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General Introduction

SUMMARY

Efficient synaptic transmission requires a high local specialization of pre- and postsynaptic
cells: the presynaptic nerve terminal must be competent to secrete neurotransmitter substance
in response to an invading action potential, and the postsynaptic cell must express in the
synaptic portion of its cell membrane a high density of receptor molecules for
neurotransmitter which for signal transduction into the postsynaptic cell. The reciprocal
signalling mechanisms that regulate and coordinate pre- and postsynaptic differentiation
during synapse formation are only poorly understood. At one synapse in the peripheral
nervous system, the neuromuscular junction (NMJ), some of the signalling cascades involved
are known. Specifcally, Agrin, a heparansulfate proteoglycan that is secreted by motor
neurons and interacts with a muscle specific receptor tyrosine kinase (MuSK) has been shown
to trigger the differentiation of a postsynaptic membrane in the muscle fiber in the absence of
a nerve.

However, experiments in our laboratory have shown that the secretion of Agrin by motor
neurons and the expression of its receptor MuSK in the fiber surface are not sufficient to
induce motor neurons to make synapses on muscle fibers. Furthermore, it is know from
classical experiments that muscle fibers must be denervated, i.e. electrically inactive, to be
susceptible to motor innervation. Therefore, we hypothesized that denervated muscle fibers
secrete factors or express molecules on their surface that promote neuromuscular synapse
formation.

In attempt to identify such molecules, we performed differential display of mRNAs expressed
in innervated and in denervated muscle fibers. In addition to many different genes whose
mRNAs were up- or down-regulated by denervation and which are known to be involved in
protein turnover, cytoskeletal rearrangements and energy metabolism, we also observed that
the mRNA for a putative surface molecule of the immunoglobulin superfamily (IgSF),
Embigin, was highly upregulated in denervated muscle. Quantitative Real-Time PCR and
Northern blot analysis showed that the level of Embigin mRNA was increased between 50
and 150 fold in denervated rat and mouse muscles. Based on the homology of its extracellular
domain with SynCAM an IgSF member recently shown to drive synaptic assembly in the
central nervous system, we hypothesized that Embigin is involved in denervation-induced

neuromuscular synapse formation.
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The rat and mouse orthologs of Embigin were cloned, and the developmental expression
pattern of Embigin mRNA in muscle was analyzed by Northern blot analysis and by
quantitative RT-PCR. Importantly, Embigin mRNA increased upon denervation 1-2 days
prior to ectopic endplate formation, a time course consistent with a role in neuromuscular
synapse development. Furthermore, exogenous stimulation of denervated muscle repressed
Embigin mRNA, again consistent with such a role. Embigin mRNA expression is also
induced during differentiation of the mouse myogenic cell line C2C12 which are known to
form synapses. Cell biological experiments using HEK293 cells transfected with an Embigin
full length clone suggested, however, that unlike other IgSF members such as NgCAM,
Embigin does not mediate adhesion via homophilic interactions. Finally, we tested whether
Embigin expressed in surface of COS-7 cells induced the differentiation of presynaptic
terminals by co-cultured chicken ciliary ganglion neurons. However, unlike with cells
expressing a transmembrane isoform of Agrin, no effect could be seen. It is hypothesized that
Embigin could make the motor neuron growth cone approaching the muscle fiber adhere
transiently to the muscle fiber which would allow Agrin to be deposited locally and in
sufficient quantities to activate MuSK, thus initiating the formation of a neuromuscular

synapse.
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General Introduction

1.1. The synapse

The function of the nervous system is to receive signals from the outside world and from the
body via sense organs and afferent nerves, to design appropriate responses and to exert them
via the efferent nerves that drive the activity of the peripheral target organs such as glands and
muscles. This function depends on the development of an appropriate wiring pattern between
its building blocks, the neurons, and on transmission of signals between them. To fulfill their
function, neurons have a characteristic shape with neuritic processes, axon and dendrite which
are extended from the cell body. The axon is responsible for sending out signals to other
neurons whereas the dendrite is involved in receiving signals from other neurons. During
nervous system development, the neurons respond to various extracellular signals to extend
their neurites and innervate their specific targets. At the point where two neurons
communicate, there is a specialized structure called synapse. Most commonly, synapses are
chemical. In chemical synaptic transmission, an action potential invading the presynaptic
nerve terminal causes the opening of voltage-gated Ca>" channels resulting in a localized fast
Ca*’ influx into the terminal. This Ca®" ions influx in turn initiates the fusion with the plasma
membrane of presynaptic vesicles that contain the neurotransmitter. By this process the
neurotransmitter is released into the synaptic cleft and diffuses across the synaptic cleft to the
postsynaptic cell where it binds to specific receptor molecules expressed at high density in the
subsynaptic cell membrane and associated with a variety of extracellular, transmembrane and
cytoplasmic proteins that have adhesive, structural and signalling roles. Neurotransmitter
binding to subsynaptic receptors elicits a response in the postsynaptic membrane. Although
the principles and mechanisms of synapse formation are likely to be similar in the peripheral
nervous system (PNS) and the central nervous system (CNS) much of our understanding
about the mechanisms of synapse formation arises from studies of the vertebrate
neuromuscular synapse: the neuromuscular junction (NMJ), i.e. the synapse between spinal
motor neurons and skeletal muscle fibers. Its size, its simple structure, its easy experimental
accessibility and its large numbers in periphery make the NMJ a powerful system for the
analysis of synaptic development (Kandel et al., 2000).

The NMJ is a highly specialized structure which ensures an accurate and rapid transmission of
electrical impulses from motoneurons to muscle fibers (Sanes and Lichtman, 1999). The
neurotransmitter mediating the impulse transmission of the NMJ is acetylcholine (ACh)

which binds to so-called nicotinic acetylcholine receptors (nAChR) in the postsynaptic
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membrane of the muscle fiber. The nAChR is an ionotropic receptor forming an ion channel
permeable mainly to Na', K" and Ca*". As a result of positive charge influx the muscle
membrane is locally depolarized. This depolarization termed endplate potential elicits an
action potential in the muscle fiber which is propagated along its entire length in both

directions from the endplate resulting in a contraction of the fiber.

1.2. Cells types present at the NMJ

Three types of cells interact at the NMJ: motor neuron, muscle fiber and Schwann cell
(Couteaux, 1973). All three cells originate from different precursor cells. During development
all these three cells travel long distances to meet at the synapse. Motoneurons arise from
somata in the neural tube and Schwann cells from the neural crest. The skeletal muscle goes
through different stages of development (Brand-Saberi et al., 1996): commitment of
mesodermal cells to myogenic cells, division of myogenic cells and differentiation into
myoblasts. When myoblasts reach sites where muscles will form, they fuse to form myotubes,
centrally multinucleated cells. As they fuse, they are approached by targeting motor axons
followed by Schwann cells. Initially growth cones from several motor axons innervate single
myotubes. Once a motor axon’s growth cone contacts a newly formed myotube,
differentiation of the NMJ begins with the formation and assembly of a highly differentiated
presynaptic nerve terminal and a highly specialized postsynaptic apparatus which leads to a
high efficient synaptic transmission between nerve and muscle (Dennis, 1981). By birth, the
NMIJ is fully functional (Fig. 1.1). After a period of polyneural innervation, the muscle fiber
will be innervated by a single motor axon and the terminal bouton will be capped by a

Schwann cell.
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Fig. 1.1. Different stages of neuromuscular junction development.

A, The growth cone of a motor axon is approaching a newly formed myotube. B, Later in embryogenesis,
vesicles accumulate in the nerve terminal and quantal content increases but transmission remains prone to
failure and the action potential is broad. C, In the adult, at the area of contact, the axon differentiates into a
motor nerve terminal that is specialized for transmitter release, it is capped by Schwann cells, and the muscle
forms a complex postsynaptic apparatus that ensures a high safety factor of impulse transmission. Adapted
from Sanes and Lichtman, 1999.

1.3. Development of the neuromuscular junction

1.3.1. Prepatterning

The patterning of skeletal muscle is thought to depend upon signals provided by motor
neurons as they contact developing muscle. Acetylcholine receptors (AChRs) constitute the
best-studied class of proteins that become localized to this small patch of the muscle fiber
membrane, and their restriction to synaptic sites (Fambrough and Hartzell, 1972) during
development is a hallmark of the inductive events of synapse formation. The spatial
patterning of AChRs on skeletal muscle cells has classically been thought to depend on focal
signals provided by motor axon terminals (Burden, 1998; Mc Mahan, 1990; Sanes and
Lichtman, 1999). However it has been shown that AChR gene expression and AChR clusters

are concentrated in the central region of embryonic skeletal muscle even in the absence of
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innervation (Braithwaite and Harris, 1979; Fischbach and Cohen, 1973; Yang et al., 2001;
Yang et al., 2000). Thus a AChR prepattern exists before the arrival of the nerve.

1.3.2. Structure of AChR and their developmental regulation

To ensure a high and efficient transmission of the information between nerve and muscle, a
high concentration and mature AChRs are needed in the postsynaptic membrane in order to
bind the neurotransmitter, the ACh, released at high concentration from the overlying neuron
(Salpeter and Loring, 1985). The AChR of muscle is a large integral transmembrane
glycoprotein composed of the subunits a, B3, 3, y or g, each encoded by a different gene
(Mishina et al., 1986). These subunits may combine in two different stochiometries o,3yd and
azPed to form two different subtypes of functional AChR channels, the fetal and adult AChR
subtypes, respectively (Mishina et al., 1986; Takai et al., 1985; Witzemann et al., 1989b). The
subunits are arranged in a pentameric ring-like structure whose core forms the channel
(Raftery et al., 1980; Unwin, 1993; Unwin, 2000). During synaptogenesis, the number, the
distribution and subtypes of AChRs expressed in the muscle fiber vary in a characteristic
manner. Mononucleated myoblasts have only few fetal types AChR on their surface. During
continued myogenic differentiation o—, f—, d— and y —subunit genes are activated along their
entire length (Anderson and Cohen, 1977; Braithwaite and Harris, 1979; Frank and
Fischbach, 1979; Kues et al., 1995a; Kues et al., 1995b) as part of the myogenic program.
During NMJ development, following innervation of the myotubes, the mRNAs of the
o—, B—, 0—and y —subunit genes accumulate in synaptic and begin to decrease in
extrasynaptic fiber regions (Anderson and Cohen, 1977; Bevan and Steinbach, 1977;
Braithwaite and Harris, 1979; Frank and Fischbach, 1979). Soon thereafter, e-subunit mRNA
becomes expressed selectively in subsynaptic nuclei (Brenner et al., 1990; Kues et al., 1995a)
while y-subunit mRNA begins to disappear in response to the onset of electrical muscle
activity (Mishina et al., 1986). During postnatal development o—, f— and 6—subunit transcript
levels are further reduced predominantly in extrasynaptic fiber segments, whereas the 7-
subunit mRNA disappears completely within the first postnatal week (Kues et al., 1995a;
Kues et al, 1995b). At the mature NMJ only o—, p—, 0—and ¢ —subunit mRNAs are
expressed, and they are largely concentrated at the synapse (Mishina et al., 1986). This

12



General Introduction

suggests that a—, B—, 0— and e-subunit genes expression at the synapse are primarly under
control of a neurotrophic factor (Brenner et al., 1990).

The nerve plays an important role in the control of junctional and extrajunctional AChR
density (Fig. 1.2). The precise apposition of postsynaptic specializations to the motor nerve
terminal arises in one of two ways: the motor nerve might induce AChR clusters or clusters
might form aneurally and then be recognized by the ingrowing axon. Spontaneous “hot spots”
forming on aneurally myotubes support the first idea. Neurites contact myotubes at random
then new clusters form at sites of contact (Anderson and Cohen, 1977; Frank and Fischbach,
1979) indicating that motor axons can localize and increase postsynaptic components
generated by myotubes on their own to form a postsynaptic apparatus at the site of nerve
contact. Muscle activity and neural trophic factors released from nerve regulate AChR
number and distribution through three different processes: clustering of diffusely distributed
AChR in the postsynaptic membrane, transcriptional activation of AChR subunit genes in
subsynaptic nuclei and transcriptional repression of AChR subunit genes in non synaptic

myonuclei.

AR : AChRz
| | | Embryanic form: odfed
|

| Adult form: o2fzd

Fig. 1.2. Accumulation of AChRs in the post-synaptic membrane.

A, AChRs are initially expressed constitutively as part of the myotube’s developmental program. B, The
nerve sends then three signals that affect AChRs distribution: Agrin, Neuregulin and Acetylcholine. Nuclei
accumulate under the differentiated preterminal nerve. AChRs are highly concentrated in the post-synaptic
membrane and virtually absent extrasynaptically. This clustering involves both redistribution of AChR
proteins and localized synaptic synthesis of AChRs. C, The AChR is a pentameric transmembrane protein
composed of four subunits (a, 3, 5,y or €) each encoded by a different gene. Adapted from Bezakova and
Ruegg, 2003; Changeux, 1993.
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1.3.3. Clustering of AChR

On the basis of the idea that motor neurons use chemical messengers to organize the
postsynaptic membrane, many groups sought molecules that can cluster AChR. Elements
associated with the extracellular matrix have been implicated. A basal lamina ensheaths each
muscle fiber, occupies the synaptic cleft and reaches into the junctional folds. The major
components of muscle basal lamina are molecules like Collagen isoforms, Laminin,
Fibronectin and Heparan sulphate proteoglycans (Sanes and Lichtman, 1999). The first
evidence for a function of synaptic basal lamina in NMJ development and maintenance came
from experiments in which axons of motor neurons and myotubes were destroyed and new
fibers were allowed to regenerate in the absence of the nerve inside old basal lamina sheaths
from satellite cells. When such fibers regenerated, synaptic structures including AChR
clusters formed at the sites of the old synapses (Burden et al., 1979; Sanes et al., 1978). In
further experiments in which axons of motor neuron, muscle fiber and Schwann cell are
destroyed, the basal lamina was identified as the inductive source of re-accumulation of
AChRs in regenerating myofiber at the original synaptic site (McMahan and Slater, 1984).
Furthermore, the synaptic portion of the myofiber’s basal lamina induces synapse-specific
expression of AChR genes (Brenner et al., 1992). Thus factors that induce the synapse-
specific expression of AChR genes are stably bound to synaptic basal lamina.

Several groups used cultured myotubes to seek clustering molecules. Several active agents
were identified including Neuregulin, Transferrin, Collagen, Laminin, Ascorbic acid,
Calcitonin-gene-related peptide (CGRP), Midkine, Fibroblast growth factors, Pleiotrophin
and Agrin (Falls et al., 1993a; Fontaine et al., 1987; Knaack et al., 1986; Mc Mahan, 1990;
Oh and Markelonis, 1982; Peng et al., 1991; Vogel et al., 1983; Zhou et al., 1997). However,
only for Agrin there is strong evidence for a direct role in synaptogenesis in vivo. Another
neural signalling molecule identified, Neuregulin, is thought to mediate the neural regulation
of differentiation of the postsynaptic apparatus by stimulating the synapse-specific AChR

gene expression (Jessell et al., 1979).
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1.3.4. Clustering of AChR: Agrin signalling

McMahan and colleagues isolated the protein Agrin from the basal lamina of the electric
organ of the marine ray Torpedo californica (Godfrey et al., 1984; Nitkin et al., 1987). The
Agrin gene was cloned from chick and mammals (Ruegg et al., 1992; Rupp et al., 1991).
Agrin is a heparan sulphate proteoglycan with a protein core of a predicted molecular weight
of 225 kDa (Tsen et al., 1995). It is highly glycosylated to reach 400-600kDa (Denzer et al.,
1995). It is synthesized by motor neurons, transported down motor neurons and released from
the nerve terminals where it stably associates with the basal lamina of the synaptic cleft (Mc
Mahan, 1990). Alternative splice variants generate Agrin isoforms with different activities in
receptor clustering (Ferns et al., 1992; Hoch et al., 1993; Ruegg et al., 1992). At the N-
terminal part, alternative splicing results in secreted isoforms that have a strong affinity to
Laminin conferring attachment of Agrin to basal lamina (Denzer et al., 1995; Denzer et al.,
1997) and in a transmembrane type-II isoform attached to the nerve cell membrane whose
function is not known (Burgess et al., 2000; Neumann et al., 2001). The C-terminal region
which includes EGF-like repeats and Laminin G-like domains contains the AChR clustering
activity (Ruegg et al., 1992). This carboxy-terminal part is subjected to alternative splicing at
both sites A and B in chick and y and z in rodents and mammals. Of particular importance,
Agrin expressed by motor neurons contains an eight amino acid insert at the B/z site which is
the most active isoform in receptor clustering assays. The B+/z+ isoforms of Agrin which is a
thousand times more potent than B-/z- in vitro, is only expressed in neurons (Gesemann et al.,
1995; Ruegg et al., 1992). The B-/z- isoform of Agrin is synthesized by muscle (Fallon and
Gelfman, 1989). No AChR clusters were observed with muscle-specific isoforms of Agrin
lacking B/z insert at the C-terminal splice site in vitro (Gesemann et al., 1995) and in vivo
(Meier et al., 1997). Furthermore, Agrin -/- muscles transplanted to wild-type muscles were
reinnervated by Agrin expressing axons and showed normal synapses. When the B+/z+ exon
is deleted, the chimeric synapses seem to be normal, in contrast to other neural isoforms
lacking C-terminal and all muscle-specific isoforms (Burgess et al., 1999). Thus nerve-
derived B+/z+ Agrin is essential for postsynaptic differentiation.

In cultured myotubes, neural Agrin induces AChR aggregation but clusters also other
postsynaptic components (Wallace, 1989). This led to the “Agrin hypothesis” first proposed
by McMahan that Agrin is a critical nerve-derived organizer of postsynaptic differentiation at

the NMJ (Mc Mahan, 1990). Several gain and loss of functions support this idea. Neural
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Agrin knock-out mice fail to form normal neuromuscular synapses (Gautam et al., 1996).
Ectopic overexpression of Agrin in the absence of the nerve in muscle fibers (Cohen et al.,
1997; Jones et al., 1997; Meier et al., 1997) induces the formation of ectopic AChR clusters.
Thus Agrin is necessary as well as sufficient for postsynaptic differentiation.

In the Agrin hypothesis, McMahan describes one major component of this hypothesis. Agrin
induces clustering of AChR and other postsynaptic components by interacting with a muscle
fiber receptor (Mc Mahan, 1990). Several molecules have been shown to interact with Agrin.
These include MuSK, Dystroglycan, Glycoconjugates, Integrins, Pleiotropin, Heparan sulfate
proteoglycans, N-CAM and Laminins (Bowe et al., 1994; Campanelli et al., 1994; Daggett et
al., 1996; Denzer et al., 1997; Gee et al., 1994; Gesemann et al., 1996; Hopf and Hoch, 1996;
Martin and Sanes, 1997; Martin and Sanes, 1995; Mook-Jung and Gordon, 1995; O'Toole et
al., 1996; Storms et al., 1996; Sugiyama et al., 1994; Valenzuela et al., 1995). Of these only
MuSK seemed to be indispensable for the formation of a postsynaptic apparatus (Valenzuela
et al., 1995), whereas others did not prevent but impaired postsynaptic differentiation to
varying degrees. MuSK is a transmembrane receptor tyrosine kinase homologous to an
orphan tyrosine kinase previously cloned in the electric organ of the marine ray Torpedo
californica (Jennings et al., 1993). MuSK is selectively expressed by skeletal muscle where it
is colocalized with AChR in the postsynaptic membrane (Meier et al., 1997; Valenzuela et al.,
1995) and becomes rapidly phosphorylated upon addition of neural Agrin to cultured
myotubes (Glass et al., 1996). Furthermore, MuSK -/- knock-out mice showed no
postsynaptic differentiation in muscles and thus have similar, if not more severe,
neuromuscular defects than Agrin knock-out mice (DeChiara et al., 1996). In these mutant
mice, muscle fibers lack all known features of postsynaptic differentiation at all stages of
development. This led to the hypothesis that MuSK is the receptor of Agrin. However it has
been impossible to demonstrate direct binding of purified Agrin to purified MuSK or to
MuSK expressed in non muscle cells, leading to the hypothesis that MuSK is part a
multisubunit receptor (Glass et al., 1996). In support of this idea, constitutively active MuSK
isoform overexpressed in vivo in the absence of Agrin induces AChR clusters in the absence
of Agrin. Thus MuSK acts downstream of Agrin (Jones et al., 1999). MuSK signaling
requires a muscle-associated specific component MASC not yet identified, as in fibroblasts
expressing MuSK, Agrin does not phosphorylate MuSK (Glass et al., 1996). Presynaptic

differentiation is also aberrant in MuSK mutant mice (DeChiara et al., 1996) as well as in
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Agrin mutant mice (Gautam et al., 1996), as motor axons fail to stop or differentiate and
instead are present throughout the muscle.

Agrin stimulation of MuSK leads not only to the clustering of AChR but also of critical
muscle-derived proteins such as MuSK and Laminin 2, and to activation of synapse-specific
gene expression (Jones et al., 1997; Meier et al., 1997; Moore et al., 2001). Laminin 2 has
been proposed to be a retrograde signal for presynaptic differentiation. Activation of MuSK in
injected muscle fibers induced localized deposits of Laminin-B2 which was not accompanied
by the accumulation of endogenous muscle Agrin (Jones et al., 1999; Kummer et al., 2004).
Laminin-B2 has been shown to be a synaptic component of the extracellular matrix important

in the differentiation of the presynaptic nerve terminal (Patton et al., 1997; Porter et al., 1995).

1.3.5. Molecules involved in Agrin/MuSK-induced AChR clustering

1.3.5.1. Rapsyn

A crucial effector of the postsynaptic differentiation downstream of MuSK is Rapsyn. Rapsyn
is a 43 kDa membrane-associated cytoplasmic protein. It is present at the NMJ as soon as
AChR clusters appear and co-localizes with AChR in adult NMJ. Rapsyn which is associated
with synaptic AChR B-subunit in 1:1 stoichiometry (LaRochelle and Froehner, 1986; Noakes
et al., 1993) is a required intermediate on the pathway that couples MuSK activation to AChR
clustering. In Rapsyn-/- knock-out mice, no AChR clusters develop on the surface of the
muscle (Gautam et al., 1995). However, other aspects of synaptic differentiation are relatively
normal in Rapsyn mutant mice. MuSK is localized to Rapsyn mutant synaptic sites. AChR
gene expression is enriched in the synaptic region of Rapsyn mutant muscles (Gautam et al.,
1995). Thus Rapsyn is essential for clustering of AChR but not of MuSK suggesting that

MuSK is a primary scaffold to which Rapsyn then recruits additional components.
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1.3.5.2. Dishevelled-PAK1

Because MuSK is absolutely essential for the pre- and postsynaptic differentiation at the
NMJ, extensive efforts have been invested to understand of how MuSK transduces the signal.
Using the intracellular region of MuSK as bait in yeast-two hybrid screen, Dishevelled (Dvl)
was identified as a MuSK binding protein (Luo et al., 2002). Dvl was originally discovered in
Drosophilia for its role in the development of coherent arrays of polarized cells (Perrimon and
Mahowald, 1987). Drosophila are composed of set of repetitive units each of which is the
composite of two different lineages, one for the anterior structures of segments and one for
the posterior structures of segments. The first repetitive units that can be detected in the
embryo are not segmental but parasegmental. Each parasegment is the composite of an
anterior and a posterior compartment belonging to the different segmental units. Soon after
their formation, the parasegmental units disappear and segmental boundaries are formed.
Searches for genes involved early in establishing the segmental pattern have led to the
identification of three classes of embryonic lethal loci: the gap, pair rule and segment polarity
genes. The segment polarity phenotype displays a repeated pattern defect in which part of
each segment is deleted and a mirror-image duplication of the remaining pattern element
forms. Dvl is a late zygotic lethal mutation which produces a segment polarity phenotype
(Perrimon and Mahowald, 1987). Dvl is enriched at the NMJ (Luo et al., 2002) and inhibition
of Dvl function or expression attenuates Agrin-induced AChR clusters and the formation of
the neuromuscular synapse in culture (Luo et al., 2002). Interestingly, MuSK shares a
conserved extracellular cysteine-rich domain with the Wnt receptor Frizzled which signals
through Dvl leading to the activation of Rho GTPases in the cell polarity events (Dann et al.,
2001; Habas et al., 2001; Masiakowski and Yancopoulos, 1998; Xu and Nusse, 1998). Thus
the role of the Wnt signalling pathways was investigated in Agrin-induced AChR clusters.
Indeed, it has been shown that GTPases of the Rho Family and cytoskeletal proteins play
important roles in AChR clustering (Dai et al., 2000; Weston et al., 2000). Candidate of small
GTPase effectors that regulate cytoskeleton includes p21-activated kinase (PAK). Indeed, it
has been shown that PAK is activated by Agrin and is required for AChR clustering (Luo et
al., 2002). Importantly, Agrin-induced PAK activation is attenuated in muscle cell expressing

mutant Dvl, suggesting the involvement of Dvl in this event.
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1.3.5.3. Abl

In the late 1990’s, it has been suggested that signalling downstream from MuSK requires a
kinase to mediate tyrosine phosphorylation and clustering of AChRs (Fuhrer et al., 1997).
Indeed Finn and colleagues provided some evidence that Abll and/or Abl2, two structurally
related non-receptor tyrosine kinases are involved in these events (Finn et al., 2003). Abl
kinases transduce signals downstream of growth factor stimulation (Plattner et al., 1999) and
shape the cytoskeleton through phosphorylation of regulatory proteins (Lanier and Gertler,
2000; Pendergast, 2002). Abl kinases are localized at the developing NMJ and inhibition of
their kinase activity inhibits Agrin-stimulated clustering of AChRs (Finn et al., 2003). Abl
kinase activity induces also the increase of MuSK tyrosine phosphorylation. Moreover,
because Abl family kinase activity is required for agrin-induced AChR clustering and
enhances MuSK tyrosine phosphorylation, the interaction between Abl kinases and MuSK
was investigated. Indeed, MuSK and Abll form a complex, when overexpressed in non
muscle cells after Agrin stimulation and effected reciprocal tyrosine phosphorylation. Abl
kinases contain binding domains for F-actin and G-actin (Pendergast, 2002). Furthermore it
was shown that Agrin stimulates Cdc42 and Rac, both of which are required for AChR
clusters (Weston et al., 2003; Weston et al., 2000). Thus Abl kinases are involved in synapse
formation with the kinase activity required for signal amplification and the intrinsic

cytoskeletal regulatory capacity for assembly and remodelling.

1.3.5.4. B-dystroglycan

Dystroglycan (DG) is transcribed from a single gene and is post-translationally modified to
yield two glycoproteins, namely a- and B-dystroglycan. The transmembrane B-DG links o-
DG by a tight but non-covalent link to the Actin cytoskeleton via Dystrophin (Ervasti and
Campbell, 1991) or Utrophin (Matsumura et al., 1992). DG is part of the Dystrophin-
glycoprotein complex (DGC). The accumulation of molecules of the DGC at the postsynaptic
membrane of the NMJ and their co-distribution with AChR clusters in vitro suggested a role
of the DGC in synaptogenesis (Yang et al., 1993). Furthermore, Rapsyn and -DG have been
shown to interact in the postsynaptic membrane (Apel et al., 1995; Cartaud et al., 1998).

However myotubes generated from DG-/- embryonic stem cells formed normally and retained
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the ability to form numerous AChR clusters following treatment with Agrin (Grady et al.,
2000). Thus DG is dispensable for myogenesis and Agrin signalling. However DG may have
an extracellular role. The specialized basal lamina that is associated with AChR clusters in
control myotubes does not form in DG-/- myotubes. Thus DG may play a role in synapse
maturation of the postsynaptic apparatus that involves the DG-dependent assembly of a

synaptic basal lamina (Grady et al., 2000).

1.4. Selective gene transcription at the synapse

The synaptic accumulation of AChRs in electrically active fibers results not only from the
clustering of AChRs but also from the selective transcription of genes encoding AChR
subunits by subsynaptic myonuclei, thus ensuring activity-resistant AChR expression at the
synapses.

In vitro, application of brain and spinal cord extracts leads to increased synthesis of AChRs
on skeletal myotubes in culture (Jessell et al., 1979). These results suggest that the nerve
provides a localized signal that stimulates AChR gene expression in subsynaptic nuclei.

ARIA (AChR-inducing activity), an isoform of the secreted growth factor Neuregulin 1 (NRG
1) was isolated from chicken brain in a search for neural factors that stimulate AChR
accumulation in cultured myotubes (Usdin and Fischbach, 1986). NRG 1 is a product of
neuregulin 1 gene which by alternative RNA splicing codes for a number of growth and
differentiation factors with a multitude of function in neural development (Buonanno and
Fischbach, 2001). Subsequently, ARIA has been shown to be a member of the Neu ligand
family (differentiation factor) (Falls et al., 1993b) and homologous to Glial growth factor
(Marchionni et al., 1993). Thus, these factors are alternatively spliced variants of nrg 1 gene.
Like Agrin, Neuregulin is transported down the motor axon, incorporated into the synaptic
basal lamina (Goodearl et al., 1995) through binding to Heparin sulphate proteoglycans (Loeb
and Fischbach, 1995). Like MuSK, Neuregulin receptors are transmembrane tyrosine kinases,
Epidermal growth factor-related receptor tyrosine kinase ErbB 2, 3, and 4 which are
concentrated in the postsynaptic membrane at the NMJ (Moscoso et al., 1995; Zhu et al.,
1995).

ARIA has no effect on AChR clustering but increases AChR subunit mRNA levels in cultured

myotubes suggesting a transcriptional effect (Martinou et al., 1991). Moreover, a Neuregulin
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response element is contained in the same cis-regulatory region of AChR genes that confers
synapse-specific expression in mice (Gundersen et al., 1993). An important element called a
N-box that conforms to a consensus-binding site for Ets transcription factors is required for
the synaptic expression of AChR & and € subunit genes (Duclert et al., 1996; Koike et al.,
1995). Members of the Ets transcription factor family GA-binding protein (GABP) o and
GABP 3 were found to bind AChR genes (Fromm and Burden, 1998; Sapru et al., 1998;
Schaeffer et al., 1998). They have been shown to be involved in the expression of AChR ¢
gene in vivo (Briguet and Ruegg, 2000). In culture myotubes, ErbB kinases signal through a
generic cascade of kinases including Ras, Raf, Erk and Phosphatidylinositol-3-kinase (Altiok
et al., 1995; Si et al., 1996; Tansey et al., 1996).

However it has been difficult to demonstrate the role of NRG mediating the neural control of
synapse-specific transcription in vivo. NRGs act via activation of ErbB2-4 receptors tyrosine
kinases. Because mice lacking Neuregulin, ErbB2 and ErbB4 die due to defects in cardiac
development during embryogenesis before neuromuscular synapse formation (Lee et al.,
1995; Meyer and Birchmeier, 1995) it has been difficult to determine whether Neuregulin-
mediated signalling is required for synapse specific gene expression even when genetic tricks
(transgene rescue targeted to the heart, deletion of a neuron-specific isoform, or conditional
mutagenesis) were used to circumvent embryonic lethality for ErbB3 and ErbB4.
Nevertheless, adult mice that are heterozygous for the immunoglobulin allele of Neuregulin

(Neuregulin '€

) have a mild deficiency in synaptic transmission and 50% less AChR at their
neuromuscular synapse (Sandrock et al., 1997). However, the interpretation of these
phenotypes is complicated because Neuregulin-ErbB signalling is essential for the
proliferation, migration and survival of Schwann cells (Garratt et al., 2000) and muscles as
well as motoneurons synthesize Neuregulin (Moscoso et al., 1995). Moreover, in the absence
of nerves, Agrin binds to a basal lamina substrate to induce AChR gene expression in cultured
myotubes (Jones et al., 1996). Extrasynaptic regions of electrically active muscle fibers
injected in vivo with Agrin expression plasmids develop postsynaptic specializations identical
to normal synapses. These ectopic specializations include the accumulation of ErbB2 and
ErbB3, AChR ¢ subunit (Jones et al., 1997; Meier et al., 1997) as well as Neuregulin (Meier

et al., 1998b) in the absence of motoneurons. Indeed, it has been recently confirmed with help

of genetic mouse models that AChR transcription and clustering occur in the absence of
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Fig. 1.3. Model for stabilization of synaptic gene expression through stabilization of musk expression
by Agrin from motor nerve terminal.

Agrin secreted from nerve terminal activates preexisting MuSK to induce expression of musk via its N-box
(i) by organizing an NRG/ErbB pathway, involving MuSK-induced recruitment of ErbB receptors and of
muscle-derived NRG and (ii) by MuSK-induced activation of JNK (via Rac/Cdc42). With musk expression
stabilized, the same pathways are used for AChR and erbB expression. Expression may be strengthened by
NRG-1 secreted from nerve terminal. Lacazette et al, 2003.

neurally supplied NRG, indicating that neural NRG is not required to induce synapse specific
transcription (Yang et al., 2001). Nevertheless muscle-derived Neuregulins could be involved
in this regulation (Meier et al., 1998b).

Nerve-associated transcriptional specialization are also absent from MuSK -/- muscles
(DeChiara et al., 1996) but present in Rapsyn -/- muscles (Gautam et al., 1995). Thus Agrin-
MuSK signalling activates two pathways: a Rapsyn-dependent pathway for clustering AChR
and a Rapsyn-independent pathway for localized transcription. Muscle-derived NRG could
act in an autocrine fashion essentially as second messengers to nerve-derived Agrin to
potentiate AChR transcription.

During development, the expression mRNA for MuSK is regulated similarly as AChR genes
1.e. it also accumulates at the synapse with synapse-specific activation of its gene by the nerve
(Valenzuela et al., 1995) and extrasynaptic down-regulation by muscle activity (Bowen et al.,
1998; Valenzuela et al., 1995). This raises the question, how synaptic MuSK expression is
stabilized. Agrin/MuSK and NRG-1 pathways could be involved in the nerve-induced
expression of MuSK mRNA at the synapse (Lacazette et al., 2003). Indeed Musk is activated
through an N-box present in the musk promoter by neuronal Agrin via the activation of
MuSK. The Agrin-induced musk expression is controlled by a secondary NRG/ErbB pathway
which is organized by Agrin/MuSK and by a novel path independent of NRG/ErbB in which
MuSK signals to the muscle nuclei through Rac and c-Jun NH;-terminal kinase (JNK) (Fig.

1.3). AChR ¢ subunit expression has been shown to be regulated via Rac and Cdc42 (Weston
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et al., 2000). Thus the nerve uses identical pathways to regulate key genes in neuromuscular
synapse formation.

While these studies begin to piece together messengers that lead to AChR clustering and
synapse-specific transcription of AChR subunit genes and key genes in neuromuscular
synapse many elements involved in the formation of neuromuscular synapse are still

unknown.

1.5. Transcriptional repression in extrasynaptic regions

Once myoblasts fuse to form myotubes, AChRs start to cluster at the synapse whereas in
extrasynaptic regions, the density of o,  and d-subunit transcript levels of AChRs decrease.
This density increases again after denervation of muscle fiber leading to an increase of
transcription of AChR genes by extrasynaptic nuclei (Tsay and Schmidt, 1989). Two
explanations are possible: electrical activity of the muscle regulates the expression of AChR
mRNAs and/or the nerve supplies a repressive factor to the muscle.

Electrical activity reduces the density of extrasynaptic AChRs in denervated muscle fibers
(Lomo and Rosenthal, 1972). This is due to the down-regulation of AChR subunit mRNAs in
muscle fibers in vivo in non synaptic regions (Goldman et al., 1988) suggesting that the down-
regulation of AChR in non-synaptic regions of embryonic myotubes is due to the onset of
impulse activity upon NMJ formation.

The signalling pathway for extrasynaptic repression follows the scheme of synaptic
transmission which causes muscle contraction: release of ACh activates AChR leading to a
depolarizing synaptic potential which reaches threshold and triggers an action potential. The
action potential propagates the repressive signal of depolarization along the length of the
muscle fiber which allows calcium to enter into the muscle fiber through voltage-gated Ca
channels. The calcium influx activates muscle contraction and represses AChR gene
transcription (Huang et al., 1994). The calcium influx activates a serine/threonine kinase PKC
which mediates the effect of electrical activity on AChR gene transcription (Huang et al.,
1992). The targets of PKC are myogenic factors of the basic helix loop helix family of
transcription factors which are required for muscle specific expression of AChR subunit genes
(Berberich et al., 1993; Gilmour et al., 1991; Numberger et al., 1991; Prody and Merlie, 1991;
Prody and Merlie, 1992; Simon and Burden, 1993). In the non phosphorylated state, these
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Fig. 1.4. Transcriptional repression of AChR in extrasynaptic regions.

Acetylcholine, which activates AChR generates a voltage- and calcium-dependent signal that represses
AChHR subunit gene expression in extrasynaptic nuclei. This effect is mediated in part by binding of
MyoD-family transcription factors to E-box sequences in AChR gene promoters. Adapted from Sanes
and Lichtman, 1999.

myogenic factors can bind to a short consensus site called E-box, which confers activity-
dependence on reporters. E-boxes are present in the promoter regions of AChR subunit genes
as well as the genes encoding the factors leading to the activation of their transcription (Fig.
1.4). Their phosphorylation by the activated PKC inhibits their binding to E-boxes of AChR
genes leading to the inhibition of the transcription of AChR genes (Mendelzon et al., 1994).
In addition electrical activity represses myogenin transciption (Eftimie et al., 1991) by
reducing myogenin activation of its own promoter which contains also E-boxes (Buonanno et
al., 1993). Thus electrical activity represses AChR genes synthesis in non synaptic regions by
inhibiting the synthesis of myogenic factors (Eftimie et al., 1991) as well as by
phosphorylating them (Mendelzon et al., 1994).

1.6. Cellular interactions required for synapse formation

Complex interactions between motor neurons, muscle and Schwann cells culminate in the
formation of a highly differentiated presynaptic terminal and a highly specialized postsynaptic
membrane. The precise organization of molecules in presynaptic and postsynaptic membranes
suggests that reciprocal interactions requiring spatially restricted signalling between
presynaptic and postsynaptic cells are required to assemble the synapse and to coordinate
presynaptic and postsynaptic differentiation. An important observation is, that only
electrically inactive muscle fibers are susceptible to innervation (Lomo and Slater, 1978).

Three types of interactions that could be involved are described below.
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1.6.1. Neurite outgrowth/attachment

Muscle cells may have a role in directing motor axons toward the appropriate muscle once the
axons are within striking distance of their target (Burden, 1998). Denervated muscles may
secrete factors at limited distances (Slack and Pockett, 1981) that stimulate motor neurons to
make synapses or Schwann cells to induce motor neurons to make synapses. Indeed both
processes have been observed. Partial muscle denervation induces the spread of Schwann
cells and their processes away from the synaptic zone implying that these cells do not target
axons directly to the endplate (Reynolds and Woolf, 1992). Adjacent motor axons navigate
along the Schwann cells processes to re-innervate the neighbouring denervated endplates (Son
and Thompson, 1995a; Son and Thompson, 1995b; Tam et al., 2001). Extracts of denervated
muscles can support neuronal survival and neurite outgrowth far better than equivalent

material from innervated adult muscles (Henderson et al., 1983; Rassendren et al., 1992).

Cardiotrophin-1 (CT-1) and the Insulin-like growth factors (IGFs) are candidate target-
derived motoneuron survival factors as both are expressed in muscle during naturally
occurring motoneuron death and, applied systemically, support the survival of developing
motoneurons. It has been shown recently that they are retrogradely transported from muscle to
nerve cell body in vivo (Rind and von Bartheld, 2002). However, these factors have not been
described in neurite outgrowth. Glial cell line-derived neurotrophic factor (GDNF) is the most
potent motoneuron survival factor known to date (Henderson et al., 1994). Exogenous GDNF
injected into muscles is retrogradely transported to motoneuron cell bodies (Steljes et al.,
1999; Yan et al., 1995). It has been generally assumed that motoneurons respond to GDNF
delivered by retrograde axonal transport from their target muscles (Springer et al., 1995;
Suzuki et al., 1998). Recently it has been found that GDNF supports motoneuron survival in a
retrograde, target-derived fashion, as opposed to a local paracrine route or an indirect route
via sensory afferents (Chen et al., 2003). Although GDNF was initially characterized for its
ability to prevent cell death of subsets of neurons during development, evidence accumulated
that it can also regulate proliferation and differentiation (Taraviras et al., 1999). Indeed in the
absence of GDNF signalling, motor neurons that innervate specific muscles are abnormally
positioned in the spinal cord and muscle invasion by their axons is dramatically reduced
(Haase et al., 2002).

Several observations suggest that secretion of growth factors cannot alone account for the

different susceptibilities of innervated and denervated muscle to synapse formation. For
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example, only nerve terminals adjacent to denervated muscle fibers form sprouts after partial
denervation (Brown et al., 1981; Slack and Pockett, 1981). This indicates at least one signal
provided by denervated fibers has a short effective range and may not be freely diffusible.
Thus surface molecules might act along with soluble factors to signal the denervated fiber’s

susceptibility to innervation. Molecular candidates for this role are cell adhesion molecules.

There are three main families of adhesion molecules concentrated at neuron-neuron synapses.
Little is known about their role at the NMJ. Cadherins, concentrated in the synaptic cleft of
neuron-neuron synapses is involved in adhesion at the synapse mainly by mediating
homophilic interactions (Tepass et al., 2000). They are not yet described at the NMJ. Integrins
are present at the NMJ where they presumably interact with basal lamina (Cohen et al., 2000).
They are clearly involved in growth and function of the Drosophilia NMJ (Beumer et al.,
2002; Suzuki et al., 2002).

Several immunoglobulin superfamily (IgSF) members have been shown to be involved in
axonal growth and guidance (Mueller, 1999; Walsh and Doherty, 1997). Recent data presume
a role of such molecules at synapses. N-CAM has three fibronectin type III domains and five
Ig-domains. It is involved both in early synaptogenesis and subsequent synaptic maturation by
mediating homophilic and heterophilic interactions. In N-CAM knock-out (ko) mice, many
aspects of transmission are normal and thus many presynaptic and postsynaptic molecules
have assembled properly in the absence of N-CAM (Rafuse et al., 2000). On the other hand,
in Drosophilia, the N-CAM ortholog fasciclin II (Fasll) is a key regulator of growth and
guidance of motor axons (Grenningloh et al., 1990; Grenningloh et al., 1991). At the NMJ,
overexpression of Fas II postnatally has been shown to stabilize ectopic connections in
postembryonic life. In the CNS, overexpression of Fas II pre- and postsynaptically causes a
reduction in synaptic input to the motor neurons concerned (Baines et al., 2002). Another
class of IgSF proteins that have been shown to be implicated in synapse formation are the
Nectins. Nectins are composed of three Ig-domains, a transmembrane domain and a short
intracellular domain (Takai and Nakanishi, 2003). The Actin-binding and PDZ-domain
containing protein Afadin which is an Actin-binding protein in the C-terminal part of Nectins
provide a direct link between the transmembrane Nectin proteins and the cytoskeleton. This
Nectin/Afadin complex is implicated in synapse formation (Mizoguchi et al., 2002). Further
experiments in vivo in particular have to be performed to corroborate these in vitro results.
While searching for vertebrate proteins that share structural homologies with the Fasll IgSF
protein, SynCAM was identified (Biederer et al., 2002). It composes of three Ig-domains. It is
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a relatively small, transmembrane N-glycosylated protein. SynCAM, localized on both sides
of certain synapses in the brain, has been shown to be involved in the alignment between pre-
and post-synaptic specializations by making homophilic interactions (Biederer et al., 2002).
Furthermore SynCAM has been shown to drive synaptic assembly in in vitro assay (Biederer
et al., 2002).

Axons regenerate to reinnervate denervated skeletal muscle fibers precisely at original
synaptic sites (Kasthuri and Lichtman, 2003; Letinsky et al., 1976). Thus there must be some
factors at or near the original postsynaptic surface that axons recognize. The synaptic basal
lamina has been shown to contain clues that guide selective reinnervation of synaptic sites and
differentiation of growth cones into motor nerve terminals at those sites (Sanes et al., 1978;

Walsh and Lichtman, 2003).

Tenascin and Fibronectin which are synthesized by fibroblasts in peripheral synaptic areas
(Gatchalian et al., 1989) may promote or direct growth of regenerating axons as they
approach their targets (Caroni and Schneider, 1994; Sanes et al., 1986). Synaptic Laminins
are also involved in promoting outgrowth and its ability to promote neurite outgrowth is
higher than Fibronectin (Gundersen, 1987; Porter et al., 1995). Indeed, synaptic Laminins
appear to organize the apposition of nerve terminal and muscle endplate in vivo (Noakes et al.,
1995). Synaptic B2-laminins regulate nerve terminal differentiation in vitro and in vivo
(Patton et al., 1997; Porter et al., 1995; Son et al., 1999).

1.6.2. Synapse inducers

Once a motor axon’s growth cone contacts a newly formed myotube, differentiation of the
NMIJ begins with the differentiation of the presynaptic nerve terminal and the specialization
of the postsynaptic apparatus which leads to a high efficient synaptic transmission between
nerve and muscle (Dennis, 1981). Adult muscles, on denervation, develop characteristics very
like those of embryonic muscle fibers. Both have AChR and MuSK distributed all over their
surface (Salpeter et al., 1988). The density of AChR increases in the extrasynaptic region of a
denervated muscle compared to innervated muscle. Nerve terminals differentiate where they
contact muscle fibers (Sanes et al., 1978). The synapses formed are functional (Marshall et

al., 1977). Release of motor neuron-derived signals, including Agrin, induces synapse
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formation by interacting with receptor tyrosine kinases which in turn initiates concentration of
ACh receptors and other proteins at the developing synapse (see 1.3.4. Clustering of AChR:
Agrin signaling).

1.6.3. Synapse elimination by electrical muscle activity

Functional NMJ form immediately and in abundance such that fibers come to be innervated
by axons from several motoneurons (polyneuronal innervation). Few days later, synapse
elimination results in a reduction of polyneuronal innervation and thus to the formation of
mature NMJ. Polyneuronal innervation can persist for months if muscles are transiently
paralyzed during the time when synapse elimination would occur shortly after birth (Brown et
al., 1982) or several weeks following nerve crush in reinnervated muscles of adult rats (Barry
and Ribchester, 1995; Costanzo et al., 1999). Thus blockade of electrical activity delays
synapse elimination. The excess inputs are eliminated by competition between axons resulting
from the interaction of receptors expressed in axons that compete for a limited supply of
neurotrophic factors produced by muscle fibers in proportion to activity (Bennett and
Robinson, 1989; Thompson, 1985). Several trophic factors have been shown to delay synapse
elimination, support motor axon branching, or cause motor unit enlargement when applied in
vivo including IGF-1, Basic fibroblast growth factor (bFGF), Ciliary neurotrophic factor
(CNTF), GDNF, Leukemia inhibitory factor (LIF) (Caroni and Becker, 1992; English and
Schwartz, 1995; Jordan, 1996; Jordan et al., 1995; Keller-Peck et al., 2001; Kwon et al., 1995;
Kwon and Gurney, 1996; Nguyen et al., 1998). A striking hyperinnervation of NMJ has been
shown in transgenic mice in which GDNF is overexpressed in skeletal muscle (Nguyen et al.,
1998; Zwick et al., 2001). In these GDNF overexpressing transgenic mice each endplate
receives more synaptic inputs than the age-matched controls. Subcutaneous injection of
GDNF also results in hyperinnervation (Keller-Peck et al., 2001). These neurotrophic factors
have been shown to be also involved in neurite survival and thus could be involved in both
processes. Despite these intriguing results the specific involvement of neurotrophic factors in

naturally occuring synapse elimination has not been demonstrated.
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1.7. Aim of the thesis

Electrical muscle activity is not only involved in synapse elimination but it also appears to
regulate the susceptibility of muscle fibers to become innervated (Lomo and Slater, 1978).
Following denervation, ectopic NMJs form between transplanted axons and extrajunctional
regions of muscle fibers are made receptive to innervation. Specifically, when a foreign nerve
is transplanted onto a non synaptic muscle region, it will not make synapses. However, when
the muscle’s own nerve is cut or paralyzed, it will form new synapses in extrasynaptic fiber
regions. NMJ formation in this model recapitulates essential aspects of normal NMJ
formation in the embryo. Thus denervated skeletal muscle fibers may express secreted soluble
and surface membrane bound molecules that induce motor neurons to contact the muscle fiber

and allow the formation of functional ectopic synapses (Lomo and Slater, 1978).

In an attempt to identify muscle-derived molecules that may promote synapse formation in a
manner-dependent on electrical muscle activity, we used mRNA Differential Display
approach (RDD) in normally innervated and denervated muscles. This method allowed us to
analyze the differential expression of transcripts in four-day-denervated rat soleus muscles
compared to innervated muscles. We were particularly interested in mRNAs that were up-
regulated upon denervation as AChR, the hallmark of inductive events of synapse formation,
are up-regulated following denervation. RDD permitted us to isolate low to high abundant
transcripts present in the muscle samples. We isolated one gene, Embigin, which encodes a
transmembrane protein highly up-regulated upon denervation. These experiments are

described in Chapter II.

In chapter III, I investigated whether Embigin plays a role in the formation of the
neuromuscular synapse. The results showed that Embigin mRNA is regulated by muscle
activity, is transcribed during differentiation of C2C12 cells and its expression precedes
ectopic synapse formation, i.e. as predicted for a surface molecule involved in synapse
formation. However, an involvement of Embigin in NMJ formation could not be

demonstrated.
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Chapter |1

2. mMRNA differential display and
validation by quantitative RT-PCR
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2.1. Introduction

The aim of this research was to identify novel factors present at the surface of the muscle or
secreted by the muscle involved in neurite outgrowth/attraction and attachment between the
presynaptic nerve terminal and the postsynaptic membrane. Denervation is one of the best-
defined systems to identify “sprouting signals” released from muscle that can diffuse limited
distances within the muscle or present in the muscle surface and induce new growth of
established axons (Brown, 1984). We chose mRNA Differential Display (RDD) to isolate
such genes as this technique is designed to search for low to medium abundance of novel
genes with high reproducibility (Liang and Pardee, 1992). Detectable differences between
samples analysed by RDD is comprised between 1.1 fold and more (Liang and Pardee, 1992;
Stein and Liang, 2002). The principle of the technique is described in Fig. 2.1. The general
strategy is to amplify partial cDNA sequences from subsets of mRNAs by reverse
transcription and the polymerase chain reaction (PCR). The key element of this method is to
use a set of oligonucleotide primers, one being anchored to the polyadenylate tail of a subset
of mRNAs, the other being short and arbitrary sequence so that it anneals at different
positions relative to the first primer.

One drawback of the RDD is that analysis of large populations of mRNA (i.e. functional
transcriptomics) would require about 240 different primer combinations (Stein and Liang,
2002) per sample to achieve 95% coverage of the transcriptome. If extensive gene coverage is
desired other methods should be used for global analysis of gene expression such as
microarrays and serial analysis of gene expression (SAGE). Quantitatively, the RDD method

requires a very low amount of poly-A RNA.
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Fig. 2.1. Principle of the mRNA Differential Display.

Total RNA are prepared from samples used for RDD. An RT-PCR was then performed on these total RNA
using oligo dT primers. The RT-PCR is followed by a PCR amplification using H-AP primers that represent
consensus sequences. The weakly radioactive PCR products are then loaded on a PAGE.

2.2. Material and Methods

2.2.1. Sample preparation

Soleus muscles of 7-week old Wistar rats were denervated by cutting the sciatic nerve at a
distance of about 2 cm of the muscle. 4 days after denervation, rats were sacrified and soleus
muscles isolated. For control samples, soleus muscles were isolated from age-matched rats
(innervated samples). The soleus weight from rat muscles was 162,3 + 3,2 mg and from 4-day
denervated soleus rat muscles was 164,7 £ 11 mg. Soleus muscles were transferred into
green-capped FastPrep™ tubes containing lysing matrix D (Biol01, Qbiogene) and filled
with 1 ml of TRIReagent® (Molecular Research Products), then snap-frozen in liquid

nitrogen and kept at -80° C until homogenization. Muscles were homogenized by four 20 sec
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shaking cycles on the FastPrep™ FP120 apparatus (Biol01, Qbiogene). RNA extraction was

performed according to the manufacturer instructions (Molecular Research Products).

2.2.2. mRNA differential display

Total RNA from each three innervated and denervated rat soleus muscles was treated with
DNAse I (MessageClean®, GenHunter® Corporation) before proceeding to mRNA
differential display. mRNA differential display was performed using RNAimage® Kkits
(GenHunter® Corporation) containing H-AP primers 1 to 16 according to manufacturer
instructions (GenHunter® Corporation). However the following modifications were made.
PCR amplifications were performed with a-[*P]JdATP (NEN) and AmpliTaq polymerase
(Roche) in a final volume of 10 uL. Reamplified PCR fragments were gel-purified with
QIAEXII (Qiagen) and subcloned into pGEM®-T and pGEM®-T Easy vector systems
(Promega). Sequencing was performed on both strands on an ABI377 DNA Sequencer
(Applied Biosystems). The obtained sequences were blasted against the non-redundant public

databases using the NCBI website.

2.2.3. Quantitative RT-PCR

Total RNA was treated with DNAse I (Ambion) and reverse-transcribed with an oligo-dT
primer using 1% strand cDNA synthesis kit for RT-PCR (AMV) (Roche). For quantitative
PCR, cDNA was amplified with gPCR™Mastermix Plus for SYBR® Green I (Eurogentec).
Primer sequences used in PCR reactions were chosen based on the sequences available in
GenBank. Primers (Microsynth AG) were designed to generate a PCR amplification product
of 160-220 bp. Only primer pairs yielding unique amplification products without primer
dimer formation were subsequently used for Real Time PCR assays. The mRNA expression

of all genes reported is normalized to ribosomal protein L8 expression.
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2.3. Results
2.3.1. Transcript differences between innervated and denervated soleus
Analyzing RNAs from three innervated and denervated muscles showed differences in the

expression level of 202 transcripts. To evaluate the significance of the observed mRNA

changes, the results were compiled into functional categories (Table 1).

Table 1. Expression profile of genes identified by RDD.
Names and Genebank identifier (ID) of the transcripts detected in soleus rat muscles. The relative ratio (3
denervated versus 3 innervated muscles) are displayed. The P-Value has been also calculated.

Induction

Functional unit/Gene ID Den/inn P-Value Regulation
Nerve/muscle

synaptotagmin-like protein AK010527 0,800 0,251 down
Synapse elimination

prothrombin M81397 1,392 0,180 up
Vesicular transport

synaptic vesicle glycoprotein 2B (Sv2b) AF372834 0,435 0,060 down
Extracellular matrix

alpha 8 integrin gi47717126 1,479 0,164 down
annexin V (Anx5), Lipocortin V gi 939850 0,316 0,178 down
extracellular matrix protein 2 (Ecm2), SPARC-likel, mast9, hevin gi 6978788 0,581 0,003 down
procollagen, type VI alpha3 (type VI collagen alpha 3 subunit) gi 13529550 0,202 0,038 down
lysyl oxidase (Lox) gi 8393732 1,270 0,103 up
Cytoskeleton

alpha-1 actin V01218 0,647 0,160 down
alpha-actinin 2 (a-actinin skel. muscle isoform 2) gi 12834316 (422 0,043 down
dynactin 6 (Dctn6), WS-3 protein, dynactin subunit p27 gi 6756008 0,417 0,025 down
LIM and PDZ domain 1 (elfin) (Pdlim1) U23769 0,394 0,036 down
myosin light chain 2 (MCL2), cardiac gi 56682 0,164 0,028 down
myosin light chain 3 alkali cardiac ventricles (MyI3) gi 56680 0,577 0,046 down
nonerythroid alpha-spectrin, alpha Il spectrin, alpha-fodrin gi 203013 0,107 0,066 down
palladin XM_224797 0,300 0,024 down
smoothelin large isoform L2 BC002317 0,440 0,063 down
titin immunoglobin domain protein, myotilin (Ttid) gi 16740675 0,347 0,056 down
titin, heart isoform N2-B AK009965 0,623 0,082 down
titin, transcript variant N2-A gi19747266 0,312 0,008 down
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Table 1 to be continued

titin-cap protein (Tcap), telethonin 0i 6755725 626 0,259 down
troponin 1, slow skel. muscle troponin | gi 20910382 0,397 0,093 down
troponin |, slow isoform, slow fiber troponin | gi 8394462 0,411 0,035 down
troponin-T M15202 0,466 0,115 down
2B myosin heavy chain gi 288643 1,259 0,195 up
alpha-tropomyosin M34134 8,675 0,004 up
dystonin isoform b, bullous pemphigoid antigen 1 (Bpagl) gi 20845210 g ,542 0,028 up
myopodin (synaptopodin2) Al848603 1,333 0,041 up
myosin heavy chain 2B (MYHC-1IB) gi 13177514 1 908 0,109 up

Actin monomer binding activity
adenylyl cyclase-associated protein 2 (CAP2) AKO033071 0,848 0,080 down

Transmembrane proteins

AMIGO 3 AK088051 0,484 0,004 down
chondroitin beta 1,4 N-acetyl galactosaminyltransferase gi 20864357 1,015 0,341 down
L-type voltage-dependent Calcium channel alpha2delta NM_012919 1,932 0,089 down
lymphocyte antigen 68 (Ly68), cell surface antigen AA4 gi 6754577 0,846 0,371 down
CD28 AK030812 1,045 0,052 up
Embigin 0i16758533 9,475 0,01852 up

Signal transduction

guanine nucleotide binding protein beta polypeptide 2-like 1 (Gnb2I1) gi 18543330 0,811 0,151 down
myo-inositol monophosphatase 1 (Impal) gi14091735 0,472 0,098 down
protein phosphatase 2A catalytic subunit X14159 0,482 0,076 down
protein tyrosine phosphatase, non-receptor type 3 (Ptpn3) gi 20828735 0,775 0,163 down
small G-protein RAP-2A-like protein AL670230 0,721 0,221 down
sphingosine-1-phospate phosphatase 1 BC026814 0,580 0,124 down
acid sphingomyelinase-like phosphodiesterase 3b BC009087 2,542 0,002 up
casein kinase Il, alpha 2 polypeptide AK004115 2,742 0,111 up
liver regeneration-related protein 2, TRAF6-binding protein (T6BP) AF509819 1,576 0,088 up
protein phosphatase 2 (formerly 2A), catalytic subunit, o isoform gi 8394017 1,516 0,076 up
sarcolipin AK009809 1,927 0,061 up
calcyclin binding protein (Cacybp), homology with Cyp2A2 gi 19683987 2 604 0,090 up

Energy metabolism

Fatty acid metabolism

cytosolic malate dehydrogenase gi 3747084 0,335 0,022 down
fatty acyl-CoA reductase AK014486 0,695 0,055 down
heart fatty acid binding protein (H-FABP) gi 204079 0,555 0,077 down
lipoprotein lipase (Lpl) gi 6981167 0,249 0,019 down
methylmalonyl-CoA epimerase gi 20832468 0,249 0,022 down

Citric acid cycle

citrate synthase EC 4.1.3.7 gi20987214 0,425 0,049 down
isocitrate dehydrogenase 1 NM_031510 0,582 0,103 down
succinate dehydrogenase complex, subunit B gi 17235761 0,494 0,003 down

Glycogen metabolism
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glycogen phosphorylase muscle isozyme
glycogenin
muscle glycogen phosphorylase (MGP), CYP17

Oxidative phosphorylation

adenine nucleotide translocator solute carrier family m25 (slc25a4), ANT1

ATP synthase subunit 6

ATP synthase subunit 9 (C) isoform 3 (Atp5g3)

ATP synthase subunit gamma (ATP5L)

ATP synthase, H+ transporting, mitochondrial F1FO complex, subunit e
ATPase classll type 9A, ATPase 9A (Atp9a)

cytochrome-c oxidase Il

electron transfer flavoprotein beta subunit (BETA-ETF)

F1-ATPase alpha subunit (EC 3.6.1.34)

NADH dehydrogenase (ubiquinone) 1 beta subcomplex 5 (Ndufb5)
NADH:ubiquinone oxidoreductase 17.2 kDa subunit
ubiquinol-cytochrome c reductase iron-sulfur subunit, mitochondrial
voltage-dependent anion channel VDAC1

ATPase inhibitor protein (Atpi), mitochondrial IF1 protein
mitochondrial inner membrane translocase (Timm8b, DDP2)
ubiquinol cytochrome c reductase complex 7.2 kDa protein

Detoxification
alcohol dehydrogenase class Il (Adh-B2)

Amino acid metabolism
4-hydoxyphenyl pyruvate dioxygenase
fumarylacetoacetate hydrolase

Pentose phosphate pathway
transaldolase 1 (Taldol)

Mitochondrial energy conversion beta-oxidation

hydroxyacyl-CoA dH/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase, o-
subunit

Portein turnover

12S ribosomal RNA

BRIX

mitochondrial 28S ribosomal protein S32 (MRP-S32)
mitochondrial RNA-processing endoribonuclease (RMRP)
proteasome 26S subunit ATPase 2 (Psmc2, MSS1)
ribosomal protein L10a (Rpl10a)

ribosomal protein L21

ribosomal protein L31 (Rpl 31)

ribosomal protein S8 (Rps8)

TFIIH (Naip3)

TFIIA

ubiquitin-like protein GDX (ubiquitin-like protein 4)

Protein synthesis

L10669
gi 13277959
0i 310176

D12770
X14848
AF315374

gi 17978458
gi 13905301
X14848
gi 2131203
gi 57028
0119263528
gi 12833603
gi 18044190
AB039662
gi 286197
AF196315
AK012489

XM_215714

BC034099
XM_220229

gi 13929151

gi 18677762

S63167
AK010171
gi 19353347
gi 20826446

D50694

gi 135920008
gi 20339142

X04809
gi 13928985
AF242432
gi 18448379
gi 20984330

Table 1 to be continued

1,003

0,817
0,303

0,132
0,511
0,697
0,398
0,660
0,804
0,199
0,584
0,531
0,504
0,502
0,183
0,371
1,319
1,158
2,754

1,738

0,343
0,287

1,370

0,531

0,204
0,566
0,654
0,151
0,287
0,686
1,146
0,477
0,617
0,950
0,697
0,723

0,361
0,322
0,009

0,006
0,027
0,000
0,062
0,075
0,032
0,013
0,012
0,031
0,006
0,067
0,145
0,064
0,014
0,123
0,063

0,039

0,008
0,067

0,160

0,000

0,005
0,008
0,108
0,092
0,018
0,033
0,417
0,067
0,077
0,461
0,036
0,048

down
down

down

down
down
down
down
down
down
down
down
down
down
down
down
down
up
up
up

up

down
down

up

down

down
down
down
down
down
down
down
down
down
down
down

down

36



Investigation of new factors involved in NMJ formation

4-hydoxyphenyl pyruvate dioxygenase

fumarylacetoacetate hydrolase

glutaminyl-tRNA synthetase

ribosomal protein L14

elongation factor 1 alpha

endoplasmic reticulum protein 29 (Erp29)

eukaryotic translation initiation factor 3 subunit 4 subunit p42

Protein degradation/folding/modifications
prosome macropain 28 subunit alpha (Psme 1)

cyclophilin A

carbohydrate (chondroitin) synthase 1
Nedd4, WW domain-binding protein 5
ubiquitin specific protease 28
ubiquitin-specific protease 14 (Usp14)

Transcription
bromodomain-containing protein 7 (Brd7), BP75

cell growth regulatory with Ring-Finger domain Cgrl9
constitutive androstane receptor (CAR, NR1I3)

FK506 binding protein 3 (25 kD) (Fkbp3) (Fkbp 25)
histone deacetylase 1 (HDACL1)

Ring-finger protein 13

signal transducer and activator of transcription 1 (STAT1)
TFIE

calmodulin 1

Swi/SNF related matrix associated actin dependent regulator of chromatin

Zinc finger protein 265 (Znf 265) (Zfp 265)
Zn-finger/Leu Zipper protein (AF10)

Cell cycle

Cell cycle growth/progression
PTZ 17 (P311)

retinoblastoma-related gene (Rb2), p130, fused toes (Fts)
rat growth and transformation-dependent mRNA
RGC 32 protein (response gene to complement 32) (Rpgc32)

Apoptosis
inhibitor of caspase-activated deoxyribonuclease
castration induced prostatic apoptosis related protein-1 (CIPAR-1)

Intracellular signalling
progesterone membrane binding protein, steroid receptor protein DG6

transferrin receptor 1 (TFR1)

Gametogenesis/meiosis/spermatogenesis
spindlin 1
protein kinase NYD-SP15

BC034099
XM_220229
BC023023
XM_231617
X63561
0i13177514
gi 20884037

gi 8394087
gi 8394008
XM_218758
gi 18042813
gi 20888426

gi 14919407

gi 6755233
gi 16758771
AK028388
gi 12805310
gi 12653070
AK009868
gi 20846615
gi 26009942
gi 4010862
gi 20809350
gi 13928844
gi 20820758

D45203
gi 13592040
M17412
gi 16758927

AK051011
AJ010750

gi 20867173
gi 21668434

gi 20895182
AK038926

Table 1 to be continued

0,343

0,287
0,185
0,350
1,461
1,081
2,633

1,202
1,247
3,545
1,190
1,390
1,501

3,169
0,384
0,659
0,377
0,337
0,746
0,282
0,552
1,253
1,177
1,191
1,857

0,702
0,381
1,401
2,168

0,338
3,434

1,688
0,356

0,682
0,907

0,008
0,067
0,046
0,011
0,012
0,269
0,135

0,029
0,024
0,084
0,085
0,003
0,061

0,027
0,031
0,071
0,004
0,026
0,097
0,081
0,171
0,060
0,020
0,095
0,150

0,047
0,002
0,109
0,099

0,027
0,014

0,112
0,007

0,001
0,054

down
down
down
down
up
up
up

up
up
up
up
up
up

down
down
down
down
down
down
down
down
up
up
up
up

down

down
up
up

down
up

up
down

down
down
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Table 1 to be continued

Stress response

Hsp90 S45392 4,071 0,109 up
Transport

Endosome to Golgi trafficking

sorting nexin 2 (Snx2) gi 13385877 0,749 0,221

Membrane trafficking
FYVE and coiled-coil domain containing protein 1 (Fycol), pMEM2 gi 18250725 0,577 0,147 down

Golgi-specific Brefeldin A-resistant guanine nucleotide exchange factor 1~ gi 20889959 1 384 0,030 up

Nuclear protein export
nucleoprotein 50 kDa (Nup 50) gi 6981295 0,493 0,002 down

nuclear pore complex protein Nup107 gi 16758681 0,452 0,006 down

Nucleotide transport
myeloid cell leukemia sequence 1 (Mcl1), EAT/MCL-1 gi 19774509 2 746 0,023 up

nucleoside diphosphate kinase (Nme 2) S39901 0,972 0,363 down

Drug metabolism
3'-phosphoadenosine 5'-phosphosulfate synthase 2 (Papss2) gi 6754983 1,439 0,084 up

Thrombogenesis

tissue factor pathway inhibitor AK034752 0,703 0,058 down
prothrombin M81397 1,392 0,180 up
Unknown

hypothetical protein XP_144930 0,518 0,155 down
hypothetical protein FLJ10702 AK050362 0,427 0,007 down
hypothetical protein FLJ12888 XP_225150 0,692 0,019 down
hypothetical T29315 protein (H.s. CGI-146 protein) BC040687 0,679 0,201 down
mitochondrial genome D loop region AY172581 0,630 0,171 down
secreted protein of unknown function XM_213975 0,188 0,015 down
similar to KIAA0582 protein BC027174 0,432 0,002 down
RIKEN D130062H10 (embry spinal ganglion, unique) AK051657 3,124 0,008 up
hypothetical protein FLJ20984 BC021423 1,832 0,051 up
RIKEN 5730409K12 unclassifiable (embryo, brain) gi 12856822 4,566 0,002 up
Glu-Pro dipeptide repeat lipid protein gi 16758277 1210 0,123 up
RIKEN 1110001E17 unclassifiable transcript gi 20864635 2 732 0,057 up
unknown 5 (mouse chromosome 5) AC011419 0,864 0,367 down
unknown 10 (mouse chromosome 2) AL928963 0,438 0,091 down
unknown 25 (mouse chromosome 2) AL714023 3,098 0,058 up
unknown 43 (mouse chromosome 2) AC122202 1,471 0,015 up
unknown 95 (mouse chromosome 2) AL732413 1,607 0,137 down
unknown 146 (mouse chromosome 4) AL808103 1,170 0,115 up
unknown 89 AL606975 2,699 0,008 up
unknown 114 AC098709 0,527 0,014 down
unknown 143 u48809 0,623 0,186 down
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Table 1 to be continued

unknown 149 BC024874 1,249 0,039 up
unknown 28 0,408 0,094 down
unknown 34 1,208 0,083 up
unknown 46 2,035 0,055 up
unknown 59 3,636 0,092 up
unknown 116 0,695 0,039 down
unknown 124 0332 0,039 down
unknown 133 0,739 0,074 down
unknown 134 0,898 0,100 down
unknown 135 1,008 0,322 down
unknown 138 0991 0,384 down
unknown 139 1,295 0,006 up
unknown 171 1,980 0,013 up
unknown 174 4,021 0,088 up

Brief general observations can be made before proceeding to the molecules potentially
involved in NMJ formation. Three mechanisms of muscle atrophy are highlighted at the
molecular level according to the number of genes found with altered expression in each
category. We did not observe significant difference in muscle mass between innervated and
denervated muscles 4 days after denervation. However the cellular processes underlying
muscle atrophy probably have already started. A slow-twitch towards a fast-twitch partial
transition has been widely demonstrated in the slow-twitch soleus muscle in atrophy (Diffee
et al., 1991; McDonald et al., 1994) which is observed by a general down-regulation of genes
encoding cytoskeletal components. The genes involved in energy metabolism were found to
be down-regulated. This is in full agreement with the less aerobic energy supply of fast-twitch
muscle fibers in atrophy (Thomason and Booth, 1990). Down-regulation of essential genes
involved in protein synthesis, maturation and of transportation and the up-regulation of genes
involved in protein degradation appear to be a basic component of the muscle atrophy process

too (Goll et al., 1998).
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Fig. 2.2. Representation on a polyacrylamide gel of genes differentially regulated upon denervation

following RDD analysis with one primer pair.
In red colour, Embigin which is up-regulated upon denervation. In blue colour, genes that are down-

regulated after denervation.
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The functional unit grouping genes encoding transmembrane proteins was of particular
interest in our purpose. mRNAs coding for transmembrane proteins were in majority down-
regulated upon denervation. However one muscle specific gene that is highly up-regulated

upon denervation and of potential interest is Embigin (Fig. 2.2).
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2.3.2. Validation: PCR verification of transcript expression level

The relative levels of transcripts described in the literature to be up-regulated upon
denervation were tested by quantitative RT-PCR on the three innervated and three denervated
muscle samples used for RDD. It was confirmed that the mRNAs coding for AChR 6 subunit,
MyoD and MuSK are strongly up-regulated upon denervation (Fig. 2.3A), as demonstrated
previously by Northern Blot (Bowen et al., 1998; Eftimie et al., 1991; Goldman et al., 1988).
The up-regulation of mRNAs coding for diffusible factors, GDNF and IGF-1 (Fig. 2.3B),
upon denervation is confirmed as demonstrated previously (Krishan and Dhoot, 1996; Lie and

Weis, 1998). Therefore the mRNA template used for RDD is validated.
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Fig. 2.3. PCR verification of transcript level of synaptic genes and known secreted proteins.

A, Analysis by Real Time PCR of MyoD, AChR & subunit and MuSK mRNAs expression in soleus rat
muscles after 4 days of denervation. Expression of the innervated adult soleus rat muscles was set to 1.
Values were normalized to RL8 mRNA (data means+SE). B, Analysis by Real Time PCR of GDNF and
IGF-1 mRNAs expression in soleus rat muscles after 4 days of denervation. Expression of the innervated
adult soleus rat muscles was set at 1. Values were normalized to RL8 mRNA (data means+SE, n=3
experiments with duplicate values).
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The results of the RDD were validated for a number of other genes coding for cytoskeleton
proteins, protein degradation proteins, synapse elimination and thrombogenesis proteins,
synaptic vesicular transport and unknown protein. In each case, at least, qualitative agreement

between the results using the two methods was observed (Table 2).

Regulation
mRNA expression
Gene relative to innervated S.D. Q-PCR RDD
muscles

alpha-tropomyosin 32,77 12,2931 up up

myosin heavy chain 2B 65,56 17,6459 up up
myosin light chain -10,20 1,5100 down down
smoothelin -2,72 0,2300 down down

prosome macropain 28S 13,74 3,9600 up up

sorting nexin 2 2,73 0,2051 up up

prothrombin 4,19 0,0318 up up
synaptic vesicle glycoprotein 2B (Sv2b) -1,27 0,1520 down down
LIM and PDZ domain 1 (elfin) (Pdlim1) -3,66 0,9800 down down
secreted protein of unknown function -2,75 0,7400 down down

Table 2. PCR verification of some transcripts identified by RDD.

Analysis by Real Time PCR using Sybr Green dye of embigin mRNA expression in rat soleus muscles 4
days after denervation used for RDD. Expression of the innervated adult soleus rat muscles was set to 1.
Values were normalized to RL8 mRNA (data means+S.D., n=3 animals with duplicate values).

It was also confirmed that the mRNA coding for Embigin is strongly up-regulated upon
denervation. Embigin is highly expressed in denervated muscles to attain a maximum level of

~ 140-fold higher in denervated samples (Fig. 2.4).
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Fig. 2.4. Analysis by Real Time PCR using Sybr Green dye of Embigin mRNA expression in rat soleus
muscles 4 days after denervation.

Expression of the innervated adult soleus rat muscles was set to 1. Values were normalized to RL8 mRNA
(data means+SE).

42



Investigation of new factors involved in NMJ formation

2.4. Discussion

RDD allowed the identification of many differentially expressed genes upon denervation. The
vast majority of genes are involved in general functions of muscle cells i.e. cytoskeleton,
energy metabolism, protein turnover. These genes were generally down-regulated upon
denervation as a consequence of muscle atrophy. Only few genes of our interest were isolated.
One reason is the technical limitations. 48 primer pairs cover about 71% of total transcripts.
Thus several molecules known to be secreted, for example GDNF and CT-1, and molecules
known to play key roles at the NMJ, for example AChR, MuSK and MyoD, were not resolved
by RDD.

However one gene called Embigin of potential interest has been isolated by RDD. Embigin is
a glycoprotein belonging to the IgSF, class of cell adhesion molecules (Ozawa et al., 1988). In
Chapter III, experiments will be presented examining the potential involvement of Embigin in

NMJ formation.
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Chapter |11

3. Embigin, a surface molecule In
muscle involved In  synapse

formation?
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3.1. Introduction

To define a synaptic cell adhesion molecule three criteria have to be met. First, a high degree
of conservation is a hallmark of the key players involved in synaptic cell adhesion activity. N-
CAM identified in mammals is conserved to high degree with Fasll but it lacks important
domain for recognition of PDZ-domain proteins that is present in Fasll. Second, the potential
synaptic adhesion molecules have to be concentrated at synapses. N-CAM forms are present
at presynaptic and postsynaptic membranes (Dityatev et al., 2000) but also elsewhere
(Schachner, 1997) and Nectins are found more in the synaptic surroundings (Takai and
Nakanishi, 2003). Third, in constitutive- or conditional null-mutants a dramatic synaptic
phenotype has to be observed (Missler, 2003). Thus there are many candidates but little
evidence: SynCAM and Nectins have been studied only in in vitro assays. The molecular
nature and the mechanisms governing synaptic cell adhesion molecule are still wide open
questions.

The extracellular domain of Embigin shares homologies with the extracellular domain of
SynCAM, that has been shown to drive synaptic assembly in the CNS (Biederer et al., 2002)
and has a role in cell adhesion (Huang et al., 1993). This led us to investigate the role of

Embigin in neuromuscular synapse formation.

3.1.1. Embigin

3.1.1.1. Embigin: a cell adhesion molecule

Embigin is a member of the IgSF, of the Basigin/Embigin/Zov-3 subgroup (see Annexe). It
has been identified as a carrier of a developmentally regulated carbohydrate marker found in
early embryonic cells (Ozawa et al., 1988). Thus one possible function of Embigin is to play a
role in the adhesion leading to formation of a neuromuscular contact. Indeed it has been
shown that Embigin enhances adhesion of cultured fibroblasts cells overexpressing Embigin

(Huang et al., 1993).
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3.1.1.2. Genomic organization

Embigin gene is located in chromosome 13 in mouse. The Embigin gene spans more than
50kb and contains nine exons (Fig. 3.1). All exons contain protein-coding sequences. Each of
the two Ig-domains is encoded by two exons and the C-proximal part of the second Ig-domain
also encodes the transmembrane domain (Tachikui et al., 1999). There are two potential sites
of polyadenylation which result in two transcripts. In mouse, size of the transcripts is 2,1kb
and 1,4kb.

The 5’-flanking sequence of Embigin exhibits a promoter activity. The promoter contains a
single putative Spl-binding site but lacks any consensus TATA- and CAAT-boxes (Tachikui
et al., 1999). Two putative MyoD-binding sites (E-boxes) have been also identified. They are
located at —350bp and —200bp.

Embigin
1,4 kb
aaataaa
2 34
) I|
/
aaataaa
10kb
Embigin
2,1kb

Fig. 3.1. Genomic organization of the mouse Embigin gene.
Two potential sites of polyadenylation result in two transcripts: 1,4 kb and 2,1 kb. This figure has been
derived from sequences found in the mouse genome GenBANK database.
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3.1.1.3. Protein structure of Embigin

The full-length cDNA for mouse and rat Embigin encodes a protein of 329 aa with a predicted
molecular weight of 37kDa. The protein has a predicted 23 aa signal peptide (residues 1-23)
and a single transmembrane domain (residues 254-282). Embigin has nine potential sites of
N-glycosylation (Fig. 3.2). It is predicted to have one Ig-like domain (88-145) principally
folded into multiple B-sheets and a Ig-V-like domain (181-239) near the transmembrane
region with cysteines 88, 145 and 181, 239 predicted to be linked by disulfide bonds
stabilizing each Ig domain (Ozawa et al., 1988). The cytoplasmic tail is short and composed
of 47 aa. Three potential sites of phosphorylation are present in the C-terminal part (Fig. 3.2)
with a paucity of any common motifs involved in cell signaling.

Sequence similarities of Embigin in different species were determined (Fig. 3.2). The
transmembrane domain is highly conserved between the different species as well as the
cytoplasmic part. Embigin is highly conserved during evolution. Homologs of Embigin are
present in the genomes of many other species including monkey, mouse, dog, rabbit, chicken,

fish and drosophilia (Guenette et al., 1997).
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mEmb
rEmb
hEmb

mEmb
rEmb
hEmb

mEmb
rEmb
hEmb

mEmb
rEmb
hEmb

mEmb
rEmb
hEmb

mEmb
rEmb
hEmb

1 MRSHTGLRALVAPGYPLLLL-CLLAATRPDPAEGDPTDPTFTSLPVREEMMAKYSNLSLK
2 MRSHTGLRALVAPGCSLLLL-YLLAATRPDRAVGDPADSAFTSLPVREEMMAKYANLSLE
3 MRALPGLLEARARTPRLLLLQCLLAAARPSSADGSAPDSPFTSPPLREEIMA-NNFSLE

First Ig-Domain
60 SCNISVTEKSNVSVEENVILEKPSHVELKEVYTATKDLNLMNVTWKKDDEPLETTGDFNT
61 TYNISLTEQTRVS-EQNITLERPSHLELECTFTATEDVMSMNVTWKKDDALLETTDGFNT
61 SHNISLTEHSSMPVEKNITLERPSNVNLTEQFTTSGDLNAVNVTWKKDGEQLE--NNYLV

First Ig-Domain

FL-GE-ELRGTENIRVPKVHGKNKPLITYVGDST
FFREEKEQRGTFNFKVPELHGKNKPLISYVGDST

120 TKMGDTLYSQYRFTVFNSKQMGKYS
119 SATGSTLYTQYRFTI INSKQMGSYS

120 TKMGNTLTSQYRFIVFNSKQLGKYSIVF—GEKELRGTFNIHVPKAHGKKKSLIAYVGDST

Second Ig-Domain
179 VLKEVCQDCLPLNWTWYMGNETAQVP IDAHSNEKY I INGSHANETRLKIKHLLEEDGGSY
178 VLKEECQNCLPLNWTWYMSNGTAQVP IDVHVNDKFD INGSYANETKLKVKHLLEEDGGSY
179 VLTEKCQONCFPLNWTWYSSNGSVKVPVGVQMN-KYVINGTYANETKLKITQLLEEDGESY

y
239 RATFQLGESEEQNELVV VPLKPFLATLAEV VA CEVYIHKKKNDPDAG

238 RAAFPLGESEEHIKLVVLSFMVPLKPFLAT TAEVILLVAIL ILLCEVYMQKKKNDPDDG
238 RALFQLGESEEHIELVVLSYLVPLKPFLVIVAEVILLVATILLCEKYlQKKKKHSDEG

298 KEFEQIEQLKSDDSNGIENNVPRYRKEDSGDQ

299 KEFEQIEQL DDSNGIENNVPRYR&IDSADQ
298 KEFEQIEQLKSDDSNGIENNVPRHRKNESLGQ

Fig. 3.2. Sequence alignment of Embigin
Amino acid sequences of mouse, rat and human were aligned by Clustal V multiple alignment. The different
domains are indicated. The signal peptide is underlined. Amino acid residues conserved in all three species are
shown by black letters. Amino acid residues similar to mouse Embigin are indicated in blue letters and amino
acid residues different from mouse Embigin are shown in red letters. Potential N-linked glycosylation sites
(identified by ScanProsite) are shown in black letters with yellow background while potential sites of
phosphorylation (identified by ScanProsite) in black letters with green background. The conserved cysteine
residues are indicated in black letter with a pink background.
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3.1.1.4. Developmental and tissue-specific expression of Embigin

Embigin mRNA expression is low in a variety of adult rat and mouse tissues (Guenette et al.,
1997; Huang et al., 1993). The abundance of Embigin mRNA appears low in kidney, liver,
heart, small intestine and skeletal muscle in mouse and in addition in testis and mammary
gland in rat. However in mouse embryos, Embigin mRNA is highly expressed from day 0 to
day 9 of gestation (Huang et al., 1990). With in situ hybridization it has been shown that
Embigin mRNA is present in higher amount from day 7 to day 9 in the embryo. Embigin
mRNA is also present in high amount in embryonal carcinoma (EC) cells. EC cells

correspond to cells of embryonic ectoderm of 5- to 6-days gestation (Huang et al., 1990).

The denervation of skeletal muscle is thus the first physiological stimulus that induces the

expression of Embigin mRNA in adult tissues as it has been shown by RDD previously

(Chapter II).

3.2. Materials and methods

3.2.1. Animal handling

For denervation experiments, soleus muscles of 6- to 8-week of Wistar rats and gastrocnemius
muscles of 6- to 8-week old BL6/C57 mice were denervated by cutting the sciatic nerve. Rat
soleus muscles and mouse gastrocnemius muscles were dissected after different days of
denervation. Additionally rat soleus muscles denervated for 5 days were subsequently
stimulated for 5 days with intermittent 100Hz stimulation. For innervated control samples,
soleus and gastrocnemius muscles from age-matched rats and mice were isolated. Mouse

neonatal leg muscles were also dissected at stage P2, PO being referred to as day of birth.

Diaphragms of 6- to 8-week old Wistar rats were dissected. After section of the diaphragms
the whole diaphragm was stained with a-bungarotoxin-rhodamine (Molecular Probes) in
Leibowitz 15 (L15) solution (40% of L15 medium from Sigma , 60% of a solution of 140 mM
NaCl, 3mM KCIl, 37uM MgCl,, 2,5mM CaCl, with a pH between 7,2 and 7,4; 4mM HEPES,
6,5mM glucose) for 2hrs at 4°C. After a short wash in Ca* Mg" free PBS (see Molecular

Cloning), the extrasynaptic region and the synaptic region of the diaphragm was separated.
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Diaphragms of 6- to 8-week old Wistar rats were also denervated for 6 days. After dissection
of the diaphragms, the separation between the extrasynaptic region and the synaptic region of
the denervated diaphragms was performed as described above using o-bungarotoxin-

rhodamine (Molecular Probes).

3.2.2. C2C12 cell culture

C2C12 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) low glucose
from Sigma, 20% foetal calf serum (Invitromex), 100U/mL streptomycin, 100U/mL penicillin
(Sigma), 1x glutamine (Gibco) at 37°C at 5% CO, at a confluence of 20%. 8x10" cells were
passaged onto 6-well plates that had been coated with 0,003% of gelatine (Fluka). Two days
later the growth medium was replaced by the fusion medium DMEM high glucose (Gibco)
with 5% horse serum (Invitromex), 100U/mL streptomycin, 100U/mL penicillin (Sigma), 1x
glutamine (Gibco). Time course experiment started the day when the medium was switched
from the proliferation medium to the differentiation medium and corresponds to TO. The RNA
from C2CI12 cells were extracted with 500uL of TRIReagent® (Molecular Research

Products) after indicated days of differentiation.

3.2.3. Quantitative RT-PCR and Northern Blot

Total RNA from innervated and denervated muscles as well as C2C12 cells were prepared
using TRIReagent® according to manufacturers instructions (Molecular Research Products)
in green-capped FastPrep™ lysing Matrix D tubes (Biol01, QBiogene) to homogenize the
muscle samples. These total RNAs were used in quantitative PCR and Northern Blot. For
quantitative PCR, total RNA were first reverse-transcribed with an oligo-dT primer using first
strand cDNA synthesis kit for RT-PCR (AMV) (Roche). The cDNAs were then amplified
with qPCR™Mastermix Plus for SYBR® Green I (Eurogentec) with the following primer
pairs: mouse Embigin forward primer CTC CTC CTT CTA TGT CTT CT, reverse primer
TAC ACG CAT TTG AGT TCC AC, rat Embigin forward primer GCC ATC ATC CTG CTT
TGT GA, reverse primer CCC CAG AGT CCG TTT TTC TGT, mouse AChR 6 subunit
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forward primer CTT GTT GTG TGT GCC CTC C, reverse primer GTC TCC TCC ACT TCT
TTC AG, rat AChR 0 subunit forward primer ACC GTC TCT GCT TGT TTG TG, reverse
primer CGC CTG TCC TGT TCA TCA TA, mouse RLS8 forward primer ACT GGA CAG
TTC GTG TAC TG, reverse primer, GCT TCA CTC GAG TCT TCT TG, rat RL8 forward
primer ACT GGA CAG TTC GTG TAC TG, reverse primer GCT TCA CTC GAG TCT TCT
TG. Primer sequences used in PCR reactions were chosen based on the sequences available in
GenBank. Primers were from Microsynth AG. The size of the fragments for mouse Embigin,
rat Embigin, mouse AChR & subunit, rat AChR 6 subunit, mouse RL8 and rat RL8 was
respectively 196bp, 151bp, 188bp, 134 bp, 199bp and 201bp. Only primer pairs yielding
unique amplification products without primer dimer formation were subsequently used for
real-time PCR assays. The internal standard control used in quantitative RT-PCR was

ribosomal protein L8 mRNA. The positive control was AChR & subunit mRNA.

For Northern Blot, the total RNAs were fractioned by electrophoresis on a 2% agarose gel
containing 5% formaldehyde. The total RNAs were then transferred onto Zeta-Probe® GT
genomics tested blotting membranes (Bio-Rad) in 20xSSC buffer by capillarity for 40 min.
The membranes were hybridized in hybridization solution 0,5M NaP pH 7,2 (prepared as
followed 2mM Na,HPO,4 and 0,66mM NaH,PO,) 1mM EDTA, 7% SDS overnight. Blots
were washed twice in 0,2% SSC, 1% SDS washing solution at room temperature for 15 min.
The blots were exposed to X-ray film (Kodak Biomax Film). Blots were quantified on a
Phosphorlmager (Amersham Biosciences) using ImageQuant tools software (Molecular
Dynamics). The cDNAs probes were labelled with **P using Megaprime DNA labelling kit
(Amersham Biosciences) and purified on Mini Quick DNA columns (Roche). The cDNAs
probes were diluted in the hybridization buffer at a concentration of 10°cpm/mL. For

normalization, the blots were hybridized with ribosomal protein L8 cDNA probe.

3.2.4. DNA constructs

Mouse Embigin full length was subcloned into pGEM-T easy vector (Promega) using 5’Kpnl
forward primer GGC GGT ACC ATG CGC TCG CAC ACT GGC and 3°Xhol reverse primer
CCG CTC GAG TCA CTG ATC TGC AGA GTC. A pcDNA3 expression vector driven by
mouse Embigin full length tagged with myc at the N-terminal part was constructed by initially
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subcloning the Kpn I (+105bp) to Xba I (+1097bp) generated fragment into the unique Kpn
I/Xba 1 sites of pcDNA3-basic (Invitrogen). The five-myc-epitope-repeats were subcloned
into pGEM-T easy vector (Promega) after digesting the expression vector pcDNA1-myc
(Meier et al., 1998a) by Hind III. The five myc epitope repeats were then inserted at +287bp
into pcDNA3-Embigin using a generated Hind III restriction site by PCR mutagenesis with
the following forward primer TGG CGA AAT ACT CAA AGC TTT CCT TAA AGA GCT
G and the reverse primer CAG CTC TTT AAG GAA AGC TTT GAG TAT TTC GCC A.
pCAGGS-EGFP is an expression vector constructed by subcloning the Xho I fragment of
EGFP from pEGFP-N1 (Clontech) into pPCAGGS vector to express EGFP in the whole cell. It
was a generous gift from Pr. Bettler and Dr. Gassman. pSCT1-NgCAM is an expression
vector constructed by initially subcloning mouse NgCAM full length into pSCT1 expression
vector. PSCT1-NgCAM was a generous gift from Pr. Sonderegger.

3.2.5. Protein extracts and western blotting

HEK 293 cells were grown in DMEM high glucose (Sigma), 10% horse serum (Invitromex),
100U/mL streptomycin, 100U/mL penicillin (Sigma), 1x glutamine (Gibco) at 37°C at 5%
CO,. 3x10° cells were passaged onto 6 cm plates and the day after transfected with mouse full
length embigin tagged with myc using TransPEI transfection reagent according to
manufacturers instructions (Eurogentec). Non transfected and transfected cells were washed 2
times with ice-cold PBS and proteins were extracted with 500uL of 10% SDS. For each
sample, the similar amounts of total protein were boiled in SDS gel-loading buffer (50mM
Tris.Cl pH 6,8, 100mM dithiothreitol, 2% SDS, 0,1% bromophenol blue, 10% glycerol).
Samples were separated on a 10% polyacrylamide gel and transferred to Immobilon-P
(Millipore) by semi-dry electroblotting in transfer buffer (48mM Tris base, 39mM glycine,
20% methanol). The membranes were then blocked with a blocking solution (PBS, 5% milk)
overnight at 4°C. Embigin was detected by an anti-serum against a twelve aa sequence:
PDPAEGDPTDPT designed in the extracellular part of mouse Embigin full length. This anti-
serum against Embigin was produced in a sheep by Pineda, Berlin. Anti-serum against
Embigin diluted at 1/50 or monoclonal mouse anti-myc clone 9E10 antibody peroxidase
conjugated (Santa Cruz Biotechnology) diluted at 1:250 in incubation buffer (PBS, 2,5%

milk, 0,1% Tween20) was used to detect embigin on the blots. The membranes were washed
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three times in washing solution (PBS, 0,1% Tween20) at room temperature for 5 min. They
were then incubated with peroxidase-conjugated anti-sheep antibody (Upstate) diluted at
1/1000 or peroxidase-conjugated anti-mouse antibody (Promega) diluted at 1/1000 in
incubation buffer. The membranes were washed again three times in washing solution at room
temperature for 5 min. The proteins were visualized followed by electrochemiluminescent

western-blotting detection system (ECL) (Amersham Biosciences).

3.2.6. Homophilic binding assay

HEK 293 cells were cultured as described above. They were co-transfected with pCDNA3-
Embign-myc and pCAGGS-EGFP or with pSCT1-NgCAM and pCAGGS-EGFP using
TransPEI transfection reagent using the manufacturer instructions (Eurogentec). The day after
the transfection they were passaged and cultured in suspension in an erlenmeyer with the
medium used to culture them supplemented by 10mM HEPES in a volume of 30 mL at a
density of 30 000 cells/mL under shaking at 160 rpm for 4hrs. The cells were visualized by

GFP fluorescence on a Axioplan microscope (Leica).

3.2.7. Synaptotagmin clustering experiments

Transmembrane-Agrin expressing HEK293 cells were a gift from Dr. G. Bittchner and Dr.
M.A. Ruegg (Biozentrum, Switzerland) and were grown as described above for HEK 293
cells. The expression of transmembrane Agrin was induced by incubating the cells overnight
with 1ug/mL of tetracycline. COS-7 cells co-transfected with cDNAs encoding mouse full
length Embigin and pCAGGS-EGFP using TransPei transfection reagent according to
manufacturer instructions (Eurogentec) were cultured in the same medium as described above
for HEK 293 cells.

HEK 293 cells (expressing Agrin; untransfected cells) and COS-7 cells (co-expressing
Embigin and GFP; untransfected cells) were plated at a density of 3000 cells per 12 mm
coverslip (Menzer Glaser) and allowed to settle for 1hr to 2hrs at 37°C. The coverslips were
coated overnight with at first poly-L-ornithine 50pg/mL (Sigma) and laminin G 20pg/mL
(generous gift from Dr. J. Engel). Fertilized eggs were purchased from Stockli (Zurich, S).
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Ciliary ganglion neurons were dissected as described (Bernstein, 2003) and added into the
prewarmed 37°C dissection medium MPG (Ca** Mg" free PBS (see Molecular cloning),
100U/mL of streptomycin and penicillin (Sigma), 0,225% of glucose). The ciliary ganglion
neurons were washed once in MPG medium and incubated for 10 min at 37°C. They were
then washed twice in the growing medium (MEM Earle’s salts (Gibco), 10% horse serum
(Invitromex), 100U/mL streptomycin, 100U/mL penicillin (Sigma), 1x glutamine (Gibco),
8% eye extracts from chicken E17 prepared as described by Nishi R. and Berg D.K. (Nishi
and Berg, 1981). They were separated by trituration using a pasteur pipette with a reduced
diameter. Ciliary ganglion neurons (one ganglion per well) were added to the 24-well plates
in ciliary ganglion medium and co-cultured for an additional 48 hrs at 37°C with HEK293
cells or COS-7 cells. The coverslips were then fixed and stained for synaptotagmin as
described above. Only cell bodies that had extended processes and were on the poly-L-
ornithine/laminin substrate were analyzed for synaptotagmin clusters at points of neurite-HEK
293/COS-7 cells contacts. HEK 293/COS-7 cells were scored for the presence of
synaptotagmins clusters. Contacts were scored positive if the relative intensity of the
synaptotagmin fluorescent signal was judged significantly greater than surrounding areas of
neurites (Bixby and Reichardt, 1985). At least 20 contacts were analyzed in each well and a

Student’s t test was performed for statistical analysis.

3.2.8. Immunofluorescence

Cells were washed twice in phosphate-buffered saline Ca>", Mg" free (PBS) then fixed with
4% paraformaldehyde in PBS pH 7.4 for 30 min. Fixed cells were washed twice with PBS
and twice with PBS, 20mM glycine. They were incubated for 20 min either in PBS, 1%
Triton X-100 and 1% foetal calf serum (FBS) or PBS, 1% FBS. Permeabilized cells were
incubated with primary antibody (1:50 dilution of anti-serum sheep anti-Embigin, 1:250
dilution of mouse anti-Myc or 1:500 dilution of anti-Synaptotagmin) and non permeabilized
cells were incubated also with primary antibody (1:50 dilution of anti-serum sheep anti-
Embigin, 1:250 dilution of mouse anti-Myc, 1/250 dilution of anti-serum goat anti-NgCAM,
1:500 dilution of anti-Agrin in PBS/1% FBS). Coverslips were incubated for 1hr at room
temperature. Coverslips were then washed four times with PBS and incubated with Donkey

anti-sheep IgG AlexaFluor 488 (Molecular Probes) diluted 1:1000, and Cy3-conjugated anti-
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mouse IgG diluted 1:1000 in PBS/FBS/Triton for lhr at room temperature or Donkey anti-
sheep IgG AlexaFluor 488 (Molecular Probes) diluted 1:1000, Cy3-conjugated rabbit anti-
goat IgG diluted 1:1000, Cy3-conjugated anti-mouse IgG diluted 1:1000 and goat anti-rabbit
IgG AlexaFluor 488 (Molecular Probes) in PBS/FBS. Coverslips were then washed four times
with PBS and mounted in Moviol (Calbiochem) for viewing using a 40x objective on a

Axioplan microscope (Leica).

3.3. Results

3.3.1. Denervation induces the expression of Embigin and AChR 6

subunit transcripts

It has been previously described that denervation intiates the extensive formation of ectopic
NMIJ by transplanted foreign nerves (Lomo and Slater, 1978). To test whether Embigin could
be one of the cues which allows synapse formation in denervated muscle, we examined the
changes in muscle content of Embigin mRNA at different time after denervation. We have
examined two muscles, rat soleus muscles and mouse gastrocnemius muscles using Northern
Blot and Real Time PCR and compared the levels of Embigin mRNA to levels of AChR &
subunit mRNA.

Northern Blot analysis of mRNAs from rat soleus muscles has shown that Embigin transcripts
begin to accumulate significantly 5 days after denervation and reach the highest level 5 days
after denervation. The two RNA species can be explained by the presence of two putative
polyadenylation sites. We confirmed these results also by quantitative RT-PCR. As an
internal control, we have also examined the level of AChR & subunit mRNA. It begins to
accumulate after one day of denervation and by day 10 is = 50-fold higher than in innervated
muscle (Fig. 3.3).

In mouse gastrocnemius muscles, Embigin mRNA begins to accumulate significantly at 5
days after denervation and peak at 10 days after denervation. AChR & subunit mRNA
increases with the time, beginning accumulation after 1 day of denervation and reaching the

highest expression level at day 10 (Fig. 3.4).
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Fig. 3.3.Expression of Embigin mRNA is increased after denervation in rat soleus muscles.

A, Analysis by Northern Blot of Embigin mRNA expression in rat soleus muscles after denervation. A major
band of 1,5 kb and a minor band of 5 kb are detected. B, Quantification of Embigin mRNA expression
assessed by Northern Blot using Quant tools software from Phosphorimager. Data were normalized to RLS8
mRNA. C, Analysis by Real Time PCR of Embigin mRNA expression in rat soleus muscles after
denervation relative to levels in innervated muscle. Note that in 10 days denervated muscles, that were
chronically stimulated for the last 5 days, Embigin mRNA is down-regulated to almost normal levels as
observed in innervated muscle. Expression of the innervated adult soleus rat muscles was set to 1. Values
were normalized to RL8 mRNA (data means+SE).
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Fig. 3.4. Expression of Embigin mRNA is increased after denervation in gastrocnemius mouse
muscles.

A, Analysis by Northern Blot of Embigin mRNA expression in gastrocnemius mouse muscles after
denervation. A major band of 2 kb and a minor band of 1,5 kb are detected. B, Quantification of Embigin
mRNA expression assessed by Northern Blot using Quant tools software from Phosphorimager. Data were
normalized to RL8 mRNA (data means+SE). C, Analysis by Real Time PCR of Embigin and AChR &
subunit mRNAs expression in gastrocnemius mouse muscles after denervation. Expression of the innervated
adult gastrocnemius mouse muscles was set to 1. Values were normalized to RL8 mRNA (data means=SE).
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3.3.2. Electrical activity suppresses the increase of Embigin and AChR

0 subunit transcripts caused by denervation

Previous results showed that electrical muscle stimulation prevented the increase of a-, 3-, y-
and O-subunit specific AChR mRNAs observed in denervated electrically inactive muscles
(Goldman et al., 1988). In the present experiment, the effect of electrical activity on Embigin-
specific mRNA levels was examined by exogenous stimulation of chronically denervated
muscles via implanted electrodes (Lomo et al., 1985). This high frequency stimulation pattern
(intermittent 100Hz stimulation) has been found to be highly effective at suppressing
extrajunctional denervation supersensitivity (Lomo and Westgaard, 1975). Quantitative RT-
PCR analysis has shown that the mRNAs encoding Embigin and AChR & subunit were
strongly reduced by electrical stimulation (Fig. 3.3C) to reach levels close to those observed
in innervated muscles. Thus, Embigin mRNA expression is regulated by electrical muscle
activity in a similar way as AChR.This is consistent with the role of Embigin in ectopic
synapse formation because denervated, but stimulated muscle is not susceptible to ectopic

innervation (Lomo and Westgaard, 1975).

3.3.3. Embigin mRNA is induced during differentiation of C2C12 cells

The expression of genes coding for several synaptic proteins including AChR is initially
activated during myoblast differentiation and later is strongly down-regulated by innervation
(Kues et al., 1995b; Schuetze and Role, 1987). Using quantitative RT-PCR and Northern Blot
analysis, we studied the Embigin expression pattern in mouse myogenic cell line C2C12.
When proliferation of C2C12 cells is restricted by exposure to medium reduced in serum
content, the cells stop dividing and undergo differentiation, producing large amounts of
muscle-specific proteins in the process (Chiu and Blau, 1984; Patrick et al., 1977).

Northern Blot analysis of Embigin mRNA showed that Embigin mRNA is expressed at higher
amount when C2C12 cells differentiate compared to innervated muscles (Fig. 3.5A).
Quantitative RT-PCR showed that the mRNA abundance of Embigin is very low in myoblasts
and increases slightly when the cells differentiate (Fig. 3.5B). The mRNA level of AChR &
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subunit used as internal control is also very low before differentiation but then increases

dramatically as the C2C12 cells differentiate.
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Fig. 3.5. Expression of Embigin mRNA is induced during differentiation of C2C12 cells.

A, Analysis by Northern Blot of Embigin mRNA expression in C2C12 cells during days of differentiation.
A major band of 2 kb and a minor band of 1.5 kb are detected. B, Analysis by Real Time PCR of Embigin
(n=5 experiments with duplicate samples) and AChR & subunit (n= 5 experiments with duplicate values)
mRNA expression in gastrocnemius mouse muscles after 5 days of denervation and in C2C12 cells during
differentiation. Expression level in innervated adult gastrocnemius mouse muscles was set to 1. Values were
normalized to RL8 mRNA (data means+SE).

3.3.4. The expression level of Embigin mRNA in neonatal muscles is

similar to that in adult muscles

Given that embryonic-like C2C12 cells showed increased levels of Embigin mRNA, we have
examined developmental changes in the amount of Embigin and AChR 6 subunit mRNAs in
mouse neonatal muscles. Assessed by quantitative RT-PCR, the expression level of Embigin
mRNA in neonatal muscle exhibits the same expression level as in adult innervated muscle

(Fig. 3.6). In contrast, the AChR & subunit mRNA is present in much higher amount at day 2
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after birth than in adult innervated muscle which is in agreement with previous reports

(Witzemann et al., 1989a).
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Fig. 3.6. Expression of Embigin mRNA in neonatal mouse muscles is similar to that in innervated
adult muscles.

Analysis by Real Time PCR of Embigin and AChR & subunit mRNAs expression in gastrocnemius mouse
muscles and P2 neonatal mouse muscles. Expression of the innervated adult gastrocnemius mouse muscles
was set to 1. Values were normalized to RL8 mRNA (data means+SE, n=3 experiments with duplicate
values).

3.3.5. The expression level of Embigin mRNA is similar in the extra-

synaptic and synaptic regions of diaphragm

Extra-synaptic and synaptic regions of innervated rat diaphragms were dissected to determine
whether Embigin transcript is expressed preferentially at the synapse. Quantitative RT-PCR
showed that Embigin mRNA level is 1,7-fold higher (Fig. 3.7A) in the extra-synaptic than
synaptic regions of the diaphragm but this value is not statistically signicant (2 tailed Ttest, p-
value=0,078). As internal standard control, we determined the gene expression pattern of
AChR ¢ subunit. Unlike Embigin mRNA, the level of AChR ¢ subunit mRNA is markedly
increased in synaptic portion of the diaphragm compared to the extra-synaptic part (Fig. 3.7B)
as reported previously (Kues et al., 1995a; Kues et al., 1995b).

Extra-synaptic and synaptic regions of denervated rat diaphragms were dissected to determine

whether Embigin transcription is differentially regulated after denervation. Quantitative RT-
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PCR showed that Embigin mRNA is present in the same amount in the extra-synaptic and
synaptic regions of diaphragm after denervation (Fig. 3.7C). In contrast AChR & subunit
mRNA was concentrated at synaptic sites in denervated diaphragms (Fig. 3.7D) as previously

demonstrated (Witzemann et al., 1991).
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Fig. 3.7. Embigin mRNA is present in similar amounts in extra-synaptic and synaptic regions of
diaphragm.

A and B, Analysis by Real Time PCR of Embigin and AChR ¢ subunit mRNA levels in extra-synaptic
region and synaptic region of rat diaphragms (n=5 diaphragms with duplicate values). A, Expression of
Embigin in the synaptic region of the diaphragm was set to 1 (data means+SE). B, Expression of AChR ¢
subunit in the the extra-synaptic region of the diaphragm was set to 1 (data means+SE). Values were
normalized to RL8 mRNA (data means+SE). C and D, Analysis by Real Time PCR of Embigin and AChR ¢
subunit mRNA level in extra-synaptic and synaptic regions of 6 days denervated rat diaphragms (n=2
diaphragms with duplicate values). C, Expression of Embigin in the extra-synaptic region of the diaphragm
was set to 1. D, Expression of AChR € subunit in the extra-synaptic region of the diaphragm was set to 1.
Values were normalized to RL8 mRNA.

3.3.6. The anti-serum against Embigin is specific for Embigin protein

In an attempt to investigate the regulation of Embigin at protein level upon denervation, an
anti-serum against Embigin was ordered. We tested it first by western blot on cell extracts

from HEK?293 cells transfected with pcDNA3-Embigin-myc construct.
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Using anti-serum anti-Embigin, two bands of 45kDa and of 66 kDa were detected (Fig. 3.8).
The 45 kDa band corresponds to the molecular mass of mouse full length Embigin tagged
with myc. The 66kDa band could be due to the high carbohydrate content of Embigin. Using
anti-myc antibody, two major bands of 55kDa and 66kDa and minor band of 45 kDa were
also observed. The additional band of 55 kDa could be due also to the high carbohydrate
content of Embigin. As positive control, protein extract of cells expressing pip4KIIf tagged
with Myc which molecular mass is 80kDa is detected with anti-myc as expected.

However we could not detect Embigin protein in innervated and denervated muscle protein
extracts. It appears that anti-serum against Embigin does not have enough affinity for

endogenous Embigin.
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Fig. 3.8. Anti-serum against Embigin is specific for Embigin protein.

a, Immunoblot of Embigin from lysates of HEK cells expressing Embigin (+) or WT cells (-). b,
Immunoblot of myc from lysates of HEK cells expressing Embigin (+) or WT cells (-). The third line
corresponds to a lysate of HEK cells expressing a plasmid control containing myc.
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3.3.7. Embigin protein is expressed at the cell surface

In an attempt to investigate the role of Embigin in synapse formation, we co-cultured chick
ciliary neurons and untransfected COS-7 cells or COS-7 cells co-expressing Embigin and
EGFP. We looked for synaptic-like structures at sites of contacts between chick ciliary
neurons and COS-7 cells.

To ensure that COS-7 cells transfected with pcDNA3-Embigin-myc construct were
expressing Embigin at the membrane, we co-stained COS-7 cells for Embigin and Myc. COS-
7 cells showed strong, homogeneous cell surface Embigin (Fig. 3.9A) and Myc (Fig. 3.9B)
staining with prominent membrane staining. In control permeabilized cells co-stained also for
Embigin (Fig. 3.9C) and Myc (Fig. 3.9D), an intracellular staining is observed with the

diffuse appearance of some puncta revealing the presence of secreting vesicles.

Fig. 3.9. Surface localization of Embigin on COS-7 cells.

COS-7 cells co-transfected with pcDNA3-Embigin-myc and pCAGGS-EGFP constructs were stained with
peptide anti-Embigin (A) and (C) and a monoclonal anti-myc (B) and (D). A strong ring-like
immunoreactivity typical of surface staining is observed for Embigin (A) and myc (B) staining. In
permeabilized cells stained for Embigin (C) and myc (D), an entire cell staining is observed. Bar, 35um.
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3.3.8. Embigin protein is not involved in homophilic interactions

One possible role of Embigin in synapse formation is a role of attraction of motor neurites via
homophilic interactions as it has been described for SynCAM at neuron-neuron synapses
(Biederer et al., 2002). To test whether Embigin had adhesive function via homophilic
interactions between cells expressing Embigin, HEK293 cells were co-transfected with
pcDNA3-Embigin-Myc and pCAGGS-EGFP constructs (Fig. 3.11). As internal control,
HEK?293 cells were transfected with pCAGGS-EGFP construct alone. As positive control,
cells were transfected to express NgCAM that has been previously shown to make homophilic
interactions (Kunz et al., 1998), and GFP. After exposure to the transfection mixtures
overnight, the cells were trypsinized and cultured in suspension for 4hrs. The numbers of
Embigin-positive and NgCAM-positive cells were evaluated in aggregates of different cell
numbers on a PALM Zeiss microscope with a 40x magnification (Fig. 3.12). The number of
cells in aggregates of untransfected cells and of cells expressing Embigin was also examined
(Fig. 3.13).

First, a NgCAM immunoreactivity at the cell surface confirmed that HEK293 cells
transfected with pSCT1-NgCAM construct were overexpressing NgCAM in their cell
membrane (Fig. 3.10).

Fig. 3.10. Surface localization of NgCAM.
NgCAM overexpressing cells show a surface staining with prominent membrane staining. Bar, 35um.
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Most cells expressing EGFP and, Embigin/EGFP did not aggregates. In contrast, cells
expressing NgCAM/EGFP are present in a cell aggregate composed of numerous NgCAM-
positive cells (Fig. 3.11).

Fig. 3.11. Cells expressing Embigin do not make homophilic binding.

(A) GFP fluorescence of HEK293 cells expressing GFP alone. Most cells expressing GFP do not aggregate.
(B) GFP fluorescence of HEK293 cells expressing Embigin and GFP. Most cells do not aggregate. (C) GFP
fluorescence of HEK293 cells expressing NgCAM and GFP. NgCAM expressing cells are involved in

clusters formed by numerous cells.Bar, 35pum.

The quantification of the data indicated that HEK293 cells expressing Embigin/EGFP are
present in majority in cell aggregates composed of 3 and 4 cells (Fig. 3.12). Furthermore the
cell aggregates are composed of only = 10% of Embigin/GFP-positive cells (Fig. 3.12). In
contrast, HEK293 cells co-transfected with pSCT1-NgCAM and with pCAGGS-EGFP
constructs are present in aggregates composed of more than 10 cells to 25 cells (Fig. 3.12).
Furthermore the cell aggregates contain = 60% of NgCAM/EGFP-positive cells confirming
that cells overexpressing NgCAM are involved in homophlic interactions (Fig. 3.12). Thus,

our assay is suited to detect aggregation by homophilic interactions.
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Fig. 3.12. Quantification of cells expressing Embigin and NgCAM present in cell aggregates.

HEK 293 cells were transfected to express Embigin-Myc and EGFP (A), or NgCAM and EGFP (B) and the
percentage of EGFP-positive cells in aggregates of different cell numbers was counted by eye. n represents
the numbers of aggregates examined. Bars are means+SE. Note the higher percentage of NgCAM-positive
cells in aggregates.
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To see whether Embigin may promote weak aggregating interactions, we compared the
number of cell aggregates in expressing Embigin/EGFP and untransfected cells (Fig. 3.13).
Both untransfected cells and Embigin/EGFP expressing cells are mostly present in cell
aggregates composed of 3 to 6 cells (Fig. 3.13).

We conclude therefore, that Embigin does not make homophilic interactions. However, this
does not exclude that Embigin can make heterophilic interactions as it has been previously

shown for other Ig domain proteins (Thiery et al., 1977).
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Fig. 3.13. Number of aggregates made by cells expressing Embigin and untransfected cells.

A, HEK 293 cells co-transfected with pcDNA3-Embigin-myc and pCAGGS-EGFP constructs and B,
untransfected cells were cultured in suspension for 4hr. A, Cells co-expressing Embigin and EGFP are
involved in a vast majority in aggregates of 3 and 4 cells. B, Untransfected cells are also involved in
aggregates of 3 and 4 cells.
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3.3.9. Embigin does not induce synaptotagmin clusters at sites of

contacts with neurons

To investigate whether Embigin might be involved in the development of synaptic contacts,
we examined whether chick ciliary ganglion (CG) neurons, which are cholinergic,
preferentially make synaptic contacts with COS-7 cells transfected to express Embigin. The
expression of the presynaptic marker synaptotagmin at sites of contacts was used as an
indication of presynaptic differentiation. Therefore specifically we examined whether contact
with COS-7 cells co-transfected with pcDNA3-Embigin-myc and pCAGGS-EGFP constructs
could induce the clustering of the synaptic vesicle protein synaptotagmin (syt) in CG neurites.
CG neurons and COS-7 were co-cultured for 48hr and analyzed for the presence of
synaptotagmin clusters at sites of nerve-COS-7 cells contact.

CG neurites expressed synaptotagmin in co-culture with untransfected COS-7 cells, with
HEK293 cells expressing transmembrane Agrin (TM-Agrin), with COS-7 cells expressing
Embigin-Myc and EGFP. In contacts with untransfected COS-7 cells and with COS cells
expressing Embigin-Myc and EGFP, synaptotagmin clusters were rare (Fig. 3.14). In contrast,
neurites contacting TM-Agrin expressing cells (Fig. 3.15) often contained bright spots of
synaptotagmin staining as previously shown by Campagna and colleagues (Campagna et al.,
1995) (Fig. 3.15). Quantification of the data is shown in Fig. 3.16 which gives percentage of
neurite-COS or HEK293 cells contacts that were positive for synaptotagmin clusters. In
untransfected cells, 22% of contacts were positive for synaptotagmin clusters (number of
contacts examined 135 in 4 experiments). This degree of clustering is not significantly
different from that reported for CG neuron-CHO cell contacts (Campagna et al., 1995). In
cells expressing Embigin-Myc and EGFP, 27% of contacts were positive for synaptotagmin
clusters (number of contacts examined 138 in 4 experiments). However, for contacts between
CG neurons and cells expressing TM-Agrin, the clear majority (62%) was associated with
synaptotagmin clusters (number of contacts examined 78 in 4 experiments, Ttest p-
value<0,001). These data indicate that in contrast to TM-Agrin, Embigin is not capable of

clustering synaptotagmin at sites of contact with motoneurons.
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Fig. 3.14. Synaptotagmin accumulates in few CG neurites at sites of contact with untransfected COS-7
cells and COS-7 cells co-expressing Embigin and EGFP contrary to sites of contacts with TM-Agrin
expressing cells.

(A) Phase contrast, (B) synaptotagmin fluorescence of CG neuron cultured for 48hr with untransfected COS-
7 cells, (C) overlay of A and B. At sites of contact with COS-7 cells, neurites concentrate synaptotagmin
(C). (D) Phase-contrast, (F) GFP fluorescence, (E) synaptotagmin fluorescence of CG neuron cultured for
48hr with COS-7 cells co-transfected with Embigin and EGFP. At sites of contact with COS-7 cells
indicated with a white arrow, a synaptotagmin cluster appears. Bar, 40um. (G) Phase contrast and (H)
synaptotagmin fluorescence of CG neuron cultured for 48hr with TM-agrin-expressing cells. (I) Overlay of
G and H. At sites of contacts with TM-Agrin expressing cells indicated with white arrows, neurites
concentrate synaptotagmin. Bar, 15um. Contact between CG neuron and COS cell indicated with a white
block arrow was not counted because it may represent interneuronal contact.
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Fig. 3.15. TM-Agrin expressing cells express Agrin at their cell surface.

(A) Phase contrast and (B) Agrin fluorescence of TM-agrin-expressing HEK293 cells. A strong ring-like
Agrin immunoreactivity, typical of surface staining is observed after the induction of Agrin expression. Bar,
40um.

ro
1]
1]

30
z0
10

Up Contacts
synaptotagmin clusters

Cortral Emb Th-2grin
EGFF

Fig. 3.16. Quantification of synaptotagmin induction by Embigin and by TM-Agrin.

CG neurons were cultured for 48hr with untransfected COS-7 cells, or with cells expressing Embigin and
EGFP, or with cells expressing TM-Agrin. The percentage of neurite-COS cell contacts exhibiting
synaptotagmin clusters is plotted. The total numbers of contacts examined were 135 on untransfected cells,
138 on Embigin expressing cells, and 78 on TM-Agrin expressing cells (4 cultures each). Cells expressing
TM-Agrin but not Embigin induce higher pourcentage of synaptotagmin clusters than control cells (p-
value=0,08 an 0,0003 respectively).
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Chapter 1V

4. General discussion
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Direct linkage of pre- and postsynaptic cells via transmembrane adhesion molecules play
important roles in synapse formation in the central nervous system. Many of them belong to
the Ig superfamily of molecules (Yamagata et al., 2003) which are characterized by
extracellular domains containing a varying number of Ig-like domains. Using differential
display from innervated and denervated muscles, we have isolated a new protein, Embigin,
another member of the Ig superfamily, as a potential candidate in regulating the formation of
the neuromuscular synapse.

Very little is known about the biological function of Embigin. Structurally, it belongs to an
IgSF subgroup. Based on sequence homologies and gene organization, this subgroup
comprises so far Basigin, Embigin, Zov-3 and Gp55/65 (Langnaese et al., 1997; Miyauchi et
al., 1990; Ozawa et al., 1988; Saitoh et al., 1993). A sequence comparison is shown in Fig.
Annexe (page 100). (Gp65 was not included because unlike the other members which contain
two Ig domains, Gp65 contains three). Of these, Embigin and Zov-3 are more closely related
based on their Ig-domains and transmembrane structures. The closest similarity among all of
them is within and around their transmembrane domains. Four cysteine residues are
conserved between all four of them. They may form disulfide bridges leading to the predicted
structure of their N-terminal parts, the two Ig-domains. Conspicuously, their transmembrane
domains contain a glutamic acid residue that owing to its charge has been proposed to be
involved in interactions with other membrane proteins and/or in signal transduction (Williams
and Barclay, 1988).

Basigin is involved in neural-glial interactions in the developing avian retina (Fadool and
Linser, 1993). Addition of an antibody against Basigin to monolayer cultures of dissociated
embryonic retina cells results in alteration in the development of the stereotypic arrangement
of neurons and glia characterized by a reduction in the number and complexity of neural
extensions upon the glial-derived flat cells. Similarly, addition of antibody against Basigin to
dissociated retina cells in rotation-mediated suspension culture significantly reduces retina
cell reaggregation (Fadool and Linser, 1993). Basigin has been also shown to enhance tumour
invasion by activating metalloprotease (Biswas et al., 1995). It is located on the outer surface
of human tumor cells and interacts with fibroblasts to stimulate expression of several matrix
metalloproteinases in the fibroblasts (Biswas et al., 1995). Basigin is required for
spermatogenesis (Igakura et al., 1998) and female reproduction (Kuno et al., 1998). In an
attempt to further clarify the role of Basigin, a mouse mutant lacking Basigin has been

produced. The majority of Basigin-null embryos were lost around the time of implantation.
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Those surviving into adulthood were infertile, and showed abnormalities in sensory function
and behaviour (Naruhashi et al., 1997). The mutant mice showed worse performance than the
wild and hetero mice in the Y-maze task, which assesses short-term memory, and in the water
finding task, which examines latent learning, without any motor dysfunction. Moreover, the
mutant mice showed less acclimation in the habituation task compared with the wild-type
mice. The mutant mice were also more sensitive to electric foot-shock (Naruhashi et al.,
1997).

Gp 55 and Gp65 are derived from the same gene by alternative mRNA splicing (Langnaese et
al., 1997). Gp65 is enriched in the postsynaptic density (PSD) fraction of brain tissue (Hill et
al., 1988; Willmott et al., 1992). It is localized to nerve terminals of subsets of neurons
predominantly localized in the forebrain (Langnaese et al., 1997). During development, Gp65
is expressed postnatally, its expression level increasing dramatically during the second and
third postnatal weeks (Langnaese et al., 1997), when synaptogenesis takes place (Dennis et
al., 1981). This suggests an involvement of Gp65 in synapse formation and/or stabilization. In
contrast, Gp55 is ubiquitously expressed. In brain, it is expressed early in brain development
to reach adult levels by postnatal day 9 (Langnaese et al., 1997).

Two transcript isoforms of Zov-3 have been described in chickens, one ubiquitously
expressed and the other being higly specific for brain (Saitoh et al., 1993). However, its
function remains unknown.

The experiments presented here are consistent with an involvement of Embigin in
neuromuscular synapse formation, but decisive proof of its function is lacking. Specifically,
Embigin mRNA expression is up-regulated by muscle denervation, and is down-regulated by
electrical muscle activity. Upon denervation, upregulation precedes the formation of ectopic
endplates by transplanted foreign nerves by about 1 day, consistent with a role in mediating
adhesion of early neuromuscular contacts. Embigin expressed in heterologous cell systems
does not induce their aggregation, however, indicating that unlike NgCAM, a role in neuro-
muscular adhesion is not mediated by homophilic interactions. Rather, if they occur, they
appear to be mediated by interactions with Integrins (Huang et al., 1993). Indeed, a certain
Integrin isoform (alpha7betal) is observed at the neuromuscular synapse, and ablation of
Integrin alpha7 gene destabilizes neuromuscular junction in adult mouse soleus muscle
(Brenner, unpublished).

On the other hand, unlike the AChR g-subunit mRNA, an AChR subunit gene induced
selectively in subsynaptic nuclei by the nerve (Kues et al., 1995a; Kues et al., 1995b), we did
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not observe increased expression levels of Embigin mRNA in the synaptic region of
diaphragms. Rather, although not statistically significant, the level of Embigin mRNA
expression appeared to be somewhat lower than in non-synaptic muscle segments.
Conversely, when the phrenic nerve was cut, synaptic Embigin mRNA was slightly elevated.
Spatial resolution of these experiments was limited by the fact that even though endplate
bands were dissected carefully under the dissecting microscope, the majority of muscle nuclei
in the dissected “endplate band” were non-synaptic, which may obscure the detection of true
differences in expression levels between synaptic and non-synaptic nuclei. Qualitatively, the
expression pattern of Embigin mRNA in the vicinity of the synapse is similar to the
spatiotemporal regulation of the AChR y-subunit (Kues et al., 1995). This subunit is
characteristic of the fetal type of AChR in developing muscle (Mishina et al., 1986) which
mediates neuromuscular impulse transmission in neonatal muscle and is subsequently down-
regulated by muscle activity (Witzemann et al., 1991). Thus, Embigin may mediate early
neuromuscular adhesion only, thus promoting initiation of neuromuscular synapse formation;
at later stages, it would be down-regulated by electrical muscle activity induced by
neuromuscular impulse transmission. Consistent with this down-regulation by impulses, the
promoter region contains two so-called E-boxes, which have been shown to bind basic helix
loop helix transcription factors of the MyoD family (Santoro et al., 1991). These transcription
factors are also contained in AChR subunit genes where they are thought to mediate muscle-
specific expression and impulse-dependent inhibition of AChR gene transcription in non-
synaptic fiber regions (Berberich et al., 1993; Eftimie et al., 1991; Gilmour et al., 1991;
Mendelzon et al., 1994; Numberger et al., 1991; Prody and Merlie, 1991; Prody and Merlie,
1992; Simon and Burden, 1993).

Although the activity-dependence of Embigin mRNA expression in adult muscle is similar as
for AChR a, 3, v and d-subunit genes in non-synaptic muscle regions, the expression pattern
is different in cultured muscle cells and in neonatal muscle: expression levels in C2C12
myotubes and in neonatal muscle are lower than for the AChR genes, but like the former, they
are dependent on the state of differentiation. The low level of Embigin mRNA levels in
cultured myotubes does not exclude a role in early stages of neuromuscular synapse
formation, however.

Our attempts to examine expression of Embigin in the synaptic muscle membrane were not
successful. Neither a commercial antiserum (even following affinity purification) made

against a synthetic 15 aa peptide of the extracellular domain, nor an antiserum against
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recombinant extracellular domain (which could detect Embigin overexpressed in heterologous
cells) were sufficient to resolve information on the localization of Embigin in the synaptic
region of the muscle. The development of higher affinity antibodies and/or of high sensitivity
in situ hybridization protocols will be needed to further investigate the potential neural
regulation of Embigin expression in the synaptic region of the muscle fiber.

It has been mentioned above that neural Agrin induces postsynaptic structures in muscle
fibers in the absence of the nerve (Cohen et al., 1997; Jones et al., 1997; Meier et al., 1997),
and that Agrin expressed in COS-7 cells induces neurites of co-cultured ciliary ganglion
neurones to differentiate to express the presynaptic marker protein synaptotagmin. In vivo,
Agrin induces muscle fibers to express f2-Laminin (Jones et al., 1999) which has been
proposed to act as a stop signal on motor neuron growth cones and to initiate presynaptic
differentiation (Patton et al., 1997; Porter et al., 1995). Preganglionic parasympathetic
ganglion cells can be surgically induced to make synapses on skeletal muscle fibers
(Breitschmid and Brenner, 1981). Thus, we tested whether Embigin expressed in the
membrane of COS-7 cells induced cocultured neurites to form presynaptic differentiation,
monitored by the formation of contact sites rich in the presynaptic marker protein
synaptotagmin (Lou and Bixby, 1995). Unlike for Agrin, however, Embigin expressed in the
surface of COS cells did not induce presynaptic differentiation of ciliary ganglion neurons
contacting them. Again, while this result is disappointing, it does not exclude a role of
Embigin in neuromuscular adhesion per se (with Embigin merely acting as a stop signal)
because the assay used did not allow to quantify the number of neuron-COS cell contacts
made.

In summary, when growth cones of axons contact their target cells local interactions regulate
the development of synaptic connections (Goodman and Shatz, 1993). Many aspects of
transsynaptic signaling have remained obscure, both in the CNS and the PNS. In particular,
the mechanisms by which neurons signal to each other the need to differentiate a presynaptic
nerve terminal and the molecular glue that holds the pre- and postsynaptic specializations
together are poorly understood. Here, we have found strong up-regulation of Embigin mRNA
expression by muscle denervation, and strong inhibition in denervated muscle by exogenous
stimulation of denervated muscle via implanted electrodes. Muscle activity is the only
stimulus to regulate Embigin expression in adult tissue. While this is consistent with a role in
neuromuscular synapse formation, positive evidence is still lacking. If such a role is assumed,

our data taken together suggest the following model for the function of Embigin in synapse
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formation: In vivo, the neural isoform of Agrin containing a Laminin binding domain at its C-
terminus is required for the induction of a postsynaptic apparatus (Meier et al., 1997). In
contrast, truncated Agrin lacking this domain will not form stable postsynaptic membranes
(Cohen et al., 1997). Thus a positionally stable deposit of Agrin may be required for the
initiation of a postsynaptic apparatus. This, in turn, implies that motor neuron growth cones,
as they grow along a myotube, must be stopped to allow deposition of Agrin sufficient for the
postsynaptic membrane induction, including the secretion of reverse signals from the muscle
fiber to the growth cone (such as f2-Laminin) to induce presynaptic differentiation. In rodents
neuromuscular synapse formation begins at about embryonic day E13 at a time when
myoblasts begin to fuse into myotubes (Dennis et al., 1981). At this time an extracellular
matrix has not been made to which neural Agrin could be deposited. Thus, growth cones must
stop to allow continued interaction of secreted Agrin with the underlying muscle fiber. Our

experiments are consistent with the view that Embigin function could be to cause this stop.
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ANNEXE
embigin mouse 1 PRSHT--———————————————— €L RALVAPEYPLLLLCLLA= === === mm e e
zov-3 chicken 1 --NT——————— - EQKSSAEPITTTQTVSQTT——————— e
basigin mouse 1 JAAALL-—-LALAF-——-- TLLSGQGECAAA@FLKAPLSQERWAGGSVVLHCEAVGSPIPEIQW
Gp55 rat 1 WSGSSLPGALALSLLLVSGSLLPEPGRAQNE ~ === === m e e e
* *
embigin mouse 25 ———-——-——mm ATRPDP—=—— =~ AEGDPTDPTFTSLEVIREEM-
zov-3 chicken 23 ——c—————— WDSISSISDHLTLG-——————————————— QDVSTPGSDLTTSGFKGEIS

basigin mouse 57 WFEGNAPNDSCSQLWDGARLDRVHIHAAYRQHAASSLSVDGLTAEDTGTYECRASSDEDRENHLT
Gp55 rat 33—

embigin mouse 50 MAKYSNLSLKSCNISWTEKSNVSVENE]L—EKPSHME \VYPJAT-KDLNIEYNVTKEDDEP[

zov-3 chicken 56 LNKSKSLYVE-YEVILAGESD ISMQKNYTL-GSAVK I E[BS®RLADKYSSMK I IQVTIKRGNET I

basigin mouse 121 RPPRVKWVRAQASVVLEPGTIQTSVQEVNSKTQLT----@SLNSS--GVDIVGHRUMRGGK

Gp55 rat 33 o PRIVTSEEMIIRDSLLPYTEQENLESS--SHTIEYSYRTRNGVE
* *

embigin mouse 113 ETEGDFNTTKMGYTLTSQMRF 1 VFNSKQLEKNSEYF---GE KELRGﬁFNIHV—PKAH

zov-3 chicken119 K----- HISKSKNSWAIQ--LTISENRKLESNHTETVK--Gl= KVFSVVFHLQV ZQ 1 EERE] PVI
basigin mouse 180 QED------- TLPDLHTK{j1 VDA--DDRSEEN{S® 1 —~FLP2PVGRSE INVEGP[ER I KVGIGEEH
Gp55 rat 77 TAQ-----—- RKNASNMEEﬁlNKPRAEDSGE H YHFVSAPKANAEIEVKA‘PDITEH REEN

embigin mouse 173 A DST K@VCQ- DC LN- YMGNETAQVPI———DAHﬁNEKY NGSH LK KHE
zov-3 chicken173 st DSA 1M1 @KSH-SYT[g1 A-JTIYMTNGSEQIAT--NDSLMLD[S] DRVD LNV
basigin mouse 234 SSE ELA KSDASY I TDYFYFKTSDTGEEEAI TNSTEANG§JVVVSTP- EKSQL SN
Gp55 rat 136 KNE QDAMMY KS-VGYPH- PE M RKK----ENGVFEE I SN§SGRFF[JINKE-] lYﬁELN VN

CER THKEKN

FAFELNMSKRREK
RSR MLMPFLIIMAEVML\_/ETI F--—1)4EKRRKP
REHEARIIWESGTTWAE 1 1 MY VKT - - - WYEKRERP
I APLOPFLEN LAEI]lI]LVMl IVY

* X X X * * * * kkhkhk K* KKk

Gp55 rat 176 QIT|=APEENFE] N NS 1{gSASVST
Gp65 rat

embigin mouse 233 -LEENGES] FQLEESEEQNEM
zov-3 chicken233 -TK[=EyGE E AFELEKSKGKL
[5R)

basigin mouse 298 DVN DI%G NAQGTTRETISLRE

zov-3 chicken296 RAEVEREFDQIEQ SEES -GVESSSARHRRYV-----
basigin mouse 360 [BQTLDEDDPGAAPMNGSGTHMNDKDKNV[RQENAT----

embigin mouse 296 [BPDAGKEFEQIEQ SDDS N-G 1 ENNVPRYRKIIDSADQ
Gp55 rat 255 [BEVPDDDEP-AGPMTNST- NHKDKNLRQRNEN————
*

Embigin has

29,5% similarity with zov-3
17% similarity with basigin
21,5% similarity with Gp55

Fig. Annexe. Comparison of Embigin structure with those of related IgSF members.

Putative Ig domains are indicated and transmembrane domain are boxed in blue boxes. Amino acid residues
identical to mouse embigin are shown by white letters with black background and amino acid residues conserved
in all six proteins are furthermore marked with an asterisk. The conserved glutaminic acid residue determining
this group of IgSF is shown by in red with black background and marked with an asterisk. Only the putative
transmembrane domain of Gp65 was aligned. All five sequences were aligned using Clustal V multiple
alignment.
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