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1. Introduction  

1.1 The synapse - types and development  

An essential part of communications between neurons occurs via specialized structures 

called synapses. These intricate connections between nerve cells in the brain shape how we 

perceive our surroundings and give rise to higher cognitive functions. In this first chapter the 

different types of synapses found in vertebrates will be described and discussed to highlight 

the extraordinary mechanisms governing the development of synapses and enable the 

integration of a multitude of signals from one neuron to the other. Chapter 1.2 will in detail 

focus on one of the most important proteins for synaptic organization at the neuromuscular 

junction a proteoglycan called agrin and stress why it is of interest to investigate its role in 

the development of synapses in the central nervous system which was the aim of this study.  

1.1.1 The neuromuscular junction  

The neuromuscular junction (NMJ) has been the model of choice for the analysis of synapse 

formation for the past decades because of its simplicity and accessibility. Motor neurons 

with their respective somata lying in the grey matter of the dorsal horn of the spinal cord 

innervate skeletal muscle fibers and establish a synaptic connection. Initially multiple motor 

neuron axons contact an individual muscle fiber. During maturation only one axon terminal 

per fiber remains (Sanes and Lichtman, 1999). The NMJ is a complex structure (Figure 1) like 

any other synapse and is comprised of three distinct parts: the presynaptic site (the nerve 

terminal of a motor neuron), the synaptic basal lamina which is made up of extracellular 

matrix proteins and the postsynaptic site on the muscle fiber containing acetylcholine 

receptors (AChR), scaffolding proteins and the apparatus for maintaining the synapse 

structure (Punga and Ruegg, 2012). The formation of the NMJ is governed by intricate 

signaling mechanisms that have been extensively studied for the last couple of decades. The 

nerve terminal of the motor neurons secretes a neuronal agrin isoform and its binding to the 

low-density lipoprotein related receptor 4 (LRP4) (Kim et al., 2008; Zhang et al., 2008) are 

key steps for the subsequent activation of the muscle specific kinase(MuSK) (Glass et al., 

1996), which in turn leads to the activation of rapsyn (Apel et al., 1997) and the clustering of 

AChR at the postsynaptic site (Figure 3). Agrin, secreted from motor neurons, has also been 

implicated to bind with its NtA-domain to laminin found in the basal lamina of the NMJ 

trapping it at synaptic sites (Denzer et al., 1997) ŀǎ ǿŜƭƭ ŀǎ ǘƻ ʰ-dystroglycan (Sugiyama et al., 
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1994) helping to build and maintain the NMJ and its synaptic composition. The proteins 

agrin, LRP4, MuSK and rapsyn have been shown to be essential for normal NMJ 

development. A genetic knock out of only one of these components results in a disturbed 

appearance of the NMJ, leading to a loss of innervation and synaptic transmission that 

causes the newborn mutant mice to suffocate (DeChiara et al., 1996; Gautam et al., 1995, 

1996; Weatherbee et al., 2006). Disruption of the interactions of agrin and LRP4 by auto-

immune antibodies causes severe degeneration of the NMJ and has been linked to 

myasthenia gravis (MG) and amyotrophic lateral sclerosis (ALS) by disrupting 

agrin/LRP4/MuSK signaling. Immunization with ecto-domains of LRP4 causes MG-like effects 

in mice and autoantibodies against agrin and LRP4 have been found in patients affected with 

MG and ALS (Shen et al., 2013; Tzartos et al., 2014; Zhang et al., 2014). Also mutations to the 

ǘƘƛǊŘ ʲ-propeller domain of LRP4 have been linked to myasthenia by compromising 

agrin/LRP4/MuSK signaling (Ohkawara et al., 2014) further strengthening the importance of 

these molecules in maintaining the NMJ .  

1.1.2 The chemical synapse and electrical synapse of the CNS 

Chemical synapses are the most common type of synapse found in the CNS of vertebrates. 

They are highly specialized structures that convey information from one nerve cell of the 

brain to another or even over large distances e.g. from sensory cells to areas of cerebral 

cortex. When axon terminals arrive at their target site (e.g. dendrites or the soma of a 

neuron) initial contact is made with the prospective postsynaptic cell. This leads to the 

formation of specialized protein complexes on the pre- and postsynaptic sites. Presynaptic 

sites contain synaptic vesicles filled with neurotransmitters, which can be of different variety 

(e.g. glutamate for excitatory cells or GABA ( -ɹaminobutyric acid) and glycine for inhibitory 

cells) and ion channels such as voltage-gated calcium channels (VGCC) which are important 

for neurotransmitter release. The excitatory synapse is characterized by relying on 

glutamate as the neurotransmitter and by the appearance of specific postsynaptic proteins 

e.g. the postsynaptic density protein PSD95 and glutamate receptors. Inhibitory synapses 

use GABA and glycine as neurotransmitters and use the postsynaptic scaffolding protein 

gephyrin to stabilize GABA and glycine receptors at the synaptic site.  
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Figure 1: Schematic overview of a NMJ with associated proteins. The motor neuron releases stabilizing molecules like 
agrin and neurotransmitters into the synaptic cleft. On the postsynaptic site agrin associates with LRP4 and activates 
MuSK leading to a reorganization of the AChR and their recruitment to the synaptic site through interactions with 
rapsyn. Maintenance of the synapse is also dependent on agrin interaction with laminin and alpha dystroglycan. Further 
stabilization of the synapse is achieved by actin filaments and utrophin. Scheme modified from Punga and Ruegg, 2012.  
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The postsynaptic site undergoes dramatic changes during maturation. Neurotransmitter 

receptors are newly integrated into the membrane or transported from extrasynaptic sites 

to the newborn synapse. They are anchored by scaffolding proteins such as the postsynaptic 

density proteins for instance PSD95 for excitatory synapses or gephyrin for inhibitory 

synapses (Figure 2A and B). Remodeling of the actin cytoskeleton also takes place ensuring 

the correct morphology of a mature synapse and the formation of highly specialized 

structures like dendritic spines. Synaptic transmission, the means of communication in 

neurons, is elicited by action potentials arriving at the axon terminal. Here VGCC open upon 

receiving this stimulus and synaptic vesicle fusion is initiated by calcium influx. 

Neurotransmitters are released into the synaptic cleft, the space between the pre- and 

postsynaptic site, and drift to their respective binding site localized on the postsynaptic 

neurotransmitter receptors leading to a conformational change in these molecules and the 

opening of an aqueous pore selective to different kinds of ions. This induces ion fluxes across 

the membrane and leads to changes in the membrane potential of the postsynaptic cell. If 

the membrane potential of the postsynaptic cell is depolarized sufficiently by these ion 

currents, the postsynaptic neuron itself will fire action potentials relaying the information 

from the presynaptic cell to a different cell. Through interplay with other excitatory and 

inhibitory neurons this information can be further modified, amplified or attenuated.  

The electrical synapse (or gap junction) is found in the vertebrate nervous system not relying 

on neurotransmitter release to propagate information but ions and small molecules that 

pass through an aqueous pore. This structure is completely different from other types of 

synapses. It is made up of two hexameric connexin hemichannels forming the aqueous pore 

or connexon (Caspar et al., 1977; Makowski et al., 1977). Two opposing connexon 

hemichannels make up the actual channel, also called gap junction (Perkins et al., 1998). 

Through such a channel currents can flow easily from one cell to the other as well as 

molecules with a molecular mass of up to 900 Da (Hu and Dahl, 1999). This kind of synapse is 

often found in connections between interneurons especially in the hippocampus (Fukuda 

and Kosaka, 2000; Hamzei-Sichani et al., 2007).     

 



 
11 

1.1.3 Synapse development in the CNS  

The development of synapses in the central nervous system has always been of great 

interest to the scientific community for a long time. Camillo Golgi and Ramón y Cajal first 

stained neurons in the brain by using a special staining technique developed by Golgi. This 

sparse labeling of neurons, making even smallest arborizations visible led Cajal to postulate 

the neuron theory stating that the brain is not a continuous mesh but made up of single cells 

that may have distinct sites of contact. The term synapse was only later coined by Sir Charles 

Sherrington in the late 19th ŎŜƴǘǳǊȅ ŘŜǎŎǊƛōƛƴƎ ǘƘŜ άǎǇŜŎƛŀƭ ŎƻƴƴŜŎǘƛƻƴ ƻŦ ƻƴŜ ƴŜǊǾŜ ŎŜƭƭ ǿƛǘƘ 

ŀƴƻǘƘŜǊέ (López-Muñoz et al., 2006). What this connection looked like was only possible to 

resolve with the invention of electron microscopes. In the year 1954 Palade and Palay used 

this new technique to investigate neuromuscular junctions and could show distinct pre- and 

postsynaptic sites, synaptic vesicles and the synaptic cleft of a synapse. They were not the 

only ones to use this new technique to gain insight into the ultrastructure of synapses. 

Robertis and Bennett analyzed synaptic connections in earthworms and frogs (Robertis and 

Bennett, 1955) sƘƻǿƛƴƎ ǘƘŀǘ /ŀƧŀƭΩǎ ƛƴƛǘƛŀƭ ƻōǎŜǊǾŀǘƛƻƴs and assumptions were correct. Only 

much later it was possible to unravel the processes that lead to the birth of a synapse and 

some remain still unknown today.  

For the establishment of new synaptic contacts axonal guidance is of utmost importance. It 

is a complex process mediated by repulsion or attraction of axonal growth cones through 

diffusible guidance cues (chemoattraction/-repulsion) like NGF or semaphorin3A, 

extracellular matrix proteins, the establishment of contacts (contact-mediated 

attraction/repulsion) and stimulation of axon outgrowth by cell adhesion molecules (CAMs) 

like NCAM or L1 (Brümmendorf et al., 1998; Walsh and Doherty, 1997). Once the axon has 

found its target and contact is initiated with the aid of CAMs like the neurexins on the 

presynaptic and neuroligins on the postsynaptic site synaptogenesis starts. For instance the 

interaction of neuroligin 1 and -̡neurexin has been demonstrated (Nguyen and Sudhof, 

1997) and the localization of these two proteins has been shown to be concentrated at 

excitatory synapses (Song et al., 1999).   The expression of neuroligins in nonneuronal cells 

was sufficient to induce synaptic vesicle clusters of contacting axons (Scheiffele et al., 2000). 

Neuroligin 1 and another cell adhesion molecule, synCAM, can even form artificial synapses 

in HEK cells co-transfected with GluR2 subunits of glutamate receptors (Sara et al., 2005). 

These findings stress the importance of CAMs for the triggering of synaptic specializations.  
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The process of recruiting proteins to the synaptic sites has been shown to be faster than was 

initially expected. In hippocampal neuron cultures functional glutamatergic synapses were 

formed in one to two hours after the first initial contact showing immunoreactivity for 

bassoon after 45 min followed by AMPA receptor (AMPAR) subunit GluR1, NMDA receptor 

(NMDAR) subunit NR1 and PSD95 after one to two hours (Friedman et al., 2000). Synaptic 

vesicles were highly mobile and could be recruited to new synapses very quickly. Using time-

lapse microscopy Sabo and colleagues showed that synaptic vesicle protein transport 

vesicles stopped at predefined sites along axons from visual cortex neurons and initiated the 

formation of the presynaptic site (Sabo et al., 2006). These findings indicate that 

synaptogenesis in the brain is not a process of days or weeks but rather of hours. 

 

Figure 2: Structure of glutamatergic and GABAergic synapses. The presynaptic terminal harbors synaptic vesicles filled 
with neurotransmitter and is in contact with the postsynaptic site through different cell adhesion molecules. The 
postsynaptic site is made up of the neurotransmitter receptors and scaffolding proteins. A schematic overview of a 
glutamatergic synapse (A) and a GABAergic synapse respectively (B) highlights the differences between these two 
synapses. Modified from Kuzirian and Paradis, 2011. 

The recruitment of the postsynaptic PSD95 and AMPAR in this process seems to be mediated 

ōȅ ǘƘŜ t5½ ŘƻƳŀƛƴ ƻŦ ƴŜǳǊƻƭƛƎƛƴ мΣ ǿƘŜǊŜŀǎ ƛǘǎ ʲ-neurexin binding site is necessary for 

NMDAR recruitment (Chih et al., 2005) highlighting the importance of the molecules for the 

establishment of excitatory synapses.  
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Inhibitory synapse maturation is also dependent on CAMs. Neuroligin 2 for instance is an 

important component of inhibitory synapses. There it is highly concentrated as has been 

demonstrated by co-staining ǿƛǘƘ ǘƘŜ ǾŜǎƛŎǳƭŀǊ ʴ-aminobuturic acid transporter (VGAT) (Chih 

et al., 2005). The induction of the GABAergic postsynaptic specialization has been shown to 

ōŜ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ƴŜǳǊƻƭƛƎƛƴ н ōƛƴŘƛƴƎ ǇŀǊǘƴŜǊ ʰ-neurexin. For instance clustering of 

GABAA ǊŜŎŜǇǘƻǊǎ ŀƴŘ ƴŜǳǊƻƭƛƎƛƴ н ƛǎ ƛƴŘǳŎŜŘ ƛƴ ƴŜǳǊƻƴǎ ǿƘŜƴ ǘƘŜȅ ƳŀƪŜ ŎƻƴǘŀŎǘ ǿƛǘƘ ʰ-

neurexin expressed in COS cells (Kang et al., 2008).  

Neuroligin 2 also interacts with inhibitory synapse scaffolding proteins like gephyrin and 

collybistin. It is able to bind gephyrin with a highly conserved 15 amino acid containing motif 

at its C-terminal end and activates collybistin which triggers the tethering of the receptors to 

the membrane at the postsynaptic site (Poulopoulos et al., 2009). Collybistin and gephyrin 

are also important for the recruitment of GABAA receptors to the postsynaptic site of 

inhibitory synapses. Gephyrin has been shown to be required for the clustering of GABAA 

receptor subtypes in cultures of hippocampal neurons. Treatment with antisense 

oligonucleotides reduced GABAA clusters in cultured neurons (Essrich et al., 1998). 

Collybistin aggregates gephyrin after co-expression in HEK cells and knock-down of the 

protein in hippocampal neurons results in the loss of functional GABAergic synapses (Kins et 

al., 2000; Körber et al., 2012). The dystrophin glycoprotein complex (DGC) and most notably 

ƻƴŜ ƻŦ ƛǘǎ ŎƻƳǇƻƴŜƴǘǎ ʰ-dystroglycan are also implicated to be of importance at GABAergic 

ǎȅƴŀǇǎŜǎΦ 9ƭŜǾŀǘƛƻƴ ƻŦ ƴŜǳǊƻƴŀƭ ŀŎǘƛǾƛǘȅ ƭŜŀŘǎ ǘƻ ŀƴ ǳǇǊŜƎǳƭŀǘŜŘ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʰ-dystroglycan 

and homeostatic upscaling of GABAergic transmission (Pribiag et al., 2014).  

The phosphatidylinositol 3-kinase (PI3K) also seems to take up a critical role in the 

developing nervous system. PI3K has been shown to be necessary for the elongation of 

neurites in human neuroblastoma cell lines (Sánchez et al., 2004). Pharmacological block of 

the enzyme with wortmannin or LY294002 stopped neurite outgrowth in in vitro assays 

(Sánchez et al., 2004). PI3K is also implicated in having effects on the dendritic morphology 

and soma size of hippocampal neurons. Expression of constitutively active forms of the 

enzyme resulted in enhanced dendritic arborization, increased soma size and higher spine 

density (Kumar et al., 2005). PI3K led in these experiments to phosphorylation of AKT which 

also seems to play a role in these processes (Kumar et al., 2005). Long-term potentiation 

(LTP) in hippocampal neurons is also dependent on PI3K signaling. Incubation with 
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wortmannin or LY294002 abolished LTP in these cultures (Man et al., 2003). Co-immune 

precipitation and immunocytochemistry revealed that PI3K is associated with AMPARs and 

seems to regulate their insertion in the membrane leading to the prominent effects of LTP 

(Man et al., 2003). These studies highlight the importance of PI3K signaling during 

development of the nervous system and synaptogenesis.  

The synaptic organizer agrin is also expressed in the central nervous system (Kröger and 

aŀƴƴΣ мффсΤ YǊǀƎŜǊ Ŝǘ ŀƭΦΣ мффсΤ [ƛ Ŝǘ ŀƭΦΣ мффтΤ hΩ/ƻƴƴƻǊ Ŝǘ ŀƭΦΣ мффпύ and has been found to 

be enriched in synaptosomal preparations from rat hippocampus (Böse et al., 2000) implying 

an important function for agrin at the synapse of the central nervous system but it is still 

highly debated if it is as integral in the process of synaptogenesis in the CNS as it is at the 

NMJ. In chapter 1.2.3 a summary of the agrin-mediated actions at the CNS synapse will be 

presented to give some insight on what is ƪƴƻǿƴ ŀōƻǳǘ ŀƎǊƛƴΩǎ ŦǳƴŎǘƛƻƴ ƛƴ ǘƘŜ /b{.  

This short and by no means complete introduction to some of the many processes that are 

necessary to engineer a functional synapse in the central nervous system highlights some of 

the many proteins that are of great importance in this process but also shows that 

synaptogenesis does not have to be necessarily a slow procedure. Instead some processes 

leading to functional synaptic connections need only a few hours of time.    

1.2 Agrin ɀ a synaptic organizer  

¢Ƙƛǎ ŎƘŀǇǘŜǊ ǿƛƭƭ ŦƻŎǳǎ ƻƴ ŀƎǊƛƴΩǎ ƛƳǇƻǊǘŀƴŎŜ ƛƴ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻf the neuromuscular 

junction and will also summarize what is known about its role in the establishment of 

synapses in the CNS.  

1.2.1 Discovery and function at the NMJ  

Agrin is a heavily glycosylated proteoglycan. It was first isolated from the electric organ of 

the pacific electric ray Torpedo californica by the McMahan lab (Godfrey et al., 1984; Nitkin 

et al., 1987). Early studies from this lab showed that the insoluble fraction of the electric 

organ contained a molecule that was able to induce clustering of AChR in cultured 

myotubes. This protein was later further purified and called agrin from the Greek word 

άŀƎŜƛǊŜƛƴέ which means to assemble because of its effect on AChR (Nitkin et al., 1987). In 

subsequent experiments the people from the McMahan lab were able to clone a cDNA that 

comprised the active form of neuronal agrin from chicken with a predicted mass molecular 

of around 207 kDa (Tsim et al., 1992). Expression studies and functional studies showed that 
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the protein encoded by this cDNA was able to induce AChR clusters on cultured myotubes 

similar to those seen when agrin purified from the electric organ was used. In the same year 

Markus Ruegg was able to isolate cDNAs encoding different agrin isoforms (Ruegg et al., 

1992). These isoforms were characterized by two splicing sites that were termed A and B in 

chick or y and z in rodents. Isoforms that lack distinct amino acid inserts at the B site render 

these proteins unable to induce AChR clusters (Figure 4) (Ruegg et al., 1992). Another study 

confirmed that the B insert and the C-terminal laminin-G-like domain are indeed needed for 

the AChR clustering ability of agrin (Gesemann et al., 1995).  

 

Figure 3: A simplified schematic overview of the agrin induced signaling at the NMJ. Agrin is secreted by the presynaptic 
motor neuron terminal and binds to LRP4. LRP4 in turn aggregates with MuSK and causes the assembly of AChR clusters 
with the aid of rapsyn. Modified from Barik et al., 2014. 

With the development of transgenic mice agrin was once more becoming of major interest 

to scientists. The lab of Joshua Sanes created mice deficient in neuronal forms (lacking the 

B/z insert) of agrin by replacing exons 32 and 33 with a neomycin resistance cassette 

(Gautam et al., 1996). Homozygous mutant mice were stillborn or died in utero caused by 

grave defects in the formation and maturation of a functional NMJ. While wild type animals 

showed normal clustering of AChR near the endplate band of diaphragm muscles mutant 

mice possessed smaller AChR clusters and longer axon branches of the phrenic nerve. 

Mutant mice suffered from a significant loss of pre- and postsynaptic specializations 



 
16 

(Gautam et al., 1996). Even though this study targeted neuronal forms of agrin mutant mice 

additionally appeared to be severe hypomorphs for all forms of agrin (Gautam et al., 1996). 

In 2001 Lin et al. developed a mouse mutant lacking most of the coding exons (6-33) for all 

agrin variants (Lin et al., 2001). These mice showed similar defects as the mice lacking only 

the neuronal form of agrin comprised of a lack of AChR clusters and larger axon terminals of 

the phrenic nerve. They also investigated MuSK mutant mice and mice lacking innervation by 

deletion of the motor neuron-specific transcription factor Hb9. AChR clusters were still seen 

in aneural Hb9 -/ - mutant mice but absent in MuSK -/ - animals stressing the necessity of 

MuSK for the normal development of the NMJ.  

Only recently it was shown that agrin induces microtubule networks that guide the insertion 

of AChR by activation of the phosphatidylinositol 3-kinase (PI3K) (Schmidt et al., 2012). 

Activation of PI3K led to the phosphorylation of AKT and GSKоʲ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ŎŀǇǘǳǊŜ ƻŦ 

microtubules at the synaptic membrane (Schmidt et al., 2012).  

 

Figure 4: Structure of secreted full-length neuronal chicken agrin (A) and the 95 kDa C-terminal fragment of agrin (B). 
Note the three splice sites in the full-length agrin molecule. The A and B site are called y and z in rodents. Amino acid 
insert B and the third LG domain are sufficient for AChR clustering activity (Gesemann et al., 1995). The core protein has 
a molecular mass of around 200 kDa but due to heavy glycosylation the apparent mass is 400-600 kDa (Gesemann et al., 
1995). LG ς laminin-G-like; EG ς EGF-like; S/T ς serine/threonine rich; SEA ς sea urchin enterokinase sperm protein agrin; 
Fs ς follistatin-like; NtA ς N-terminal agrin; SS ς signal sequence. Modified from Ruegg and Bixby, 1998.  
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1.2.2 Agrin interacts with LRP4 at the NMJ   

For a long time it was not clear which molecule was bridging the gap between agrin and 

activation of MuSK because agrin itself is not able to bind MuSK (Glass et al., 1996). In 2008 

two labs showed that the missing agrin receptor at the NMJ was LRP4, a low-density 

lipoprotein receptor-related protein (Kim et al., 2008; Zhang et al., 2008). Since LRP4 mutant 

mice had a very similar phenotype to agrin and MuSK knock out mice (Weatherbee et al., 

2006), one group used LRP4 mutant myotubes and stimulated them with neural agrin. 

Normal agrin signaling should have led to robust MuSK phosphorylation but it was absent in 

these myotubes (Kim et al., 2008) signifying an important function of LRP4 in relaying the 

agrin signal to MuSKΦ ¢ƘŜȅ ŦǳǊǘƘŜǊ ƛƴǾŜǎǘƛƎŀǘŜŘ [wtпΩǎ ƳƻŘŜ ƻŦ ǎƛƎƴŀƭ ǘǊŀƴǎŘǳŎǘƛƻƴ ōȅ ǳsing 

chimeric constructs expressing the low-density lipoprotein receptor (LDLR) cytoplasmic 

domain together with the extracellular and transmembrane domain of LRP4. The chimeric 

vector was  able to convey agrin stimulation whereas the LDLR expression constructs 

without the LRP4 domains were not (Kim et al., 2008). The necessity of the extracellular 

domains of LRP4 for agrin interaction was also shown by a different lab in 2008. Using 

secreted forms of neuronal agrin (C-terminal agrin with flag-tag) and LRP4 (extracellular 

domain with myc-tag) they performed immune precipitation experiments proving 

interaction of LRP4 with agrin but no interaction with MuSK or LRP6 (Zhang et al., 2008). 

These findings clearly provide evidence that agrin and LRP4 are binding partners at the NMJ.  

Surprisingly not many experimeƴǘǎ ƘŀǾŜ ōŜŜƴ ŎƻƴŘǳŎǘŜŘ ƻƴ [wtпΩǎ ǊƻƭŜ ƛƴ ǎȅƴŀǇǎŜ 

development in the CNS. One study showed that the expression of LRP4 in HEK293 cells led 

to the induction of presynaptic specializations in cortical neurons contacting these 

transfected cells suggesting a synaptic function for LRP4 (Wu et al., 2012). A second study 

demonstrated that rescued LRP4-deficient mice lacking LRP4 expression in the brain had 

severe cognitive defects affecting learning and memory as well as a reduction in 

spontaneous neurotransmitter release together with a reduction in spine density (Gomez et 

al., 2014). These findings highlight the importance of LRP4 at the CNS and not only at the 

NMJ synapse. Whether or not agrin signaling is important in these processes remains to be 

investigated.     

1.2.3 Agrin at t he central synapse  ɀ its possible function  

The role of agrin in the formation of synapses in the central nervous system is not well 

understood and different mechanisms have been proposed (for a review see: Daniels, 2012).  
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Seeing the dramatic effects of agrin depletion at the NMJ one wonders if it would affect 

neurons and their synapse development as well. Since agrin expression in the central 

nervous system is high as has been shown in adult rats, during development in mice (Li et al., 

мффтΤ hΩ/ƻƴƴƻǊ Ŝǘ ŀƭΦΣ мффпύ and also in the chick retina (Kröger et al., 1996; Mann and 

Kröger, 1996), it was tempting to think agrin might also act as a key player in shaping the 

circuitry in the brain perhaps by taking up the same important role in synapse development 

in the CNS as in the NMJ.  

Li et al. used agrin-deficient mice from the Sanes lab to make cortical cell cultures and 

investigated their synaptic properties. Immunocytochemistry revealed no differences in the 

distribution of the synaptic proteins synaptophysin and glutamate receptors in agrin mutant 

cultures (Li et al., 1999). Both proteins co-localized nicely and were evenly distributed on 

dendrites. To strengthen this result whole cell patch clamp experiments were conducted 

proving that indeed agrin mutant neurons behaved physiologically like wild type neurons. 

The recorded cells showed spontaneous miniature postsynaptic currents with long and short 

decay kinetics accounting for inhibitory (GABAergic) and excitatory (glutamatergic) 

postsynaptic events, respectively (Li et al., 1999). The frequency of these events was 

developmentally regulated and increased with longer culturing periods showing a normal 

development of these agrin-deficient neurons in vitro (Li et al., 1999).   

Even though agrin-deficient neurons seemed to develop normally a different study done on 

cultured hippocampal rat neurons showed that agrin might be important in synapse 

development and maintenance. After a ten day treatment with antisense oligonucleotides 

directed against agrin, or treatment with agrin-specific antibodies the neurons showed a 

strong reduction of synapsin-I-immunoreactive puncta as well as a reduced mEPSC 

frequency (Böse et al., 2000). This phenotype could be rescued by additionally applying 

recombinant agrin to the culture medium. Only cultures incubated with the neural form of 

agrin showed the same synapsin-I distribution as untreated control cultures. The effect on 

synapsin-I-positive puncta could not be induced in agrin-deficient neurons after treatment 

with the antisense oligonucleotides leading the authors to highlight the possibility of 

compensatory effects in agrin-deficient cells (Böse et al., 2000). A second study using 

antisense oligonucleotides showed a reduction of glutamate receptor subunit GluR1 and an 

even stronger reduction of GABAAR after treatment of hippocampal neuron cultures using 
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western blot analysis (Ferreira, 1999). The expression of agrin in the hippocampus was also 

investigated and their results showed a decrease in agrin expression with longer days in vitro 

reaching a minimum at 30 days in vitro showing that agrin expression preceded 

synaptogenesis (Ferreira, 1999).   

CǳǊǘƘŜǊ ǎǘǳŘƛŜǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ƻƴ ŀƎǊƛƴΩǎ ǊƻƭŜ ƻƴ ǘƘŜ ƛƴŘǳŎǘƛƻƴ ƻŦ ŦƛƭƻǇƻŘƛŀ-like structures. 

Filopodia are highly mobile protrusions of the cytoplasm of growth cones of axons and 

dendrites. They harbor a dense network of actin filaments and have been implicated to 

represent initial sites for synaptic contacts and precursors of mature synapses. In 2006 agrin 

was shown to play a crucial role in the induction of filopodia-like processes on neurons. In 

this study clustering of transmembrane proteins by incubation with polyclonal antibodies 

against transmembrane agrin was performed in chick retinal ganglion cells (RGC) to initiate 

downstream signaling which led to the induction of filopodia-like processes on the axons of 

cultured RGC (Annies et al., 2006). Labeling with phalloidin revealed a complex cytoskeletal 

structure in these protrusions (Annies et al., 2006). Knocking-down agrin by lentiviral 

ƛƴǘǊƻŘǳŎǘƛƻƴ ƻŦ wb!ƛ ŦǳǊǘƘŜǊ ǎǘǊŜƴƎǘƘŜƴŜŘ ŀƎǊƛƴΩǎ role in filopodia induction. Rat 

hippocampal neurons showed less filopodia-like structures per 100 µm of dendrite, and a 

depletion of synapses after agrin knock-down with RNAi (McCroskery et al., 2009). The lab of 

Stephan Kröger tried to map the structures needed for the induction of these filopodia-like 

processes using overexpression constructs of transmembrane agrin in 2010. Their results 

indicated that the seventh follistatin-like domain of agrin (Figure 4) was needed for process 

formation (Porten et al., 2010). This clearly shows that the splice variants of neuronal agrin 

mediating the AChR clustering are dispensable for the induction of filopodia-like structures. 

These findings may provide evidence for the hypothesis that filopodia may be indeed 

precursors/initiators of synapses and that agrin seems to play a significant part in the 

process of their induction.  

Agrin is also able to induce the expression of the immediate early gene c-Fos in cortical 

neurons which is a sign of neuronal activity (Hilgenberg et al., 1999). This upregulation of c-

Fos expression could be attributed to a specific agrin receptor that relays the agrin signal to 

the nucleus. The stimulation of cortical neurons also led to an increase in intracellular 

calcium (Hilgenberg and Smith, 2004). By biochemical crosslinking agrin fragments (C-

terminal 15, 20 & 90 kDa) to cultured cortical neurons, further purification of the crosslinked 
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proteins and mass spectrometric analysis of these purified protein complexes ǘƘŜ ʰо ǎǳōǳƴƛǘ 

of the Na+/K+ ATPase (NKA) was identified as a neuronal binding partner for agrin 

(Hilgenberg et al., 2006). Using Na+-sensitive dyes it could be shown that agrin seemed to 

inhibit ǘƘŜ ŦǳƴŎǘƛƻƴ ƻŦ ʰоbY! ƭŜŀŘƛƴƎ ǘƻ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ƛƴǘǊŀŎŜƭƭǳƭŀǊ bŀ+ and depolarization of 

the membrane potential (Hilgenberg et al., 2006). 

Although agrin does not seem to be essential for synapse formation in the CNS it may have 

an effect on synaptogenesis or synapse maturation that is not easily resolved due to 

compensatory effects. The answer to the question what the agrin receptor in the CNS is, still 

remains highly debated and many different roles during synapse development have been 

assigned to agrin highlighting the importance to further study this protein at the central 

synapse (Daniels, 2012).  

1.3 Aims of this study  

This study aims at unravelƛƴƎ ŀƎǊƛƴΩǎ ǎǇŜŎƛŦƛŎ ǊƻƭŜ ŘǳǊƛƴƎ ǎȅƴŀǇǘƻƎŜƴŜǎƛǎ ƻŦ ŎƻǊǘƛŎŀƭ ƴŜǳǊƻƴǎ 

in conventional monolayer and microisland culture systems. Questions this study wants to 

address are: Does the addition of soluble agrin induce changes in the synaptic properties of 

cultured neurons? Do these changes affect the pre- or postsynaptic site? Is there a change in 

the number of synapses? What is the mechanism behind agrin signaling in the CNS?   

The physiological effects of agrin incubation are analyzed using whole-cell patch clamp 

recordings of untreated and agrin-treated neurons. Analysis of miniature postsynaptic 

currents revealed an effect on the frequency and amplitude of mEPSCs in microisland and 

the frequency of mIPSCs in monolayer cultures. Using immunocytochemistry (ICC) and 

paired-pulse stimulation experiments changes in presynaptic release of neurotransmitter in 

the number of inhibitory and excitatory synapses were examined. Also the passive and 

active membrane properties of the neurons either treated with agrin or left untreated were 

compared resulting in data that suggests that agrin incubation does not influence passive 

properties e.g. the cells capacitance or active voltage-gated K+ current amplitudes of 

neurons.    

Since PI3K has been shown to be activated by agrin in myotubes (Schmidt et al., 2012) this 

kinase was also of interest as a possible effector of agrin signaling in neurons. Therefore 
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experiments focused on PI3K signaling. The obtained results suggest an interaction of PI3K in 

agrin-mediated signaling in neurons.   

To unravel the agrin receptor complex in neurons a possible interaction of endogenous agrin 

with soluble agrin was investigated utilizing patch clamp recordings of agrin-deficient 

neurons cultured on agrin-deficient astrocytes and conventional monolayer cultures of 

agrin-deficient neurons. The collected data indicate a necessary function for endogenous 

agrin in agrin-mediated signaling in the CNS.  

In addition [wtпΩǎ ƛƴǾƻƭǾŜƳŜƴǘ ƛƴ ǘƘŜ ƛƴŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ŀƎǊƛƴ-mediated effect on mEPSC 

frequency was also analyzed by patch clamp recordings of LRP4-deficient neurons cultured 

on LRP4-deficient astrocytes to confirm a possible interaction between agrin and LRP4 at the 

central synapse. The evaluation of these experiments indicates that LRP4 is needed for the 

upregulation of the mEPSC frequency after incubation with neuronal agrin of single 

excitatory neurons.  
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2. Materials and methods  

2.1 Materials   

2.1.1 Animals  

Pregnant C57BL6/N mice used for the preparation of wild type cultures were delivered by 

Charles River GmbH (Germany). Embryos were prepared at embryonic day 15 (E15). Agrin 

knock out mice were generated by a targeted mutation which introduced a neomycin 

ŎŀǎǎŜǘǘŜ ƛƴǘƻ ǘƘŜ ƳƛŎŜ ƎŜƴƻƳŜ ǊŜǇƭŀŎƛƴƎ ǘƘŜ ŜȄƻƴǎ он ŀƴŘ ооΣ ŜƴŎƻŘƛƴƎ ǘƘŜ άȊέ ŀƭǘŜǊƴŀǘƛǾŜ 

splice exons (B in chick) of the agrin gene (Gautam et al., 1996). Agrin knock out mice were a 

kind gift from Prof. Dr. Markus Ruegg and were maintained at the MDC animal facility. 

Embryos from agrin heterozygous mice were prepared at embryonic day E15 or E18. LRP4mitt 

mice carrying a chemically induced mutation leading to an early stop of translation and a 

splice site mutation also leading to an early stop of translation (Weatherbee et al., 2006) 

were a kind gift from Dr. Annette Hammes-Lewin. Embryos from LRP4mitt heterozygous mice 

were prepared at embryonic day E15 or E18. 

2.1.2 Antibodies  

Antibodies used for immunocytochemistry and western blots are listed in table 1.  

Table 1: List of primary antibodies used in this study 

Name Manufacturer/Order number Concentration 

Goat anti-agrin K17  Santa Cruz/sc-6166 WB: 1:1000 

Guinea pig anti-Vglut2 Synaptic Systems/135404 ICC: 1:200 

Guinea pig anti-Vglut1  Synaptic Systems/135304 ICC: 1:600 

Mouse anti-GAPDH Novus Biological/NB300-221 WB: 1:1000 

Mouse anti-gephyrin  Synaptic Systems/147011 ICC: 1:500 

Mouse anti-GluA Synaptic Systems/182411 ICC: 1:500 

Mouse anti-MAP2a/b Dianova/DLN-08583 ICC: 1 µg/ml 

Mouse anti-neurofilament M Leinco Technologies/N103 ICC: 7.5 µg/ml 

Mouse anti-PSD95 Thermo Scientific/MA1-046 ICC: 1:200 

Rabbit anti-agrin Rb46  Kröger lab WB: 1:1000 

Rabbit anti-AKT Cell Signaling Technology 9272 WB: 1:1000 

Rabbit anti-GFAP Dako/Z0334 ICC: 1:500 

Rabbit anti-pAKT (S473) Cell Signaling Technology/9271 WB: 1:1000 

Rabbit anti-pGSK3 beta (S9) Cell Signaling Technology/9323 ICC: 1:100; WB: 1:1000 

Rabbit anti-LRP4 (H-98) Santa Cruz/sc-98775 WB: 1:200 

Rabbit anti-VGAT Synaptic Systems/131002 ICC: 1:1000 
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2.1.3 Agrin proteins  

Expression and purification of neuronal chicken agrin: Expression and purification of the 

recombinant agrin proteins was done by the technicians of the Rathjen lab. Full-length 

neuronal chicken agrin carrying a seven amino acid insert near the N-terminus, a four amino 

acid insert at the A/y and an eight amino acid insert at the B/z splice site (agrin 7-4-8) was 

harvested from the medium of stably transfected HEK293 cells (a kind gift from Markus 

Ruegg) and purified by ion exchange using Q-Sepharose columns. Cells were kept in DMEM 

supplemented with 10% FCS, P/S and G418 (1:500). The medium was then changed to 

DMEM (without phenol red) and the cells were kept for one week under these conditions. 

The supernatant was harvested and centrifuged for 10 min at 2000 rpm at 4°C using a 

Heraeus Megafuge 1.0 R. The supernatant was again centrifuged for 10 min at 10000 rpm at 

4°C using a Sorvall RC 6+ centrifuge and the supernatant incubated with Q-Sepharose 

equilibrated with 0.5 M NaCl/20 mM Tris pH 7.4 on a shaker overnight. A column was built 

with the Q-Sepharose and washed with 40 ml 0.5 M NaCl/20 mM Tris pH 7.4. Elution was 

done by switching to an elution buffer consisting of 2 M NaCl/20 mM Tris pH 7.4. Agrin-

containing fractions were tested by silver stained SDS-gels, pooled and dialysed against PBS. 

The protein concentration was quantified with a UV spectro photometer and samples were 

run on a 6 % SDS polyacrylamide gel to analyze their molecular mass and appearance again. 

Full-length neuronal chicken agrin 7-4-8 was strongly recognized by the polyclonal anti-agrin 

antibody Rb46 (a kind gift from Prof. Stefan Kröger) in western blots and ran as a smear of 

around 600 to 400 kDa.  

C-terminal neuronal chicken agrin carrying a four amino acid insert at the A/y and a 19 

amino acid insert at the B/z splice site (agrin 4-19) was purified by wheat germ agglutinin 

ƭŜŎǘƛƴ ŀŦŦƛƴƛǘȅ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅΦ 9ƭǳǘƛƻƴ ǿŀǎ ŘƻƴŜ ōȅ ǳǎƛƴƎ лΦн a ʰ-methyl-pyranoside.  

Agrin-containing fractions were as well tested by silver stained SDS-gels, pooled and dialysed 

against PBS. The C-terminal fragment showed a band at 95 kDa in silver stained SDS 

polyacrylamide gels.  

In experiments agrin was applied in concentrations of 100 ng/ml, 1 µg/ml or as indicated.  
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2.2 Methods  

2.2.1 Cell culture  

Preparation of coverslips for monolayer culture: Coverslips of 12 mm diameter were treated 

in a solution consisting of 4 pellets of NaOH dissolved in 10 ml ddH2O and 35 ml 70 % 

ethanol for one day on a shaker. After extensive washing with ddH2O coverslips were put in 

a 1 M solution of HCl overnight on a shaker. On the next day they were once again washed 

extensively with ddH2O and stored in absolute ethanol at 4°C. One day before seeding the 

cells, coverslips were sterilized with fire and put into a 24-well cell culture plate. 400 µl of 

poly-D-lysine in borate buffer was used as a coating agent and left overnight on the 

coverslips.  

Preparation of coverslips for microisland cultures: The coverslips for microisland cultures 

were obtained from the laboratory of Prof. Dr. Rosenmund and were processed as described 

in the following:  

30 mm coverslips were shaken overnight in 1 N NaOH. Coverslips were extensively washed 

in water followed by sterilization in 70 % ethanol and stored in absolute ethanol. The 

coverslips were briefly sterilized by fire and placed in the wells of a 6-well culture plate. To 

coat the coverslips 0.15 % low-melting agarose was liquefied in a microwave. 700-1000 µl of 

this solution was used to cover the glass and was quickly sucked off so that only a very thin 

layer of agarose attached to the glass. Agarose-coated coverslips were dried at room 

temperature and stored for later usage. To coat the agarose-containing coverslips with a 

growth-submitting substrate a custom-made stamp with small dots, which will create 

ŀŘƘŜǎƛǾŜ άƛǎƭŀƴŘǎέΣ was used. Three to four tissue papers were cut to fit in a 35*10 mm petri 

dish and 300 µl of coating solution containing 0.85 mg/ml collagen I from rat tail (Gibco) and 

0.1 mg/ml poly-D-lysine were used to soak the paper. The stamp was pressed against the 

papers and the adhesive substrate printed on the agarose-coated coverslips. After this step 

the coverslips were dried and sterilized under a sterile hood by UV-irradiation for at least 30 

min. Coverslips were stored at room temperature for up to three month.             

Glia cells: Postnatal day 0 to 2 (P0, P2) C57BL6/N pups were sacrificed and their cortices 

were removed. Bulbi olfactorii and hippocampi as well as the meninges were also removed. 

Cortices were transferred into Eppendorf tubes filled with 800 µl sterile PBS + 0.05 % 

Trypsin-EDTA (Gibco) and incubated for 15 min at 37°C and 800 rpm on a thermo shaker. 
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Trypsin solution was removed and the digestion stopped by adding 800 µl DMEM containing 

10 % FCS + P/S.  Cortices were triturated with a 1000 µl pipette and 400 µl of this solution 

transferred into a T75 flask filled with pre-warmed DMEM +10 % FCS + P/S. Medium was 

changed after the first day in vitro and consecutively after seven days. Cells were maintained 

in an incubator at 37°C for at least 14 days prior to seeding. In experiments requiring agrin 

and LRP4 mutant glia cells, cortices of E18 embryos were used instead of P0-P2 pups.  

Seeding of glia cells: After at least 14 days in vitro, T75 flasks were vortexed for 1 min, 

medium was aspirated and the T75 flasks washed with sterile, pre-warmed PBS. PBS was 

exchanged with 5 ml of 0.05 % Trypsin-EDTA solution and cells were incubated for 1 min. 

Trypsin-EDTA solution was sucked off and the cells placed in an incubator for 4 min at 37°C 

until the cells visibly rounded up and started to detach. Cells were completely detached by 

hitting the sides of the flask. 7 ml of DMEM + 10 % FCS + P/S were added to stop the 

digestion. The solution was triturated 10 times with a 10 ml pipette and the solution 

transferred in a 15 ml Falcon tube. After resuspension a 10 µl aliquot of the solution was 

mixed with 10 µl of Trypan Blue (BioRad) and 10 µl of this mix were pipetted on a slide for 

automated cell counting in a BioRad TC-10 Cell Counter. After the cells were counted, they 

were diluted with DMEM + 10 % FCS + P/S and seeded at a density of 7100 cells/cm². Each 

well was filled with 3 ml of cell suspension and cells were allowed to grow for 4-7 days.     

Cortical cell cultures: Pregnant mice were sacrificed by cervical dislocation at day 15 of 

gestation. Embryos were transferred into sterile PBS and their heads cut off and transferred 

into petri dishes filled with 10 ml HBSS. Tails were collected for genotyping. Cortices were 

removed from the skull with fine forceps using a Stemi DRC microscope with an 1.6x 

objective (Zeiss). Bulbi olfactorii and meninges were discarded as well as the mid- and 

hindbrain. Cortex halves were collected in tubes filled with 9 ml HBSS. HBSS was exchanged 

with S1 solution and the cortices were incubated for 15 min at 37°C in a water bath. In the 

next step S1 solution was removed and the trypsinisation stopped by adding 9 ml of NB + 10 

% FCS + P/S.  After a further washing step with NB + 10 % FCS + P/S, cells were resuspended 

with fire-polished glass pipettes in 2 ml of NB + 10 % FCS + P/S supplemented with 20 µl of 

DNase I solution. Tubes were filled to 9 ml with NB + 10 % FCS + P/S and centrifuged for 4 

min with 1000 rpm in an Eppendorf Centrifuge 5804. Medium was aspirated and cells 

resuspended in 2 ml of NB + 10 % FCS + P/S. Tubes were again filled to 9 ml with medium 
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and again centrifuged for 4 min with 1000 rpm. At this point the preparation was modified 

for the different types of cultures used in this work.  

a) Monolayer culture: Medium was aspirated and exchanged with 1 ml NB+ + 10 % FCS + 

P/S. After resuspension a 10 µl aliquot of the solution was mixed with 10 µl of Trypan 

Blue and 10 µl of this mix were pipetted on a slide for automated cell counting in a 

BioRad TC-10 Cell Counter. Cells were diluted with NB+ + 10 % FCS + P/S and seeded 

at a density of 2.65*105 cells/cm². They were kept in an incubator at 37°C and 95% O2 

+ 5% CO2 for 5 up to 15 days. Half of the medium was exchanged with NB+ without 

FCS + P/S every 3 days.    

b) Microisland culture: Medium was aspirated and exchanged with 1 ml NB+ without FCS 

+ P/S. After resuspension a 10 µl aliquot of the solution was mixed with 10 µl of 

Trypan Blue and 10 µl of this mix were pipetted on a slide for automated cell 

counting in a BioRad TC-10 Cell Counter. Cells were diluted with NB+ without FCS + 

P/S and seeded at a density of 425 cells/cm². They were kept in an incubator at 37°C 

and 95% O2 + 5% CO2 for 5 up to 15 days. Half of the medium was exchanged with 

NB+ without FCS + P/S every 7 days.    

Agrin incubation experiments: Cell cultures were treated with different concentrations of 

neuronal full-length chicken agrin or C-terminal agrin by adding agrin directly to the culture 

medium. Medium was gently mixed and the cells were incubated at 37°C for three to five 

hours prior to any measurements. In experiments where the PI3K blockers wortmannin or 

LY294002 were applied cells that were incubated for three to five hours in culture medium 

supplemented with 1 µM of wortmannin or 50 µM of LY294002 served as controls. Cells 

were also treated with 1 µM wortmannin or 50 µM LY294002 in combination with 1 µg/ml 

soluble neuronal agrin respectively. For blocking mTOR signaling cells were incubated as in 

the other experimental setups with together with 1 µM rapamycin.  

In the results section of this study agrin refers to the full-length form of neuronal chicken 

agrin in the incubation experiments. C-terminal neuronal chicken agrin is indicated as such in 

the experiments it has been used in.   
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Solutions:  

NB + 10 % FCS + P/S:  450 ml Neurobasal medium      
    50 ml fetal calf serum      
    5 ml penicillin/streptomycin 100x 

NB+ + 10 % FCS + P/S:   170 ml Neurobasal medium      
    20 ml fetal calf serum      
    4 ml BME amino acids      
    4 ml B27 supplement 50x      
    250 µl GlutaMax 100x      
    млл ҡƭ ʲ-mercaptoethanol 50 mM     
    2 ml penicillin/streptomycin 100x 

NB+ without FCS + P/S:  190 ml Neurobasal medium      
    4 ml BME amino acids      
    4 ml B27 supplement 50x      
    250 µl GlutaMax 100x      
    млл ҡƭ ʲ-mercaptoethanol 50 mM     
    2 ml penicillin/streptomycin 100x 

DMEM + 10 % FCS +P/S:  рлл Ƴƭ 5ǳƭōŜŎŎƻΩǎ ƳƻŘƛŦƛŜŘ 9ŀƎƭŜ ƳŜŘƛǳƳ    
    50 ml fetal calf serum      
    5.5 ml penicillin/streptomycin 

S1 Solution:     нн Ƴƭ IŀƴƪΩǎ ōǳŦŦŜǊŜŘ ǎŀƭǘ ǎƻƭǳǘƛƻƴ     
    2.5 ml 10x Trypsin solution (125 mg in 5 ml HBSS)   
    0.25 ml penicillin/streptomycin 100x    
    0.25 ml DNase I solution  

Borate buffer:   1.24 g boric acid        
    1.9 g sodium tetra borate      
    ad 400 ml ddH2O      
    pH: 8.4 

Poly-D-lysine solution:  5 mg poly-D-lysine       
    50 ml sterile borate buffer  

Trypsin-EDTA solution: 5 ml Trypsin-EDTA 10x       
    45 ml sterile PBS   

DNase I solution:   1.5 ml HBSS        
    10 kU DNase I from bovine pancreas  
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2.2.2 Genotyping of mutant mice by PCR and DNA electrophoresis  

2.2.2.1 Preparation of genomic DNA  

Tail cuts of mice were digested in 200 µl tail lysis buffer supplemented with 2 µl of 

proteinase K (Roche) at 57°C on a shaker for 4-12 hours. After full digestion proteinase K was 

inactivated by heating the solution to 85°C for 45 min on a shaker. Lysate was used as 

template for PCR-based genotypings or stored at -20°C for later use.  

2.2.2.2 Genotyping of agrin mutant mice  

The mixture for a single PCR reaction (25 µl) contained the following reagants:  

ddH2O:       16.6 µl     
 10X PCR reaction buffer:   2.5 µl      
 50 mM MgCl2:     1.25 µl      
 2.5 mM dNTPs:     1 µl     
 рΩǇǊƛƳŜǊ мл ҡa ό²¢Υ 9ȄомΣ YhΥ тттолύΥ  1.25 µl      
 оΩǇǊƛƳŜǊ мл ҡa ό²¢Υ 9ȄонǊŜǾΣ KO: 30234): 1.25 µl     
 Taq-polymerase (Invitrogen) 5U/µl:   0.15 µl     
 tail lysate:      1 µl  

The PCR program was designed as follows:  

94°C       4 min      
  30 cycles  ς 94°C    30 s      
    58°C   30 s      
    72°C   45 s     
  end of loop          
    72°C    5 min     
    4°C    қ      

10 µl of PCR product supplemented with loading buffer were loaded on a 2 % agarose gel 

supplemented with ethidium bromide, electrophoresed at 120 V for 45 min and imaged on a 

ChemiDoc station (BioRad). The wild type reaction (WT) yielded a 300 bp product, the knock 

out reaction (KO) a 250 bp product, respectively (Figure 5).      

 

Figure 5: PCR products of an agrin genotyping showing WT-PCR products and KO-PCR products having a size of 300 bp 
and 250 bp, respectively.   
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2.2.2.3 Genotyping of LRP4 mutant mice  

The mixture for a single PCR reaction (25 µl) contained the following reagents:  

ddH2O:      17.25 µl     
 10X Thermopol buffer:   2.5 µl      
 10 mM dNTPs:     0.5 µl     
 рΩǇǊƛƳŜǊ мл ҡa ό[пIǇŦƳŦύΥ    1.25 µl      
 оΩǇǊƛƳŜǊ мл ҡa όпо.ǊψCtύΥ   1.25 µl     
 Taq-polymerase (NEB) 5U/µl:   0.15 µl     
 tail lysate:      2 µl  

The PCR program was designed as follows:  

 94°C      3 min       
  40 cycles  ς 94°C   15 s       
    58°C  15 s       
    72°C  20 s      
  end of loop          
    4°C   қ  

PCR products were digested with 0.5 µl of HpyCH4V at 37°C overnight. 10 µl of digested PCR 

product supplemented with loading buffer were loaded on a 2 % agarose gel supplemented 

with ethidium bromide, electrophoresed at 120 V for 45 min and imaged on a ChemiDoc 

station (BioRad). 

The reaction yielded a 132 bp + 69 bp product for wild type animals (+/+), a 227 bp product 

for mutant animals (-/ -) and 227 bp + 132 bp + 69 bp products for heterozygous animals (+/-) 

(Figure 6). 

 

Figure 6: PCR products of a LRP4 genotyping. Lrp4
mitt 

mutant PCR products (-/ -) are not digested by HpyCH4V and have a 

size of 227 bp while digested products from wild type animals (+/+) show two bands of a size of 132 and 69 bp. PCR 

products from heterozygous animals yielded a combination of all three bands.  
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Solutions and primers:  

50x TAE buffer for agarose gels:  242 g Tris       
     57 ml glacial acetic acid     
     100 ml 0.5 M EDTA pH 8.0     
     ad 1 l ddH2O 

1x TAE buffer:    100 ml 50x TAE buffer     
     900 ml ddH2O 

2 % agarose gel:    100 ml 1x TAE buffer      
     2 g agarose       
     10 µl ethidium bromide 

10x loading buffer:    25 % (v/v) Ficoll      
     100 mM Tris-HCl pH 7.4     
     100 mM EDTA      
     0.25% (w/v) xylene cyanol 

Ex31:      CAGGGGATAGTTGAGAAG 

Ex32rev:     GCTGGGATCTCATTGGTC 

777302:     TCGCAAGTTCTAATTCCA 

30234:     GGGCAGGGCTAACACCAA 

L4Hpmf:     GGTGAGGAGAACAGCAATGT 

43Br_FP:     TCCCAGGGTCAGTGTAACGATG 

All PCR primers being used in this thesis were synthesized by Eurofins MWG Operon.  

2.2.3 SDS-PAGE and western blot  

Sample preparation for membrane protein purification: Cortical tissue from mice of different 

ages was collected and the meninges, bulbi olfactorii and hippocampi were removed and the 

cortical tissue rapidly frozen on dry ice. Samples were stored at ς80°C. Tissues were 

homogenized in PBS supplemented with 0.34 M sucrose containing the proteinase blockers 

leupeptin (10 µM), aprotinin (0.1 mM), PMSF (0.1 mM), pepstatin A (10 µM). The 

homogenate was centrifuged at 800 g for 10 min at 4°C using an Eppendorf 5424-R bench 

centrifuge. The supernatant was collected and centrifuged at 100000 g for 15 min in a 

Sorvall RC M150 GX centrifuge. The supernatant contained the cytosolic fraction and was 

stored at -20°C. The pellet containing the membrane fraction was stripped using 0.1 M DEA 

pH 11.5 and centrifugation at 100000 g for 15 min. The pH was neutralized by adding PBS 

after discarding the supernatant. The suspension was again centrifuged at 100000 g for 15 
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min and the pellet solubilized in 200 µl TBS containing proteinase blockers and 1% CHAPS. In 

this solution the proteins were incubated for one hour on ice and again centrifuged at 

100000 g for 15 min. The supernatant now contained the solubilized transmembrane 

proteins. Protein concentration was determined by measurement of UV absorbance at a 

wavelength of 280 nm with a Bio photometer (Eppendorf). Proteins were stored at -20°C 

until further use.  

Sample preparation for PI3K experiments: Cortical neurons were incubated in medium 

containing 1 µg/ml, 5 µg/ml or 10 µg/ml agrin for 10 or 30 min, washed with warm PBS and 

scraped from 24-well plate by adding 200 µl ice-cold solubilization buffer containing the 

proteinase blockers leupeptin, aprotinin, PMSF, pepstatin A and 1 % CHAPS in Tris buffered 

saline solution. 0.1 µM okadaic acid and 0.1 µM calyculin A were added to block 

phosphatases. Wortmannin was added at 1 µM to inhibit PI3K and untreated cells used as a 

negative control. The solution was centrifuged for 4 min at maximal speed on an Eppendorf 

5424-R bench centrifuge. The supernatant was collected and again centrifuged for 15 min at 

100000 g at 4 °C in a Sorvall RC M150 GX ultra centrifuge. The protein concentration of the 

supernatant was determined by measurement of UV absorbance at a wavelength of 280 nm 

with a Bio photometer (Eppendorf).  

SDS-PAGE and western blot: Protein samples were diluted to the desired protein 

concentration by adding water and sample buffer and boiled for 3 min. 1-5 µg of protein 

(depending on the experiment) was loaded per lane and analyzed by SDS-PAGE. 6 % SDS gels 

were used for agrin blots (7.5 % SDS gels for LRP4, 10 % SDS gels for PI3K) and samples were 

electrophoresed for one hour at 150 V. Separated proteins were blotted on nitrocellulose 

membranes in a transfer tank filled with cold blotting buffer and an ice block at 100 V for 

one hour. Membranes were stained with Ponceau S stain and washed with ddH2O. Blocking 

was done using PBS supplemented with 1% BSA for at least 30 min at room temperature. 

Primary antibodies were diluted in PBS/BSA and applied to the membranes overnight at 4°C 

on a shaker. Blots were washed three times for 5 min with PBS containing 0.5 % TWEEN 20 

and incubated for one hour with secondary antibodies coupled to HRP diluted 1:20000 in 

PBS/BSA. After another step of washing in PBS/TWEEN blots were analyzed using the 

enhanced chemiluminescence kit (Thermo Scientific). The membranes were incubated with 

a solution comprised of one volume peroxide solution and one volume of luminol enhancer 
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and placed between plastic sheets without introducing bubbles. Images were acquired with 

a ChemiDoc station (BioRad) using different exposure times yielding optimal results.  

Analysis of PI3K pathway blots: In experiments where the PI3K pathway was either 

stimulated with neuronal agrin or blocked by wortmannin blots were analyzed with ImageJ. 

The intensity of the bands was measured by placing a rectangular region of interest (ROI) 

around the bands and was normalized to the intensities of their respective GAPDH bands. 

Control values for pAKT and pD{Yоʲ ǿŜǊŜ compared with wortmannin- and agrin-treated 

levels of the proteins and statistically tested. Data showing strong increases in 

ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ !Y¢ ŀƴŘ D{Yоʲ ƛƴ ŎŜƭƭǎ ǘǊŜŀǘŜŘ ǿƛǘƘ ǿƻǊǘƳŀƴƴƛƴ ǿŜǊŜ ƻƳƛǘǘŜŘΦ 5ŀǘŀ 

showing strong decreases in phosphorylation ƻŦ !Y¢ ŀƴŘ D{Yоʲ ƛƴ ŎŜƭƭǎ ǘǊŜŀǘŜŘ ǿƛǘƘ ŀƎǊƛƴ 

compared to control cells were also omitted.    

Solutions:  

1 M Tris-HCl pH 8.8:    121.1 g Tris base     
     fill to 800 ml with ddH2O     
     adjust pH to 8.8 with HCl     
     add ddH2O to 1 l  

1 M Tris-HCl pH 6.8:    same as above but pH 6.8 

10 % ammonium persulfate (APS):  0.1 g APS in 10 ml ddH2O 

10x running buffer:    30.3 g Tris base      
     144 g glycine       
     dilute in 1 l ddH2O  

Blotting buffer:    100 ml 10x running buffer     
     200 ml methanol      
     690 ml ddH2O      
     10 ml 10% SDS solution 

1x running buffer:   100 ml 10x running buffer    
     10 ml 10% SDS solution    
     add ddH2O to 1 l 
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2.2.4 ELISA for agrin-agrin interaction  

Biotinylation of agrin:  To detect a possible agrin-agrin interaction agrin was covalently 

labeled with biotin. Agrin was incubated with Sulfo-NHS-LC-Biotin linker for one hour at 

room temperature in 20x molar excess. The reaction was quenched with ethanolamine (1 M 

stock, pH 8.0) using the same volume of ethanolamine as the biotin linker and the 

biotinylation confirmed by western blot analysis.  

ELISA: 100 µl of agrin at a concentration range from 0.5 µg/ml to 0.125 µg/ml was 

immobilized in wells on a 96-well plate (Nunc). Adsorption was done at 4°C overnight. Empty 

wells and wells containing only PBS or PBS/BSA were used as negative controls; Rb46 was 

used as a positive control. The plate was washed three times with 200 µl washing puffer per 

well. Blocking was done with 200 µl of blocking buffer for 1 h at room temperature. The 

plate was washed again three times and the biotin-conjugated agrin was added in different 

dilutions. After two hours of incubation at room temperature the plate was again washed 

three times and 100 µl developing solution was applied to each well. The reaction was 

stopped with 100 µl of 6 N sulfuric acid. The plate was read on a Model 3550 microplate 

reader (BioRad) using a detection wavelength of 490 nm and a reference wavelength of 405 

nm.  

Solutions:  

Block buffer:     1 g bovine serum albumin     
     500 µl TWEEN-20      
     ad 100 ml PBS 

Washing buffer:    5 ml TWEEN-20      
     ad 1 l PBS 

Detection solution:    15 ml citrate buffer      
     5 µl 30 % hydrogen peroxide solution   
     100 µl OPD  
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2.2.5 Immunocytochemistry  

Staining of synapses: Immunocytochemistry was used to visualize synapses in microisland as 

well as in monolayer cultures of control and agrin-treated cells. Antibodies against the 

presynaptic markers VGlut1+2 (polyclonal GP, Synaptic Systems) for excitatory and VGAT 

(polyclonal Rb, Synaptic Systems) for inhibitory synapses as well as postsynaptic markers 

gephyrin (monoclonal mouse, Synaptic Systems) and PSD95 (monoclonal mouse, Thermo 

Scientific) were combined to show areas of co-localization, supposedly synapses. Cells were 

fixed in cold methanol fixation solution (for synapse staining) for 10 min at -20°C and washed 

with PBS for three times. After permeabilization with 0.1 % Triton X-100 in 0.1 % BSA 

containing PBS cells were again washed with PBS three times and incubated in blocking 

solution containing 1 % BSA in PBS. Antibodies were diluted in blocking solution (table 1). 

Cells were incubated for one hour in a chamber containing moist paper at room temperature 

with primary antibodies and washed three times with PBS. Secondary antibodies (raised in 

goat, Dianova) coupled to either Alexafluor-488, Alexafluor-594 or Cy3 were diluted 1:500 in 

1 % BSA/PBS and when necessary DAPI was added 1:1000 to visualize nuclei. During 45 min 

of incubation the coverslips were kept in the dark in a moist atmosphere. Coverslips were 

washed three times with PBS and dipped into ddH2O and mounted on glass slides with 

mowiol. They were left to dry at room temperature in the dark overnight and kept at 4°C 

until further use.  

Staining of AMPAR: AMPAR were visualized using anti-GluA antibodies (mouse monoclonal, 

Synaptic Systems) together with the presynaptic protein VGlut1+2 (polyclonal GP, Synaptic 

Systems). Cells were fixed in PBS containing 4 % formaldehyde for 10 min at room 

temperature. From this step on the same protocol was used as for the staining of synapses. 

This protocol was also used for the staining and detection of other proteins (e.g. GFAP, 

MAP2). 

Solutions:  

Methanol fixation solution:   90 ml methanol      
     10 ml glacial acetic acid 

Formaldehyde fixation solution:  8 ml 37 % formaldehyde solution    
     66 ml PBS 

PBS/BSA:     1 g bovine serum albumin    
     ad 100 ml PBS  



 
35 

Permeabilization solution:   100 µl Triton X-100      
     0.1 g bovine serum albumin     
     ad 100 ml PBS 

2.2.5.1 Confocal imaging of immuno -stained cultures  

Cells were imaged on a Carl Zeiss LSM700 confocal microscope using ZEN 2010 software and 

a PC for data acquisition. Images were taken using a 63x objective (Plan Apochrome 1.4 Oil 

DIC) and a zoom factor of 0.5. The soma of a neuron was placed in the center of the view 

field and Z-stack images were taken. Laser intensities and gain factors were adjusted for 

each channel to yield sufficiently illuminated pictures without oversaturating the image. For 

further analysis these stacks were transformed into 2D images and saved separately.    

2.2.5.2 Analysis of confocal images  

Analysis of co-localization: Confocal images of control and agrin-treated cells were processed 

with ZEN2010 and co-localization assessed with the ImageJ (NIH) plug-in PunctaAnalyzer 

written by Barry Wark, which is available from the Eroglu Lab (c.eroglu@cellbio.duke.edu). 

The program was used according to the following instructions of the Eroglu group (Ippolito 

and Eroglu, 2010). A rectangular selection tool was selected in the ImageJ menu to 

determine the region of interest (ROI). The whole view field was selected as ROI (width = 

203.23 µm, height = 203.23 µm). With this ROI selected the plug-ƛƴǎ ƳŜƴǳ άtǳƴŎǘŀ!ƴŀƭȅȊŜǊέ 

ǿŀǎ ǎŜƭŜŎǘŜŘΦ Lƴ ǘƘŜ ά!ƴŀƭȅǎƛǎ hǇǘƛƻƴǎέ ǿƛƴŘƻǿ ǘƘŀǘ ŀǇǇŜŀǊŜŘ άwŜŘ /ƘŀƴƴŜƭέΣ άDǊŜŜƴ 

/ƘŀƴƴŜƭέΣ ǘƘŜ ŦƛǊǎǘ ά{ǳōǘǊŀŎǘ .ŀŎƪƎǊƻǳƴŘέ ŀƴŘ ά{Ŝǘ ǊŜǎǳƭǘǎ ŦƛƭŜΦΦΦΦέ ǿŀǎ ǎŜƭŜŎǘŜŘΦ bŜȄǘΣ ŀ 

ǊƻƭƭƛƴƎ ōŀƭƭ ǊŀŘƛǳǎ ƻŦ рл ǿŀǎ ǎŜƭŜŎǘŜŘ ŀƴŘ ǘƘŜ ά²ƘƛǘŜ .ŀŎƪƎǊƻǳƴŘέ ƻǇǘƛƻƴ ǳƴŎƘŜŎƪŜŘΦ ! ƴŜǿ 

window appeared alongside a mask corresponding to the red channel image. The threshold 

was adjusted until the red mask corresponded as well as possible to as many discrete 

individual puncta without introducing too much noise. This is the most subjective step of this 

protocol and it was taken care to develop a consistent approach. The minimum puncta size 

was set to 4 pixels and nothing else modified. The previous step was repeated for the green 

channel respectively. The plugin provided quantification corresponding to puncta in each 

channel separately and to co-localized puncta between the two channels. The co-localized 

puncta number was saved to an Excel sheet and subjected to statistical analysis using Mann-

Whitney rank sum tests. Only cells with a clear and distinct staining for both channels were 

analyzed. Cells were blindly evaluated in respect to agrin treatment.  
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Analysis of pharmacological PI3K block: To test whether or not blocking of PI3K leads to a 

decrease of phosphorylated downstream targets we used immunocytochemistry employing 

ŀƴǘƛōƻŘƛŜǎ ǊŀƛǎŜŘ ŀƎŀƛƴǎǘ ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ D{Yоʲ ό/Ŝƭƭ {ƛƎƴŀƭƛƴƎ ¢ŜŎƘƴƻƭƻƎȅύΦ /ǳƭǘǳǊŜǎ ǿŜǊŜ 

either untreated controls or treated with agrin (1 µg/ml) or wortmannin (1 µM). Cells were 

fixed as previously described. Images were acquired with the same microscope and objective 

as mentioned before. Special care was taken to always use the same laser intensities and 

gain settings for control and treated cells in the same experiment set. ImageJ was used for 

offline analysis to draw a ROI around the soma of a cell and to measure the mean intensity 

of the fluorescence signal. The data was then subjected to appropriate statistical tests (t-test 

if normally distributed or Mann-Whitney test if normal distribution was not given). 

Analysis of AMPAR cluster area and density: Pictures were obtained as previously described 

using a 63x objective. Overview images were acquired employing a zoom factor of 0.5 or 1.5 

for detailed images for offline analysis. Images were analyzed with ImageJ. AMPAR cluster 

area was determined after adjusting the threshold by zooming in on spots of co-localization 

with VGlut1+2 and drawing a ROI around it and measuring the area of the ROI. For the 

density of these spots the length of dendrites harboring these co-localizations was measured 

and the contained spots counted. The data was then subjected to appropriate statistical 

tests (t-test if normally distributed or Mann-Whitney test if normal distribution was not 

given).     

2.2.6 Reverse transcription PCR & quantitative real -time PCR  

Preparation of total RNA:  Pregnant mice were sacrificed and the cortices of E15 embryos 

were removed as described for the preparation of cell cultures. Cortical hemispheres were 

frozen at -80°C and stored at this temperature until further processing. Animals were 

genotyped and wild type as well as mutant littermates selected for each specific experiment. 

For the preparation of total RNA the Qiagen Rneasy Kit was used. Only DEPC-treated plastics 

were used in all the following steps to avoid degradation of RNA by RNases. Samples were 

always kept on ice. Homogenization buffer was freshly prepared by adding 12 µl ƻŦ ʲ-

mercaptoethanol to 1200 µl of RLT buffer. This mix was shortly vortexed and 600 µl of RLT-

mix pipetted onto the tissue samples. Samples were triturated with a 1000 µl pipette until 

the tissue was completely dissolved. Samples were centrifuged at maximal speed on an 

Eppendorf 5424-R bench centrifuge for 3 min at 4°C. The supernatant was transferred in  a 
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fresh 1.5 ml Eppendorf tube, 350 µl of 70 % ethanol was added and the solution vortexed. 

After this step 700 µl of this solution were applied to one RNeasy spin column. After 60 s 

centrifugation at 8000 g the flow-through was discarded and the column tapped on a piece 

of paper to remove excess buffer. 700 µl of RW1 were applied to the column followed by 60 

s centrifugation at 8000 g. Flow-through was again discarded and the column tapped on a 

piece of paper. 500 µl of RPE buffer were applied in the next step and the column 

centrifuged for 60 s at 8000 g. Flow-through was again discarded and 500 µl RPE buffer were 

again applied to the column followed by 2 min of centrifugation at 8000 g. In the final step 

RNA was eluted in a fresh collection tube by adding 40 µl of DEPC-treated ddH2O to the spin 

filter and centrifugation for 2 min at 8000 g. A 1 µl aliquot of total RNA was diluted 1:20 in 

DEPC-treated ddH2O and the concentration quantified in a Bio photometer (Eppendorf). 

Reverse transcription: To transcribe the total RNA into cDNA SuperScript II reverse 

transcriptase was used. 5 µg of RNA were chosen as a template for reverse transcription. For 

each reaction a PCR tube was prepared with the following reagents:  

  Oligo (dT) Mix:    1 µl           
  dNTPs 2.5 mM:    1 µl      
  5 µg total RNA:   x µl      
  ddH2O:     to 12 µl  

The mixture was heated to 65°C for 5 min in an Eppendorf Master Cycler Gradient PCR 

machine and quickly chilled on ice. After that the following reagents were added to the 

tubes:  

  5x first-strand buffer:   4 µl      
  0.1 M DDT:     2 µl  

The contents were mixed with a 100 µl pipette and incubated for 2 min at 25°C in the PCR 

machine. Afterwards 1 µl (200 U) of SuperScript II RT was added and mixed by pipetting. 

After further incubation at 25°C for 10 min, the reaction was incubated at 45°C for 50 min 

and inactivated by heating to 70°C for 15 min. cDNA was diluted 1:100 and quantified an UV-

photometer. For real-time quantitative PCR the SYBR Select Master Mix (Applied Biosystems) 

was used in these experiments according to the manual.  
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A single reaction consisted of the following components:  

 

  SYBR Green Master Mix:  10 µl       
  Forward primer 10 pM:  0.5 µl       
  Reverse primer 10 pM:  0.5 µl       
  ddH2O:    8 µl       
  cDNA template (40 ng): 1 µl 

Each gene was investigated at least in triplicate on 96-well plates suitable for real-time PCR. 

The standard cycling mode was selected on the 7500 Fast Real Time PCR cycler (life 

technologies) which comprised the following steps:  

UDG Activation:     50°C   2 min    

AmpliTaq polymerase activation:   95°C   2 min    

Denature:     95°C   15 s  40 cycles  

Anneal/Extend:     60°C   1 min   40 cycles 

Analysis of melting curves: The mean cycle threshold (CT) values for each gene were 

ŎŀƭŎǳƭŀǘŜŘ ŀƴŘ ǳǎŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ɲ/T value to normalize the mRNA amount to the actin 

reference of the specific animal. Values that deviated strongly from the others of the same 

sample were excluded when calculating CT.   

  ɲ/T
WT= CT

WT target ς CT
WT ŀŎǘƛƴ ϧ ɲ/T

KO= CT
KO target ς CT

KO actin 

In the next step the normalization to the wild ǘȅǇŜ ǎŀƳǇƭŜ ǿŀǎ ŘƻƴŜ ǿƘƛŎƘ ƎƛǾŜǎ ǘƘŜ ɲɲ/T 

value  

  ɲɲ/TҐ ɲ/T
WT target ς ɲ/T

KOtarget  

The last calculation is used to calculate the relative fold change (F) showing a higher 

transcription or lowered transcription of the target gene in the sample. 

  F = 2-ɲɲ/t  

Fold changes from different preparations were used to determine statistically significant 

changes in mRNA levels of wild type and mutant mice by using the t-test. 
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List of primers for real-time quantitative PCR:  

Agrin:   Agrin_F:  GCACACCTTCGAGAGAGACC    
   Agrin_R:  CTATGGGCTCTTTGCTCCTG product size: 206 bp 

CAR:     CxadrFor:  ACT CTC AGT CCC GAA GAC CA    
   CxadrRev:  TGCGTCGCCAGACTTGACAT product size: 179 bp  

Actin:    Aktin For:  CGTGGGCCGCCCTAGGCACCA    
   Aktin Rev: CTTAGGGTTCAGGGGGGC product size: 238 bp 

ʰо-Na+/K+ ATPase:  A3_F:   CATTGTCACTGGTGTGGAGG     
   A3_R:  GAAGGGTGTGATCTCAGGGA product size: 100 bp 

LRP4:    LRP4_F:  GCAACTGCACCACCTCCATG     
   LRP4_R: CACAGGAACTGGTCAGAGGC product size: 168 bp 

-hdystroglycan:  aDys_F: CACCCACTCGAATCCGTACT    
   aDys_R: AAAATAGGTTCCCACCCAGG product size: 116 bp 

Primers were specifically designed to include all possible isoforms of each gene investigated.  

2.2.7 Electrophysiology  

2.2.7.1 Components of the electroph ysiology set -up  

The patch clamp set-up comprised the following components: an upright microscope 

Axioscope 2 FS plus (Zeiss) set upon a vibration isolated table (Newport). Cells were 

visualized with phase contrast optics using a 40x Achroplan objective (0.8 w Ph 2; Zeiss) and 

a 16x Zeiss ocular. The holding chamber for tissue slices or coverslips was custom-made from 

acrylic glass and mounted on micromanipulators that were operated manually (Luigs & 

Neumann). The head stage of the EPC-10 patch clamp amplifier (HEKA Elektronik) and the 

electrode for extracellular stimulations were also mounted on micromanipulators powered 

by Mini 25 (Luigs & Neumann) motors being controlled by an external SM III-5 controller unit 

(Luigs & Neumann). A stimulus isolator model 2200 (A-M Systems) to transform the applied 

stimuli for extracellular stimulations, a gravity-fed perfusion system and peristaltic pump 

system were used when necessary. All components mentioned above were located in a 

CŀǊŀŘŀȅΩǎ ŎŀƎŜ ŀƴŘ ŎŜƴǘǊŀƭƭȅ ƎǊƻǳƴŘŜŘΦ 9ƭŜŎǘǊƻǇƘȅǎƛƻƭƻƎƛŎŀƭ ǊŜŎƻǊŘƛƴƎǎ ǿŜǊŜ ŀŎǉǳƛǊŜŘ ǿƛǘƘ ŀ 

EPC-10 patch clamp amplifier (HEKA Elektronik), analog signals digitized and saved on a 

Windows XP personal computer. The amplifier was controlled, protocols edited and run with 

the Windows version of TIDA 5.24 (HEKA Elektronik).  
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Figure 7: Patch clamp set-up comprised of an upright microscope, stimulation and recording electrodes mounted on 
micromanipulators, the ǊŜŎƻǊŘƛƴƎ ŎƘŀƳōŜǊΣ ŀ ǎǘƛƳǳƭǳǎ ƛǎƻƭŀǘƛƻƴ ǳƴƛǘΣ ŀ ǾƛōǊŀǘƛƻƴ ƛǎƻƭŀǘƛƻƴ ǘŀōƭŜ ŀƴŘ ŀ CŀǊŀŘŀȅΩǎ ŎŀƎŜΦ  

2.2.7.2 Patching a cell 

Coverslips were removed from cell culture plates with fine forceps and attached to the 

recording chamber using a small drop of grease. They were submerged in pre-warmed 

extracellular solution containing the drugs needed for the experiment. The recording 

chamber was screwed to the micromanipulators and cells were visually inspected using a 

40x water immersion objective. After a suitable cell was selected, meaning a healthy neuron 

with a phase bright soma, a pipette pulled from Kwik-Fil 1B150F-4 borosilicate glass (World 

Precision Instruments) using a model P-97 micropipette puller (Sutter Instruments Co.) was 

filled with intracellular solution and mounted on the head stage. Positive pressure was given 

using a 5 ml syringe to prevent clogging and the pipette was moved into the bath solution. 

The pipettes had resistances of around 2-р aҠ ǿƘŜƴ ŦƛƭƭŜŘ ǿƛǘƘ ƛƴǘǊŀŎŜƭƭǳƭŀǊ ǎƻƭǳǘƛƻƴǎΦ ¢ƘŜ 

offset voltage (Voffset) between pipette and bath solution was cancelled and the pipette 

advanced to the neuron until the current response of the 10 mV test pulse started to 

decrease, signaling the vicinity of the pipette tip to ǘƘŜ ŎŜƭƭΩǎ ƳŜƳōǊŀƴŜΦ ¢ƘŜ ǇƻǎƛǘƛǾŜ 

pressure was removed and the membrane patch under the pipette sucked into its opening. 

Under normal conditions a giga seal, which is the increase of the resistance indicating a tight 

άǎŜŀƭέ ōŜǘǿŜŜƴ ǇƛǇŜǘǘŜ ŀƴŘ ƳŜƳōǊŀƴŜ ǇŀǘŎƘΣ ŦƻǊƳŜŘ ǿƛǘƘƛƴ ǎŜŎƻƴŘǎΦ ¢ƘŜ ƘƻƭŘƛƴg potential 

was adjusted to - 70 mV and the fast capacitive transients were cancelled. The membrane 
































































































































































































