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Zusammenfassung
Neurotransmission an der neuromuskulären Endplatte von Säugetieren
erfolgt durch Ausschüttung von Acetylcholin (ACh) aus motorischen Nerven
in den synaptischen Spalt und verursacht letztendlich Muskelkontraktion im
angesteuerten Muskel. Der Signalstoff Agrin, welcher ebenfalls vom
Motornerv sekretiert wird, ist hauptverantwortlich für die postsynaptische
Differenzierung der Muskelfasern und bewirkt die räumliche Konzentration
der Rezeptoren für den Neurotransmitter Acetylcholin (AChR) in einem
kleinen - meist zentralen - Areal der Faser unterhalb des Ansatzpunkt der
Motornervendigung. Nach intensiver Beforschung sind die Endeffekte von
Agrin auf Muskelfasern gut dokumentiert und viele involvierte Moleküle
bekannt. Trotzdem ist die Rolle des subsynaptischen Mikrotubuli-Zytoskeletts
beim Transport, bei der Membraninsertion und bei der Konzentrierung von
AChR-Molekülen wenig erforscht und die zugrundeliegenden molekularen
Mechanismen, welche ein Mikrotubuli-Netzwerk unterhalb der Synapse
etablieren, sind grossteils unbekannt. Im Zuge meiner Doktorarbeit
untersuchte ich daher neue Aspekte der agrin-induzierten biochemischen
Signalübertragung im Muskel und deren zellbiologischen Konsequenzen auf
das Mikrotubuli-Zytoskelett.
Gerichteter intrazellulärer Vesikel-Transport erfolgt generell entlang von
polaren Cytoskelettstrukturen, ein grosser Teil davon entlang von Mikrotubuli
- kurzlebige Cytoskelettfilamente, deren dynamischeres „Plus-Ende“
beständig zwischen Wachsen und Schrumpfen wechselt. Bestimmte Stimuli
jedoch können über Signaltransduktions-kaskaden dazu führen, dass die
schnell wachsenden Plus-Enden der Mikrotubuli mithilfe assoziierter Proteine
(+TIP-Proteine) längerfristig an die Innenseite der Zellmembran oder an das
Actinzytoskelett binden und dort verankert werden („Microtubule Capture“).
Dieser Vorgang stabilisiert die betreffenden Mikrotubuli und verlängert ihre
Halbwertszeit – die stabilisierten Microtubuli dienen der Zelle in weiterer
Folge als gerichtete Transportrouten.
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In meiner Doktorarbeit konnte ich zeigen, dass die Acetylcholinrezeptorreiche postsynaptische Zentralregion der Muskelfasern von einem dichten
Netzwerk von Microtubuli umgeben ist, einige dieser Microtubuli sind zudem
durch post-translationale Modifikationen weiter stabilisiert. Weiters konnte
ich demonstrieren, dass der Botenstoff Agrin im Muskel eine biochemische
Signaltransduktions-kaskade auslöst, welche die PI3-Kinase aktiviert und an
deren Ende GSK3β durch Phosphorylierung lokal inaktiviert wird.
Da viele der zuvor erwähnten +TIP-Proteine, zum Beispiel CLASP2, durch
GSK3β negativ reguliert sind, ist eine lokalisierte Inaktivierung von GSK3β
zentrale Voraussetzung dafür, dass +TIP-Proteine an Mikrotubuli Plus-Enden
binden können und somit zur Etablierung von stabilen Mikrotubuli-Filamenten
beitragen. Nach agrin-induzierter Inaktivierung von GSK3β bindet CLASP2 an
Mikrotubuli Plus-Enden und befestigt diese am Zellkortex in der AChR-reichen
Region von Myotuben in Wechselwirkung mit LL5β - welches von PI3K zur
synaptischen Membran rekrutiert wird. Die betreffenden Mikrotubuli werden
dadurch stabilisiert und können der Zelle als intrazelluläre Transportrouten
für postsynaptisches Material wie etwa AChRs und Strukturproteine dienen.

Funktionsverändernde Mutationen beteiligter Moleküle sowie
pharmakologische Eingriffe in den PI3K/GSK3β-Signalweg zeigten allesamt
Effekte auf die lokale Konzentrierung von AChRs, die mit oben angeführter
Kausalkette konsistent sind: Die Depolymerisierung von Microtubuli, die
Hemmung der PI3-Kinase, der Verlust des Clasp2-Gens, die shRNAvermittelte Unterdrückung der LL5β-Expression sowie die Hyperaktivierung
von GSK3β führten jeweils zu reduzierter Grösse der AChR-Ansammlungen,
während die Hemmung von GSK3β die Grösse der AChR-Ansammlungen
erhöhte. Zusammengefasst trägt agrin-induzierte und +TIP-vermittelte
Befestigung von Mikrotubuli an der subsynaptischen Membran zur fokalen
Insertion und zum lokalen Konzentration von AChRs bei.
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Abstract
Neurotransmission at the neuromuscular synapse of mammals occurs after
secretion of acetylcholine (ACh) from the motor nerve into the synaptic cleft
and ultimately results in contraction of the target muscle. The signaling
molecule agrin, which is also secreted by the motoneuron, is the main
organizer of postsynaptic differentiation and induces the clustering of
receptors for the neurotransmitter acetylcholine (AChR) in a small – mostly
central – area of the myofiber directly underneath the motoneuron terminal
bouton. After intense research, the end results of agrin-induced
differentiation are well documented and many involved molecules are known.
Nevertheless, the role of the subsynaptic microtubule (MT) cytoskeleton in
the process of AChR transport, insertion and clustering and the molecular
mechanisms of the establishment of such a microtubule network are poorly
defined. During my thesis, I analyzed new aspects of agrin-induced
biochemical signaling and the cell biological consequences for the
microtubule cytoskeleton.
Targeted intracellular transport of vesicles generally occurs along polar
cytoskeletal structures, a major part along microtubules – cytoskeletal
filaments that are normally short-lived with a highly dynamic “plus-end”,
which alternates between periods of growing and shrinking. However, certain
stimuli induce signal transduction cascades which result in the “capture” of
microtubule plus-ends at the cell cortex by interaction of plus-end binding
proteins (+TIPS) with factors that localize to the cortex or the actin
cytoskeleton. This event stabilizes microtubules and can drastically increase
their lifetime – affected microtubule then serve the cell as stable, directional
transport tracks.
During my thesis, I could show that the AChR-rich postsynaptic membrane
encompasses a dense subsynaptic MT network, with some MTs further
stabilized by post-translational modifications. In addition, I could
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demonstrate that agrin induces PI3 kinase signaling in muscle, which
ultimately inactivates GSK3β by phosphorylation.
Since many of the former mentioned +TIP proteins are negatively regulated
by GSK3β, localized inactivation of GSK3β is crucial to enable +TIP-mediated
microtubule capture and establishment of stable transport tracks at sites with
elevated protein requirements such as the postsynaptic membrane. +TIP
proteins, in particular Clasp2, then capture MTs at the cell cortex within
AChR-rich sites by interacting with the membrane PIP3-sensor LL5β and thus
establish intracellular transport routes for focal transport of postsynaptic
material like AChRs and structural proteins towards the synapse.
Mutants of involved molecules as well as pharmacologic manipulation of the
PI3K/GSK3β-axis displayed effects on the clustering of AChRs, which are fully
consistent with the aforementioned chain of events: Microtubule
depolymerization, inhibition of PI3K, loss of the clasp2 gene, shRNAmediated repression of LL5β expression and hyper-activation of GSK3β lead
to reduced AChR clustering, while inhibition of GSK3β elevates AChR
clustering. Taken together, agrin-induced and +TIP-mediated MT capture at
the subsynaptic muscle membrane contributes to focal insertion and
clustering of AChRs at the neuromuscular junction.
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I. Introduction
I.1. The vertebrate neuromuscular junction (NMJ)
I.1.1. General introduction
Contraction of skeletal muscle enables animals any kind of body movement
and contraction of the diaphragm is crucial for the ability to breathe.
Voluntary control of skeletal muscle requires a highly specialized and
organized physical connection between a muscle fiber and an α-motor nerve,
this connection is called neuro-muscular junction (NMJ) and is the body’s
peripheral equivalent to synapses in the central nervous system, except that
postsynaptic neurons are substituted by single muscle fibers. The NMJ is thus
a chemical synapse that is anatomically and functionally differentiated for
signal transmission from a motor nerve terminal to a circumscribed
postsynaptic region on the muscle fiber (Engel, 2008). During development,
motor nerve axons growing out of the spinal cord reach muscles and branch
to contact multiple myofibers (Figure 1B). Each branch then forms several
pre-synaptic terminal boutons on the muscle fiber it innervates (Figure 1A),
supernumerary boutons stemming from more than one nerve branch
innervating the same myofiber are later eliminated (Figure 1C).
Thus, a mature motor unit consists of one motoneuron and multiple
myofibers under its control. Each presynaptic bouton is precisely positioned
over postsynaptic junctional membrane folds harboring nicotinic acetylcholine
receptors (AChRs; Figure 1A and Figure 2A). The presynaptic boutons contain
a dense body termed the active zone where synaptic vesicles containing the
neurotransmitter acetylcholine (ACh) dock and fuse to release their content
into the synaptic cleft in response to an action potential. Schwann cells
ensheath the motor axons and form a cap over the nerve terminal (Figure
2A). In addition, Schwann cells supply myelin, an insulating substance
wrapped around the axon, which increases electric resistance in the axonal
membrane underneath. Myelination of axons spares small gaps (termed rings
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of Ranvier), thus enabling saltatory impulse propagation along these gaps
down the axon, which drastically increases the velocity of nerve
transmission. This is necessary given that some motor axons are longer than
one meter in humans (Burden, 2002; Sanes and Lichtman, 2001).

Figure 1: Synaptic morphology at the NMJ
A) Presynaptic motor nerve termini (stained for synaptophysin, green) and postsynaptic
acetylcholine receptors (labeled with α-Btx-594, red) in the muscle fiber membrane are
exactly juxtaposed to each other; scale bar is 10µm. B) P8 sternomastoid muscle from a
Thy1::YFP transgenic mouse that expresses YFP (green) in only a small subset of motor
axons, thus enabling visualization of single motor units (one motoneuron and the synapses
controlled by it); scale bar is 40µm. C) Sternomastoid muscle from a P8 double transgenic
mouse in which all axons express YFP (green) and a few axons express CFP (blue). AChRs are
labeled with α-Btx-594 (red). At this stage, synapse elimination has not occurred yet, resulting
in some double-innervated NMJs with two competing axons - one such NMJ is boxed on the
left and shown at higher magnification; scale bar is 10µm. B) and C) taken from (Lichtman
and Sanes, 2003).

The pre- and postsynaptic membranes of NMJs are not only separated by a
synaptic cleft of 80-100nm, but also by a basal membrane, which consists of
various laminins, collagens, perlecan and nidogen. The basal membrane has
mechanical, organizing and inductive functions ((Sanes, 2003) & (Figure 2)),
furthermore it is involved in muscle regeneration and re-innervation after
injury.
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The vertebrate NMJ is by far the most studied and best understood of all
synapses, due to a number of advantages: its peripheral localization and its
enormous size in comparison to central brain synapses make it easily
accessible. Under physiologic conditions, every synapse consists of only one
presynaptic input, and postsynaptic myofibers contain only a single kind of
neurotransmitter receptor. These facts render the NMJ a comparatively
simple system, which is ideal to study synaptic development and
maintenance and to explore the functions of individual molecules in these
processes.

I.1.2. Structure & development of the postsynaptic muscle membrane
The acetylcholine receptor is heteropentameric ligand-gated ion channel. The
muscle form consists of 2 α1, one β, one δ and either one γ or ε subunit,
depending on the developmental stage (Sine, 2012). In the course of
development – after initial contact between the growth cone of the
motoneuron and the muscle fiber (which occurs in mice at around day E13.5)
- the heparansulfate-glycoprotein agrin is secreted by the motor nerve. Agrin
is deposited in the basal lamina (the major part of the basement membrane)
by binding to laminin, which is critical for its function (Burgess et al., 2000;
Denzer et al., 1997).
Agrin induces in the muscle fiber the clustering of pre-expressed and evenly
distributed AChRs to a small central patch of very high density (>10.000
molecules/µm2 synaptically as compared to ~10 molecules/µm2 extrasynaptically). Synaptic accumulation processes occur also for other synaptic
signaling and structural molecules as well as for several nuclei, which become
subsynaptically anchored and transcriptionally specialized (Brenner et al.,
1990; Burden, 1998; Burden, 2002; Merlie and Sanes, 1985; Sanes and
Lichtman, 2001; Schaeffer et al., 2001; Witzemann, 2006).
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Figure 2: Structure and morphology of an adult NMJ
A) Gross anatomical structure of an adult NMJ, depicting the presynaptic motor nerve (green),
nerve-capping Schwann cells (yellow), a postsynaptic myofiber (red), and the basal lamina.
Note the synaptic gutter in the muscle fiber, which is referred to as primary synaptic fold and
the invagination of the gutter, which are called secondary or junctional folds. B) Detailed
structure of junctional folds indicating the precise location of key molecules. Scheme from (Shi
et al., 2012).

The neuronally secreted isoform of agrin, which includes critical splice
inserts, is necessary and sufficient for AChR clustering and induction of most
other aspects of postsynaptic differentiation (Bezakova and Ruegg, 2003;
Burgess et al., 1999; Gautam et al., 1996; Gesemann et al., 1995; Jones et
al., 1997; McMahan et al., 1992; Reist et al., 1992). Even after full
maturation of the NMJ, sustained agrin/MuSK signaling is needed throughout
lifetime for active NMJ maintenance, as loss of agrin expression in young
adult leads to drastic premature aging symptoms of the NMJ, including nerve
atrophy and postsynaptic AChRs (Samuel et al., 2012).
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MuSK, the muscle-specific receptor tyrosine kinase (Jennings et al., 1993;
Valenzuela et al., 1995), co-localizes with AChRs in the postsynaptic
membrane and acts as receptor for agrin (Glass et al., 1996) via its
associated co-receptor Lrp4 (Kim et al., 2008; Zhang et al., 2008). Initially,
agrin directly binds to Lrp4 by its z8 loop, which is only contained in the
neural isoform, thus explaining why muscle-secreted agrin is not able to
induce AChR clustering (Gesemann et al., 1996; Zong et al., 2012). Agrin
and MuSK/Lrp4 orchestrate the postsynaptic NMJ development;
consequently, MuSK or Lrp4 deficient mice die at birth and don’t show any
signs of postsynaptic differentiation or any body movement, whereas AChR
genes are expressed at normal levels (DeChiara et al., 1996; Weatherbee et
al., 2006).
Thus, MuSK or Lrp4 deficiency displays a phenotype even more severe than
agrin knock-out, which also yields no viable offspring, but shows at least
residual postsynaptic differentiation in form of aneural AChR clusters
(Gautam et al., 1996). The difference of phenotype severity indicates that
MuSK functions rudimentarily even in absence of its ligand by acting as a
structural scaffold and/or signaling scaffold for other signaling components
even in absence of its own signaling activity. Moreover, other ligands for
MuSK, like certain Wnt proteins (Zhang et al., 2012) could partially
compensate for agrin deficiency and thus enable AChR pre-patterning
(Gautam et al., 1996).
Another crucial factor for AChR clustering downstream of MuSK signaling is
the cytoplasmic protein rapsyn, which precisely co-localizes with AChRs and
anchors them to the actin cytoskeleton (Apel et al., 1997; Moransard et al.,
2003). Rapsyn deficient mice die within hours after birth from weak breath.
They display accumulations of MuSK, but their AChRs remain unclustered and
diffusely distributed (Gautam et al., 1995), moreover MuSK signaling is
compromised in absence of rapsyn (Apel et al., 1997). Perinatal lethality is
furthermore observed in mice with genomic deficiency of AChRα1, which
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display complete absence of AChR clustering (An et al., 2010) or ChAT, the
enzyme necessary to synthesize the ligand ACh (Brandon et al., 2003;
Misgeld et al., 2002).

Absence of AChRε subunit (Missias et al., 1997; Witzemann et al., 1996) or
AChRγ subunit (Liu et al., 2008; Takahashi et al., 2002) also causes severe
neuromuscular defects, but still enables residual AChR clustering and is not
perinatally lethal. Interestingly, AChRs seem to have an active role in the
development of the postsynaptic apparatus: they are required for clustering
of postsynaptic components (Marangi et al., 2001; Ono et al., 2001) and
even the absence of only the adult AChRε subunit severely compromises the
overall postsynaptic architecture (Missias et al., 1997). Moreover, AChR
anchoring to the cytoskeleton via rapsyn seems to precede AChR clustering
(Moransard et al., 2003), underlining the complex and interdependent
molecular interactions involved in the postsynaptic assembly leading to a
mature NMJ.
Development of the NMJ is furthermore not unidirectional with the
motoneuron inducing postsynaptic differentiation in a “passive” muscle.
Rather, full maturation of the motor endplate involves a complex mutual
interaction of motor nerve and muscle fibers and a delicate balance of
anterograde and retrograde signals. Muscle Lrp4 (Yumoto et al., 2012) has
been shown to act as retrograde signals for full presynaptic differentiation
and MuSK localization in the myofiber membrane determines the future
location of motor axon ingrowth and synapse formation (Kim and Burden,
2008).

I.1.3. Contractile function of the NMJ
The main function of the neuromuscular junction is excitation-contraction
coupling, a physiological process converting an electrical stimulus into a
mechanical response. This process is fundamental to muscle physiology, in
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which the electrical stimulus is an action potential in the motoneuron and the
mechanical response is muscle contraction (Sandow, 1952). Muscle
contraction involves a complex series of events, starting with an action
potential originating from the central nervous system that reaches a
motoneuron, which propagates it down along its axon towards the
presynaptic boutons by activating voltage-gated sodium channels. When the
action potential reaches the presynaptic ending, it causes a calcium ion influx
through voltage-gated calcium channels. The ensuing Ca2+ influx causes
vesicles containing the neurotransmitter acetylcholine to fuse with the
plasma membrane, thus releasing acetylcholine into the synaptic cleft
between the motoneuron terminal and the specialized postsynaptic area of
the skeletal muscle fiber. Acetylcholine diffuses across the synaptic cleft and
binds to nicotinic acetylcholine receptors on the myofiber membrane.
This event activates the nicotinic AChRs and opens their intrinsic Na+/K+
channels, causing sodium influx and potassium efflux. Because the channel is
more permeable to sodium and because of electrochemical gradients, more
Na+ flows in than K+ flows out. As a result, each ACh-vesicle released into the
synaptic cleft generates miniature endplate potentials (MEPP) in the muscle
fiber with the membrane becoming more positively charged (or less
polarized, respectively). MEPPs are additive and sum up to generate an end
plate potential (EPP), which triggers an action potential in the muscle as soon
as the threshold for an EPP is reached. This action potential spreads through
the muscle fiber's network of T-tubules, which are invaginations of the
sarcolemma, thus depolarizing the inner portion of the muscle fiber.
Depolarization activates L-type voltage-dependent Ca2+ channels (termed
dihydropyridine receptors) in the T tubule membrane, which are in vicinity of
Ca2+-release channels (called ryanodine receptors) embedded in the
membrane of the adjacent sarcoplasmic reticulum (SR), which is inside the
myofiber. Final result of this signal relay is calcium release from the SR into
the cytoplasm of the myofiber.

8

The released calcium binds to troponin, which is present on the thin actin
filaments of myofibrils. Troponin then allosterically modulates tropomyosin,
thereby unblocking binding sites for myosin on actin. Myosin now binds to
the uncovered binding sites on the actin filaments using ATP-hydrolysis, the
following release of ADP and inorganic phosphate enables sliding of myosin
along actin, a process termed power stroke. This event pulls the Z-bands
towards each other and the central M-line, thus shortening the sarcomere,
the muscle’s contraction unit. Re-association of myosin with ATP allows
myosin to release actin and to return to its start conformation.

The last steps of ATP-dependent myosin binding to actin and the following
ADP and Pi -release-dependent power stroke repeat as long as ATP is
available and calcium is present in the thin filament. During these repetitions
(which are termed contraction cycles), calcium is actively pumped back into
the sarcoplasmic reticulum. When the calcium supply is exhausted in the thin
filament, troponin causes tropomyosin to change back its conformation, thus
blocking again myosin’s binding to actin, which finally stops the contraction
process (Alberts et al., 2002).

I.1.4. Biochemical and cell biological processes downstream of agrin
Agrin signaling via MuSK/Lrp4 is of overwhelming importance for
development of a mature postsynaptic apparatus in myofibers as illustrated
by severe defects or even complete absence of postsynaptic differentiation if
components of this pathway are deficient or critically mutated. Section I.1.2.
outlined the lethal neuromuscular phenotypes of mice deficient for the
muscle-specific receptor-tyrosine kinase MuSK, its ligand agrin, AChR
subunits, the AChR-anchoring protein rapsyn or the ACh synthesizing enzyme
ChAT. Besides the aforementioned proteins, muscle fibers employ a plethora
of molecular interactions and signaling pathways downstream of agrin/MuSK
to establish a mature NMJ, many of which regulate the cytoskeleton, gene
expression or the stability of macromolecular complexes at the postsynaptic
membrane.
9

Dok-7 is a cytoplasmic interactor of MuSK and essential for correct MuSK
localization and activation upon agrin treatment. Mice lacking Dok-7 fail to
localize MuSK in the central region of muscle and form neither AChR clusters
nor neuromuscular synapses (Bergamin et al., 2010; Inoue et al., 2009;
Okada et al., 2006). Binding of Tid1 to activated MuSK precedes binding of
Dok-7 and is prerequisite for Dok-7 binding to MuSK (Linnoila et al., 2008).
Clustering of AChRs in response to agrin involves cytoskeletal rearrangements, vesicle transport along cytoskeletal tracks, propelling of membranous
AChRs (Bloch, 1986; Connolly, 1984; Connolly, 1985; Connolly and Graham,
1985; Dai et al., 2000) and anchoring of postsynaptic proteins to a
cytoskeletal scaffold (Apel et al., 1997; Banks et al., 2003; Moransard et al.,
2003).
Reorganization of the subsynaptic cytoskeleton provides mechanic stability to
the synapse as a whole and also means to ensure targeted transport of
synaptic material towards the synaptic membrane plus anchoring possibilities
for NMJ components. Rapsyn, for example, connects synaptic AChRs to the
actin cytoskeleton (Apel et al., 1997; Borges and Ferns, 2001; Borges et al.,
2008; Mohamed et al., 2001; Moransard et al., 2003), this process being
dependent on agrin-induced tyrosine-phosphorylation of the AChRβ subunit
by Src family kinases (Borges and Ferns, 2001; Mittaud et al., 2001;
Mohamed et al., 2001), which strengthens the interaction of AChR pentamers
with rapsyn (Borges et al., 2008; Moransard et al., 2003). Initial cytoskeletal
modifications during AChR clustering in response to agrin are achieved by
activation of several downstream pathways: MuSK activates amongst others
the tyrosine kinase Abl (Finn et al., 2003) and the geranylgeranyltransferase
GGT1, which subsequently helps to activate GTPases of the Rho family (Luo
et al., 2003). Rho GTPases are crucial cytoskeletal regulators and have been
implicated in the process of AChR clustering (Weston et al., 2003; Weston et
al., 2000; Weston et al., 2007) in a manner dependent on PI3K activity
(Nizhynska et al., 2007).
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Furthermore, MuSK-associated Dvl activates PAK1 (Luo et al., 2002), which
is involved in the regulation of actin dynamics in several ways (Chan and
Manser, 2012; Wu et al., 2010). Dvl is a constituent of Wnt signaling, which
has broad effects on NMJ synapse formation (Gordon et al., 2012; Henriquez
and Salinas, 2012; Henriquez et al., 2008; Jing et al., 2010; Jing et al.,
2009). Some Wnts are able to bind directly to MuSK/Lrp4 and to induce AChR
clustering independently of agrin (Zhang et al., 2012), other Wnt proteins
collaborate with the Agrin-MuSK signaling and again other Wnt family
members that activate β-catenin signaling are inhibitory for post-synaptic
differentiation. Moreover, Wnt proteins are implicated in AChR prepatterning, a process in which AChRs form (mostly central) aggregates
during development, before the arrival of the motoneuron (Henriquez and
Salinas 2012). Besides Wnts themselves and Dvl, other members of the Wnt
pathway such as APC (Wang et al., 2003) and β-catenin (Li et al., 2008; Wu
et al., 2012) are also implicated into NMJ formation.
MuSK activation recruits APC, which not only functions in Wnt signaling, but
is also involved into the regulation of cytoskeletal dynamics, where it can
bind to either actin (Moseley et al., 2007) or microtubules (Näthke, 2004).
APC is a contact point for several cytoskeletal regulators of the GTPase family
or their upstream regulators such as IQGAP1 and Asef (Kawasaki et al.,
2000; Watanabe et al., 2004) and is therefore a crucial component for
establishing cell polarity. APC is concentrated at the synaptic muscle
membrane (Wang et al., 2003), where it is implicated in the process of AChR
clustering, probably by organizing cytoskeletal rearrangements.
Other cytoskeletal proteins which are enriched at the postsynaptic NMJ are
LL5β (Kishi et al., 2005), a membranous PIP3-sensor (Paranavitane et al.,
2003) and binding partner for microtubules decorated with the plus-end
binding protein CLASP2 (Lansbergen et al., 2006). Another cytoskeleton
organizing protein, ACF7, which crosslinks actin microfilaments with
microtubules, has been shown to be involved in the rapsyn-mediated
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immobilization of AChRs by bridging rapsyn to the actin cytoskeleton (Antolik
et al., 2007). Taken together, the presence of a whole set of different
cytoskeletal proteins and their regulators at the postsynaptic muscle
membrane indicates a profound physiologic need for the establishment of a
stable subsynaptic cytoskeletal network that serves to confer structural
stability and as stable transport tracks towards the postsynapse for protein
supply.

Figure 3: Intracellular pathways activated by agrin for AChR clustering
Initially, agrin interacts with Lrp4 to increase its interaction with MuSK, which dimerizes and
partially activates MuSK. Subsequently, interactions between MuSK and distinct proteins like
Dok7 and Tid1 are increased, which fully activates MuSK and its downstream signaling.
Concomitantly, the tyrosine-kinase Abl and the geranylgeranyl transferase I are activated and
facilitate downstream activation of Rho GTPases, which in turn regulate actin dynamics via
multiple pathways. The actin cytoskeleton is involved in AChR transport, membrane insertion
and immobilization. Agrin also stimulates the association of AChR with rapsyn and APC, which
link the Ach receptors directly or indirectly to the cytoskeleton. Synaptic rapsyn is stabilized by
Hsp90β and inhibits calpain, and thus antagonizes ACh-induced and Cdk5/CaMKII-mediated
dispersal of AChR clusters. Active AChRs also recruit APC, a cytoskeletal organizer, which
enables targeting of microtubules to the subsynaptic region. Red stars indicate protein-protein
interactions that are increased by agrin. Scheme taken from (Wu et al., 2010).

MuSK activity also acts as a positive signal to counteract the clusterdispersive effects of ACh-induced cdk5 activity (Lin et al., 2005).

12

Other molecules as diverse as heat-shock proteins (Luo et al., 2008),
proteases (Chen et al., 2007) and transcription factors or co-activators like
NF-κB (Wang et al., 2010) and PGC-1α (Handschin et al., 2007) are
implicated in the process of AChR clustering too, thus underscoring the
enormous breadth of molecules involved in the highly complex biological
process of postsynaptic maturation. Some of the known biochemical signaling
events downstream of agrin and their cell biological consequences are
depicted in (Figure 3).

I.2. Microtubules (MTs)
I.2.1. The eukaryotic cytoskeleton
Every eukaryotic cell contains three types of cytoskeleton - actin filaments,
microtubules and intermediate filaments. The cytoskeleton is vital for many
aspects of cellular life like maintenance of cell shape, mitosis, motility and
intracellular transport. Due to their many crucial functions for life,
cytoskeletal proteins are implicated in a wide array of pathologies, including
infection, cancer, cardiovascular diseases and neurodegenerative diseases
(Akhmanova and Steinmetz, 2008a).
The assembly of cytoskeletal networks occurs by incorporation of small
building blocks (actin, tubulin or intermediate filament proteins, respectively)
into filamentous polymers. Intermediate filaments assemble through the
association of antiparallel dimers into oligomers, which finally generate nonpolar filaments. By contrast, the polymerization of actin and tubulin subunits
occurs in a head-to-tail fashion and generates polar fibers with discernible
ends having different biochemical and biophysical properties. Actin and
tubulin subunits hydrolyze energy-rich phosphate bonds after incorporation –
actin uses ATP, whereas tubulin employs GTP (Galjart, 2005). Intermediate
filaments are more or less stable and mainly confer mechanical stability to
cells, whereas actin filaments and microtubules are highly dynamic.
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Actin filaments and MTs are constantly subjected to regulation by external
and intracellular cues and thus serve to adapt cellular shape, polarization and
targeted transport of organelles and other cargo such as protein-loaded
vesicles. The ability to undergo fast turnover and assembly enables actin and
microtubules to reorganize rapidly and locally in response to growth factors,
polarity cues and other signals (Gundersen et al., 2004).
Microtubules and actin microfilaments interact heavily and these interactions
underlie many fundamental processes in which cells need to establish and
maintain dynamic cellular asymmetries. MTs and F-actin interact both
regulatory and structural and their interactions are essential for basic
biological processes such as cell motility, neuronal growth cone pathfinding,
cellular wound healing, and cell division (Li and Gundersen, 2008; Rodriguez
et al., 2003). Structural interaction is mediated by crosslinking proteins and
certain molecular motors, while regulatory interaction involves mutual
regulation of actin and MT dynamics via associated proteins such as Rhofamily GTPases and other regulators (Hall and Lalli, 2010; Rodriguez et al.,
2003). Regulation of MT by the actin cytoskeleton is well documented
(Gundersen et al., 2004), as is regulation of F-actin by MTs (Basu and Chang,
2007).

I.2.2. General properties of microtubules
Microtubules are hollow cylinders (about 25 nm in diameter) composed of
stable heterodimers of α- and β-tubulin (Ludueńa et al., 1977; Weisenberg et
al., 1968) and (Figure 4A). Initially, they were described based on similarity
between hollow flagellar structures and mitotic spindle fibrils (Pease, 1963).
The single building blocks, tubulin, were identified by their binding to
colchicine (Borisy and Taylor, 1967a; Borisy and Taylor, 1967b) and named
after their function to build “tubes” (Mohri, 1968).
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Microtubules are highly dynamic structures that continuously switch between
phases of growth and shrinkage by addition or removal of tubulin subunits
(Desai and Mitchison, 1997; Nogales and Wang, 2006). α/β-tubulin
heterodimers polymerize in a head-to-tail fashion to form polar
protofilaments (Amos and Klug, 1974), 13 of which form the helical
microtubule wall (Evans et al., 1985; Ledbetter and Porter, 1964; Mandelkow
et al., 1986), (Figure 4B).
To enable microtubule polymerization, γ-tubulin nucleates a ring structure to
which protofilaments of α/β-tubulin heterodimers can bind, thus enabling
microtubule polymerization start (Oakley and Oakley, 1989; RaynaudMessina and Merdes, 2007). Both α-tubulin and β-tubulin bind GTP
(Weisenberg et al., 1968) and since GTP-bound β-tubulin has high affinity for
microtubule plus-ends, it drives tubulin addition onto the polymeric structure.
After incorporation in the MT polymer, β-tubulin subunits hydrolyze their
loaded GTP to GDP, whereas GTP on α-tubulin remains stable. GDP-bound βtubulin is susceptible to depolymerization and thus detaches from free,
uncapped MT ends. As only GTP-bound tubulin subunits bind with high
affinity to the plus-end of MT, a cap of GTP-containing tubulin building blocks
protects the microtubule polymer from disassembly (Desai and Mitchison,
1997), (Figure 4B and Figure 4C).
In most mammalian cells, the minus-end of microtubules is attached to an
MTOC (microtubule organizing center), which is often tightly associated with
the centrosome (Luders and Stearns, 2007) and the fast-growing plus-ends
radiate towards the cell cortex. The MTOC prevents shrinkage from the
microtubule minus-end, so dynamic instability occurs mostly at microtubule
plus-ends. If the minus-end is not attached to an MTOC, dissociation of GDPbound tubulin subunits can occur at these minus-ends. After conversion of
the free tubulin dimers back to the GTP-bound form, the subunits can again
be incorporated at the plus end, thus “treadmilling” through the microtubule
(Galjart, 2005). Even if the minus-end is not attached, the two ends of a
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microtubule show different polymerization rates; the plus-end grows and
shrinks faster while the minus-end grows/shrinks slower or not at all (Allen
and Borisy, 1974), (Figure 4C).

Figure 4: Microtubules – Structure and Dynamics
A) Heterodimers of α/β-tubulin are the building blocks of microtubules and align head-to-tail
to form protofilaments. Both α- and β-tubulin bind one molecule of guanine nucleotide. GTP
associated with β-tubulin is hydrolyzed after incorporation of the tubulin dimer. B) The helical
microtubule wall typically consists of 13 parallel protofilaments with each turn of the helix
spanning 3 tubulin monomers. This arrangement results in a lattice seam on one side of the
microtubule wall (red dashed line). C) The structure of the microtubule is determined by the
γ-tubulin ring complex (γ-TuRC) at the MTOC. Microtubules are nucleated by the binding of
α/β-tubulin dimers within protofilaments to the γ-TuRC and start elongating by the addition of
dimers at the plus-end. The binding, hydrolysis and exchange of GDP/GTP on the β-tubulin
monomer regulates the switch between polymerization and depolymerization of microtubules,
but is not required for microtubule assembly itself. Scheme adapted from (Akhmanova and
Steinmetz, 2008b).

Under normal physiologic circumstances, most MT plus-ends alternate
between prolonged phases of polymerization and depolymerization, a
phenomenon called “dynamic instability” (Mitchison and Kirschner, 1984).
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The transition from polymerization to depolymerization is referred to as
catastrophe, whereas the opposite transition from depolymerization to
polymerization is termed rescue (Walker et al., 1988), (Figure 4C).

I.2.3. Function and regulation of microtubules
Microtubules are functionally involved in basic processes such as intracellular
transport, organelle positioning, cell shape and cell motility, and constitute
complex cellular structures like centrosomes, centrioles and axonemes – the
core structure of cilia and flagella. In addition, MTs form two essential
structures during cell division, the mitotic spindle and the midbody.
Microtubules also function as important factors for the establishment and
maintenance of cell polarity. To fulfill these highly diverse functions, MTs are
regulated by a plethora of microtubule-associated proteins (MAPs), which
interact either with soluble tubulin building blocks or with the whole
microtubule lattice or exclusively with the microtubule plus-end (Akhmanova
and Steinmetz, 2008b; Cassimeris and Spittle, 2001; Galjart, 2005).
The “classical” MAPs (e.g. MAP1A/B, MAP2, tau, XMAP215, stathmin, et
cetera) bind to soluble, non-polymerized subunits and along the whole length
of microtubules and thereby regulate overall MT stability and interactions.
Some classical MAPs stabilize microtubules by lateral binding, some by
stimulating the addition of tubulin subunits to the MT polymer, some by
blocking catastrophe events, or by promoting MT rescue. Stabilization is also
achieved by cross-linking protofilaments or bundling of microtubules (Chapin
et al., 1991). On the other hand, some classical MAPs destabilize MTs, like
catastrophin, which promotes catastrophes and katanin & spastin, which
sever microtubules. Stathmin sequesters single tubulin subunits, thus
inhibiting rescue events (Cassimeris and Spittle, 2001; Howard and Hyman,
2007; Sharp and Ross, 2012).
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Another class of MAPs, which bind along the whole microtubule, are
molecular motors. The intrinsic polarity of microtubules qualifies them as
tracks for directed intracellular transport. Motors of the kinesin (Verhey and
Hammond, 2009; Verhey et al., 2011) and dynein (Sakakibara and Oiwa,
2011; Vallee et al., 2004) superfamilies mediate unidirectional transport of
macromolecules, vesicles and organelles along MT tracks. Kinesins mediate
transport towards the MT plus-end, while dyneins enable minus-end directed
transport (Akhmanova and Hammer Iii, 2010; Kapitein and Hoogenraad,
2011; Karsenti et al., 2006). Furthermore, some molecular motors like MCAK
and other kinesins negatively regulate overall MT stability by their MT
depolymerase activity (Howard and Hyman 2007).
A third major group of MAPs associate specifically with GTP-loaded tubulinsubunits in growing MT polymers, rather than with microtubules as a whole.
This protein family binds to tubulin preferentially at the more dynamic plusend of MTs and is referred to as +TIPs, for “plus-terminal interacting
proteins” (Akhmanova and Steinmetz, 2008a; Akhmanova and Steinmetz,
2010; Galjart, 2005). Since this protein family is of crucial importance for
this work, it will be described in more detail in the following section.
Lastly, tubulin subunits themselves within polymeric microtubules undergo
different post-translational modifications (PTMs), including detyrosination,
acetylation, glutamylation, glycylation, and phosphorylation, most of which
occur at the exposed C-termini of α/β-tubulin (Hammond et al., 2008; Janke
and Bulinski, 2011). The wide spectrum of tubulin PTMs within microtubules
broadens the functional spectrum of MT and enables functional fine-tuning of
pre-existing MT polymers, as for example tubulin detyrosination is elevated
in differentiated cells (Gundersen and Bulinski, 1986) and has been
associated with reduced MT turnover and enhanced MT stability, respectively
(Webster et al., 1987). Post-translational modifications of tubulin within MTs
influence not only the stability of the affected MTs but also regulate their
transporting properties (Hammond et al., 2008; Janke and Bulinski, 2011),
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as for example, tubulin acetylation leads to elevated kinesin-mediated cargo
transport (Cai et al., 2009; Reed et al., 2006).

I.2.4. +TIP proteins
A specialized group of MAPs are the plus-end tracking proteins (+TIPs),
which are conserved in all eukaryotes and specifically accumulate at growing
microtubule plus-ends. Since CLIP-170 was discovered as the first +TIP
(Perez et al., 1999), this diverse protein family has continuously expanded.
The +TIPs known to date can be classified into 4 different groups, based on
structural elements: EB family proteins, CAP-Gly proteins, proteins containing
basic and Ser-rich sequences, and HEAT/WD40-repeat proteins. Plus-end
tracking proteins can contribute to the regulation of microtubule dynamics,
mediate the cross-talk between microtubule ends, the actin cytoskeleton and
the cell cortex, and participate in transport and positioning of structural and
regulatory factors and membrane organelles (Akhmanova and Steinmetz,
2008a; Akhmanova and Steinmetz, 2010; Galjart, 2010). Due to their
adjustable differential binding within cells, +TIPs are crucially implicated in
cell polarization during cell migration and differentiation (Jaworski et al.,
2008; Neukirchen and Bradke, 2011; Watanabe et al., 2005).
+TIP family

Members

EB family proteins

EB1, EB2, EB3

CAP-Gly proteins

CLIP-170, CLIP-115, p150Glued

Proteins with basic and Ser-rich sequences

CLASP1/2, APC, ACF7, STIM1

HEAT- and WD40-repeat proteins

LIS1, XMAP215/ChTOG

Microtubule motor proteins

MCAK, Dynein HC, Kinesins

Table 1: Overview and classification of +TIPs

End binding (EB) proteins are the “core” +TIPs expressed in every cell and
bind to MTs directly. Most (or even all) other +TIPs bind to MTs indirectly via
interaction with EB proteins. EBs are small proteins composed of an Nterminus and a C-terminus - both of which are highly conserved - separated
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by a linker sequence. While the N-terminus is necessary and sufficient for
microtubule binding (Hayashi and Ikura, 2003), the coiled-coil region of the
C-terminus mediates dimerization of EB monomers (Honnappa et al., 2005).
The N-terminal calponin homology domain (CH-domain) of EBs bind to
tubulin near their GTP binding site, which allows EBs to bind to growing MT
ends by sensing conformational changes resulting from the microtubule
nucleotide state. This connection bridges MT protofilaments and provides a
stabilizing zone that protects microtubules from depolymerization (Maurer et
al., 2012).

The coiled-coil region in EBs partially overlaps with the unique end binding
homology (EBH) domain, which is more distal and to which many other
+TIPs commonly bind through their shared SxIP sequence motif and
electrostatic interactions resulting from salt bridges (Honnappa et al., 2009;
Kumar and Wittmann, 2012). At the very C-terminus, EBs contain a
conserved EEY/F sequence motif, which is also present at the C-terminus of
α-tubulin and CLIP-170 and is a point of interaction with other CAP-Gly
proteins (Akhmanova and Steinmetz, 2008a; Bu and Su, 2003). In general,
EB1 and EB3 are the major EB proteins and are thought to be functionally
redundant, although studies of muscle cell differentiation suggest that EB1
might be dominant in undifferentiated cells while EB3 is necessary for cell
differentiation (Straube and Merdes, 2007).
CAP-Gly proteins contain N-terminal cytoskeleton-associated protein
glycine-rich (CAP-Gly) domains, which are responsible for their association
with MTs, EB proteins and dynactin (Bu and Su, 2003; Goodson et al., 2003;
Perez et al., 1999; Schroer, 2004). The CAP-Gly domain of CLIP-170 binds to
the C-terminal EEY/F sequence motif contained in both EB proteins and
tubulin (Bieling et al., 2008; Slep, 2010; Steinmetz and Akhmanova, 2008),
terminal detyrosination of tubulin in stabilized MTs inhibits recruitment of
CLIP proteins (Peris et al., 2006). The adjacent coiled-coil region mediates
the homodimerization of CLIPs. The coiled-coil region of CLIP-170 is flexible
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and can fold back in an intramolecular interaction, resulting in the binding of
the CAP-Gly domain to the EEY/F motif and auto-inhibition of CLIP-170
(Lansbergen et al., 2004). The cargo-binding C-terminus of CLIP-170
contains two metal-binding motifs, which are not present in the close
homologue CLIP-115 (De Zeeuw et al., 1997).
Proteins containing basic and Ser-rich sequences contain stretches rich
in serine and basic residues that mediate their interactions with microtubules
and EB proteins. Exemplary members of this family are the adenomatous
polyposis coli protein APC (Barth et al., 2008; Bienz, 2002; Nathke et al.,
1996; Zumbrunn et al., 2001a), the microtubule-actin crosslinking factor
MACF1, also called ACF7 (Sonnenberg and Liem, 2007; Suozzi et al., 2012;
Wu et al., 2008) and CLASPs, the CLIP-associating proteins (Akhmanova et
al., 2001; Galjart, 2005). As with the majority of other +TIPs, members of
this family bind to MTs mostly indirectly through association with EBs via
their hydrophobic SxIP sequence motif (Honnappa et al., 2009; Kumar and
Wittmann, 2012) and surrounding amino acids, which provide electrostatic
interaction with the C-terminus of EBs (Kumar et al., 2012).

In contrast to most other +TIPs, which bind uniformly to the growing ends of
all MTs, the members of this +TIP family preferentially accumulate at MT
subsets that are oriented towards polar structures such as the leading edge
of migrating cells or neuronal growth cones. Furthermore, binding of APC,
ACF7 and CLASPs to MTs/EBs is negatively regulated by GSK3β
phosphorylation (Honnappa et al., 2009; Kumar et al., 2009; Watanabe et
al., 2009; Wu et al., 2011; Zumbrunn et al., 2001c) and all these proteins
are implicated in region-specific MT capture during cell polarization (see
section I.2.5.).
CLASP proteins interact with EBs and regulate MT dynamics at the cell cortex
(Mimori-Kiyosue et al., 2005). CLASP2 captures MTs at the cell cortex by
interacting with the membrane-associated PIP3-sensor LL5β in fibroblasts
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(Lansbergen et al., 2006) or by interacting with the actin-binding protein
IQGAP1 in epithelial cells (Watanabe et al., 2009). CLASP proteins are
furthermore involved in directional post-Golgi trafficking of vesicles along
MTs and thereby also contribute to cell polarization and mobility (Miller et al.,
2009).
ACF7 interacts with EB1 and APC (Subramanian et al., 2003) and enables MT
sliding along F-actin as well as MT capture to actin-rich cortical sites, hence
its name ACF7 - Actin crosslinking factor 7 (Kodama et al., 2003). ACF7
allows cortical recruitment of CLASP2 (Drabek et al., 2006); targeting of
ACF7 to the membrane is sufficient to enable MT capture downstream of
some migratory cues (Zaoui et al., 2010). ACF7 also enables polarized MT
outgrowth and directional movement of skin stem cells (Wu et al., 2011).
APC promotes directed cell extension by interacting with EB1 and regulation
of microtubule dynamics and stability at the leading edge of migrating cells
(Barth et al., 2008), where it also influences kinesin-mediated transport
(Jimbo et al., 2002). APC can moreover interact with actin either directly or
indirectly via binding to the Cdc42/Rac effector and actin-binding protein
IQGAP1 (Watanabe et al., 2004).
Similar to APC, ACF7 organizes the MT cytoskeleton and thereby can polarize
cells during migration or functional differentiation (Applewhite et al., 2010;
Barth et al., 2008; Sanchez-Soriano et al., 2009). Furthermore, the members
of this +TIP family mutually influence each other, as suggested by
biochemical interaction of CLASP2 and ACF7 (Drabek et al., 2006). Loss of
either APC, CLASP2 or ACF7 results in similar MT phenotypes – a decrease in
MT stability, density and organization along with defects in MT targeting
towards the leading edge and migration deficits (Kroboth et al., 2007; Kumar
and Wittmann, 2012). Of note, the members of this +TIP-family were
reported to be able to bind to MT plus-ends independently of EBs, too (Kita et
al., 2006; Wittmann and Waterman-Storer, 2005; Wu et al., 2011).
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HEAT- and WD40-repeat proteins contain either tumor-overexpressed
gene (TOG) domains in the N-terminus, which are comprised of HEAT repeats
(Al-Bassam et al., 2007; Slep and Vale, 2007) or N-terminal WD40 repeatcontaining domain. While XMAP215 is an example of the former group and
binds to MTs directly (Gard et al., 2004), Lis1 is an example of the latter
group and associates with MT-associated CLIP-170 and dynein/dynactin
rather than EBs or MTs itself (Tai et al., 2002).

Figure 5: Structural classification of plus-end tracking proteins
The main plus-end tracking protein (+TIP) families have been grouped according to prominent
structural elements that are involved in tracking the growing microtubule plus ends. AAA,
ATPase family associated with various cellular activities; Arm, armadillo repeat; CAP-Gly,
cytoskeleton-associated protein Gly-rich; CH, calponin homology; ClipZnF, C-terminal zinc
knuckle of CLIP-170; EBH, end-binding protein homology; EF-hand, calcium-binding motif;
GAS2, growth arrest-specific protein-2; LISH, LIS1 homology; SAM, sterile α motif domain;
SAMP, Ser-Ala-Met-Pro repeat; TOG, tumor overexpressed gene domain; TM, transmembrane
domain; WD40, motifs of ~40 amino acids, often terminating in a Trp-Asp dipeptide. Scheme
taken from (Akhmanova and Steinmetz, 2008b).
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I.2.5. MT capture and symmetry breaking
Under resting conditions, the highly dynamic plus-ends of microtubules
permanently probe the cytosol and alternate between phases of growing,
pausing and shrinking, with phase durations in the range of minutes.
However, upon extracellular stimulation or intrinsic polarity cues, the growing
plus-ends of MTs can be captured by factors present at the cell periphery,
and stabilized. This process is of fundamental importance for symmetry
breaking, cell polarization and cellular morphogenesis (Kirschner and
Mitchison, 1986; Li and Gundersen, 2008). Microtubule capture involves
physical interaction of two classes of proteins: proteins that are specifically
associated with the plus ends of microtubules (+TIPS, see section I.2.4) and
cortical capture factors, which are associated with either the cell cortex itself
or the actin cytoskeleton and act as receptors for MTs or their associated
+TIPs, respectively. These cortical capture factors are often regulated by
RTKs, Rho GTPases, PI3K or other membrane-associated signaling factors
(Gundersen, 2002; Li and Gundersen, 2008), (Figure 6 & Table 2).
Duration of MT capture depends on the involved factors and their cellular
environment and can range from seconds to many hours. In the former case,
microtubules just pause to either grow or shrink, whereas in the latter case,
MTs are long-term capped and anchored, resulting in highly elevated MT
stability, which can persist for many hours or longer. The intrinsic polar
nature of microtubules qualifies them well as tracks for directed intracellular
transport and is exploited by several cell types to initiate and maintain cell
polarization as observed during axonal differentiation of neurons or cell
migration (Gundersen, 2002; Gundersen et al., 2004; Li and Gundersen,
2008; Neukirchen and Bradke, 2011; Watanabe et al., 2005). In addition,
long-term anchored microtubules (longer than 10 minutes) often become
post-translationally modified, which further increases the lifetime of affected
microtubules by rendering them more resistant to depolymerization and in
addition enhances kinesin-dependent transport (Hammond et al., 2008;
Janke and Bulinski, 2011; Li and Gundersen, 2008).
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Cultured hippocampal neurons initially extend multiple morphologically
indistinguishable, undifferentiated neurites. This symmetry is broken when
one of the neurites (the future axon) begins to grow rapidly and acquires
axonal markers (such as dephosphorylated tau), whereas the other neurites
remain short. Over time, the short neurites grow and differentiate into
dendrites by acquiring dendritic MT markers (such as MAP2).

Figure 6: Molecular mechanism and cellular consequences of MT capture
A) Upon stimulation by growth factors, LPA, adhesion– and migration cues, cells engage Rho
GTPases and PI3K to rearrange their cytoskeleton. In the context of MT capture, Rho GTPases
and their effectors and/or PI3K and downstream molecules inactivate GSK3β by
phosphorylation, which leads to a pool of hypophosphorylated +TIP protein with elevated
affinity for MT plus-ends. At the same time, PI3K generates PIP3 membrane domains (blue
membrane area), to which cortical factors can bind, either just by their PH domain (which has
a high affinity for PIP3) or after activation by RhoGTPase effectors. The MT plus-ends - which
are now highly decorated with +TIPs - then can bind to cortical factors, which are membraneassociated or F-actin-associated, thereby enabling MT capture. Tubulin subunits within
captured MT can then be subjected to post-translational modifications, which further elevate
MT stability. B) The event chain of local MT capture, stabilization and modification generates
stable MT tracks within cells and establishes cell polarity. Scheme in B) taken from
(Gundersen, 2002).

MTs in neuronal processes are more stable than the dynamic microtubules in
proliferating cells, as shown by their resistance to MT-depolymerizing agents
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and by their higher levels of post-translationally modified tubulin. The
presence of acetylated tubulin in one cell process even precedes the axonal
differentiation of this very process and thus seems to be a causative reason
for axon specification. Moreover, subcellular application of taxol - a drug
which stabilizes MTs - selectively to one neurite, is also sufficient to
determine this neurite for axonal differentiation (Li and Gundersen, 2008).
In migrating fibroblasts, cell symmetry is broken upon migratory cues. This
occurs by reorientation of the centrosome, to which MT minus-ends are
anchored and more importantly, by selective MT capture and stabilization at
the leading edge via interaction of +TIP proteins (e.g. EBs, APC and CLASPs)
with cortical factors or the actin cytoskeleton (Li and Gundersen, 2008;
Ridley et al., 2003), (Figure 6, Table 2 and section I.2.4). MT stabilization
then directly enhances kinesin-based transport and maintains initial polarity
in a self-reinforcing way, in both neurons and migrating fibroblasts. Taken
together, selective MT stabilization is not only a consequence of cell
polarization but rather permits it.
Once established, cell polarity varies in longevity, depending on the cell type.
In neurons, epithelia and migrating fibroblasts, cell polarity itself is inherent
to proper cell function and is thus maintained long-term in these cell types.
In other cell like neutrophils during chase, polarity rather serves short-term
functions allowing the cell to respond to spatial and temporal changes in
external stimuli and is not maintained beyond fulfilling such a short-term
function.
Interestingly, most members of the +TIP subfamily which contains basic and
serine-rich sequences (CLASPs, ACF7, APC) are implicated in MT capture and
regulated by GSK3β phosphorylation, which generally affects their binding to
MTs and EBs negatively (Kumar et al., 2012; Kumar et al., 2009; Watanabe
et al., 2009; Wu et al., 2011; Zumbrunn et al., 2001b). Consequently, MT
capture occurs preferentially in subcellular localizations where PI3K activity is
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high (Ridley et al., 2003) and/or where GSK3β has been rendered inactive by
upstream signals such as LPA, migratory signals and growth factors, such as
the leading edge of migratory cells (Sun et al., 2009; Yucel and Oro, 2011).

Table 2: Molecular interactions in microtubule capture
Overview of known interactions between cortical factors and corresponding +TIP proteins,
together with their mode of regulation and their effect on microtubules. Scheme taken from (Li
and Gundersen, 2008).

I.2.6. MT organization in proliferating and differentiated cells
In most proliferating and migrating animal cells, the centrosome is the main
site for microtubule nucleation and anchoring, leading to the formation of
radial MT arrays with MT minus-ends anchored to the centrosome and plusends extending radially into the cell periphery. By contrast, in fully
differentiated animal cells like neurons, epithelia and myotubes/muscle fibers
as well as in most fungi and vascular plant cells, MT are often nucleated in a
non-centrosomal fashion, showing parallel morphology (Bartolini and
Gundersen, 2006). In differentiated myotubes, most MTs are organized
parallel to the longitudinal axis of the cells, with their plus-ends being distal
and their minus-ends localized near nuclei, which often cluster in the central
region of myotubes (Tassin et al., 1985).
Generation of non-centrosomal MT arrays occurs as a multi-step process: the
initial step involves formation of non-centrosomal MTs by either release from
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the centrosome, catalyzed nucleation at non-centrosomal sites or breakage
of pre-existing MTs. The second step involves transport by MT motor proteins
or treadmilling to sites of assembly. In the final step, the non-centrosomal
MTs are rearranged into cell type-specific arrays by bundling and/or capture
at cortical sites, after which MTs often acquire long-term stability through
PTMs. Despite their relative stability, the final non-centrosomal MT arrays
may still exhibit dynamic properties and in many cases can be remodeled
(Bartolini and Gundersen, 2006; Li and Gundersen, 2008).

Figure 6: Microtubule organization in differentiated/polarized cell types
Various differentiated mammalian cell types, as well as yeast and plant cells, contain noncentrosomal MT array, which are generated in a multi-step process; scheme taken from
(Bartolini and Gundersen, 2006).

I.2.7. MT involvement in myotube differentiation and muscle function
Skeletal muscle fibers and cultured myotubes are large multinucleated cells
derived from the fusion of mononucleated myoblast into a syncytium.
Elongated myoblasts display a classical radial microtubule array centered on
perinuclear centrosomes, with MT minus-ends localized in perinuclear regions
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and MT plus-ends being distal. After myoblast fusion, differentiated myotubes
possess numerous microtubules organized in parallel along the long axis of
the cells without any apparent nucleation centers (Tassin et al., 1985). Many
MTs become stabilized in the course of myotube differentiation, with
detyrosination occurring already at the onset of differentiation, when
myoblasts elongate and align. Stabilization of MT proceeds further in fused
myotubes by tubulin acetylation (Gundersen et al., 1989). Rearrangement of
MT is therefore not only an effect of myotube differentiation, but rather
crucially involved in the differentiation process by enabling gross
morphological changes in myoblasts.
As such, microtubule dynamics and a linear, non-centrosomal array of MTs
are involved in myoblast fusion, myotube differentiation and
myofibrillogenesis (Antin et al., 1981; Pizon et al., 2005; Tassin et al., 1985).
Moreover, MTs are implicated in the mobility of AChRs in primary cultures of
chick embryonic muscle cells, suggesting an involvement of MTs in the
development of neuromuscular junctions, too (Connolly, 1984; Connolly and
Oldfin, 1985). MTs are also required for kinesin- and dynein-mediated
movement of myonuclei (Wilson and Holzbaur, 2012) and other organelles in
muscle (Elhanany-Tamir et al., 2012). Correct positioning (Metzger et al.,
2012) and anchoring of myonuclei (Zhang et al., 2007) is critical for overall
health, although lethality observed in mutants which fail to accumulate
subsynaptic nuclei seems to be rather indirectly caused by innervation
defects than by direct muscle dysfunction (Lei et al., 2009; Zhang et al.,
2007).
Besides transcriptionally specialized myonuclei, the subsynaptic sarcoplasm
has been shown to contain Golgi (Jasmin et al., 1989) and microtubules that
are stabilized by acetylation (Jasmin et al., 1990). Taken together, the
subsynaptic accumulation of cytoskeleton-anchored nuclei, a Golgi apparatus
and stable microtubule transport tracks represents a sub-cellular
compartment that is specialized for the transcription and post-translational
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processing of postsynaptic proteins and for their targeting to the postsynaptic
muscle membrane.

I.3. The role of PI3K/GSK3β in polarization and migration
I.3.1. Phosphatidylinositol-3 Kinase (PI3K)
The phosphatidylinositol 3-kinases (PI3Ks) are a conserved family of lipid
kinases that phosphorylate the 3'-OH group of phosphatidylinositol-4,5bisphosphate [PI(4,5)P2] in the inner layer of the cell membrane to produce
phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)P3], abbreviated as PIP3.
This reaction generates binding sites for proteins that bind to PIP3 via their
PH (pleckstrin homology) domain (DiNitto et al., 2003). A wide range of
proteins with diverse functions possess a PH domain, including Akt (protein
kinase B), phospholipase C (PLC), tyrosine kinases of the Btk/Tec family,
insulin-receptor substrate IRS-1, RhoGEFs like Prex1 and cytoskeletal
proteins such as dynamin and LL5β (DiNitto and Lambright, 2006;
Paranavitane et al., 2003). All these proteins are recruited to the membrane
by activated PI3K, where they in turn become activated themselves. PI3K
thus induces many intracellular signaling pathways that regulate diverse
functions like metabolism, survival, cell polarity and vesicle trafficking. The
most ancient role for this family of enzymes is probably to mark specific
cellular membranes for trafficking events, as Vps34 (vacuolar protein-sorting
defective 34), the yeast homologue, performs mostly this function.
Metazoans have evolved additional isoforms, which specifically serve signal
transduction (Engelman et al., 2006). Signal termination occurs by
degradation of PIP3 by phosphatases like PTEN and SHIP (Cantley, 2002). In
the context of cell polarization, PI3K acts as a signal amplifier by converting
subtle extracellular gradients of migratory cues like chemoattractants or
growth factors into steeper intracellular signaling gradients.
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I.3.2. Glycogen Synthase Kinase 3
GSK3 is a highly conserved serine/threonine kinase with orthologs in plants,
funghi, worms, flies and vertebrates – distant species show up to 90%
sequence similarity in the kinase domain (Ali et al., 2001). GSK3 was first
identified as a negative regulator of glycogen synthase and two paralogous
isoenzymes with almost identical kinase domains were discovered, termed
GSK3α and GSK3β. These isoenzymes differ in expression levels but have
similar substrate specificity (Force and Woodgett, 2009; Woodgett, 1990). An
unusual feature of GSK3 is its constitutive activity in resting and
unstimulated cells, whereas cell stimulation by growth factors and other cues
inhibits GSK3 by phosphorylation trough upstream kinases like Akt, S6K,
PKC, PKA or p38MAPK. Besides inhibitory phosphorylation, signal-induced
sequestration into protein complexes or a change of subcellular localization
also serve to inhibit GSK3 activity in response to certain extracellular stimuli
without phosphorylation of GSK3 (Ding et al., 2000; Kaidanovich-Beilin and
Woodgett, 2011; Medina and Wandosell, 2011a; Taelman et al., 2010).
GSK3β is one of the most versatile kinases known and central in many
biological processes such as endocrine signaling, immunological regulation,
the regulation of proliferation through growth factor signaling and the
regulation of metabolism through insulin and nutrient signaling in muscle and
liver. To date, roughly 100 proteins are known to be targets of GSK3
phosphorylation (Sutherland, 2011) and due to its numerous functions, it is
no surprise that GSK3 and in particular GSK3β has been associated with
various pathologies, ranging from tumorigenesis over neuronal diseases like
Alzheimer’s disease and bi-polar disorder until metabolic disorders and
immune defects (Kaidanovich-Beilin and Woodgett, 2011). GSK3 is therefore
a valid therapeutic target for various diseases in the clinic. Therapeutic
inhibition of GSK3 lowers blood glucose levels in type II diabetes, ameliorates
neurological symptoms in Alzheimer’s disease and bi-polar disorder and is
under clinical testing to help cancer patients (Cohen and Goedert, 2004).
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Because GSK3-mediated phosphorylation of substrates usually inhibits those
substrates, the end result of GSK3 inhibition is typically functional activation
of its downstream substrates. GSK3 is centrally involved in several important
signal transduction pathways like Wnt, insulin and growth factor signaling
and it is implicated in the biology of ES cells and progenitor cells (Force and
Woodgett, 2009; Kim et al., 2009). Although GSK3α and β are entirely
redundant in respect to Wnt signaling, their function differs in other cellular
processes: Consequently, gene ablation of either isoenzyme yields different
phenotypes: Full-body knock-out of GSK3β is lethal (Hoeflich et al., 2000),
while loss of GSK3α is not (MacAulay et al., 2007), indicating non-redundant
functions in some cellular functions. Tissue-specific loss of either isoenzyme
also may yield different phenotypes (Patel et al., 2008), or compensatory
upregulation of the remaining isoenzyme (Gillespie et al., 2011) - depending
on the organ investigated. In muscle, GSK3β is ~4-fold more abundant than
GSK3α (Force and Woodgett, 2009; McManus et al., 2005).
GSK3 is a master regulator of polar cytoskeletal structures (actin and MTs)
and cell polarity (Sun et al., 2009). GSK3 is crucially involved in neuronal
differentiation as well as migration of fibroblasts, epithel cells and stem cells
(Jiang et al., 2005; Kaidanovich-Beilin et al., 2012; Kaidanovich-Beilin and
Woodgett, 2011; Kim et al., 2011; Neukirchen and Bradke, 2011; Wittmann
and Waterman-Storer, 2005; Wu et al., 2011). GSK3 regulates neuronal
polarization by organizing the MT cytoskeleton through regulation of several
classical MAPs like tau, MAP1B, MAP2 in neurons (Kaidanovich-Beilin et al.,
2012) and through regulation of +TIPs like CRMP2 (Yoshimura et al., 2005),
CLASP2 (Beffert et al., 2012; Hur et al., 2011) and APC (Barth et al., 2008).
In addition, GSK3 is a downstream convergent point for many axon growth
regulatory pathways (Kim et al., 2009; Kim et al., 2006) like PI3K, RhoGTPases, Par3/6, TSC–mTOR and PKA (Kim et al., 2011). While regulated
inhibition of both GSK3 isoenzymes is necessary for axon formation, their
total loss prevents axon outgrowth (Kim et al., 2006), emphasizing the need
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for tight spatial and temporal control of GSK3 activity (Hur et al., 2011;
Medina and Wandosell, 2011b).
Similarly, GSK3 – with GSK3β being the far more studied isoenzyme regulates cell polarity in migrating cells like fibroblasts, epithel cells and skin
stem cells (Sun et al., 2009; Watanabe et al., 2009; Wittmann and
Waterman-Storer, 2005; Wu et al., 2011; Yucel and Oro, 2011). Again here,
GSK3β influences MT dynamics and cell polarity by regulation of +TIPs like
ACF7 (Wu et al., 2011), CLASP2 (Kumar et al., 2009; Watanabe et al., 2009;
Wittmann and Waterman-Storer, 2005), APC (Barth et al., 2008; EtienneManneville and Hall, 2003; Zumbrunn et al., 2001a) and molecular motors
(Fumoto et al., 2006; Morfini et al., 2002; Sun et al., 2009).
Several signaling pathways like RhoGTPases, Wnt and PI3K converge on
GSK3 inhibition, consequently multiple cellular inputs ultimately result in
inactive GSK3 and hypophosphorylated, thus uninhibited cytoskeletal GSK3targets, which enables them to fulfill their +TIP, MT-stabilizing and transport
functions (Barth et al., 2008; Sun et al., 2009). Furthermore, GSK3 is
implicated in the regulation of actin dynamics and adhesion sites (Sun et al.,
2009). Similar to PI3K - one of its major upstream inactivators - GSK3 itself
can be seen as a further signal amplifier by converting minute subtle
extracellular signal gradients into even steeper intracellular signaling
gradients.
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II. Objectives
After decades of research, many general principles governing the
development and maintenance of the neuromuscular junction are well
established (Burden, 1998; Burden, 2002; Engel, 2008; Kummer et al.,
2006; Sanes and Lichtman, 1999; Sanes and Lichtman, 2001; Shi et al.,
2012; Wu et al., 2010). Agrin is established as the main organizer of
postsynaptic differentiation in muscle fibers and a plethora of downstream
molecules has been shown to be involved in NMJ biology on a descriptive
level. However, for most of the involved molecules, defined molecular
mechanisms explaining their contribution to the development of the
postsynaptic apparatus is elusive. One major step in the formation of a
mature NMJ is the expression of AChR molecules and their transport to the
postsynaptic membrane, followed by their membrane insertion and
anchoring. It is well established that the motor neuron induces gene
expression of AChRs and other synaptic molecules, but little is known about
mechanism responsible for the focal insertion of AChR pentamers into the
postsynaptic membrane, where AChRs are clustered in the small, well
circumscribed synaptic region to very high density of >10.000 molecules per
µm2 as compared to 10 molecules extra-synaptically (Sanes and Lichtman,
2001).
Focal insertion of AChR molecules requires their directed transport towards
the postsynapse and likely involves the cytoskeleton, which is universally
responsible for intracellular transport processes, cell polarization, structural
stability, morphological adaptation and cell division (Li and Gundersen,
2008). Despite an unquestioned biological necessity for a subsynaptic
cytoskeletal network, little is known about potential roles of the dynamic
cytoskeleton at the postsynaptic specialization or about molecular
mechanisms, which could contribute to the establishment of such a network
in myofibers. Since microtubules generally confer a major proportion of
intracellular transport processes, in my thesis I was interested to study the
organization and regulation of subsynaptic MTs at the NMJ junction.
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The behavior, stability and interactions of MTs are largely influenced by +TIP
proteins, a family of proteins binding to the highly dynamic plus-ends of MTs
and mediating the binding and anchoring of MT to specific subcellular
structures. In various organisms and cell types, binding of +TIP proteins to
MTs is regulated by signaling molecules such as PI3K, RhoGTPases, integrins,
and GSK3 in response to extracellular cues as for example growth factors,
lysophosphatidic acid and migratory cues. MT-bound +TIPs enable the
capture of MTs at cortical sites (Akhmanova and Steinmetz, 2008a; Galjart,
2005; Galjart, 2010; Gundersen, 2002; Gundersen et al., 2004).
I therefore studied if and how agrin as the main inducer of postsynaptic
differentiation governs MT behavior at the postsynaptic muscle membrane
via regulation of +TIP proteins. In addition, I was interested to study agrin
induced biochemical signal transduction, which could underlie the creation of
a sub-cellular environment, in which +TIP-mediated MT capture can occur.
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III. Results - Overview
In summary, the goal of my thesis was to investigate the molecular
mechanisms underlying the induction of a subsynaptic MT network in
myofibers at the mammalian neuromuscular junction in vivo and at
acetylcholine receptors clusters in cultured myotubes in vitro by regulation of
+TIP proteins and microtubule capture. I was also interested to find out how
a subsynaptic MT network influences AChR insertion and clustering at the
postsynaptic muscle membrane.
! Part I - Manuscript I: “Agrin regulates CLASP2-mediated capture of
microtubules at the neuromuscular junction synaptic membrane”
Schmidt N.*, Basu S.*, Sladecek S., Gatti S., van Haren J., Treves S.,
Pielage J., Galjart N. & Brenner H.-R.
! Part II - Manuscript II: “Agrin-induced microtubule capture at the
NMJ is mediated by GSK3β-dependent binding of CLASP2 to MT plusends interacting with LL5β”
Sladecek S.*, Basu S.* & Brenner H.-R.

During my thesis, I showed that a dense intracellular MT network, some of
which is stabilized by post-translational modifications, surrounds the
postsynaptic specialization of the mammalian NMJ. Selective microtubule
capture at the postsynaptic muscle membrane in vivo and at AChR clusters in
vitro occurs after agrin-induced activation of PI3K and local inactivation of
GSK3β, which creates a pool of hypophosphorylated CLASP2 (and probably
other +TIP) molecules, available to decorate growing MT plus-ends. In the
absence of Clasp2, MT capture at the subsynaptic muscle membrane, AChR
cluster size and density and number of synaptic myonuclei are reduced in
vivo. In cultured myotubes, deficiency of Clasp2 or pharmacologic inhibition
of its upstream activator PI3K reduce MT capture at AChR clusters and AChR
cluster size. Thus, in close collaboration with my colleagues, I established an
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agrin-induced biochemical signal cascade, which regulates CLASP2-mediated
MT capture at the subsynaptic muscle membrane and demonstrated its
functional relevance for AChR insertion and clustering (Manuscript I – Section
III.1.).
In a next step, I was interested to elucidate underlying molecular mechanism
in more detail by investigating the function of membranous CLASP2
interactors and the role of CLASP2 phosphorylation in the process of MT
capture. I could demonstrate that agrin-induced PI3K activity recruits LL5β to
AChR clusters in cultured myotubes, which enables synaptic capture of
CLASP2-decorated MT. Reduction of LL5β proteins levels via RNAi,
constitutive activity of the CLASP2 kinase GSK3β or mutational pseudophosphorylation of CLASP2 interfere with CLASP2-mediated MT capture at
agrin-induced AChR clusters in myotubes and consequently reduce AChR
cluster size (Manuscript II – Section III.2.).
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III.1. Manuscript I

“Agrin regulates CLASP2-mediated capture of microtubules at the
neuromuscular junction synaptic membrane”
Schmidt N.*,1, Basu S.*,1, Sladecek S.1, Gatti S.1, van Haren J.2, Treves S.3,4,
Pielage J.5, Galjart N.2 & Brenner H.-R.1
1

Department of Biomedicine, Institute of Physiology, University of Basel, CH-

4056 Basel, Switzerland
2

Department of Cell Biology, Erasmus Medical Center, 3015 GE Rotterdam,

Netherlands
3

Department of Anesthesia and 4Department of Biomedicine, Basel University

Hospital, CH-4031 Basel, Switzerland
5

Friedrich Miescher Institute for Biomedical Research, CH-4058 Basel,

Switzerland
*equal contribution

Contribution to this manuscript: For this publication, I was involved in
experimental design, conduction and analysis. I contributed the following
figures: 1a, 1b, 2d, 5a, 5c, 5d and all supplementary figures.
Status of Publication: published on July 30, 2012 in the Journal of Cell
Biology
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III.2. Manuscript II

“Agrin-induced microtubule capture at the NMJ is mediated by
GSK3β-dependent binding of CLASP2 to MT plus-ends interacting
with LL5β”
Sladecek S.*,1, Basu S.*,1 & Brenner H.-R.1
1

Department of Biomedicine, Institute of Physiology, University of Basel,

CH-4056 Basel, Switzerland
*equal contribution

Contribution to this manuscript: For this publication, I was involved in
experimental design, conduction and analysis. I contributed Figure 1,
Figure 5 and was responsible for the cloning of RNAi-constructs, which were
used to generate Figure 6.
Status of Publication: ready to submit
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Agrin-induced microtubule capture at the NMJ is mediated by GSK3βdependent binding of CLASP2 to MT plus-ends interacting with LL5β

by
Stefan Sladecek*, Sreya Basu* and Hans Rudolf Brenner
Institute of Physiology, Department of Biomedicine,
University of Basel

*equal contribution
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Abstract
One way for neural agrin to regulate the clustering of acetylcholine receptors
(AChR) at the neuromuscular junction is by locally stabilizing microtubules at
the synaptic membrane through the plus-end tracking protein CLASP2. Here
we investigate the molecular mechanism involved in this process. We show
that constitutively active GSK3β inhibits agrin-induced AChR clustering in
cultured myotubes, and that this inhibition is rescued by forced expression of
a non-phoshorylatable CLASP2 mutant, but not by wt CLASP2. This indicates
that the inhibitory effect of GSK3β on AChR clustering is caused at least
partly by phosphorylation of CLASP2, thus interfering with CLASP2 binding to
microtubule plus-ends and microtubule capture. Consistent with this, we
observe that agrin-induced MT plus-end capture is inhibited by expression of
phospho-mimetic CLASP2. These findings are in agreement with the idea that
active GSK3β phosphorylates CLASP2, thus lowering its binding to MT plusends and, consequently, CLASP2-mediated MT capturing. One candidate for
mediating CLASP2-dependent MT capture at the synapse is LL5β. Indeed,
LL5β accumulates at synaptic membranes of the NMJ via a process involving
its PH domain, suggesting recruitment of LL5β by local PI3K activation. At
agrin-induced AChR clusters in cultured myotubes, LL5β is co-localized with
increased density of MT plus-ends. Conversely, RNAi-mediated knock-down
of LL5β expression in myotubes abolishes the increase in MT plus-end density
normally observed at agrin-induced AChR clusters. Our experiments
combined strongly suggest that agrin-induced MT capturing is mediated by
1.) local inactivation of GSK3β, thus, locally increasing CLASP2 binding to MT
plus-ends, 2.) recruitment of LL5β to the synaptic membrane via local
activation or PI3K, and 3.) local CLASP2/LL5β interaction.
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Introduction
The density of neurotransmitter receptors in the postsynaptic membranes of
synapses is determined by the rate of their insertion into, their stability at, as
well as by their removal from the postsynaptic membrane. In turn, these
parameters are regulated by signals from the presynaptic nerve terminal and
by the impulse traffic at the synapse. At central synapses, the mechanisms
by which they regulate postsynaptic receptor numbers are poorly understood.
At the best-investigated synapse, the NMJ in the peripheral nervous system,
the major presynaptic organizer of postsynaptic receptor density is agrin
(Ngo et al., 2007; Wang et al., 2006; Wu et al., 2010), a heparansulfate
proteoglycan secreted from the motor nerve terminal and acting through its
receptor/effector LRP4/MuSK, in the muscle fiber membrane. Agrin on its
own is sufficient to induce differentiation of functional synaptic membranes in
vivo in the absence of motor nerves (Jones et al., 1997).
Postsynaptic muscle differentiation by agrin involves the induction of genes in
the muscle nuclei underlying the synapse coding for both AChRs as well as
for components of the subsynaptic apparatus, respectively (Brenner et al.,
1990; Jones et al., 1997). The latter serve to mediate impulse-independent
signaling between pre- and postsynaptic structures, such as
agrin/LRP4/MuSK and neuregulin/ErbBs, as well as for the anchoring of the
AChRs to the postsynaptic cytoskeleton through components such as rapsyn,
utrophin, dystroglycan, and alpha-dystrobrevin (Banks et al., 2003;
Moransard et al., 2003; Schmidt et al., 2011; Wu et al., 2010). In turn, the
function of the postsynaptic apparatus appears to be regulated by the
electrical impulse traffic at the synapse, as action potential activity in the
muscle fiber regulates synaptic AChR stability through unknown mechanisms
involving Ca++ (Caroni et al., 1993; Fumagalli et al., 1990; Megeath et al.,
2003; Rotzler and Brenner, 1990).
Whereas the importance of the postsynaptic apparatus for synaptic AChR
density has been established on a descriptive level (Kummer et al., 2006;
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Sanes and Lichtman, 2001), the molecular mechanisms by which AChR
insertion, stability and/or removal are regulated, have remained largely
obscure. Recently, we have identified agrin-dependent capturing of
microtubules at the synaptic muscle membrane as one mechanism promoting
synaptic AChR insertion. Specifically, we proposed that agrin through
activation of PI3K and inactivation of GSK3β, leads to the local capture of the
plus-ends of dynamic MTs at the synaptic membrane via a process involving
the MT plus-end proteins (+TIPS) CLASP2 and CLIP-170 (Schmidt et al.,
2012). Agrin/CLASP2/CLIP-170-mediated MT capturing in turn directs the
focal AChR insertion into the synaptic membrane, presumably through vesicle
transport along microtubules. However, the mechanisms linking synaptic
GSK3β inactivation to CLASP2-dependent synaptic MT capturing remained
open. Here, using cultured primary myotubes, we present evidence that
CLASP2 is locally dephosphorylated at the synapse, thus increasing its affinity
to MT plus-ends, which are then captured to the synaptic membrane by
interacting with synaptic LL5β, which is recruited to the synapse via active
PI3K downstream of agrin.

Results
At the NMJ, capturing of CLIP-170 tagged microtubules and the insertion of
AChRs into the synaptic muscle membrane depends on the presence of the
microtubule plus-end protein (+TIP) CLASP2 (Schmidt et al., 2012). Given
the reduction of CLASP2 binding to EB proteins/MT plus-ends by GSK3βinduced phosphorylation of CLASP2 in fibroblasts (Akhmanova et al., 2001;
Kumar et al., 2009; Watanabe et al., 2009), and inactivation of GSK3β
through phosphorylation downstream of agrin in cultured myotubes (Schmidt
et al., 2012), we proposed that CLASP2-dependent synaptic MT capturing is
mediated through CLASP2 de-phosphorylation induced by agrin, thus
promoting CLASP2 binding to MT plus-ends (Schmidt et al., 2012). In our
previous work, however, the roles of GSK3β inactivation through
phosphorylation in synaptic AChR clustering, and of the phosphorylation state
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of CLASP2 for synaptic MT capturing were not examined, nor was the
interaction partner of CLASP2 in synaptic MT capturing identified.
Active GSK3β inhibits agrin-induced AChR clustering
To test for an effect of GSK3β activity on AChR cluster formation, primary
myotubes were grown on a substrate of laminin which had been impregnated
with chicken NtAcAgrin748, a fusion of the laminin-binding domain (NtA) and
of cAgrinA4B8 (Denzer et al., 1997; Denzer et al., 1995), the C-terminal half
of neural agrin comprising 4aa and 8aa splice inserts associated with agrin
effectivity, to induce AChR clusters in myotubes (Gesemann et al., 1995;
Ruegg et al., 1992). When agrin was used on untreated myotubes, numerous
AChR clusters formed. In contrast, when myotubes were infected with an
adenoviral expression construct for non-phosphorylatable and, thus,
constitutively active GSK3β-S9A, the number of agrin-induced AChR clusters
was strongly reduced (Fig. 1a). This suggests that active GSK3β may inhibit
AChR cluster formation through phosphorylation of CLASP2.
AChR cluster formation and synaptic MT capture depends on nonphosphorylated CLASP2
If so, then inhibition of AChR cluster formation by GSK3β-S9A should be
relieved by expression of a non-phosphorylatable CLASP2 construct GFPCLASP2-9xS/A (Kumar et al., 2009). In this construct, all 9 serine residues
normally phosphorylated by GSK3β are rendered non-phosphorylatable by
substitution with alanine, thus promoting unrestricted CLASP2 binding to EBs
at MT plus-ends (Kumar et al., 2009; Watanabe et al., 2009). Indeed, even
in the presence of GSK3β-S9A, adenoviral infection of myotubes grown on
laminin/agrin with GFP-CLASP2-9xS/A strongly promoted agrin-induced AChR
clustering; in contrast, expression of wild type GFP-tagged CLASP2 did not
rescue AChR clustering (Fig. 1b).
Next, we examined, whether MT capturing at agrin-induced AChR clusters
was dependent on the phosphorylation of CLASP2. To this end, wild type
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myotubes grown on laminin with patches of agrin attached (20-60 µm in
diameter) were infected with expression constructs coding for either GFPtagged CLASP2-9xS/A (phosphorylation-resistant) or GFP-tagged CLASP28xS/D (phospho-mimetic), respectively. CLASP2-8xS/D mimics GSK3β
phosphorylation at 8 out of these 9 serine residues, thus reducing CLASP2
binding to MT plus-ends (Kumar et al., 2009). AChR clusters were stained
with α-Btx-Alexa-594, and the dynamics of MT plus-ends decorated with
GFP-CLASP2 fluorescence were observed by TIRF microscopy.
As expected from (Kumar et al., 2009), the difference in affinity of CLASP28xS/D vs. CLASP2-9xS/A to MT plus-ends was readily seen from comets
outside the AChR clusters in myotubes expressing the respective CLASP2
mutants. In myotubes expressing phospho-mimetic CLASP2, comets could
barely or not at all be resolved against the background of overexpressed
mutant (Fig. 2a,b). In contrast, in myotubes expressing CLASP2-9xS/A
examined at identical laser power and gain, comets appeared much brighter,
consistent with high affinity of this CLASP2 mutant for EBs/MT plus-ends in
cultured fibroblasts (Fig. 2c,d). Inside the agrin-induced AChR clusters, the
appearance of GFP fluorescence was very bright, and it appeared either
striped and immobile (Fig. 2a,c) or unstructured (Fig. 2b,d). This pattern was
observed both in myotubes expressing GFP-CLASP2-9xS/A and those
expressing GFP-CLASP2-8xS/D. Examination of GFP stripes for dynamic
activity with kymograms confirmed that the vast majority of MT plus-ends
was completely immobile (Fig. 2a,c,e). This was in contrast to the GFP
signals from immobile comets in GFP-CLIP-170-KI mice, where GFP
fluorescence along a kymogram varied in in time, location and intensity (Fig.
2e, right). We attribute the striped and unstructured GFP fluorescence at
AChR clusters to binding of free GFP-CLASP2 mutant to LL5β, such that
capturing of MT-bound CLASP2 by LL5β would be partially inhibited, as well
as to obscuring the comets at the AChR cluster by this LL5β-bound, but 'MTfree' GFP-CLASP2.
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According to our hypothesis, +TIP comets should be enriched at AChR
clusters in myotubes expressing CLASP2-9xS/A, but not in myotubes
expressing GFP-CLASP2-8xS/D. However, for the reasons explained above,
the dynamic behavior of GFP-CLASP2-tagged comets inside the AChR clusters
could not be observed. To circumvent these problems, we visualized dynamic
MTs independently of their CLASP2 binding in fixed myotubes by staining MT
plus-ends with an antibody to EB3, a core +TIP expressed in cultured
myotubes (Schmidt et al., 2012; Straube and Merdes, 2007). Indeed,
enrichment of EB3-decorated comets was seen at agrin-induced AChR
clusters upon infection with GFP-CLASP2-9xS/A, but not with GFP-CLASP28xS/D (Fig. 3). Combined, these data suggest strongly that agrin mediates
synaptic MT capturing by lowering the level of CLASP2 phosphorylation at the
synapse, thus promoting its binding to MT plus-ends to allow their capture to
the synaptic membrane.
CLASP2-dependent, synaptic MT capture is mediated by LL5β
The experiments described above indicate that MT capturing at agrin-induced
AChR clusters is mediated by regulation of CLASP2 binding to MT plus-ends.
In fibroblasts, LL5β can mediate the CLASP2-dependent attachment of MT
plus-ends to the cell cortex (Lansbergen et al., 2006). LL5β is highly enriched
in the subsynaptic membrane of the NMJ (Kishi et al., 2005), both through
increased expression of the Phldb2 gene selectively by the subsynaptic
myonuclei and through recruitment of its protein product LL5β via a PH
domain (Kishi et al., 2005), which is known to bind to PIP3 (Paranavitane et
al., 2003). Given the local activation of PI3K by agrin (Schmidt et al., 2012),
LL5β is thus a prime candidate to mediate CLASP2-dependent MT capture to
the subsynaptic muscle membrane. To test this hypothesis, we first
examined, whether LL5β was recruited to the synaptic membrane in a
manner depending of the PIP3-binding function of its PH domain. To this end,
expression constructs coding for GFP-LL5β or for GFP-LL5β-mut, in which two
point mutations in its PH domain abolish LL5β binding to PIP3 (Paranavitane
et al., 2003), were electroporated into mouse soleus muscle. Two to three
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weeks later, the intensities of GFP fluorescence at the synaptic relative to
that in extra-synaptic membrane were compared (Fig. 4). In fibers
expressing GFP-LL5β-mut, this ratio was about five times lower than in fibers
expressing wild type GFP-LL5β, consistent with the recruitment of LL5β to
PIP3 in the synaptic membrane via its PH domain.
Next we examined whether LL5β is recruited to the synaptic membrane by
agrin. To this end, myotubes grown on laminin-attached agrin patches were
stained for AChRs and LL5β. Consistent with recruitment by agrin, LL5β was
elevated at agrin-induced AChR clusters (Fig. 5); however, the distribution
over the cluster area was uneven: in some regions of the AChR cluster,
patches of well circumscribed, elevated levels of LL5β were seen that colocalized with elevated AChR levels (Fig. 5a); in other regions of the same
cluster, levels were lower, but above those in areas outside the cluster.
Patches of elevated LL5β appeared usually unstructured, but in some, LL5β
was patterned in stripes (Fig. 5a) reminiscent of the stripes of GFP
fluorescence seen at clusters in myotubes expressing GFP-CLASP2-8xS/D or
9xS/A (see Fig. 2). Unlike in laminin-induced AChR clusters, however, we did
not observe complementary distribution of AChRs and LL5β, nor was LL5β
preferentially located along the edge of the agrin-induced AChR clusters, as
described before (Kishi et al., 2005).
If CLASP2-dependent MT capturing at AChR clusters is mediated by LL5β,
CLASP2-decorated MTs will be enriched at patches of elevated LL5β, and
knock-down of LL5β by RNAi will abolish such an enrichment. Indeed, in
myotubes expressing wild type GFP-CLASP2 and stained for GFP, LL5β and
AChRs, the density of GFP-positive comets was significantly higher inside
than outside AChR cluster, and was particularly increased at patches of
enriched LL5β (Figure 5b, bar graph).
Conversely, knocking down endogenous LL5β expression level by RNAi
abolished the concentration of comets at AChR clusters. Cultured myotubes
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grown on agrin patches were infected with either of two different lentiviruses
expressing shRNA targeting LL5β, or for scrambled shRNA, respectively. To
exclude potential interference of overexpressed GFP-CLASP2 in these
experiments, MT plus-ends were visualized by immunofluorescence staining
for EB3 (Fig. 6a) to study the effect of LL5β knock-down on MT plus-end
density inside vs. outside AChR clusters, EB3-positive plus-ends were about
twice as numerous at agrin-induced AChR clusters in myotubes expressing a
scrambled construct than in myotubes expressing a shRNA construct that
effectively knocked down endogenous levels of LL5β protein (Fig. 6a-c).
Similarly, in the latter, the size of agrin-induced AChR clusters was
significantly reduced (Fig. 6d).
Taken together, these experiments indicate that CLASP2-dependent MT
capture at agrin-induced AChR clusters is mediated by the interaction of
CLASP2 with LL5β recruited to the synaptic membrane via agrin-dependent
activation of PI3K.

Discussion
Our results support a mechanism for MT capture at the synaptic muscle
membrane that shares similarities with one first proposed for MT capturing at
the leading edge of migrating cells (Akhmanova et al., 2001; Wittmann and
Waterman-Storer, 2005). Specifically, our previous (Schmidt et al., 2012)
and present data combined suggest that local inactivation of GSK3β at the
synaptic membrane by nerve-derived agrin keeps CLASP2 at the synapse in a
de-phosphorylated state, thus locally enhancing its affinity for MT plus-ends.
MT plus-end-bound CLASP2 then interacts with LL5β, which is enriched at the
synaptic membrane by elevated expression of its gene Phldb2 from the
subsynaptic nuclei and by recruitment of the protein product to the synaptic
membrane through local activation of PI3K (Kishi et al., 2005).
Two lines of evidence support the involvement of focal GSK3 inactivation
and, as a consequence, of local dephosphorylation of CLASP2 in synaptic MT
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capturing: first, the inhibition of AChR clustering by constitutively active
GSK3β (GSK3β-S9A) and its rescue by non-phosphorylatable GFP-CLASP29xS/A, and second, the enrichment of EB3 comets at AChR clusters in
myotubes expressing wt or non-phosphorylatable GFP-CLASP2-9xS/A, but
not by phospho-mimetic GFP-CLASP2-8xS/D. These CLASP2 mutants
comprise serines that are physiological targets of GSK3β phosphorylation and
are within the CLASP2 domain required for binding to EB proteins and MT
plus-end tracking (Kumar et al., 2012; Kumar et al., 2009; Watanabe et al.,
2009).

In contrast to migrating epithelial cells, however, where stabilization of
lamella MT is mediated by non-phosphorylated CLASP2 bound and interacting
with the cell cortex along the MT lattice (Kumar et al., 2009), MT capturing at
agrin-induced AChR clusters in the myotubes appears to be initiated by the
highly dynamic plus-ends. This is suggested by differences in MT dynamics
and staining at AChR clusters of myotubes (this study and (Schmidt et al.,
2012)) vs. the lamellae of migrating cells (Wittmann and Waterman-Storer,
2005). First, CLASP2 distribution is restricted to MT plus-ends comets at
agrin-induced AChR clusters, whereas at lamella MTs, GFP-CLASP2 binds
heavily also along the lattice of MTs (Wittmann and Waterman-Storer, 2005).
Second, at AChR clusters, EB3 comet density is higher than outside, and the
dynamics of the CLIP-170 comets are strongly reduced; in contrast, the
dynamics of EB3 and of CLIP-170 comets are not altered as they enter the
lamellae of migrating cells (Wittmann and Waterman-Storer, 2005).
A plausible explanation for these differences could be the geometries of the
muscle cell around the AChR clusters vs. that of the lamella of migrating
cells: in muscle cells, inactive phospho-GSK3β is highly enriched at the
synaptic membrane (Schmidt et al., 2012), suggesting that it declines
sharply with distance into the myoplasm where GSK3β is active. If so,
CLASP2 binding to MT plus-ends would increase to interact with the cell
cortex only as the dynamic MT reach the immediate vicinity of the synaptic
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membrane. In contrast, in the large flat region of the lamellae of migrating
cells, CLASP2 binds heavily to lattice MTs to interact with the cell cortex. The
pronounced decrease of their density in cells expressing constitutively active
GSK3β-S9A suggests that inactive phospho-GSK3β is ubiquitous in the
lamellae, thus favoring unphosphorylated CLASP2 and, consequently its
binding to MTs (including lattice) over large distances.
A likely interaction partner of MT plus-end-bound CLASP2 mediating MT
capturing at the cell cortex is LL5β (Drabek et al., 2006; Lansbergen et al.,
2006). LL5β is expressed by subsynaptic nuclei and recruited to the synaptic
membrane of the NMJ ((Kishi et al., 2005) and Fig. 4) by agrin though PI3K
activation; it is also elevated at agrin-induced AChR clusters in cultured
myotubes (Fig. 5). However, unlike at the NMJ (Kishi et al., 2005), the
distribution of LL5β is not uniform across the AChR clusters, but is higher in
certain regions than in others, and at some of these sites, is arranged in
stripes. The reasons for this LL5β distribution pattern are not clear. However,
it can explain the GFP staining frequently observed in myotubes expressing
wild type GFP-CLASP2 and the phosphorylation-resistant and phosphomimetic mutants, respectively. As illustrated in Fig. 2, in some myotubes
expressing GFP-CLASP2 mutants and observed with TIRF microscopy, GFP
fluorescence at AChR clusters was organized in stripes reminiscent of LL5β
stripes, even though, in the case of the phospho-mimetic mutant, CLASP28xS/D-decorated comets, due to low CLASP affinity for MTs, could not or only
barely be resolved. This suggests that the striped and unstructured GFP
signal observed in these myotubes represents overexpressed GFP-CLASP2
(wt or mutant) bound to agrin-induced LL5β, but not to MTs. Indeed, the
association of CLASP2 with the cell cortex is MT independent (Mimori-Kiyosue
et al., 2005).
Most importantly, however, the density of MTs decorated with wt GFPCLASP2 was higher inside the AChR clusters than outside, and it was highest
within the clusters where LL5β was most prominent (Fig. 5b). Conversely, in
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myotubes in which LL5β expression was knocked-down by RNAi, the increase
in the density of comets at AChR clusters was abolished. Combined, these
experiments strongly suggest that synaptic MT capturing is mediated by the
interaction of MT plus-end-bound CLASP2 and LL5β at the synaptic
membrane. Both, CLASP2 binding to MT plus-ends and LL5β relocation to the
synaptic membrane occur downstream of agrin-induced PI3K activation.

Methods
Animals
For electroporation, C57BL/6 mice, 8-12 weeks of age, were anesthetized
with ketamine (87 mg per kg body weight) and xylazine (13 mg per kg body
weight). Postoperative analgesia was by 4 injections of buprenorphine at 12h intervals. Mice were sacrificed with CO2. Animal handling was approved by
the Cantonal Veterinary Office of Basel-Stadt.
Depending on experimental suitability, soleus (for electroporations), or
sternomastoid muscles (for immunofluorescence stainings of teased muscle
fibers) were used.

Constructs
To suppress expression of endogenous LL5β, two siRNA sequences were
selected and modified for expression as shRNA and transduced into myotubes
by lentiviral infection: One was sequence No. 2 from (Kishi et al., 2005),
another (No. 4) was designed using the siRNA Selection Server at the
Whitehead Institute at the Massachusetts Institute of Technology
(http://jura.wi.mit.edu/siRNAext/), see (Yuan et al., 2004). The mouse
genome was searched with selected sequences to ensure their specificity.
DNA oligos were designed based on chosen targeting sequences according to
the guidelines of the shRNA expression vector pLKO.1 (Sigma) and
purchased from Microsynth (Balgach, Switzerland). After annealing,
oligonucleotides were ligated into AgeI/EcoRI-digested pLKO.1, expanded,
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checked by restriction digest and sequenced. After sequence verification,
lentiviral particles were produced in 293T cells by co-transfection of pLKO.1
with pMD2-G and pPAX2, which together encode all necessary lentiviral
proteins. Targeting sequences cloned into pLKO.1 were shLL5β No. 2:
AAGCCTAAGACAGTCGTCAGA; shLL5β No. 4: AATGGTAGCTTAGAGGAAGGA;
shLL5β scrambled: AACGTAATCGCGTACGACGAA; all sequences are denoted
in sense orientation. To allow visualization of single shRNA infected cells,
pLKO.1 including a targeting shRNA sequence was modified by replacing the
puromycin selection cassette between the BamHI and NsiI sites with cDNA of
Histone2B–mRFP (a gift of E.Fuchs, Rockefeller University) amplified by PCR
using BglII- and NsiI-flanked primers, analogous to a strategy described in
(Beronja et al., 2010).
Adenoviral mRFP-GSK3β-S9A expression construct as well as adenoviral wild
type and mutant GFP-CLASP2 expression constructs (all covered aa340-1362
of hCLASP2), were a kind gift of T. Wittmann, UCSF and described elsewhere
(Kumar et al., 2009; Wittmann and Waterman-Storer, 2005). GFP-tagged
wild type and mutant LL5β were a gift from Len Stephens, Brabham Institute
and described elsewhere (Paranavitane et al., 2003).

Antibodies and chemicals
LL5β antibody was a gift from Joshua Sanes, Harvard University and
described elsewhere (Kishi et al., 2005). All other antibodies were
commercial products: anti-GFP (from chicken) was from Invitrogen,
polyclonal rabbit anti-hEB3 was from Absea and anti-β-Tubulin was from BD
Bioscience. Secondary antibodies were Alexa-conjugated goat anti–rabbit,
goat anti–mouse, or goat anti–rat antibodies (Invitrogen) as well as donkey
anti–chicken Cy2 (Jackson ImmunoResearch). HRP-conjugated secondary
antibodies were from Santa Cruz. AChRs were labeled with α-BTX–Alexa 488,
594, or 647 (Invitrogen). Ringer’s solution was obtained from Braun.
Phosphatase inhibitors PIC1 and 2 were purchased from Sigma-Aldrich,
Complete protease inhibitors from Roche and transfection reagent Fugene HD
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from Promega. Antibiotic/antimycotic solution was purchased from Gibco;
basic FGF was purchased from Invitrogen.
Generation of adenoviral and lentiviral particles
To generate adenoviral particles for protein expression in myotubes,
adenoviral vectors were linearized by PacI digest to expose the viral ITR,
precipitated, washed, resuspended and transfected into the adenovirusproducing 293Ad cells. On the next day, the medium was exchanged and
cells were allowed to accumulate adenoviral particles intracellularly for 10-14
days, until visible regions of cytopathic effect (CPE) were observed. Cells
were then scraped off, centrifuged, the pellet was resuspended in PBS and
subjected to four consecutive freeze/thaw cycles using MeOH at -80°C and
cell thawing at 37°C to release adenoviral particles into solution. Cell debris
was collected by centrifugation at 3 krpm for 15 minutes at RT. The
supernatant containing viral particles was used to infect 293Ad cells, in order
to amplify the viral stock to high titer. After 3-5 days, when visible regions of
cytopathic effect were observed, cells were harvested and processed as
described above. Finally, viral supernatants were aliquoted and stored at 80°C. In some cases, we were provided with ready-made adenoviral
particles, which were either used directly or amplified in 293Ad cells as
described above.
To generate lentiviral particles for RNAi-mediated gene silencing in
myotubes, the lentiviral vector pLKO.1 (Invitrogen) containing the respective
targeting sequences was co-transfected with pPAX2 and pMD2.G, which
together encode all necessary lentiviral proteins. Vectors were used in molar
ratio 3:2:1. On the next day, medium was changed; 48 hours later, viral
supernatant was collected and concentrated 100x by using Lenti-X
concentrator (Clontech). Finally, viral suspensions in PBS were aliquoted and
stored at -80°C.
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Cell culture
C2C12 myoblasts were expanded on dishes pre-coated with 0.2% gelatin in
DMEM containing 20% FCS, 1% antibiotic/antimycotic solution and 20mM
HEPES. For experiments, cells were seeded on laminin-coated dishes
containing patches of either painted neural agrin or neural agrin deposited by
transfected Cos cells (see next section for details). When cells reached
confluency, cultures were switched to DMEM containing 2% horse serum, 1%
antibiotic/antimycotic solution and 20mM HEPES to induce fusion. Cultured
myotubes were either stained live with 1µg/ml fluorophore-conjugated α-BTX
for 30 minutes and then fixed, permeabilized, and stained or, staining with αBTX occurred along with the secondary antibodies after
fixation/permeabilization.
For gene delivery using conventional transfection, myoblasts were
transfected at confluency, immediately before switching to fusion medium
using FuGENE6 (Roche). For adenoviral and lentiviral transduction, cells were
infected after formation of myotubes.
Preparation of primary muscle cultures
Neonatal leg muscles from wild-type muscle were minced, dissociated with
collagenase type IV and dispase type II, and cells were plated on a laminin
substrate in DMEM containing 2 mM glutamine, 20% FCS, 5 ng/ml
recombinant human basic FGF, and 1% antibiotic/ antimycotic solution. After
2 d, cells were resuspended in PBS by brief trypsinization, treated with rat
monoclonal anti–mouse α7-integrin antibody, and purified using (magnetic)
Dynabeads coated with sheep anti–rat IgG and a Dynal-MPC-L magnetic
particle concentrator (Blanco-Bose et al., 2001; Escher et al., 2005).
Myotubes were cultured on laminin-coated dishes focally impregnated with
agrin. For the preparation of the dishes, COS-1 cells, transfected with a
plasmid coding for full-length chicken agrin (Jones et al., 1996), were seeded
at a density of 7–20 x 103 cells per 30 mm laminin-coated culture dish. After
48 h cells were extracted for 1 h in 2% Triton X-100 in PBS, followed by
intense washing (6–8x 1 h PBS) and myoblast seeding (Schmidt et al.,
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2011). Subsequent differentiation was in DMEM, 5% horse serum, and 1%
antibiotic/antimycotic solution. For biochemistry, 6-well dishes were coated
with 10 µg/ml laminin (Invitrogen) followed by coating with agrin solution
(0.5 µg/ml, 37°C, 2 h) before cell plating (Schmidt et al., 2011). It should be
noted that throughout the present paper, agrin was applied attached to the
culture substrate rather than in solution to mimic the in vivo situation.
Confocal microscopy
Confocal microscopy was performed as described before (Schmidt et al.,
2012). Briefly, myotubes were imaged with an SPE confocal scanning laser
microscope (DMI 4000B; Leica) at a resolution of 1024 × 1024 pixels using
an HCX PL APO 100x objective (NA 1.46) or an ACS APO 63x objective (NA
1.30). Image stacks were acquired with a step size of 300 nm. For
comparison of different samples the same laser settings were applied.
Quantitative differences potentially due to changes in the light source or
camera were excluded by imaging control and treated cells within the same
session.
Immunofluorescence
To stain +TIPs and other proteins, myotube culture dishes were dropped into
-80°C methanol for 15 minutes, then transferred to a 1:1 mixture of
methanol and 4% PFA at -20°C for 15 minutes, followed by 10 minutes in 4%
PFA at RT and 10 minutes in 100 mM glycine. After permeabilization in
PBS/0.5% Triton X-100 (RT, 30 minutes), cells were blocked in PBS/0.5%
Triton X-100/5% BSA. Primary and secondary antibodies were diluted in
blocking solution and were applied at 4°C overnight (primary Abs) or at RT
for 45 min (secondary Abs).
Quantification of CLASP2 comets in LL5β patches at agrin-induced
AChR cluster
Myotubes were infected with GFP-CLASP2 adenovirus and 48-72 hours later
fixed and processed for immunofluorescence as described above. Staining
was performed using antibodies for LL5β and GFP and using fluorophore75

conjugated α-BTX to visualize AChR. Confocal images were taken and
analyzed by counting GFP-CLASP2 comets. A total of 10 cells was analyzed,
all of which showed enrichment of CLASP2-comets at AChR clusters and
further enrichment inside LL5β patches within AChR clusters. To ensure
reliable quantification and to exclude variations stemming from small overall
number of comets within a cell, only cells with a total amount of >10 CLASP2
comets were included into the quantification (6 cells out of 10). Significance
was tested using the two-sided student t-test.
Total internal reflection microscopy
Dynamics of GFP-CLASP2 comets were measured in primary myotubes
derived from C57BL/6 mice infected with GFP-CLASP2 constructs as
indicated, 48 hours post infection. Agrin-induced AChR clusters were stained
with α-BTX–Alexa 594 (1 µg/ml, 30 min), and after washing with prewarmed DMEM, cells were incubated at 37°C for 1 h prior to imaging. Cells
were imaged at 37°C in Krebs Ringer ́s solution (140 mM NaCl; 5 mM KCl, 1
mM Mg2+, 2 mM Ca2+, 20 mM Hepes, 1 mM NaHPO4, and 5.5 mM glucose) at
pH 7.4. Online fluorescence images were acquired using an inverted TIRF
microscope (TE2000; Nikon) equipped with an oil immersion CFI Plan
Apochromat 100× TIRF objective (1.49 NA) and an electron multiplier CCD
camera (C9100-13, Hamamatsu Photonics; (Treves et al., 2010). The focus
was maintained throughout the experiment with the help of a perfect focus
system. GFP-CLASP2 dynamics were imaged for between 160-180 s with a
rate of 1 frame per second (MetaMorph; Molecular Devices).
Quantitative analysis of +TIP comet dynamics
Dynamics of CLASP2 comets inside and outside agrin-induced AChR clusters
were analyzed using Image J (National Institutes of Health). The maximum
intensity projection of 180 frames was first used to outline comet traces
within the imaged area, and kymographs were generated for selected traces
using the Kymograph plugin for Image J from J. Rietdorf (Friedrich Miescher
Institute, Basel, Switzerland), and A. Seitz (EMBL, Heidelberg, Germany).
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Quantitative analysis of +TIP comets in fixed cells
Immunostaining was performed as described previously in cultured myotubes
(Schmidt et al., 2012). The AChR cluster was defined as a region of interest
(ROI) and total number of EB3 comets were counted using ImageJ. A similar
ROI was selected outside the cluster for each cell, and EB3 comets were
counted within this as well. The number of comets per unit area was then
calculated in and outside of clusters to obtain EB3 comet density.
Analysis of LL5β localization in muscle fibers
40 µg of pGFP-LL5β or pGFP-LL5β-mut (Paranavitane et al., 2003) in 10 µl
0.9% NaCl was injected with a Hamilton syringe into the soleus muscle of
anesthetized C57BL76 mice (8–10 wk old). After suturing the skin, 8 pulses
(20 ms, 1 Hz, 200 V/cm) were applied to the leg using an ECM 830
electroporation system. 10–14 d later, electroporated soleus muscles were
dissected, AChRs stained with 1 µg/ml α-BTX-Alexa 594 for 1 h at RT, fixed
in 4% paraformaldehyde (PFA) for 2 h, placed in 30% sucrose/PBS
overnight, and frozen. Muscles were then embedded and sectioned at 12-µm
thickness in a cryostat (CM 1950; Leica). Sections were mounted in Citifluor
and imaged using an ACS APO 63x/1.3 NA objective on an SPE confocal
microscope (DMI 4000B; Leica).

For the measurement of synaptic GFP intensity, the α-BTX–stained synapse
of GFP-positive fibers was defined as a region of interest (ROI). Using ImageJ
(National Institutes of Health), green fluorescence in this synaptic ROI was
measured, the ROI moved to the extra-synaptic region of the same fiber profile, and the extra-synaptic green fluorescence was measured. Because the
level of GFP expression varies across fibers within an individual muscle, the
ratio of green fluorescence at the synapse versus extra-synaptic regions was
calculated individually for every fiber.
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Quantitative analysis of AChR cluster size upon expression of
constitutively active GSK3β alone or in combination with GFP-CLASP2
constructs
To analyze the effect of constitutive GSK3β on AChR clustering, myotubes
were transduced with adenoviral particles encoding mRFP-GSK3β-S9A and
48-72 hours later fixed in 4% PFA for 5 minutes. Cells were stained for AChR
clusters using fluorophore-conjugated α-BTX, while mRFP signal was imaged
unstained, using intrinsic protein fluorescence.
Images were taken at low magnification (HC Plan Apo 20x/0.70 objective;
inverted microscope [DMI 6000B; Leica]; 1394 ORCA-ERA camera
[Hamamatsu Photonics], Volocity 6.0.1 [PerkinElmer]) and AChR cluster area
was quantified using ImageJ (National Institutes of Health).
To analyze the effect of constitutive GSK3β on AChR clustering in
combination with CLASP2 mutants, myotubes were transduced with the
indicated adenoviral constructs and 48-72 hours later fixed in 4% PFA for 5
minutes. Cells were stained for AChR clusters using fluorophore-conjugated
α-BTX. GFP and mRFP signals (from GFP-CLASP2 and mRFP-GSK3β-S9A,
respectively) were imaged unstained, using intrinsic protein fluorescence.
Images were taken at low magnification using a confocal microscope SPE
confocal scanning laser microscope (DMI 4000B; Leica) at a resolution of
1024 × 1024 pixels and 20x magnification. AChR cluster area was quantified
using ImageJ.
Immunoblotting
Myotubes were lysed in 3x SDS-lysis buffer (150 mM Tris, pH 6.8, 300 mM
DTT, 6% SDS, 0.2% bromophenol blue, and 30% glycerol) supplemented
with phosphatase inhibitors (1:100), protease inhibitors (1/10 tablet per ml
lysis buffer), and 100 mM DTT. Lysates were denatured at 95°C for 5 min
and separated by SDS-PAGE. Gels were electro-transferred onto PVDF
membranes and developed with ECL after incubation with primary and
secondary antibodies.
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Figure 1: Agrin-induced AChR clustering in myotubes is inhibited by forced
expression of constitutively active GSK3β (mRFP-GSK3β-S9A) and is rescued by
expression of phosphorylation-resistant CLASP2.
(a) Myotubes differentiated on neural agrin (NtAcAgrinA4B8) immobilized on a lamininsubstrate were infected with adenoviral vectors coding for mRFP-GSK3β-S9A. Two days later,
myotubes were fixed in PFA and stained for AChRs with fluorophore-coupled α-BTX. Note
marked reduction of AChR clusters in the majority of cells expressing constitutively active
GSK3β, while the few uninfected cells (lower row, marked by asterisks) still display AChR
clusters. Graphs showing mean ± s.e.m.; *** = p<0.001; two-sided t-test, n (ctrl) = 73, n
(GSK3β-S9A infected) = 69; scale bar = 20 mm. (b) Myotubes differentiated on a lamininattached agrin substrate were infected with a combination of adenoviral vectors coding for
mRFP-GSK3β-S9A and either GFP-CLASP2 wt or non-phosphorylatable GFP-CLASP2-9xS/A.
Two days later, myotubes were fixed in PFA and stained for AChRs with fluorophore-coupled αBTX. Note that AChR cluster defects upon expression of constitutively active GSK3β are partly
rescued by phosphorylation-resistant CLASP2-9xS/A. Graphs showing mean ± s.e.m.;
*** = p<0.001; two-sided t-test, n (CLASP2-9xS/A) = 157, n (CLASP2 wt) = 165; scale bar =
20 mm.
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Figure 2: Both phospho-mimetic and phosphorylation-resistant CLASP2 accumulate
at agrin-induced AChR clusters.
Myotubes differentiated on neural agrin immobilized on a laminin-substrate were infected with
adenoviral vectors coding for GFP-tagged either phospho-mimetic CLASP2 (CLASP-8xS/D; a,b)
or phosphorylation-resistant CLASP2 (CLASP2-9xS/A; c,d). Fluorescence signals may appear
striped (upper rows; a,c) or unstructured (lower rows; b,d). Middle column shows single
frames, right column represents maximum intensity projections of 160 to 180 frames taken in
TIRF microscopy at 1 frame per second. Note that in myotubes expressing GFP-CLASP-8xS/D
(a,b), comets cannot be resolved outside the AChR clusters - in contrast to myotubes
expressing GFP-CLASP2-9xS/A (c,d). This is consistent with high affinity of phosphorylationresistant CLASP2 for microtubule plus-ends (Kumar et al., 2009). Inside clusters, the striped
GFP fluorescence signals show no dynamics as indicated by in kymograms shown in (e).
Kymograms of GFP-CLIP-170-decorated microtubules within AChR clusters in myotubes are
shown for comparison; scale bars= 10 µm.
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Figure 3: Expression of phospho-mimetic, but not of phosphorylation-resistant
CLASP2 prevents MT capturing at agrin-induced AChR clusters.
Myotubes differentiated on neural agrin immobilized on a laminin-substrate were infected with
the indicated adenoviral CLASP2 constructs; two days later, myotubes were fixed and stained
for GFP-CLASP2 (green), EB3 (red) and for AChRs with fluorophore-conjugated α-BTX (blue)
and examined by LSCM. Boxed areas are shown enlarged in bottom panels (box1: inside AChR
cluster; box2: outside AChR cluster). Only myotubes expressing phosphorylation-resistant, but
not those expressing phospho-mimetic CLASP2 display AChR cluster-specific enrichment of
microtubules (as indicated by EB3 comets). Note the unstructured GFP immunoreactivity at
AChR clusters of myotubes expressing phospho-mimetic CLASP2 (see text for discussion).
Arrowheads indicate comets positive for EB3 and CLASP2, asterisks indicate GFP-CLASP2
staining in the absence of EB3 co-localization. Graph shows the difference in relative EB3
comets densities inside vs. outside clusters in myotubes expressing the respective CLASP2
mutants (means ± s.e.m.; n = 8 clusters examined in CLASP2-9xS/A, n = 7 clusters examined
in CLASP2-8xS/D, from two independent experiments). * = p<0.05; two-sided t-test, scale
bar = 10 µm; 2.5 µm (inset).
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Figure 4: LL5β is recruited to the synaptic membrane via its PH domain interacting
with PIP3. Soleus muscles were electroporated with expression constructs for either wild-type
GFP-LL5β or a GFP-LL5β mutant with 2 critical point mutations in its PH domain (Mut GFPLL5β) known to abolish binding to PIP3. Two weeks later, muscles were stained for AChRs
(red), and NMJs were identified in cryosections by their α-BTX staining. GFP fluorescence at
AChRs relative to that in non-synaptic membrane of the same myofiber was taken as a readout for LL5β localization. Scale bars: 25 µm, inset: 5 µm. Graph shows ratio of GFP
fluorescence at NMJs in fibers electroporated with the respective constructs. n = 8 each;
* = p<0.05, two-sided t-test.
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Figure 5: Patches of LL5β localize inside agrin-induced AChR clusters and are
associated with CLASP2-decorated MT plus-ends.
(a) Patch of LL5β (red) within an AChR cluster (green). Note the striped appearance of the
LL5b-rich area (arrowheads); scale bar: 5 µm. (b) Patches of LL5β (red) inside AChR clusters
(blue) are enriched in CLASP2-decorated MT plus-ends (green), consistent with CLASP2dependent MT capturing at synaptic membranes by LL5β. Myotubes infected with GFP-CLASP2
adenovirus were fixed in PFA 48 post infection and stained for AChR, endogenous LL5β and
GFP. Lower row shows magnification of boxed area; note enrichment of CLASP2-comets
(arrowheads) within LL5β patches. Scale bar: 10 µm (upper row), 5 µm (lower row). Graph
showing a quantification of comets/area within the indicated regions of myotubes; mean ±
s.e.m.; ** = p<0.01; * = p<0.05; n = 6 myotubes with >10 comets/cell.
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Figure 6: Knock-down of LL5β expression by RNAi abolishes capturing of MT plusends at agrin-induced AChR clusters.
(a) Representative images of myotubes cultured on patches of agrin and infected with
lentiviral particles encoding shLL5β (hairpin 2, see methods) or scrambled shRNA. 48 hours
later, myotubes were stained for EB3 (red) and AChRs (green). Densities of EB3-decorated
comets inside (box1) versus outside AChR clusters (box2) were compared. Boxed areas are
magnified to the right. Scale bar: 10 µm; enlarged: 2.5 µm. (b) Graph showing density of EB3
comets inside relative to that outside AChR clusters in control vs. LL5β knock-down myotubes.
Graph showing mean ± s.e.m.; n = 12 for both parameters. (c) Western blot of lysates from
control and LL5β knocked-down myotubes. Note almost complete abolishment of LL5β protein
by hairpin 2. (d) The size of AChR cluster area is smaller in myotubes with LL5β knock-down
than in control myotubes. Similar densities of AChR clusters suggest that decrease in cluster
size is due to reduced AChR insertion. Graph depicts mean ± s.e.m.; n = 52 AChR clusters
(ctrl); n = 58 AChR clusters (shLL5β), *** = p<0.001, two-sided t-test. Similar data were
obtained with hairpin no. 4 (not shown).
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IV. Discussion
During my thesis, I showed that agrin induces PI3K signaling and inactivation
of GSK3β in muscle and cultured myotubes, which enables binding of the
+TIP protein CLASP2 to microtubule plus-ends and MT capture at the
subsynaptic membrane via +TIP interaction with the PIP3-sensor LL5β. This
process contributes to focal AChR transport towards and insertion into the
postsynaptic muscle membrane.
MT capture in response to signals that activate PI3K and/or inactivate GSK3β
is well known from the literature to occur in migratory cells and during
neuronal polarization (Eng et al., 2006; Kumar et al., 2009; Ridley et al.,
2003; Sun et al., 2009; Watanabe et al., 2009; Wittmann and WatermanStorer, 2005; Wu et al., 2011; Yucel and Oro, 2011; Zumbrunn et al.,
2001a). So far, analysis of MT capture was mostly performed either by
showing MT capture via documentation of MT dynamics per se, or rather
indirectly by studying cell-morphological changes as they occur during cell
migration or axonal outgrowth – processes, which are known to involve MT
capture. We analyzed MT behavior and capture in real-time and related it
directly to a cellular function, which in the case of myotubes is the focal
transport of AChR receptors towards and their insertion into the postsynaptic
membrane. I thus provide – in close collaboration with my colleagues - an
agrin-induced signaling pathway along with its functional role in MT capture
and AChR insertion/clustering in myotubes.
To study MT behavior and its functional relevance for focal insertion and
clustering of AChRs, we used a model in which we present agrin attached to
a laminin-substrate, which mimics the physiologic presentation (Denzer et
al., 1997). In contrast to simply adding agrin to the medium, this way of
agrin presentation not only induces the clustering of AChRs, but also
increases expression of AChRε and most likely other synaptic proteins (Jones
et al., 1996). In addition, to follow MT dynamics in real-time, we used muscle
cells derived from a GFP-CLIP-170 knock-in mouse model, which expresses
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the ubiquitous +TIP CLIP-170 as GFP-tagged fusion protein at endogenous
levels (Akhmanova et al., 2005). Taken together, our cell culture system
allowed us to study agrin-induced MT behavior and capture under conditions,
which mimic the in vivo situation as close as possible.
Using this cell culture system, we showed that agrin induces the capture of
CLIP-170-decorated MT at the subsynaptic membrane, and moreover could
demonstrate that the genetic loss of Clasp2 – a GSK3β-regulated +TIP
protein - reduces AChR clustering in vitro and affects the NMJ manifold in
vivo. In Clasp2-deficient mice, postsynaptic MT capture is reduced and AChR
accumulations are smaller and less dense. Furthermore, the number of
subsynaptic myonuclei is reduced (Schmidt et al., 2012). The reduction of
subsynaptic MT capture in Clasp2-deficient animals seems to be the main
cause for the reduction in size and density of postsynaptic AChR
accumulation, since we observed that the reduction of AChR cluster size in
Clasp2-/- myotubes could be rescued by expression of CLASP2. Although we
cannot rule out that the reduced density and size of postsynaptic AChR
accumulations in myofibers is partly due to the reduced number of synaptic
nuclei and thus reduced expression of AChR subunit genes, this explanation
is unlikely, as NMJs of heterozygous AChRε+/- display no reduced AChR
density at their NMJs compared to wt animals (Missias et al., 1997).
We ascribed the synaptic phenotypes that we observed in Clasp2-deficient
muscle and myotubes directly to the deficits in CLASP2-mediated MTs
capture at the subsynaptic membrane, but additional explanations are
possible: CLASP proteins can directly nucleate MTs in migrating epithelial
cells at the developing Golgi, in a manner independent of centrosomes, and
these Golgi-emanating MTs are preferentially oriented towards the leading
edge, suggesting that they contribute to MT and cellular asymmetry and
enable enhanced post-Golgi transport to the cell front (Efimov et al., 2007).
Furthermore, these Golgi-nucleated MTs themselves enable full Golgi
maturation, polarized vesicle transport towards the cell periphery and cell
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polarization (Miller et al., 2009). Thus, the lack of CLASP2 could affect the
focal insertion of AChRs not only by defects in subsynaptic MT capture, but
also by suboptimal Golgi-processing of AChRs and by a reduced total number
of Golgi-originating MTs available for subsynaptic capture.
In summary, CLASP proteins help to establish directional intracellular MT
transport tracks by two separate, but probably interconnected mechanisms:
MT nucleation at the Golgi by acting as a MT minus-end binding protein and
MT capture at specific subcellular sites by its classical function as a +TIP. In
muscle, Golgi and stable MTs were found to accumulate in the subsynaptic
area (Jasmin et al., 1989; Jasmin et al., 1990). Given the high and constant
demand for protein supply at the postsynaptic muscle membrane,
establishment of enhanced and focused cargo delivery by local concentration
of Golgi and stable MT transport tracks helps to ensure that this demand is
met.
In addition to demonstrating agrin-induced and CLASP2-mediated MT capture
at AChR clusters, we established a biochemical signal transduction pathway,
where agrin induces PI3K activity and inhibition of GSK3β in myofibers and
differentiated muscle cells (Schmidt et al., 2012). The agrin-induced PI3K
activity promotes subsynaptic MT capture twofold: Firstly by downstream
inactivation of GSK3β, which creates a pool of unphosphorylated +TIP
molecules available for MT-binding and secondly by recruiting the PIP3-sensor
LL5β, which relocates to environments with high PI3K activity and acts as a
cortical capture partner for CLASP2-decorated MTs (manuscript II).
LL5β is recruited to PIP3-containing membrane domains (Paranavitane et al.,
2003), but cortical recruitment via binding to those integrins, which act as
receptors for laminin-5 (laminin-332 according to the new nomenclature) has
been documented as well in epithelial cells (Hotta et al., 2010). Anyhow,
laminin-5 is only deposited in the basement membrane of epithelia but not of
muscle cells (Tsuruta et al., 2008). In turn, we demonstrated high PI3K
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activity at the postsynaptic membrane (Schmidt et al., 2012), and failure to
localize to the postsynaptic muscle membrane for a LL5β mutant with
defective PH-domain (manuscript II), thus suggesting that PIP3-containing
membrane domains are responsible for cortical recruitment of LL5β to AChR
clusters in myofibers and myotubes.
Our newer results showed that constitutively active GSK3β interferes with the
agrin-induced clustering of AChRs in myotubes, likely by
hyperphosphorylation of CLASP2 and thus interference with CLASP2mediated MT capture at the subsynaptic membrane. This assumption is
reinforced by the fact that the inhibitory effect of constitutively active GSK3β
on AChR clustering could be partially relieved by expression of nonphosphorylatable CLASP2 (manuscript II). Our results are in agreement with
the notion, that CLASP2 binding to EB1 and MTs is abolished by GSK3β
phosphorylation, while non-phosphorylatable CLASP2 still binds EBs/MT plusends and acts as a +TIP in presence of constitutively active GSK3β (Kumar et
al., 2009; Watanabe et al., 2009). Taken together, it seems that inhibition of
GSK3β enables cell polarization of myotubes in similar ways as described for
other cell types like fibroblasts, epithelia and skin stem cells, namely by
polarizing the MT cytoskeleton via regulation of +TIP proteins such as CLASP,
ACF7 or APC (Akhmanova et al., 2001; Kumar et al., 2009; Watanabe et al.,
2009; Wittmann and Waterman-Storer, 2005; Wu et al., 2011; Zumbrunn et
al., 2001a).
Interestingly, the +TIPs which are regulated by GSK3β (APC, ACF7 and
CLASP2) are the same as those, which accumulate at MT plus-ends nonuniformly. Binding of these +TIPs is biased towards the plus-ends of MTs,
which are directed to polarized structures, such as the leading edge of
migratory cells or the future axon in neurons. Moreover, these nonubiquitous +TIPs are required for polarization and/or motility, while
ubiquitous +TIPs such as CLIP-170 are not (Akhmanova et al., 2001; Barth
et al., 2008; Drabek et al., 2006; Wu et al., 2011).
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Consistent with our view that the postsynaptic muscle membrane and AChR
clusters represent a form of cell polarization in myotubes, we found GSK3β to
be inactive at the postsynaptic membrane and MT plus-ends enriched at the
NMJ and agrin-induced AChR clusters (Schmidt et al., 2012). In more detail,
we found that CLASP2-decorated MT plus-ends are preferentially captured at
LL5β deposits within AChR aggregations in myotubes (manuscript II), similar
as described for motile cells (Lansbergen et al., 2006).
In line with our hypothesis, that AChR clustering is a form of MT-dependent
cell polarization, others showed APC to be present at the postsynaptic muscle
membrane and being involved in AChR clustering in myotubes (Wang et al.,
2003). mDia has been shown to be a cortical capture partner for APCdecorated MTs in LPA-stimulated fibroblasts and to enable their polarization
and migration (Wen et al., 2004), but it is unknown whether APC/mDia
interaction is of relevance for MT capture and AChR clustering in myotubes.
CLASP proteins have been shown to respond to increasing levels of GSK3β
activity in a bi-modal MT binding manner. While high GSK3β activity
completely phosphorylates relevant residues and blocks CLASP binding to
MTs, medium GSK3β activity permits CLASP to act in the classical way as
+TIP, which enables axonal outgrowth. Complete lack of GSK3β activity
leaves CLASP unphosphorylated and leads to CLASP binding along the MT
lattice, which attenuates axon growth (Hur et al., 2011). A similar gradual
binding behavior of CLASP2 as a function of phosphorylation by GSK3β was
described in migrating epithel cells (Kumar et al., 2009). Taken together,
these publications indicate that cell polarization as manifested by neuronal
polarization/axonal outgrowth or epithelial migration, respectively, requires
that GSK3 activity is tightly regulated in amplitude as well as spatially and
temporally.
To study the physiologic role of GSK3 phosphorylation in vivo, a knock-in
mouse model was created, in which both GSK3α and GSK3β were rendered
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constitutive active by substituting the endogenous genes with point mutants,
where the phosphorylatable serines are replaced by alanines, while retaining
endogenous expression levels (McManus et al., 2005). These GSK3αS21A/GSK3β-S9A double knock-in mice display normal development and
show no sign of metabolic abnormalities or insulin resistance (McManus et
al., 2005), whereas neuronal functions appear impaired: Gene-targeted mice
have impaired neurogenesis (Eom and Jope, 2009), are hyperactive, and
suffer from mood instability (Polter et al., 2010) and inadequate social
behavior (Mines et al., 2012).
Of note, using the same double knock-in mouse model, it was demonstrated
that axonal outgrowth, an important experimental paradigm for cell
polarization, is unaffected by constitutively active GSK3 isoenzymes (Gärtner
et al., 2006). This comes as a surprise, since localized inactivation of GSK3
specifically at the tip of the presumptive axon is thought to be crucial for the
establishment of polarized MT outgrowth and MT stabilization, which
precedes neuronal polarization and axonal outgrowth. Nevertheless, global
inhibition of GSK3β disturbed polarization and lead to the formation of
multiple axon-like processes. The unpolarized outgrowth of cell processes
was accompanied by symmetric delivery of membrane components to all
neuronal processes and equal distribution of the +TIP APC in all processes –
which under physiologic conditions accumulates only at the tip of the future
axon (Gärtner et al., 2006).
The findings by Gärtner et al., that axonal outgrowth can still occur in
neurons expressing both GSK3 isoenzymes only in a constitutively active
form (Gärtner et al., 2006), but is blocked by global GSK3 inhibition, imply
that selective MT outgrowth – prerequisite for axon formation – could involve
regulation of GSK3 by mechanism other than phosphorylation of Ser9
(GSK3β) and Ser21 (GSK3α), respectively. Indeed, inactivation of GSK3 by
sequestration into protein complexes or change of subcellular localization are
known to fine-tune its activity spatially and temporally (Medina and
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Wandosell, 2011b), thus probably excluding constitutively active GSK3 from
the point of future axonal outgrowth. Furthermore, additional
phosphorylation sites in GSK3β are known to positively regulate its activity,
such as tyrosine-phosphorylation on Tyr216 (Cole et al., 2004) – localized
blockade of this tyrosine-phosphorylation event could therefore probably
contribute to the GSK3β activity gradient proposed by (Hur et al., 2011) to
be necessary for proper axonal outgrowth - even in presence of the
activating S9A mutation. In line with this, Axin and its effector Dvl were
shown to stabilize axonal MTs downstream of Wnt by inhibiting GSK3β
activity without inducing GSK3β phosphorylation on Ser9 (Ciani et al., 2004),
suggesting that Wnt-induced inactivation of GSK3β occurs by complex
formation rather than through phosphorylation, as already described earlier
(Ding et al., 2000). In the context of AChR clustering in myotubes, Dvl was
also shown to positively affect AChR clusters in myotubes (Luo et al., 2002),
although it is not clear whether this positive effect occurs by a potential
stabilization of subsynaptic MTs.
We assume that myotubes manifest their polarity by focal insertion of AChR –
and this process is indeed sensitive to GSK3β activity and can be rescued
with GSK3β-insensitive point mutants of CLASP2. In addition to its binding to
EBs and MTs, CLASP2 phosphorylation by GSK3β interferes with CLASP2
binding to IQGAP1 (Watanabe et al., 2009). IQGAP1 has been shown to
capture MTs at the actin cytoskeleton after its activation by Rac1/Cdc42
through direct interaction with the +TIP CLIP-170 in fibroblasts (Fukata et
al., 2002). Furthermore, IQGAP1 can recruit APC - which itself can act as a
+TIP - but can also act as capture factor for CLIP-170-decorated MTs when
bound to actin/IQGAP1 (Watanabe et al., 2004). As a final result, the F-actin
and MT cytoskeletal are cross-linked, which is crucial for cell migration and
other biological processes (Rodriguez et al., 2003).
Binding of MT-associated CLASP2 to IQGAP1, as described above for
fibroblasts, could thus be a general additional mechanism to capture CLASP2-
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decorated MTs and to connect them to the cortical actin network (Watanabe
et al., 2009), although we did not study this possibility in myotubes. Of note,
direct binding of CLASP proteins to actin filaments was described, thereby
crosslinking F-actin and MTs (Tsvetkov et al., 2007).
CLIP-170 on the other hand, is a ubiquitous +TIP protein, which we used as
a GFP-tagged fusion protein (Akhmanova et al., 2005) to study the behavior
of dynamic MTs (Schmidt et al., 2012). CLIP-170 is involved in MT capture in
migratory fibroblasts, although not in a manner regulated by GSK3β (Fukata
et al., 2002; Watanabe et al., 2004). Interestingly, in muscle, CLIP-170 is
predominantly expressed as a splice variant bearing a short, helix-breaking
insert (Griparic and Keller, 1998), but the possible function of this splice
insert and whether it is specific for the whole muscle or possibly has any
postsynaptic functions within myofibers was never explored.
In newly formed myotubes, AChR are homogenously distributed over the
whole cell surface and only with further differentiation, clusters of AChR
appear, the appearance of AChRs on the cell surface and its condensation
into clusters are therefore sequential events (Prives et al., 1976).
In this seminal report, chick embryo extract - which contains agrin – was
added to the medium to induce AChR clusters, it is therefore not clear
whether these findings can be fully transferred to our system, in which agrin
is immobilized and focally presented to myotubes. Initial homologous
distribution of AChRs in the muscle membrane is observed in vivo (Sanes and
Lichtman, 2001), suggesting that lateral movement of initially evenly
distributed AChRs also contributes to AChR clustering in cultured myotubes,
especially in early stages. Nevertheless, we focused in our studies on the MTmediated focal insertion of AChRs and did not address the contribution of
lateral movement of AChRs that are initially evenly distributed in the
myofiber membrane to the formation of AChR clusters.
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Consistent with the reasonable assumption that the polar cytoskeletal
systems are involved in AChR trafficking and clustering, the involvement of
both F-actin and MTs in this process has been well documented, but reports
are partially conflicting. When myotubes were treated with chicken brain
extract (CBE), the observed increase of AChRs transported to the membrane
could be blocked with MT-depolymerizing drugs, but not by depolymerizing
actin, implying that AChR forward transport towards the whole myofiber
membrane occurs on MTs rather than on F-actin (Connolly, 1985). This is
consistent with our finding that MT depolymerization affects the size of AChR
by interfering with targeted forward transport and probably lateral movement
of AChRs (Schmidt et al., 2012). Earlier reports described movement of
AChRs within the plane of the membrane as being mediated by MTs
(Connolly, 1984), while in contrast, others found a significant role for actin
filaments by propelling membranous AChRs together, thereby clustering
them (Dai et al., 2000; Geng et al., 2009).
On the other hand, when MTs were stabilized by taxol, increased overall
transport of AChRs to the cell surface was not observed, which implies that
not the number of MTs, but rather the synthesis of mature AChRs or the
number of available molecular motors or +TIPs available for subsynaptic MT
capture are the limiting factors for AChR membrane insertion. Nevertheless,
AChR clustering was increased upon taxol treatment (Connolly and Oldfin,
1985), suggesting that stabilized MTs elevate the aggregation of ACh
receptors already present at the myotube cell surface.
Depolymerization of F-actin disperses pre-existing surface AChR clusters in
myotubes, while depolymerization of MTs has no or only a slight effect on
AChR cluster maintenance; both treatments leave the total number of
surface AChRs unchanged (Connolly, 1984; Connolly, 1985; Connolly and
Graham, 1985). These findings are consistent with the role of the actin
cytoskeleton to anchor aggregated AChRs via interaction with rapsyn –
therefore F-actin being important for the maintenance of surface AChRs

96

clusters (Apel et al., 1997; Moransard et al., 2003). Our own data also
showed no effect of MT depolymerization on the size of pre-existing AChR
clusters, thus loss of MTs does not destabilize AChR clusters or induce AChR
their removal (Schmidt et al., 2012). Previous reports even described
complete blockade of AChR removal upon MT depolymerization - thereby
increasing AChR half-life at the cell surface – but found no effect of F-actin
depolymerization on AChR removal or AChR surface half-life (Connolly, 1984;
Connolly, 1985).
Although the detailed contributions of F-actin and MTs to the process of AChR
transport, insertion, lateral movement, clustering, stabilization, anchoring
and removal are not completely clear, the published data together establish
that MTs are necessary for transport of AChR-loaded vesicles towards the
whole myotube membrane and also for directed focal transport to AChR
clusters. F-actin in turn anchors AChRs at clusters by interaction with rapsyn.
Both F-actin and MTs can mediate propelling of AChRs in the plane of the
membrane, while MTs are responsible for AChR removal from both cluster
sites as well as from the extra-synaptic membrane.

Besides important contributions of the F-actin and MT cytoskeletal systems to
postsynaptic maturation when studied as isolated entities, a complex physical
and regulatory interplay between F-actin and MTs as described for other cell
types and for basic biologic processes such as cell division, polarization,
differentiation and migration (Basu and Chang, 2007; de Forges et al., 2012;
Gundersen et al., 2004; Li and Gundersen, 2008; Rodriguez et al., 2003)
most likely also contributes to postsynaptic muscle differentiation. Such
complex F-actin/MT interactions were not specifically explored in muscle, but
are well documented in neurons (Neukirchen and Bradke, 2011) and
migratory cells (Ridley et al., 2003; Welf and Haugh, 2011). In both neurons
and migrating cells, cytoskeletal organization and interaction is controlled by
GTPases of the Rho and Ras family, which receive dozens of upstream inputs
(with - in regard to our work - PI3K signaling being a major input) and
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influence numerous downstream effectors (Hall, 2005; Hall and Lalli, 2010;
Watanabe et al., 2005).
Intracellular MT plus-end directed transport of vesicles and organelles
towards the cell periphery is mediated by kinesin 1, 2 & 3. This directed
cargo transport helps to establish and maintain polarity, to satisfy elevated
subcellular protein demand and to ensure cargo transport over long distances
as observed in axons. (Verhey and Hammond, 2009). Moreover, in axons,
many MTs are stabilized by post-translational modifications, which increases
not only their lifetime (Janke and Bulinski, 2011), but also their kinesinmediated transport properties (Cai et al., 2009; Reed et al., 2006),
consistent with cellular efforts to provide an environment in axons for reliable
cargo transport towards the axonal growth cone. In line with this, we
(Schmidt et al., 2012) and others (Jasmin et al., 1990) found subsynaptic
MTs in muscle being stabilized by detyrosination and acetylation respectively.
These stable MT could thus not only confer mechanic stability to the
postsynaptic specialization, but would also ensure elevated protein supply
along synapse-directed MTs.

Furthermore, we found GSK3β to be strongly inactivated at the postsynaptic
muscle membrane (Schmidt et al., 2012), and this inactivation of GSK3β was
previously associated with enhanced kinesin-mediated transport.
Phosphorylation of kinesin light chain - which is a constituent of kinesin 1,
the major kinesin motor for vesicle transport (Verhey and Hammond, 2009)
– by GSK3 specifically inhibits anterograde transport towards MT plus-ends
(Morfini et al., 2002). Therefore, our observations that GSK3β is inactivated
at the postsynaptic muscle membrane and that pharmacological inhibition of
GSK3 increases agrin-induced AChR clustering (Schmidt et al., 2012), would
be in agreement with enhanced kinesin-mediated transport of AChRs and
other synaptic molecules towards the postsynaptic membrane upon
inactivation of GSK3.
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The presence of MTs that are stabilized by post-translational modifications
occurs already early during myogenic differentiation (Gundersen et al., 1989)
in cultured muscle cells and could be induced for example by Myc-nick, the
calpain-digestion product of c-Myc, which is enriched in muscle and
upregulated during myotube differentiation. Myc-nick not only promotes MT
acetylation by recruitment of acetyltransferases, but also accelerates MT
differentiation (Conacci-Sorrell et al., 2010). If these acetylated and
therefore stabilized MTs are the same MTs that are later used for the
transport of AChR towards the postsynaptic region is not known.

Despite the lack of a centrosome or MTOC, differentiated myotubes display
steady-state perinuclear nucleation of MT (Zaal et al., 2011), although this
MT nucleation can seemingly occur independently of the Golgi – in contrast to
migrating cells, where non-centrosomal MT nucleation occurred mostly on the
Golgi and in a manner dependent on CLASP2 recruitment (Efimov et al.,
2007).
Besides the direct structural and trafficking benefits, which the establishment
of stable MTs offers to the postsynaptic specialization, MTs are also involved
in nuclear movement and tethering in myotubes. The +TIPs CLIP-190 - the
fly homologue of CLIP-170 - and p150Glued regulate MT interactions with the
cortex and thereby influence myonuclear positioning in Drosophila (Folker et
al., 2012). Once MT tracks are established, nuclei are loaded onto KHC
(Kinesin Heavy Chain, Kif5b), which then binds to MT via MAP7 and organizes
nuclear positioning in myotubes. Mouse and fly myotubes mutant for MAP7
display incorrect nuclear positioning, and affected flies display muscle
dysfunction and locomotion defects. In general, proper subcellular nuclei
positioning and differential gene expression from nuclei in syncytia are a
source of cellular polarization/differentiation (Ruegg, 2005).
The functional importance of correct positioning of myonuclei and in
particular of synaptic nuclei is explained by the fact that synaptic genes are

99

specifically expressed in subsynaptic nuclei (Brenner et al., 1990; Merlie and
Sanes, 1985) and that gene products do not freely diffuse in myotubes and
muscle, but rather stay in vicinity of the nucleus, which expressed the gene
(Pavlath et al., 1989). Besides the drosophila +TIP CLIP-190, ACF-7 was also
demonstrated to be involved in nuclear positioning and anchoring in the
Balbiani body of zebrafish (Gupta et al., 2010), while we demonstrated
reduced number of subsynaptic myonuclei in Clasp2 knock-out mice (Schmidt
et al., 2012). At the present stage, however, it is not clear whether +TIPs
are generally involved in nuclear positioning and/or subcellular tethering.
Although we did not address why Clasp2-deficient myofibers have less
subsynaptic myonuclei beyond the descriptive level (Schmidt et al., 2012), it
might be possible that CLASP2 is implicated in correct position of synaptic
nuclei in mouse myofibers.
After correct positioning, synaptic myonuclei are anchored underneath AChR
clusters in myotubes (Englander and Rubin, 1987), likely by Syne proteins
(Grady et al., 2005) and SUN proteins (Lei et al., 2009), which all bind to the
nuclear envelope and tether nuclei to the cytoskeleton. Surprisingly, loss of
Syne-1 abolishes subsynaptic nuclear aggregates in myofibers, but this loss
did not interfere with NMJ maturation (Grady et al., 2005). In contrast
Syne1/2 double-knock-out mice died perinatally due to respiratory failure
caused by improper diaphragm innervation, suggesting that proper position
of subsynaptic myonuclei might be dispensable for cell-autonomous
postsynaptic differentiation, but be crucial for correct motor innervation
(Zhang et al., 2007).
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VI. List of Abbreviations
+TIP
ACh
AChR
ACF7 / MACF1
ADP
APC
ATP
c.a.
CAP-Gly
CBE
Cdc42
CLASP
CLIP-170
DAPI
d.n.
D-MEM
E. coli
EB
EDTA
EGTA
GAP
GDP
GEF
GF
GFP
GSK3β
GTP
HEPES
IQGAP1
LPA
MACF
MAP
MBD
MgCl2
MT
MTOC
NMJ
o/n
PI3K
PBS
PFA
PTM
PIPES
RT

Plus end tracking protein
Acetylcholine
Acetylcholine receptor
Actin cross-linking factor-7 / MT actin cross-linking factor 1
Adenosine-diphosphate
Adenomatous polyposis coli protein
Adenosine-triphosphate
constitutively active
Cytoskeleton-associated protein Gly-rich domains
Chicken brain extract
Cell division cycle 42
Cytoplasmic linker protein associated protein
Cytoplasmic linker protein of 170 kD
4',6'-Diamidin-2'-phenylindol- dihydrochlorid
dominant negative
Dulbecco’s Modified Eagle Medium
Escherichia coli
End binding protein
Ethylendiamin-tetraacetate
Ethylenglykol-bis(aminoethylether)-N,N'-tetraacetate
GTPase-activating proteins
Guanine-diphosphate
Guanine Nucleotide Exchange Factors
Growth Factor
Green Fluorescent Protein
Glycogen Synthase Kinase 3b
Guanine-triphosphate
2-(4-(2-Hydroxyethyl)- 1-piperazinyl)-ethansulfonic acid
IQ motif containing GTPase Activating Protein 1
Lysophosphatidic Acid
Microtubule Actin Cross-linking Factor
Microtubule-associated protein
Microtubule-binding domain
Magnesium chloride
Microtubule
Microtubule Organizing Center
Neuromuscular Junction
overnight
Phosphatidylinositol-3-Kinase
Phosphate-buffered Saline
Paraformaldehyde
Post-translational modification
Piperazin-N,N'-bis(2-ethansulfonsäure)
Room temperature
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SDS
shRNA
siRNA
TEMED

Sodium dodecyl Sulfate
Short hairpin RNA
Small interfering RNA
N,N,N',N'-Tetramethylethylenediamine
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