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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. Thes#ricate connections between nerve cells in the braingh&ow we
perceive our surroundingsnd give rise to higher cognitive functioms thisfirst chapter the
different types of synapses found in vertebrates willdescribed and discusseéd highlight

the extraordinary mechanismgoverningthe developmem of synapses and enable the
integration of a multitude okignals from one neuron to thetlwer. Chapter 1.2 will in detail
focus on one of the most important proteins for synaptic organization at the neuromuscular
junction a proteoglycarcalled agrin and stress why it is of interest to investigate its role in

the development of synapses in tleentral nervous systemwhich was the aim of this study

1.1.1 The neuromuscular junction

The neuromuscular junction (NMdas been the model of choice fure 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 frs and establish aynaptic connectionlnitially multiple motor
neuronaxons contact @ individualmuscle fiber During maturation only one axon terminal

per fiber remaingSanes and Lichtman, 199%he NMJ is aomplex structurgFigurel) like

any othersynapse 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 siten the muscle fibercontaining acetylcholine
receptors (AChR), scaffolding proteins and the apparatus for maintaining the synapse
structure (Punga and Ruegg, 2012)he formation of the NMJ is governed by intricate
signaling mechanisms that have beextensivelystudied for the last couple of decadebhe
nerve terminal of the motor neurons secretesmauronalagrin isoformand its binding to the
low-density lipoprotein related receptor 4 (LRR&imet al., 2008; Zhang et al., 200&)e

key stepsfor the subsequent activation of the muscle specific kirfigBeSK)(Glass et al.,
1996) which in turn leads to the activation of rapsifpel et al., 199yand the clustering of
AChR at thg@ostsynapticsite (Figure3). Agrin, secreted from motor neurons, has also been
implicated to bind with its NtAlomain to laminin found in the basal lamina of the NMJ

trapping it at synaptic site@enzer et al., 1997 & ¢ S t Hysttoglycail(Qugiyama et al.,




1994) helping to buidl and maintain the NMand its synaptic compositionlhe proteins
agrin, LRP4, MuSK and rapsipiave 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, ldang to a loss of innervation and synapti@rismission that
causes the netorn mutant mice to suffocat¢DeChiara et al., 1996; Gautam ét, 4995,
1996; Weatherbee et al., 2006pisruption of the interactions of agrin and LRP4aloyo-
immune antibodies causes severdegeneration of the NMJ andhas been linked to
myasthenia gravis (MG) and amyotrophic lateral scleroéfd.S) by disrupting
agrin/LRP4/MuSK signalingnmunization with ectalomains of LRP4 causes Nk effects

in mice and autoantibodies against agrin and LRP4 have been found in patients affected with
MG and AL$Shen et al., 2013; Tzartos et al., 2014; Zhang et al., 28I mutations to the

i K A NMRpeller domain of LRP4 have been linkeal myasthenia by compromising
agrin/LRP4MuSK signalingOhkawara et al., 2014yrther strengthening the importance of

these mogcules in maintaining the NMJ .

1.1.2 The chemical synapse and electrical synapse of the CNS

Chemical synapses are the mastmmon type of synapse found the CNS overtebrates.

They are highly specialized structures that convey information from oneeneell 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 thprospectivepostsynatic cell. This leads to the
formation of specialized protein complexes on the paed postsynaptic sites. Presynaptic
sites contain synaptic vesicles filled with neurotransmitters, which can be of different variety
(e.g. glutamate for excitatory cells @ABA(* -aminobutyric acidand glycine for inhibitory
cells) and ion channels such as voltaggéed calcium channels (VGCC) which are important
for neurotransmitter release.The excitatory synapse is characterized by relying on
glutamate as the neurotramsitter and by the appearancef 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 stablize GABA and glycine receptors at the synaptic site.
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Figurel: Schematic overview of a NMJ with associated proteififie 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 synapt& 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 utropl8ochememodified from Punga and Ruegg, 2012




The postsynaptic siteindergoes dramatic changes during maturation. Neurotransmitter
receptors are newly integrated tim the mentbrane or transported from extrasynaptic sites

to the newborn synapse. They are anchoreddmaffolding proteins such as the postsynaptic
density proteins for instance PSD95 for excitatory synapses or gephyrin for inhibitory
synapsesKigure2A andB). 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 kcited by action potentials arriving at the axon terminal. Here VGCC open upon
receiving this stimulus and synaptic vesicle fusion is initiated calcium influx
Neurotransmitters are released into the synaptic cleft, the space between the gné
postsg/naptic 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 indutdsixes across

the membrane and leads to changes in the membrane pixdé of the postsynaptic cellf

the membrane potential of the postsynaptic cell is depolarized sufficiently by these ion
currents, the postsynaptic neuron itself will fire action peti@ls relaying the information
from the presynaptic cell to a different cell. Through interplay with other excitatory and

inhibitory neurons this iformation can be further modiéid, amplified or attenuated.

Theelectrical synapse (arap junction) isound in the vertebrate nervous system not relying

on neurotransmitter release to propagate information but ions and small moledhlais
passthrough an aqueous pore. This structure is completely different father types of
synapss. t is made up of twdhexameric connexin hemichannels forming the agqueous pore
or connexon (Caspar et al., 1977, Makowski et al., 197Two opposing connexon
hemichannels make uthe actual channel, also called gap juncti@®erkins et al., 1998)
Through such a channel currents can flow easily from one cell to the other as well as
moleculeswith a molecular mass of up @00 Da(Hu and Dahl, 1999Y his kind of synapse is
often found in connections between interneurons especially in the hippocanfpukuda

and Koaka, 2000; Hamz&ichani et al., 2007)
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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 communityor a long time Camillo Golgi and Ramoén y Céijast

stained neurons in the brain by using a special staining technique developed by Golgi. This
sparse labeling of neuns, making even smallest arba@ions visible led Cajal to postulate

the neuron theory stating that the brain is not a continuoussin but made up of single cell

that may have distinct sites of contact. Therh synapse was only later ceith by Sir Charles
Sherrington in the late 90Sy (i dzZNBE RSaONA O AY I (GKS &G&LISOAL f
Iy 2 G @&ekKuiioz et al., 2006)What this connection lookelike was only possiblto

resolve with the inventiorof electron microscopes. In the year 1954 Palade and Palay used
this new technique to investigate neuromuscular junctions and could show distincapde
postsynaptic sites, synaptic vesicles and theagyic cleft of a synapse. They were not the

only onesto use this new techique to gain insighinto the ultrastructure of synapses
Roberis and Bennett analyzed synaptic connectiomgarthworms and frogg§Robertis and
Bennett, 19558K 2 g Ay 3 G KI G / | 2 lsén@ assuinglianévéaré dorec @@yS NIJ |-
much later it was possible to unravel the processes that lead to the birth ohapsg and

some remairstill unknowntoday.

For the establishment of new synaptic contacts axonal guidance is of utmost importance. It
is a complex pro@s mediated byepulsion or attraction of axonal growth cones through
diffusible guidance cues (chemoattractier@pulsion) like NGF or semaphorin3A
extracellular matrix proteins, the establishment of contacts (contaotediated
attraction/repulsion)and gimulation of axon outgrowthby cell adhesion molecules (CAMs)
like NCAM or LIBrimmendorf et al., 1998; Walsh and Doherty, 199%)ce 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 dtartsnstance the
interaction of reuroligin 1and i -neurexin has been demonstratedNguyen and Sudhof,
1997) and the localization of these two proteins has been shotenbe concentrated at
excitatory synapseéSong et al., 1999) Theexpressionof neuroliginsin nonneuronal cells

was sufficient to induce synaptic vesicle clusters of contacting af&uiseiffele et al., 2000)
Neuroligin 1 and another cell adhesion molecule, synCAM, can even form artificial synapses
in HEK cells emansfected with GIuR2 subunits of glutamate rpts (Sara et al., 2005)

These findings stresbe importance ofCAMsfor the triggering okynaptic speializations
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The processof recruiting proteins to the synaptic sitéas 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 AMPAceptor (AMPAR) subunit GIluR1, NMDA receptor
(NMDAR) subunit NR1 and PSD95 after one to two h@ursdman et al., 2000Synaptic
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 prefieed 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.

Presynaptic terminal Presynaptic terminal

Postsynaptic neuron Postsynaptic neuron
Y o WY ] R0\ N :/,:\
- f-i—:? i{—i—j}-i{ PSD95 ) AMPAR :ji)}jgzéj'( Gephyrin ” GABA,R
fe— A / \” \ A
@ Synaptic vesicle ﬁl NMDAR @ Synaptic vesicle r bee
Il i [ n s;%?;?gei:n p N-Cadherin o Collybistin Neurexin
Semaphorin ’ [ [ L E;L:(riﬁxm ‘ . Neuroligin | l l Plexin
Ephrin || [ Semaphorin * UV ErpBa

Eph U ]
P Neuregulin’ WECM

Figure2: Structure of glutamatergic and GABAergic synaps€ke 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 schenoatizview of a
glutamatergic synapse (A) and @ABAergic synapse respectively (B) highlights the differences between these two
synapsesModified from Kuzirian and Paradis, 2011

The recruitment of the postsynaptic PSD95 and AMPAR in this process seems to be mediated
08 0UKS t5% R2YlIAYy 27 -neQadNBibdind ditg is meZessanyKiGr NS |
NMDAR recruitmen{Chih et al., 2009)ighlighting the importance of the molecules for the

establishment of excitatory synapses.
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Inhibitory synapse matation is also dependendbn CAMs. Neuroligin Por instanceis an
important component ofinhibitory synapse Thereit is highly concentrated as has been
demonstratedoy costainingg A (i K { K S -ar@i®Butu@ dafiditrafisporter (VGAGhih

et al., 2005) The induction of the GABAergic postsynaptic specialization has been shown to
0S RSLISYRSyl 2y (KS vy S-deN®BxinAFdrAinstanse clskeying bfy 3 |
GABANBOSLIi2NE YR ySdz2NPfAIAY H A& AYRdz2OSR A
neurexin expressed in COS c@flang et al., 2008)

Neuroligin 2also interacts with inhibitory synapse scaffolding proteins like gephyrin and
collybistin.It is able to bind gephyrin with a highly conserved 15 ananid containing motif

at its Gterminal end and activates collybistin which triggers the tethering of the receptors to
the membrane at thepostsynaptic site(Poulopoulos et al., 2009€ollybistin and gephyrin
are also important for the recruitment of GABAreceptors tothe postsynaptic site of
inhibitory synapsesGephyrin has been shown to be required for the clustering of GABA
receptor subtypes in cultures of hippocampal neurons. Treatment with antisense
oligonucleotides reduced GARBAclusters in cultured neurongEssrich et al., 1998)
Collybistin aggregates gephyrin after-expression in HEK cells and kndokvn of the
protein in hippocampal neurons results in the loss of functionaBGergic synaps€kins et

al., 2000; Korber et al., 2012)he dystrophin glycoprotein complex (DGC) and most notably
2y S 27T Al a-dyothodhkdd srSalso @nplicatetd be of importance at GABAergic
aeylLlasSad 9t SglraAz2y 2F ySdaNRy Il |-dydirdgigcar & S
and homeostatic upscaling of GABAergic transmisgoibiag et al., 2014)

The phosphatidylinositol -Rinase (PI3K) also seems to take up a critical role in the
developing nervous system. PISK has been shown to be necessary for the elongation of
neurites in human neuroblastoma cellds(Sanchez et al., 20Q4Pharmacolgical block of

the enzyme with wrtmannin or LY294002 stopped neurite outgrowth im vitro assays
(Sanchez et al., 2004p13K is also implicated in having effects on the dendritic morphology
and soma size of hippocampal neurons. Expression of constitutively active forms of the
enzyme resukd in enhanced dendritic arboe#on, increased soma size and higher spine
density(Kumar et al., 2005PI3K led in these experiments to phosphorylation of AKT which
also seems to play a role in these proces@@smar et al., 2005)Longterm potentiation

(LTP)in hippocampal neurons is also dependent on PI3K signaling. Incubation with
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wortmannin or LY294002 abolishddl'P n these culturegMan et al., 2003) Ceimmune
precipitation and immunocytochemistry revealed that PI3K is associated with AMPARs and
seems to regulate their insertion in the membrane leadinghte prominent effects of LTP
(Man et al.,, 2003) These studies highlight the importance Bi3K signaling during

development of the nervous systeamd synaptogenesis

The synaptic organizergan is also expressed in the central nervous sys{&rbger and
alyys mopdhcT YNIISNI S |t dX ™ dadeehds beeh foidito | £ d >
be enriched in synaptosomal preparations from rat hippocam(@dse et al., 2000inplying

an importart function for agrin at the synapse tiie central nervousystem 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 summaryof the agrinrmediatedactions at the CNS synsg will be
presentedto give some insight owhatis] Y2 ¢y | 62dzi F ANRY Q& Fdzy Ol A

Thisshort and by no means complete introduction to some of the many processes that are
necessary to engineer a functional synapséhi certral nervous systenmighlights some of

the many proteinsthat are of great importancein this process but also showat
synaptogenesis does not have be necessarily a slow procedurestead some processes

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

1.2 Agrin Z a synaptic organizer
CKAA OKFLIISNI gAft F20dza 2y | #KAne@emustudalJ2 NI |
junction andwill also summarize what is known about its role in thgtablishment of

synapses ithe CNS.

1.2.1 Discovery and function at the NMJ

Agrin is a heavily glycosylated proteoglycanwdis first isolated from the electric organ of
the pacific electric rayforpedo californicdy the McMahan lal{Godfrey et al., 1984; Nitkin

et al., 1987) Early studies fronthis lab showed thathe insoluble fraction of the electric
organ contained a molecule that was able to induce clustering of AChR in cultured
myotubes This protein was later furthepurified and called agrin from the Greek word
G I 3 S AwKiBhAmédns to assembleecause of its effect on ACHRitkin et al., 1987)In
subsequent experiments the people from the McMahan \edre able to clone a cDNA that
comprised the active form of neuronal agrin from chickeith a predicted mass molecular

of around 207 kD&Tsim et al., 1992Fxpression 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 wheagrinpurified from the electric orgawas used. In the same ge
Markus Ruegg was able to isolate cDNAs encoding different agrin iso(Buegg 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. Isoforrtisat lack distinct amino acid inseréd the B siterender

these proteins unable to induce AChR clustdfgg(red) (Ruegg et al., 1992Another study
confirmed that the B insert and the-t€rminal lamininG-like domain are indeed needed for

the AChR clustering ability of ag({@esemann et al., 1995)

Anterograde

signals
Retrograde

signals

Muscle

Figure3: A simplified £hematic 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 aggregeatigis MuSKand causeshe assembly of AChR clusters
with the aid of rapsyn. Modified fronBarik et al, 2014

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

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

B/z insert)of agrin by replacing exons 32 and 33 with a neomycin resistance cassette
(Gautam et al., 1996 Hamozygous mutant mice were shithrn or diedin uterocaused by
grave defects in the formatioand maturationof a functional NMJ. While wild type animals
showed normal clustering of AChR near the endplate bandiagghragm muscles mutant
mice possessed small&XChR cisters and longer axon branches the phrenic nerve.

Mutant mice suffered froma significant lossof pre- and postsynapticspecializations
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(Gautam et al., 1996Fven though this studyrgetedneuronal forms of agrimutant mice
additionally appeared to beevere hypomorpgfor all forms of agrifGautam et al 1996)

In 2001Lin et al. developed a mouse mutant lacking most of the coding exe8d3)(@®r all

agrin variantgLin et al., 2001)These mice showed similar defects as the mice lacking only
the neuronal formof agrin comprised of a lack of ACHEsters and larger axon termafs of

the phrenic nerveThey also investigated MuSK mutant mice and mice lacking innervation by
deletion of the motomeuron-specific transcription factor Hb9. AChR clusteese 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 amtation of the phosphatidylinositol -Binase (PI3KfSchmidt et al., 2012)
Activation ofPI3K led to the phosphorylation &KT andGSKi f S RAy 3 (2 (K¢

microtubules at the synaptic membrarg8chmidt et al., 2012)

A

NCAM 95 kDa
Heparin-binding )
growth factors 21 kDa

/\ alpha dystroglycan agrin receptor

&
&

laminins f S

P Y
@] iR dE #3911l HOW e LS

A=4aa B=8aa
11 aa
19 aa

95 kDa

PPN 2' EIE

A=4aa B=19aa

Figure4: Structure ofsecretedfull-length neuronal chickenagrin (A) and the 9%Da CGterminal fragment of agrin (B).
Note the three splice sites in the fulength agrinmolecule. The A and B site are called y and z in roderAsnino acid
insert B and be third LG domain are sufficierfor AChR clusteringctivity (Gesemann et al., 1995The core protein has
a molecular mass of around 200 kDa but due to heavy glycosylation the apparent mass4800DKDa(Gesemann et al.,
1995) LG¢ laminin-Glike; EGg EGHike; S/T¢ serine/threonine rich; SEA sea urchin enterokinase sperm protein agrin;
Fsc follistatin-like; NtA¢ N-terminal agrin; S& signal sequenceModified 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 thebgdyween agrin and
activation of MuSK because agiiself is not able to bind MuStGlass et al., 1996)n 2008

two labs showed that the missinggrin receptor at the NMJ was LRP4, a-tmmsity
lipoprotein receptorrelated protein(Kim et al., 2008; Zhang et al., 2008ince LRP4 mutant
mice had a very similar phenotype to agrin and MuSKckraut 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 myotubegKim et al., 2008%ignifying an important function of LRP4 in relayihg t
agrin signal to MuSK ¢ KS& FdzNIKSNJ Ay@SadAalr dSR sjhgvt n Qa
chimeric constructs expressing the lalensity 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 expressiomuctsst
without the LRP4 domains were n@im et al., 2008)The necessity of the extracellular
domains of LRP4 for agrin interaction was also shown by a different lab in 2008. Using
seaeted forms of neuronal agrin {@rminal agrin with fagtag) and LRP4 (extracdln
domain with myetag) they performed immuea precipitation experiments proving
interaction of LRP4 with agrin but no interaction withuSK or LRP@&hang et al., 2008)
These findingslearlyprovideevidencethat agrin and LRP4 are binding partners at the NMJ.

Surprisingly not many experigfel & KIF @S 06SSy O2y RdzOGSR 2V
development in the CN$ne study showed that the expression of LRP4 in HEK293 cells led
to the induction of presynapticspecializations incortical neurons contacting these
transfected cellssuggesting a synaptic function for LRfMu et al., 2012) A second study
demonstrated that rescued LRigéficient mice lacking LRP4 expression in the brain had
severe cognitive defects affecting learning and memory as well as a reduction in
spontaneouseurotransmitter release together with a dection in spine densityGomez et

al., 2014) These findings highlight the importance of LRP4 at the CNS and not only at the
NMJ synapse@Nhether or not agrin signaling is important in these processes remains to be

investigated.

1.2.3 Agrin at t he central synapse z 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 propo$edareview seeDaniels, 2012)
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Seeing the dramatieffects of agrin depletion at the NMJ one wondérst would affect
neurons and their synapse development as wé&lince agrin expression in the central
nervous system is high ass been shown in adult ratduring development in micf.iet al.,
MDT T hQ/ 2y Yy 2andalSaiin thefckdick retnébgen et al., 1996; Mann and
Krbger, 1996)it was tempting to thinkagrin mightalso act asa key player in shaping the
circuitry in the brain perhaps by taking up the same important rolsyimpse development

in the CN&s in the NMJ.

Li et al. used agrideficient mice from the Sanes lab to make cortical cell cultures and
investigated theirsynaptic 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 cdocalizd nicely and were evenly distributed on
dendrites. To strengthen this result whole cell patch clamp experiment& wenducted
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 excitat@lutamatergic)
postsynaptic eventsrespectively (Li et al., 1999) The frequency of these events was
developmentally regulated and increased with longer culturing periods showing a normal

development of these agrideficient neuronsn vitro (Li et al., 1999)

Even though agrhdeficient neuronsseemed to develomormally a different study done on
cultured hippocampal rat neurons showed that agmmght be important in synapse
development and maintenance. After a ten day treatment with antisense oligonucleotides
directed against agrin, or treatment with agfspecific antibodies the neurons showed a
strong reduction of synapsiiimmunoreactive punta as well as a reduced mEPSC
frequency (Bose 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 synapdimlistribution as untreated control cultures. The effect on
synapsinl-positive puncta could not be induced in agdeficient neurons after treatment
with the antisense oligonucleotides leading the authors to highlight the possibility of
compensatory effects in agrdeficient cells(Bése et al.,, 2000)A second study using
antisense oligonucleotides showed a reduction of glutamate recemibunitGluR1 and an

even stronger reduction of GARR after treatment of hippocampal neuron cultures using
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western blot analysi¢Ferreira, 1999)The expression of agrin in the hippocampus was also
investigated and their results showed a decrease in agrin expression wgbrldaysn vitro
reaching a minimum at 30 days vitro showing that agrin expressiompreceded

synaptogenesigFerreira, 1999)

CdzZNIIKSNJ aiidzRASa 6SNBE 02y RdzO0G SR 2lige struehds.y Q& |
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 contacad precursors of matursynapsesin 2006 agrin

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

this study clustering of transmembrane proteins by incubation with polyclonal antibodies
against transmembrane agrin was performed in khietinal ganglion cells (RGC) to initiate
downstream signaling which led to the induction of filopcetlke processes on the axons of
cultured RGQAnNnies et al., 2006} abeling with palloidin revealed a complex cytoskeletal
structure in these protrusiongAnnies et al., 2006)Knockingdown agrin by lentiviral
AYOUGNRRdAzOGAZ2Y 2F wb! A T aedJink Bodddiad inddBighd R Sy S F
hippocampal neurons showed less filopotlke structures per 100 um of dendrite, and a
depletion of synapses aftergrinknockdown with RNA{McCroskery et al., 2009) he lab of

Stephan Kroger tried to map the structures needed for the induction of these filopigdia
processes using overexpression constructsrahsmembrane agrin in 2010. Their results
indicated that the seventh follistatiike domain of agrinKigure4) was needed for process
formation (Porten et al., 2010)This clearly shows that the s@igariants of neuronal agrin
mediating the AChR clustering are dispensable for the induction of filopidiastructures.

These findings may provide evidence for the hypothesis that filopodia may be indeed
precursordinitiators of synapses and that agriseems toplay a significant part in the

processof their induction

Agrin is also able to induce the expression of the immediate early géfes ¢n cortical
neurons which is a sign of neuronal actiitilgenberg et al., 1999This 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 neuronsocaled to an increase in intracellular
calcium (Hilgenberg and Smith, 2004By biochemical crosslinking agrin fragme@

terminal 15, 20 & 90 kD4do cultured cortical neurons, further purification of the crosslinked
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proteins and mass spectrometric analysighese purified protein complexds K S h o & dzo d
of the Na/K" ATPase (NKA) was identified as a neuronal binding partner for agrin
(Hilgenberg et al., 2006Jsing Nasensitive dyesticould be shown that agriseemed to

inhibitd KS Fdzy OldA2y 2F hobY! f SI R7nyddepdaizatoyof Ay ON
the membrane potentia(Hilgenberg et al., 2006)

Although agrin does not seem to be essential for synapse formatidime CNSt may have

an effect on synaptogenesis or synapse maturattbat is not easily resolved due to
compensatory effectsThe aswer to the question whathe agrin reeptor in the CNS,istill
remains highly debatednd many different roles during synapsevelopment have been
assigned to agrin highlighting the importance to further study this protein at the central

synapsgDanies, 2012)

1.3 Aims of this study

This study aimstunravek y 3 | ANAY Qa aALISOATAO NBfS RdzNRY:
in conventional monolayer and microisland culture syste@sestions this study want®

address are: Doethe addition of soluble agrin induce changes in the synaptic properties of
cultured neurons? Do these changes affect the-jrepostsynaptic site? Is there a change in

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

The physiological effects of agr incubation areanalyzed using wholeell patch clamp
recordings of untreated and agrineated neurons.Analysis of miniature postsynaptic
currents revealed an effect on the frequency and amplitude of mERSQgroisland and
the frequency ofmIPSCs in monolayer culturedsing immuwocytochemistry (ICC) and
pairedpulse stimulation experimentshanges in presynaptic release ofunetransmitterin

the number of inhibitory and excitatory synapses were examin®ido the passive and
active membrane properties of the neurons either treated with agrin or left untreated were
comparedresulting in data that suggests that agrin incubation does influence passive
properties e.g. the cells capacitance or active \gdtgated K current amplitudes of

neurons

Since PI3K has been shown to be activated by agrin in myo{Sodsnidt et al., 2012Zhis

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

agrinmediated signatig in neurons.

To unravel the agrin receptor complex in neurons a possible interaofiendogenais agrin
with soluble agrin wasnvestigated utilizing patch clamp recordings of agdeficient
neurons cultured on agrideficient astrocytes and convential monolayer cultures of
agrindeficient neurons.The collected data indicat@ necessary function for endogenous

agrin in agriamediated signaling in the CNS.

In addition] wt n Q& Ay @2t gSYSy i A y-mediftes effeqt BnERSC2 y
frequency was also analyzed by patch clamp recordings of-t&i#ent neurons cultured

on LRP4leficient astrocyte$o confirma possible interaction between agrin and LRP4 at the
central synapseThe evaluatia of these experiments indicateéhat 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

Preghant C57BL6/N micesed for the preparation of wildype cultures were delivered by
Charles River GmbH (Germany). Embryos were pedpat embryonic day 15 (E1%Agrin
knock out mice were generated by a targeted mutation which introduced a neomycin
OFraasSiiusS Aylu2 GKS YAOS 3ASy2YS NBLX I OAy3

splice exongB in chickpf the agrin gendGautam et al., 1996Agrin knoclout mice werea

0 K

kind gift from Prof. Dr. Markus Ruegg and were maintained at the MDC animal facility.
Embryos from agrin heterozygous mice were prepaae embryonic day E15 or E18RPA™

mice carrying a chemically induced mutation leading to an early stop of ttasland a
splice site mutation also leading to an early stop of translafMfeatherbee et al., 2006)

were a kindgift from Dr. Annette Hammekewin. Embryos from LRP#%heterozygous mice

were prepaed at embryonic day E15 or E18

2.1.2 Antibodies

Antibodies used for immunocytochemigtand western blots are listad table 1.

Tablel: Listof primary antibodies used in this study

Name Manufacturer/Order number | Concentration
Goat antiagrin K17 Santa Crusc6166 WB: 1:1000
Guinea pig ami/glu Synaptic System$B85404 ICC: 1:200
Guinea pig ant/glutl Synaptic System$85304 ICC1:600
Mouse antiGAPDH Novus BiologicaMB3006221 WB: 1:1000
Mouse antigephyrin Synaptic System$47011 ICC: 1:500
Mouse antiGIuA Synaptic System$82411 ICC: 1:500
Mouse antiMAP2a/b Dianova/DLN08583 ICC: 1 pg/ml
Mouse antineurofilament M LeincoTechnologiedN103 ICC: 7.5 ug/ml
Mouse antiPSD95 Thermo ScientifidlA1-046 ICC: 1:200
Rabbit antiagrin Rb46 Kroger lab WB: 1:1000
Rabbit andiAKT Cell Signaling Technolog§g72 | WB: 1:1000
Rabbit antiGFAP Dako/z0334 ICC: 1:500
Rabbit antipAKT(S473) Cell Signaling Technolo§g/71 | WB: 1:1000
Rabbit antipGSK3 beta (S9) | Cell Signaling Technolo§g23 | ICC: 1:100; WB: 1:1000
Rabbit antiLRP4 (F98) Santa Crusc98775 WB: 1:20
Rabbit aniVGAT Synaptic System$81002 ICC: 1:1000
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2.1.3 Agrin proteins

Expression and purificationf neuronal chicken agrinExpression and purification of the
recombinant agrin proteins was done by the technicians of the jRatiab. Ell-length
neuronal chicken agrinarrying a seven amino acid insert near théeNninus, a four amino
acid insertat the A/y andan eight amino acid inse#t the B/z splice sitéagrin 74-8) was
harvested from the medium of stably transfected R2E&cells (a kind gift from Markus
Ruegg) and purified by ion exchange usih§epharos columnsCells were kept in DMEM
supplemented with 10% FCS, P/S and G418 (1:30®.medium was then changed to
DMEM (without phenol red) and the cellgere kept for one week under these conditions.
The supernatant was harvested and centrifugeed 10 minat 2000 rpm at 4°Qsing a
Heraeus Megafuge 1.0 Rhe supernatant was again centrifugied 10 minat 10000 rpm at
4°Cusing a Sorvall RC 6+ centrifuged the supernatant incubated with epharose
equilibrated with 0.5 M NaC20 mM Tris pH .4 on a shaker overnight. A column was built
with the QSepharose and washed with 40 ml &6NaCI20 mM Tris pH 7.4. Elution was
done by switching to an elutio buffer consisting of 2 M NaQlB mM Tris pH 7.4. Agrn

containing fractions were testl by sWer stained SD§els, pooled and dialysed against PBS.

The protein concentration was quantified with a UV spectro photometer andpksswere
run on a 6 % SDS pabyylamide geto analyze their molecular massid appearancagain
FulHlength neuronal cliken agrin 74-8 was strongly recognized by the polyclonal agtin
antibody Rb46 (a kind gift from Prof. Stefan Kroger) in westerrstdat ran as a smear of

around 600 to 80 kDa

Gterminal neuronal chicken agrin carrying a faamino aid insert atthe Aly and a 19
amino acidinsert at the B/z splice sitéagrin 419) was purified by wheat germ agglutinin
f SOGAY FTFFAYAGE OKNRYI G2 3N} LK anéthylpyiradmsidle? y
Agrincontaining fractions were as well tested by silverirstal SD$els, pooled and dialysed
against PBS.h€& GCterminal fragment showed a band at 95 kDba silver stained SDS
polyacrylamidegels

In experiments agrin was applied in concentrations of 100 ng/ml, 1 pg/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 Na@ldsolved in 10 ml dd# and 35 ml 70 %
ethanol for one day on a shaker. After extensive washing with,@d¢dverslips were put in

a 1 M solution of HCI overnight on a shaker. On the next day they were once again washed
extensively with ddkD and stored in absolute ethanol at 4°C. One day before seeding the
cells, coverslips wersterilized with fireand put intoa 24well cell culture plate. 400 pl 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. Rosenmuartl wereprocessed as described

in the following:

30 mm coverslips were shaken overnightl N NaOH. Coverslips wergtensivelywashed

in water followed by sterilization YO % ethanol and stored inbsolute ethanol. The
coverslips wee briefly sterilized by firand placed in the wells of a\8ell culture plate. To
coat the coverslips 0.15 % lewelting agarose was liquefied in a microwave0-42000 pl of
this solution wasused to cover the glass amdasquickly sucked off so that only a very thin
layer of agamse attached to the glass.gArosecoated coverslips were driedt room
temperature andstored for later usage. To coat thegarosecontainingcoverslips witha
growth-submitting substrate a custm-made stamp with small dots, which will create
I RKS & A @S was dsaéd Thyédrtd fOUE tissue papevsre cut to fit in a 3510 mm petri
dish and 300 pl of coating solution containing 0.85 mg/ml collagen | from rat tail (Gibco) and
0.1 mg/ml polyD-lysine were used to soak the papérhe stamp was pressed against the
papers and the adhesive substrate printed on the agassed coverslips. After this step
the coverslips werelried and sterilized under a sterile hood by 4ifxadiation for at least 30

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

Glia cells: Pdsatal day 0 to 2 (PO, P2) C5BB\ pups were sacrificed and their cortices
were removed. Bulbi olfactorii and hippocampi as well as the meninges wereestsived.
Cortices were transferred into Eppendorf tubes filled with 800 pl sterile PBS + 0.05 %
TrypsirEDTA (Gibco) and incubated for 15 min at 37°C and 800 rpm on a thermo shaker.

( 1
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Trypsin solution was removed and the digestion stopped by adding 800 pMDiditaining

10 % FCS + P/S. Cortices were triturated with a 1000 pl pipette and 400 pl of this solution
transferred into a T75 flask filled with prearmed DMEM +10 % FCS + P/S. Medium was
changed after the first dawy vitroand consecutively after semadays. 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 instea? dfjops.

Seeding of glia cells: After at least 14 dayitro, T75 flasks were vortexed for 1 min,
medium was aspirated and the T75 flasks washed with sterileyvarened PBS. PBS was
exchanged with 5 ml of 0.05 % Tryp&DTA solution and cells were incubated for 1 min.
TrypsirEDTA solution was sucked afid the cells placed in an incubator for 4 min at 37°C
until the cells visibly rounded up and started to detaclells werecompletelydetached by
hitting the sides of the flask. 7 ml of DMEM16 % FCS + P/S were added to stop the
digestion. The solutiorwas triturated 10 times with a 10 ml pipette and the solution
transferred in a 15 ml Falcon tube. After resuspension a 10 pl aliquot of the solution was
mixed with 10 pl of Trypan Blue (BioRad) and 10 pl of this mix were pipetted on a slide for
automated ell counting in a BioRad 710 Cell Counter. After the cells were counted, they
were diluied with DMEM + 10 % FCS + P/S and seeded at a density of 7100 celslcim?

well was filled with 3 ml of cell suspension and cells were allowed to grow7atays

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 HBSRails were collected fogenotyping. Cortices were
removed from the skull with fine forceps using &er8i DRC microscope with an %.6
objective (Zeiss). Bulbi olfactorii and meninges were discarded as well as theamdid
hindbrain. Cortex halves were collected in tubes fillethw 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 washimg stith 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 pl of
DNase | solution. Tubes were filled to 9 ml with NB + 10 % FCS + P/S and centrifuged for 4
min with 1000 rpm inan 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 differenttypes of cultures used in this work.

a) Monolayer culture: Medium was aspirated and exchanged with 1 mMHNIB % FCS +
P/S. After resuspension a 10 pl aliquot of the solution was mixed with 10 pl of Trypan
Blue and 10 pl of this mix were pipetted on alslifor automated cell counting in a
BioRad T<O0 Cell Counter. Cells were diluted with'™NBLO % FCS + P/S and seeded
at a density of 2.65*10cells/cm? They were kepin an incubatomt 37°C and 95%,0
+ 5% C@for 5 up to 15 days. Half of the mediwvas exchanged with NBvithout
FCS + P/S every 3 days.

b) Microisland culture: Medium was aspirated and exchanged with 1 miNBout FCS
+ P/S. After resuspension a 10 pul aliquot of the solution was mixed with 10 pl of
Trypan Blue and 10 pl of this mixere pipetted on a slide for automated cell
counting in a BioRad TXD Cell Counter. Cells were diluted with N@thout FCS +
P/S and seeded at a density of 425 cells/chfitey were kepin an incubatorat 37°C
and 95% @+ 5% Cofor 5 up to 15 days. Habf the medium was exchanged with
NB" without FCS + P/S every 7 days.

Agrin ncubation experiments: Cell cultures wmeetreated with different concentration®f
neuronal fullength chicken agrior Gterminal agrinby adding agrirdirectly to the cultue
medium. Medium was gently ixed and the cells werencubated 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 inreuttedium
supplemented with 1 uM of wortmannin or 50 uM of LY294002 served as controls. Cells
were also treated with 1 uM wortmannin or 50 uM LY294002 in combination with 1 pug/ml
soluble neuronal agrin respectively. For blocking mTOR signaling cellsneebated as in

the other experimental setups wittogether with1 uM rapamycin.

In the results section of thistudy agrin refers to the fulength form of neuronal chicken
agrin in the incubation experiments:t€minal 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:

NB + 10 % FCS + P/S:

NB" without FCS + P/S:

DMEM + 10 %CS +P/S:

S1 Solution:

Borate buffer:

PolyD-lysine solution:

TrypsirEDTA solution:

DNase | solution:

450 ml Neurobasal medium
50 ml fetal calf sarm
5 ml penicillidstreptomycin 100x

170 ml Neurobasal medium

20 ml fetal calf serum

4 ml BME amino acids

4 ml BZ supplement 50x

250 pl GlutaMax 100x

M n n -mefcaptoethanob0 mM
2 ml penicillinstreptomycin 100x

190 ml Neurobasal medium

4 ml BME amino acids

4 ml B27 supplement 50x

250 pl GlutaMax 100x

M n n -mefcaptoethanol 50 mM
2 ml penicillinstreptomycin 100x

pnn Yf 5dzZ 65002Qa Y2RATASR
50 ml fetal calf serum
5.5 ml penicillinstreptomycin

HH Yt 1 Iy1Qa o0dzZFFSNBR al fi
2.5 ml 10x Trypsin solution (125 mg in 5 BIS$

0.25 ml penicillingtreptomycin100x

0.25 ml DNase | solution

1.24 g boric acid

1.9 g sodium tetra borate
ad 400 ml ddkxD

pH: 8.4

5 mg polyD-lysine
50 ml sterile borate buffer

5ml TrypsiREDTA 10x
45 ml sterile PBS

1.5 ml HBSS
10 kU DNase | 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 @O0 pl #il lysis buffer supplemented with 2 pl of
proteinase K (Roche) at 57°C on a shaker b2 #iours. After full digestion proteinase K was
inactivated by heating the solution to 85°C % min on a shaker. Lysate was used as

template for PClased genotypings or stored &20°C for later use.

2.2.2.2 Genotyping of agrin mutant mice

The mixure for a single PCR reaction (25 pl) contained the following reagants:

ddH0: 16.6 pl
10X PCR reaction buffer: 2.5 ul
50 mM MgGk 1.25 pl
2.5 mM NTPs: 1l

pPQLINAYSNI mn xa 62 ¢IN25@EomMX YhY TTToO0nO0Y
0 QLINA YSNI Mn xkKD:30BMHIM25 I Eon NBEDX

Tagpolymerase (Invitrogen) 5U/ul: 0.15 pl

tail lysate: 1p

The PCR program was designed as follows:

94°C 4 min
30 cycles¢ 94°C 30s
58°C 30s
72°C 45 s
end of loop
72°C 5 min
4°C K

10 upl 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)he wild typereaction(WT)yielded a 300 bp producthe knock

out reaction(KO)a 250 bp productrespectively(Figure5).

Figure5: PCR products ofraagrin genotypingshowing WFPCR poducts and KEPCR products having a size 300 bp
and 250 bp, respectively
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2.2.2.3 Genotyping of LRP4 mutant mice

The mixure for a single PCR reaction (25 pl) contained the following reagents:

ddH:O: 17.25 pl
10XThermopolbuffer: 2.5 pl
10 mM dNTPs: 0.5 ul

POQLINAYSNI mn xa O[ n12BJEIYFOY
OQLINAYSNI mn xa 6nol2BpCt 0Y
Tag-polymerase (NEB) 3jul: 0.15 pl

tail lysate: 2 ul

The PCR program was designed as follows:

94°C 3 min
40 cyclesq¢ 94°C 15s
58°C 15s
72°C 20s
end of loop
4°C K

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

product supplemented with loadinguffer 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 wijge animalg+/+), a 227 bp product
for mutant animals(-/-) and 227 bp + 132 bp + 69 bp products for heterozygous anifa)s
(Figure6).

HpyCH4V digested

Figure6: PCR products of BRP4genotyping Lrp4™ mutant PCR producté/-) are not digested by HpyCH4V and have a
size of227 bp while digested products from wild type animals (+/+) show two bands of a sizel®2 and 69 bpPCR
products from reterozygous 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 0.5M EDTA pH 8.0

ad 11ddHO

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

2 % agarose gel: 100 ml 1x TAE buffer
2 g agarose

10 pl ethidium bromide

10x loadimgy buffer: 25 % (v/v) Ficoll

100 mM TrisHCl pH 7.4

100 mM EDTA

0.25% (w/v) xylene cyanol
Ex31: CAGGGGATAGTTGAGAAG
Ex32rev: GCTGGGATCTCATTGGTC
777302: TCGCAAGTTCTAATTCCA
30234: GGGCAGGGCTAACACCAA
LAHpmf: GGTGAGGAGAACAGCAATGT
43Br_FP: TCCCAGGGTCAGTGTAACGATG

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

2.2.3 SDSPAGE and western blot

Sample preparatiofor membrane protein purificationCortical tissue from mice of different
ages wagollectedand themeninges, bulbi olfactorii and hippocampere removed andhe
cortical tissuerapidly frozen on dry ice. Samples were storedc¢&80°C. Tissues were
homogenized in PBS supplementeidh 0.34 M sucrosecontaining the proteinase blockers
leupeptin (10 pM) aprotinin (0.1 mM) PMSF(0.1 mM) pepstatin A(10 pM) The
homogenate was centrifuged at 800 g for 10 min at 4°C ummgppendorf 5424R bench
centrifuge The supernatant was collected and centrifuged at 100000 g for 15inman
Sorvall RC M150 GX centrifugehe supernatant contained the cytdsofraction 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 pl TBS containing proteinase blockeda@HAPS. In
this solution thke proteins were incubated for one hown ice and again centrifuged at
100000 g for 15 min. The supernatant now contained the solubilized transmembrane
proteins. Protein concentration was determindry measurement of UV absorbee ata
wavelength of280 nm with a Bio photometer (Eppendorf). Proteins were stored24°C

until further use.

Sample preparatiorfor PI3K experimentsCortical neuronswere incubated in medium
containing 1 pg/ml, 5 pg/ml or 10 pg/ml agrin for 10 or @@, washed with wam PBS and
scraped from 24vell plate by adding200 { icecold solubiliation buffer containing the
proteinase blockers leupeptin, aprotinin, PMSF, pepstatin A and 1 % CHAPS in Tris buffered
saline solution. 0.1 puM okadaic acid and QUM calyculin A were added to block
phosphataseswWortmannin was added at 1INl to inhibit PI3K and untreated cellsedasa
negative control. The solution was centrifuged for 4 min at maximal speed on an Eppendorf
5424R bench centrifuge. The supernatamas collected and again centrifuged for 15 min at
100000 g at 4 °C in a Sorvall RC M15wi@X centrifuge. The protein concentration of the
supernatant was determined by measurement of UV absorbaneenatvelength 0280 nm

with a Bio photometer (Epperuf).

SDSPAGEand western blot Protein amples were diluted to the desd protein
concentrationby adding water and sample buffer and boiled for 3 nii¥b pg of protein
(depending on the experimentyas loaded per lane and analyzed by $FB&E6 %SDS gels
were used for agrin blots7(5% SDS gels for LRR@% SDS gels for P)3d 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 aand ice block at 100 V for
one hour. Membranes were stained with Ponceau S stain and washed wittOd@tbcking

was dore using PBS supplemented witBb1BSA for at least 30 min at room temperature.
Primary antibodies were dilutechiPBS/BSA and appliemlithe membranes overight 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/NM&E&ts were analyzed using the
enhanced chemiluminescence kit (Thermo Scientific). The mamelgrwere 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 introdhug bubbles. Images were acquired with

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

Analysis of PI3K pathway blots: In experimentserg the PI3K pathway was either
stimulated with neuronal agrin or blocked by smannin blots were analgd with ImageJ.

The intensity of the bands was measured by placing a rectangedgon of interest(RO)

around the bands and was normalized to the intensities of their respective GAPDH bands.
Control values for pAKT andd Y o i canpaids with wortmanninand agrintreated

levels of the proteins and statistically tested. Data showing strong increases in
LIK2ALIK2NRBEFGA2Yy 2F !'Y¢C FYyR D{Yoi Ay OSftfa
showing strong decreases in phosphorylat®® ! Y¢ |y R D{VYoi Ay OSf

compared to control cells were also omitted.

Solutions:

1 M TrisHCIpH 8.8: 121.1 g Tris base
fill to 800 ml with ddHO
adjust pH to 8.8 with HCI
add ddHO to 1 |

1 M TrisHCIpH 6.8: same as above but pH 6.8

10 % ammonium persulfate (APSP.1 g APS in 10 ml dgBi

10x running buffer: 30.3 g Tris base
144 g glyme
dilute in 1 | ddHO

Blotting buffer: 100 ml10xrunning buffer
200 ml methanol
690 ml ddHO
10 ml 10% SDS solution

1x running buffer: 100 ml 10xunning buffer
10 ml 10% SDS solution
add ddHO to 1|
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2.2.4 ELISA for agrin-agrin interaction

Biotinylation of agrin: To detect possible agriragrin interaction agrirwas covalently
labeled with biotin. Agrin was incubated with 8o-NHSLCBIotin linker for one hourat

room temperature in 20x molar excess. Toeaction was quenched witethanolamine(1 M

stock pH 8.0 using the same volume of ethanolamine as the biotin linked the

biotinylation confirmed by western blot analysis.

ELISA:100 pl of agrin at a concentration range from Qug/ml to 0.125 pg/mlwas
immobilized in wells on a 9%ell plate (Nunc). Adsotjwn 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 pl washing puffer per
well. Blocking was done with 200 pl biocking buffer for 1 h at room temperature. The

plate was washed again three times and the biatonjugated agrin was added in different
dilutions. After two hours of incubation at room temperature the plate was again washed
three times and 100 pl dewabing solution was applied to each well. The reaction was
stopped with 100 pl of 6 N sulfuric acid. The plate was read on a Model 3550 microplate

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

nm.
Solutions:
Blok buffer: 1 g bovine serum albumin
500 pl TWEES0
ad 100 ml PBS
Washing buffer: 5 ml TWEERO
ad 11 PBS
Detection solution: 15 ml citrate buffer
5 ul 30 % hydrogen peroxide solution
100 ul OPD
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2.2.5 Immunocytochemistry

Staining of synapseimmunocytochemistry was used to visualize synapses in microisland as
well as in monolayer cultures of control and agtieated cdls. Antibodiesagainst the
presynapticmarkers VGlutl+2 (polyclonal GBynapticSystems for excitatory and VGAT
(polyclonal RbSynaptic Systemdor inhibitory synapses as well as postsynaptic markers
gephyrin (monoclonal mouse&ynaptic Systemsand PSD95 (monoclonal mouse, Thermo
Scientific) were combined to show areas ofloodization supposedly synapse€ells were

fixed in cold methanol fixatiosolution (for synapse stainipdor 10 min at20°C and washed
with PBS for three times. After permeabilization with 0.1 % TritetOX in 0.1 % BSA
containing PBS cells were agaimasihed with PBS three times and incubated in blocking
solution containing 1 % BSA in PBS. Antibodies were diluted in blocking sdlakiten ).

Cells were incubated for one hour in a chamber containing moist paper at room temperature
with primary antibodées and washed three times with PBS. Secondary antibodies (raised in
goat, Dianova) coupled to either Alexafled88, Alexafluoi594 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 gdHand 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=unéi antibodies (mouse monoclonal,
Synaptic Systemgogether with the presynaptic protein VGlutl+2 (polyclonal Syhaptic
Systemy Cells were fed in PBS containing 46 formaldehydefor 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 nethanol
10 ml glacial acetic acid

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

PBS/BSA.: 1 g ovine serum albumin
ad 100 ml PBS

( 1
| 3% )



Permeabiliation solution: 100 plTriton X100
0.1 gbovine 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 alggétim 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 Zstack images were taken. Laser intensities and gain factors were adjusted for
each channel to yield sufficiently illuminated pictureghout 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 cdocaliation: Confocal images of control and agtieated cells were procssed

with ZEN2010 and edocaliation assessed with the ImagédIH) plugin 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 Erogup @hopolito

and Eroglu, 2010)A rectangular selection tool was selected in the ImageJ menu to
determine the region of interest (ROI). The whole vigsid was selected as ROI (width =
203.23 um, height = 203.23 pmWith this ROI selectettie plugh Y & Y Sy dzy d  dzy G iNE
gra aStSOGSRd Ly @aKPBR20d yiKR&A & LINEIINB K &4 & wS
] KIyyStés (GKS TFANBUG {§Hdzo NBIAOZI (3 NI SRADRE
NEffAy3 oblff NIRAdza 2F pn st a aStSOGSR | yR
window appeared alongside a mask corresponding to the red channel image. The threshold
was adjusted until the red mask eesponded 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 @hnothing 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 docalized puncta between the two channels. Thelamlized

puncta rumber was saved to an Excel sheet and subjected to statistical anaysisMani

Whitney rank sum testOnly cells with a clear and distinct staining for both channels were

analyzed. Cells were blindly evaluatedrespect to agrin treatment
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Analysisof phamacological PI3K block: To teshether or not blocking of PI3K leads to a
decrease of phosphorylated downstream targets we used immunocytochemistry employing
FYGAO2RASA NIA&ASR F3AFAyald LK22aLK2NERfIIGSR D.
either untreated controls or treated with agrin (1 pg/ml) or wortmannin (1 uM). Cells were
fixed as previously describekinages were acquired with the same microscope and objective
as mentioned before. Special care was taken to always use the samdnteswesities and
gain settings for control and treated celfs the same experiment setmagedvas used for
offline analysis to draw a ROI around the soma of a cell and to measureeghe imensity

of the fluorescenceignal. The data was then subjectedappropriate statistical testsest

if normally distributed or MantWhitney 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 imagegevacquired 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-loicatization

with VGIlutl+2 and drawmp a ROI around it and measuring the area of the ROI. For the
density of these spots the length of dendrites harboring theséocalizations was measured

and the contained spots counted:he data was then subjected to appropriate statistical
tests (ttest if normally distributed or MantWhitney 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 @scribed 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.
Forthe preparation of total RNA the Qiagen Rneasy Kit was used. Onlyti2aid plastics

were used in all the following steps to avoid degradation of RNA by RNases. Samples were
always kept on iceHomogenizationbuffer was freshly prepared by adding 12 ¥ - |
mercaptoethanol to 1200 pl of RLT buffer. This mix was shortly vortexed and 600 ptof RLT
mix pipetted onto the tissue samples. Samples were triturated with a 1000 ul pipette until
the tissue was completely dissolved. Samples were centrifuged at rabsipeed on an

Eppendorf 5424R 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 ul of 70 % ethanol was added and the solution vortexed.
After this step 700 pl of this solution were applied to oneeB#Yy spin column. After 60 s
centrifugation at 8000 g the flomthrough was discarded and the column tapped on a piece
of paper to remove excess buffer. 700 pl of RW1 were applied to the column followed by 60
s centrifugation at 8000 g. Flethrough was aga discarded and the column tapped on a
piece of paper. 500 ul of RPE buffer were applied in the next step and the column
centrifuged for 60 s at 8000 g. Flafwrough was again discarded and 500 ul RPE buffer were
again applied to the column followed bynin of centrifugation at 8000 g. In the final step
RNA was eluted in a fresh collection tube by adding 40 pl of E&Ed ddHO to the spin

filter and centrifugation for 2 min at 8000 g. A 1 pl aliquot of total RNA was diluted 1:20 in
DEP@reated ddHO and the concentration quantified im Bio photometer (Eppendorf).
Reverse transcription: To transcribe the total RNA into cDNA SuperStrigverse
transcriptase was used. 5 ug 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: 1l
dNTPs 2.M: 1l
5 ug total RNA: X pl
ddH0: to 12 pl

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 firststrand buffer: 4 ul
0.1 M DDT: 2 ul

The contents were mixed with a 100 ul pipette and incubated for 2 min at 25°C in the PCR
machine. Afterwards 1 pl (200 U) of SuperScript Il RT was added and mixed by pipetting.
After further incubation at 25°C for 10 min, the reactioasvncubated at 45°C for 50 min

and inactivated by heating to 70°C for 15 min. cDNA was diluted 1:100 amdifiged an UV
photometer. For reatime quantitative PCRe SYBR Select Master Mix (Applied Biosystems)

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

SYBR Green Master Mix: 10 pl
Forward primer 10 pM: 0.5 pl
Reverse primer 10 pM: 0.5 pl
ddH0: 8 ul
cDNA template (40 ng): 1 pl

Each gene waisivestigated at least in triplicate on 9@ell plates suitable for redlme 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
AmpiTag polymerase activation: 95°C 2 min
Denature: 95°C 15s 40 cycles
Anneal/Extend: 60°C 1 min 40 cycles

Analysis of melting curves: The mean cycle threshol) y@lues for each gene were
Ol £ Odzt F i SR | YR dza;Sdle id Aorniiiz el tBeNdRNA/ dnouint KoShe pctin
reference of the specific animal. Values that deviated strongly from the others of the same

sample were excluded when calculating C
n V= GVMtargetc GV O G A WEG argetc GFCactin

In the next ste the normalization to the wildi @ LIS & YLX S 41 & R2yS 6K

value

nnd N rargetqn #Yarget

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

transcription or lowered transcriptioof the target gene in the sample.
F= Zl ﬂt/

Fold changes from different preparations were used to determine statistically significant

changes in MRNA levels of wiyghe and mutant mice by using thdest.
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List of primers for realime quantitative ER:

Agrin: Agrin_F: GCACACCTTCGAGAGAGACC

Agrin_R: CTATGGGCTCTTTGCTC@raduct size: 206 bp
CAR: CxadrFor:  ACT CTC AGT CCC GAA GAC CA

CxadrRev: TGCGTCGCCAGACTTGA®@Aduct size: 179 bp
Actin: Aktin For:  CGTGGCCGCCCTAGGCACCA

Aktin Rev: CTTAGGGTTCAGGGGGGbduct size: 238 bp
h eNa'/K" ATPase: A3 F: CATTGTCACTGGTGTGGAGG

A3 R: GAAGGGTGTGATCTCAGEGHct size: 100 bp
LRP4: LRP4_F: GCAACTGCACCACCTCCATG

LRP4_R: CACAGGAACTGGTCAGASGIct size: 168 bp

h-dystroglycan: aDys F: CACCCACTCGAATCCGTACT
aDys _R: AAAATAGGTTCCCACCCAfGuct 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 saip comprised the following components: an upright microscope
Axioscope 2 FS plus (Zeiss) set upon a vibration isolated table (Newport). Cells were
visualized wih phase contrast optics usingd@x Achroplan objectivéd.8 w Ph 2Zeiss) and

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

acrylic glass and mounted on micromanipulators that were operated manually (Luigs &
Neumann). The head stage of the ERCpatch 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 S\éadttroller unit

(Luigs & Neumann)A stimulus isolator model 2200-{A Systems) to transform the applied
stimuli for extracellular stimulations, a grawftyd perfusion system and peristaltic pump
system were used when necessary. All components mentionedealere located in a
CINIRIFéQa OIF3aS IyR OSyiNIffeé ANRddzyRSR® 9f S
EPGL0 patch clamp amplifier (HEKA Elektronik), analog signals digitized and saved on a
Windows XP personal computer. The amplifier was comttiolbrotocols edited and run with

the Windows version of TIDA 5.24 (HEKA Elektronik).
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Figure7: Patch clamp setip comprised of an upright microscope, stimulation and recording electrodes mounted on
micromanipulators, theNS O2 NRAyYy 3 OKF YOSNE | aA0AYdz dza Aaz2ftl A2y dzyAidsx I

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 greasbkey were submerged in psmgarmed
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 suitabldlagas selected, meaning a healthy neuron

with a phase bright soma, a pipette pulled from Kawik1B150f borosilicate glass (World
Precision Instruments) using a mode®P micropipette puller (Sutter Instruments Co.) was

filled with intracellular solubn 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 aroungp2 a K g KSy FAE{ SR gAGK Ay
offset votage (Mise) between pipette and bath solution was cancelled and the pipette
advanced to the neuron until theurrent response of thel0 mV test pulse started to
decrease, signaling the vicinity of the pipette tip Io0KS OSf f Q& YSYOo NI yS
pressure was removed and the membrane patch under the pipette sucked into its opening.
Under normal conditions a giga seal, whislihe increase of the resistance indicategjght
GasSltté o0SG6SSY LIALISGGS YR YSYod NI jpotehtlali OK =

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