neurite extension. 

Staining with a fluorescent lipophilic styryl dye FM4-64 demonstrated that these 

clusters are functional. Further purification of this activity resulted in identification of 

FGF22 as a presynaptic organizer. FGF7 and FGF10 have similar effect but in other 

populations of neurons (Umemori et al., 2004). Altogether, FGF7, -10 and -22 belong 

to a family of FGF proteins, consisting of more than 20 members, which can 

potentially interact with four FGF receptors. Different FGF proteins play roles in 

neural development, patterning of the neural plate, regulation of the neuroblast 

proliferation and survival (Dono, 2003; Reuss et al., 2003; Reuss and von Bohlen und 

Halbach, 2003). The role of FGF proteins and FGF receptors in synapse formation 
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and differentiation was suggested only recently based on these latest experimental 

results. Interestingly, analysis of the expression profile of some of these proteins in 

the cerebellum revealed that FGF22 was expressed by granular cells, while its 

receptor FGFR2 was expressed by pontine and vestibular neurons that innervate 

granular cells. Addition of soluble FGFR2 into the culture media inhibited ability of 

FGF22 to induce synaptic vesicle clustering, supporting the specificity of FGF22 and 

FGFR2 interaction. Similarly, injection of  FGFR2b into the lateral ventricle of the 

brain at P3 resulted in decrease of synaptophysin-YFP fluorescence in the granular 

layer of the cerebellum in P8 synaptophysin-YFP transgenic mice (Umemori et al., 

2004). Inactivation of FGFR2 postnatally had no effects on granule cells migration, 

cerebellar lamination, neurite growth or granule cells density, but it substantially 

inhibited presynaptic differentiation in the granule cells layer based on the 

immunostaining for synaptic vesicle proteins synapsin and synaptophysin, and the 

active zone protein Bassoon. At the same time, FGFR2 inactivation didn’t have any 

effect on presynaptic differentiation and synaptic vesicle aggregation in vestibular 

nuclei, supporting the idea that the FGF22-FGFR2 signaling regulates presynaptic 

differentiation only in specific subsets of neuronal populations (Umemori et al., 

2004). It also raises a possibility that other FGF-FGFR pairs could play similar role in 

other brain areas.   

 

Narp 
Narp is a member of the pentraxin family of secreted, calcium-dependent 

lectins  and was originally cloned as an immediate early gene induced by synaptic 
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activity. Pentraxin family members are characterized by the similarity of their 

secondary and tertiary structure with the plant lectin concanavalin A and their 

calcium-dependent binding to polysaccharides (Emsley et al., 1994). Immediate early 

genes (IEGs) are induced in neurons in response to synaptic activity and are 

hypothesized to be a part of the necessary neuronal response required for long-term 

plasticity. Narp is expressed in both the developing and adult central nervous system, 

where it is involved in induction of neuronal migration and neurite outgrowth as 

shown in experiments with cortical explants (Tsui et al., 1996). Recent evidence 

suggest a potential role for Narp in postsynaptic differentiation (O'Brien et al., 2002; 

O'Brien et al., 1999). It is secreted by both pre- and postsynaptic specializations in 

different brain regions including cortex and hippocampus. Secretion of Narp is 

necessary for its association with AMPA receptors, because the Narp mutants 

incapable of being secreted do not associate with AMPA receptors (O'Brien et al., 

2002). Although direct binding of Narp and GluR subunits has not been shown, Narp 

induces AMPA receptor clustering in aspiny synapses in-vitro. This effect is specific 

for excitatory aspiny synapses and is modulated by multimerization of Narp. 

Expression of Narp mutants with deletions of coiled-coil domains required for its 

multimerization inhibits its association with AMPA receptors and accumulation in 

synapses (O'Brien et al., 2002). Interestingly, recent findings suggest that Narp can 

also multimerize with neuronal pentraxin 1 (NP1). NP1 is structurally organized 

similarly to Narp, but is not an immediate early gene and doesn’t have as strong an 

effect on AMPA receptors clustering (Xu et al., 2003). Another intriguing observation 

is that Narp is incapable of either binding to or clustering AMPA receptors in 
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dendritic spines which suggests, that the mechanisms of synapse formation of spiny 

and aspiny synapses might be different (O'Brien et al., 1999).  

Narp mRNA expression can be rapidly induced by activity in the adult 

hippocampus or visual cortex, where it is associated with long-term potentiation 

(LTP) and is dependent on NMDA receptor activation (Worley et al., 1993). Low 

frequency stimulation which doesn’t activate NMDA receptors is unable to induce 

Narp. Basal expression of Narp in visual cortex reaches high levels during critical 

period of development and is rapidly decreased after interruption of afferent visual 

input. This suggests that the Narp function may be specific for particular forms of 

synaptic activity associated with synaptic maturation and stabilization and raise a 

hypothesis that Narp may be important for later forms of synapse formation and 

stabilization in particular sets of excitatory synapses.  

 

Glia-Derived Factors  
 

Glial factors also play an important role in synapse formation: it has been long 

known, that astrocyte-conditioned media dramatically enhance synapse formation, 

and glial factors are necessary for development and maturation of neurons in culture 

(Nagler et al., 2001; Ullian et al., 2004; Ullian et al., 2001). Some of these factors are 

discussed below: 

 

 



 
 10

Cholesterol 
Recent discovery of cholesterol as one of the glial factors capable of 

promoting synapse formation opened a new page in studies of vertebrate 

synaptogenesis (Mauch et al., 2001). Interestingly, the action of cholesterol requires 

its binding to apolipoprotein E, which serves as a cholesterol carrier. Application of 

cholesterol in cultured neurons increased frequency of spontaneous excitatory 

postsynaptic currents (EPSCs), and drugs blocking cholesterol synthesis in astrocytes 

abolished the beneficial effects of astrocyte-conditioned media on synapse formation. 

Interestingly, other lipids like phosphatidylcholine were not able to increase the 

frequency of spontaneous EPSCs, and at higher concentrations were even toxic to 

retinal ganglion cells. Furthermore, apolipoprotein E (apoE)-binding receptors that 

mediate the uptake of lipoproteins were also necessary for this effect; blockade of the 

low-density lipoprotein (LDL) receptor with the receptor-associated protein (RAP) 

decreased spontaneous synaptic activity induced by cholesterol treatment. In addition 

to increased synaptic activity, cholesterol-treated neuronal cultures had increased 

density of presynaptic terminals judging by immunostaining of synaptic vesicle 

proteins (Mauch et al., 2001). Interestingly, the cholesterol treatment increased not 

only synapse formation, but also efficacy of neurotransmitter release, based on the 

low failure rate, and comparison of asynchronous release to spontaneous release. 

Thus, cholesterol enhances the production of presynaptic components including 

synaptic vesicles and release site. One of the possible explanations could be physical 

requirement of large amounts of particular types of lipids like cholesterol during 

active period of synapse formation. Glial cells can be viewed as a factory highly 

specialized in fast production and delivery of these building materials to the 
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surrounding neurons. This could also explain why availability of cholesterol seems to 

be one of the limiting factors in synapse development (Mauch et al., 2001). In fact, 

synapse formation in most of the developing brain happens after differentiation of the 

macroglial cells (Pfrieger and Barres, 1996). These results suggest that there is a very 

important connection between cholesterol metabolism and the processes of neuronal 

development.   

 

Thrombospondins (TSPs) 
Another family of glia-derived molecules called thrombospondins (TSPs) was 

also reported to promote synapse formation (Christopherson et al., 2005). 

Thrombospondins are large oligomeric extracellular matrix proteins. There are five 

TSPs encoded by five different genes. Thrombospondins -1 and -2 (TSP1, TSP2) are 

closely related trimeric proteins with similar domain structure, and are expressed 

specifically by immature, but not mature astrocytes. TSPs were initially identified as 

the molecules involved in platelet activation and cell adhesion (Adams, 2001), as well 

as in neurite extension (Arber and Caroni, 1995). The abundance of TSPs in brain 

changes from low in a late embryonic brain, higher in a postnatal brain and very low 

or absent in an adult brain. Some reactive astrocytes and activated microglia express 

TPSs in the adult brain.  Thrombospondin-4 (TSP4) is a pentameric protein with 

different domain structure from TSP1 and TSP2, and is expressed in adult nervous 

system in synapses and neuromuscular junctions (Arber and Caroni, 1995). In culture, 

thrombospondins could induce formation of ultrastructurally normal synapses 

containing several pre- and postsynaptic proteins: synaptotagmin, PSD-95, SAP-102 
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and Homer. These synapses were presynaptically active, based on their ability to be 

stained with lipophilic dye FM2-10 or with antibodies to the luminal domain of 

synaptotagmin in activity-dependent manner (Christopherson et al., 2005).   

Surprisingly, the synapses induced by TSP1 and TSP2 were postsynaptically silent, 

lacking functional AMPA receptors. This result suggests that another unidentified 

astrocyte-derived signal is necessary for full postsynaptic specialization in vitro. 

Alternatively, it is possible that the astrocytes are required for the neurons to produce 

specific patterns of synaptic activity necessary for synapse maturation and 

stabilization. Regulation of expression of thrombospondins in time closely correlates 

with astrocytes  and synapse development, and suggests a potential role for TSPs in 

regulation of a critical period of development. Expression of TSPs in activated 

astrocytes could also help to explain the formation of astrocytic scars in epilepsy and 

the inability of axotomized axons to regenerate when they contact reactive astrocytes 

(Liuzzi and Lasek, 1987). 

 

Cell-Adhesion Molecules 
 

Cadherins 
Multiple classes of adhesion molecules cooperate in synaptic junction 

formation and maintenance, each having specific roles at different stages of 

development.  

They are neural cadherin (N-cadherin), epithelial cadherin (E-cadherin), 

placental cadherin (P-cadherin) and retinal cadherin (R-cadherin), and also 
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protocadherins. Originally they were named for the tissue in which they were first 

found, but many tissues in fact express a wide variety of different cadherins, for 

example there are at least 20 different cadherins in brain (Sano et al., 1993; Suzuki et 

al., 1991).  The cadherins consist of a large N-terminal extracellular domain, one 

transmembrane domain and a conserved C-terminal part. C-terminal part interacts 

with different scaffolding and cytoskeletal proteins. The extracellular part can often 

be divided into five homologous regions called extracellular domains 1 through 5 

(EC1-EC5). Most of the classic cadherins are homophilic calcium-dependent cell 

adhesion molecules; although there are exceptions, for example, N-cadherin can bind 

to R-cadherin, but its binding affinity is much lower than homophilic N- to N- 

binding affinity. Based on the crystal structure of cadherins the model of a so-called 

“adhesion zipper” was proposed (Shapiro et al., 1995). According to this model the 

surface of EC1 domain interacts with the corresponding surface of analogous domain 

on the opposite side. At the same time two cadherin molecules also form a dimer. 

This allows cadherin molecules to interact horizontally connecting two opposing 

sides together and creating so called zipper. The formation of a dimer is mediated by 

a tryptophan in position 2, which fits into a hydrophobic pocket on the partner 

molecule.  

The first known cadherin molecule to be expressed during development is N-

cadherin: it first appears during the time of neural tube closure (Kintner, 1992). N- 

Cadherins are calcium-dependent cell adhesion molecules, known to function in 

development of neurite outgrowth, axonal guidance, synapse formation and 

stabilization. Based on the previous evidence it has been suggested, that cadherins 
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might be important for formation of synaptic contacts similar to the way epithelial 

adherens junctions are formed (Fannon and Colman, 1996; Uchida et al., 1996). This 

would initiate recruitment of scaffolds and components of actin cytoskeleton, 

presynaptic release machinery, neurotransmitter receptors and second-messenger 

signaling systems.  

However, a growing number of in-vitro and genetic studies suggest that 

classical cadherins don’t directly induce synapse formation: injection of anti-N-

cadherin antibodies in the developing chick optic tectum results in retinal ganglion 

cell axons overshooting their appropriate targets, but still forming synapses further 

away from the right area (Inoue and Sanes, 1997). Axons of the photoreceptor cells 

lacking N-cadherin in Drosophila ommatidium are mistargeted, but are still capable 

of forming synapses (Lee et al., 2001). N-cadherin loss–of-function mutant in 

zebrafish resulted in lethality at day 5, and is important for retinal lamination and 

maintenance of the lens epithelial sheet, but is not essential for initial formation of 

photoreceptor ultrastructure or synaptogenesis (Erdmann et al., 2003). These results 

suggest that cadherins might function in target recognition and possibly in synapse 

stabilization, but in direct in-vitro synapse formation assays they were inactive 

(Scheiffele et al., 2000). 

 

Protocadherins 
Another group of molecules similar to cadherins involved in synapse 

specificity are protocadherins, which are encoded by a big family of extensively 

spliced genes (Hirano et al., 2002; Hirano et al., 1999; Kohmura et al., 1998; Phillips 
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et al., 2003; Wang et al., 2002a; Wang et al., 2002b). These molecules contain 

extracellular domains similar to those of classical cadherins, but have very different 

cytoplasmic domains. The genome contains approximately 70 protocadherins; many 

are expressed in the nervous system suggesting that they might be important in the 

formation of synaptic connections. These proteins are present in most of neuronal 

cells, where they are localized in some synapses and extra-synaptically. Different 

isoforms of protocadherins have differential pattern of expression in developing 

brain. (Phillips et al., 2003). The majority of protocadherin genes (58 genes) are 

organized in three clusters: Pcdh-α, Pcdh-β, Pcdh-γ. All these genes are arranged in 

tandem on a single chromosome, and contain multiple exons which are extensively 

spliced to produce a variety of extracellular parts fused to the same cytoplasmic 

domain. Deletion of a cluster of 22 protocadherin genes results in dramatic 

degeneration of specific neuronal subtypes, particularly spinal interneurons, which 

ultimately leads to loss of coordination and neonatal death. Interestingly, in culture 

mutant spinal neurons were still capable of differentiating and forming synapses, but 

then died shortly. These results suggest that these protocadherins are not essential for 

synapse formation, but rather for neuronal survival  (Wang et al., 2002b).  

 

Neural Cell Adhesion Molecules (NCAMs) 
Neural cell adhesion molecules (NCAM) are another group of cell adhesion 

molecules of the Ig superfamily implicated in axonal growth and synaptogenesis 

(Cremer et al., 1994; Seki and Rutishauser, 1998). The three major isoforms of 

NCAM are expressed in central nervous system (CNS), with NCAM140 expressed in 
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both pre- and postsynaptic membranes, and NCAM180 expressed specifically in 

postsynaptic sites (Persohn et al., 1989; Persohn and Schachner, 1990). Polysialic 

acid (PSA) moiety of NCAM is involved in regulation of NCAM function, removal 

of PSA either by specific enzymatic degradation or mutation of the NCAM-180 

isoform carrying PSA results in aberrant innervation of the mossy fibers in 

hippocampus, including excessive sprouting and defasciculation and formation of 

ectopic synapses by these axons (Seki and Rutishauser, 1998). In addition, removal of 

the PSA moiety impaired both long-term potentiation (LTP) and long-term depression 

(LTD) in hippocampus, as well as acquisition and retention of spatial memory in rats 

(Becker et al., 1996; Muller et al., 1996). Similarly, the mice deficient in 

ST9SialIV/PST-1, one of the enzymes involved in modification of NCAM with PSA, 

expressed decreased amount of PSA-NCAM in the hippocampus, which resulted in 

decreased LTP at Schaffer collateral –CA1 synapses (Eckhardt et al., 2000). In 

contrast, LTP wasn’t changed at mossy fiber-CA3 synapses, suggesting the 

specificity of PSA-NCAM action. Expression of PSA-NCAM is abnormal in patients 

with schizophrenia and epilepsy, as well as after lesions (Barbeau et al., 1995; Jucker 

et al., 1995; Mikkonen et al., 1998; Wang et al., 1992). 

NCAM is important for the early stabilization phase of LTP, but not for the 

NMDA receptor-dependent induction of LTP at CA1 synapses (Luthl et al., 1994; 

Staubli et al., 1998). In addition, NCAM has been implicated in regulation of synaptic 

strength both in mice and in invertebrates like Aplysia and Drosophila (Bailey et al., 

1997; Davis and Goodman, 1998; Davis et al., 1997; Schuster et al., 1996a; Schuster 

et al., 1996b; Zhu et al., 1995). This regulation was suggested to be activity-
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dependent and postsynaptic: recent studies suggest that activation of AMPA receptors 

increases the activity of the NCAM promoter (Holst et al., 1998) and that 

postsynaptic expression of NCAM180 is increased after LTP in dentate gyrus 

(Schuster et al., 1998). Heparan sulfate chains of FGF and FGF receptors are known 

to facilitate dimerization of FGF and FGF receptors, and their subsequent 

autophosphorylation (Kwan et al., 2001; Loo et al., 2001; Stauber et al., 2000). 

Recent studies suggested that NCAM can activate FGF receptors via direct 

interaction between the first two fibronectin type III domains of NCAM and the 

second and the third Ig domains of FGF receptor (Kiselyov et al., 2003). This 

interaction can potentially activate axonal FGF receptors, and thus stimulate 

presynaptic differentiation.   

Altogether, these data suggest that NCAM is involved in several stages of neuronal 

development: axon guidance, synaptic organization, maintenance, and function. 

Neurofascins 
Most of the neurons consist of different compartments organized specifically 

spatially and providing necessary computational abilities of a neuron. For example, 

axon initial segment (AIS) is a place of action potential initiation. At the same time, 

in Purkinje cells of cerebellum axon initial segment receives a major inhibitory 

GABAergic inputs from the basket cells, which are called pinceau synapses. These 

synapses allow inhibition of action potential initiation when necessary, and have very 

specific spatial organization. Tracing of the basket cell axons during development 

shed light on the mechanisms of this specificity: basket cell axons initially contacted 

the soma of Purkinje cells, but later in development they grew and terminated on the 
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AIS, forming exuberant branches. One of the cues regulating this process was 

identified as neurofascin (NF186) (Ango et al., 2004). Neurofascin belongs to the L1 

family of the Ig superfamily, consisting of four members: L1, neurofascin, NrCAM 

and CHL1 (Brummendorf et al., 1998; Rathjen et al., 1987). These are type 1 

transmembrane proteins localized to axonal growth cones and neuronal processes, 

where they are involved in axonal growth, targeting and bundling. Interestingly, in 

contrast to L1, neurofascin is extensively spliced in the extracellular part necessary 

for its interaction with NrCAM, contactin1 (F11), axonin-1 (TAG-1) and tenascin-R 

(Volkmer et al., 1996; Volkmer et al., 1998). All four members can associate with 

ankyrin-spectrin membrane skeleton via a specific domain in their cytoplasmic 

regions, and this interaction is believed to be necessary for their targeting to specific 

subcellular compartments. AnkyrinG has two neurofascin binding sites, and thus can 

potentially bring two different neurofascin molecules together. AnkyrinG in turn, can 

interact with the βIV spectrin tetramer, which also has two binding sites for ankyrinG. 

Altogether, these molecules can form a  complex necessary for neurofascin nucleation 

and gradient (Jenkins and Bennett, 2001; Komada and Soriano, 2002). Neurofascin is 

concentrated at the AIS of Purkinje cells (Davis et al., 1997; Davis and Bennett, 

1994), creating a subcellular gradient along the AIS-soma-dendrite. This gradient of 

neurofascin can be disrupted by genetic ablation of ankyrinG, an adaptor protein 

which interacts with the intracellular part of neurofascin (Zhou et al., 1998). Loss of 

the neurofascin gradient led to a complete disorganization of the basket cell axons, 

which were wondering around the cell soma and formed ectopic synapses in the sites 

of neurofascin expression. Interestingly, though the basket axons were mistargeted, 
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they still reached the Purkinje cells suggesting that there are other factors besides 

neurofascin, regulating targeting of these axons to the Purkinje cells. Unfortunately, 

the interacting partner of neurofascin on the basket cells is not yet known.  

 

Sidekick Proteins 
One of the interesting examples of specificity of synapse formation is 

organization of laminae and sublaminae within the vertebrate retina. The somata of 

the retinal ganglion cells (RGCs) are located in the innermost layer, yet their 

dendrites are extended into the adjacent inner plexiform layer, where different 

subclasses of RGCs are connected to the processes from amacrine and bipolar cells. 

The correct wiring between these three groups of cells is essential for correct 

representation and processing of the visual information (Boycott and Wassle, 1999). 

In order to identify the molecular targets regulating specificity of these connections, 

Yamagata et al. performed a screen of single-cell libraries from different RGCs and 

isolated several genes differentially expressed in these cells (Yamagata et al., 2002). 

Two immunoglobulin (Ig) superfamily members sidekick-1 and -2 (Sdk-1, Sdk-2) 

were identified in the screen. The ortholog gene sidekick in Drosophila is important 

for photoreceptor differentiation in the fly eye (Nguyen et al., 1997).  

Sidekick proteins contain six N-terminal Ig domains, 13 fibronectin type III 

repeats, a transmembrane domain and a cytoplasmic region with a putative PDZ 

binding motif. The first and the second Ig domains of sidekicks are important for 

homophilic cell adhesion (Yamagata et al., 2002).    
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In vertebrate retina each sidekick protein is expressed in synapses, in non-

overlapping subpopulations of postsynaptic retinal ganglion cells and the 

corresponding sites of presynaptic amacrine and bipolar cells. Both of sidekicks have 

very specific localizations: both of them are expressed only in sublaminae S2 and S4, 

with Sdk-1 being expressed at higher concentration in S4, and lower in S2, while 

Sdk-2 has the opposite expression pattern. None of the two sidekicks are expressed in 

S1, S3 or S5. Ectopic expression of sidekicks in the retina diverted neuronal 

processes from sidekick-negative to sidekick-positive synaptic layers (Yamagata et 

al., 2002). Specific homophilic interactions of the sidekick proteins thus provide a 

plausible mechanism for regulation of laminae-specific neuronal wiring in retina.  

 

Ephrins-Eph Receptors 
Ephrins and their interacting partners Eph receptor tyrosine kinases play an 

important role in different processes of development: boundary formation, cell 

adhesion, migration of the neural crest, and axon guidance (Drescher, 1997; O'Leary 

and Wilkinson, 1999). Binding of the ephrin ligand to the Eph receptor results in 

receptor dimerization and subsequent trans-phosphorylation by the cytoplasmic 

kinase domains. Ephrins are subdivided into two classes different in the ways of cell 

surface attachment: EphrinAs (EphrinsA1-A5) are tethered to the cell surface by a 

glycosylphosphatidylinositol (GPI)-anchor, while EphrinBs (EphrinsB1-B3) are type 

1 transmembrane proteins possessing cytoplasmic region. Ephrins A and B also have 

different interacting partners: ephrinAs bind to EphA receptors (EphA1-A8), while 

ephrinBs bind to EphB receptors (EphB1-B6, EphA4) (Flanagan and Vanderhaeghen, 
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1998). The role of ephrins in topographic guidance of different types of axons and in 

axonal pruning has been extensively studied: they are particularly important for the 

proper axonal crossing of the sagittal midline and dorsoventral axon migration by 

providing a repulsive signal on the cell surface to an axonal growth cone containing 

corresponding Eph receptor (Bergemann et al., 1998; Birgbauer et al., 2000; 

Henkemeyer et al., 1996). Recent findings also suggest the role of ephrins in 

formation of topographic maps in the visual system. Retinal ganglion cells (RGCs) 

send their axons to the area of the midbrain, called superior colliculus (SC) providing 

the correct projection of the visual information to the brain. Previous discovery of the 

overlapping gradients of ephrinA2 and ephrinA5 in the chick SC (tectum) and 

corresponding gradients of EphA receptors, and consequent genetic ablation of 

ephrinA5 in mice showed that ephrinA5 is required to prevent temporal axons, which 

express higher amounts of EphA receptors, from overshooting the posterior margin in 

SC (Frisen et al., 1998). Genetic ablation of ephrinA2 suggests that both ephrinA2 

and ephrinA5 have a partially redundant role in formation of the topographic maps: 

the mice lacking ephrinA2 have similar ectopic arborization as the mice lacking 

ephrinA5, but most of the topography is lost in the ephrinA2/ephrinA5 double 

knockout mice. This study suggests, that the gradients of repellents provide axon-

axon competition during formation of topographic maps, and thus regulation of the 

level of expression of corresponding ephrins and Eph receptors regulates axonal 

positioning during development and ultimately the targets of its synapses (Feldheim 

et al., 1998). One of the elegant studies supporting the axonal competition theory 

shows that in a knockin mouse with the ephrinA3 cDNA inserted as an independent 
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ribosomal entry site (IRES) cassette into the locus of the islet2 gene, the axonal 

targeting is regulated by the ephrinA3 expression level. Expression of ephrinA3 by 

islet2 regulatory elements produced two populations of RGCs: a) RGCs expressing 

normal gradients of EphA5 and EphA6 receptors; b) RGCs expressing EphA3 

receptors in addition to the EphA receptors wild-type levels. As predicted, RGCs 

expressing EphA3 changed their projection to more anterior on the superior 

colliculus, but at the same time, EphA3- axons also changed their projection to more 

posterior. This suggests that the new EphA3+ axons pushed the neighboring EphA3- 

axons away from their normal position.  

Ephrin/Eph receptor interaction results in the formation of high-affinity 

multimeric complexes between two different cells, yet this binding at the same time 

triggers repulsion of these cells necessary for cell migration or axon withdrawal. An 

answer to this conundrum is in the mechanism of regulated ephrin cleavage. Hattori et 

al. have recently shown, that stimulation of neuroblastoma cells expressing ephrinA2 

with soluble EphA3-Fc results in decrease of surface levels of ephrinA2 and 

appearance of smaller forms of ephrinA2 in the cell media. This effect was mediated 

by a protease, disintegrin and a metalloprotease (ADAM), possibly 

ADAM10/Kuzbanian (Kuz). In support of this notion, Kuz was able to form a stable 

complex with ephrinA2 in the absence of EphA3 receptors and cleave ephrinA2 in 

the juxtamembrane region (Hattori et al., 2000). Presence of cells expressing 

ephrinA2 causes axonal growth cone collapse of the corresponding contacting 

neurons expressing EphA. An ephrinA2 mutant resistant to Kuz cleavage greatly 

delayed the axon withdrawal in culture, suggesting mechanism of fast regulated 
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detachment of an axon from a cell providing repulsive signal. This raises a potential 

question if other cell adhesion molecules can be cleaved by Kuz or other ADAM 

enzymes and thus regulate synapse specificity or mediate synapse pruning.   

A new role for ephrins and Eph receptors in synapse formation was revealed 

when Greenberg and colleagues first discovered that EphB2 receptors can induce 

clustering of NMDA receptors (Dalva et al., 2000). In the presence of ephrinB, 

EphB2 receptors were capable of directly binding NR1 subunits of NMDA receptors 

and clustering them in synapse. This effect was specific for EphB2 receptors, because 

the EphA4 receptors were unable to bind to NMDA receptors and cluster them. Effect 

of EphB clustering of NMDA receptors in central synapse is similar to ability of agrin 

to cluster acetylcholine receptors in neuromuscular junction, providing interesting 

analogies between these two very different types of synapses and raising a possibility 

that some fundamental mechanisms of synaptogenesis might be similar both in 

central and in peripheral nervous systems.  

Finally, the growing number of studies implicates ephrins and Eph receptors 

in synapse formation and synaptic plasticity. EphrinBs are localized at the 

postsynaptic sites of CA3-CA1 synapses. Conditional genetic ablation of ephrinB2 or 

ephrinB3 caused strong defects in both NMDA receptor-dependent LTP and LTD. 

Ablation of EphA4, a high affinity receptor for ephrinB2 and ephrinB3, produced 

similar effect in LTP, suggesting their functional interaction at the synapse. 

Altogether, ephrin-Eph receptors play important roles in axonal pathfinding, 

specificity of synapse formation, postsynaptic differentiation and long-term plasticity.  
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Direct Inducers of Synapse Formation 

Neurexins-Neuroligins 
At the synapse, transsynaptic cell-adhesion complexes presumably link pre- 

and postsynaptic compartments, but the nature and function of these complexes 

remain unclear (Goda and Davis, 2003; Yamagata et al., 2003). One candidate for 

such a complex is the cell-adhesion pair formed by β-neurexins (Ushkaryov et al., 

1994; Ushkaryov et al., 1992) and neuroligins (Figure 1-2) (Cantallops and Cline, 

2000; Ichtchenko et al., 1995; Ichtchenko et al., 1996; Nguyen and Sudhof, 1997; Rao 

et al., 2000; Scheiffele et al., 2000; Song et al., 1999).  

 Neurexins were isolated as receptors for α-latrotoxin (Sugita et al., 1999; 

Ushkaryov et al., 1992), a component of black widow spider venom that induces 

massive neurotransmitter release from nerve terminals (Sudhof, 2001). Three 

neurexin genes are expressed in mammals. Each gene produces two principal forms, 

the longer α- and the shorter β-neurexins (Rowen et al., 2002; Tabuchi and Sudhof, 

2002). Structurally, all neurexins are composed of alternatively spliced extracellular 

domains, a single transmembrane region (TMR), and a short cytoplasmic tail, and 

thus resemble cell-surface receptors. Both α- and β-neurexins differ only in their N-

terminal extracellular sequences, but share identical C-terminal domains, including 

the O-glycosylation site close to the TMR, the TMR itself and the cytoplasmic region. 

α-neurexin contains six LNS domains separated by three EGF repeats, and five splice 

sites ss1-ss5, while β-neurexin contains a small β-neurexin-specific sequence 

followed by only one LNS domain and two splice sites ss4, ss5 (Figure 1-2). 

Neurexin 1α, the primary α-latrotoxin receptor, is required for full stimulation of 
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neurotransmitter release by α-latrotoxin, suggesting that neurexins are at least in part 

presynaptic (Geppert et al., 1998; Tobaben et al., 2002). 

 

Figure 1-2 Structure of neurexins and neuroligins.  
Ss1-ss5 represent splice sites of neurexins, ssA and ssB represent splice sites of 
neuroligins. O-linked and N-linked sugars represent sites of O- and N-glycosylation 
correspondingly. EGF – EGF repeat, LNS – LNS domain, TM – transmembrane 
domain, PDZ – PDZ binding motif.   
  

 Neuroligins are postsynaptic cell-adhesion molecules that bind to β-neurexins 

(Ichtchenko et al., 1995; Ichtchenko et al., 1996). Neuroligins are composed of a large 

extracellular N-terminal sequence that is homologous to the α/β-hydrolase fold 

domain of acetylcholinesterase (Ichtchenko et al., 1995), an O-linked sugar-rich 

domain, a single transmembrane region, and a short cytoplasmic tail (Figure 1-2). 

Rodents have at least three neuroligin genes (Ichtchenko et al., 1996), but humans 

have five neuroligin genes (Bolliger et al., 2001). The human neuroligin genes have 

been localized at 3q26 (NLGN1), 17p13 (NLGN2), Xq13 (NLGN3), Xp22.3 
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(NLGN4) and Yq11.2 (NLGN5 or NLGN4Y). Like acetylcholinesterase, neuroligins 

constitutively dimerize via their extracellular domain (Comoletti et al., 2003). 

Dimerization of postsynaptic neuroligins may be required for stable association with 

presynaptic β-neurexins and/or for activation of presynaptic signaling via β-neurexin 

binding. 

Neuroligin-1 interacts with neurexin1β-1 (Nrx1β-1), its presynaptic partner 

via the extracellular part. This interaction is calcium-dependent. Neuroligins and β-

neurexins bind to each other and form a heterotypic intercellular junction regulated 

by alternative splicing (Figure 1-3) (Comoletti et al., 2003; Ichtchenko et al., 1995; 

Ichtchenko et al., 1996).   

The C-terminal region of all neuroligins contains a PSD-95-Dlg-ZO 

homology (PDZ)-binding motif which can interact with the third PDZ domain of 

PSD-95 and the second PDZ domain of synaptic scaffolding molecule (S-SCAM), 

members of the family of synaptic scaffolding proteins. The PDZ domains of PSD-

95 and S-SCAM bind the C-terminal sequences of K+ channels and NMDA 

receptors, and thus mediate clustering of K+ channels and NMDA receptors in the 

synapse (Figure 1-3) (Hirao et al., 1998; Irie et al., 1997). 
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Figure 1-3 Neuroligin and neurexin partners at synapse.  
Neuroligins and neurexins induce synaptogenesis by forming a trans-synaptic 
complex and initiating several intracellular signaling cascades both in pre- and 
postsynapse.  
  

In transfected cells, neuroligin 1 and neurexin 1β mediate cell adhesion 

(Nguyen and Sudhof, 1997). In brain, neuroligin 1 is localized to postsynaptic 

densities (Song et al., 1999), while neurexins were reported to be localized 

presynaptically (Dean et al., 2003) 

The function of neurexins and neuroligins has long been unclear until 

Scheiffele et al. have demonstrated in an artificial synapse formation assay, that  

neuroligin 1, when expressed in a non-neuronal HEK293 cell, can induce presynaptic 

differentiation in co-cultured pontine explants (Scheiffele et al., 2000).  
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Mutations of the putative dimerization sequences of neuroligin 1 abolished its 

ability to form synapses, and addition of agents that bind to β-neurexins – 

immobilized recombinant neuroligin 1 or antibodies to epitope-tagged transfected 

neurexins – promoted the clustering of synaptic vesicle antigens in cultured neurons 

(Dean et al., 2003).  

Neuroligins and Autism Spectrum Disorders. 
 

Interestingly, recent studies uncovered a missense mutation in human 

neuroligin 3 (Arg451Cys) and two frameshift mutations in neuroligin 4 in patients 

with familial forms of autism, mental retardation, and/or Asperger syndrome (Jamain 

et al., 2003; Laumonnier et al., 2004; Zoghbi, 2003). The neuroligin 4 mutations 

probably act as null mutants since the protein is truncated in the middle of the 

acetylcholinesterase domain. The Arg471Cys mutation in rat neuroligin 3 (which 

corresponds to the human Arg451Cys substitution) causes at least partial retention of 

neuroligin 3 in the endoplasmic reticulum (see Table 1) (Chih et al., 2004; Comoletti 

et al., 2004) which might be responsible for the autistic phenotype observed in the 

human patients.  

Autism is a severe disorder of the nervous system characterized by 

difficulties in social interaction and communication often accompanied by learning 

disabilities. Autistic patients have also perceptual processing abnormalities expressed 

in hypersensitivity to auditory and tactile stimuli (Kootz et al., 1981). They also have 

impairments in executive functions and motor control, procedural, emotional and 

social memory (Squire and Zola, 1996). The neurological mechanism underlying 

development and progression of autism are still unknown. There is a significant 
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evidence of genetic etiology for autism. The rate of occurrence of autism is about 

1/500 and is progressively increasing (Fombonne, 2002). Twin studies show that the 

concordance rate in monozygotic twins is 70%-90% and for dizygotic twins is 0%-

10% (Bailey et al., 1997; Folstein and Rutter, 1977; Steffenburg et al., 1989). The 

male-to-female ratio of incidence of disease is 4:1 in autism and 8:1 in Asperger 

syndrome. Male predisposition to disease had not been explained until recently when 

Jamain et. al. reported mutations in two X-linked genes encoding neuroligins 

NLGN3 and NLGN4 in siblings with autism spectrum disorders (Jamain et al., 

2003). These findings suggest that autism might be potentially caused by defects in 

synaptogenesis.  

 

Table 1 Summary of previous morphological and electrophysiological studies of 
neuroligins 
Publication Target 

protein 
Immunocytochemistry Electrophysiology 

(Dean et al., 
2003) 

Transfection 
NL1 

NL1 increases density of 
synapsin, PSD-95 and GluR2/3 

puncta  

Not tested 

(Chih et al., 
2004) 

Transfection 
NL3, NL4, 

NL3 R451C, 
NL4 D396X 

NL3, NL4 increase synapse 
density; NL4 D396X has no 

effect, NL3 R451C has no effect, 
except  in some cells with high 

level of expression where 
synapse density is increased 

Not tested 

(Dresbach et 
al., 2004) 

Transfection 
NL1, NL1ΔC 

NL1 is targeted to dendritic 
spines via its C-terminal 

sequence; NL1ΔC mutant 
lacking C-tail is not localized in 

spines 

Not tested 

(Graf et al., 
2004) 

Transfection 
NL1, NL2, 
NL3, NL4 

NL1, NL3, NL4 clusters PSD-
95, NL2 clusters gephyrin, PSD-

95 

NL2 decreases 
frequency and 

amplitude of mEPSCs 
and mIPSCs 
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(Iida et al., 
2004) 

Transfection 
NL1, NL1+S-

SCAM, 
NL1+PSD-95, 
NL1-C, NL1-

C-del 

Co-transfection with S-SCAM, 
but not with PSD-95 clusters 
NL1 in spines; NL1 induces 

transient increase in density of 
synaptophysin puncta 

Not tested 

(Prange et 
al., 2004) 

Transfection 
NL1, 

NL1+PSD-95;  
siRNA PSD-

95 

NL1 increases VGLUT and 
VGAT clusters density; co-
transfection with PSD-95 

restricts NL1 localization to 
excitatory synapses 

NL1 increases mEPSCs 
and mIPSCs frequency, 

and mEPSCs 
amplitude; co-

transfection of PSD-95 
with NL1 abolishes 
mIPSCs effect and 
enhances mEPSCs 

effect 
(Boucard et 
al., 2005) 

Transfection 
NL1, 

NL1ΔAB 

NL1 increases synapse density; 
NL1ΔAB less efficiently 

increases synapse density and 
increases synapse size 

Not tested 

(Chih et al., 
2005) 

Transfection 
NL1, NL2, 

NL3, 
NL1swap, 

NL1ΔC 
mutants; 

shRNA  sh-
NL1, NL2, 

NL3,  
sh-

NL1+NL2+N
L3   

NL1 increases density of PSD-
95, Homer, NR1 and VGlut1 
puncta; NL2, NL3 increase 

density of VGlut1 and VGAT 
puncta; NL1swap increases 

density of PSD-95, but not NR1 
puncta, NL1ΔC increases density 
of NR1, but not PSD-95 puncta; 
sh-NL1,2,3, sh-NL1+NL2+NL3 
decrease density of spines and 

VGlut1, GluR1 puncta 

sh-NL1+2+3 decrease 
mIPSCs frequency and 
amplitude and slightly 

decrease mEPSCs 
amplitude 

(Levinson et 
al., 2005) 

Transfection 
NL1, NL2, 

NL3, 
NL2+PSD-95, 
NL3+PSD-95 

NL1, NL2, NL3 increase 
VGLUT and VGAT clusters 
density; PSD-95 shifts NL2 

localization from inhibitory to 
excitatory synapses 

NL1 increases mEPSCs 
and mIPSCs frequency 

and amplitude; this 
effect is blocked by 

soluble Nrx-Fc 
(Nam and 

Chen, 2005) 
Transfection 
NL1, NL1ΔC 

mutant 

NL1ΔC reduces clustering of 
PSD-95 and AMPA receptors; 

NL1 is not tested 

NL1ΔC decreases 
AMPA mEPSCs 

frequency and 
amplitude, and NMDA 

sEPSCs amplitude; 
NL1 is not tested 

(Sara et al., 
2005) 

Transfection 
NL1, 

SynCAM 

NL1 increases synapse density in 
immature neurons; SynCAM has 

no effect 

SynCAM increases 
mEPSCs frequency in 

immature neurons; 
NL1 has no effect 
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Synaptic Cell Adhesion Molecules (SynCAMs) 
SynCAM (also known as TLSC1 or IGSF4) is another cell adhesion molecule 

which can directly induce synapse formation. It is a member of Ig domain 

superfamily of cell adhesion molecules. It is a homophilic adhesion molecule 

expressed both pre- and postsynaptically (Figure 1-3) (Biederer et al., 2002; Sara et 

al., 2005). It contains three Ig domains, one transmembrane domain and a 

cytoplasmic region containing a protein 4.1-binding motif and a PDZ-binding motif. 

C-terminal region of SynCAM has high degree of homology with the C-terminal 

region of neurexins, which helped to identify SynCAM as a potential synaptogenic 

molecule in a screen. Overexpression of SynCAM in HEK293 cells induced synapse 

formation by neurons in an artificial synapse formation assay. These presynaptic 

terminals were functional based on the FM 1-43 staining. Furthermore, co-expression 

of SynCAM with glutamate receptors in these nonneuronal cells induced partial 

postsynaptic differentiation and promoted excitatory synaptic transmission. 

SynCAM-induced synapses were capable of both spontaneous ad evoked synaptic 

release (Sara et al., 2005). All these data suggest that SynCAM is one of the inducers 

of presynaptic differentiation.  

Chapter Two: Dissection of Synapse Induction by 
Neuroligins  

Introduction 
 

To clarify the role of neuroligin in regulating synaptogenesis and autism one 

needs to answer several questions. Does postsynaptic neuroligin 1 induce synapse 

formation in co-culture systems by binding to presynaptic β-neurexins? Do the 
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resulting artificial junctions represent non-physiological cell-cell contacts, or do they 

structurally resemble synapses? Are other neuroligins active in this assay? What is 

the effect of the Arg451Cys mutation found in autistic patients on synapse 

formation? As information about the biological basis and molecular target for autistic 

syndromes is limited, mechanistic insights into the molecular nature of neuroligin 

function may lead to better diagnostic and therapeutic approaches to the disorder.  

Unfortunately, these issues are difficult to address directly. Mutants of 

neuroligin that do not bind to β-neurexins are not currently known, and the relative 

properties of different neuroligins have not been investigated. As an initial approach 

to these questions, we have extended the in vitro synapse formation assay (Biederer et 

al., 2002; Scheiffele et al., 2000) using transfected COS cells to allow a more 

quantitative morphological analysis. We employed this assay in conjunction with 

neuroligin mutants to analyze the relation between neuroligin binding to neurexin 1β 

and synapse formation. Our data reveal that artificial synapses are formed as 

hundreds of uniformly sized, individual synaptic specializations on a single 

transfected COS cell expressing neuroligins. All rat neuroligins (neuroligins 1-3) 

were able to induce synapse formation. Mutant analysis showed that all substitutions 

in neuroligin 1 that abolish neurexin 1β binding also abolish synapse formation, 

consistent with the notion that the neuroligin 1/ neurexin 1β complex is truly a 

transsynaptic cell adhesion complex. As described before (Chih et al., 2004; 

Comoletti et al., 2004), the autism mutation Arg471Cys in rat neuroligin 3, and the 

corresponding Arg473Cys mutation in rat neuroligin 1, inhibited transport of the 

affected neuroligins to the cell surface. Nevertheless, the small fraction of mutant 
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neuroligin displayed on the cell surface appeared sufficient for synapse induction in 

the transfected cells, suggesting that the autism mutation does not completely abolish 

this activity of neuroligins. This is consistent with the observation that the small 

exported fraction of the truncated mutant neuroligin shows a normal disulfide 

bonding pattern (Comoletti et al., 2004). Together our data indicate that the ability to 

induce synapse formation is a conserved property of all rodent neuroligins, that the 

synapses thus formed represent morphological units resembling normal synapses, and 

that the autism mutations act as loss-of-function mutants because transport to the 

surface is compromised, but not because the expressed proteins are inactive in the 

induction of synapse formation. 

 

Results 

Synapses formed by hippocampal neurons with co-cultured 
transfected COS cells.  
 

Previous synapse formation assays (Biederer et al., 2002; Dean et al., 2003; 

Scheiffele et al., 2000) employed transfected HEK293 cells co-cultured with neurons 

at high density, either in the form of an explant or as a dissociated mixed culture of 

neurons and glia. Such high-density cultures are particularly suited for functional 

analysis (Biederer et al., 2002; Fu et al., 2003). However, in these cultures glia often 

ensheath neuronal processes and prevent the processes from contacting transfected 

HEK293 cells, and the densely packed neurons surrounding the transfected HEK293 

cells may provide factors for synapse formation that contribute to the activity of the 

transfected non-neuronal cells. As a result, heterologous synapses are often formed 
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sparsely on the non-neuronal cells, and are difficult to analyze morphologically 

(Biederer et al., 2002; Fu et al., 2003). To remedy these problems, we tested whether 

synapse formation could be induced onto a transfected non-neuronal cell expressing 

neuroligin 1 when neurons are cultured at low density. In these experiments, we 

increased the surface area of the target membrane by using larger COS cells instead 

of the smaller HEK293 cells, the standard cell employed for such experiments.  

We transfected COS cells with wildtype neuroligin 1 and, as a negative 

control, a mutant neuroligin 1 that does not bind to neurexin 1ß (see below). We co-

cultured the transfected COS cells with hippocampal neurons at low density, and 

examined synapse formation by indirect immunofluorescence. We stained the co-

cultures with a series of antibodies to pre- and postsynaptic proteins to identify 

synapses, and with antibodies to neuroligin 1 applied at a high dilution to visualize 

COS cells that express neuroligin 1 (Figure 2-1 and data not shown).  

 

Figure 2-1 Synapse induction by neuroligin 1 in transfected COS cells.  
Transfected COS cells expressing either wildtype neuroligin 1 (NL1) or, as a negative 
control, an inactive neuroligin 1 mutant (mutant NL-1/3 described in Figure 2-4 
below) were seeded onto a low-density culture of hippocampal neurons at 13 days in 
vitro. Cultures were examined by double immunofluorescence using antibodies to 
neuroligin 1 to identify transfected COS cells (red in all panels) and to neurexins 
(green in the 'A' panels), ERCs (green in the 'B' panels; ERC = ELKS/Rab6-binding 
protein/CAST), or PSD-95 (green in the 'C' panels). Coincident green and red signals 
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are shown in yellow. Two examples for each transfection condition and staining 
combination are illustrated. Calibration bar in the right lower panel applies to all 
images. 
 

In the transfected COS cells, neuroligin 1 was uniformly expressed over the 

entire COS cell surface as visualized by indirect immunofluorescence labeling. The 

presence of neuroligin 1 stimulated the elaboration of hundreds of presynaptic 

specializations by the co-cultured neurons. In spite of the uniform expression of 

neuroligin 1 on the COS cell surface, the induced synapses formed separate 

individual units that were densely spaced and covered entire cells (e.g., see Figure 

2-1A) or clustered in a particular region (e.g., see Figure 2-1B). The artificially 

induced nerve terminals on the COS cells were stained with multiple presynaptic 

markers, including all vesicle proteins tested (data not shown; also see examples 

provided below). In particular, the terminals contained high concentrations of 

neurexins (Figure 2-1A), demonstrating that neurexins are enriched in presynaptic 

terminals. Active zone proteins such as ERCs (Figure 2-1B) were also present, 

whereas we observed no significant labeling of postsynaptic markers such as PSD-95 

(Figure 2-1C). 

To characterize further the heterologous synapses induced by neuroligin 1, we 

examined them by confocal microscopy at higher resolution (Figure 2-2).  
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Figure 2-2 High-resolution light microscopy of synapses formed on transfected 
COS cells expressing neuroligin 1.  
Panels show double immunofluorescence pictures of low-density cultures as 
described in Figure 2-1 shown either from the top surface (upper panels) or as a 
section through the cell (lower panels). Presynaptic terminals were visualized with 
polyclonal antibodies to synaptophysin 1 (green), and neuroligin 1 in the transfected 
COS cells was visualized with monoclonal antibodies (red). Note that whereas 
neuroligin 1 is uniformly distributed, synapses are formed as discrete units with an 
average size of ~0.75 μm2. The section views (lower panels) demonstrate that the 
synapses are formed on top of the surface of the COS cells.  

 

Synapses form on the surface of the COS cells as hundreds of densely packed 

presynaptic specializations with a uniform size (~0.75 μm2). In most cases, the 

synapses on a transfected COS cell are derived from 2-4 adjacent neurons, but 

 



 
 37

occasionally the hundreds of synapses on a COS cell are generated from a single 

adjacent neuron. The density of synapses between neurons and the neuroligin-

expressing COS cells is much higher than that observed between neurons, suggesting 

that the over-expressed neuroligin 1 is a powerful inducing agent for synaptogenesis 

(Figure 2-2).  

Electron microscopy revealed that the artificial synapses are morphologically 

similar to interneuronal synapses (Figure 2-3).  

 

Figure 2-3 Electron micrographs of synapses formed on transfected COS cells.  
(A) Low-magnification electron micrograph. Five synapses (arrows) are elaborated 
on the plasma membrane of the transfected COS cell (rER: rough endoplasmic 
reticulum; M: mitochondria). Scale bar = 0.5 μm. (B) Enlarged section of panel (A). 
Note that the synapses on transfected COS cells contain abundant presynaptic 
vesicles that are partly docked at the active zone. Also note the normal appearance of 
the synaptic junction which includes a well defined postsynaptic density in the COS 
cell plasma membrane. Scale bar = 200 nm. (C) Pre-embedding immunoelectron 
microscopy of a presynaptic terminal forming a synapse onto a transfected COS cell 
expressing neuroligin 1. Cells were labeled with an antibody against GFP that was co-
expressed with transfected neuroligin 1 to identify transfected cells. Note that 
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although the morphology is less preserved in (C) than in (A) or (B) due to 
immunocytochemistry procedures, synaptic components are easily recognizable. 
Scale bar = 250 nm ( Performed in collaboration with Dr. Xinran Liu ) (Chubykin et 
al., 2005). 

 

They are formed by nerve terminals or en-passant axons. The presynaptic 

terminal does not become unusually large but appears to wander on the surface of the 

transfected COS cells to generate a plexiform synaptic layer. Surprisingly, we 

observed in some (but not all) of the formed synapses an electron dense thickening of 

the postsynaptic membrane in the transfected COS cells (Figure 2-3B). The 

postsynaptic thickening is similar to a postsynaptic density in normal synapses, even 

though the transfected cells only expressed neuroligin 1 and, as far as tested, no other 

typical postsynaptic marker. To ensure that the synapses analysed by electron 

microscopy are truly on transfected COS cells, we examined their cellular features. In 

the postsynaptic cell, we found the typical characteristics of COS cells: Large 

irregularly shaped cell bodies, a high density of rough endoplasmic reticulum, and the 

absence of typically neuronal extensions or presynaptic specializations. We also 

confirmed that the transfected COS wells were indeed transfected by immunolabeling 

of co-transfected GFP (Figure 2-3C) and neuroligin (data not shown). 

 

Generation of neuroligin 1 mutants that lack neurexin 1β binding.  
 

The extracellular sequences of neuroligins are largely composed of a single α-

/β-hydrolase fold domain that is homologous to the catalytic domain of 

acetylcholinesterase (Ichtchenko et al., 1995; Ichtchenko et al., 1996). However, 
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neuroligins lack the complete catalytic triad in the active site of acetylcholinesterase, 

and the acetylcholinesterase domain is inactive in the synapse formation assay 

(Comoletti et al., 2003; Dean et al., 2003). The structure/function relationships of the 

α-/β-hydrolase domain of neuroligins probably cannot be examined by deletion 

mutants because such mutations would probably disrupt the folding of the domain, 

and impair intracellular trafficking of neuroligins. For example, a simple deletion of 

the C-terminal portion of the extracellular domain, a region presumably involved in 

dimerization of neuroligin 1, abolishes its transport through the secretory pathway 

(Comoletti et al., 2003). However, the crystal structure of acetylcholinesterase 

(Marchot et al., 1996; Sussman et al., 1991) makes it possible to predict which 

sequences of neuroligins are likely to form the core of the protein, and which are 

exposed as flexible loops on the surface (Dean et al., 2003; Tsigelny et al., 2000). By 

comparing neuroligin and acetylcholinesterase sequences, we identified four such 

solvent-exposed loops. To examine the structure/function relation of neuroligin 1, we 

substituted the corresponding acetylcholinesterase sequence of these loops for the 

neuroligin 1 sequence (Figure 2-4).  
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Figure 2-4 Diagram of the wild-type and mutant neuroligins used in synapse 
formation assays.  
The extracellular domain of neuroligin 1 (residues 46-695) belongs to the α-/ß-
hydrolase fold family, and is homologous to the catalytic domain of 
acetylcholinesterase (which does not bind to ß-neurexins). Mutants examined in this 
study include substitutions of small surface loops from acetylcholinesterase for the 
corresponding sequence of neuroligin 1 to form neuroligin acetylcholinesterase 
chimeras (NA-1 to NA-4), or substitution of the entire catalytic domain of 
acetylcholinesterase for the extracellular neuroligin domain (NA-5). Sequences 
derived from neuroligin 1 and acetylcholinesterase are shown in red and green, 
respectively. 
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In addition, we constructed a neuroligin 1 mutant in which two of the loop 

exchanges were combined, and (as a negative control) a hybrid molecule in which the 

whole extracellular domain of neuroligin was replaced by the cholinesterase catalytic 

domain. The resulting proteins were then tested for neurexin 1β binding (Figure 2-5), 

transport to the cell surface (Figure 2-6),  and synapse formation (Figure 2-7).  

To measure neurexin 1β binding, we expressed the neuroligin 1 mutants in 

COS cells. We then used an immobilized recombinant Ig-fusion protein of neurexin 

1β to monitor binding of the mutants solubilized from the transfected cells (Figure 

2-5). 

 

Figure 2-5 Identification of neuroligin mutants that are unable to bind to β-
neurexins.  
Binding of recombinant wildtype and mutant neuroligins to immobilized recombinant 
Ig-fusion proteins of neurexin 1β (Nrx1β-1) or neurexin 1α (Nrx1α-1; used as a 
negative control in lanes 3-6). Recombinant Ig-fusion proteins were immobilized on 
protein A-Sepharose and employed in pulldown assays of proteins from transfected 
COS cells that express the various neuroligin 1 mutants depicted in Figure 2-4. For 
each combination of Ig-neurexin and wildtype or mutant neuroligin 1, three fractions 
were analysed: I = input; S = supernatant after binding; B = beads after binding 
(arrowhead). Numbers on the left indicate positions of molecular weight markers.  
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Neurexin 1β captured neuroligin 1 expressed in COS cells effectively 

(arrowhead in lane 3, Figure 2-5), whereas neurexin 1α, used as a control, was unable 

to do so (arrowhead in lane 6). Analysis of the neuroligin 1 mutants revealed that two 

of the four substituted loops were essential for neurexin 1β binding (lanes 9, 15, and 

18), while two other loops were dispensable (lanes 12 and 21). As expected, the 

extracellular acetylcholinesterase domain was unable to bind neurexin 1β (lane 24). 

To independently confirm the neurexin 1β-binding properties of the various 

neuroligin 1 mutants and to ensure that the mutant neuroligins are still transported to 

the cell surface in transfected cells, we incubated HEK293 cells expressing neuroligin 

1 mutants with the soluble Ig-Neurexin 1β fusion protein. The cells were then fixed 

without permeabilization, and probed by immunofluorescence using an antibody to 

neuroligin 1 that recognizes its extracellular sequence (Song et al., 1999) and an 

antibody to human immunoglobulin that recognizes the Ig-neurexin 1β fusion protein 

(Figure 2-6).  

 



 
 43

 

Figure 2-6 Wildtype and mutant neuroligin 1 are transported to the cell surface. 
HEK293 cells transfected with wildtype or mutant neuroligin 1 were incubated with 
soluble neurexin 1β-fusion protein, fixed without permeabilization, and stained by 
double immunofluorescence with antibodies to the extracellular sequences of 
neuroligin 1 (left panels; red) and the Ig moiety of Ig-neurexin 1β (cental panels; 
green); the merged fluorescence image is shown on the right (yellow = coincident 
staining). Calibration bar in the right lower panel applies to all panels. 
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We found that all neuroligin 1 mutants were robustly expressed on the cell 

surface, whereas binding of Ig-neurexin 1β was only observed for those mutants that 

also bound neurexin 1β in the pulldown assay.  

To examine quantitatively the binding of neurexin 1β to the chimeric 

neuroligins, we expressed the soluble recombinant forms of neuroligins by 

introducing stop codons into the full-length cDNA at Ile-639 (Comoletti et al., 2003). 

32 individual clones for each truncated chimeric neuroligin were selected, and the 

expression of each protein was confirmed by immunoblotting of the conditioned 

medium. However, we were able to detect soluble protein in ~1/3 of the NA2 mutant 

expressing clones, whereas NA1, NA3 and the double mutant NA1/3 expressing 

clones did not produce secreted protein, and a quantitative analysis of their neurexin-

binding properties was not possible (data not shown). Glycosylated proteins that 

misfold or form incorrect disulfide arrangements are often retained in the 

endoplasmic reticulum (de Silva et al., 1990; Helenius, 2001; Sitia et al., 1990). The 

surface transport of the neuroligin 1 mutants NA1-4 in the context of the full 

membrane protein, but not as truncated secreted proteins (at least for the NA1, NA3, 

and NA1/3 mutants) thus suggests that these mutants still maintain some of their 

secondary and tertiary structure, but  do not form as stable of a conformation as the 

wildtype proteins. As described below, a similar observation was also made with the 

autism-mutant neuroligins. 

 

 
 
 

 



 
 45

Testing neuroligin mutants for synapse formation.  
 

We next examined the ability of various neuroligin 1 mutants to induce 

synapse formation (Figure 2-7), using the assay described above that employs 

transfected COS cells with co-cultured hippocampal neurons plated at low density 

(Figure 2-2). We stained the cells after 2-5 days of co-culture with antibodies to 

neuroligin 1 (to visualize transfected COS cells) and to synapsins (to visualize nerve 

terminals).  

The two neuroligin mutants that still bound to neurexin 1β effectively 

stimulated synaptogenesis on the transfected COS cells. In contrast, we observed no 

enrichment of presynaptic nerve terminals on COS cells expressing the neuroligin 1 

mutants that did not bind to neurexin 1β (Figure 2-7A). Quantitation of the synapsin 

and neuroligin 1 signal associated with transfected COS cells in multiple independent 

experiments revealed that synapse formation was reproducibly observed only with 

wildtype neuroligin 1 and with those neuroligin 1 mutants that still bound to neurexin 

1β (Figure 2-7B). 
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Figure 2-7 Synapse formation induced by mutants of neuroligin 1.  
(A) COS cells transfected with the neuroligin 1 mutants described in Figure 2-4 were 
co-cultured with hippocampal neurons at low-density. After two days in vitro, cells 
were fixed and labeled by immunofluorescence for neuroligin (red) or synapsin 
(green; yellow = overlapping staining). For each neuroligin 1 variant, three examples 
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are shown to illustrate that in spite of the variability of the transfected COS cells and 
of the extent with which neurons populate their surface with nerve terminals, the 
fundamental observation that synapses are only formed with neuroligin variants that 
bind to β-neurexins is highly reproducible (see also Figure 2-8). Calibration bar in the 
upper right panel applies to all images. (B) Quantitation of synapse formation by 
cultured hippocampal neurons onto transfected COS cells expressing various 
neuroligin mutants. The fluorescence signal obtained in double-labeling experiments 
similar to that described in panel A was quantified in a CCD camera. The synapsin 
and neuroligin 1 signals observed in individual COS cells were measured. Dashed 
and dotted lines refer to the signals of NL1 as the positive control, and of NA-5 (the 
inactive acetylcholinesterase/NL1 hybrid) as a negative control. 
 
 

Synapse formation by other neuroligins and by mutant 
neuroligins carrying the Arg471Cys substitution.  

 

To test whether synapse formation is a general property of neuroligins, we 

investigated neuroligins 1, 2, and 3. In addition, to probe whether the Arg471Cys 

mutation, observed in the neuroligin 3 gene of a case of a familial autistic syndrome 

(Jamain et al., 2003), we also tested this mutation both in the context of neuroligin 3 

(the congenital mutation in man) and of the more extensively studied neuroligin 1 

(where Arg471 corresponds to Arg473). The neuroligin constructs used are 

schematically depicted in Figure 2-4.  

In transfected cells, wildtype neuroligins 1, 2, and 3 were transported to the 

cell surface with a similar efficiency (data not shown). Both mutants (neuroligin 

1Arg473Cys and neuroligin 3Arg471Cys) were largely retained in the cell interior as 

described previously (Chih et al., 2004; Comoletti et al., 2004), although some of the 

mutant molecules were still able to reach the cell surface (data not shown). We next 

tested synapse formation activity. Neuroligins 1, 2, and 3 were fully capable of 

inducing synapse formation (Figure 2-8 and data not shown). Surprisingly, in spite of 
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their poor transport to the cell surface, the mutant neuroligin 1 and 3 encompassing 

the autism mutations also had a significant synapse induction activity (Figure 2-8A).  

 

Figure 2-8 Synapse formation induced by wildtype and 'autism' mutant 
neuroligins 1 and 3.  
(A) Formation of synapses from co-cultured hippocampal neurons on COS cells 
transfected with neuroligins 1 (NL1) and 3 (NL3) and their corresponding mutants 
(NL1R473C and NL3R471C). Assays performed with the chimeric protein NA5 that does 
not bind to β-neurexins (see Figure 2-6) are not illustrated because no synapse 
formation was observed. (B) Synapsin and neuroligin immunofluorescence signals 
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observed over transfected COS cells expressing the indicated proteins (NL1 and NL3 
= neuroligins 1 and 3; NA-5 = acetylcholinesterase/NL1 chimera [see Figure 2-4]; 
NL1R473C and NL3R471C = autism mutants of NL1 and NL3), and ratio of the signals 
(blue columns). Dashed and dotted lines refer to the signals of NL1 as a positive 
control, and of NA-5 (the inactive acetylcholinesterase/NL1 hybrid) as a negative 
control. 

 

This is most clearly illustrated in the quantitations of synapse formation 

(Figure 2-8B) demonstrating that the neuroligin 1 R473C mutant was almost as good 

in synapse induction as wildtype neuroligin 1, whereas the neuroligin 3 R471C 

mutant was still significantly better in synapse induction than the inactive NA5 

control.  

A possible approach to testing the specificity of synapse formation by 

transfected neuroligins is to try to block their effect on the COS cell surface by 

addition of high concentrations of soluble Ig-neurexin 1β ligand. We therefore 

examined synapse formation in our co-culture assay using transfected COS cells 

expressing either wildtype or Arg471Cys-mutant neuroligin 3 when the cells were 

exposed to soluble Ig-neurexins for extended time periods. However, we found 

similarly to a comparable experiment we performed with cultured neurons in the 

initial description of neuroligin 1 (Ichtchenko et al., 1995), added Ig-neurexin 1β was 

quantitatively removed from the cell surface and endocytosed into an intracellular 

perinuclear compartment (Figure 2-9). 
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Figure 2-9 Soluble Ig-Neurexin 1β fusion protein is endocytosed by COS cells 
expressing neuroligin, and fails to completely inhibit synapse formation. 

 



 
 51

 (A) and (B) Synapse formation on COS cells expressing either wild-type NL3 (A) or 
autism mutant NL3R471C (B) that were co-cultured with hippocampal neurons in the 
presence of soluble Ig-Neurexin 1β (ΙgNrx1β-1). Presynaptic terminals were 
visualized with polyclonal antibodies to synapsins (red), neuroligins NL3 or NL3R471C 
(that are flag-tagged) were visualized in the transfected COS cells with monoclonal 
FLAG antibodies (cyan), and IgNrx1β-1 was visualized with protein A-488 conjugate 
(yellow). Each panel simultaneously depicts two of the three staining reactions. 
Calibration bar in the right lower corner of the right (B) panel applies to all panels in 
(A) and (B). (C) Higher magnification images of a COS cell co-cultured with neurons 
in the presence of soluble Ig-Neurexin 1β. The cell is shown either from the top 
surface (upper panels) or as a section through the cell (lower panels). Each panel 
depicts the result of a single staining reaction except for the merged lower right 
panels that exhibit the three images merged into a single picture. Note that the section 
views (lower panels) show that the synapses (red) are formed on top of the surface of 
the COS cell, whereas the soluble IgNrx1β-1 is intracellular, presumably because it is 
rapidly endocytosed (yellow) where it is co-localized with NL3. 
 

 Comparison of COS cells expressing wildtype or Arg471Cys-mutant 

neuroligin 3 showed that synapse formation was much less in the latter than the 

former, but the mutant neuroligin 3 nevertheless mediated uptake of soluble Ig-

neurexin 1β (Figure 2-9). This observation provides further evidence for the 

conclusion that when expressed in the context of a membrane-anchored protein, the 

Arg471Cys-mutant extracellular domain is still transported to the cell surface.Figure 

2-9C displays high-resolution images of a wildtype neuroligin 3-expressing COS cell 

co-cultured with neurons. Cross-sections through the cell unequivocally demonstrate 

that the added soluble Ig-neurexin 1β is transported to an intracellular perinuclear 

compartment (Figure 2-9C, yellow), whereas no significant labeling of the cell-

surface with Ig-neurexin 1β is observed (note this is in contrast to the experiment 

shown in Figure 2-6 because in the Figure 2-6 experiments, cells were incubated at 4 

ºC whereas in the Figure 2-9 experiments, the Ig-neurexin 1β is meant to inhibit 

synapse formation and thus cells have to be incubated at 37 ºC). In contrast, synapses 

are formed on top of the transfected cell above the intracellular comparment 
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containing presumably endocytosed Ig-neurexin 1β (Figure 2-9C). Together the 

experiments in Figure 2-9 thus demonstrate that synapse formation by neuroligin 

cannot be easily inhibited by added neurexin ligand because neuroligin undergoes 

endocytosis even when present in the autism-mutant form.  

Discussion 
 

We modified the artificial synapse-formation assay developed by Serafini and 

colleagues (Scheiffele et al., 2000) to investigate the mechanism by which neuroligin 

potently induces synapse formation when expressed in a non-neuronal cell and co-

cultured with neurons. For this purpose, we plated primary hippocampal neurons at a 

low density and then overlayed them with transfected COS cells that express 

neuroligins. Using this assay, we show that neurons, when exposed to a large 

neuroligin-presenting cell surface, form hundreds of new individual 'artificial' 

synapses (Figure 2-1). These synapses contain all known presynaptic markers tested, 

including neurexins (Figure 2-1 and data not shown). Electron microscopy revealed 

that the heterologous synapses are composed of discrete, uniformly shaped units even 

though the expressed neuroligins are displayed homogenuously over the entire cell 

surface (Figure 2-2). The artificial synapses appeared to have a normal structure and 

size, with presynaptic terminals that contained large clusters of synaptic vesicles and 

well-defined active zones with docked vesicles (Figure 2-3). The use of transfected 

COS cells thus allowed a morphological definition of the artificial synapses induced 

by neuroligin 1 at a higher resolution than possible with HEK 293 cells, the type of 

cell that is normally employed (Dean et al., 2003; Scheiffele et al., 2000). Thereby 
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our data extend previous conclusions (Biederer et al., 2002; Scheiffele et al., 2000) 

that a single postsynaptic cell-adhesion molecule – neuroligin or SynCAM – is 

sufficient to 'trick' an adjacent neuron into elaborating an apparently normal 

presynaptic terminals by demonstrating that, even in the presence of a vast excess of 

the postsynaptic signalling molecule, a presynaptic mechanism appears to limit 

synapse size, and prompts the neuron to elaborate hundreds of separate active zones 

instead of an enlarged confluent contact. 

The artificial synapses on the COS cells contained all presynaptic markers 

tested, but displayed no enrichment of postsynaptic markers such as PSD-95, 

suggesting that the sub-synaptic skeleton does not recapitulate a normal postsynaptic 

specialization. Neurexins are highly enriched in the presynaptic terminals of the 

artificial synapses (Figure 2-1), consistent with the notion that postsynaptic neuroligin 

1 stimulates presynaptic differentiation on the transfected COS cells by interacting 

with presynaptic β-neurexins (Dean et al., 2003; Ichtchenko et al., 1995). To test this 

hypothesis, we generated a series of neuroligin 1 mutants (Figure 2-4 and Figure 2-5), 

and demonstrated that mutants capable of binding to neurexin 1β (ΝΑ2 and NA4) are 

also capable of synapse induction, whereas mutants that do not bind to neurexin 1β 

(NA1, NA3, and NA1/3) are unable to stimulate synapse formation (Figure 2-5, 

Figure 2-6). Furthermore, neuroligins 1, 2, and 3 were also active in this assay (Figure 

2-8 and data not shown), suggesting that artificial synapse induction is a general 

property of neuroligins. It is unclear whether neuroligin 3 is in fact expressed in 

neurons where it may function in synapses, or in glia where it may act as a vascular 

cell-adhesion molecule (Gilbert et al., 2001). The synapse-inducing activity of 
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neuroligin 3 (Figure 2-8) supports a neuronal function, but this remains an open 

question until its expression and localization in situ have been clarified. In addition to 

mutations that were designed to test the role of β-neurexin binding of neuroligins in 

synapse formation, we also examined a mutation that was described in human 

neuroligin 3 in patients with an autistic syndrome (Jamain et al., 2003; Zoghbi, 2003). 

In contrast to the loop-exchange mutants (NA1-4) which are efficiently transported to 

the cell-surface when introduced into full-length neuroligin, the autism mutation 

results in intracellular retention of neuroligins when the protein is expressed in full-

length form, suggesting that the newly introduced Cys may act as an endoplasmic 

reticulum retention signal (Figure 2-10)  (Comoletti et al., 2003).  

NMDA R 

NL3 R471C 

PSD-95 Misfolded and Crosslinked 
NL3 R471C 

 

Figure 2-10 Neuroligin 3 R471C mutant at synapse. 
 

However, a small percentage of transfected neuroligins carrying the 'autism 

mutation' reached the cell surface. This small percentage was sufficient to induce 

significant synapse formation (Figure 2-8), demonstrating that the autistic neuroligin 
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mutation is not deleterious because it causes a generalized loss of synapse formation 

activity. Instead, it appears likely that this mutation is harmful because it induces 

alterations in the surface expression of the affected neuroligin (Chih et al., 2004; 

Comoletti et al., 2004), or may cause changes in the rank ordering of neurexin-

neuroligin pairs. 

A potential caveat to our experiments is that the loop-exchange mutations we 

used to test whether neuroligin 1 binding to β-neurexins is involved in artificial 

synapse induction are limited in their capacity to achieve a native tertiary structure. It 

is uncertain whether the two loop-exchange mutants that do not induce synapse 

formation and do not bind to neurexin 1β are inactive in synapse formation because 

of a specific alteration in neurexin binding, or because of a generalized impairment in 

protein processing and folding. It is striking that the autism point mutation appears to 

impair surface expression more than the loop exchange mutants as judged by the fact 

that the surface transport of the autism mutants is severely hindered (Chih et al., 

2004; Comoletti et al., 2004). The autism mutants, however, still bind to neurexin 1β  

(Comoletti et al., 2003), and still actively induce synapse formation (Figure 2-8), 

arguing for a role of neurexin 1β as an essential component of synapse formation. 

The fact that added soluble Ig-neurexin 1β ligand for neuroligin only weakly 

inhibited synapse formation (Figure 2-9) does not provide evidence against such a 

role because most – if not all – of the Ig-neurexin 1β is endocytosed in the transfected 

cells, and actually not able to block rapidly produced neuroligin displayed on the cell 

surface. Hence, the β-neurexin/neuroligin complex is likely to bridge the synaptic 
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cleft, and to form a true transsynaptic link between pre- and postsynaptic 

specializations.  

One major question is how neuroligin, upon binding to presynaptic β-

neurexins, initiates presynaptic differentiation. It seems probable that the intracellular 

sequences of β-neurexins are instrumental in stimulating synaptogenesis. In support 

of this, SynCAM, a molecule that can also induce synapse formation, shares with 

neurexins only a common cytoplasmic tail structure (Biederer et al., 2002). It has 

been suggested that analogous to other cell surface receptors, neuroligins act by 

dimerizing β-neurexins (Dean et al., 2003). Alternatively, it is possible that 

neuroligins simply immobilize β-neurexins in a limited patch of membrane which 

may then lead to nucleation of cytoskeleton on the neurexin tail (Biederer and 

Sudhof, 2001). Such a mechanism is consistent with a role for the cytoskeleton in 

synaptogenesis (Eaton et al., 2002; Morales et al., 2000; Zhang and Benson, 2001). In 

transfected COS cells, neuroligin 1 appears to be uniformly present over the entire 

cell surface, but nevertheless induces hundreds of separate synaptic contacts in which 

the presynaptic terminals exhibit a remarkable uniformity in size (Figure 2-2). One 

possible explanation for this observation is that the β-neurexin/neuroligin complexes 

might form a ring at the border of the active zone. Such a ring would serve as a 'fence' 

that restricts growth of the synapse and thereby circumscribes the area of the active 

synaptic zone. A mechanism restricting the dimension of the synaptic area is also 

consistent with the concentration of cytoskeletal elements at the fringe of the active 

zone (Zhang and Benson, 2001). 
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What is the physiological significance of the synapse formation assay? The 

fact that among all cell-surface proteins tested, only neuroligins and SynCAM are 

active in the assay employed here gives credence to the specificity of the assay. 

Simply making axonal growth cones adhere to a putative postsynaptic cell does not 

appear to induce synaptogenesis because adhesion molecules such as cadherins are 

inactive (Sara et al., 2005; Scheiffele et al., 2000). Since β-neurexins are the only 

known neuroligin ligands and β-neurexin binding correlates with synapse formation, 

it is likely that the neuroligin-neurexin interaction initiates synaptogenesis in the 

artificial synapse formation assay. Thus the synapse-formation assay establishes that 

neuroligins are postsynaptic cell-adhesion molecules that form a transsynaptic 

complex, most likely by interacting with β-neurexins. However, the synapse 

formation assay does not reveal whether neuroligins normally function in initiating 

synaptogenesis. An alternative hypothesis would be that the transsynaptic β-

neurexin/neuroligin 1 complex nucleates assembly of the presynaptic machinery, and 

that synaptogenesis is induced by a secondary non-physiological process. Support for 

this alternative hypothesis comes from the observation that α-neurexins share with β-

neurexins the C-terminal domains and are selectively required for the organization of 

functional synapses, but not for their initial formation (Missler et al., 2003). Although 

it is possible that β-neurexins mediate synaptogenesis while α-neurexins mediate 

synapse organization, it is equally possible that both α- and β-neurexins participate in 

different aspects of synapse organization. According to this idea, the stimulation of 

such organization by the local immobilization of β-neurexins is sufficient to trigger 

synaptogenesis. Recently, it was shown that knock-down of neuroligins in cultured 
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neurons decreases the number of morphologically identifiable synapses (Chih et al., 

2005). Although this result appears to support a physiological function for neuroligins 

in synapse formation, it does not exclude the possibility that an acute impairment of 

synaptic function leads to a destabilization of synapses and synapse loss. Indeed, in 

the knockdown experiments large effects were observed with a decrease in the protein 

levels of single neuroligins, but no additive effects of multiple neuroligin 

knockdowns was detected in spite of the similar activity of neuroligins in the in vitro 

assay as shown here.  
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Chapter Three: Role of neuroligin in NMDA-receptor 
dependent synaptic circuit formation 

Introduction 
 

Artificial synapse formation assays provided strong evidence for a 

function of neuroligins in the initial formation of synapses by binding to 

presynaptic neurexins. An equally plausible, alternative explanation, however, is 

that neuroligins function with neurexins in the activity-dependent maturation of 

synapses. This is an important question not only for our thinking about the 

molecular basis of synaptic transmission, but also for our understanding of the 

pathogenesis of autism. The 'synapse induction' hypothesis is supported by the 

finding that neuroligin expression in neurons increases the number of synapses 

(Chih et al., 2005; Levinson et al., 2005; Prange et al., 2004), and that RNAi 

knockdown of neuroligins decreases the number of synapses (see Table 1) (Chih 

et al., 2005). Moreover, in the neuroligin expression and knockdown experiments, 

spontaneous synaptic currents were altered, although the effect of neuroligins on 

synaptic transmission was not examined. However, these findings are also 

consistent with the 'activity-dependent maturation' hypothesis, especially since the 

RNAi knockdown exerted only a moderate effect on total synapse numbers. 

Further evidence for the synapse maturation hypothesis is found in the 

comparison of the effects of the neuronal expression of neuroligin 1 and of 

SynCAM (also known as IGSF4). SynCAM is a candidate trans-synaptic cell-

adhesion molecule that is the only other protein besides neuroligin active in the 
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artificial synapse formation assay(Biederer et al., 2002). Comparison of the 

effects of neuroligin 1 and SynCAM revealed that early after transfection into 

immature neurons, SynCAM but not neuroligin 1 augmented synaptic 

transmission (Sara et al., 2005). At later stages of development in more mature 

neurons, however, the effect of SynCAM was decreased, while neuroligin 1 

increased the number of synapses (Sara et al., 2005). The uncertainty about the 

synaptic function of neuroligins thus prompted us to examine the role and 

mechanism of action of neuroligin 1 in synaptic transmission.  

 

Results 
 

Synaptogenic activity of neuroligin 1. We expressed EGFP-

tagged neuroligin 1 or neuroligin 1 mutants in transfected neurons (Figure 3-1A), 

and quantitated the density and sizes of presynaptic terminals (identified by 

synapsin immunostaining) and of postsynaptic spines (marked with the EGFP 

fluorescence). 
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Figure 3-1 Effect of neuroligin 1 mutations on neuronal synapse density.  
(A) Diagram of neuroligin 1 proteins expressed in transfected neurons (NL1-
EGFP = EGFP-tagged wildtype neuroligin 1; NL1ΔC-EGFP = C-terminally 
truncated EGFP-tagged neuroligin 1; AChE/NL1-EGFP = fusion protein of the 
homologous esterase domain of acetylcholinesterase with the transmembrane 
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region and cytoplasmic tail of neuroligin 1; NL1R473C-EGFP = neuroligin 1 with 
the R473C substitution). (B) Morphological analysis of transfected neurons. 
EGFP-tagged neuroligin 1 (green), MAP2 (blue), and synapsin (red) were 
imaged, and individual images were merged into a single picture (right panel). (C) 
Representative examples of merged EGFP-, MAP2- and synapsin-localizations in 
neurons transfected with EGFP alone, with C-terminally truncated neuroligin 1 
(NL1ΔC-EGFP), with the acetylcholinesterase/neuroligin 1 fusion protein (AchE-
NL1-EGFP) or with the R473C-mutant neuroligin 1 (NL1R473C-EGFP). 
Calibration bar in left panels applies to all panels. (D) and (E) Summary graphs of 
the effect of expressing the various neuroligin 1 proteins on synapse number (D) 
and size (E). Density and sizes of spines and presynaptic terminals on a dendrite, 
determined from the EGFP-fluorescence or synapsin-localization data. Data 
shown are means ± s.e.m. (n=3 independent experiments with 6-10 
neurons/experiment and condition); asterisks indicate that a sample is 
significantly different from the EGFP-only transfected control (Student's t-test; * 
= p<0.05; ** = p<0.01). 
 
 
 

Compared to control neurons expressing only EGFP, neurons containing 

EGFP-tagged neuroligin 1 (NL1-EGFP) exhibited an almost two-fold increase in 

the density of spines and of adjacent presynaptic nerve terminals (Figure 3-1). C-

terminally deleted neuroligin 1 (NL1ΔC-EGFP) induced the same increase in 

synapse numbers. In contrast, neuroligin 1 containing an extracellular 

acetylcholinesterase domain instead of the neuroligin 1 esterase-like domain 

(AchE/NL1-EGFP) suppressed synapse numbers, even though the mutant 

neuroligin 1 was clearly targeted to spines. Moreover, mutant neuroligin 1 

carrying the R473C substitution (NL1R473C-EGFP) lowered synapse numbers even 

more (Figure 3-1C and Figure 3-1D) similar to previous observations(Chih et al., 

2004). Different from the neuroligin 1 splice variant lacking an insert in splice 

sites A and B(Boucard et al., 2005), none of the neuroligin constructs used here 

had a significant effect on the sizes of the spines or nerve terminals.  
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Figure 3-1 suggests that neuroligin 1 overexpression increases the number 

of synapses by a mechanism that depends on the surface exposure of the 

extracellular esterase-like domain of neuroligins, presumably because this domain 

interacts with presynaptic neurexins(Ichtchenko et al., 1995). To confirm this 

conclusion and to control for the effect of the insertion of a cytoplasmic EGFP-

tag, we compared the actions of untagged neuroligin 1, SynCAM, and 

neuroligin/SynCAM fusion proteins (see schematic diagram in Figure 3-8A). 

SynCAM is the only known candidate trans-synaptic cell-adhesion molecule 

besides neuroligins that induces synapses in the artificial synapse formation assay 

(Biederer et al., 2002). 

Compared to SynCAM, neuroligin 1 induced a massive increase in 

synapse numbers; a similar effect was observed with the hybrid protein containing 

the extracellular neuroligin sequence fused to the transmembrane region and 

intracellular sequence of SynCAM (Figure 3-2).  
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Figure 3-2 Comparative analysis of the effects of neuroligin 1, SynCAM, and 
neuroligin 1/SynCAM chimeras on synapse numbers in hippocampal 
neurons.  
Neurons were co-transfected with the indicated constructs and EGFP-β-actin and 
analyzed for spine and synapse density and size using the procedure described for 
Figure 3-1, except that dendrites were not labeled. (A) Representative images of 
hippocampal neurons co-transfected with neuroligin 1 and EGFP-β-actin, and 
visualized by virtue of the EGFP-actin fluorescence and synapsin 
immunocytochemistry (red). Image on right shows the merged view of both 
fluorescence pictures. (B) Merged images of neurons co-transfected with 
SynCAM, NL1-SynCAM, or SynCAM-NL1 and EGFP-actin. (C) and (D) 
Summary graphs of the density (c) and sizes (d) of postsynaptic spines and 
presynaptic terminals. Data shown are means ± s.e.m. (n=20 cells in 3 
experiments for each sample); significance was evaluated by the Student's t-test (* 
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= p<0.05; ** = p<0.01; ns = not significantly different; all relative to the 
SynCAM-transfected sample). 
 
 

 

In contrast, the hybrid protein composed of the SynCAM extracellular 

domains fused to the transmembrane region and cytoplasmic sequence of 

neuroligin 1 had no effect. These data confirm the pivotal role of the extracellular 

esterase-like domain of neuroligin 1, show that the EGFP-tag in the NL1-EGFP 

construct was inert, and reveal that neuroligin 1 and SynCAM have distinct 

effects when expressed in mature neurons even though both induce synapse 

formation in the artificial co-culture assay. 
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Figure 3-3 Effect of neuroligin 1 splice-variants that either bind only to β-
neurexins (NL1) or to both α- and β-neurexins (NL1ΔAB) in transfected 
neurons. 
 (A) Representative fluorescence images of neurons transfected with EGFP-
tagged neuroligin 1 containing (NL1-EGFP) or lacking inserts in splice sites A 
and B (NL1ΔAB-EGFP), and of EGFP alone as a negative control. Images show 
the EGFP fluorescence (green), synapsin- (red) and MAP2-immunofluorescence 
(blue), and the merged view of all three fluorescence pictures. Note that 
neuroligin 1 is exclusively present in spines, while EGFP is located in both 
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dendrites and spines, and that the signals for neuroligins in spines and synapsin in 
nerve terminals are adjacent but not coincident (arrows). Calibration bar in bottom 
left corner applies to all panels. (B) Quantitative analysis of the density of 
synapses on dendrites of transfected neurons and of the size of synapses on these 
dendrites. Both synapse density and size were measured in three independent 
experiments by an observer unaware of the transfected molecule with two 
independent probes: spine fluorescence due to the neuroligin-EGFP fusion 
proteins, and presynaptic nerve terminals visualized by synapsin 
immunofluorescence. Asterisks above the bar diagrams indicate statistical 
significance of differences in pairwise comparisons between the three types of 
transfections (*: p<0.05; **: p<0.01; ***: p<0.001; ns = non-signficant). 

 

 

Interestingly, recently we discovered that neuroligins also bind α-

neurexins and that α- and β-neurexin binding by neuroligin 1 is regulated by 

alternative splicing of neuroligin 1 at splice site B, in addition to already known 

regulation of neurexin binding at splice site 4 (Boucard et al., 2005). We decided 

to test if splicing of neuroligin has any effect on synapse formation in 

hippocampal neurons. We transfected primary hippocampal neurons with full-

length NL1-EGFP or NL1ΔAB-EGFP constructs, fixed and immunostained them 

with antibodies against dendritic marker MAP2 and synaptic vesicle protein 

synapsin (Figure 3-3). Both neuroligins were capable of increasing spine and 

synapse density in neurons, but to our surprise, NL1ΔAB variant was less 

effective in promoting synapse formation than the full-length NL1 variant. 

Interestingly, NL1ΔAB variant, which binds to both α- and β-neurexins more 

effectively promoted synapse expansion (Figure 3-3). These findings suggested 

that neuroligin binding to α- and β-neurexins mediated trans-synaptic cell 

adhesion but has distinct effects on synapse formation, indicating that expression 
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of different neuroligin and neurexin isoforms specifies a trans-synaptic signaling 

code (Figure 3-4).  

 

Figure 3-4 Regulation of neurexin-neuroligin transsynaptic complex 
formation through alternative splicing of neurexin and neuroligin.  
Full- length neuroligin 1 can interact only with β-neurexins lacking splice site 4, 
while neuroligin 1 lacking splice site B can interact both with α- and β-neurexins. 

 

 

 Neuroligin 1 expression increases excitatory synaptic 

responses. We next examined whether the increase in synapse numbers 

induced by expression of neuroligin 1 produces an increase in synaptic 

transmission, i.e. whether the added synapses are functional. We performed 

whole-cell voltage-clamp patch recordings from neurons expressing various 
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neuroligins or EGFP alone, and monitored excitatory postsynaptic currents 

(EPSCs) evoked by focal extracellular stimulation. AMPA-receptor mediated 

EPSCs were measured as the maximal amplitudes monitored at a -70 mV holding 

potential (Figure 3-5).  

AMPA R AMPA R 

Glu 
Glu 

Na+ Na+ 

100 pA

100 ms

V=-70 mV 

Response

NMDA R 
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Na+ Na+ Ca2+ Ca2+ 

Mg2+ Mg2+ 

NMDA R 
No Response  

Figure 3-5 AMPA receptor activation.  
Whole-cell patch voltage clamp experimental paradigm. A neuron is held at –70 
mV and is activated by focal stimulation in the presence picrotoxin in bath and 
QX-314 in pipette solution. Fast synaptic current represents AMPA receptor-
mediated excitatory postsynaptic current. The NMDA receptors are blocked by 
Mg2+ at -70 mV.  
 

NMDA receptor-mediated EPSCs were recorded as the synaptic amplitude 

75 ms after the stimulus in the presence of external Mg2+ at a +40 mV holding 

potential, a potential at which we observed a fast rising and decaying AMPA 
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component and slow NMDA component (Figure 3-6) (Poncer and Malinow, 

2001).  

NMDA R 

Glu Glu 

Na+ Na+ Ca2+ Ca2+ 

 

Figure 3-6 NMDA receptor activation.  
Whole-cell patch voltage clamp experimental paradigm. A neuron is held at +40 
mV and is activated by focal stimulation in the presence picrotoxin in bath and 
QX-314 in pipette solution. Slow synaptic current represents NMDA receptor-
mediated excitatory postsynaptic current. The Mg2+ block is relieved and the 
NMDA receptors are activated when the plasma membrane is depolarized at +40 
mV. 
 
  

Neuroligin 1-EGFP expression caused a nearly 200% increase in AMPA-receptor 

mediated EPSCs, an almost 300% increase in NMDA-receptor mediated EPSCs, and a 

50% increase in the NMDA/AMPA-receptor ratio (Figure 3-7). 
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Figure 3-7 Neuroligin 1 increases NMDA- and AMPA-receptor dependent 
EPSCs.  
EPSCs evoked by focal stimulation with a microelectrode were recorded in 
hippocampal neurons expressing EGFP, NL1-EGFP, NL1ΔC-EGFP, AchE-NL1-
EGFP or NL1R473C-EGFP proteins. (A) Representative traces of NMDA- (top) 
and AMPA-receptor dependent EPSCs (bottom). (B) Mean amplitudes of 
NMDA- and AMPA-receptor dependent EPSCs and mean NMDA/AMPA-
receptor dependent current ratio. Data shown are means ± s.e.m. (n=18); asterisks 
indicate that a sample is significantly different from the EGFP-only transfected 
control (Student's t-test; * = p<0.05; ** = p<0.01). 
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 The effects of the neuroligin 1 mutants on evoked synaptic responses 

exactly mirrored their effects on synapse numbers. Again, deletion of the C-

terminus of neuroligin 1 did not diminish its activity. In contrast, mutant 

neuroligin 1 containing the esterase domain of acetylcholinesterase or the R473C-

substitution acted as dominant negatives and significantly decreased the size of all 

EPSCs (Figure 3-7). The R473C-substitution decreased both AMPA- and 

NMDA-receptor dependent evoked synaptic responses more than two-fold, but 

produced no change in the NMDA/AMPA-receptor ratios. Comparative 

electrophysiological analyses of the effects of neuroligin 1 and SynCAM and of 

the SynCAM/neuroligin 1 chimeras provided the same results (Figure 3-8), and 

the chimeric molecule composed of the extracellular neuroligin domain fused to 

the intracellular SynCAM sequences was as powerful as wild-type neuroligin 1 in 

boosting synaptic responses.  
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Figure 3-8 Dissection of neuroligin 1 function using neuroligin 1-SynCAM 
fusion proteins.  
(A) Diagram of neuroligin 1-SynCAM fusion proteins. (B) Representative traces 
of NMDA- (top) and AMPA-receptor (bottom) dependent EPSCs. (C) 
Amplitudes of NMDA- and AMPA-receptor dependent EPSCs and 
NMDA/AMPA ratios of neurons co-transfected with NL1, SynCAM, NL1-
SynCAM, or SynCAM-NL1 and EGFP-β-actin. Data shown are means ± s.e.m. 
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(n=18); asterisks indicate whether a result is significantly different from that 
obtained with the SynCAM-transfected neuron control (Student's t-test; * = 
p<0.05; ** = p<0.01; ns = not significantly different). 
 
 

Viewed together, these data show that the synapse increases or decreases 

observed morphologically translate into corresponding changes in synaptic 

transmission.  

  

 Neuroligin 1 causes an NMDA receptor-dependent 

increase in excitatory but not inhibitory synaptic transmission. 

 The increase in the number of functional synapses induced by neuroligin 1 could 

be due to the formation of new synapses or the activity-dependent stabilization of 

otherwise transient pre-existing synapses. Both explanations would also apply to 

the observed action of neuroligins in the artificial synapse assay because the non-

neuronal postsynaptic cells used in this assay might also have transient 

neuroligin-independent synapses. Moreover, SynCAM and neuroligin 1 are both 

effective in the artificial synapse formation assay, whereas they cause distinct 

synaptic changes in immature(Sara et al., 2005) and mature neurons, confirming 

that the artificial synapse formation assay does not report a uniform single 

synaptogenic activity (Figure 3-1, Figure 3-2, Figure 3-7, Figure 3-8).  

 To probe the mechanism of neuroligin action, we tested whether the 

synaptic effects of neuroligin 1 depended on concurrent NMDA-receptor 

dependent synaptic transmission. The rationale for these experiments was that 

NMDA-receptor signaling is known to be dispensable for synapse formation as 

 



 
 75

such, but has a major role in the activity-dependent shaping of synaptic circuits 

(Feldman et al., 1999; Perez-Otano and Ehlers, 2005; Skuse et al., 1997). At the 

same time, both NMDA-receptors and neuroligins bind PSD-95, which thus 

connects the two to each other (Irie et al., 1997; Kornau et al., 1995; Niethammer 

et al., 1996).  

To test the role of NMDA-receptor activity in neuroligin's effect on 

synapse numbers, we incubated neurons expressing EGFP alone or EGFP-tagged 

neuroligin 1 for four days in medium containing 50 µM AP-5 (a high-affinity 

NMDA-receptor antagonist) or control medium. Morphological analyses revealed 

that AP-5 had only a small effect on neurons expressing EGFP alone, but almost 

completely reversed the increase in synapse density induced by neuroligin 1 

(Figure 3-9A-C).  
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Figure 3-9 Chronic blockade of NMDA-receptors abolishes the effect of NL1-
EGFP expression in hippocampal neurons.  
(A) Representative images of hippocampal neurons transfected with NL1-EGFP 
or EGFP alone, and cultured in the presence or absence of 50 µM AP-5 for four 
days. Neurons were visualized by EGFP fluorescence (green), and 
immunolabeling with antibodies to the dendritic marker MAP2 (blue) and to the 
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presynaptic marker synapsin (red). For each sample, the EGFP image is shown on 
the left, whereas the merged image for EGFP, MAP2, and synapsin is shown on 
the right. (B) and (C) Summary graphs of the quantitative analysis of synapse 
numbers (B) and size (C) in neurons expressing EGFP or EGFP-tagged neuroligin 
1, and treated with either control medium or AP-5. (D) Representative 
electrophysiological traces of evoked NMDA- and AMPA-receptor dependent 
EPSCs in neurons transfected with EGFP or NL1-EGFP with or without NMDA-
receptor blockade. Recordings were made in the absence of AP-5 after AP-5 was 
washed away. (E) Amplitudes of AMPA- and NMDA-receptor dependent EPSCs 
and the NMDA/AMPA ratio in neurons transfected with EGFP and NL1-EGFP 
with and without chronic AP-5 treatment. Data shown in (B), (C), and (E) are 
means ± s.e.m. (n=3 independent experiments with 6-10 neurons/experiment and 
condition); asterisks indicate statistically significant changes induced by AP-5 
treatment (* = p<0.05; ** = p<0.01; ns - not significant). 
 

 

An equally strong block of the neuroligin-dependent increase in synapse 

numbers was observed in experiments in which the effect of neuroligin 1 was 

compared to that of SynCAM (Figure 3-10).  
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Figure 3-10 Differential effect of chronic AP-5 treatment on synapse numbers 
and synaptic transmission in neurons expressing neuroligin 1 or SynCAM.  
(A) Images of neurons co-transfected with EGFP-β-actin and neuroligin 1 or 
SynCAM, with or without chronic AP-5 treatment. Every condition is represented 
by two images: the left image displays the EGFP fluorescence used to visualize 
dendritic spines and filopodia (green), and the right image the merged pictures of 
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the EGFP fluorescence (green) and of immunocytochemistry for MAP2 (blue) 
and synapsin (red). (B) and (C) Summary graphs of the effects of chronic 
blockade of NMDA receptors with AP-5 on synapse numbers (B) and size (C). 
(D) Representative traces of evoked NMDA- and AMPA-receptor dependent 
EPSCs in neurons co-transfected with EGFP and neuroligin 1 or SynCAM, with 
or without AP-5 treatment. (E) Mean amplitudes of NMDA- and AMPA-receptor 
dependent EPSCs and mean NMDA/AMPA ratios of neurons expressing 
neuroligin 1 or SynCAM without or with chronic AP-5 treatment. Data shown in 
panels (B), (C), and (E) are means ± s.e.m. (3 experiments, n=18 cells for each 
sample); statistical significance of the effect of AP-5 treatment was evaluated 
with the Student's t-test (* = p<0.05; ** = p<0.01; ns = not significantly 
different). 
 
 

 

AP-5 nearly abolished the effect of neuroligin 1 expression, but caused 

little change in neurons expressing SynCAM. Thus, although AP-5 did not alter 

the expression of neuroligin 1 or its localization to spines, it suppressed the 

activity of neuroligin 1. 

We next examined the effect of NMDA-receptor blockade on the change 

in synaptic transmission induced by neuroligin 1. Again, chronic blockade of 

NMDA receptors completely reversed the action of neuroligin 1 (Figure 3-9D and 

-E). Without AP-5 treatment, neuroligin 1 induced a large increase in both 

AMPA- and NMDA-receptor dependent EPSCs. After chronic AP-5 treatment, 

however, neuroligin 1 had no effect on either type of EPSC, such that the size of 

synaptic responses was indistinguishable between neuroligin 1-expressing and 

control neurons. A similar observation was made when we compared the effect of 

AP-5 blockade in neurons expressing neuroligin 1 and SynCAM (Figure 3-10).  
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Does neuroligin 1 have a general effect on all synapses, or is its activity-

dependent effect specific to glutamatergic synapses? A general effect was 

suggested by the increase in both excitatory and inhibitory minis observed upon 

neuroligin 1 transfection in some but not all studies (Levinson et al., 2005; Prange 

et al., 2004; Sara et al., 2005).  To answer this question, we measured evoked 

inhibitory postsynaptic currents (IPSCs) in neuroligin 1-EGFP expressing and in 

control EGFP-expressing neurons (Figure 3-11).  

 

Figure 3-11 Neuroligin 1 expression does not alter IPSCs: Effect of chronic 
NMDA receptor blockade.  
Sample traces (A) and summary graphs (B) of IPSCs recorded from neurons 
expressing only EGFP or EGFP-tagged neuroligin 1 cultured either in control 
medium or in medium containing 50 μM AP-5 for four days prior to the 
recordings. IPSCs were monitored in 50 µM AP-5 and 10 µM CNQX. Data 
shown are means ± SEMs  (n=18; ** =p<0.01; ns, not significantly different). 
 
Neuroligin 1 did not significantly alter the size of the evoked IPSCs, suggesting 

that consistent with its localization (Song et al., 1999), the effect of neuroligin 1 is 

specific for excitatory synapses. Moreover, chronic AP-5 treatment resulted in a 

robust increase in the size of the IPSCs in control EGFP-expressing neurons, 
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presumably as a compensatory reaction. Interestingly, this effect was attenuated 

by neuroligin 1 overexpression.

 

Effect of chronic blockade of CaM Kinase II on evoked EPSCs in 

neurons expressing neuroligin 1.  

To test whether chronic AP-5 treatment reverses the synapse-potentiating 

effects of neuroligin 1 by inhibiting postsynaptic NMDA receptor-mediated 

downstream signaling events, we investigated the effect of chronic blockade of 

CaM Kinase II activity. CaM Kinase II is thought to act downstream of NMDA 

receptor activation in synaptic plasticity and in the activity-dependent validation 

of synaptic connections (Poncer et al., 2002). We incubated neurons expressing 

neuroligin 1 for four days in the presence of 5 μM KN-93 (a relatively specific 

CaM Kinase II inhibitor) or in control medium containing 5 μM KN-92 (the 

inactive analog of KN-93), and then measured evoked NMDA and AMPA 

receptor-dependent EPSCs. Chronic blockade of CaM Kinase II again completely 

reversed the potentiation of both AMPA and NMDA receptor-dependent EPSCs 

and of the NMDA/AMPA receptor ratio in neuroligin 1-expressing neurons 

(Figure 3-12).  
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Figure 3-12 Chronic blockade of CaM Kinase II mimics the effect of NMDA 
receptor blockade on EPSCs in neurons expressing neuroligin 1.   
Sample traces (A) and summary graphs (B) of EPSCs recorded from neurons 
expressing only EGFP or EGFP-tagged neuroligin 1 cultured either in medium 
containing 5 μM KN-93 ( CaM Kinase II inhibitor) or in control medium 
containing 5 μM KN-92 ( inactive analog of KN-93) for four days prior to the 
recordings. Data shown are means ± s.e.m.  (n=18; ** =p<0.01; ns, not 
significantly different). 
 
 

This result demonstrates that activation of postsynaptic NMDA receptors 

and of downstream signaling molecules is essential for neuroligin 1 to enhance 

synaptic function in neurons.  
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Genetic ablation of neuroligin 1 decreases NMDA receptor-

mediated evoked excitatory postsynaptic currents and 

NMDA/AMPA ratio.  

A possible concern of the experiments described above is that they are 

entirely based on overexpression of neuroligin 1 – either in an EGFP-tagged or an 

untagged form – in neurons. Although the controls applied (control transfections, 

treatments with active vs. inactive pharmacologic agents, measurements of both 

excitatory vs. inhibitory synaptic transmission) indicate that the observed effects 

are specific, it is possible that – as with any other overexpression experiment – the 

overexpressed proteins produce phenotypes that may not be attributable to the 

endogeneous function of a protein. We therefore tested whether deletion of 

neuroligin 1 in knockout (KO) mice alters AMPA and NMDA receptor-dependent 

responses. Neuroligin 1 KO mice are viable and fertile (Varoqueaux et al., 2006), 

and can be analyzed by slice physiology in adolescent animals. We performed 

whole-cell patch-clamp recordings in the CA1 area of acute hippocampal slices 

from neuroligin 1 KO and littermate control mice using evoked stimulation of 

Schaffer collaterals, and differentiated between AMPA and NMDA receptor-

dependent responses as described above (Figure 3-13A). Strikingly, we observed 

a ~50% decrease in the mean amplitude of NMDA receptor-mediated EPSCs, 

whereas the amplitudes of AMPA receptor-mediated EPSCs were unchanged 

(Figure 3-13B).  
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Figure 3-13 Genetic ablation of neuroligin 1 decreases NMDA receptor-
dependent EPSCs and NMDA/AMPA ratio.  
EPSCs evoked by focal stimulation with a microelectrode were recorded from 
pyramidal neurons in CA1 area of hippocampus of NL1 +/+ and NL1 -/- mice. 
(A) Representative traces of NMDA (top) and AMPA receptor-dependent EPSCs 
(bottom). (B) Mean amplitudes of NMDA and AMPA receptor-dependent EPSCs 
and mean NMDA/AMPA receptor-dependent current ratio. NMDA receptor -
dependent EPSCs and NMDA/AMPA ratio are about 50% decreased in NL1 -/- 
neurons compared to WT controls. Data shown are means ± s.e.m. (n=12); 
asterisks indicate that a sample is significantly different from the EGFP-only 
transfected control (Student's t-test; * = p<0.05; ** = p<0.01) (Performed in 
collaboration with Dr. Jay Gibson ) (Chubykin et al., 2006). 
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Moreover, we detected a highly significant, ~50% decrease in the 

NMDA/AMPA receptor ratio. Thus deletion of neuroligin 1 selectively depresses 

NMDA receptor function, whereas overexpression of neuroligin 1 potentiates it.  

 

Neuroligin 2 enhances inhibitory but not excitatory synaptic 

function.  

Neuroligins 1 and 2 are highly homologous (Ichtchenko et al., 1995), but 

are nevertheless differentially localized to either excitatory or inhibitory synapses 

(Graf et al., 2004; Song et al., 1999; Varoqueaux et al., 2006). To test whether the 

differential localization of endogenous neuroligins 1 and 2 reflects distinct 

functions, we examined the effects of a neuroligin 2-Venus fusion protein on 

synapse numbers and evoked synaptic responses in transfected neurons (Figure 

3-14, Figure 3-15).  
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Figure 3-14 Chronic blockade of NMDA receptors has no effect on neurons 
expressing neuroligin 2.  
Hippocampal neurons were transfected with NL2-Venus or EGFP, and cultured in 
the presence or absence of 50 µM AP-5 for four days. Image acquisition and 
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identification of transfected cells were done using GFP filter in both cases of 
EGFP and NL2-Venus. (A)  Representative images of neurons expressing EGFP 
or NL2-Venus. (B) and (C) Summary graphs of the quantitative analysis of 
synapse numbers (B) and size (C) in neurons expressing EGFP or NL2-Venus, 
and treated with either control medium or AP-5. (D) Representative 
electrophysiological traces of evoked NMDA and AMPA receptor-dependent 
EPSCs in neurons transfected with EGFP or NL2-Venus with or without NMDA 
receptor blockade. (E) Amplitudes of AMPA and NMDA receptor-dependent 
EPSCs and the NMDA/AMPA ratio in neurons transfected with EGFP and NL2-
Venus with and without chronic AP-5 treatment. Data shown in (B),(C), and (E) 
are means ± s.e.m. (n=3 independent experiments with 6-10 neurons/experiment 
and condition); asterisks indicate statistically significant changes induced by AP-5 
treatment (* = p<0.05; ** = p<0.01; ns - not significant). 
 

Expression of neuroligin 2 caused a moderate increase in synapse numbers 

mostly on dendritic shafts (Figure 3-14A and -B), and resulted in the increased 

formation of thin filopodia, most of which lacked associated presynaptic terminals 

(Figure 3-14A). Strikingly, neuroligin 2 had no effect on the amplitudes of AMPA 

or NMDA receptor-dependent evoked EPSCs (Figure 3-14D and -E), but 

exhibited an almost 100% increase in IPSC amplitudes compared to neurons 

expressing EGFP alone (Figure 3-15).  

 

Figure 3-15 Neuroligin 2 expression has a robust effect on inhibitory 
neurotransmission.  
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Sample traces (A) and summary graphs (B) of IPSCs recorded from neurons 
expressing only EGFP or NL2-Venus and cultured either with or without NMDA 
receptor blockade. IPSCs were monitored in 50 µM AP-5 and 10 µM CNQX. 
Data shown in (A) and (B) are means ± s.e.m. (n=3 independent experiments with 
6-10 neurons/experiment and condition); asterisks indicate statistically significant 
changes induced by AP-5 treatment (* = p<0.05; ** = p<0.01; ns - not 
significant). 
 
 

Thus neuroligin 2 selectively enhances inhibitory synaptic function, 

consistent with its localization. 

 Chronic AP-5 treatment, as described above, increased the IPSC 

amplitudes in control-transfected neurons (Figure 3-11). In neuroligin 2-

transfected neurons, chronic AP-5 treatment had no significant effect on either 

EPSCs or IPSCs beyond that observed for control transfected neurons, indicating 

that the enhancement of inhibitory synaptic transmission induced by neuroligin 2 

is independent of NMDA receptor-mediated signaling (Figure 3-14, Figure 3-15). 

Taken together with the findings presented above, this result suggests that NMDA 

receptor dependence is a neuroligin 1-specific phenomenon, and that the two 

closely related neuroligins are functionally specialized. 

 

Discussion 
 

Our data establish – to our knowledge for the first time – that neuroligin 1 

expression not only enhances synapse density, but also synaptic transmission in 

neurons. Furthermore, this effect is a) specific for excitatory synapses, b) is 

mediated by the extracellular sequences of neuroligin 1, and most importantly, c) 
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that NMDA-receptor dependent synaptic activity is required for neuroligin 1 

function. Based on these results and previous studies, we would like to propose a 

model suggesting that neuroligin 1 acts in the activity-dependent maturation of 

synapses (Figure 3-16).  

 

Figure 3-16 Model of the role of neuroligin 1 in synapse formation and 
maturation.  
The initial synaptic contact between neurons is proposed to involve multiple cell-
adhesion molecules, including SynCAM and cadherins which might impart 
specificity on synaptic contacts. The resulting immature synapses are functional, 
but are stabilized by activity-dependent processes. Neuroligin 1 promotes activity-
dependent stabilization of transient synaptic contacts, but depends on the 
simultaneous activation of NMDA-receptors. In promoting activity-dependent 
synapse stabilization, postsynaptic neuroligin 1 likely transduces a trans-synaptic 
signal triggered by binding of its extracellular esterase-like domain to presynaptic 
neurexins. 
 

The hypothesis that neuroligin 1 is not crucial for initial synapse 

formation, but essential for activity-dependent synapse maturation, is supported 

by the finding that neuroligin 1 expression in immature neurons, in contrast to 

mature neurons, does not significantly alter synaptic activity, whereas SynCAM 

does (Sara et al., 2005). Moreover, consistent with the synapse maturation 

hypothesis, neuroligin knockdowns have only a moderate effect on synapse 

numbers (Chih et al., 2005). Most importantly, the increase in functional synapses 
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induced by neuroligin 1 in mature neurons can be reversed by chronic blockade of 

NMDA-receptors with AP-5 (Figure 3-9).  

 At first glance, it seems puzzling that neuroligin 1 and SynCAM have 

similar effects in the artificial synapse formation assay, but distinct effects in 

neurons. However, the artificial synapse formation assay may depend on non-

specific activation of presynaptic signal transduction pathways; thus the assay 

might simply reflect the fact that a given protein is a trans-synaptic cell adhesion 

molecule. The neuronal effects of these proteins are probably more representative 

of their functions in situ because neurons possess a regulatory machinery for 

synapse specification and validation that is absent from the non-neuronal cells 

used in the artificial synapse formation assays. 

 Our study established that the extracellular sequences of neuroligin 1 are 

necessary but not sufficient in mediating the activity-dependent increase in 

synapses. These extracellular sequences likely act by binding to neurexins, the 

only known ligands for neuroligins(Boucard et al., 2005). Even though the fusion 

protein of the neuroligin 1 extracellular domain with the intracellular SynCAM 

sequences and the C-terminally truncated neuroligin 1 protein were capable of 

effecting the same increase in synapse numbers as wildtype neuroligin 1, this 

result does not necessarily show that the extracellular sequences are sufficient 

because neuroligins form tight dimers via their extracellular domain(Dean et al., 

2003). As a result, the neuroligin 1 mutants likely heterodimerize with 

endogenous neuroligins which have normal cytoplasmic sequences, and the action 

of the C-terminal truncation mutant of neuroligin 1 and of the neuroligin 
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1/SynCAM fusion protein may be mediated by a signal transduction cascade via 

the cytoplasmic tails of endogenous neuroligins with which they heterodimerize. 

The heterodimerization of mutant and endogenous neuroligins also explains the 

dominant-negative action of the R453C-mutant neuroligin 1 which likely 

sequesters endogenous neuroligins in the endoplasmic reticulum when it is 

retained in this structure. This hypothesis accounts for the severe effects in 

neurons of the autism mutant of neuroligin 1 in spite of its continued ability to 

induce synapse formation in the artificial co-culture synapse formation assay 

(Chubykin et al., 2005). Indeed, it is likely that the cytoplasmic sequences of 

neuroligins have a major functional role because the dominant negative action of 

the acetylcholinesterase/ neuroligin fusion protein (which does not heterodimerize 

with endogenous neuroligins) can only be explained by an action of the 

cytoplasmic sequences of neuroligin 1. 
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Chapter Four: Conclusion 
 

In the present study, we show that neuroligins are very potent inducers of 

synapse formation in artificial co-culture systems (Figure 2-2). Overexpression of 

neuroligins in hippocampal neurons causes a net increase in the number of 

functional synapses. Neuroligin 1 selectively acts only on excitatory synapses, 

and neuroligin 2 only on inhibitory synapses (Figure 3-7, Figure 3-11, Figure 

3-15). Thus neuroligins 1 and 2, in spite of their high degree of sequence 

homology, exhibit a surprising selectivity in specifying synaptic function. As a 

result, among others the relative expression of different neuroligins will strongly 

affect the overall ratio of excitatory to inhibitory inputs onto a neuron. We now 

show that neuroligin 1 not only increases the number of functional synapses, but 

also changes the properties of these synapses since the NMDA/AMPA receptor 

ratio was changed. The enhancement of NMDA receptor-dependent responses by 

neuroligin 1 expression is physiologically relevant because deletion of neuroligin 

1 has the opposite effect, and selectively decreases NMDA receptor-mediated 

synaptic responses and the NMDA/AMPA receptor ratio in the hippocampus 

(Figure 3-13). Moreover, consistent with the role of endogenous neuroligin 1 in 

regulating excitatory synaptic transmission, mutant neuroligin 1 containing a 

single amino acid substitution found in autistic-spectrum patients is not only 

unable to enhance synaptic transmission, but actually inhibits excitatory synapses 

(Figure 3-7), while being functional in the artificial synapse formation assay 

(Figure 2-8). Together, these results suggest that the misfolded mutant protein 
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might inhibit synapse formation and synaptic transmission by potentially 

interacting with other neuroligins through heterooligomerization and 

consequently causing their retention in the endoplasmic reticulum of a neuron.  

Ratio of excitatory to inhibitory neurotransmission is crucial for dendritic 

integration and neuronal computation. Impairments in this ratio are observed in 

different forms of neurological disorders like autism spectrum disorders, mental 

retardation and epilepsy. Our data suggest that neuroligin 1 and neuroligin 2 

might be important for regulation of this ratio. Thus, mutations in neuroligins 

might potentially lead to disruption of this balance. But what is the mechanism of 

neuroligin action in regulation of the ration of excitatory to inhibitory 

neurotransmission?  There are at least two principal interpretations of the 

observed increase in the number of excitatory synapses induced by neuroligin 1 

(and of inhibitory synapses induced by neuroligin 2): this increase could either be 

due to the formation of new synapses, or to the activity-dependent stabilization of 

otherwise transient pre-existing synapses. To test this, we investigated the effect 

of blocking either NMDA receptors or CaM Kinase II activity. In what is 

probably the most important result of our study, we found that the action of 

neuroligin 1 in promoting the formation of functional excitatory synapses was 

blocked by chronic treatment of the neurons with AP-5, an NMDA receptor 

inhibitor (Figure 3-9). AP-5 had no effect on the expression level or synaptic 

localization of neuroligin 1, and thus interfered with the local action of neuroligin 

1 in synaptic spines. As further evidence for the specificity of the AP-5 effect, 

AP-5 had no effect on the number of inhibitory synapses in neurons expression 

 



 
 94

neuroligin 2 (Figure 3-14).  Moreover, chronic treatment of the neurons with a 

CaM Kinase II inhibitor inhibited the neuroligin 1-dependent enhancement of 

synapse formation similar to AP-5, whereas an inactive CaM Kinase II inhibitor 

analog had no effect (Figure 3-12). Together these results show that neuroligin 1 

increases the numbers of functional synapses in an activity-dependent manner and 

suggests a possible role of neuroligins in synaptic plasticity.  

How is neuroligin regulated by synaptic activity? A plausible hypothesis, 

as proposed in the model (Figure 4-1), 
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Figure 4-1 Potential mechanism of neuroligin regulation by synaptic activity. 
NMDA receptors activation by specific patterns of synaptic activity induces 
calcium influx into the postsynaptic site. This may potentially results in activation 
of kinases such as CamKII and subsequent phosphorylation of neuroligin 1 and its 
increased incorporation into the postsynaptic site. 
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is that activation of NMDA-receptors by specific patterns of synaptic activity 

induces calcium influx into the postsynaptic site and stimulates a signaling 

cascade involving CamKII that regulates surface availability of neuroligins in the 

synapse. This can be potentially done either through exocytosis/endocytosis 

similarly to the mechanism known for AMPA receptors trafficking (Shi et al., 

1999) or alternatively, through the mechanisms of lateral diffusion into extra-

synaptic areas or protein degradation. Interestingly, neuroligin can be 

constitutively endocytosed with the bound soluble neurexin in COS cells (Figure 

2-9).  

The coupling between activation of neuroligins and NMDA-receptors may 

be physical because both neuroligins and NMDA-receptors are thought to interact 

with PSD-95 and other postsynaptic scaffolding molecules (Irie et al., 1997; 

Kornau et al., 1995; Niethammer et al., 1996). Coupling synaptic function (i.e., 

synaptic transmission) to synaptic structure (i.e., trans-synaptic cell adhesion) 

would provide a link between synaptic plasticity and corresponding physical 

transformations of the synapse.  

Our advancing knowledge of neuroligin function should provide better 

understanding of synaptogenesis in central nervous system and of neurological 

mechanism underlying development and progression of autism. This might lead to 

development of new methods and therapeutic agents effective in early diagnostics 

and treatment of patients with autism.  

There are several different directions for future research: a) extensive 

characterization of the expression pattern of different neuroligin and neurexin 
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isoforms in central and peripheral nervous system, b) generation of genetic knock-

outs of neuroligin and neurexin isoforms and their characterization based on their 

expression pattern, studies of neuronal microcircuitry in different brain areas 

using paired recordings from slice preparations seem to be especially promising, 

c) generation of transgenic mice expressing increased amounts of neuroligins or 

neurexins in specific brain areas or subpopulations of neurons, d) behavior 

characterization of these genetically modified mice. The future research should 

also address several questions: what is the function of neuroligin in the processes 

of synaptic plasticity and memory, and how do the neuroligin autisms mutations 

impair it? What is the mechanism leading to disabilities in social interaction and 

learning? 
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Chapter Five: Materials and Methods  

 
Construction of Expression Vectors.  The pCMVIG constructs of 

neurexins used (Davletov et al., 1995; Ushkaryov et al., 1994) contain the 

following extracellular sequences of various neurexins fused to human IgG: 

pCMVIGN1β-1 (N1β-1), residues 1–299 of rat neurexin 1β without an insert in 

SS4; pCMVIGbN1α-1 (N1α-1), residues 1–1361 of bovine neurexin 1α lacking 

an insert in splice site 4. All neuroligin 1 expression vectors encode rat neuroligin 

1 with inserts in splices sites A and B (Biederer et al., 2002; Sara et al., 2005). 

pCMV5-NL1 encodes full-length rat NL1 containing splice sites A and B. 

Generated by cloning the NL1 cDNA into the Bgl II/Sal I sites of pCMV5. 

pCMV5-NL1-EGFP encodes full-length rat NL1. Generated by cloning a 

PCR fragment containing the coding sequence of EGFP into the Rsr II site of 

pCMV5-NL1. pNL1-ΔC-EGFP encodes rat NL1, truncated at Rsr II site after the 

codon corresponding to T776 and fused to EGFP followed by a stop codon. It was 

generated from pCMV5-NL1-EGFP by cloning the Bgl II/BsrGI fragment of  

NL1-EGFP into the Bgl II/BsrGI sites of EGFP-N1 (Clontech). pcDNA3-AchE-

NL1-EGFP generated by replacing extracellular part of NL1 ending with H634 

with mouse AchE truncated at L539. Afl II sites were introduced in mouse AchE 

after the codon corresponding to L539 and in rat NL1 before the codon 

corresponding to H634 using QuickChange site directed mutagenesis 

(Stratagene). Subsequently, C-terminal part of NL1 was cloned into the Afl 

II/Xba I sites of pcDNA3-AchE. EGFP fusion was created by cloning a PCR 
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fragment containing the coding sequence of EGFP into the Rsr II site of pcDNA3-

AchE-NL1 (Chubykin et al., 2005). 

Chimeric neuroligin 1/acetylcholinesterase mutants (NA) were generated 

by PCR with corresponding oligonucleotides to create junctions between rat 

neuroligin 1 and mouse acetylcholinesterase sequences. Neuroligin constructs 

(schematically depicted in Figure 2-4): pCMV5-NA-1: the loop P118-Q149 in 

neuroligin 1 was replaced by Y101-L123 from acetylcholinesterase. pCMV5-NA-

2: neuroligin 1 N343-V348 was replaced by acetylcholinesterase P289-T298. 

pCMV5-NA-3: neuroligin 1 NL1 I535-C546 was replaced by acetylcholinesterase 

L488-L494; pCMV5-NA-4: neuroligin 1 Q574-E591 was replaced by 

acetylcholinesterase D522-K527. pCMV5-NA-1/3: double mutant of NA-1 and 

NA-3. pcDNA3-NA-5: The N-terminal sequence of acetylcholinesterase was 

fused at L570 to the C-terminal part of neuroligin 1 starting at H634. For 

expression vectors that encode secreted proteins containing neuroligin 

extracellular domains without an Ig-moiety, the rat-NL1/AChE chimeras were 

subcloned into FLAG tagged vector (Sigma, St. Louis, MO) for detection and 

purification, resulting in FLAG-NL1/AChE (Comoletti et al., 2003). FLAG-

NL1/AChE proteins were truncated by introducing a stop codon at Ile-639, 

generating the protein FLAG-NL1/AChE-638. 

pCMV5-NL1-R473C-EGFP encodes mutant NL1 with R473C mutation 

corresponding to human NL3 R451C autism mutation. Generated by 

QuickChange site directed mutagenesis (Stratagene) using rat NL1 as a template. 

EGFP fusion was created by cloning a PCR fragment containing the coding 
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sequence of EGFP into the Rsr II site of pCMV5-NL1-R473C. pCMV5-NL2-

Venus encodes full-length rat NL2. PCR fragment containing the coding sequence 

of Venus was cloned into the RsrII site, which was introduced in rat NL2 after the 

codon corresponding to L762 using QuickChange site directed mutagenesis 

(Stratagene).  pPDGF-EGFP-β-Actin encoding EGFP-tagged full-length β-Actin, 

was kindly provided by Y.Goda (University College, London, UK)(Morales et al., 

2000). pCMV5-SynCAM encodes full-length mouse SynCAM cloned into EcoRI 

site of pCMV5 (Biederer et al., 2002; Sara et al., 2005). pCMV5-SynCAM-NL1-

IRES-ECFP encodes extracellular part of SynCAM fused to C-terminal part of 

NL1(Sara et al., 2005) . pCMV5-NL1-SynCAM-IRES-ECFP encodes 

extracellular part of NL1 fused to C-terminal part of SynCAM(Sara et al., 2005). 

 Cell culture and Neurexin Binding Experiments.  HEK293 and COS 

cells were maintained at 37 ºC and 10% CO2 in Dulbecco’s modified Eagle’s 

medium (DMEM) containing 10% fetal bovine serum, penicillin (100 units/ml), 

and streptomycin (100 units/ml), and periodically tested to ensure the absence of 

mycoplasma. Cells were transfected using Fugene 6 (Roche Molecular 

Biochemicals). To obtain cell clones expressing secreted neuroligins lacking an 

Ig-moiety, HEK293 cells were transfected and selected as previously described 

(Comoletti et al., 2003). Briefly, after calcium phosphate transfection, cells were 

selected by growth in 800 μg/ml G418 (Geneticin, Sigma), and 32 resistant clones 

for each chimera were transferred into two 24-well plates. After incubating the 

growing cells for a period of 5-8 days, media was tested for the presence of 

soluble FLAG-NL1/AChE chimera.  
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 In order to purify IgG neurexin fusion proteins, the supernatant of COS 

cells transfected with the corresponding plasmids was harvested 3–4 d after 

transfection, adjusted to 10 mM Hepes-NaOH pH 7.4 and 0.1 g/l PMSF, cleared 

by centrifugation (2,500 g), and incubated overnight with protein A Sepharose 4 

Fast Flow (Amersham Pharmacia Biotech). The Ig-fusion proteins attached to 

Sepharose were washed three times with PBS before pulldown experiments or 

elution with 10 mM glycine buffer at pH 3.5. The eluate was immediately pH-

equilibrated with 20 µl of 1 M Tris-HCl pH 8 per ml of eluate. Pulldown 

experiments were performed with neuroligins expressed in transfected COS cells 

that were harvested 3-5 days after transfection and solubilized in 1% (v/v) Triton 

X-100, 50 mM Tris-HCl pH 7.5, 0.15 M NaCl, 0.1 g/l PMSF, and 2 mM CaCl2 

under stirring at 4 °C for 90 min. The mixture was centrifuged at 100,000 × g for 

1 hour to remove insoluble materials. The supernatant was incubated with 

neurexin IgG fusion proteins immobilized on protein A beads at 4°C for 2-4 

hours. Proteins bound to the protein A beads containing the IgG fusion proteins 

were washed with PBS and eluted with sample buffer, and neuroligin binding to 

neurexin 1β was analyzed by SDS-PAGE electrophoresis, Western blotting and 

staining with antibodies to neuroligin 1 (4C12, L067).  

 For cell surface labeling experiments, wildtype and mutant neuroligins 

were transfected into HEK293 cells. Three days after transfection, soluble 

IgNrx1β-1 fusion protein was added to the media and incubated at 4 °C for 2 

hours. Cells were washed three times with PBS and fixed in cold 4% 

paraformaldehyde/PBS without permeabilization, and incubated with antibodies 
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against the extracellular part of NL1 (4C12) in PBS with 1% goat serum and 2% 

BSA. Bound IgNrx1β-1 fusion protein and neuroligin antibodies were detected by 

Alexa Fluor 488 protein A-conjugate and  secondary antibodies Alexa Fluor 546 

goat anti-mouse highly cross-adsorbed correspondingly (Molecular Probes). Z-

section images were collected using Leica TCS2 confocal microscope. 

 Primary low-density neuronal culture and neuron/COS-cell co-culture 

experiments. Primary hippocampal neuronal cultures used for synapse formation 

assays were prepared from E18 rats as previously described (Goslin et al., 1998). 

Dissociated neurons were plated onto poly L-lysine treated glass coverslips at a 

density of 50-200 cells/mm2 and co-cultured over a monolayer of glia. Cultures 

were maintained in Neurobasal medium supplemented with N2 (LifeTech/GIBO-

BRL). Transfected COS cells were added to the neurons at 10-14 days in vitro 

(DIV). After 2-5 days of co-culture, cells were fixed in cold 100% methanol or 

4% paraformaldehyde/PBS, permeabilized in 0.2% Triton X-100/PBS or 0.1% 

Saponin/PBS, and incubated with primary and secondary antibodies in PBS with 

1% goat serum and 2% BSA. To test the effect of adding soluble neurexin ligand 

for neuroligins on synapse formation, soluble IgNrx1β-1 fusion protein (final 

concentration = 10 μg/ml) was added to the neuronal media before the transfected 

COS cells were seeded onto the neurons. Two days later, the co-cultures were 

fixed and stained as described earlier. Soluble IgNrx1β-1 was visualized using 

protein A-488 conjugate, and neuroligin and synapsin antibodies were visualized 

subsequently using Alexa Fluor 546- and 633-labeled secondary antibodies 

(Molecular Probes). Fluorescence imaging was performed using sequential 
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acquisition of different channels on a Leica TCS2 confocal microscope. The 

following antibodies were used for immunocytochemistry of the co-cultures: anti-

neuroligin 1 mouse monoclonal 4C12 (Song et al., 1999) and rabbit polyclonal 

L067 (Ichtchenko et al., 1995); anti-synapsin mouse monoclonal Cl10.22 and 

rabbit polyclonal E028 (Rosahl et al., 1993), anti-synaptophysin rabbit polyclonal 

K831, anti-PSD-95 rabbit polyclonal L667, anti-ERC rabbit polyclonal P224, and 

anti Flag-epitope monoclonal antibody (Sigma Aldrich). Secondary antibodies 

(Alexa Fluor 488-, 546- or 633-labeled highly cross-adsorbed goat anti-mouse or 

goat anti-rabbit antisera) were from Molecular Probes.  

 Electron microscopy. For standard EM, cultured cells were fixed in 2% 

glutaraldehyde, 0.1M cacodylate buffer pH 7.4 for 20 min, and postfixed in 1% 

OsO4, 0.8% potassium ferricyanide (K3FeCN6) for 15 min on ice followed by 15 

sec in a microwave oven (350W, BioWave, Ted Pella Inc., Redding. CA). For 

immunoelectron microscopy, cells were fixed in 1% glutaraldehyde, 2% 

paraformaldehyde in PBS pH 7.4 for 1 hour, and then blocked in 2% normal goat 

serum, 1% BSA and 0.1% Saponin in PBS. The primary incubation was carried 

out for 1 hour with the anti-GFP antibody at a dilution of 1:1000. After washing 

with PBS, the cells were incubated with anti-rabbit secondary antibody 

conjugated to 1.4 nm gold particles (Nanoprobes, Yaphank, NY) for 1 hour, and 

then silver enhanced with the HQ silver enhancement kit (Nanoprobes). The 

immuno-labeled cells were dehydrated through a graded series of ethanol to 100% 

(15 sec each at 350 W in the microwave oven), and embedded in Poly/Bed 812 

epoxy resin (Polysciences Inc., Warrington, PA). Ultrathin sections (70 nm) are 
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stained with 5% uranyl acetate solution and examined under a JEOL 1200EX 

transmission electron microscope at 80 kV accelerating voltage.  

 Image acquisition and analysis of co-culture experiments.  Images 

were recorded in a confocal microscope Leica TCS2 with the same confocal 

acquisition settings for all samples of an experiment. Collected z-section images 

were converted to maximal projection images and analyzed blindly using Leica 

Confocal Software. Transfected COS cells in close proximity to neurons were 

selected based on neuroligin and synapsin labeling. The contours of the 

transfected COS cell were chosen as the region of interest. Fluorescence intensity 

was quantified for both green and red channel in the region of interest. Statistical 

significance was determined by Student's t test. All data shown are means ± 

SEMs. 

 Primary high-density neuronal culture. Primary hippocampal neuronal 

cultures were prepared from 1-2 day-old Sprague−Dawley rats(Kavalali et al., 

1999), transfected at 10 days in vitro using a calcium phosphate transfection 

protocol(Xia et al., 1996), and analysed at 14 days in vitro. Chronic AP-5 

treatments were performed by adding 50 μM 2-Amino-5-phosphonopentanoic 

acid (AP-5) to the culture medium from days 10 to 14 in vitro; AP-5 was washed 

out before recordings were started. Chronic KN-93 and KN-92 treatments were 

performed by adding 5 μM N-[2-[[[3-(4'-Chlorophenyl)-2-

propenyl]methylamino]methyl]phenyl]-N-(2-hydroxyethyl)-4'-

methoxybenzenesulfonamide phosphate salt (KN-93) or its inactive analog KN-92 
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to the culture medium from days 10 to 14 in vitro; KN-93 or KN-92 were washed 

out before recordings.  

 Primary neurons electrophysiology. Whole-cell recordings from 

pyramidal cells were acquired in a modified Tyrode bath solution (150 mM NaCl, 

4 mM KCl, 2 mM MgCl2, 10 mM glucose, 10 mM HEPES and 2 mM CaCl2 at 

pH 7.4, 310 mOsm) with a MultiClamp 700B amplifier and Clampex 8.0 software 

(Axon Instruments, Union City, CA). Recordings were filtered at 2 kHz and 

sampled at 200 μs. The internal pipette solution contained: 115 mM Cs-MeSO3, 

10 mM CsCl, 5 mM NaCl, 10 mM HEPES, 0.6 mM EGTA, 20 mM TEA-Cl, 4 

mM Mg2+-ATP, 0.3 mM Na2GTP, 10 mM QX-314 (pH 7.35, 300 mOsm). EPSCs 

and IPSCs were evoked with a focal stimulation electrode(Maximov and Sudhof, 

2005). AMPA- and NMDA-receptor mediated EPSCs were recorded in 50 μM 

picrotoxin at holding potentials of -70 mV and +40 mV, respectively. IPSCs were 

recorded in 10 μM 6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX) and 50 μM 

AP-5 at a holding potential of -70 mV. AMPA-receptor dependent EPSCs and 

IPSCs were quantified by measuring the amplitude 2 ms after the onset of 

synaptic responses, NMDA-receptor dependent EPSC amplitudes were measured 

75 ms after the EPSC onset. Input and series resistances were monitored (series 

resistance was ~10 MΩ), and experiments with unstable readings were discarded. 

Recordings were performed on anonymized samples to avoid observer bias. 

Results are expressed as means ±s.e.m.  

Hippocampal slices electrophysiology.  Acute hippocampal slices were 

obtained from P19-21 mice.  Whole-cell recordings of CA1 pyramidal neurons 
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were performed at 22°C in standard ACSF (in mM): 126 NaCl, 3 KCl, 1.25 

NaH2PO4, 2 MgSO4, 26 NaHCO3, 10 dextrose, and 2 CaCl2 .  ACSF was 

saturated with 95% O2 / 5% CO2 (final pH = 7.4).  100 μM picrotoxin was 

included to block GABAA mediated synaptic transmission, and most of CA3 was 

removed to prevent evoked polysynaptic activity.  The pipette solution was (in 

mM): 125 Cs-methanesulfonate, 1 CsCl, 3 NaCl, 10 HEPES, 2.5 BAPTA, 4 ATP-

Mg, 0.3 GTP-Tris, 14 phosphocreatine-Tris, 10 sucrose (pH 7.25, 290 mOsm).  

Series resistance was ≤ 13 MΩ.  Extracellular stimulation (60-300 μA, 2 cond. 

cluster electrode, FHS, Bowdoin, Maine) was applied to the stratum radiatum 

about 50-100 um horizontal from the main apical dendrite of the recorded cell 

(towards CA3). 

Immunocytochemistry, image acquisition and analysis of primary 

hippocampal cultures. For immunocytochemistry, neurons were fixed in cold 

100% methanol, permeabilized in 0.1% saponin, and incubated with primary and 

secondary antibodies in PBS with 3% nonfat milk and 0.1% saponin. 

Immunolabeling of presynaptic terminals and of dendrites was performed with 

rabbit polyclonal antibodies to synapsin (E028)(Rosahl et al., 1993) and mouse 

monoclonal antibodies to MAP2 (Sigma Aldrich), respectively, using Alexa Fluor 

633 goat anti-rabbit and Alexa Fluor 546 goat anti-mouse antibodies (Molecular 

Probes) as secondary antibodies. Images were acquired with a 63x objective using 

a 4.5x zoom in a Leica TCS2 confocal microscope with identical settings applied 

to all samples in an experiment. Images were presented in three colors: 

presynaptic terminals were visualized via synapsin staining represented in red 
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channel, dendrites via MAP2 staining in blue channel, and spines via the EGFP 

fluorescence (either from the transfected EGFP-tagged neuroligin 1 proteins or 

from co-transfected EGFP-tagged β-actin). Stacks of z-section images were 

converted to maximal projection images and analyzed blindly with the NIH 

Image/ImageJ program. Channels corresponding to EGFP and synapsin signals 

were thresholded to outline spines and presynaptic terminals correspondingly. 

Area size, fluorescent intensity and density of spines and presynaptic terminals 

per 50 μm of dendrite were measured using the “Analyze particle” module of the 

ImageJ program. All samples were coded and analyzed blindly. Each experiment 

was performed three times. In each experiment, between 300 and 1000 spines 

from 6 to 10 neurons were analyzed per condition.  

Data analysis. Statistical significance was determined by Student's t-test 

in all experiments, all statistical quantities are expressed as mean ±s.e.m. 
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