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Summary 

Agrin and its receptors complex, consisting of Lrp4 and MuSK are key regulators during 

formation, maintenance and regeneration of the neuromuscular junction. Their expression and 

localization in the CNS are less studied and their functions are unclear. The aim of my thesis 

was to investigate the role of agrin, MuSK and Lrp4 in the central nervous system during 

development, in particular during dendritogenesis and synaptogenesis, in vitro and in vivo.  

Analysis of dendritic arborization in primary cortical neurons of WT, Lrp4-knockout 

(Lrp4-KO) and MuSK-knockout (MuSK-KO) embryos revealed that Lrp4- and MuSK-KO 

neurons display fewer but longer primary dendrites and a less complex dendritic arborization 

pattern. Transfection of these neurons with full-length TM-agrin cDNA restored the dendritic 

arborization deficit in Lrp4-KO neurons, but not in MuSK-KO neurons. The C-terminal half of 

TM-agrin was sufficient for the restoration. These results show that Lrp4 and MuSK, along 

with TM-agrin, are required for the normal dendritic arborization.  

TM-agrin overexpression in WT neurons increased dendritic spine density. Therefore, 

I investigated the role of TM-agrin, Lrp4 and MuSK during synaptogenesis. Lrp4-KO neurons, 

but not MuSK-KO neurons, displayed a lower density of excitatory synapses. TM-agrin 

overexpression increased the density of excitatory synapses in Lrp4-heterozygous and WT 

neurons, but not in Lrp4-KO neurons. The TM-agrin-mediated increase of excitatory synapses 

required the presence of an insert containing four amino acids at the y-splice site (y4), but not 

the presence of the Lrp4-binding domain within TM-agrin. These results suggest an indirect 

interaction of TM-agrin with Lrp4 during formation or maintenance of excitatory synapses.  

Analysis on the inhibitory synapses revealed that Lrp4-KO neurons, but not MuSK-KO 

neurons, displayed a lower density of inhibitory synapses. Furthermore, TM-agrin 

overexpression reduced the density of inhibitory synapses in Lrp4-heterozygous and WT 

neurons. The TM-agrin-induced reduction of inhibitory synapses depended on the presence of 

a highly conserved serine-residue (S17) in the intracellular region of TM-agrin. In summary, 

TM-agrin overexpression upregulates excitatory synapses and downregulates inhibitory 

synapses requiring two different regions within the TM-agrin protein.  

Finally, I investigated the effect of TM-agrin overexpression of the adult neocortex in 

vivo using a mouse line, which conditionally expresses full-length TM-agrin in adult 

glutamatergic neurons. I observed an increase of transcript levels encoding excitatory synaptic 

proteins, as well as an increase of excitatory synapses density. Consistent with my in vitro data, 

the transcript levels of inhibitory synaptic proteins, as well as the inhibitory synapses density 

were significantly reduced in TM-agrin-overexpressing brains. Collectively, these results 
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suggest an important role of TM-agrin in regulating cortical excitatory-inhibitory balance in 

vivo. 

In conclusion, TM-agrin, Lrp4 and MuSK are essential for the formation or maintenance 

of the dendritic arborization complexity and for excitatory and inhibitory synapses during 

synaptogenesis as well as their maintenance in adult neurons, both in vitro and in vivo. My 

results also demonstrate that synaptogenesis at the NMJ and in the CNS might share common 

molecular determinants. 
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Introduction 

Neurons and synapses as a core functional unit in central nervous system 

 The brain is the most complex of all biological systems. The human brain consists of 

more than 1011 neurons plus an additional 5-10 times the number of glial cells (Herculano-

Houzel, 2009). The function of this enormous number of individual cells in the brain requires 

precise and effective ways of communication. This complex communication is an essential 

component for all living organism, in particular for processing external and internal 

information. The most important communication site that distinguishes nervous system from 

other tissues in the body is a specialized functional connection, which is called synapse. The 

term synapse (from the Greek synapsis: junction point/conjunction) was coined by Sir Charles 

Scott Sherrington in 1897 to define the contact zones implicated in the transmission of 

information. Neurons communicate through chemical synapses, which are formed and 

maintained by bi-directional transfer of information between the prospective pre- and 

postsynaptic specializations required for successful synaptic transmission (Tintignac et al., 

2015; Waites et al., 2005). 

 The view of synapses as intercellular communication sites was part of the so-called 

‘neuron theory’ proposed in 1888 by Santiago Ramon y Cajal. This theory suggested a non-

continuity of cells in the CNS. The cells were thought to form a functional network by 

generating communication sites among them, which allowed unidirectional relay of 

information – but without a continuous cell membrane between the cells. Evidences supporting 

this theory had overcome the ‘reticular theory’ of the nervous system. In addition, Charles 

Sherrington showed that this specialization between nerve cells is a communication site, which 

subsequently develop into the concept of neurotransmission. This view of synapse-mediated 

communication is still accepted today, and its function, development and plasticity have 

become one of the main research fields in modern neuroscience. 

 

Cellular and molecular components of synapses 

 In general, synapses are grouped into electrical and chemical synapses. Electrical 

synapses were first observed in crayfish by Edwin Furshpan and David Potter and consist of 

two membranes continuously connected by an apparatus, termed gap-junction, which allows 

ions to pass between cells through 1.2 to 2.0 nm pores (Furshpan and Potter, 1957). This type 

of synapse can be observed in retinal neurons (Hormuzdi et al., 2004). On the other hand, 

chemical synapses are structurally composed of two elements, a presynaptic membrane bearing 

an electron-dense structure named active zone and an electro-dense region of the postsynaptic 
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membrane. The pre- and postsynaptic membranes are separated by an extracellular space, called 

synaptic cleft, demonstrating the absence of a physical continuity between the cells.  

Based on electron microscopic observations, Edward George Gray classified synapses 

as a Gray’s type 1 or an excitatory synapse and as a Gray’s type 2 or an inhibitory synapse 

(Gray, 1959). The type 1 synapse is characterized by an asymmetric thickness of the pre- and 

postsynaptic membranes with glutamate being the main neurotransmitter. In contrast, the type 

2 synapse is characterized by a symmetric thickness of the pre- and postsynaptic membranes 

with -aminobutyric acid (GABA) and glycine being the main neurotransmitters (Colonnier, 

1968).  

The type 1 synapses represent approximately 80 % of all cortical synapses. They consist 

of a presynaptic axonal bouton containing vesicles filled with the neurotransmitter glutamate, 

a 20 nm wide synaptic cleft and an electron-dense thickening of the postsynaptic membrane 

containing the corresponding neurotransmitter receptors. Type 2 synapses have flattened 

presynaptic boutons containing GABA-filled vesicles, a synaptic cleft and an electron-dense 

postsynaptic membrane, which has approximately the same thickness as the active zone and is 

therefore called “symmetric”. 

The presynaptic boutons are swellings on the axon terminations containing the 

neurotransmitter-filled vesicles and the cellular machinery for the calcium-dependent release 

of the neurotransmitter. On these boutons, the postsynaptic-facing site is called an active zone, 

a term coined in 1970 by Couteaux and Pecot-Dechavassine while observing the neuromuscular 

junction of partially contracted frog muscles by electron microscopy (Couteaux and Pecot-

Dechavassine, 1970). On the dendrites opposing the respective presynaptic boutons at 

glutamatergic type I synapses, a specialized structure was observed and named dendritic spine.  

The morphology of dendritic spines is plastic, and the transformations correlate to their 

degree of maturation (De Roo et al., 2008a; De Roo et al., 2008b; De Roo et al., 2008c; Ethell 

and Pasquale, 2005; Kasai et al., 2003). In the electron microscope, the mature dendritic spines 

appear as a dark line due to it’s high electron density. This electron-dense structure contains a 

meshwork of proteins which is named postsynaptic density (PSD). The PSD was firstly 

observed at glutamatergic synapses, as an electron-dense band with 30-60 nm thickness and 

300-400 nm diameter (Carlin et al., 1980; Harris et al., 1992). Embedded in this dense 

specialization are several other molecules which are required for synaptic transmission, such as 

cytoplasmic signaling enzymes (Kennedy, 2000), cytoskeletal components and other 

membrane-associated proteins. It has been previously shown that the area of the PSD correlates 

with the number of presynaptic vesicles (Nusser et al., 1998). 
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Subcellularly, dendritic spines host a number of membrane-bound organelles. The 

rough endoplasmic reticulum for example is primarily located in the cell body and proximal 

dendrites, but the smooth endoplasmic reticulum is predominantly located in distal dendrites 

and dendritic spines (Spacek and Harris, 1997). Moreover, the dendrites contain polyribosomes, 

which have the capacity for local proteins synthesis (Gardiol et al., 1999; Ostroff et al., 2002; 

Pierce et al., 2000). In addition, mitochondria are also localized in dendritic shafts and in some 

of the dendritic spines in which they assist the transport of ATP into dendritic spines (Li et al., 

2004). 

Two major families of scaffolding proteins are concentrated in the postsynaptic density. 

They both anchor the neurotransmitter receptors to the cytoskeleton: Shank proteins and the 

membrane-associated guanylate kinases (MAGUKs). The Shank family consists of large 

scaffolding proteins with a multidomain consisting of ankyrin repeats close to the N-terminus, 

followed by a SH3, a PDZ domain, a long proline-rich region and a sterile alpha motif domain 

(SAM) at the C-terminal which interact with NMDARs and metabotropic glutamate receptors 

(Tiffany et al., 2000). The MAGUKs are defined by a SH3- (Src-homology-3) and WW (two 

conserved TrP residues)-flanked 300 amino acid region with homology to the yeast kinase 

which catalyzes the ATP-dependent phosphorylation of GMP to GDP. In MAGUKs, this 

homology region is catalytically inactive but bears the PDZ (PSD-95/Dlg/ZO-1) domain which 

represents the binding site for many other proteins, which need to be anchored to the PSD 

(Funke et al., 2005).  

The most important member of the MAGUKs are PSD-95-related proteins. This family 

is encoded by four genes, which encode PSD-95/SAP90 (synapse-associated protein 90), PSD-

93/chapsyn110, SAP102 and SAP97. All of these proteins contain three PDZ domains, which 

consist of postsynaptic density protein-95 (PSD-95), Drosophila disc large tumor suppressor 

(DlgA) and Zonula occludens-1 protein (Zo-1). It has been shown that the PDZ domains of the 

PSD-95 bind directly to the NR2-subunit of the NMDAR (Dong et al., 2004; Kornau et al., 

1995) and also with the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

(AMPAR)-associated protein stargazin (Schnell et al., 2002). The interaction between PSD-95 

and AMPAR is required for the AMPAR targeting to synapses during synaptogenesis and 

during synaptic plasticity (Chen et al., 2000; Ehrlich et al., 2007; Schnell et al., 2002). Mice 

with a targeted deletion of PSD-95 showed an impairment of AMPAR-mediated synaptic 

transmission and of the maintenance of dendritic spines (Béïque et al., 2006; El-Husseini et al., 

2000). Moreover, the downregulation of PSD-95 arrests the development of dendritic spines 

(Ehrlich et al., 2007), whereas the overexpression of PSD-95 leads to multi-innervated spines 
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(Nikonenko et al., 2008). Therefore, PSD-95 is essential for the formation and maintenance of 

excitatory glutamatergic synapses.  

 In terms of functions, the scaffolding proteins play important roles during different 

stages of synapse development. During early phases of synapse development, the SAP-102 is 

required for the clustering of NMDA and AMPA receptors. Whereas during the later stages, 

PSD-95 regulates the clustering of AMPAR and the switching of NMDAR’s subunit 

composition from NR2B to NR2A (Elias et al., 2008; Petralia et al., 2005; van Zundert et al., 

2004). Thus, different scaffolding proteins regulate the clustering and composition of the 

neurotransmitter receptors depending on the stage of synapse development stages. 

Postsynaptic scaffolding molecules at inhibitory synapses consist of different molecules 

compared to the excitatory synapses. One of the most extensively studied proteins at inhibitory 

synapses is gephyrin. Originally, gephyrin, a 93-kDa protein, was purified directly and in 

stoichiometric amounts together with glycine receptors (GlyRs) from rat spinal cord (Pfeiffer 

et al., 1982). In addition, gephyrin also copurified with polymerized tubulin (Prior et al., 1992). 

Additional studies demonstrated that gephyrin is essential for the clustering of synaptic 

inhibitory neurotransmitter receptors, such as glycine and -aminobutyric acid type A (GABAA) 

receptors (Petrini et al., 2014; Pfeiffer et al., 1982; Tretter et al., 2008). 

 Structurally, gephyrin consists of three major domains: G, C and E domains. The E 

domain mediates the interaction between gephyrin and glycine receptors (GlyRs) by binding to 

the -loop of the -subunit of the GlyRs (Meyer et al., 1995; Schrader et al., 2004). Several 

serine residues within this domain control the binding affinity between both gephyrin and 

GlyRs (Bedet et al., 2006; Kim et al., 2006). Moreover, these residues regulate the cytosolic 

aggregation and clustering of gephyrin in the postsynaptic membrane (Lardi-Studler et al., 

2007). Accordingly, knockdown of gephyrin with antisense oligonucleotides in spinal neurons 

reduced the density of GlyR clusters in the membrane, suggesting a requirement of gephyrin 

for the GlyR anchorage at the inhibitory postsynaptic specializations in vitro (Kirsch et al., 

1993; Levi et al., 2004). Similar changes have been also reported in vivo in gephyrin-null mice 

(Feng et al., 1998; Fischer et al., 2000). Apparently, the E-domain within the gephyrin protein 

is responsible for the interaction between gephyrin and glycine receptors. 

In addition to GlyRs, an interaction of gephyrin with GABAAR has been previously 

described. The 2-subunit of the GABAAR interacts directly with gephyrin via a 10-amino-

acid hydrophobic motif within the intracellular domain of gephyrin (Tretter et al., 2008). This 

binding is required for the GABAAR concentration at inhibitory synapses (Tretter et al., 2008). 

Furthermore, several studies have shown that the E domain of gephyrin is important for its 
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binding to other subunits of the GABAAR, such as the 1-subunit (Mukherjee et al., 2011), 3-

subunit (Tretter et al., 2011) and 2-subunit (Alldred et al., 2005). Therefore, gephyrin is 

important for the clustering of several subunits of the GABAAR and of the GlyR in the PSD of 

inhibitory synapses. 

 Gephyrin is a phosphoprotein with 22 phosphorylation sites (in mouse and rat brains), 

which are located mostly within the C domain (Kuhse et al., 2012; Langosch et al., 1992). The 

C domain contains several residues that are modified post-translationally and has a capability 

to regulate the phosphorylation status of the gephyrin (Fuhrmann et al., 2002; Kneussel et al., 

2000). The phosphorylation of gephyrin is important for its clustering, its association with 

postsynaptic membrane and the regulation of miniature inhibitory postsynaptic currents 

(mIPSCs; Dejanovic et al., 2014). Altogether, the post-translational modification of the C 

domain of gephyrin is essential for the normal aggregation and normal function of the inhibitory 

synapses. 

 The anchoring of gephyrin in the neuronal postsynaptic membrane requires an essential 

interacting-protein, the neuron-specific dbl-like GDP/GTP exchange factor, named collybistin 

(Kins et al., 2000). Collybistin binds to the C-terminal domain of gephyrin and this binding is 

important for the aggregation of gephyrin on the membrane (Kins et al., 2000). Collybistin-

deficient mice exhibited a reduction of gephyrin and of the 2-subunit of the GABAAR 

clustering, impairment of GABAergic synaptic transmission and also of spatial learning 

(Jedlicka et al., 2009; Papadopoulos et al., 2008). The interaction of gephyrin with other 

proteins is required for the aggregation and the function of the inhibitory synapses. 

 

Synaptogenesis in the CNS 

 The formation of the complex molecular specializations mentioned in the paragraphs 

above are required for the establishment of synaptic connectivity. It is therefore conceivable 

that the formation and maintenance of these synaptic specialization is a key step during 

embryonic and postnatal development. Therefore, these processes must be very precisely 

controlled. Since in my thesis I analyzed the molecular machinery that regulates synapse 

formation, I want to introduce this process in the following paragraphs. 

 Synapses in the nervous system undergo several changes during the life of a mammalian 

organism. They are formed during embryonic and early postnatal development, maintained into 

the adult, shaped during synaptic plasticity and reformed during regeneration after damage or 

under pathological conditions. The proper formation of synaptic specializations during 

development and during synapse-related plasticity is crucial for a normal function of the adult 
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CNS. Disturbances of synapse development can lead to several neurological disorders including 

autism spectrum disorder, mental retardation, and schizophrenia – all of which have been 

collectively named “synaptopathies” (Lepeta et al., 2016). 

The formation, organization and maintenance of synapses during development involve 

a complex, yet highly orchestrated interaction of proteins, including trans-synaptic adhesion 

molecules (CAM) between the presumptive presynaptic and postsynaptic cells (Sudhof, 2018). 

The contact of the highly motile growth cone with the presumptive postsynaptic membrane 

leads to a cessation of growth and the subsequent differentiation of an ‘active zone’, which is 

characterized by docked and primed synaptic vesicles filled with the neurotransmitters and the 

molecular machinery for the calcium-mediated vesicular release. At the same time, the 

postsynaptic compartment specializes. The hallmark of this differentiation is the formation of 

aggregates containing the neurotransmitter receptors, associated or adapter proteins and 

synaptic signaling molecules. The contact sites between the active zone and postsynaptic 

density on the pre- and postsynaptic membranes are precisely aligned (Biederer et al., 2017).  

At the molecular level, the formation of synapses requires cell adhesion molecules 

(CAM), such as the cadherins, the neuroligin-neurexin complex and ephrin/Eph receptors (Graf 

et al., 2004; Inoue and Sanes, 1997; Paradis et al., 2007; Sudhof, 2018). The type 1 synapses 

are formed by the extension of a filopodia-like protrusions from the dendrite which will bind to 

the axon and transform into a postsynapse. These newly-formed synapses undergo several type 

of changes. Most of them will undergo retractions and only small portion of them will be 

maintained as functional synapses (Lohmann and Bonhoeffer, 2008). On the other hand, the 

development of inhibitory synapses is different. Here synapse formation is triggered by direct 

cell surface contact without involvement of the extension of a filopodia-like processes from the 

dendrite (Wierenga et al., 2008; Wierenga, 2017). Thus, different types of synapses undergo 

different structural and molecular changes during development and maturation.  

The clustering of receptors during synaptogenesis at type 1 synapses requires trans-

synaptic signaling, from the pre-synaptic to the post-synaptic compartment that leads to the 

activation of NMDA receptors. The activation of NMDARs alters the phosphorylation status 

more than 100 PSD proteins (Coba et al., 2009). In the case of glutamatergic synapses, it is 

known that the trans-synaptic complex between the presynaptic neurexins and postsynaptic 

neuroligin 1, neuroligin 3 and neuroligin 4 is bound to PSD-95 via the COOH-termini of 

neuroligins (Irie et al., 1997). In the case of GABAergic synapses, the interaction between 

neurexins and postsynaptic neuroligin 2 is essential (Graf et al., 2004). Thus, the trans-synaptic 
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interaction between neurexins and neuroligins is indispensable for the induction and/or 

maintenance of the excitatory and also the inhibitory synapses. 

In order to form a functional synapse, many molecular components need to be 

assembled at the site where the synaptic communication will be established. There are two 

possible scenarios of how synaptic components are assembled. Firstly, the synaptic proteins are 

synthesized in the cell body in a random and independent manner, independent of the 

axodendritic contact. Alternatively, the synaptic proteins are assembled as a complex in the cell 

body, which is subsequently transported to the contact sites. The realization of both scenarios 

seems to be true (Craig et al., 2006; Waites et al., 2005; Ziv and Garner, 2001).  

The assembly of the presynaptic specialization has been reported to be dependent on 

vesicular intermediates that will deliver most of the synaptic vesicle proteins to nascent 

synapses (Bauerfeind and Huttner, 1993). The presynaptic protein piccolo, for example, is 

transported into the active zone of the nascent synapse together with other presynaptic proteins, 

such as bassoon, syntaxin, SNAP-25 and N-cadherin, in specialized 80 nm granulated vesicles 

(Shapira et al., 2003; Zhai et al., 2001).  

The postsynaptic specializations, on the other hand, develop more gradually with 

postsynaptic proteins being individually recruited to the synaptic membrane (Sudhof, 2018). 

As mentioned previously, dendrites contain the molecular machinery for protein synthesis, 

including the endoplasmic reticulum (ER) and Golgi membranes, as well as vesicle pools which 

are filled with AMPA or NMDAR receptor subunits (Kennedy and Ehlers, 2006). This 

specialized structure opens the possibility that both cytosolic and integral membrane proteins 

can be locally synthesized, processed and inserted into nascent and mature synapses (Ju et al., 

2004; Miyata et al., 2005; Steward and Schuman, 2001; Sutton and Schuman, 2006).  

PSD-95, GAKP and Shank proteins are transported in an actin-dependent manner in 

non-synaptic clusters (Setou et al., 2000) to the postsynaptic membrane and become 

incorporated at the contact sites close to the presynaptic active zones (Gerrow et al., 2006). The 

formation and maturation of postsynaptic specializations begin with the formation of a cluster 

of PSD proteins that aggregate other proteins, such as neurologin/SynCAM capable of inducing 

presynaptic formation. Additional proteins will be added to the contact site which will trigger 

the growth and maturation of synapse (Bresler et al., 2004; Gerrow and El-Husseini, 2006; 

Marrs et al., 2001; Prange and Murphy, 2001; Washbourne et al., 2002). Collectively, the 

formation and the development of the synapses require both, the pre- and the postsynaptic sides. 

 The establishment of the contact between the pre- and postsynaptic membrane 

undergoes several alterations to modify and stabilize the respective compartments. This 
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transforms an instable structure with immature function into a stable adult synapse. In contrast 

to nascent immature synapses, mature synapses are characterized morphologically by an 

increase of clustered synaptic vesicles on the presynaptic side, pronounced postsynaptic 

densities and a shift from unstable highly motile nascent spines to stable less or non-motile 

stubby- and mushroom-type spines (Yuste and Bonhoeffer, 2004; Takeichi and Abe, 2005). 

Both newly formed and mature spines require a set of molecules that are essential for 

their normal function. These set of molecules consist of receptors, which are important for the 

neurotransmission. Two main groups of receptors are responsible for neurotransmission to 

occur at synaptic level: ionotropic receptors, which are ion channels and metabotropic receptors 

which are coupled with a G-protein pathway. Depending on the neurotransmitter released and, 

on the receptors, synapses can be further classified as excitatory or inhibitory. A synapse is 

classified as excitatory when an excitatory postsynaptic potentials (EPSPs) occurs. The EPSP 

is usually elicited by a depolarizing cation influx through the membrane in response to the 

binding of neurotransmitters to the corresponding receptors. On the other hand, a synapse is 

defined as inhibitory when the binding of neurotransmitter to the postsynaptic receptors elicits 

a hyperpolarization, usually via an influx of anions through the membrane, generating 

inhibitory postsynaptic potentials (IPSPs).  

 Newly formed synapses need to be maintained in the adult nervous system. In vivo 

imaging of mature somatosensory cortex, visual cortex and organotypic hippocampal slice 

cultures demonstrated, that synapses undergo a turnover, meaning that they remain stable only 

for variable periods of time (De Roo et al., 2008a; De Roo et al., 2008c; Holtmaat et al., 2005; 

Trachtenberg et al., 2002; Zuo et al., 2005). Mature dendritic spines are dynamic structures 

whose stability depends on neuronal activity, Hebbian-type of plasticity and homeostatic 

processes (Sjostrom et al., 2008). Spines undergo plastic changes depending on their intra- and 

extracellular conditions and on the neuronal network activity (Holtmaat et al., 2008; Holtmaat 

et al., 2005; Luscher et al., 2000; Sjostrom et al., 2008; Yuste and Bonhoeffer, 2004). Chronic 

changes of neuronal activity affect the turnover rate of synaptic proteins at mature synapses 

(Grutzendler et al., 2002; Trachtenberg et al., 2002). Higher neuronal activity reduces the half-

life from 5h to 2h, whereas lower neuronal activity increases the half-life from 5h to 20h-30h 

(Ehlers, 2003). In addition, many postsynaptic proteins undergo a great volume and exchange 

rate occurring at presumable stable synaptic structures, such as SAP90/PSD-95, SAP97, actin, 

the NR1-subunit of the NMDAR, and the GluR1-subunit of the AMPAR (Bresler et al., 2004; 

Iki et al., 2005; Nakagawa et al., 2004; Okabe et al., 2001; Sharma et al., 2006; Yao et al., 

2003). Moreover, the overall stability of dendritic spines differs throughout cortical areas and 
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experimental conditions (Grutzendler et al., 2002; Holtmaat et al., 2005; Trachtenberg et al., 

2002; Xu et al., 2007). Altogether, after being formed, synapses undergo several changes 

throughout the life, and this depends on the intra- and extracellular conditions as well as on the 

neuronal network activity. This plasticity of the synapses is essential for higher cognitive 

functions, including learning and memory.  

   

Synaptogenesis at the neuromuscular junction 

The molecular basis of synaptogenesis in the developing CNS is not entirely clear. In 

contrast, much more is known about the development of a specialized synapse outside the brain, 

the neuromuscular junction (Tintignac et al., 2015). Our laboratory and others have raised the 

hypothesis, that synaptogenesis in the CNS might share molecular determinants with 

synaptogenesis at the NMJ (Kröger and Pfister, 2009). My thesis is based on this hypothesis. 

In the following paragraphs, I will therefore introduce the NMJ and its development including 

its key determinants. Afterwards, I will summarize the current knowledge of the functions of 

these molecules in the CNS. 

The NMJ is one of the best-characterized synapses in the entire nervous system. NMJs 

are communication sites between axons of -motoneurons and skeletal muscle fibers (Tintignac 

et al., 2015). The formation, maintenance and regeneration of the NMJ require several key 

regulatory molecules. The master organizer of synaptogenesis at the NMJ is agrin. Agrin’s 

biological activity requires the binding to a receptor complex, consisting of the low-density 

lipoprotein receptor-related proteins 4 (Lrp4; Weatherbee et al., 2006; Zhang et al., 2008; Kim 

et al., 2008) and the muscle-specific kinase (MuSK; Zhang et al., 2008) 

Agrin is a large multidomain protein that belongs to the family of heparan sulfate 

proteoglycans (HSPG) because of its post-translational modification with one or more 

covalently attached heparan sulfate (HS) chains. Agrin was initially purified and cloned from 

the electric organ of the marine ray Torpedo californica (Nitkin et al., 1987; Smith et al., 1992). 

The cDNA sequence of agrin is highly conserved in many species including chick, mouse, rat 

and human (Burgess et al., 2000; Rupp et al., 1992; Rupp et al., 1991; Tsen et al., 1995; Tsim 

et al., 1992). Agrin is expressed in neuronal and non-neuronal tissues, such as endothelial cells 

of the blood-brain-barrier, astrocytes (Barber and Lieth, 1997; Kröger and Pfister, 2009; Steiner 

et al., 2014) and lymphocytes (Khan et al., 2001). 

The transcription product of the Agrn gene is an approximately 9500-nucleotide-long 

mRNA that is translated into a large multidomain protein with a molecular mass of 220 kDa. 

As mentioned above, agrin is also subject to extensive modifications, such as the attachment of 
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glycosaminoglycan side chains to the central part of agrin. These posttranslational 

modifications increase the molecular mass of native agrin to more than 500 kDa (Tsen et al., 

1995; Winzen et al., 2003).  

 According to the ‘agrin hypothesis’ (McMahan, 1990), agrin is synthesized by 

motoneurons and transported along their axons to the nerve terminal at the NMJ. It is secreted 

at the contact site between axonal growth cone and target myofiber and then stably incorporated 

into the basal lamina. Accordingly, agrin immunoreactivity is highly concentrated in the 

synaptic cleft of the NMJ (Reist et al., 1987). Basal lamina-bound agrin interacts with its 

tetrameric receptor complex, which is located on the surface of the myofiber (Glass et al., 

1996a; Glass et al., 1996b). The binding of agrin to Lrp4 (Kim et al., 2008; Zhang et al., 2008; 

Zong et al., 2012) leads to the activation of the muscle-specific kinase (MuSK) in the skeletal 

muscle fiber plasma membrane. MuSK activation initiates an intracellular signaling cascade, 

which is characterized by the phosphorylation of nicotinic acetylcholine receptors (nAChRs) 

by the downstream kinase of MuSK, the downstream of tyrosine kinase 7 (Dok-7) and a 43-

kDa receptor-associated protein rapsyn (Huganir et al., 1986; Huganir and Greengard, 1983; 

Huganir and Miles, 1989; Qu et al., 1996; Qu and Huganir, 1994; Wallace et al., 1991). This 

phosphorylation leads to the aggregation of these molecules at the NMJ, most likely by a 

diffusion-trap mechanism (Ferns et al., 1996; Glass et al., 1996a; Glass et al., 1996b).  

Agrin-induced signaling is also required for the formation of structural specializations 

of the NMJ, including junctional folds (Marques et al., 2000; Meier et al., 1997) as well as for 

the synapse-specific gene expression, such as utrophin (Grady et al., 2000; Gramolini et al., 

1998), acetylcholine-esterase (AChE) (Bezakova et al., 2001; Matthews-Bellinger and Salpeter, 

1983) as well as the expression of the -subunit of the nAChRs (Meier et al., 1997). The 

establishment of these structural and molecular specializations together with synapse-specific 

gene expression are a prerequisite for the establishment of successful synaptic transmission at 

the NMJ. 

 The agrin cDNA predicts a number of structural domains within the agrin protein, 

including domains similar to EGF, follistatin and the globular domain of the laminin  chain 

(Denzer et al., 1998). The function of these domains is mostly unknown, but the C-terminal of 

agrin regulates agrin’s synaptogenic activity at the NMJ. In particular, alternative splicing 

generates a number of agrin isoforms which differ dramatically in their synaptogenic activity 

at the NMJ. Alternative splicing occurs at several splicing sites within agrin, including two 

named “y” and “z” in mammals and “A” and “B” in chicken (Fig. 1). Alternative splicing within 

both sites theoretically generates eight isoforms, but only five of them are realized in vivo 



 20 

 

(Ruegg et al., 1992). Interestingly, alternative splicing at the z site generates several isoforms 

that differ in their biological activity (Burgess et al., 1999; Gesemann et al., 1995).  Only the 

isoforms with an insert of 8, 11 or 19 (8 plus 11) amino acids are able to bind to Lrp4, activate 

MuSK and induce aggregation of nAChRs (Kim et al., 2008; Zhang et al., 2008). Agrin 

isoforms without any insert at the z/B site have no synaptogenic activity at the NMJ. The 

function of these B0/z0 isoforms is unknown. The ability of these splice variants to interact 

with Lrp4 is due to conformational change that forms a tetramer between agrin and Lrp4 (Zong 

et al., 2012).  

 Splicing at the y/A site in the LG2-domain generates agrin isoforms which contain or 

lack an insert of 4 amino acids. This splice site itself does not regulate agrin’s synaptogenic 

activity at the NMJ, but the insertion of an exon coding for 4 amino acids (KSRK) increases 

the affinity of agrin to heparin/heparan sulfate (Gesemann et al., 1995). One binding partner 

affected by the splicing at the y/A site is -dystroglycan (Gesemann et al., 1998; Hopf and 

Hoch, 1996; Scotton et al., 2006), one of the components of the dystroglycan glycoprotein 

complex (DGC). Of note, the binding of agrin to dystroglycan does not correlate with agrin’s 

binding to heparin/heparan sulfate (Gesemann et al., 1996). However, the function of this 

interaction is not known. 

  

 

Figure 1. Domain structure of agrin. Alternative first exon usage generates two isoforms of agrin, the soluble, 

secreted-form of agrin (NtA-agrin) and membrane-anchored-form of agrin (TM-agrin). At the C-terminus, agrin 

contains two splice sites, named y and z. The presence of an insert of 8, 11 or 19 (8+11) amino acid at the z-site is 

required for the binding of agrin to Lrp4 (adopted from Handara and Kröger, submitted). 

 

As mentioned above, agrin and its receptor complex consisting of the low-density 

lipoprotein receptor-related proteins-4 (Lrp4) and the muscle-specific kinase (MuSK) are the 

master organizers for the NMJ formation and maintenance. Null-mutations of any of these 

proteins exhibit perinatal lethality, i.e. these mice die during or shortly after birth (DeChiara et 
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al., 1996; Gautam et al., 1996; Weatherbee et al., 2006). In all cases, homozygous mice have 

no functional NMJs and are, therefore, not able to use their respiratory muscles. Furthermore, 

the aggregation of nAChRs in vitro after agrin incubation on myotubes from Lrp4-KO or 

MuSK-KO mice was not observed, suggesting that Lrp4 and MuSK are required for agrin’s 

effect on the nAChRs aggregation (Glass et al., 1996; Weatherbee et al., 2006). 

Several lines of evidences suggest that agrin is sufficient for NMJ development in vivo. 

Injection of agrin-secreting cells or agrin cDNA into myotubes from skeletal muscle fibers 

results in the extracellular deposition of agrin in the basal lamina at extrasynaptic sites (Cohen 

et al., 1997; Jones et al., 1997; Meier et al., 1997; Bezakova et al., 2001). This ectopically 

deposited agrin induces the formation of the postsynaptic specializations, including the 

aggregation of nAChRs, rapsyn, acetylcholine esterase (AChE), MuSK and also the 

aggregation of myonuclei, expression of the AChR -subunit and formation of junctional folds. 

Thus, agrin is not only necessary but also sufficient for the postsynaptic specialization 

formation at the NMJ. 

 

Agrin and its receptor complex in the central nervous system 

 Agrin, Lrp4 and MuSK are expressed by neurons and glial cells in the embryonic and 

adult CNS (Burgess et al., 2000; Garcia-Osta et al., 2006; Karakatsani et al., 2017; Lein et al., 

2006). However, their functions in the CNS are still only poorly understood.  

While agrin at the NMJ is synthesized as a secreted laminin-binding and basal-lamina-

associated form (NtA-agrin; Denzer et al., 1997), the majority of agrin in the CNS is the 

membrane-anchored isoform, named transmembrane-agrin (TM-agrin; Burgess et al., 2000; 

Neumann et al., 2002). Both isoforms are transcribed from the same gene, however, alternative 

first exon usage replaces the N-terminal laminin-binding domain by a single transmembrane 

region and a 28 amino acids (mouse) intracellular domain (Burgess et al., 2000; Neumann et 

al., 2002. TM-agrin is a type 2 transmembrane protein and is anchored to the plasma membrane 

of the CNS neurons (Burgess et al., 2002; Neumann et al., 2001). Subcellularly, TM-agrin is 

concentrated at synapses (Koulen et al., 1999; Ksiazek et al., 2007) and antibodies against the 

C-terminal portion of TM-agrin could be detected in the synaptic cleft. However, it is unknown 

if this agrin is anchored in the pre- or postsynaptic membrane.  

 The expression pattern and the concentration of agrin at synapses has led to the 

hypothesis, that agrin might contribute to synapse development in the CNS in a similar way as 

it does at the NMJ (Daniels, 2012; Kröger and Pfister, 2009). The following observation 

supports this hypothesis: agrin is highly expressed during the period of synapse formation and 
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remains expressed (although at a reduced levels) in the adult CNS, particularly in regions with 

increased synaptic plasticity (Burgess et al., 2000; Li et al., 1997; O'Connor et al., 1994). In the 

brain of E14 mouse, agrin is expressed in the ventricular, intermediate zone, cortical plate and 

in the cerebral vasculature. In the adult brain, the expression of agrin is restricted to brain 

regions with a high degree of synaptic plasticity (Burk et al., 2012). Seizures increase agrin 

expression level in a rapid, a region-specific and prolonged-manner (O'Connor et al., 1995). 

Likewise, after traumatic brain injury, agrin expression is increased within 7 days after the 

insult and reduced to normal levels thereafter (Falo et al., 2008). Thus, agrin is expressed in the 

developing CNS and during periods of synaptic plasticity. 

Interestingly, the absence of agrin in the CNS lead to subtle morphological abnormality 

at synapses in vitro (Gautam et al., 1999; Li et al., 1999; Serpinskaya et al., 1999). In vitro, 

CNS neurons in which the expression of TM-agrin was reduced using siRNA showed a 

reduction of excitatory synapses density compared to control (McCroskery et al., 2006). 

Moreover, agrin-deficient neuronal precursors that were transplanted into the subventricular 

zone of WT mice have the capacity to migrate along the rostral migratory stream (RMS) into 

the olfactory bulb. However, they fail to integrate correctly into the neuronal network and do 

not form synapses. Accordingly, these cells display a reduced viability (Burk et al., 2012). This 

demonstrates the requirement of agrin expression for synapse formation and, as a consequence 

for the normal integration of neurons into an existing network.  

The role of TM-agrin in the CNS has been shown by taking advantage of gain-of-

function paradigms. Overexpression of the TM-agrin, but not of NtA-agrin isoform, increases 

the number of filopodia extended from axons and dendrites of cultured cortical neurons (Annies 

et al., 2006; McCroskery et al., 2006; Ramseger et al., 2009). The formation of filopodia in 

neurons after TM-agrin overexpression involves a specific signaling cascade via lipid rafts. The 

generation of these lipid rafts is required for the activation of mitogen-activated protein kinases 

(MAPKs). It has been shown that MAPKs activation leads to the Cdc42-mediated actin filament 

reorganization (McCroskery et al., 2006; Ramseger et al., 2009). Thus, TM-agrin 

overexpression leads to an increased density of dendritic filopodia via activation of the specific 

signaling cascade. Since filopodia-like processes have been shown to be precursors of dendritic 

spines (Ziv & Smith 1996), these results suggested that TM-agrin might affect synaptogenesis 

by regulating the number of these filopodia (Annies et al., 2006; McCroskery et al., 2006; 

Ramseger et al., 2009). 

Mice in which the perinatal lethality caused by agrin deficiency was rescued by re-

expression of agrin cDNA exclusively in motoneurons, display morphological and functional 
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changes at synapses in the CNS, such as a reduction of spine density and of miniature excitatory 

postsynaptic currents (mEPSCs) frequency in the adult cortex (Ksiazek et al., 2007). However, 

agrin-deficient brains have no change of IPSCs amplitude and frequency. Moreover, agrin 

colocalized only with PSD-95, but not with the 2-subunit of the GABAAR. Collectively, these 

results demonstrate that agrin is required for the formation of a normal density of excitatory 

synapses and their maintenance in the CNS. These results also support the hypothesis that agrin 

might play a role in the developing CNS similar to its role at the NMJ. 

 

Lrp4 in the central nervous system 

Lrp4 is a type 1 transmembrane protein that is not only expressed by muscle fibers and 

aggregated at the NMJ but also expressed in the CNS, including the neocortex, hippocampus, 

cerebellum and olfactory bulb (Karakatsani et al., 2017; Lein et al., 2007; Sun et al., 2016; Tian 

et al., 2006). Lrp4 is concentrated at synapses and can be extracted from highly-purified 

postsynaptic membrane fractions from murine forebrain (Tian et al., 2006). Lrp4 belongs to the 

low-density lipoprotein receptor (LDLR) family. All proteins from this family carry a common 

structure that includes ligand binding domains, epidermal growth factor (EGF) domains, a 

membrane anchoring domain, and a cytoplasmic tail containing the NPxY motif which allows 

the direct binding of Lrp4 to PSD-95. The structure of Lrp4 itself consists of an extracellular 

region comprising eight cysteine-rich repeats (LDLa repeats), six epidermal growth factor 

(EGF)-like domains, four -propeller domains, a hydrophobic transmembrane region, and a 

cytoplasmic tail (consisting of 160 amino acids containing the NPxY motif and a PDZ domain-

binding consensus sequence, -ESQV; Chen et al., 1990; Tian et al., 2006). The NPxY motif 

facilitates signal transduction and endocytic trafficking (Gotthardt et al., 2000). Interestingly, 

Lrp4 has been shown to directly interact with the postsynaptic scaffold protein PSD-95 via the 

PDZ domain-binding consensus sequence (Tian et al., 2006; Gomez et al., 2014). In addition, 

Lrp4 binds directly to the LG3 domain of agrin via its LDLa repeats domain, the first two EGF-

like domains, and the first -propeller (Zhang et al., 2011; Zong et al., 2012). 

 A mouse line with a null mutation of Lrp4 was generated by chemical mutagenesis using 

N-ethyl-N-nitrosourea (Weatherbee et al., 2006). This chemically-induced mutation generated 

an early stop codon C terminal to the LA domains and also an alternative splice variant 

containing another premature stop codon. Mice with the Lrp4 mutation have no structural and 

functional NMJs. Moreover, the motor nerve axon from this mutant line fail to stop in the 

central region of muscle fibers, never transform into a presynaptic terminal and instead continue 
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to grow and arborize extensively (Weatherbee et al., 2006). Therefore, the mutant mice die 

perinatally due to respiratory muscle failure. 

 The absence of Lrp4 in the CNS lead to normal architecture of the cortex and 

hippocampus and no obvious change in the dendritic morphology. However, spine density on 

primary apical dendrites was reduced causing a disturbance in long-term potentiation in the 

hippocampus and in cognitive performance, such as memory deficits in the Morris water maze 

(Gomez et al., 2014; Pohlkamp et al., 2015). In addition, a reduced level of Lrp4 in hippocampal 

and cortical neurons, in vitro and in vivo, caused a less complex dendritic arborization and a 

lower density of spines and synapses (Karakatsani et al., 2017). Altogether, Lrp4 in the CNS is 

essential for the synapse formation, synapse maintenance and for normal memory functions. 

 

MuSK in the central nervous system 

 MuSK is a type I transmembrane protein that is expressed not only in skeletal muscles, 

but also in CNS neurons (Garcia-Osta et al., 2006). It belongs to a member of the large receptor 

tyrosine kinases (RTKs) family. It was initially discovered in a search for tyrosine kinases from 

the electric organ of Torpedo californica (Jennings et al., 1993), a tissue that resembles 

innervated skeletal muscle. The extracellular region of MuSK consists of several domains, such 

as a glycosylated extracellular domain, a single transmembrane helix, and a cytoplasmic region. 

Furthermore, the extracellular domain consists of three immunoglobulin-like domains (Ig1, Ig2, 

and Ig3) and a cysteine-rich domain (CRD). This CRD domain shares structural similarities to 

the CRD domain of Frizzled proteins of the Wnt receptors (Jing et al., 2009).  

Functionally, on myotube the Ig1 domain of MuSK binds to Lrp4 in an agrin-dependent 

manner (Kim et al., 2008; Zhang et al., 2011). This binding leads to an autophosphorylation of 

MuSK in the cytoplasmic region, due to a presence of a tyrosine kinase domain (Till et al., 

2002). The activation of the tyrosine kinase domain activates an intracellular signaling cascade 

which eventually leads to the formation of the postsynaptic apparatus at the NMJ, including the 

aggregation of nAChRs. The presence of the cytoplasmic adaptor protein Dok7 is essential for 

the MuSK-mediated nAChRs aggregation (Okada et al., 2006).  

The function of MuSK in the developing and adult CNS is mostly unknown. The 

presence of MuSK in hippocampus had been shown to be important for memory consolidation, 

and for the induction and maintenance of LTP (Garcia-Osta et al., 2006). Additional evidence 

for a role of MuSK in the CNS was provided by an animal model for autoimmune myasthenia 

gravis (Sabre et al., 2019). Passive immunization of mice with IgG MuSK-positive from 

patients with myasthenia gravis showed not only an impairment of the neuromuscular integrity 
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and function, but also an impairment in spatial and recognition memories (Sabre et al., 2019). 

These evidences support a role for MuSK not only in the NMJ formation and maintenance, but 

also in the CNS. 

 

Aims of study 

In my thesis, I investigated the functions of agrin, Lrp4 and MuSK during synapse formation 

and synaptic plasticity. Particularly, I analyzed if agrin and its receptor complex influence 

neuronal morphology and synaptogenesis in developing cortical neurons in vitro and in adult 

mice in vivo.  

Specifically, I investigated the following questions: 

1. Do TM-agrin, Lrp4 and MuSK play a role in dendritic arborization in cultured 

cortical neurons?  

2. Does TM-agrin overexpression affect dendritic development and synapse formation? 

3. Does the effect of TM-agrin overexpression on dendritic branching and synapse 

formation depend on the expression of Lrp4 and MuSK? 

4. Which region of TM-agrin is involved in CNS development? 

5. Does TM-agrin overexpression affect synapse development and/or maintenance in 

adult murine cortex? 
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Materials 

Animals 

 Use and care of animals were approved by German authorities according to the national 

law (TierSch§7). For this study, C57BL/6J wild-type (Charles River GmbH, Germany), 

CamKIIa-CreERT2 and TM-agrin knock-in (TM-agrin KI) were bred in the Core Facility Animal 

Models of the Biomedical Center of the LMU Munich. The Lrp4mitt or Lrp4-KO mice 

(Weatherbee et al., 2006) and MuSKtm1gdy or MuSK-KO mice (DeChiara et al., 1996) were bred 

in the animal facility of the Max-Delbrück-Center in Berlin. Animals were housed in a cage 

with maximal 5 animals on a 12/12 h light/dark cycle with access to food and water ad libitum.  

 The animal procedures were performed according to the guidelines from Directive 

2010/63/EU of the European Parliament on the protection of animals used for scientific 

purposes. All experimental procedures were approved by the local authorities of Bavaria (Az.: 

ROB-55.2-2532.Vet_02-17-82. 55.2-1-54-2532.8-160-13 and 55.1-8791-14.587) and of Berlin 

(LaGeSO; numbers T0313/97 and X9014/15). The day of the vaginal plug was considered as 

embryonic day 0.5 (E 0.5). Male and female mice were used in all of the experiments. The 

heterozygous littermates of Lrp4mitt and MuSKtm1gd mice were used as controls. 

 The CamKIIa-CreERT2 line (Erdmann et al., 2007) was maintained on C57BL/6J 

background. In this line, the fusion protein containing Cre recombinase and human estrogen 

receptor (CreERT2) was expressed under the CamKIIa promoter that shows high expression in 

excitatory neurons in the forebrain (Erdmann et al., 2007). The fusion protein is located in the 

cytoplasm and only translocated into the nucleus upon tamoxifen administration (Erdmann et 

al., 2007). In the nucleus, the Cre recombinase excises the loxP-flanked stop cassette. This 

excision will disinhibit the expression of knock-in TM-agrin in excitatory neurons, yielding an 

overexpression of TM-agrin. The homozygosity of CamKIIa-CreERT2 was generated and was 

subject to cross-breeding with the TM-agrin KI line to generate Cre+/Agrin KI and Cre+/Agrin 

WT as a control. 

 TM-agrin knock-in (TM-agrin KI) line was generated by taking advantage of the yeast 

(Saccharomyces cerevisiae) homologous recombination system (Schick, 2018). The mouse 

full-length TM-agrin-y4z0 cDNA was incorporated into a targeting backbone of the pMES 

vector and inserted in the ROSA26 locus by homologous recombination. This locus was chosen 

because it shows high efficiency for homologous recombination and mice with homozygous 

knockout of ROSA26 do not show any obvious phenotype (Zambrowicz et al., 1997). To 

investigate the effect of TM-agrin overexpression during phase of synaptic plasticity, the TM-
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agrin KI line was cross-bred with the CamKIIa-CreERT2 line and tamoxifen was applied to 

animals at 5-weeks of age. The cross-bred line was maintained on C57BL/6J background. 

 Embryos from Lrp4mitt (termed Lrp4-KO mice; MGI ID: 3707955) were prepared at 

E15. This line carries two chemically induced mutations, that lead to an early stop of translation 

at from the C-terminal to the LA domain and a splice site mutation that lead to another early 

stop codon (Weatherbee et al., 2006). The Lrp4-KO mice were a generous gift from Prof. Dr. 

Fritz Rathjen (Max-Delbrück-Center Berlin). This line was maintained on C57BL/6N 

background. 

 Embryos from MuSKtm1Gdy-mice (termed MuSK-KO mice; MGI ID:1929066) were 

prepared at E15. The MuSKtm1Gdy mice lack the exon coding for the intracellular tyrosine kinase 

domain which was replaced by a neomycin cassette (DeChiara et al., 1996). These mice also 

were a generous gift from Prof. Dr. Fritz Rathjen. The MuSK-KO line was maintained on 

C57BL/6N background. 

 

Generation of antiserum against TM-agrin 

 Antibodies specifically against murine TM-agrin are not commercially available. In 

order to investigate the specific localization of TM-agrin, we generated monoclonal and 

polyclonal antibodies against a peptide from the intracellular region of mouse TM-agrin. The 

selected sequence was LPLEHRPRQQPGASVC. This sequence of the intracellular region was 

selected and analyzed in silico by basic local alignment search tool for protein (BLASTp) for 

its specificity and for its potential immunogenicity. The BLASTp analysis showed that the 

peptide was specific and did not share any similarities with other proteins. In addition, the 

secondary structure of the selected region was analyzed to select the best epitope using the 

Welling antigenicity scale (Janin, 1979; Parker et al., 1986). Altogether, the analyses showed 

that the peptide was highly specific and immunogenic for the production of the relevant 

antibodies. 

 The peptide was commercially synthesized and purified. For the generation of the 

polyclonal antibody, three rabbits were immunized with the peptide for 128 days according to 

the standard protocol (Pineda Antikörper Service, Berlin, Germany). Before the immunization, 

pre-immune sera were collected and tested, in order to choose rabbits which had the lowest 

background immunoreactivity on brain sections. After immunization, the blood was collected, 

and the antiserum was purified by affinity chromatography. The monoclonal antibodies were 

generated using standard procedures in the monoclonal antibody facilities of the Department of 

Biology of the LMU Munich. 
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Primary antibodies 
Table 1. Primary antibodies  

Antibody Host Species Source Dilution 

Agrin Rabbit Markus Ruegg WB 1:2000 

IHC 1:500 

ICC 1:1000 

TM-agrin (specific 

against intracellular-

domain) 

Rabbit In house-made, #173 IHC 1:500 

ICC 1:1000 

TM-agrin (specific 

against intracellular-

domain) 

Mouse In house-made IHC 1:500 

ICC 1:1000 

1-subunit GABAAR Rabbit Merck:06-868 ICC 1:1000 

5-subunit GABAAR Rabbit Synaptic 

Systems:224503 

ICC 1:1000 

IHC 1:1000 

Amyloid precursor 

protein 

Rabbit Abcam:ab32136 ICC 1:1000 

IHC 1:1000 

Bassoon Mouse  Thermo 

Scientific:MA1-20689 

ICC 1:1000 

IHC 1:1000 

Collybistin Rabbit Synaptic 

systems:261003 

ICC 1:1000 

IHC 1:2000 

GABA Rabbit Sigma:A2052 ICC 1:1000 

Gephyrin Rabbit Synaptic 

Systems:147002 

ICC 1:1000 

GFP Chicken Abcam:ab13970 ICC 1:2000 

HA affinity-purified Rat Roche:11867423001 ICC 1:1000 

Neuroligin-1 Rabbit Synaptic 

Systems:129013 

ICC 1:1000 

Neuroligin-2 Rabbit Synaptic 

Systems:129203 

ICC 1:1000 

Neuronal nuclei (NeuN) Mouse Merck:mab377 ICC 1:500 

PSD-95 Mouse Merck:Mab68 ICC 1:1000 

PSD-95 Rabbit Abcam:ab18258 IHC 1:1000 

RFP Rabbit  Abcam: ab62341 ICC 1:2500 

Tau Rabbit Sigma: WB 1:1000 

Tau Mouse Merck-

Millipore:Mab3420 

WB 1:1000 

Tbr1 Mouse Santa Cruz: sc-376258 ICC 1:1000 

Tbr1 Rabbit Abcam: ab31940 ICC 1:1000 

Tbr1 Guinea Pig Synaptic 

system:328005 

ICC 1:1000 

vGAT Guinea Pig Synaptic 

systems:131005 

ICC 1:1000 

IHC 1:1000 

vGlut1 Guinea Pig Synaptic systems: 

135304 

ICC 1:5000 

IHC 1:5000 
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Secondary antibodies 
Table 2. Secondary antibodies 

Antibody Flourescence tag Source Dilution 

Goat anti-mouse IgG 

(H+L), highly cross-

adsorbed 

Alexa Fluor® 594 Thermo Fisher 

Scientific:A11032 

ICC 1:1000 

IHC 1:1000 

Goat anti-mouse IgG 

(H+L), highly cross-

adsorbed 

Alexa Fluor® 647 Thermo Fisher 

Scientific:A21236 

ICC 1:1000 

IHC 1:1000 

Goat anti-rabbit IgG 

(H+L), highly cross-

adsorbed 

Alexa Fluor® 594 Thermo Fisher 

Scientific:A11037 

ICC 1:1000 

IHC 1:1000 

Goat anti-rabbit IgG 

(H+L), highly cross-

adsorbed 

Alexa Fluor® 647 Thermo Fisher 

Scientific:A21245 

ICC 1:1000 

IHC 1:1000 

Donkey anti-rat IgG 

(H+L), highly cross-

adsorbed 

Alexa Fluor® 488 Thermo Fisher 

Scientific:A21208 

ICC 1:1000 

IHC 1:1000 

Donkey anti-chicken 

IgY (H+L) 

Alexa Fluor® 488 Thermo Fisher 

Scientific:A11039 

ICC 1:1000 

IHC 1:1000 

Donkey anti-guinea 

pig  

DyLight 649 Millipore: AP193SD IHC 1:1000 

Goat anti-mouse IgG 

(H+L) 

IRDye 800CW Li-Cor:925-32210 WB 1:20000 

Goat anti-rabbit IgG 

(H+L) 

IRDye 680LT Li-Cor:925-68021 WB 1:20000 

 

Buffers and solutions 
Table 3. Buffers and solutions 

Buffer/Solution Components Preparation / Final 

concentration 

Manufacturer 

Ampicillin stock, 100 

mg/ml 

1 g ampicillin, 

autoclaved ddH2O 

Ampicillin powder is 

dissolved in 10 ml 

ddH2O 

 

4’,6’-diamidino-2-

phenylindole (DAPI) stock 

2 mg/ml 

2 mg DAPI 

1 mL 1X PBS 

DAPI powder is 

dissolved in the 1 ml 

PBS 1 X 

 

Kanamycin stock, 100 

mg/ml 

1 g kanamycin 

Autoclaved ddH2O 

Kanamycin powder 

is dissolved in 10 ml 

autoclaved ddH2O 

 

Gel loading dye, purple (6 

X) 

- - New England 

BioLabs 

Aqua-Poly/Mount - - Polysciences, Inc 

Paraformaldehyde 16% 

(PFA 16%) 

- - Electron Microscopy 

Science 

Paraformaldehyde 4% 

(PFA 4%) 

1 volume PFA 16% 

3 volume PBS 1 X 

- - 

PBS 10 X    

PBS 1 X 1 Volume PBS 10 X 

9 Volume ddH2O 

  



 30 

 

Poly-D-Lysine (PDL) stock 

solution, 1 mg/ml 

5 mg PDL 

ddH2O 

5 mg PDL powder is 

dissolved in 5 ml 

ddH2O, then it is 

sterilized by filtering 

 

Poly-D-Lysine (PDL) 

working solution, 0.01 

mg/ml 

500 ul PDL stock 

solution 

50 ml sterile PBS 1 

X 

500 ul of PDL stock 

solution is mixed 

with 50 ml sterile 

PBS 1 X 

 

RIPA buffer    

Electrophoresis running 

buffer 10 X , pH 8.5( Elo 

buffer 10 X) 

30.2 g of Tris-BASE 

(MW = 121.14 

g/mol), 144 g of 

Glycine (MW = 

75.07 g/mol), 10 g of 

SDS (MW = 288.38 

g/mol), ddH2O 

Tris-BASE, glycine 

and SDS are diluted 

in 900 ml ddH2O. 

The pH is adjusted to 

8.5, and then the 

ddH2O is added up to 

1 L. 

 

Elo buffer 1 X, working 

buffer 

Elo buffer 10 X 

ddH2O 

100 ml of Elo buffer 

10 X is diluted with 

900 ml ddH2O 

 

Transfer buffer 10 X 30.2 g of Tris-BASE 

(MW = 121.14 

g/mol), 144 g of 

Glycine (MW = 

75.07 g/mol), ddH2O 

Tris-BASe and 

glycine are dissolved 

in ddH2O with the 

end volume 1 L. 

 

Transfer buffer 1 X, 

working buffer 

Transfer buffer 10 X 

Ethanol 100 % 

100 ml of transfer 

buffer 1 X, 200 ml of 

ethanol 100 % and 

700 ml ddH2O 

 

SDS 20% 20 g of SDS (MW = 

288.38 g/mol) 

ddH2O 

20 g of SDS is 

dissolved in 80 ml 

ddH2O at 65°C, and 

then the volume is 

added up to 100 ml. 

 

Tris HCl 1 M pH 8.5 TrisBASE powder 

(MW = 121.1 g/mol) 

HCl 6 N 

ddH2O 

60.5 g TrisBASE is 

dissolved in 450 ml 

ddH2O. The pH is 

adjusted to 8.5 with 

HCl 6 N up to 500 

ml volume. 

 

 

EDTA 0.5 M, pH 8.0 EDTA powder (MW 

= 372.24 g/mol) 

NaOH 32% 

ddH2O 

18.61 g of EDTA is 

dissolved in 80 ml 

ddH2O. The pH is 

adjusted with NaOH 

32%. The volume is 

adjusted up to 100 

ml. 

 

NaCl 1 M NaCl powder (MW = 

58.44 g/mol) 

ddH2O 

22.22 g of NaCl is 

dissolved in 500 ml 

ddH2O. 

 

Tris-Acetate-EDTA (TAE) 

buffer, 1 X 

1 volume of TEA 

buffer 50 X 

ddH2O 
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LB broth    

LB Agar    

SDS-PAGE protein sample 

buffer 4 X 

Tris-HCl 1 M pH 

8.5, SDS 20 %, 100 

% glycerol, -

mercaptoethanol 100 

%, bromophenol 

blue, ddH2O 

5 mM of Tris-HCl 

pH 8.5, SDS 0.25 % 

(v/v), glycerol 25 % 

(v/v), -

mercaptoethanol 8 

%, bromophenol 

blue 0.25 % 

 

APS 10 % Ammonium 

persulfate (MW = 

228.2 g/mol) 

APS 20 % (w/v)  

Differentiation/maintenance 

medium 

Neurobasal medium 

Penicillin-

Streptomycin 1 X 

GlutaMAX™ 1 X 

B27 Supplement 

(Gibco®) 1 X 

  

Dissecting buffer HBSS 50 mL 

1 M HEPES 500 ul 

1 M HEPES was 

added into cold 

HBSS, with the end 

concentration 100 

uM 

 

Tissue lysis buffer Tris-HCl pH 7.5 

EDTA 

PMSF 

cOmplete™ Protease 

inhibitor cocktail 

(Co-Ro Roche) 

Tris-HCl 10 mM pH 

7.5 

EDTA 10 mM 

PMSF 0.5 mM 

1 tablet of protease 

inhibitor cocktail per 

50 mL 

 

SDS sample buffer 4 X for 

S2 (supernatant-2) fraction 

1 M Tris-HCl pH 8.5 

Sodium dodecyl 

sulfate (SDS) 

Glycerol 

2-mercaptoethanol 

Bromophenol blue 

Tris-HCl 5 mM pH 

8.5, SDS 1 %, 

glycerol 25 %, 2-

mercaptoethanol 8 

%, bromophenol 

blue 0.25 %  

 

SDS sample buffer 4 X for 

M (crude membrane) 

fraction 

1 M Tris-HCl pH 8.5 

Sodium dodecyl 

sulfate (SDS) 

Glycerol 

2-mercaptoethanol 

Bromophenol blue 

Urea 

Tris-HCl 5 mM pH 

8.5, SDS 1 %, 

glycerol 25 %, 2-

mercaptoethanol 8 

%, bromophenol 

blue 0.25 %, Urea 8 

M 

 

Proteinase K, stock 10 

mg/ml 

1 g of proteinase K 

powder 

ddH2O 

1 g of proteinase K 

powder is dissolved 

in 100 ml ddH2O. 

The storage is -20 °C 

Carl Roth, catalogue 

number 7528 

Odyssey® blocking buffer 

(TBS) 

  Li-Cor 

TBS 10 X, pH 8.0 Tris-BASE (MW = 

121.14 g/mol), NaCl, 

ddH2O 

Tris-BASE 100 mM 

and NaCl 1.5 M are 

mixed in 900 ml 

ddH2O. The pH is 
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adjusted to 8.0, then 

the volume is added 

up to 1 L. 

TBST 1 X TBS 10 X, pH 8.0 

Tween® 20, ddH2O 

 

TBS 1 X, Tween® 

20 0.1 % (v/v), 

ddH2O is added up to 

1 L. 

 

WB staining solution TBST 1 X, horse 

serum 

horse serum 5 % 

(v/v) is added to 10 

ml of TBST 1 X 

 

ICC blocking solution Bovine serum 

albumin (BSA), 

triton X-100, PBS 1 

X 

BSA 2 % (m/v) is 

dissolved in PBS 1 

X, triton X-100 0.2 

% (v/v) in PBS 1 X. 

 

Sodium citrate buffer Trisodium citrate 

(dihydrate), ddH2O 

Trisodium citrate 10 

mM, pH 8 

 

IHC blocking solution Normal Goat Serum 

(NGS), Triton X-

100, PBS 1X 

NGS 5 % (v/v), 

Triton X-100 0.3 % 

(v/v), PBS 1 X 

 

IHC staining solution Bovine serum 

albumin (BSA), 

triton X-100, PBS 1 

X 

NGS 2.5 % (v/v), 

Triton X-100 0.1 % 

(v/v), PBS 1 X 

 

Tamoxifen powder - - Sigma-Aldrich, Cat. 

No. T5648 

Corn oil - - Sigma-Aldrich, Cat. 

No. C8267 

Tamoxifen for 

intraperitoneal injection 

Tamoxifen powder, 

corn oil 

Tamoxifen powder is 

dissolved in corn oil 

(2 mg/ml) 

 

Ketamine/xylazine mixture 

for perfusion 

Ketamine 

hydrochloride 10 %, 

xylazine 

hydrochloride 2 %, 

NaCl 0.9 % 

  

Lipofectamine® 2000 - - Thermo Fisher 

Scientific 

SV Total RNA Isolation 

System 

- - Promega 

Reverse-transcription    

Denaturing agarose gel Formamide, 

Formaldehyde 37 %, 

Ethidium bromide 

  

MOPS buffer MOPS, Na-acetate, 

EDTA 

MOPS free acid 20 

mM, Na-acetate 5 

mM, EDTA 1mM 

 

Anesthesia solution Ketamine 

hydrochloride 10 %, 

Xylazine 

hydrochloride 100 

mg/ml, sterile 

physiological saline 

1 mL ketamine 

hydrochloride, 0.25 

mL xylazine 

hydrochloride, 2.5 

sterile physiological 

saline solution 
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Zyppy™ plasmid midiprep 

kit 

- - Zymo Research 

Plasmid Midi kit - - Qiagen 

 

 

Media and supplements 
Table 4. Media and supplements 

Medium Manufacturer 

HBSS, no calcium, no magnesium (Gibco™) Thermo Fisher Scientific 

HEPES 1M (Gibco™) Thermo Fisher Scientific 

Neurobasal, serum free medium Thermo Fisher Scientific 

B-27 supplement Thermo Fisher Scientific 

GlutaMAX™ supplement Thermo Fisher Scientific 

 

Cell lines 
Table 5. Cell lines 

Bacterial Strains Manufacturer/Source 

Top10 Chemically-competent 

E. coli TOP10 

Invitrogen/Thermofisher 

HEK 293T cells Kind gift of Dr. Alex Lepier 

 

Oligonucleotides 
Table 6. Oligonucleotides 

Sequence name Application Gene to be 

annealed 

Sequence 

prAS15 Genotyping  TM-agrin 

knock-in 

allele 

forward 

TACTCCTCTACAATGGGCAG 

prAS104 Genotyping  TM-agrin 

knock-in 

allele 

reverse 

GCCACAACTCCTCATAAAGA 

prAS116 Genotyping CamKIIa-

CreERT2 

transgene 

forward 

GGTTCTCCGTTTGCACTCAGGA 

prAS118 Genotyping CamKIIa-

CreERT2 

transgene 

reverse 

GCTTGCAGGTACAGGAGGTAGT 

oIMR1084 Genotyping CamKIIa-

Cre 

transgene 

forward 

GCG GTC TGG CAG TAA AAA CTA TC 

oIMR1085 Genotyping CamKIIa-

Cre 

GTG AAA CAG CAT TGC TGT CAC TT 
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transgene 

reverse 

oiMR9020 Genotyping Rosa26 WT 

locus 

forward 

AAGGGAGCTGCAGTGGAGTA 

oiMR9021 Genotyping Rosa26 WT 

locus 

reverse 

CCGAAAATCTGTGGGAAGTC 

L4Hpmf Genotyping Lrp4-WT GGTGAGGAGAACAGCAATGT 

43Br_FP Genotyping Lrp4-KO TCCCAGGGTCAGTGTAACGATG 

NsK-1 Genotyping MuSK WT ATGCCGCCCGAGTCTATCTTCTAC 

NsK-2 Genotyping MuSK WT-

KO 

TTCTCCTGGCAAACAATCAACTGG 

Neo3 Genotyping MuSK KO CATAGCCTGAAGAACGAGATCAGCAGC 

Bassoon left qRT-PCR Bsn TTTAACCCAACACCGCATCT 

Bassoon right qRT-PCR Bsn GCCGCTTAGTTTGGCAGTT 

GluR1-subunit of 

AMPAR left 

qRT-PCR Gria1 AGGGATCGACATCCAGAGAG 

GluR1-subunit of 

AMPAR right 

qRT-PCR Gria1 TGCACATTTCCTGTCAAACC 

NR1-subunit of 

NMDAR left 

qRT-PCR Grin1 AGGGATCGACATCCAGAGAG 

NR1-subunit of 

NMDAR right 

qRT-PCR Grin1 AGCAGAGCCGTCACATTCTT 

Synaptophysin 

left 

qRT-PCR Syp CAAGGCTACGGCCAACAG 

Synaptophysin 

right 

qRT-PCR Syp TCGTGGGCTTCACTGACC 

1-subunit of 

GABAAR left 

qRT-PCR Gabra1 GCCCACTAAAATTCGGAAGC 

1-subunit of 

GABAAR right 

qRT-PCR Gabra1 CTTCTGCTACAACCACTGAACG 

Gephyrin left qRT-PCR Gphn TGGTCTCATCAGTTATTCCCATC 

Gephyrin right qRT-PCR Gphn CGAGAAATGATGGAGTCTGGA 

Munc13-1 left qRT-PCR Unc13a CAATGCCTTGGCAGATGATA 

Munc13-1 right qRT-PCR Unc13a GGGTCTTCAAAGGAACACTGG 

Munc13-2 left qRT-PCR Unc13b TGCCTTGGCAGATGATAATG 

Munc13-2 right qRT-PCR Unc13b AGCCCAAATAGGTCCAGTGA 

HPRT left qRT-PCR Hprt TCCTCCTCAGACCGCTTTT 

HPRT right qRT-PCR Hprt CCTGGTTCATCATCGCTAATC 

Munc13-3 left qRT-PCR Unc13c TCTGACACCAAGACAATGTGC 

Munc13-3 right qRT-PCR Unc13c CCTCCTGCATGAAAATATTGCT 

PSD-95 left qRT-PCR Dlg4 ACTCCTGCTCCAGCTTCGT 

PSD-95 right qRT-PCR Dlg4 GCTCCCTGGAGAATGTGCTA 

Dystroglycan left qRT-PCR Dag1 CCAGGCAGTGTTGAAAACCT 

Dystroglycan 

right 

qRT-PCR Dag1 CCAGGCAGTGTTGAAAACCT 

Synaptotagmin-1 

left 

qRT-PCR Syt1 ACCTTACTCAACTGGCATTTGTT 

Synaptotagmin-1 

right 

qRT-PCR Syt1 AGACTGCGGATGTTGGTTGT 

Neuroligin-1 left qRT-PCR Nlgn1 CTATCGGCTTGGGGTACTTG 
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Neuroligin-1 

right 

qRT-PCR Nlgn1 CAAGGAGCCCGTAGTTTCCT 

Neuroligin-2 left qRT-PCR Nlgn2 CCTACGTGCAGAACCAGAGC 

Neuroligin-2 

right 

qRT-PCR Nlgn2 TCGCCTCGTCACGTTTTT 

 

Plasmids 

The full-length mouse TM-agrin-y4z0 cDNA was inserted into the multiple cloning 

sites (MCS) of a pMES-yeast-cassette vector (Schick, 2018). The pMES vector was chosen 

because it contains IRES-GFP, which enables visually the identification of transfected cells. 

All the constructs (Fig. 2, Table 7) used in this study were routinely sequenced (GATC Biotech, 

Konstanz, Germany) and were subjected to diagnostic restriction digest to exclude mutations. 

 

Table 7. Plasmids 

Plasmid Name Vector backbone Reporter/Tag 

Proteins 

Source 

Mouse TM-Agrin-y4z0 

(pAS12) 

pMES IRES-GFP, HA-tag, 

myc-tag 

Dr. Schick 

pMES - IRES-GFP Dr. Schick 

Mouse TM-Agrin-y4z8 pAS12 IRES-GFP, HA-tag, 

myc-tag 

Self-made/Genscript 

Biotech Corporation 

Mouse TM-agrin-y0z0 pAS12 IRES-GFP, HA-tag, 

myc-tag 

Restriction enzymes 

and ligation 

miRNA Lrp4 pCAG-RFP RFP Karakatsani, 2017 

miRNA control pCAG-RFP RFP Karakatsani, 2017 

Ch TM-agrin-y4z8 

(chTM-agrin) 

pGFPN-1 Fused-GFP Porten, 2007 

TMFD8 chTM-agrin Fused-GFP Porten, 2007 

TMFD6 chTM-agrin Fused-GFP Porten, 2007 

EC-FL-Agrin chTM-agrin Fused-GFP Porten, 2007 

pGFPN-1  GFP Clontech 

S17A TM-agrin-y4z0 pAS12 IRES-GFP, HA-tag, 

myc-tag 

Genscript Biotech 

Corporation 

S17D TM-agrin-y4z0 pAS12 IRES-GFP, HA-tag, 

myc-tag 

Genscript Biotech 

Corporation 
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Figure 2. Different constructs of TM-agrin used in this study. TM-agrin-y4z8 is expressed mainly by the 

motoneurons. TM-agrin-y4z0 is the main isoform that is expressed by neurons in the CNS. TM-agrin-y0z0 is 

expressed by non-neuronal cells including glial cells. The FD8 construct lacks the C-terminal half of agrin, the 

FD6 construct lacks the C-terminus upstream of the 7th-follistatin-like domain and the EC construct lacks the 

entire extracellular domain (adapted from Handara and Kröger (2019), submitted). 

 

Methods 

Breeding strategy  

 To investigate the effect of TM-agrin overexpression during the period of synaptic- 

plasticity, the TM-agrin knock-in line was cross-bred with CamKIIa-CreERT2 line. For 

breeding and maintenance of the colony, male CamKIIa-CreERT2 (homozygous)/TM-agrin KI 

(heterozygous) was bred with female CamKIIa-CreERT2 (WT)/TM-agrin KI (WT) mice. 

 

DNA isolation from tails and genotyping 

Adult mice were tailed 3 weeks after birth, whereas tails from embryos were dissected 

right before the cortical neuron preparation. The tails were lysed with the tail lysis buffer and 

Proteinase K in a shaker at 55oC overnight. After lysis, the DNA was purified using 

isopropanol. The purified DNA was genotyped by following the protocols (Table. 8). The 

CamKIIa-CreERT2 allele was analyzed with primer prAS116 and prAS118, whereas the TM-

agrin knock-in allele was analyzed using primer prAS15 and prAS104. The WT allele for 

Rosa26 was analyzed using primer oiMR9020 and oiMR9021.  
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Table 8. Protocols for genotyping 

Allele Primers Denaturation Annealing Elongation Cycles Note 

TM-

agrin 

knock-in 

prAS15 

prAS104 

95oC, 30s 55.1oC, 

60s 

72oC, 90s 40 

cycles 

DMSO; product 

size 1376 bp 

CamKIIa

-CreERT2 

prAS1162 

prAS118 

95oC, 15s 62oC, 45s 72oC, 45s 35 

cycles 

Product size 

375 bp 

WT 

Rosa26 

locus 

oIMR9020 

oIMR9021 

1. 94oC, 20s 

2. 94oC, 15s 

1. 65oC, 

15s 

2. 60oC, 

15s 

1. 68oC, 10s 

2. 72oC, 10s 

1. 10 

cycles 

(-0.5oC 

/ cycle) 

2. 28 

cycles 

2 steps PCR, 

product size 297 

bp 

Lrp4mitt L4Hpfmf 

43Br_FP 

94oC, 15 s 58oC, 15 s 72oC, 20 s 40 

cycles 

HpyCH4V 

digestion 37oC 

overnight, 

mutant product 

227bp, WT 

product 132bp + 

69bp 

MuSK-

KO 

Nsk1 

Nsk2 

Neo3 

94oC, 30 s 66oC, 40 s 72oC, 60 s 40 

cycles 

WT product 

446bp, mutant 

product 300bp 

 

Anesthesia and transcardial perfusion fixation 

 Mice were anesthetized by intraperitoneal injection of anesthesia solution, containing 

ketamine/xylazine cocktail (final concentration of ketamine is 10 mg/ml and of xylazine is 0.2 

mg/ml in sterile normal saline). The injected volume was 0.1 ml per 10 g bodyweight. The 

withdrawal reflex was assessed by pinching the toe. The absence of the reflex indicates that the 

mice were well anesthetized and were eligible for the whole-body perfusion fixation procedure. 

To this end, the chest and abdominal cavities were opened to expose the heart and the liver. 

The needle was connected to a peristaltic pump and inserted into the left ventricle through the 

apical tip of the heart. The right atrium was then cut to let the blood flow out. Before the 

perfusion with the fixative, the blood in the vascular system was drained out and washed with 

cold 0.9% NaCl for 5 min or until the there was no blood coming out from the right atrium and 

the liver turned pale. After this washing step, the mice were perfused with cold 4% PFA for 10 

min until the whole bodies appeared stiff. The indication of a successful perfusion was 

twitching of the tail and the heart appeared blanched. The brains were dissected and post-fixed 

by immersion in 4% PFA overnight at 4oC. After post-fixation, the brains were washed with 

1X PBS and then embedded in 4% agar dissolved in 1X PBS. The brain in agar was cut 

coronally freely floating with the thickness 40 μm using a vibratome (Leica, Wetzlar, 

Germany). The sections were stored in cryo-protectant solution (30 % glycerol, 30 % ethylene 
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glycol, in 0.05 M Na-Phosphate buffer, pH 7.4) at -20oC until processed for 

immunohistochemistry. 

 

RNA extraction and quantitative reverse-transcription PCR 

 The RNA from the cortices was extracted two weeks after the induction of TM-agrin 

overexpression by tamoxifen administration. The mice were sacrificed by cervical dislocation. 

The brains were immediately extracted, and the cortices were dissected in cold PBS using the 

stereo binocular microscopy (Leica MZ6 with KL1500 LCD lamp. Schott AG, Mitterteich, 

Germany) and snap-frozen in liquid nitrogen. 

 Thirty mg of cortical tissue were ground with microtube-fitting pestles (Eppendorf 

micropestles, Sigma-Aldrich, Germany) on ice and the RNA was extracted using the SV Total 

RNA Isolation System kit (Promega, Mannheim, Germany) according to the protocol provided 

by the manufacturer. The RNA integrity was analyzed by denatured agarose gel electrophoresis 

using the intensity of the rRNA bands (28s rRNA band is twice as strong as the 18s rRNA 

band). The concentration and purity were assessed using a Nanodrop spectrophotometer 

(Thermo Fisher, Germany). The RNA was then reverse transcribed into cDNA using the 

Quantitect Reverse Transcription kit (Qiagen, Hilden, Germany). 

 Analysis of synapse-associated gene expression levels was performed using the cDNA. 

The oligonucleotides for this analysis were designed using the online Universal Probelibrary 

Assay Design Center (Table 6, Roche & Diagnostics). As the internal control (housekeeping 

gene), the Hypoxanthine-guanine-phosphoribosyltransferase (HPRT) gene was used.  

 Twenty microliters of reaction mixtures were added into each well of a 96-well plate 

and analyzed in a Light Cycler 480 (Roche Diagnostic, Unterhaching, Germany), using the 

Sybr green dye (SensiMix SYBR No-ROX Mastermix, Bioline, Luckenwalde, Germany). All 

genes were tested in technical triplicates. The specificity and efficiency of the reactions were 

analyzed with the melting curves assay. The specificity was indicated by a single peak in the 

melting curve and by a single band in the agarose gel analysis. The qPCR results were analyzed 

by double delta Ct (Ct-value) analysis.  

 

Subcloning of mouse TM-agrin 

 The plasmid, pAS12, encoding full-length mouse TM-agrin-y4z0 was a kind gift from 

Dr. Anna Schick (LMU Munich). The full-length mouse NtA-agrin-y0z0 was a kind gift from 

Prof. Dr. Markus Ruegg (Biocenter, Basel, Switzerland). For generating the TM-agrin-y0z0, 

the plasmids were digested with SfiI and MfeI for 1 hour at 37oC, and the products were run in 
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1% agarose gel. The expected products were two bands, with the size of 12kb and 1kb. The 

smaller size bands were then swapped and mixed with the bigger size bands, and then ligated 

with the Quick Ligation™ kit (New England Biolabs, Frankfurt am Main, Germany). The 

ligation product was then used for bacterial transformation (Top10 Chemically Competent E. 

coli, Thermofisher Scientific). The transformed bacteria were inoculated into LB medium 

containing ampicillin and cultured overnight at 37oC in the shaker at 150 rpm. After overnight 

incubation, a mini-prep was performed, and the plasmid was sequenced using the corresponding 

primers (Table 6). 

 The mouse TM-agrin-y4z8 isoform, serine-to-alanine TM-agrin-y4z0 and serine-to-

aspartic acid TM-agrin-y4z0 were obtained by site-directed mutagenesis, outsourced to 

Genscript (New Jersey, USA). All final products of the cloning procedures were sequenced 

(GATC Biotech, Konstanz, Germany) to verify the sequence and to detect the mutations. 

   

Brain tissue lysis and quantitative western blot analysis 

 For the preparation of adult mouse brain lysate, mice were sacrificed by cervical 

dislocation and the cortices were immediately dissected in cold 1X PBS and then snap-frozen 

in liquid nitrogen under a stereo microscope (Leica MZ6 with KL1500 LCD lamp, Schott). The 

tissue was gently homogenized in 10 w/v lysis buffer on ice using a glass pestle tissue grinder. 

After homogenization, lysates were centrifuged at 2500 x g for 30 min at 4oC. The supernatant 

(S1-fraction) was collected and centrifuged at 34.000 x g for 30 min at 4oC. The supernatant 

from the previous centrifugation was termed the S2-fraction. The S2-fraction was then 

denatured by adding 4X SDS sample buffer and heated at 95oC for 3 min. The pellet of the 

second centrifugation (crude membrane fraction/M-fraction) was denatured by adding 4X SDS 

sample buffer with 8 M urea, and then heated at 37oC for 10 min.  

 The proteins from the M-fractions were separated on 10% polyacrylamide gels by 

electrophoresis. The protein samples and a protein ladder (PageRuler prestained protein ladder, 

Thermo Scientific) were separated in running buffer at constant 80V and were transferred to 

nitrocellulose membranes (Protran, Schleicher & Schuell, Germany) at constant 140mA for 2h. 

The membranes were then incubated in blocking buffer (TBS Odyssey blocking buffer, Li-Cor, 

Germany) for 1h at RT. After blocking, the membranes were incubated with primary antibodies 

in 5% horse serum TBS-T for 3h at RT. The membranes were then washed three times 10min 

each in TBS-T and incubated with the secondary antibodies for 1h. After the last incubation, 

the membranes were washed three times for 10min. Tau protein was used as loading control. 
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Images from the WB membrane were obtained using the near-infrared fluorescent 

Odyssey Imaging system (Li-Cor, Bad Homburg, Germany), with the Image Studio Lite 

software (version 4.0). The analysis of the western blots was carried out by quantifying the 

pixel density of each bands using the Fiji Software (Schindelin et al., 2012). The pixel density 

of the protein of interests was subject to background subtraction and was normalized to the 

pixel density of tau protein as the loading control.  

 

Coverslips preparation and coating  

 Round glass coverslips of 18 mm diameter were treated with solution containing 4 

pellets of NaOH in 10 ml Milli-Q water and 35 ml of ethanol 70 % overnight on a shaker. The 

coverslips were then extensively washed with Milli-Q water and incubated with a solution 

containing 1 M HCl overnight on a shaker. The next day, the coverslips were washed with water 

and stored in absolute ethanol at 4oC or processed for the dry heat sterilization (160oC for 2 

hours) in the oven. One day before the cell culture preparation, the coverslips were coated with 

poly-D-lysine (PDL) working solution overnight, then washed with sterile water and dried 

under the laminar flow hood. 

 

Transfection of monolayer cultures 

 Primary neuronal culture of E15 cortices from wildtype, Lrp4-KO and MuSK-KO were 

prepared by trypsinization and trituration with fire-polished Pasteur pipettes in dissecting 

medium under sterile condition (Handara et al., 2019; Karakatsani et al., 2017). The density of 

the dissociated cells was determined with trypan blue using a Neubauer chamber. The cells 

were seeded at a density of 100.000 cells per well (12-well plate, growth area 3.8 cm2/well) in 

1.5 mL maintenance medium and maintained for 14 days in vitro. The maintenance medium 

was changed on DIV 7 by replacing half of the old with fresh maintenance medium. 

 Cells were transfected on DIV 12 with Lipofectamine 2000 (Invitrogen, Karlsruhe, 

Germany) and incubated for two additional days before the fixation. For each well, two 

solutions for the transfection were prepared. The first solution contained 500 ng of plasmid 

DNA in 50 l of neurobasal medium and the second solution contained 0.5 l Lipofectamine 

in 50 l of neurobasal medium. Both solutions were incubated for 5 min after mixing and then 

added to the well.  
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Immunocytochemistry  

 For routine staining, coverslips were washed once with warm PBS and then fixed with 

4 % PFA in PBS for 10 min at RT. For the analysis of the NR1-subunit of the NMDA receptor, 

the coverslips were fixed with -20 oC methanol for 10 min. Fixation was blocked with ICC 

blocking solution for 60 min at RT. The coverslips were incubated with the primary antibodies 

in blocking solution at 4oC overnight. On the next day, they were washed three times with 1X 

PBS and then incubated at 4oC with the secondary antibodies in the blocking solution for 2 

hours. The coverslips were counter-stained with 0.1 g/ml DAPI in 1X PBS for 10 min at RT. 

The coverslips were then mounted onto glass slides using Aqua-Poly/Mount (Polysciences, 

Hirschberg, Germany). All incubation steps were performed on a rotating shaker. 

 

Immunohistochemistry of freely floating fixed tissue sections 

 For the immunohistochemistry (IHC) of synaptic proteins, fixed freely floating brain 

sections were washed with 1X PBS. To unmask the antigens due to the methylene bridge 

generated by the PFA fixation, the antigenic epitopes were retrieved by heating the tissue at 

85oC with 10 mM sodium citrate buffer for 15 min. The sections were blocked with IHC 

blocking solution for 1 hour at RT and then incubated with primary antibodies in IHC staining 

solution for 48 hours at 4oC. Thereafter, the sections were incubated with the secondary 

antibodies in the IHC staining solution for 1 hour at RT. Finally, they were mounted on glass 

slide in Fluoroshield™ mounting medium containing DAPI (Sigma-Aldrich, Taufkirchen. 

Germany). 

 

Image acquisition  

Images of monolayer cultures were obtained with an Axio ImagerM2 epiflourescence 

microscope (Carl Zeiss, Oberkochen, Germany). The images were acquired using the 40x water 

immersion objective. Images of fixed tissue sections were acquired using a Leica SP8X WLL 

upright confocal microscope (Leica, Wetzlar, Germany). Single confocal images from brain 

sections were obtained from cortical layer 2/3 in the region of the S1/S2 cortex. The images 

were acquired using an objective with the following specification HC PL APO 40x/1.30 oil 

CS2, working distance 0.24 mm. Images obtained with this objective lens were acquired with 

the digital zoom factor 3 x and a size of 1024 x 1024 pixel. 
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Quantitative analysis 

The dendritic length of cortical neurons in μm was determined using the Fiji Simple 

Neurite Tracer plugin (Longair et al., 2011). The number of primary dendrites emerging from 

the soma as well as the dendritic branch tip numbers were counted manually. Axons were 

excluded from the analysis. For analyses of the dendritic branching pattern, images were 

converted into 8-bit format and subjected to the thresholding for creating binary images. Sholl 

analysis was performed using the Sholl analysis plugin of the Fiji imaging program (Ferreira et 

al., 2014). 

Binary images were also analyzed for the synaptic puncta quantification. The synaptic 

puncta density was counted using the Analyze Particle toolbox of the Fiji software. The number 

of puncta labeled by antibodies against excitatory synapse-associated proteins per 20 m was 

determined on dendrites outside a radius of 50 m distance from the soma. In contrast, punctate 

immunoreactivity labeled by antibodies against inhibitory synapses-associated proteins per 20 

m was determined on dendrites within a radius of 50 m from the soma (Klenowski et al., 

2015). 

 

Statistical analysis 

Results are presented as mean +/- SEM. Unless stated otherwise, n represents the 

number of neurons or the number of brain sections analyzed and N represents the number of 

independent experiments, corresponding to the number of embryos/mice. With the assumption 

of normal distribution and homoscedasticity, significance was calculated with GraphPad Prism 

vs.8 (GraphPad Software, San Diego, California) using the unpaired t-test or the one-way 

ANOVA test with the Tukey’s multiple comparison test. Data were evaluated for normal 

distribution using d’Agostino Pearson omnibus normality test and for homoscedasticity using 

Browne-Forsythe’s test. Data that did not fulfil the assumption were investigated using the 

equivalent non-parametric tests, such as the Mann-Whitney rank sum test or the Kruskal-

Wallis-test with Dunn’s correction for multiple comparisons test. Outliers were analyzed by 

iterated Grubbs’ test and were excluded. The results from qRT-PCR and WB were analyzed by 

the non-parametric test Mann-Whitney rank sum test. The type 1 statistical error was set to 5%, 

meaning that a p-value of < 0.05 was set as the level of statistical significance. ‘n.s’ was 

determined as p > 0.05, ‘*’ as p < 0.05, ‘**’ as p < 0.01 and ‘***’ as p < 0.001. 
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Results 

Generation and validation of the antiserum against TM-agrin 

 To investigate the selectivity and the specificity of the newly generated antiserum 

against the intracellular sequence of TM-agrin, I transiently transfected full-length mouse TM-

agrin cDNA cloned into pMES vector under the cytomegalovirus (CMV) promoter into 

HEK293-T cells. The pMES vector contains an internal ribosome entry site (IRES) and the 

sequence coding for GFP to visualize the transfected cells.  As a control, I used the empty pMES 

vector (control vector) encoding only the IRES-driven GFP. Two days after transfection, I 

confirmed the expression of TM-agrin using the antiserum in transfected cells. Only GFP-

positive cells were stained with this antiserum, supporting the specificity of the antiserum for 

full-length mouse TM-agrin (Fig. 3A,B). Cells transfected with control vector were not stained, 

confirming the specificity of the antiserum for intracellular region of mouse TM-agrin. The 

antiserum was also tested in primary cortical neuron cultures, after transfection with plasmid 

containing full-length TM-agrin. I observed that the antiserum was specific against mouse TM-

agrin, by reporting a strong signal in TM-agrin transfected neurons (Fig. 3C,D) 

 

 

Figure 3. Validation of the antiserum against TM-agrin. HEK293 cells (A, B) or cortical neurons (C, D) were 

transfected with control (A, C) or full-length mouse TM-agrin (B, D). Arrows in A and B indicate transfected cells 

(GFP-positive cells, green). Only cells transfected with TM-agrin cDNA were stained by the antiserum against 

intracellular region of TM-agrin (red). Untransfected cells can be seen by the blue DAPI staining in A and B; scale 

bar 50 m. 
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TM-agrin overexpression in cortical neurons increases the density of dendritic 

protrusions, but not the dendritic arborization 

 In primary cortical neuron culture, we recently reported an increase in the density of 

dendritic protrusions and complexity of dendritic arborization following overexpression of 

Lrp4 (Karakatsani et al., 2017). In order to investigate whether TM-agrin similarly affects the 

density of dendritic protrusions and of the dendritic arborization pattern, I transfected full-

length TM-agrin-y4z8 into cultured cortical neurons and determined the number of primary 

dendrites (Fig. 4D) and the total dendritic branch tip number (TDBTN, Fig. 4E). I did not 

observe any differences in the number of primary dendrites and of the TDBTN between neurons 

transfected with the TM-agrin compared to neurons transfected with the control vector. 

However, TM-agrin overexpression increased the density of filopodia-like dendritic protrusions 

(Fig. 4F) similar to what has been previously reported (Annies et al., 2006; Porten et al., 2010). 

In addition, I observed a reduction in primary dendrite length in neurons transfected with TM-

agrin compared to neurons transfected with the control vector (dashed line in Fig. 4B’,C’; 

quantification in Fig. 4G). These results suggest a functional interaction between TM-agrin and 

Lrp4 during dendrite formation or maturation in embryonic cortical neurons in vitro. Moreover, 

my results are in line with the previously reported increase of dendritic complexity after Lrp4 

overexpression (Karakatsani et al., 2017). 
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Figure 4. TM-agrin overexpression in cortical neurons increases density of dendritic protrusions, but not 

dendritic arborization. TM-agrin punctate staining (A) is widely distributed in the neuronal cell body and in 

neurites of transfected cortical neuron (white arrows). TM-agrin-y4z8 overexpression did not alter dendritic 

arborization complexity (B, C), number of primary dendrite (D) and TDBTN (E) but increased the density of 

dendritic protrusions (F) and shortened primary dendrites (dashed line in B’, C’ and in G for quantification). B’ 

and C’ are magnifications from selected region of interest in B and C; statistical analysis: unpaired t-test (D, E), 

Mann-Whitney test (C, D); scale bar 50 m (A-C); scale bar 25 m (B’, C’). Note that the neuron in panel A is 

identical with the neuron in Fig. 3D. 

 

Lrp4 is required for normal dendritic morphology 

 Neurons with a reduced level of Lrp4 upon miRNA transfection have a less complex 

dendritic arborization, reduced density of dendritic protrusions and longer primary dendrites 

(Karakatsani et al., 2017). To investigate if these changes were a microRNA-related artefact or 

directly caused by the reduced level of Lrp4 expression, I analyzed the dendritic morphology 

of cultured cortical neurons from Lrp4-KO embryos. No differences in neuronal density and 

neuronal composition in cultures from Lrp4-heterozygous embryos compared to cultures from 

Lrp4-KO embryos (Fig. 5A-E) were observed. However, Lrp4-KO neurons displayed a less 
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complex dendritic arborization compared to Lrp4-heterozygous neurons (Fig. 5F,G), including 

a significant reduction in the number of primary dendrites (Fig. 5J), TDBTN (Fig. 5K), 

dendritic protrusions density (Fig. 5L) and an increased length of the primary dendrite (Fig. 

5M). These results show that knockdown of Lrp4 using miRNA and genetic ablation of Lrp4 

expression have the same phenotype, demonstrating that the altered dendritic complexity is not 

a miRNA-related artefact. 

In order to investigate the functional interaction between Lrp4 and TM-agrin during 

dendritic arborization, I transfected Lrp4-KO neurons with a full-length TM-agrin-y4z8. TM-

agrin overexpression in Lrp4-KO neurons rescued all parameters considered in the analysis of 

dendritic complexity (Fig. 5J-M). Moreover, Sholl analysis (Fig. 5N), Schoenen ramification 

index (Fig. 5O) and maximal number of branching (Fig. 5P) confirmed the lower dendritic 

arborization complexity of Lrp4-KO neurons and the rescue by overexpressing TM-agrin. 

Congruently, TM-agrin overexpression restored dendritic arborization to a level comparable to 

that reported in Lrp4-heterozygous neurons (Fig. 5N–P). In summary, these results demonstrate 

that TM-agrin expression level controls normal dendritic arborization complexity and that this 

activity requires the expression of Lrp4.  
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Figure 5. Lrp4 is required for normal dendritic morphology. (A-E) Cellular density, neuronal density and 

neuronal composition are comparable in Lrp4-heterozygous and in Lrp4-KO neuronal cultures. Viable cells 

density (DAPI-positive, blue, C), neuronal density (NeuN-positive, green, D) and neuronal composition (GABA-

positive, red, E); statistical analysis: unpaired t-test; scale bar 25 m (B). (F-M) Lrp4-KO neurons and TM-agrin 

overexpression in Lrp4-KO neurons affect the morphology of cortical neurons, which were indicated by number 

of primary dendrites (J), TDBTN (K), density of dendritic protrusions (L) and length of primary dendrite (M); 

statistical analysis: one-way ANOVA with Tukey’s multiple comparison test (J, L); Kruskal-Wallis with Dunn’s 

multiple comparisons test (K, M); scale bar 50 m (G). (N-P) Less complex dendritic arborization in Lrp4-KO 

neurons is shown in Sholl plot (N), Schoenen Ramification Index (O) and maximal number of branching (P); 

statistical analysis: Kruskal-Wallis test with Dunn’s multiple comparison test. 

 

 

 

 



 48 

 

The C-terminal domain of TM-agrin is sufficient to rescue the complexity of dendritic 

arborization in Lrp4-KO neurons 

 Agrin is a large molecule and consists of several domains which could potentially 

interact with other proteins (Fig. 1). In order to determine which domain of agrin is required for 

the rescuing the dendritic arborization pattern in Lrp4-KO neurons, I transfected Lrp4-KO 

cortical neurons with different constructs of TM-agrin, including different full-length splice 

variants (TM-agrin-y4z0 and -y0z0) and a construct that lacks half of the C-terminal domain 

and is fused with GFP (FD8; Fig. 2 for details of the deletion constructs). Dendritic arborization 

in Lrp4-KO neurons was restored after transfection with full-length TM-agrin-y4z8 (Fig. 6A), 

TM-agrin-y4z0 (Fig. 6B) and TM-agrin-y0z0 (Fig. 6C), demonstrating that these splice variants 

contain the region necessary to restore dendritic arborization. In contrast, transfection with the 

FD8 construct lacking the C-terminal half of TM-agrin did not affect the dendritic arborization 

complexity of Lrp4-KO neurons (Fig. 6D). These observations were confirmed by 

quantification of the number of primary dendrites (Fig. 6E) and TDBTN (Fig. 6F) for each 

condition. In summary, the C-terminal half of TM-agrin was required for the establishment of 

the normal dendritic arborization pattern in Lrp4-KO neurons. However, a direct interaction 

between Lrp4 and TM-agrin was apparently not required, since isoforms which do not directly 

bind to Lrp4 (TM-agrin-y4z0, TM-agrin-y0z0) were as efficient as those, which directly 

interact with Lrp4 (TM-agrin-y4z8).  
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Figure 6. The C-terminal half of TM-agrin is sufficient to rescue the complexity of dendritic arborization in 

Lrp4-KO cortical neurons. (A-D) Transfection of Lrp4-KO neurons with TM-agrin-y4z8 (A), TM-agrin-y4z0 

(B), TM-agrin-y0z0 (C), but not FD8 (D), restored dendritic arborization. Transfection of TM-agrin lacking half 

C-terminal could not restore number of primary dendrites (E) and TDBTN (F) in Lrp4-KO neurons; statistical 

analysis: Kruskal-Wallis with Dunn’s multiple comparison test; scale bar 50 m (B). 
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MuSK is required for normal dendritic morphology  

 At the developing NMJ, agrin requires MuSK for inducing the formation of synaptic 

specializations. Since MuSK is expressed in the CNS (Garcia-Osta et al., 2006), I investigated 

whether MuSK is required for normal dendritic arborization. To this end, I analyzed cultures 

of cortical neurons from MuSK-KO embryos and compared to the cultures from MuSK-

heterozygous neurons. I observed no significant differences in cellular density, neuronal density 

and neuronal composition between MuSK-heterozygous and MuSK-KO cortical neuron 

cultures (Fig. 7A–E). Similar to Lrp4-KO neurons, MuSK-KO neurons displayed a less 

complex dendritic arborization pattern (Fig. 7G) compared to MuSK-heterozygous neurons 

(Fig. 7F). MuSK-KO neurons had fewer primary dendrites (Fig. 7J), a lower TDBTN value 

(Fig. 7K), a lower density of dendritic protrusions (Fig. 7L) and longer primary dendrites (Fig. 

7M). The reduced dendritic arborization complexity in MuSK-KO neurons is reflected in the 

Sholl plot (Fig. 7N). Collectively my results suggest that, in addition to Lrp4 and TM-agrin, 

MuSK is also required for the establishment of the normal dendritic arborization, normal 

density of dendritic branches and normal length of primary dendrites. 

Interestingly, TM-agrin overexpression in MuSK-heterozygous neurons and in MuSK-

KO neurons (Fig. 7H,I) did not alter the dendritic morphology. However, TM-agrin 

overexpression increased the density of dendritic protrusions in neurons from both conditions. 

This demonstrates that the TM-agrin-mediated effect on dendritic protrusion density was not 

dependent on MuSK expression (Fig. 7L). In conclusion, TM-agrin overexpression in MuSK-

KO neurons had no effect on dendritic arborization and on dendritic length, but it rescued the 

decreased dendritic protrusion density of neurons from MuSK-deficient neurons. This result 

stands in favor of an agrin-MuSK interaction-independent mechanism in controlling dendritic 

protrusion density. 
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Figure 7. MuSK is required for normal dendritic morphology. (A-E) Cellular density, neuronal density and 

neuronal composition are comparable in MuSK-heterozygous (A) and MuSK-KO (B) cortical neuronal culture. 

Viable cells (DAPI-positive cells, blue, C), neuronal density (NeuN-positive cells, green, D) and neuronal 

composition (GABA-positive cells, red, E); statistical analysis: unpaired t-test; scale bar 25 m (B). (F-N) The 

absence of MuSK in neurons affects the complexity of dendritic arborization and TM-agrin overexpression did 

not affect dendritic arborization in MuSK-heterozygous and MuSK-KO neurons, as had been indicated by number 

of primary dendrites (J), TDBTN (K) and length of primary dendrite (M). TM-agrin overexpression increased the 

density of dendritic filopodia in MuSK-heterozygous and MuSK-KO neurons. Sholl plot (N) showed the less 

complex dendritic arborization in MuSK-KO neurons; statistical analysis: Kruskal-Wallis test; scale bar 50 m 

(G). 
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Overexpression of TM-agrin in cortical neurons increases excitatory synapses 

 The colocalization of TM-agrin with the post-synaptic density protein PSD-95 in vitro 

(McCroskery et al., 2009) and in vivo (Ksiazek et al., 2007) suggested the possibility that TM-

agrin might be required to aggregate excitatory synapse-associated proteins. To address this 

question, I overexpressed TM-agrin-y4z8 in cortical neurons and analyzed the density of puncta 

containing the presynaptic vesicular glutamate transporter-1 (vGlut1) and of several 

postsynaptic proteins, including PSD-95 and the NR1-subunit of the NMDA receptor (NR1). I 

observed an increased density of vGlut1 (Fig. 8B,C), PSD-95 (Fig. 8E,F) and NR1 puncta (data 

not shown) on the dendritic segments at least 50 m away from the cell bodies in TM-agrin-

overexpressing neurons, compared to neurons transfected with the control vector (Fig. 8A,D). 

These results show that TM-agrin overexpression has the complementary effect to agrin 

deficiency: the former increased the density of excitatory synapses whereas the latter decreased 

it. 

To investigate if agrin influences the formation of functional synapse, 

electrophysiological experiments were performed together with our collaborators, Dr. Hetsch 

and Prof. Rathjen from the MDC Berlin. Whole cell voltage clamp recordings were obtained 

from cortical neurons in a microisland culture system in the presence or absence of soluble 

agrin-y4z8. This microisland culture system is useful to investigate the basic mechanism of 

synaptic transmission and at the same time avoids neuronal network activity. Furthermore, the 

incubation of neurons with the soluble agrin-y4z8 isoform is a feasible approach since it is 

difficult to transfect a single neuron in a microisland culture system. Analysis of the spike traces 

(Fig. 8G) showed an increase in the frequency (Fig. 8H) and the amplitude (Fig. 8I) of miniature 

excitatory postsynaptic currents (mEPSCs). The increase in the number of dendritic pre- and 

postsynaptic specializations together with the electrophysiological data strongly suggest a role 

for TM-agrin in the formation and/or maintenance of pre- and postsynaptic specializations of 

excitatory synapses. It also suggests that the puncta observed on dendrites of cortical neurons 

after staining with antibodies against excitatory synapse-associated proteins, represent 

functional synapses. 

 To investigate if TM-agrin splice variants differ in their ability to increase the density 

of dendritic excitatory synapses, I transfected cortical neurons with cDNA constructs coding 

for different TM-agrin splice variants and analyzed the dendritic PSD-95 puncta density. As 

detailed above, transfection with TM-agrin-y4z0 cDNA significantly increased the density of 

PSD-95 puncta (Fig. 8N). In contrast, transfection of neurons with TM-agrin-y0z0 did not affect 

the density of PSD-95 compared to the neurons transfected with the empty vector. Thus, the 
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presence of the four amino acids at the y-splice site (y4) appeared to be critical for the increase 

puncta density of PSD-95 (Fig. 8N) and NR1 (Fig. 8O). Interestingly, the presence of eight 

amino acids at the z-splice site was not required for this increase (Fig. 8M-O). This supports 

the hypothesis that TM-agrin splice variant y4 controls excitatory synapses density, 

independent of the z splice variant and, therefore, independent of a direct binding to Lrp4. 
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Figure 8. TM-agrin overexpression affects the number of excitatory synapses and mEPSCs. (A-F) TM-agrin 

overexpression increases the density of vGlut1 (A-C) and PSD-95 (D-F)); statistical analysis: Mann-Whitney test 

(C, F, H, I); scale bar 50 m. (G-I) Soluble agrin incubation on cortical neurons in a microisland culture system 

increases the frequency (H) and amplitude (I) of miniature excitatory postsynaptic currents (mEPSCs), the 

mEPSCs were recorded at a holding potential -70 mV in the presence of tetrodotoxin (TTX). The number in the 

bars in (H) indicates the number of analyzed neurons. (J-O) Transfection of TM-agrin-y4z8 (K) and TM-agrin-

y4z0 (L), but not of TM-agrin-y0z0 (M) increased PSD-95 (N) and NR1 (O) puncta density; statistical analysis: 

Kruskal-Wallis test with Dunn’s multiple comparison test (N, O); scale bar 50 m. 

 

Lrp4, not MuSK, controls excitatory synapses density without direct but in cis 

interaction with TM-agrin 

 Since transfection of TM-agrin isoforms that did not directly interact with Lrp4 

increased the density of dendritic excitatory synapses, I wanted to investigate whether Lrp4 

expression was required for the formation of excitatory synapses.  To this end, I analyzed PSD-

95 puncta density in neurons from Lrp4-KO and Lrp4-heterozygous embryos. Interestingly, 

Lrp4-KO neurons had a lower PSD-95 puncta density compared to Lrp4-heterozygous neurons 

(Fig. 9A–E), suggesting that Lrp4 expression is required for the establishment of the normal 

excitatory synapse density. Moreover, TM-agrin overexpression in Lrp4-KO neurons failed to 

increase the density of PSD-95 puncta (Fig. 9D,E), on the other hand, it increased the PSD-95 

puncta density in Lrp4-heterozygous neurons. This demonstrates that the expression of Lrp4 is 

required for the TM-agrin overexpression-mediated increase of the puncta density containing 

PSD-95. 

Analysis of voltage clamp experiments (in collaboration with Dr. Hetsch and Prof. 

Rathjen) showed that incubation of Lrp4-KO neurons with the soluble agrin-y4z8 did not exert 

any effect on the mEPSCs frequency (Fig. 9G) and amplitude (Fig. 9H). In contrast, addition 

of soluble purified agrin-y4z8 to the WT neurons increased the mEPSCs frequency and 

amplitude (Fig. 8G–I). These results demonstrate that Lrp4 expression is necessary for the 

development/maintenance of the normal density and function of excitatory synapses. Since the 

increase of the number of excitatory synapses after transfection of TM-agrin was achievable 

with the isoform that did not directly interact with Lrp4, it must be considered that TM-agrin 

might need to interact indirectly via an additional binding partner with Lrp4 in order to exert 

its effect on excitatory synapses density. 

 In order to understand if this effect of TM-agrin was occurring in cis (i.e. in the same 

cell) or in trans (i.e. by an interaction between two cells), I overexpressed TM-agrin and at the 

same time knockdown Lrp4 (Lrp4-KD) by microRNA (miRNA-Lrp4) in the same WT cortical 

neuron (Fig. 9I–K). Lrp4-knockdown alone significantly reduced PSD-95 puncta density (Fig. 

9K) similarly to the level observed in Lrp4-KO neurons (Fig. 9E; see also Karakatsani et al., 
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2017). Co-transfection of TM-agrin and miRNA-Lrp4 could not increase the PSD-95 puncta 

density compared to neurons transfected with TM-agrin and miRNA-scrambled, suggesting 

that Lrp4 expression in the same neuron was essential for the TM-agrin-mediated effect on the 

increased density of excitatory synapses. Therefore, a cis-interaction between TM-agrin and 

Lrp4 is likely to be necessary for the increase of excitatory synapses after TM-agrin 

overexpression. 

 To investigate if MuSK is required for the formation of excitatory synapse-associated 

specializations, I analyzed the density of puncta containing PSD-95 in MuSK-KO neurons. 

MuSK-KO neurons displayed no significant changes in the density of PSD-95 puncta compared 

to MuSK-heterozygous neurons (Fig. 9L–P). Consistently, the overexpression of TM-agrin in 

MuSK-heterozygous (Fig. 9N) and MuSK-KO neurons (Fig. 9O) increased the density of PSD-

95 puncta (Fig. 9P), similarly to the effect of TM-agrin overexpression in WT neurons. This 

demonstrates that MuSK expression is apparently not required for the formation or maintenance 

of excitatory synapses or for the TM-agrin-mediated increase in the excitatory synapse density. 

In conclusion, while MuSK expression does not seem to be required for TM-agrin-

mediated formation/maintenance of excitatory synapses, Lrp4, on the other hand, is required 

and might indirectly interact with TM-agrin to regulate the density of dendritic excitatory 

synapses. 
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Figure 9. Lrp4, not MuSK, controls excitatory synapses density with a non-direct cis-interaction with TM-

agrin. (A-H) Lrp4-KO neurons (B) showed a reduced PSD-95 puncta density compared to Lrp4-heterozygous 

neurons (A). TM-agrin overexpression increased PSD-95 puncta density only in Lrp4-heterozygous neurons (C), 

but not Lrp4-KO neurons (D). Agrin incubation on Lrp4-KO neurons did not change the trace of mEPSCs (F) as 

analyzed in mEPSCs frequency (G) and amplitude (H, during recording, the voltage was holded at -70 mV, number 

in the bar indicates number of analyzed neurons, collaboration with Dr. Hetsch and Prof. Rathjen); statistical 

analysis for E: Kruskal-Wallis test with Dunn’s test for multiple comparison (omnibus test), Lrp4-heterozygous 
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vs Lrp4-KO was tested with unpaired t-test. (I-K) WT neurons with miRNA-Lrp4 knockdown showed reduced 

PSD-95 puncta density. TM-agrin overexpression increased the PSD-95 puncta density when co-transfected with 

miRNA-scrambled (I) but not when co-transfected with miRNA-Lrp4 (J, K); statistical analysis: Kruskal-Wallis 

test with Dunn’s test for multiple comparison. (L-P) No difference in the density of PSD-95 puncta density between 

MuSK-heterozygous neurons (L) compared to MuSK-KO neurons (M). TM-agrin overexpression in MuSK-

heterozygous (N) and in MuSK-KO neurons (O) increased PSD-95 puncta density; statistical analysis: Kruskal-

Wallis test with Dunn’s test for multiple comparison; scale bar 50 m. 

 

APP is a candidate for the agrin/Lrp4-dependent effect on excitatory synapses  

The results reported above led to the conclusion that Lrp4 expression is necessary for 

the formation of a normal density of excitatory synapse-like specializations and required for the 

TM-agrin-mediated effect on excitatory synapses. Since agrin splice variants that do not bind 

to Lrp4, i.e. without an eight, eleven or nineteen amino acid insert at the z-site, increased the 

density of excitatory synapses, I hypothesized that an indirect interaction between both proteins 

via a third protein might be required for the Lrp4-dependent TM-agrin-mediated effect. A well-

characterized partner of both Lrp4 and agrin at the NMJ is the amyloid precursor protein (APP; 

Choi et al., 2013). To investigate whether APP is affected by TM-agrin overexpression in 

cortical neurons, I analyzed APP puncta density in WT neurons following TM-agrin 

overexpression. Interestingly, TM-agrin overexpression significantly increased APP puncta 

density (Fig. 10E), but only when a cDNA coding for TM-agrin-y4 was transfected (Fig. 

10B,C). This result is very preliminary, but it supports a potential interplay of APP in the 

agrin/Lrp4-dependent effect on excitatory synapses formation or maintenance. Clearly, more 

refined experiments are required to substantiate this hypothesis. 

 

 

Figure 10. APP is a candidate-binding partner of agrin and Lrp4 in controlling excitatory synapses. APP 

puncta density was increased after TM-agrin-y4z8 (B) and TM-agrin-y4z0 overexpression. TM-agrin-y0z0 

overexpression had no effect on the APP puncta density (D, E); statistical analysis: one-way ANOVA with Dunn’s 

multiple comparison test; scale bar 50 m. 
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TM-agrin controls the density of inhibitory synapses 

 In order to assess whether TM-agrin overexpression also affects the density of inhibitory 

synapses, I analyzed the effect of TM-agrin overexpression on the distribution of several 

inhibitory synapse-associated proteins. Transfection of WT neurons with the full-length TM-

agrin-y4z8 cDNA decreased the density of puncta containing the presynaptic vesicular GABA 

transporter (vGAT; Fig. 11A–C), as well as of the postsynaptic protein collybistin (Fig. 11D,E), 

the 1-subunit of the GABAA receptor (Fig. 11G-I), gephyrin (Fig. 11M) and neuroligin-2 (Fig. 

11N). Interestingly, no difference was observed in the density of puncta containing the non-

synaptic 5-subunit of the GABAA receptor (Fig. 11J–L), demonstrating that the effect of TM-

agrin was specific to the synaptic GABAergic receptors and its associated scaffolding proteins. 

These results stand in favor of TM-agrin being able to control inhibitory synapse density. 

Moreover, TM-agrin appears to affect excitatory and inhibitory synapses in opposite ways, i.e. 

TM-agrin overexpression increased the density of excitatory synapses and decreased the density 

of inhibitory synapses.  

To investigate if TM-agrin overexpression affects the density of a synaptic marker that 

is located in both types of synapses (excitatory and inhibitory synapses), I analyzed the effect 

of TM-agrin overexpression on the density of immunoreactive puncta containing the pan-

synaptic marker bassoon. I observed that TM-agrin overexpression did not alter the density of 

bassoon puncta (Fig. 11O-Q). This result congruently supports my previous observations that 

the TM-agrin overexpression regulated the density of excitatory and inhibitory synapses in the 

opposite directions. 
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Figure 11. TM-agrin controls the density of inhibitory synapses. TM-agrin overexpression decreased 

presynaptic inhibitory protein vGAT (A, B, C), postsynaptic inhibitory proteins, collybistin (D, E, F), the 1-

subunit of the GABAAR (G, H, I), but not the 5-subunit of the GABAAR (J, K, L). Gephyrin (M) and neuroligin-

2 (N) puncta densities were also reduced after TM-agrin overexpression; statistical analysis: Mann-Whitney test 

(F, I), unpaired t-test (C, L, M, N); scale bar 50 m. (O-Q) TM-agrin overexpression did not change the density 

of pan-synaptic marker bassoon; statistical analysis: Mann-Whitney test (Q); scale bar 50 m. 

 

The extracellular region of TM-agrin is not required for the TM-agrin overexpression-

mediated decrease in inhibitory synapses  

 The increase of excitatory synapses after TM-agrin overexpression is regulated by the 

extracellular region of TM-agrin, specifically by the presence of four amino acids at the y-splice 

site, whereas the presence of eight amino acids at the z-splice site does not appear to be 

essential. To investigate if the different splice variants of TM-agrin differentially affect 

inhibitory synapses, I analyzed the effect of several splice variants of TM-agrin on gephyrin 

puncta density. Following overexpression of TM-agrin-y4z8 (Fig. 12B), TM-agrin-y4z0 (Fig. 

12C) and TM-agrin-y0z0 (Fig. 12D) in WT cortical neurons, gephyrin puncta density was 

reduced compared to neurons transfected with the control vector (Fig. 12A). Thus, the TM-

agrin-mediated reduction of inhibitory synapses does not depend on C-terminal splicing of TM-

agrin. 

Transfection of neurons with truncated constructs, i.e. the deletion of the C-terminal 

half of TM-agrin (FD8, Fig. 12E), the 7th-follistatin-like domain (FD6) or the entire 

extracellular domain of TM-agrin (EC-TM-agrin, Fig. 12F) decreased gephyrin puncta 

density similar to the level after transfection with full-length TM-agrin cDNA. Therefore, TM-

agrin overexpression reduced gephyrin puncta density independently of the entire extracellular 

region of TM-agrin. This suggests that this effect depends on TM-agrin’s intracellular and/or 

the transmembrane region.  

To investigate if the presence of the extracellular region of agrin affects the function of 

inhibitory synapse, the frequency and amplitude of miniature inhibitory postsynaptic currents 

(mIPSCs) were investigated in the presence and absence of soluble agrin (with collaboration 

with Dr. Hetsch and Prof. Rathjen, MDC Berlin). Voltage clamp experiments, in which the 

cortical neurons were incubated with purified soluble agrin-y4z8, showed no changes in the 

frequency (Fig. 12I) and the amplitude (Fig. 12J) of the mIPSCs. Consistent with the 

transfection results, the effect of TM-agrin overexpression on the density and function of the 

inhibitory synapses appears to be dependent on the presence of either the intracellular and/or 

the transmembrane region of the TM-agrin. 
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Figure 12. The extracellular region of TM-agrin was not required for the TM-agrin overexpression-

mediated decrease in inhibitory synapses. (A-G) Gephyrin puncta reduction after TM-agrin overexpression was 

not dependent on TM-agrin splice variants -y4z8 (B), -y4z0 (C), -y0z0 (D), half C-terminal of TM-agrin (E), 7th 

follistatin-like domain (FLD) and the whole extracellular region (F, EC-TM-agrin; in panel G, number of 

independent experiments for each group is 3). (H-J) Incubation of cortical neurons with full-length purified soluble 

agrin-y4z8, which lacking of intracellular and transmembrane region of TM-agrin, showed no difference on the 

mIPSCs traces (H) compared to the control, as indicated in the analysis of the frequency (I) and amplitude (J) of 

miniature inhibitory postsynaptic currents (mIPSCs, number in the bar represents number of analyzed neurons, 

under collaboration with Dr. Hetsch and Prof. Rathjen); statistical analysis: ordinary one-way ANOVA with 

Dunn’s multiple comparison test (G), Mann-Whitney test (I, J); scale bar 50 m. 
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Phosphorylation of a conserved serine-residue in agrin intracellular domain is required 

for TM-agrin-mediated reduction of inhibitory synapses  

 To investigate which part of TM-agrin is required for the decrease of inhibitory synapses 

after TM-agrin overexpression, I analyzed the amino acid sequence of the intracellular region 

of TM-agrin and compared it among several vertebrate species using a multiple sequence 

alignment program (Clustal Omega, https://www.ebi.ac.uk/Tools/msa/clustalo/). This analysis 

revealed a conserved motif in the TM-agrin intracellular domain containing a serine residue at 

position 17 (S17) in human and mouse.  

In order to predict whether the S17 residue was phosphorylated, based on the amino 

acid sequence and the predicted secondary structure of TM-agrin (Blom et al., 1999; Blom et 

al., 2004), I performed in silico analysis of the intracellular amino acid sequence using the 

online open-access platform Netphos3.1 (http://www.cbs.dtu.dk/services/NetPhos). This 

analysis confidently confirmed that serine 17 is a potential phosphorylation site within TM-

agrin’s intracellular region (Fig. 13) and predicts TM-agrin as a substrate for cyclin-dependent 

kinase 1 (CDK1; encoded by the cdc2 gene). 

Given these results, I hypothesized that this serine residue might act as phosphorylation 

site of TM-agrin and that this phosphorylation is functionally important for the reduction of 

inhibitory synapse puncta density after TM-agrin overexpression. To test this hypothesis, I 

transfected cortical neurons with TM-agrin cDNA constructs containing point mutations in the 

TM-agrin cDNA. These mutations were generated by substituting serine with the non-

phosphorylatable alanine residue (S17A, Fig. 13) or with the phosphomimetic aspartic acid 

residue (S17D, Fig. 13). Overexpression of S17A-TM-agrin did not reduce the density of 

puncta of the inhibitory synapse-associated proteins gephyrin (Fig. 13C-G), the 1-subunit of 

the GABAAR (Fig. 13H), collybistin (Fig. 13I) and neuroligin-2 (Fig. 13J). In contrast, 

transfection of the S17D-TM-agrin cDNA significantly reduced the puncta density of all 

inhibitory synapse-associated proteins. These results demonstrate that the presence of S17 in 

the intracellular part of TM-agrin is required for the formation or maintenance of inhibitory 

synapses. 

Together these data suggest that the reduction of inhibitory puncta density indeed 

requires the presence and the phosphorylation of S17 in TM-agrin. However, further 

experiments are needed to formally validate the phosphorylation of TM-agrin and its effect on 

inhibitory synapses. 

http://www.cbs.dtu.dk/services/NetPhos
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Figure 13. Phosphorylation of a conserved serine-residue in agrin intracellular domain is required for TM-

agrin-mediated reduction of inhibitory synapses. (A) Multiple sequence alignment analysis of intracellular 

region of TM-agrin revealed an unknown conserved amino acid motif (green box) and a conserved intracellular 

serine-residue at position 17 (S17, red box, in human and mouse) among species in vertebrate.  (‘*’ conserved site; 

‘:’ conservative replacement; ‘.’ semi-conservative replacement; ‘ ‘ non-conservative replacement). (B) Different 

constructs containing point-mutation of serine-to-alanine (S17A, non-phosphorylated mutant) and of serine-to-

aspartic-acid (S17D, phosphomimetic-mutant) were generated for further analysis. (C-J) The presence and the 

phosphorylation of S17 in TM-agrin cDNA is required for TM-agrin overexpression-mediated decrease of 

gephyrin, the 1-subunit of the GABAAR, collybistin and neuroligin-2 puncta density; statistical analysis: 

Kruskal-Wallis test with Dunn’s multiple comparison test (G-I); scale bar 50 m. (K) Serine residue at the 

position-17 is predicted to be a potential phosphorylation site (above the threshold line, pink-colored line) 

according to the in silico analysis of amino acid sequence (Netphos3.1).  
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Lrp4 and TM-agrin, but not MuSK, differentially control inhibitory synapses  

Previously, I showed that Lrp4 is necessary to control excitatory synapse density (Fig. 

9). To investigate if Lrp4 is also necessary for inhibitory synapse formation or maintenance, I 

analyzed the puncta density of inhibitory synapses in Lrp4-KO neurons. The density of 

gephyrin (Fig. 14B,E) and of the 1-subunit of the GABAAR (Fig. 14 G,J) in Lrp4-KO neurons 

were significantly reduced compared to Lrp4-heterozygous neurons (Fig. 14A,F), supporting a 

role of Lrp4 in inhibitory synapses formation and/or maintenance. TM-agrin overexpression in 

Lrp4-heterozygous neurons consistently reduced gephyrin (Fig. 14C,E) and the 1-subunit of 

the GABAAR (Fig. 14C,E) puncta density, similarly to the effect in WT neurons (Fig. 11). 

Moreover, no additional reduction of gephyrin (Fig. 14D) and of the 1-subunit of the 

GABAAR puncta density (Fig. 14I) were observed following TM-agrin overexpression in Lrp4-

KO neurons. These results suggest that in contrast to the formation of excitatory synapses where 

the expression of Lrp4 is required, Lrp4 seems not to be required for the TM-agrin-mediated 

reduction of inhibitory synapses. Thus, in the case of inhibitory synapses, Lrp4 and TM-agrin 

act independently of each other. 

Previously, I showed that MuSK is not required for the formation of excitatory synapses 

(Fig. 9). To investigate if MuSK affects the formation of inhibitory synapses, I investigated the 

density of puncta containing inhibitory synapses markers in MuSK-KO neurons and compared 

their density to the density of puncta on dendrites from MuSK-heterozygous neurons. MuSK-

heterozygous neurons showed a comparable puncta density containing gephyrin (Fig. 14K) or 

the 1-subunit of the GABAAR (Fig. 14P) compared to MuSK-KO neurons (Fig. 14L). These 

results suggest that MuSK expression is not required for the formation of inhibitory synapses. 

Moreover, TM-agrin overexpression similarly decreased gephyrin puncta density in MuSK-

heterozygous (Fig. 14M,P) and MuSK-KO neurons (Fig. 14N,P), demonstrating that TM-agrin 

does not need MuSK expression to reduce the density of inhibitory synapses. These results 

stand in favor of MuSK not being required for controlling inhibitory synaptic density, similar 

to the observations regarding the TM-agrin-overexpression-mediated effect on excitatory 

synapses. 
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Figure 14. Lrp4 and TM-agrin, but not MuSK, control inhibitory synapses. (A-J) Lrp4-KO neurons showed 

lower density of gephyrin (E) and the 1-subunit of the GABAAR (J) compared to Lrp4-heterozygous neurons. 

TM-agrin overexpression decreased gephyrin (D) and the 1-subunit of the GABAAR (I) puncta density in Lrp4-

heterozygous neurons which did not decrease further in Lrp4-KO neurons. (K-P) MuSK-heterozygous neurons 

(K) showed comparable gephyrin (O) and the 1-subunit of the GABAAR (P) puncta density compared to MuSK-

KO neurons (L). TM-agrin overexpression reduced gephyrin and the 1-subunit of the GABAAR puncta density 

in MuSK-heterozygous (M) and MuSK-KO neurons (N); statistical analysis: Kruskal-Wallis test with Dunn’s 

multiple comparison test (E, J), one-way ANOVA with Dunn’s multiple comparison test (O, P); scale bar 50 m. 
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Conditional TM-agrin overexpression in adult murine cortex 

 In order to investigate whether TM-agrin expression levels affect the 

formation/maintenance of synapses in vivo, I took advantage of a conditional TM-agrin knock-

in (KI) mouse model. In this mouse line, the overexpression of TM-agrin is regulated in a time- 

and space-specific manner, by exploiting the loxP/cre-ERT2 inducible system (Erdmann et al., 

2007; Metzger et al., 1995; Schwenk et al., 1998). A knock-in mouse line with a floxed stop 

cassette upstream of the TM-agrin cDNA was crossed with a mouse line expressing cre-ERT2 

under the CamKIIa promoter. This results in the overexpression of TM-agrin upon tamoxifen 

application. The CamKIIa promoter of the Cre recombinase provides spatial specificity to the 

Cre expression, i.e. in glutamatergic neurons of the neocortex and hippocampus (Fig. 15). 

 

Figure 15.  Breeding and induction scheme of TM-agrin overexpressing mice. A. Breeding strategy of 

generating the CamKIIa-Cre+/-//TM-agrinfl/- (Cre+/TM-agrin KI). B. Induction scheme of TM-agrin 

overexpression under tamoxifen administration. Tamoxifen in corn oil was injected intraperitoneally three times 

into 5-week-old mice. Two weeks after the last tamoxifen administration, the mice were sacrificed for further 

analyses. 

 

To validate the system of the inducible TM-agrin overexpression, I injected tamoxifen 

intraperitoneally three times in Cre+/-/TM-agrinfl/- (Cre+/TM-agrin KI) and Cre+/-/TM-agrin-/- 

(Cre+/TM-agrin WT) mice at the age of 5-weeks. Two weeks after the last injection, I observed 
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a significant increase in agrin puncta density (Fig. 16C) and puncta size (Fig. 16D), protein 

level (Fig. 16E,F) and transcript level (Fig. 16G). On the protein level, TM-agrin was 

approximately 8-fold overexpressed. This set of data confirms that in the conditional TM-agrin 

overexpressing mice, injection of tamoxifen induces a significant increase of TM-agrin mRNA 

and protein. 

 

 

Figure 16. Tamoxifen-induced overexpression of TM-agrin in vivo. Tamoxifen administration in Cre+/TM-

agrin KI increased the TM-agrin puncta density (C), size (D). In WB analyses, the ratio of the pixel densities 

between mutant and control were normalized to the expression level of the tau protein (E, F). The ratio of agrn 

transcript level in mutant and in control mice was normalized to the transcript level of hprt (G). Panel A’ and B’ 

represent higher magnifications of the areas indicated in panel A and B, respectively; N indicates number of mice; 

statistical analysis: unpaired t-test (C, D, F), Mann-Whitney test (G); scale bar 50 m (B, B’). 

 

TM-agrin overexpression affects transcript levels of several synapse-associated proteins 

 In order to understand whether TM-agrin overexpression affects synapse-associated 

proteins in vivo, I performed qRT-PCR analyses of several synaptic protein transcripts. 

Transcript levels of several pan-synaptic proteins, bsn (bassoon), syp (synaptophysin) and 
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vamp2 (synaptobrevin), were not altered after TM-agrin overexpression in vivo (Table. 9). 

Interestingly, transcript levels of excitatory synapse-associated proteins, such as dlg4 (PSD-95) 

and grin1 (the NR1-subunit of the NMDAR), were significantly increased (Table. 9, green). 

On the other hand, the transcript levels of the inhibitory synapse-associated proteins, including 

gphn (gephyrin) and gabra1 (the 1-subunit of the GABAAR), were significantly decreased 

(Table. 9, red). These results are in line with the changes observed in cultures of embryonic 

cortical neurons in vitro and suggest that the TM-agrin overexpression affects these proteins on 

the transcript level. 

 

Table 9. Transcript levels of several synapse-associated proteins after tamoxifen 

administration in adult Cre+/TM-agrin KI and Cre+/TM-agrin WT. 

TM-agrin overexpression did not change pan-synaptic markers transcript levels (bsn, syp and 

vamp2), increased transcript levels of dlg4 and grin1 (green-colored) and reduced transcript 

levels of gphn and gabra1 (red-colored); statistical analysis: Mann-Whitney-Test. 

 

Gene 

Protein 

8-week-old mice 

  

Fold 

difference p-value 

Mean ± Standard error of the mean 

(SEM) 

Cre+/Agrin WT 

(N) 

Cre+/Agrin KI 

(N) 

Presynaptic Proteins 

Bsn 

Bassoon 

11,90 ± 3,7 

(N=3) 

10,08 ± 7,38 

(N=4) 0,23 0,4 

Syp 

Synaptophysin 

27,22 ± 6,41 

(N=3) 

24,41 ± 23,63 

(N=3) 0,9 0,7 

Vamp2 

Synaptobrevin 

7,11 ± 0,80 

(N=3) 

6,012 ± 2,96 

(N=4) 0,85 0,63 

Postsynaptic and Scaffolding Proteins 

Dlg4 

PSD-95 

72,97 ± 31,11 

(N=5) 

165,6 ± 61,16 

(N=8) 2,27 0,04 

Gphn 

Gephyrin 

0,07 ± 0,002 

(N=5) 

0,002 ± 0,0003 

(N=5) 0,04 0,03 

Ionotrophic Receptors 

Grin1 

NR1-NMDAR 

25,65 ± 5,56 

(N=6) 

69,64 ± 5,57 

(N=3) 2,71 0,02 

Gabra1 

1-GABAAR 

35,81 ± 3,02 

(N=3) 

5,67 ± 3,10 

(N=5) 0,24 0,04 
*The qRT-PCR was carried out under a supervision by Dr. Schick. 
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TM-agrin does not colocalize with gephyrin but colocalizes with PSD-95 in vivo 

Several changes reported in the qRT-PCR analysis (table 9) suggested that TM-agrin 

might differentially regulate the expression level of excitatory and inhibitory synapse-

associated proteins in vivo. To investigate the spatial distribution of TM-agrin in relation to 

excitatory and inhibitory synapses in sections of cortices from wildtype adult mice, I analyzed 

the distribution of TM-agrin with respect to the distribution of gephyrin or of PSD-95. I 

observed that TM-agrin did not colocalize with gephyrin (Fig.  17A,A’). On the other hand, 

TM-agrin puncta partially colocalized with PSD-95 puncta (Fig. 17B,B’). These results 

demonstrate that TM-agrin is concentrated at least at a subset of excitatory synapses, but not at 

inhibitory synapses. 

 

 

Figure 17. A non-colocalization of TM-agrin with gephyrin and a colocalization of TM-agrin with PSD-95 

in WT cortical sections. (A, A’) TM-agrin puncta distribution (green) does not colocalize with gephyrin puncta 

(red). (B, B’) TM-agrin puncta (green) colocalizes with PSD-95 puncta (red, white head arrow), A’ and B’ panels 

are the magnifications of the corresponding panel A and B; scale bar 25 m. The images were taken as a single 

focal plane. 
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TM-agrin controls excitatory and inhibitory synapses in vivo  

In order to confirm the changes observed in the transcript levels, I analyzed the 

distribution of the corresponding proteins by performing immunohistochemical analyses in 

TM-agrin KI mice. In agreement with the lack of changes on the transcript level (Table. 9) and 

in agreement with the in vitro data (Fig. 11O–Q), the pan-synaptic protein marker, bassoon, 

was not affected in terms of puncta density or puncta size in TM-agrin overexpressing brains 

(Fig. 18A–D). 

 

 

Figure 18. TM-agrin overexpression did not alter bassoon puncta density and size, statistical analysis: 

unpaired t-test (C, D); scale bar 25 m. 

 

In contrast, a significant increase of presynaptic excitatory vGlut1 puncta density was 

observed in Cre+/TM-agrin KI neocortical sections compared to the control Cre+/TM-agrin 
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WT (Fig. 19A-D). Similarly, excitatory postsynaptic PSD-95, the NR1- and the NR2B-subunit 

of the NMDAR puncta density were also significantly increased (Fig. 19E-P). Together, these 

data suggest that TM-agrin overexpression in adulthood in vivo increases the density of 

excitatory pre- and postsynaptic synapses in a similar way as it does in cultures of cortical 

neurons. 

 

 

Figure 19. TM-agrin controls excitatory synapses density in vivo. TM-agrin overexpression in adulthood 

increased the puncta density of vesicular glutamate transporter-1 (A-C), PSD-95 (E-G), the NR1-subunit of the 

NMDAR (I-K) and the NR2B-subunit of the NMDAR (M-O); statistical analysis: Mann-Whitney test (C, G, H, 

K, O, P), unpaired t-test (D, L); scale bar 25 m. 
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In order to confirm the changes at the transcript levels of inhibitory synapse-associated 

proteins, the distribution of the corresponding proteins in Cre+/TM-agrin KI neocortices was 

analyzed. I observed a significant reduction in the density of puncta containing presynaptic 

protein vGAT (Fig. 20A–D) as well as postsynaptic gephyrin (Fig. 20E–H), collybistin (Fig. 

20I–L) and the 5-subunit of the GABAAR (Fig. 20M-O), demonstrating a reduction in 

transcript and protein levels of the inhibitory synapses after TM-agrin overexpression in 

adulthood in vivo. 
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Figure 20. TM-agrin controls inhibitory synapses density in vivo. TM-agrin overexpression in adulthood in vivo 

reduced the puncta density containing vesicular GABA transporter (A-C), gephyrin (E-G), collybistin (I-K) and 

the 5-subunit of the GABAAR (M-O). WB analysis on the membrane fraction did not show significant reduction 

on the gephyrin protein level (Q, R); statistical analysis: unpaired t-test (C, G, O, P), Mann-Whitney test (D, H, K, 

L, R); scale bar 25 m. 
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Collectively, these data confirm that the overexpression of TM-agrin in neurons in vitro 

and in vivo differentially regulates the formation/maintenance of synapses. On one side, the 

overexpression of TM-agrin increases the transcript and protein levels of excitatory synapse-

associated proteins. On the other side, TM-agrin’s overexpression reduces the transcript and 

protein levels of inhibitory synapse-associated proteins. 
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Discussion 

 Several lines of evidence have demonstrated the essential role of agrin, MuSK and Lrp4 

during formation, maintenance and regeneration of the NMJ (Tintignac et al., 2015). However, 

the role of these organizers in the CNS is poorly understood even though they are present in the 

CNS and concentrated at synapses (Kröger and Pfister, 2009). The widespread expression of 

these molecules, the diversity of their isoforms and the developmental regulation of their 

expression in neuronal and non-neuronal cells complicate the analysis of their functions and 

interactions. In my thesis, I carried out gain- and loss-of-function experiments, in order to better 

understand the role of agrin and its receptor complex during dendritic development and 

synaptogenesis in neocortical neurons in vitro and in vivo. My results are summarized in Table 

10. Since the complete knockout of either agrin, Lrp4 or MuSK is lethal, their specific function 

in the CNS remains largely to be unveiled. Although knockout or overexpressing these proteins 

is a non-physiologically situation, these approaches in general are considerably useful to 

investigate the interplay of agrin and its partners and their possible roles in developmental 

processes and in adulthood.  

 

Table 10. Summary: the effect of TM-agrin, Lrp4 and MuSK in dendritic arborization 

and synaptogenesis 

1. Differences of Lrp4-KO and MuSK-KO neurons compared to Lrp4-heterozygous or 

MuSK-heterozygous neurons 

Phenotype Lrp4-KO MuSK-KO 

Dendritic arbor 

complexity 

Reduced complexity 

compared to Lrp4-

heterozygous 

Reduced complexity 

compared to MuSK-

heterozygous 

Excitatory synapses Reduced excitatory 

synapses compared to 

Lrp4-heterozygous 

Unaffected compared to 

MuSK-heterozygous 

Inhibitory synapses Reduced inhibitory 

synapses compared to 

Lrp4-heterozygous 

Unaffected compared to 

MuSK-heterozygous 

 

2. The effect of TM-agrin overexpression on Lrp4-heterozygous and MuSK-heterozygous 

compared to heterozygous neurons transfected with GFP only 

Phenotype Lrp4-heterozygous plus 

TM-agrin 

MuSK-heterozygous plus 

TM-agrin 

Dendritic arborization 

complexity 

Unaffected  Unaffected  
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Excitatory synapses Increased excitatory 

synapses  

 

Increased excitatory 

synapses  

Inhibitory synapses Reduced inhibitory 

synapses 

Reduced inhibitory 

synapses 

 

3. The effect of TM-agrin overexpression on wildtype neurons 

Phenotype Wildtype neurons + TM-agrin 

Dendritic arborization 

complexity 

Unaffected  

Pan-synaptic marker Unaffected 

Excitatory synapses Increased excitatory synapses which depends on the y4, 

not the z8. 

 

Inhibitory synapses Reduced inhibitory synapses which depends on the 

presence and the phosphorylation of S17 residue. 

 

4. The effect of TM-agrin overexpression on Lrp4-KO and MuSK-KO neurons  

Phenotype Lrp4-KO + TM-agrin MuSK-KO + TM-agrin 

Dendritic arborization 

complexity 

Restored complexity 

similar to Lrp4-

heterozygous  

No effect; the complexity 

remained less complex 

similar to MuSK-KO 

Excitatory synapses No increased of excitatory 

synapses; density similar 

to transfected Lrp4-KO 

neurons, lower compared 

to Lrp4-heterozygous 

n.a. 

Inhibitory synapses No further reduction of 

inhibitory synapses; 

density similar to 

transfected Lrp4-KO  

n.a. 

 

5. The effect of soluble agrin incubation in neurons microisland culture compared to non-

treated neurons 

Phenotype Wildtype neurons plus 

soluble agrin 748 

Lrp4-KO neurons plus 

soluble agrin 748 

mEPSCs frequency and 

amplitude 

 

Increased compared to 

neurons without agrin 

treatment 

Unchanged compared to 

neurons without agrin 

treatment 

Number/area of 

VGluT1+2/AMPAR or 

VGluT1+2/PSD95 puncta 

Increased compared to 

neurons without agrin 

treatment 

n.d. 
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mIPSCs frequency and 

amplitude 

 

Unchanged compared to 

neurons without agrin 

treatment 

Unchanged compared to 

neurons without agrin 

treatment 

 

6. The effect of TM-agrin-y4z0 overexpression in brains from adult mice in vivo 

Phenotype TM-agrin overexpressing adult brains 

Pan-synaptic marker Unaffected 

Excitatory synapses Increased transcript and protein levels of excitatory 

synapse-associated proteins. 

 

Inhibitory synapses Reduced transcript and protein levels of inhibitory 

synapse-associated proteins.  

 n.d.: not determined; n.a.: not applicable 

 

TM-agrin, Lrp4 and MuSK affect dendritic arbor complexity 

 I investigate the role of TM-agrin, Lrp4 and MuSK on dendritic arborization in cortical 

neurons in vitro. To this end, I compared the effect of an overexpression of the neuronal TM-

agrin in WT neurons, in Lrp4-KO neurons and in MuSK-KO neurons with the effect of an 

overexpression in neurons from the corresponding heterozygous embryos. After transfection 

with TM-agrin, neurons from WT embryos showed no differences in dendritic arborization 

(number of primary dendrites extending from the cell body and total dendritic branch tip 

number) compared to neurons transfected with control vector encoding GFP. However, neurons 

transfected with TM-agrin have significantly shorter primary dendrites. My results are 

compatible to previous studies where agrin knockdown by shRNA in hippocampal neurons led 

to an increase in dendritic length (McCroskery et al., 2006). In contrast, incubation of 

hippocampal neurons with recombinant agrin increased dendritic branching and dendritic 

elongation, whereas inhibiting agrin’s translation by antisense oligonucleotides showed the 

opposite effect (Ferreira, 1999; Mantych and Ferreira, 2001). Potential explanations why I did 

not observe any change in the dendritic branching pattern after TM-agrin overexpression could 

be due to differences in the type of the neurons analyzed (cortical vs hippocampal neurons) or 

due to the isoforms of agrin used to transfect the neurons. In my experiments, I prepared primary 

cultures of embryonic neocortical neurons, whereas in the previous studies the analyses were 

mostly carried out in cultures of hippocampal neurons. Furthermore, I transfected the 

transmembrane-form of agrin whereas the other studies incubated with recombinant soluble 

agrin. In any case, my results show that TM-agrin controls dendritic length in cultures from 

cortical neurons. The exact mechanism of how TM-agrin influences the length of dendrites 

remains to be determined. 
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 Interestingly, the reduction of Lrp4 expression via miRNA lead to a similar phenotype 

in cortical neurons (Karakatsani et al., 2017) as the genetic deletion of Lrp4 expression. In both 

cases, the neurons have a lower density of dendritic spines and a lower number but longer 

primary dendrites (Karakatsani et al., 2017). Since the miRNA technique has several 

disadvantages, such as off-target effects (Singh et al., 2011), the possibility remained that the 

effect of Lrp4 knockdown was due to non-physiological side effects. However, genetic deletion 

of Lrp4 gene affected dendritic arborization in neocortical neurons in the same way as neuron-

specific knockdown of Lrp4 by miRNA in vitro and in vivo (Karakatsani et al., 2017). This 

clearly demonstrates that the miRNA effect was specific and suggests that the altered dendritic 

arborization pattern was not due to off target effects of the miRNA. On the other hand, mice 

lacking Lrp4 in the adult CNS showed no gross anatomical changes in adult neocortex, 

hippocampus and cerebellum (Gomez et al., 2014; Pohlkamp et al., 2015). It should be noted, 

however, that the effect of Lrp4 knockdown and overexpression in cortical neurons in vitro on 

the number of primary dendrites disappeared overtime as the neurons matured, suggesting the 

activation of compensatory or redundant mechanisms in vivo which maintained the dendritic 

tree structure (Karakatsani et al., 2017). Indeed, compensatory mechanisms for Lrp4 have been 

previously described during skeletal muscle development, such as functional compensation via 

Lrp1, which shares a high degree of homology with Lrp4 (Lane-Donovan et al., 2014; Li et al., 

2010). Similar to Lrp1, Lrp4 is concentrated in the PSD fraction similar to Lrp4. Moreover, due 

to their homologous structure, another LDLR family member, Lrp10, might similarly 

compensate the effect that was observed after Lrp4 manipulation in vivo (Brodeur et al., 2012; 

Lane-Donovan et al., 2014). In summary, Lrp4 is required for the normal dendritic arborization 

in the developing neurons, but its function in vivo in mature neurons might be compensated by 

functionally redundant proteins.  

 While Lrp4 is involved in regulating the dendritic arborization pattern, the question 

remains open whether MuSK is also involved. I showed that the absence of MuSK in cortical 

neurons led to a reduction of the number of primary dendrites and of the total dendritic branch 

tip number. This is the first evidence demonstrating a critical function of MuSK in regulating 

dendritic tree complexity and opens the questions of how MuSK regulates the dendritic 

morphology. One possible explanation is the interaction of MuSK with Wnt morphogens via 

its Frizzled-like/cysteine-rich domain. It was previously shown that the Frizzled-like domain in 

MuSK interacts with Wnt morphogens to maintain NMJ structural integrity (Messeant et al., 

2015). Moreover, pharmacological Wnt inhibition led to a reduction of the dendritic 

arborization in cultured cortical neurons (Hiester et al., 2013; Remedio et al., 2016). Thus, 
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MuSK could affect the formation of the normal dendritic arborization pattern by being a 

receptor for Wnt proteins during CNS development. 

 Interestingly, while TM-agrin overexpression could restore the dendritic arborization 

deficit in Lrp4-KO neurons, it had no such effect in MuSK-KO neurons. This suggests that 

MuSK, but not Lrp4, is required for the TM-agrin-induced changes in dendritic arborization. 

Of note, agrin is not able to directly bind to MuSK (Glass et al., 1996a). This suggests that in 

the developing CNS, TM-agrin might require additional proteins mediating the TM-agrin – 

MuSK interaction in order to regulate dendritic arborization. These proteins remain to be 

identified. 

The C-terminal half of TM-agrin was essential for rescuing the loss of the dendritic 

arborization complexity in Lrp4-KO neurons. This effect was independent of the C-terminal 

splicing isoforms and thus independent of a direct agrin-Lrp4 interaction. In fact, all of the 

splice variants of TM-agrin restored dendritic arborization complexity observed in Lrp4-

deficient neurons. Several molecules of the agrin signaling cascade have been shown to affect 

dendritic arborization. For example, agrin could regulate dendritic arborization via its 

interaction with dystroglycan (Bijata et al., 2015). Supporting this hypothesis, the C-terminal 

half of agrin, the binding domain between agrin and dystroglycan, was required for the TM-

agrin-mediated effect on dendritic arborization restoration in Lrp4-KO neurons. Alternatively, 

agrin’s effect could also be mediated by several other molecules, possibly interacting with 

agrin’s glycosaminoglycan side chains. For example, a previous report has shown a 

neuroprotective effect of the GAG-side chains, promoting dendritic arborization (Dudas et al., 

2008). In addition, the effect of agrin on dendritic arborization could be mediated by the 

activation of the mitogen-activated protein kinase (MAPK) pathway, which has been reported 

to be important for regulating dendritic tree complexity (Jan and Jan, 2010) and which has been 

shown to be reduced in agrin-deficient brains (Ksiazek et al., 2007). Thus, agrin regulates 

dendritic arborization under certain conditions and this function requires its half C-terminus 

and potentially an interaction with other molecules. 

Interestingly, neurons from Lrp4-KO and MuSK-KO mice displayed longer primary 

dendrites compared to control neurons suggesting a negative correlation between dendritic 

arborization complexity and length of primary dendrites, i.e. the more complex the dendritic 

arborization, the shorter the dendritic length. A similar observation has been reported in Lrp4-

miRNA-treated neurons (Karakatsani et al., 2017). This suggests that both parameters, the 

dendritic arborization and the dendritic length, might depend on each other. However, further 
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investigations are clearly needed to assess whether these parameters are causally and 

functionally related.   

 Together these results stand in favor of multiple mechanisms through which TM-agrin 

might regulate dendritic complexity. Conclusions on how agrin controls dendritic tree 

morphology should be taken carefully, since TM-agrin overexpression in WT neurons did not 

cause any changes in dendritic arborization. Therefore, the effect of agrin on dendritic 

complexity might only take place selectively under specific conditions, such as when the 

conditions for dendritic arborization development is not optimal, as in the case in neurons which 

lack of Lrp4-expression. 

 

The role of TM-agrin, Lrp4 and MuSK in excitatory synapse development and spine 

formation 

 To investigate the effect of neuronal agrin during the development of excitatory 

synapses, I quantified the density of excitatory pre- and postsynaptic-related proteins after TM-

agrin overexpression in WT neocortical neuronal cultures. I observed a significant increase in 

the density of the excitatory presynaptic marker vGlut1, as well as of postsynaptic markers 

PSD-95 and the NR1-subunit of the NDMA receptor. This observation is in line with previous 

loss-of-function experiments where the agrin-deficiency in hippocampal cultures and in mice 

in vivo reduced the density of dendritic spines, PSD-95 puncta density and frequency and 

amplitude of mEPSCs (Ksiazek et al., 2007; McCroskery et al., 2009). However, only a 30% 

loss of synaptic density was observed in agrin-deficient brains, suggesting that compensatory 

mechanisms are activated to take over the function of agrin during synapse formation and/or 

maintenance (Ksiazek et al., 2007). Moreover, previous studies reported an impairment of 

excitatory synapse formation after blockade of agrin’s translation with antisense 

oligonucleotide (Bose et al., 2000; Ferreira, 1999). In contrast, synaptic puncta analysis in 

cultures from agrin-deficient cortical and hippocampal neurons did not show any change in the 

number of synapses (Li et al., 1999; Serpinskaya et al., 1999). The reason for this discrepancy 

is unknown. However, since the effect of overexpression or of the knockdown was only 

quantitative in the range of 30 %, the possibility exists that this minimal effect escaped the 

analysis. In any case, the vast majority of evidence stands in favor of TM-agrin playing a role 

in the formation or maintenance of excitatory synapses.  

 Analysis of Lrp4-KO neurons showed that Lrp4 is required for spinogenesis and 

excitatory synapses formation. In Lrp4-KO neurons, the density of dendritic spines and of PSD-

95 puncta were lower compared to wildtype neurons. Thus, Lrp4 expression is required for the 
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formation of excitatory synapses and dendritic spines. A function of Lrp4 in controlling the 

formation of dendritic spines and excitatory synapses has been previously suggested using a 

knockdown approach in vitro (Karakatsani et al., 2017) and in vivo (Gomez et al., 2014; 

Pohlkamp et al., 2015). In vitro, the reduction of Lrp4 level in hippocampal and cortical neurons 

led to a reduction of the spine density and of the puncta density containing PSD-95, whereas 

the overexpression displayed the opposite phenotypes (Karakatsani et al., 2017). In all cases, 

Lrp4 deficiency led to an approximately 50% reduction of mEPSCs frequency, impairment of 

the hippocampal LTP and of a longer latency of learning of the mutant mice to reach the 

platform in the Morris water maze test (Gomez et al., 2014). My results together with the 

previously published evidence confirm Lrp4 as a key player during spinogenesis, 

synaptogenesis and synaptic plasticity.  

To investigate whether TM-agrin and Lrp4 cooperate in regulating spinogenesis and 

synaptogenesis, I overexpressed TM-agrin in Lrp4-KO neurons. The overexpression of TM-

agrin under these conditions showed no increase in PSD-95 puncta density compared to TM-

agrin overexpression in WT cortical neurons. Therefore, it can be concluded, that Lrp4 

expression is necessary to control excitatory synapse density, and that TM-agrin might 

cooperate with Lrp4 to exert its effect on excitatory synapses. 

 Overexpression of TM-agrin together with Lrp4 miRNA in the same WT neuron 

showed that the knockdown of Lrp4 level abolished the TM-agrin-mediated increase of 

excitatory synapses. Based on the previous observation that agrin requires Lrp4 to exert its 

effect on excitatory synapses. I conclude that the presence of Lrp4 in the same neuron, which 

overexpresses TM-agrin, is required for controlling excitatory synapses. The increase of 

excitatory synapses that was exerted by TM-agrin overexpression in miRNA-Lrp4 treated cells 

and is therefore very likely due to a trans interaction between TM-agrin and synaptic or non-

neuronal Lrp4 in non-transfected cells. Alternatively, the effect might be caused by the residual 

Lrp4, which is still expressed at a low-level in the knockdown experiments. Therefore, the 

presence of Lrp4 in the same cells appears to be required for the TM-agrin overexpression-

mediated effect in regulating the excitatory synapses.  

 In the CNS, Lrp4 is expressed in neuronal and non-neuronal cells, such as glial cells 

(Lein et al., 2006; Sun et al., 2016; Tian et al., 2006). Neuronal and glial Lrp4 might have 

different functions during CNS development. Astroglial Lrp4 modulates synaptic transmission 

at glutamatergic synapses by acting as a glutamatergic transmission modulator via suppression 

of ATP/adenosine through adenosine A1 receptor on glutamatergic neurons (Sun et al., 2016). 

The genetic deletion of Lrp4 in astrocyte leads to an increase secretion of ATP which then 
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suppresses the glutamatergic transmission in the hippocampus (Sun et al., 2016). Interestingly, 

the absence of astroglial Lrp4 has no effect on the dendritic spine density in the hippocampus 

(Sun et al., 2016).  

Several lines of evidences showed that neuronal Lrp4 affects synapses. Neuronal Lrp4 

expression levels regulate the development of excitatory synapses (Karakatsani et al., 2017). 

Moreover, Lrp4 is concentrated in synaptosomal fractions and has been described to play a 

critical role in synaptogenesis and synaptic-related plasticity (Gomez et al., 2014; Karakatsani 

et al., 2017; Mosca et al., 2017; Pohlkamp et al., 2015). Interestingly, the absence of Lrp4 in 

the CNS does not disturb the overall anatomical organization of the brain (Gomez et al., 2014). 

Instead, neuronal Lrp4 might account for controlling synapse density, synaptic function as well 

as hippocampal LTP (Gomez et al., 2014; Pohlkamp et al., 2015). Further evidence 

strengthening the hypothesis of a role of neuronal Lrp4 in synapse formation and/or 

maintenance such as that the knockdown of Lrp4 in neurons resulted in lower dendritic spine 

density, fewer excitatory synapse-like specializations and fewer presynaptic cells labelled by 

trans-synaptic tracing with rabies virus (Karakatsani et al., 2017). Furthermore, mice without 

Lrp4 displayed impairment in cognitive tasks related to learning and memory (Gomez et al., 

2014). Overall, these evidences suggest that neuronal Lrp4 is required for the formation or 

maintenance of the excitatory synapses, whereas the astroglial Lrp4 is important for modulating 

the glutamatergic synaptic transmission. 

 I did not observe a change in the development of excitatory synapses, i.e. PSD-95 puncta 

density, in MuSK-KO neurons. Thus, MuSK expression is apparently not required for the 

formation of the normal density of excitatory synapses. However, MuSK-KO neurons showed 

fewer dendritic spines compared to control neurons. These contradictory observations could be 

explained by the fact that MuSK might establish the structural anatomy of excitatory synapses 

but does not recruit PSD-95 into the newly formed spines. Previous evidence suggested that the 

presence of PSD-95 does not always correlate with the presence of dendritic spines, meaning 

that the spines without PSD-95 are subject to be modified, being retracted compared to those 

that contain PSD-95 (Cane et al., 2014). Furthermore, the downregulation of the PSD-95 

expression level does not affect dendritic spines formation (Woods et al., 2011).  

TM-agrin overexpression in MuSK-KO neurons increased the density of excitatory 

synapses compared to the corresponding control neurons. Therefore, in contrast to Lrp4, MuSK 

expression is apparently not required for the TM-agrin overexpression-mediated increase of 

excitatory synapses. TM-agrin was still able to exert its effect on excitatory synapses formation 

in the absence of MuSK. In conclusion, the mechanism of dendritic spine and excitatory 
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synapses formation in the CNS does not require MuSK suggesting a different molecular 

mechanism for TM-agrin activity during synaptogenesis in the CNS and at the NMJ. 

 Besides a less complex dendritic tree, Lrp4- and MuSK-KO neurons have lower 

densities of dendritic protrusions compared to control neurons. It has been hypothesized that 

immature dendritic filopodia-like protrusions evolve into dendritic mature mushroom-like 

protrusions, which eventually transform into contact sites between pre- and post-synaptic 

excitatory specializations (McCroskery et al., 2006; Miermans et al., 2017). Previous studies 

reported that TM-agrin overexpression in various cell types causes the formation of filopodia-

like protrusions (Annies et al., 2006; McCroskery et al., 2006; Ramseger et al., 2009) and it 

was hypothesized that these protrusions might be precursors for dendritic spines. Thus, TM-

agrin might enhance synapse formation by promoting these filopoda-like protrusions. In my 

experiments, the overexpression of TM-agrin increased the density of dendritic protrusions in 

neocortical neuronal culture, independently of the presence of Lrp4 and MuSK. This confirmed 

that TM-agrin is able to induce filopodia-like processes. Moreover, the induction of filopodia-

like processes by TM-agrin depends on the formation of lipid rafts and requires the activation 

of MAPK and Fyn kinases (Ramseger et al., 2009). In addition, the filopodia formation induced 

after TM-agrin overexpression in SH-SY5Y neuronal cells requires Cdc42, the Rho family 

GTPase (McCroskery et al., 2006). The impetus of Cdc42 has been shown to be able to further 

activate MAP kinase pathway (Kang et al., 2008). The formation of the filopodia-like 

protrusions required the 7th-follistatin-like domain (Porten et al., 2010), whereas the formation 

of excitatory synapses required a 4 amino acid insertion at splice site y. Thus, the formation of 

filopodia-like protrusions and the formation of excitatory synapses might be controlled by 

different domains within TM-agrin. This would suggest that the TM-agrin-mediated formation 

of the filopodia-like protrusions might not be related to the formation of excitatory synapses. 

Therefore, the physiological role of dendritic filopodia-like protrusions remains unclear and 

needs to be further investigated. 

 

Domain of TM-agrin that regulates excitatory synapse development 

 Agrin is a large multidomain protein. However, little is known about the function of 

individual domains in the developing CNS. In my study, I showed that specific splice variants 

of TM-agrin regulate excitatory synapse development. The increase of excitatory synapses was 

observed after transfection of TM-agrin-y4z8 and TM-agrin-y4z0, but not of TM-agrin-y0z0. 

Therefore, the TM-agrin overexpression-mediated increase of excitatory synapses required the 

four amino acid insert at the y-splice site of the LG2 domain. The importance of the LG2 
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domain for TM-agrin’s interaction with chick ciliary neurons has been shown previously 

(Burgess et al., 2002). Interestingly, the presence of eight amino acids at the z-site, which is 

essential for the effective binding between agrin and Lrp4, was not required for excitatory 

synapse formation. The current finding at the same time rejected also our hypothesis in which 

TM-agrin-mediated filopodia-like processes act as the precursors of excitatory synapses. These 

two events are induced by two different domains: the y-splice site for the excitatory synapse 

formation and the 7th-follistatin-like domain for the filopodia-induce activity. This finding is 

the first evidence for a role of the y-splice site of agrin and allows us to gain insights into new 

functions of agrin mRNA splicing in neocortical excitatory synapse development: while the 

formation of cholinergic specialization at the NMJ is regulated by agrin-y4z8, glutamatergic 

synapses in the CNS appear to be regulated by agrin-y4z0.  

The TM-agrin-mediated-increase of excitatory synapses required the expression of 

Lrp4. However, it did not require direct binding of TM-agrin to Lrp4. Thus, the formation of 

the NMJ and of excitatory synapses in the CNS differ in their requirement of a direct interaction 

of Lrp4 and TM-agrin. I hypothesize that there might be an indirect interaction between both 

molecules. In principle, this could be mediated by several candidate molecules. One potential 

candidate is the amyloid precursor protein (APP). APP, Lrp4 and agrin have been shown to 

cooperate and bind to each other during synaptogenesis and maintenance of the NMJ (Choi et 

al., 2013; Cotman et al., 2000). APP and agrin share a heparin/heparan-sulfate binding domain: 

the E2 domain of APP is required for APP’s binding to heparansulfate, whereas the presence 

of four amino acid insert at y-splice site of agrin increases the binding affinity of TM-agrin with 

heparansulfate (Gesemann et al., 1996). In addition, Lrp4 binds directly to APP via its 

extracellular domain (Pohlkamp et al., 2015). Therefore, it is possible that TM-agrin together 

with APP and Lrp4 form a complex which regulates the formation of excitatory synapses in the 

CNS, possibly via the intracellular domain containing PDZ-containing domain of Lrp4 (Tian 

et al., 2006). 

To investigate the hypothesis of an agrin/APP interaction, I analyzed APP puncta 

density following overexpression of distinct TM-agrin splice variants. TM-agrin-y4z8 and TM-

agrin-y4z0, but not TM-agrin-y0z0, increased the density of APP puncta on dendrites. This 

suggests that the presence of the four amino acid insert at the y-splice site, but not the Lrp4-

binding domain itself, was required for the increase of APP puncta density after TM-agrin 

overexpression in vitro. A similar effect of TM-agrin overexpression was observed in the case  

of the excitatory synapse markers PSD-95 and NR1, further supporting the idea that APP 
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cooperates with TM-agrin and Lrp4 to increase the density of excitatory synapse-associated 

specializations. 

 

The role of TM-agrin, Lrp4 and MuSK during inhibitory synapse development 

 Since the pan-synaptic marker bassoon did not display any change following TM-agrin 

overexpression in vitro, I hypothesized that the increase in excitatory synapse density might be 

accompanied by a similar decrease of inhibitory synapses. This would indicate that TM-agrin 

controls inhibitory synapse formation as well. In agreement with the hypothesis, I observed a 

reduction in the density of synaptic puncta containing inhibitory specializations, such as vGAT, 

gephyrin, collybistin and the 1-subunit of the GABAAR, after TM-agrin overexpression in 

vitro. Moreover, overexpression of TM-agrin affected only synapse-associated proteins, but not 

extrasynaptic inhibitory-associated protein, such as the 5-subunit of the GABAAR. These 

results demonstrate that TM-agrin overexpression specifically altered excitatory and inhibitory 

synapse density and that both type of synapses were affected in the opposite direction, i.e. an 

increase of excitatory- and a decrease of inhibitory synaptic specializations, without influencing 

the distribution of the inhibitory extrasynaptic neurotransmitter receptors. Since inhibitory 

neurotransmitter receptors exist in synaptic as well as in extrasynaptic pools, it remains to be 

determined, if agrin selectively affects either one of these pools or if it affects the relative 

distribution of proteins between both pools. 

 The effect of TM-agrin overexpression on inhibitory synapses was independent of the 

presence of MuSK. Thus, similar to the effect of TM-agrin overexpression on excitatory 

synapses, MuSK was not required for the TM-agrin-mediated effect to downregulate inhibitory 

synapses in neocortical cultures. Surprisingly, Lrp4 acted in an opposite manner compared to 

TM-agrin, i.e. TM-agrin-overexpression and Lrp4-deficiency reduced the density of inhibitory 

synapses. This would support the hypothesis that both molecules, Lrp4 and TM-agrin, control 

inhibitory synapse formation via independent mechanisms. Moreover, Lrp4-deficient brains in 

vivo were previously reported to have a significant reduction of the 2-subunit of the GABAAR 

expression level in the hippocampus (Gomez et al., 2014), suggesting a crucial function of Lrp4 

in regulating the formation and/or maintenance of inhibitory synapses, in vitro and in vivo. 

 

Domain of TM-agrin that regulates inhibitory synapse development 

 In my thesis, I provide evidence that the presence of the conserved serine 17 was 

necessary for the TM-agrin-mediated effect on inhibitory synapses. Point mutation of serine to 

aspartic acid (phosphomimetic mutation) could reduce inhibitory synapse density, whereas the 
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point mutation of serine to alanine (an amino acid that cannot be phosphorylated) showed no 

reduction. This demonstrates the importance of serine 17 for inhibitory synapse formation and 

further suggests that the phosphorylation of serine 17 might regulate TM-agrin’s effect on 

inhibitory synapses. 

Phosphorylation is a common post-translational modification, which controls the 

function of many proteins. Gephyrin itself, for example, is subject to post-translational 

phosphorylation and this modification regulates the aggregation of gephyrin at synapses via 

putative extracellular signal regulated kinase 1/2 and glycogen synthase kinase 3 (Battaglia et 

al., 2018; Bausen et al., 2010; Kuhse et al., 2012; Tyagarajan et al., 2011). Mutating serine 17 

to alanine or aspartic acid did not affect excitatory synapse density (data not shown), 

demonstrating that the serine-residue influenced specifically inhibitory synapses. This stands 

in favor of opposing effects of TM-agrin overexpression on glutamatergic and GABAergic 

synapses, with two different domains within TM-agrin being responsible for excitatory and 

inhibitory synapse formations.  

 

The effect of TM-agrin overexpression in synapse-related plasticity in adult cortex  

 In wildtype mice, immunoreactivity with an antibody specific for TM-agrin in the 

cortices colocalized with a subset of excitatory synapses, but not with inhibitory synapses. This 

is consistent with previously published data (Ksiazek et al., 2007) which showed a 

colocalization of PSD-95 with a pan-specific anti-agrin antiserum and an absence of 

colocalization with the 2-subunit of the GABAAR. The absence of a colocalization of TM-

agrin and gephyrin suggests that the reduction of inhibitory synapses after TM-agrin’s 

overexpression does not require the concentration of TM-agrin at inhibitory synapses. It seems 

likely, therefore, that the activation of an intracellular signaling cascade possibly via serine 17 

phosphorylation is sufficient for the formation of the postsynaptic specialization of inhibitory 

synapses. In addition, I observed that not all of the PSD-95 puncta colocalized with TM-agrin, 

suggesting that only specific isoforms of TM-agrin are concentrated at excitatory synapses or 

that only a subset of excitatory synapses is immunopositive for TM-agrin. Further studies are 

clearly required to elucidate the molecular mechanisms and the intracellular signaling cascades 

activated by TM-agrin which regulate the density of excitatory and inhibitory synapses in vivo. 

Agrin is not only essential during NMJ development, but also for stabilizing synaptic 

specializations at adult NMJ (Samuel et al., 2012). It has previously been shown also that agrin 

expression is upregulated following traumatic brain injury (Falo et al., 2008), suggesting a role 

of agrin also during periods of synaptic-plasticity in the adult brain. To learn if TM-agrin might 
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similarly be involved in synapse maintenance in the adult brain, I characterized mice that 

conditionally overexpressed TM-agrin-y4z0 after tamoxifen administration, under the control 

of the CamKIIa promoter, which is selectively expressed in glutamatergic neurons of the 

neocortex (Schick, 2018). Following validation of TM-agrin overexpression by analyzing TM-

agrin transcript and protein levels, I investigated the expression of synapse-associated proteins. 

I observed a significant increase in vGlut1, PSD-95, the NR1-subunit of the NMDAR transcript 

levels. This increase in mRNA levels was accompanied by a concomitant increase in their 

dendritic puncta densities. Both changes occurred in adult mice 14 days after tamoxifen-

induced TM-agrin overexpression. In addition, Anna Schick showed that spine head size and 

PSD-95 puncta intensity were specifically increased in the apical dendrite of pyramidal neurons 

of the neocortex and hippocampus of TM-agrin-overexpressing mice (Schick, 2018). These 

morphological changes at excitatory synapses were in agreement with a previous publication 

showing that agrin-deficient brain had fewer dendritic spines and a reduction of mEPSCs 

frequency, suggesting that these mice have fewer functional excitatory synapses (Ksiazek et al., 

2007). Together these results support a critical role of TM-agrin not only during synaptogenesis 

in the developing brain, but also in the maintenance of synapses in the adult brain in vivo. 

 Analysis of the inhibitory synapse density has shown that TM-agrin overexpression led 

to a decrease of both pre- and postsynaptic inhibitory synaptic proteins, such as vGAT, gephyrin 

and collybistin. Although these results were in line with my in vitro evidence, they represent a 

discrepancy to the lack of changes at inhibitory synapses as well as in mIPSCs frequency and 

amplitude in agrin-deficient brains (Ksiazek et al., 2007). My identification of serine 17 as an 

essential part of TM-agrin required for the downregulation of inhibitory synapses might offer 

an explanation for this discrepancy. The mouse line with an agrin-deficient brain was generated 

by crossing agrin knockout mice with a mouse line in which NtA-agrin was expressed 

selectively in HB9-positive neurons, i.e. motoneurons (Ksiazek et al., 2007). This rescued the 

perinatal lethality of the mice and allowed the analysis of agrin-deficient brains. The agrin 

knockout mice were generated by inserting a neomycin cassette downstream of exon 5, leading 

to a deletion of exons 6-33. However, exon 1-5 might still be transcribed (Lin et al., 2001). 

Accordingly, these mice might still express a truncated TM-agrin protein containing the 

intracellular and the transmembrane domains of TM-agrin. Since this part of TM-agrin was 

sufficient for the downregulation of inhibitory synapses, the distribution and expression of 

inhibitory synapse-associated proteins might not be observed in this agrin-deficient brain. 

Along the same line: the identification of serine 17 as essential for TM-agrin’s downregulation 

also explains, why the addition of soluble agrin, in which the intracellular domain is not present, 
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to cortical microisland cultures showed no effect on the frequency and the amplitude of mIPSCs 

(Handara et al., 2019). 

Interestingly, unlike the unaffected extrasynaptic inhibitory component during 

synaptogenesis in vitro, TM-agrin overexpression in vivo affected all inhibitory synapse-

associated proteins, including the extrasynaptic 5-subunit of the GABAAR. One possible 

explanation why this subunit was affected in vivo but not in vitro could be that TM-agrin might 

exert different effects on GABAergic synapses depending on the developmental status (i.e. 

developing vs adult neurons) of the synapses. Moreover, it should be kept in mind that the exact 

role of the extrasynaptic 5-subunit of the GABAAR during synapse development and 

adulthood is not entirely clear (Brady and Jacob, 2015), which precludes a precise interpretation 

of how TM-agrin might differentially regulate synaptic and extrasynaptic inhibitory 

neurotransmitter receptors. 

  In agreement with the in vitro result, the density of puncta labeled by the pan-synaptic 

protein bassoon was also not altered in vivo following TM-agrin overexpression. Therefore, the 

opposing effects of TM-agrin overexpression on excitatory and inhibitory synapses might keep 

the total number of synapses at a relatively constant level, suggesting a possibly role of TM-

agrin in the maintenance of an adequate excitatory/inhibitory balance. 
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Conclusion 

In summary, both Lrp4 and MuSK are required for normal dendritic arborization and 

TM-agrin affects dendritic arborization by acting in concert with MuSK. TM-agrin’s effect on 

excitatory synapses requires Lrp4, whereas the TM-agrin-mediated downregulation of 

inhibitory synapse does not require Lrp4. MuSK appears not to be involved at all in synapse 

development. Two different regions of TM-agrin affect the control of the two types of synapses: 

the presence of four amino acids at the y-splice site of TM-agrin is essential for excitatory 

synapse regulation, whereas the presence of the conserved intracellular serine residue 17 

regulates the inhibitory synapses. Together these data unveil specific and selective roles for 

TM-agrin, Lrp4 and MuSK in dendritic arborization and synapse formation during development 

in vitro and in the adult CNS in vivo. Moreover, my results further support the hypothesis that 

the formation and maintenance of the neuromuscular junction and of synapses in the CNS share 

common molecular determinants. 
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Annexes 

List of abbreviations 

nAChRs : nicotinic acetylcholine receptors 

AMPAR : α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

bp  : basepairs 

BLASTp  : basic local alignment search tool for protein 

BSA  : bovine serum albumin  

CAG   : chicken-beta-actin 

CamKIIa : Calcium/Calmodulin dependent protein kinase II alpha 

cDNA  : complementary deoxyribonucleic acid 

CMV  : cytomegalovirus 

DAPI  : 4’,6-diamidino-2-phenylindole 

DIV  : day in vitro 

E  : embryonic day 

GABA  : γ-aminobutyric acid 

GFP  : green fluorescent protein 

HA  : human influenza hemagglutinin 

HEK  : human embryonic kidney 

HSPG  : heparan sulfate proteoglycan 

ICC  : immunocytochemistry 

IHC  : immunohistochemistry 

IRES  : internal ribosome entry site 

kD  : kilo Daltons 

Lrp4  : low-density lipoprotein receptor-related protein 4 

mEPSCs  : miniature excitatory postsynaptic currents 

mIPSCs  : miniature inhibitory postsynaptic currents 

MuSK  : muscle-specific tyrosine kinase 

NMJ  : neuromuscular junction 

NMDAR : N-Methyl-D-aspartat receptor 

PDL  : poly‐D‐lysine 

PFA  : paraformaldehyde 

PSD-95 : postsynaptic density protein-95 

qRT-PCR : quantitative real time polymerase chain reaction 

RFP  : red fluorescent protein 
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RT  : room temperature 

SEM  : standard error of the mean 

TM-agrin  : transmembrane-form of agrin 

WB  : Western blotting 
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	Neurons and synapses as a core functional unit in central nervous system

	The brain is the most complex of all biological systems. The human brain consists of more than 1011 neurons plus an additional 5-10 times the number of glial cells (Herculano-Houzel, 2009). The function of this enormous number of individual cells in ...
	The view of synapses as intercellular communication sites was part of the so-called ‘neuron theory’ proposed in 1888 by Santiago Ramon y Cajal. This theory suggested a non-continuity of cells in the CNS. The cells were thought to form a functional ne...
	Cellular and molecular components of synapses

	In general, synapses are grouped into electrical and chemical synapses. Electrical synapses were first observed in crayfish by Edwin Furshpan and David Potter and consist of two membranes continuously connected by an apparatus, termed gap-junction, w...
	Based on electron microscopic observations, Edward George Gray classified synapses as a Gray’s type 1 or an excitatory synapse and as a Gray’s type 2 or an inhibitory synapse (Gray, 1959). The type 1 synapse is characterized by an asymmetric thickness...
	The type 1 synapses represent approximately 80 % of all cortical synapses. They consist of a presynaptic axonal bouton containing vesicles filled with the neurotransmitter glutamate, a 20 nm wide synaptic cleft and an electron-dense thickening of the ...
	The presynaptic boutons are swellings on the axon terminations containing the neurotransmitter-filled vesicles and the cellular machinery for the calcium-dependent release of the neurotransmitter. On these boutons, the postsynaptic-facing site is call...
	The morphology of dendritic spines is plastic, and the transformations correlate to their degree of maturation (De Roo et al., 2008a; De Roo et al., 2008b; De Roo et al., 2008c; Ethell and Pasquale, 2005; Kasai et al., 2003). In the electron microscop...
	Subcellularly, dendritic spines host a number of membrane-bound organelles. The rough endoplasmic reticulum for example is primarily located in the cell body and proximal dendrites, but the smooth endoplasmic reticulum is predominantly located in dist...
	Two major families of scaffolding proteins are concentrated in the postsynaptic density. They both anchor the neurotransmitter receptors to the cytoskeleton: Shank proteins and the membrane-associated guanylate kinases (MAGUKs). The Shank family consi...
	The most important member of the MAGUKs are PSD-95-related proteins. This family is encoded by four genes, which encode PSD-95/SAP90 (synapse-associated protein 90), PSD-93/chapsyn110, SAP102 and SAP97. All of these proteins contain three PDZ domains,...
	In terms of functions, the scaffolding proteins play important roles during different stages of synapse development. During early phases of synapse development, the SAP-102 is required for the clustering of NMDA and AMPA receptors. Whereas during the...
	Postsynaptic scaffolding molecules at inhibitory synapses consist of different molecules compared to the excitatory synapses. One of the most extensively studied proteins at inhibitory synapses is gephyrin. Originally, gephyrin, a 93-kDa protein, was ...
	Structurally, gephyrin consists of three major domains: G, C and E domains. The E domain mediates the interaction between gephyrin and glycine receptors (GlyRs) by binding to the (-loop of the (-subunit of the GlyRs (Meyer et al., 1995; Schrader et a...
	In addition to GlyRs, an interaction of gephyrin with GABAAR has been previously described. The (2-subunit of the GABAAR interacts directly with gephyrin via a 10-amino-acid hydrophobic motif within the intracellular domain of gephyrin (Tretter et al....
	Gephyrin is a phosphoprotein with 22 phosphorylation sites (in mouse and rat brains), which are located mostly within the C domain (Kuhse et al., 2012; Langosch et al., 1992). The C domain contains several residues that are modified post-translationa...
	The anchoring of gephyrin in the neuronal postsynaptic membrane requires an essential interacting-protein, the neuron-specific dbl-like GDP/GTP exchange factor, named collybistin (Kins et al., 2000). Collybistin binds to the C-terminal domain of geph...
	Synaptogenesis in the CNS

	The formation of the complex molecular specializations mentioned in the paragraphs above are required for the establishment of synaptic connectivity. It is therefore conceivable that the formation and maintenance of these synaptic specialization is a...
	Synapses in the nervous system undergo several changes during the life of a mammalian organism. They are formed during embryonic and early postnatal development, maintained into the adult, shaped during synaptic plasticity and reformed during regener...
	The formation, organization and maintenance of synapses during development involve a complex, yet highly orchestrated interaction of proteins, including trans-synaptic adhesion molecules (CAM) between the presumptive presynaptic and postsynaptic cells...
	At the molecular level, the formation of synapses requires cell adhesion molecules (CAM), such as the cadherins, the neuroligin-neurexin complex and ephrin/Eph receptors (Graf et al., 2004; Inoue and Sanes, 1997; Paradis et al., 2007; Sudhof, 2018). T...
	The clustering of receptors during synaptogenesis at type 1 synapses requires trans-synaptic signaling, from the pre-synaptic to the post-synaptic compartment that leads to the activation of NMDA receptors. The activation of NMDARs alters the phosphor...
	In order to form a functional synapse, many molecular components need to be assembled at the site where the synaptic communication will be established. There are two possible scenarios of how synaptic components are assembled. Firstly, the synaptic pr...
	The assembly of the presynaptic specialization has been reported to be dependent on vesicular intermediates that will deliver most of the synaptic vesicle proteins to nascent synapses (Bauerfeind and Huttner, 1993). The presynaptic protein piccolo, fo...
	The postsynaptic specializations, on the other hand, develop more gradually with postsynaptic proteins being individually recruited to the synaptic membrane (Sudhof, 2018). As mentioned previously, dendrites contain the molecular machinery for protein...
	PSD-95, GAKP and Shank proteins are transported in an actin-dependent manner in non-synaptic clusters (Setou et al., 2000) to the postsynaptic membrane and become incorporated at the contact sites close to the presynaptic active zones (Gerrow et al., ...
	The establishment of the contact between the pre- and postsynaptic membrane undergoes several alterations to modify and stabilize the respective compartments. This transforms an instable structure with immature function into a stable adult synapse. I...
	Both newly formed and mature spines require a set of molecules that are essential for their normal function. These set of molecules consist of receptors, which are important for the neurotransmission. Two main groups of receptors are responsible for n...
	Newly formed synapses need to be maintained in the adult nervous system. In vivo imaging of mature somatosensory cortex, visual cortex and organotypic hippocampal slice cultures demonstrated, that synapses undergo a turnover, meaning that they remain...
	Synaptogenesis at the neuromuscular junction

	The molecular basis of synaptogenesis in the developing CNS is not entirely clear. In contrast, much more is known about the development of a specialized synapse outside the brain, the neuromuscular junction (Tintignac et al., 2015). Our laboratory an...
	The NMJ is one of the best-characterized synapses in the entire nervous system. NMJs are communication sites between axons of (-motoneurons and skeletal muscle fibers (Tintignac et al., 2015). The formation, maintenance and regeneration of the NMJ req...
	Agrin is a large multidomain protein that belongs to the family of heparan sulfate proteoglycans (HSPG) because of its post-translational modification with one or more covalently attached heparan sulfate (HS) chains. Agrin was initially purified and c...
	The transcription product of the Agrn gene is an approximately 9500-nucleotide-long mRNA that is translated into a large multidomain protein with a molecular mass of 220 kDa. As mentioned above, agrin is also subject to extensive modifications, such a...
	According to the ‘agrin hypothesis’ (McMahan, 1990), agrin is synthesized by motoneurons and transported along their axons to the nerve terminal at the NMJ. It is secreted at the contact site between axonal growth cone and target myofiber and then st...
	Agrin-induced signaling is also required for the formation of structural specializations of the NMJ, including junctional folds (Marques et al., 2000; Meier et al., 1997) as well as for the synapse-specific gene expression, such as utrophin (Grady et ...
	The agrin cDNA predicts a number of structural domains within the agrin protein, including domains similar to EGF, follistatin and the globular domain of the laminin ( chain (Denzer et al., 1998). The function of these domains is mostly unknown, but ...
	Splicing at the y/A site in the LG2-domain generates agrin isoforms which contain or lack an insert of 4 amino acids. This splice site itself does not regulate agrin’s synaptogenic activity at the NMJ, but the insertion of an exon coding for 4 amino ...
	Figure 1. Domain structure of agrin. Alternative first exon usage generates two isoforms of agrin, the soluble, secreted-form of agrin (NtA-agrin) and membrane-anchored-form of agrin (TM-agrin). At the C-terminus, agrin contains two splice sites, name...
	As mentioned above, agrin and its receptor complex consisting of the low-density lipoprotein receptor-related proteins-4 (Lrp4) and the muscle-specific kinase (MuSK) are the master organizers for the NMJ formation and maintenance. Null-mutations of an...
	Several lines of evidences suggest that agrin is sufficient for NMJ development in vivo. Injection of agrin-secreting cells or agrin cDNA into myotubes from skeletal muscle fibers results in the extracellular deposition of agrin in the basal lamina at...
	Agrin and its receptor complex in the central nervous system

	Agrin, Lrp4 and MuSK are expressed by neurons and glial cells in the embryonic and adult CNS (Burgess et al., 2000; Garcia-Osta et al., 2006; Karakatsani et al., 2017; Lein et al., 2006). However, their functions in the CNS are still only poorly unde...
	While agrin at the NMJ is synthesized as a secreted laminin-binding and basal-lamina-associated form (NtA-agrin; Denzer et al., 1997), the majority of agrin in the CNS is the membrane-anchored isoform, named transmembrane-agrin (TM-agrin; Burgess et a...
	The expression pattern and the concentration of agrin at synapses has led to the hypothesis, that agrin might contribute to synapse development in the CNS in a similar way as it does at the NMJ (Daniels, 2012; Kröger and Pfister, 2009). The following...
	Interestingly, the absence of agrin in the CNS lead to subtle morphological abnormality at synapses in vitro (Gautam et al., 1999; Li et al., 1999; Serpinskaya et al., 1999). In vitro, CNS neurons in which the expression of TM-agrin was reduced using ...
	The role of TM-agrin in the CNS has been shown by taking advantage of gain-of-function paradigms. Overexpression of the TM-agrin, but not of NtA-agrin isoform, increases the number of filopodia extended from axons and dendrites of cultured cortical ne...
	Mice in which the perinatal lethality caused by agrin deficiency was rescued by re-expression of agrin cDNA exclusively in motoneurons, display morphological and functional changes at synapses in the CNS, such as a reduction of spine density and of mi...
	Lrp4 in the central nervous system

	Lrp4 is a type 1 transmembrane protein that is not only expressed by muscle fibers and aggregated at the NMJ but also expressed in the CNS, including the neocortex, hippocampus, cerebellum and olfactory bulb (Karakatsani et al., 2017; Lein et al., 200...
	A mouse line with a null mutation of Lrp4 was generated by chemical mutagenesis using N-ethyl-N-nitrosourea (Weatherbee et al., 2006). This chemically-induced mutation generated an early stop codon C terminal to the LA domains and also an alternative...
	The absence of Lrp4 in the CNS lead to normal architecture of the cortex and hippocampus and no obvious change in the dendritic morphology. However, spine density on primary apical dendrites was reduced causing a disturbance in long-term potentiation...
	MuSK in the central nervous system

	MuSK is a type I transmembrane protein that is expressed not only in skeletal muscles, but also in CNS neurons (Garcia-Osta et al., 2006). It belongs to a member of the large receptor tyrosine kinases (RTKs) family. It was initially discovered in a s...
	Functionally, on myotube the Ig1 domain of MuSK binds to Lrp4 in an agrin-dependent manner (Kim et al., 2008; Zhang et al., 2011). This binding leads to an autophosphorylation of MuSK in the cytoplasmic region, due to a presence of a tyrosine kinase d...
	The function of MuSK in the developing and adult CNS is mostly unknown. The presence of MuSK in hippocampus had been shown to be important for memory consolidation, and for the induction and maintenance of LTP (Garcia-Osta et al., 2006). Additional ev...
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