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Abstract

Development of the neuromuscular junction (NMJ) requires secretion of specific isoforms of the
proteoglycan agrin by motor neurons. Secreted agrin is widely expressed in the basal lamina of
various tissues, whereas a transmembrane form is highly expressed in the brain. Expression in the
brain is greatest during the period of synaptogenesis, but remains high in regions of the adult brain
that show extensive synaptic plasticity. The well-established role of agrin in NMJ development
and its presence in the brain elicited investigations of its possible role in synaptogenesis in the
brain. Initial studies on the embryonic brain and neuronal cultures of agrin-null mice did not
reveal any defects in synaptogenesis. However, subsequent studies in culture demonstrated
inhibition of synaptogenesis by agrin antisense oligonucleotides or agrin sSiRNA. More recently, a
substantial loss of excitatory synapses was found in the brains of transgenic adult mice that lacked
agrin expression everywhere but in motor neurons. The mechanisms by which agrin influences
synapse formation, maintenance and plasticity may include enhancement of excitatory synaptic
signaling, activation of the “muscle-specific” receptor tyrosine kinase (MuSK) and positive
regulation of dendritic filopodia. In this article | will review the evidence that agrin regulates
synapse development, plasticity and signaling in the brain and discuss the evidence for the
proposed mechanisms.
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Agrin as a synapse-organizing molecule

The proteoglycan agrin was first isolated from the extracellular matrix of the 7orpedo
electric organ (consisting of stacks of electrocytes covered with modified neuromuscular
junctions) as a high molecular weight protein factor that induced the aggregation of nicotinic
acetylcholine receptors (AChRs)? on cultured developing skeletal muscle fibers (Godfrey et
al., 1984). In its original form, the “agrin hypothesis” (McMahan, 1990) postulated that
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motor neurons secrete a specific form of agrin, which induces de novo organization of the
postsynaptic membrane of the neuromuscular junction (NMJ). With the subsequent cloning
of the agrin gene in rat (Rupp et al., 1991) and chicken (Tsim et al., 1992), creation of agrin-
null mice that failed to form NMJs (Gautam, et al.,1996) and discovery of the receptors and
signaling pathways regulated by neuron-specific isoforms of agrin in skeletal muscle (Wu et
al., 2010), this hypothesis was confirmed in its essentials and extended. The only significant
modification to date of the “agrin hypothesis” is the concept that transient spontaneously
formed clusters of AChRs on developing skeletal muscle fibers may serve as targets for
innervating motor neurons (Sytkowski et al., 1973), and that the role of agrin secreted by
motor neurons is to stabilize these clusters and to induce and maintain further postsynaptic
differentiation (Kummer et al., 2006).

At the time of the first report on the cloning of rat agrin (Rupp et al., 1991), agrin -like
AChR aggregating activity and immunoreactivity was reported in avian brain (Godfrey,
1991). Once agrin had been cloned, its expression in the developing rat brain was soon
demonstrated (Rupp et al., 1991). The isoforms of agrin expressed in rat and mouse brain
include isoforms with inserts in the “Z” site of the C-terminal moiety that are required for
the induction of AChR aggregation on skeletal myotubes and formation of the NMJ
(Burgess et al., 1999; Ferns et al., 1992; Hoch et al., 1993; Li et al., 1997; O'Connor et al.,
1994) (see fig. 1). Expression in the brain is highest during the period of development when
synaptogenesis is occurring (Li et al., 1997; Ma et al., 1994); Stone and Nikolics, 1995) and,
in adult mice, expression remains high in the hippocampus and cortex, regions that show
extensive synaptic plasticity (O'Connor et al., 1994). Moreover, a few groups have
demonstrated localization of agrin immunoreactivity at interneuronal synapses (Gingras and
Ferns, 2001; Hoover et al., 2003; Ksiazek et al., 2007; Mann and Kroger, 1996). It is
noteworthy that the forms of agrin expressed in neurons of the brain have an N-terminal
domain resulting from an alternative start site that makes them type Il transmembrane
proteoglycans rather than the secreted form found in basal laminae of skeletal muscle, blood
vessels and the kidney glomerulus (Burgess et al., 2000; Neumann et al., 2001) (fig 1). The
discovery of agrin protein, AChR aggregating activity and gene expression in the brain led
to speculation that agrin might act as a synapse-organizing molecule in interneuronal
synapses as it does at the NMJ.

The earliest studies testing the idea that agrin plays a role in interneuronal synaptogenesis
did not support it. Brains of agrin-null mouse embryos, although smaller, showed normal
gross architecture and synapse structure (Serpinskaya et al., 1999). Synapse formation also
appeared to be normal in cultures of hippocampal and cortical neurons from agrin-null
embryos (Li et al, 1999; Serpinskaya et al., 1999). However, three different groups
subsequently demonstrated strongly reduced synapse formation in cultures of hippocampal
neurons in which agrin expression was suppressed by agrin antisense oligonucleotides added
to the culture medium (Bose et al., 2000; Ferreira, 1999) or by infection of the neurons with
a lentiviral vector for expression of agrin siRNA (McCroskery et al., 2009). The discrepancy
between these results and the results with agrin-null mouse embryos or neurons suggests the
possibility that other molecules, such as the syndecan proteoglycans (Hsueh and Sheng,
1999), may compensate for the chronic absence of agrin in the developing brain. Subsequent
studies of sympathetic ganglion neurons from agrin-null embryos /7 vivoand in culture
revealed a reduction in cholinergic synapse formation and synaptic activity between spinal
neurons and sympathetic neurons, suggesting that formation of this type of interneuronal
synapse is in part dependent on agrin (Gingras et al., 2002). Most recently, synapse
formation and activity was examined in the brains of adult transgenic mice that express
chicken secretory agrin only in motor neurons but do not express mouse agrin (Ksiazek et
al., 2007). Agrin expression in motor neurons allows sufficient NMJ formation for survival
of these mice to adulthood. This study revealed a 30% reduction in the number of excitatory

Neurochem Int. Author manuscript; available in PMC 2013 November 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Daniels

Page 3

synapses on the dendrites of cortical pyramidal neurons, a reduction in dendritic spine
density and a reduction in miniature excitatory postsynaptic potentials, with no effect on the
number of inhibitory synapses or miniature inhibitory postsynaptic potentials. These results
suggested agrin-dependent formation and/or maintenance in a subset of excitatory synapses
in the mouse brain.

Together, the /in vivoand in vitro studies support the notion that agrin plays a role in the
formation and/or maintenance of interneuronal synapses, including excitatory synapses in
the brain. However, relatively little is known about the mechanisms by which agrin can
support interneuronal synaptogenesis. The subsequent sections of this review deal with some
possible mechanisms by which agrin may support synaptogenesis as well as synaptic
plasticity and signaling in the brain.

Does agrin act through activation of MuSK in the brain?

Originally, it was thought that the receptor tyrosine kinase, muscle specific kinase (MuSK),
was strongly expressed and functional only in skeletal muscle, where its activation by agrin
is essential to formation of the NMJ (Glass et al., 1996a,b; Valenzuela et al., 1995). Thus,
despite the expression in the brain of Z* isoforms of agrin (see above) that can activate
MuSK (Glass et al., 1996a), little consideration was given to the possibility that agrin in the
brain could act through MuSK. More recently, an extensive study has shown that MuSK
mRNA and protein are widely expressed in neurons of adult rat brain, including those of the
hippocampus, cortex and cerebellum (Garcia-Osta et al., 2006). Some of this MuSK protein
appears to be concentrated at excitatory synapses in the mouse cortex (Ksiazek et al., 2007),
where it is possibly colocalized with agrin. Garcia-Osta and colleagues further demonstrated
that inhibition of MuSK expression by infusion of MuSK antisense oligonucleotides into the
hippocampus interfered with memory consolidation associated with inhibitory avoidance
(1A) training in adult rats. Inhibition of MuSK expression during training also suppressed
phosphorylation of the transcription factor cyclic AMP response element binding protein
(CREB) and expression of the transcription factor CCAAT enhancer binding protein p (C/
EBPp), both of which are in the signal transduction pathways underlying memory
consolidation in 1A training (Kandel, 2001). Additionally, electrophysiological
investigations on brain slices showed that inhibition of MuSK expression interfered with the
cholinergic oscillatory activity in area CA1l of the hippocampus and with long term
potentiation (LTP), both activities associated with synaptic plasticity and learning (Buzsaki,
2002; Huang and Stevens, 1998).

The above study has implicated MuSK in modulation of synaptic signaling and plasticity in
the rat brain, particularly in learning and memory (see fig. 2C). As yet, there is no direct
evidence that MuSK is involved in interneuronal synapse formation or maintenance
analogous to its role in NMJ development, but this has been suggested as a possible
mechanism for the involvement of agrin in cortical synapse maintenance (Ksiazek et al.,
2007) (see fig. 2A). An important unresolved question is whether the reported activities of
MuSK in brain result from activation of MuSK by agrin or from some as yet unknown mode
of activation. Alternate modes of MuSK activation exist, since spontaneous formation of
AChR clusters on developing skeletal muscle fibers occurs in the absence of agrin and is
MuSK dependent (Lin et al., 2001).

Agrin modulation of excitatory signaling through the a3 subunit of Na*K*
ATPase (a3NKA)

A convergence between studies characterizing the effects of agrin on excitatory signaling by
brain neurons and a search for binding sites of agrin fragments that could elicit these effects
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led to the identification of the only known functional neuronal receptor for agrin, the a3
subunit of Na*K* ATPase (a3NKA). Among the first functional effects of soluble agrin
fragments to be discovered on cultured brain neurons were an increase in phosphorylation of
CREB in cultured hippocampal neurons (Ji et al., 1998) and expression of the immediate
early gene c-fos in cultured cortical and other neuron types (Hilgenberg et al., 1999).
Increased phosphorylation of CREB and expression of c-fos have been associated with the
effects of excitatory synaptic activity as seen, for example, in LTP, and are thought to be
involved in synaptic plasticity and memory formation (Kaczmarek, 1993; Kandel, 2001).
The elevation of CREB and c-fos expression was obtained with the soluble C-terminal 95
kDa moiety of agrin (fig. 1) (Ji et al., 1998; Hilgenberg et al., 1999). However, whereas the
induction of CREB expression was dependent on the Z-site inserts (Z* agrin) required for
MuSK activation, the induction of c-fos expression was not, suggesting that different
receptors are involved. Subsequently, it was shown that cultured cortical neurons from
agrin-null mouse embryos had reduced c-fos induction by activation of nicotinic and
glutaminergic receptors. Moreover, kainic acid-induced c-fos expression and excitotoxic
neuronal cell death were reduced in brain slices of adult agrin knockout heterozygous mice,
indicating that endogenous agrin enhances excitatory signaling in vivo (Hilgenberg et al.,
2002). Further studies indicated that a 20 kDa fragment of the C-terminus of agrin was
sufficient to induce the /n vitro effects described above, and that this fragment bound
specifically to the a3NKA concentrated at neuronal synapses, inhibiting the activity of the
Na*K* ATPase and thus decreasing the resting membrane potential of the affected neurons
and increasing action potential frequency (Hilgenberg et al., 2006). Moreover, a 15 kDa
fragment that acts as a competitive antagonist of the 20 kDa fragment depressed action
potential frequency. These findings suggest that endogenous neuronal agrin enhances
excitatory synaptic signaling through its binding to and inhibition of Na*K* ATPase (see
fig. 2C).

Modulation of synapse formation and plasticity by agrin through regulation
of dendritic filopodia

Dendritic filopodia are thought to promote synapse formation and act as precursors of
dendritic spines, the sites of excitatory synapses on dendrites (Takahashi et al., 2003; Yuste
and Bonhoeffer, 2004; Ziv and Smith, 1996). Two research groups have provided evidence
that the transmembrane form of agrin (Tm-agrin), the predominant form expressed by
neurons in the brain (Burgess et al., 2000; Neumann et al., 2001) positively regulates
filopodia in cultured neurons. In one study, it was shown that clustering of endogenous Tm-
agrin induced the formation of filopodia along the axonal processes of cultured chick
peripheral and central neurons as well as on the axons and dendrites of mouse hippocampal
neurons (Annies et al., 2002). In another, the overexpression of TM-agrin in rat hippocampal
neurons cultured for 1-6 days was shown to increase the number and stability of filopodia on
neurites (both the presumptive axons and presumptive dendrites in early stage cultures).
Moreover, transfection of these neurons with an shRNA plasmid to suppress agrin
expression reduced filopodia density and stability on neurites, indicating a positive role for
endogenous Tm-agrin in regulating the filopodia on neurites (McCroskery et al., 2006). In
low-density hippocampal neuron cultures such as used in this study, filopodia appear along
developing axons and dendrites from the earliest days of culture, but most synapse
formation occurs in the second and third week in culture. A more recent study showed that
inhibition of agrin expression beginning at 7 days in culture by infection at > 95% efficiency
with a shRNA lentiviral vector reduced filopodia density on dendrites by 37% compared to
controls at 21 days in culture (McCroskery et al, 2009). Moreover, the density of PSD95-
synaptotagmin positive synapses on dendrites was reduced by 55% at 21 days. The effect on
synapse number is in general agreement with the /n7 vivo observations of Ksiazek et al. in the
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mouse cortex, described above. McCroskery et al. (2009) also examined the density of
synapses on dendrites in cultures infected with lower efficiency, in cases where an axon-
dendrite segment of contact consisted of an infected dendrite and uninfected axon or vice
versa. They observed a greater reduction of synaptic density when the dendrite was infected
than when the axon was. This result is consistent with a role for dendritic Tm-agrin in
supporting synaptogenesis through positive regulation of dendritic filopodia, but suggests
that axonal Tm-agrin may also play a role in synaptogenesis (see fig. 2A).

Recently, it was discovered that the neuronal protease, neurotrypsin, specifically cleaves
agrin at two sites to form a 90 and a 22 kDa fragment (fig. 1), the smaller fragment
consisting of the C-terminal laminin G domain (Reif et al., 2007). Neurotrypsin is located in
and released from axonal boutons in an activity dependent manner (Frischknecht et al.,
2008). A study in isolated hippocampi and hippocampal slices of wild-type and neurotrypsin
deleted mice showed that coincidence of presynaptic firing and postsynaptic activation of
glutamate receptors is required for release of neurotrypsin and for proteolysis of agrin to
produce the 22 kDa fragment, respectively (Matsumoto-Miyai et al., 2009). Moreover, this
study showed that production of this fragment by neurotrypsin is required for the LTP
dependent induction of dendritic filopodia. Since, as mentioned earlier, dendritic filopodia
are involved in the formation of new spine synapses, these findings strongly implicate
neurotrypsin and this 22 kDa proteolytic fragment of Tm-agrin that it produces, in de novo
synapse formation associated with synaptic plasticity (see fig. 2B).

How does agrin regulate dendritic filopodia? — early clues

The mechanisms by which agrin regulates dendritic filopodia are not well understood, but it
seems clear that the receptors and upstream signaling pathways differ from those utilized in
the developing NMJ. Agrin exerts its NMJ organizing activity by binding to the LDL
receptor-related protein 4 (Lrp4), resulting in activation of MuSK (Kim et al., 2008; Zhang
et al., 2008). However, whereas activation of MuSK to induce AChR aggregation and NMJ
formation is dependent on the presence of an 8, 11 or 19 amino acid insert in the C-terminal
“Z” site of agrin (Z* agrin) (Burgess et al., 1999; Ferns et al., 1992; Glass et al., 1996a,b),
the filopodia inducing activity of the 22 kDa neurotrypsin-dependent C-terminal agrin
fragment does not require Z* agrin (Matsumoto-Miyai et al., 2009). Likewise, induction of
filopodia in neurons or filopodia-like processes in non-neuronal cells by overexpression of
Tme-agrin is also independent of Z-site inserts (McCroskery et al., 2006). In fact, this latter
activity is dependent on the N-terminal moiety of Tm-agrin, importantly including the
transmembrane domain (McCroskery et al., 2006) and 3 of the 8 follistatin-like domains
(fig.1) in the N-terminal extracellular moiety (Porten et al., 2010). There is also strong
evidence that the glycosaminoglycan (GAG) chains (fig. 1) attached to the N-terminal
moiety (Winzen et al., 2003) play an important role in the induction of filopodia-like
processes on non-neuronal cells and filopodia in neurons. Few or none of these processes are
induced in non-neuronal cells or neurons, respectively, overexpressing Tm-agrin with the
GAG chains deleted (Lin et al., 2010).

The difference in the agrin domains required for neurotrypsin-dependent induction of
dendritic filopodia and those required for the formation of filopodia in neurons and
filopodia-like processes in non-neuronal cells induced by Tm-agrin overexpression suggests
that different receptors and downstream signal transduction mechanisms may be involved.
Some progress has been made in understanding the signal transduction mechanisms
involved in filopodia induction by overexpression or clustering of Tm-agrin, but it must be
kept in mind that the mechanisms uncovered in this way are not necessarily the ones
involved in the positive regulation of neuronal filopodia by endogenous Tm-agrin. The
formation of filopodia-like processes in non-neuronal cells and neuronal cell lines
transfected with Tm-agrin is dependent on the activation of Racl and Cdc42 (Lin et al.,
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2010; McCroskery et al., 2006), Ras family GTPases well known to be involved in
protrusive activity of the actin cytoskeleton (Hall, 1998; Hall, 2005; Ridley, 1999).
However, the upstream receptors and signal transduction pathways for this process are
unknown. Filopodia formation induced by clustering of endogenous Tm-agrin has recently
been shown to involve sequential clustering of Tm-agrin in lipid rafts, activation of the
tyrosine kinase Fyn, and activation of mitogen activated protein kinase (MAPKinase)
(Ramseger et al., 2009). In view of the similarity to other cellular responses that can be
mediated either by clustering or ligand-induced dimerization of transmembrane receptors,
Ramseger et al. proposed that Tm-agrin itself acts as a receptor in this process. If this is the
case, the endogenous ligand for Tm-agrin with respect to regulation of filopodia remains to
be identified. Alternatively, Tm-agrin may facilitate a receptor-ligand interaction that
promotes filopodia formation and stabilization, perhaps through the ability of the agrin GAG
chains to bind and present various ligands to their cell surface receptors (see, for example,
Kim et al., 2003) (see fig. 2A).

Does neuronal agrin regulate synapse formation, synaptic plasticity and
signaling through diverse receptors and common signal transduction
mechanisms in the brain?

As described above, there is strong evidence that agrin regulates formation or stabilization
of a subclass of excitatory synapses in the murine brain and that it also regulates excitatory
synaptic activity and synaptic plasticity in areas including the hippocampus and cortex. Two
broad questions remain unanswered and should be the subject of future research: 1) Are
distinct receptors acted upon by different isoforms or fragments of agrin to regulate these
processes? 2) Are there common signal transduction pathways for these diverse roles of
agrin?

Known and putative receptors for agrin in the brain

The predominant form of agrin expressed by neurons in the brain is a type Il transmembrane
proteoglycan (Burgess et al., 2000; Neumann et al., 2001). However, as described above, a
20 kDa fragment of agrin, consisting of the C-terminal-most laminin G domain, binds to the
a3NKA, inhibiting the activity of Na*K* ATPase and thus reducing the membrane potential
of neurons and increasing excitability (Hilgenberg et al., 2006). A C-terminal 22kDa
fragment containing the same laminin G domain, produced by neurotrypsin under conditions
favoring synaptic plasticity, induces dendritic filopodia formation in brain slices
(Matsumoto-Miyai et al., 2009). It would be tempting to suggest that the filopodia-inducing
activity was somehow related to increased excitability. However, the induction of c-fos in
cortical neurons, for which the 20 kDa fragment is sufficient, was initially demonstrated
with the 95 kDa soluble C-agrin fragment (Hilgenberg et al., 1999), whereas neurotrypsin
proteolysis to produce the 22kDa fragment was required for filopodia induction
(Matsumoto-Miyai et al., 2009).

Thus it seems likely that a receptor other than the a3NKA is involved in excitatory synaptic
activity-related filopodia induction. On the other hand, one might speculate that increased
excitability due to binding of the 22 kDa fragment to the a 3NKA would enhance the
synaptic activity required for neurotrypsin-dependent production of the 22 kDa fragment,
thus creating a positive feedback loop. With regard to the role of agrin in supporting
synaptogenesis through positive regulation of dendritic filopodia during development, it
remains to be determined whether the active form of agrin involved in this process is the
intact transmembrane proteoglycan or a fragment produced by proteolytic activity. As
mentioned above, the induction of filopodia on neurons by Tm-agrin overexpression appears
to require the transmembrane domain and the N-terminal moiety of Tm-agrin, including 3 of
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the 8 follistatin-like domains (McCroskery et al., 2006; Porten et al., 2010), suggesting that a
different receptor is involved in this process than in the neurotrypsin-dependent induction of
dendritic filopodia in adult brain slices. However, it remains to be determined if induction
by overexpression utilizes the same receptor as the regulation of neuronal filopodia by
endogenous Tm-agrin. Finally, it would be of interest to determine whether or not the 22
kDa fragment of agrin produced by neurotrypsin digestion would induce filopodia on the
dendrites of hippocampal or cortical neurons in culture and to identify the relevant receptor.

As described above, there is good evidence that MuSK is involved in synaptic activity and
downstream signaling in the rat brain (Garcia-Osta et al., 2006), but it has not been
determined if this activity requires activation by agrin. The phosphorylation of CREB
induced by soluble C-terminal agrin in cultured hippocampal neurons appears to require
activation of MuSK, since this effect was observed with a Z* isoform of C-terminal agrin
but not with the Z~ form (Ji et al., 1993). It will be important to determine if MuSK
activation by agrin is required for the phosphorylation of CREB /n vivo, where the
phosphorylation of CREB is thought to be involved in activity-dependent regulation of
synaptic strength (Kandel, 2001; Weller and Waltereit, 2003). In skeletal muscle cells, agrin
activates MuSK by binding to Lrp4 (Kim et al., 2008; Zhang et al., 2008). If agrin indeed
activates MuSK in brain, the relevant binding site remains to be identified. Interestingly,
Lrp4 has been found in synaptic fractions of brain and appears to interact with the
postsynaptic density proteins PSD95 and SAP97 (Tian et al., 2006). Thus it is positioned
also to interact with synaptic agrin and MuSK.

Does agrin act through the mitogen-activated protein kinase (MAP kinase)
pathway in the brain?

The MAP kinase signal transduction pathway mediates multiple effects of tyrosine kinase
activation in mammalian cells, in particular the activation that occurs when membrane
receptors bind their ligands (McKay and Morrison, 2007). In skeletal muscle, this pathway
mediates the effects of MuSK activation by agrin, including AChR clustering and NMJ-
specific gene expression (Rimer, 2011). A few lines of evidence described above suggest
that the MAP kinase pathway may mediate the effects of agrin and MuSK in the brain and in
cultured cortical and hippocampal neurons. MAP kinase phosphorylation has been
implicated as a downstream step in the phosphorylation of CREB induced by Z* agrin in
hippocampal neurons in culture (Ji et al, 1998; Karasewski and Ferreira, 2003), and in the
expression of c-fos induced by either Z* or Z~ agrin in cultured cortical neurons (Hilgenberg
etal., 1999). The latter effect of agrin was triggered by an elevation of intracellular [Ca2*],
but also required Ca2*entry through voltage-sensitive Ca2* channels. As described above,
the neuronal receptor responsive to Z~ as well as Z* agrin is the a3NKA, to which the
binding of agrin results in decreased membrane potential and increased excitability
(Hilgenberg et al., 2006). It is possible that increased excitability of cortical neurons
exposed to agrin might increase the Ca2* flux through voltage gated Ca%* channels, thus
stimulating the downstream pathways. As cited above, the induction of filopodia-like
processes by the clustering of endogenous Tm-agrin also requires activation of MAP kinase
subsequent to Fyn activation (Ramseger et al., 2009). It is of interest here that suppression of
MuSK expression in the rat hippocampus causes a reduction in CREB phosphorylation
(Garcia-Osta et al., 2006). However, in the case of agrin function in the brain, it remains to
be determined if the MAP kinase pathway is involved in CREB phosphorylation and the
consequences to synaptic plasticity and memory consolidation (see fig. 2C).
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Conclusions

In vivo and culture studies, particularly in the last 10-15 years, have provided strong
evidence for a role of agrin in synaptic development, plasticity and signaling in the brain.
Much work remains to be done to elucidate the specific actions of agrin in different brain
areas, stages of development and types of synapses. It will be important to identify
additional receptors for agrin and the relevant downstream signal transduction pathways.
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Figure 1.

Schematic of agrin structure modified from figure 1A of Neumann et al., 2001. The
schematic shows the alternative secretory (NtA) and transmembrane N-termini, the various
structural motifs, the splice sites, and the extent of 95 kDa C-agrin and the 22 kDa C-
terminal fragment generated by neurotrypsin, as referred to in this review. Splice sites are
indicated by Y shapes. The indicated motifs are follistatin-like (FS), laminin EGF-like (LE),
EGF-like and laminin G-like (LG). Vertical lines with chains of oval shapes represent GAG
side chains.
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Figure2.

A simplified and somewhat speculative schematic of the ways in which agrin may influence
synapse formation, maintenance, plasticity, activity and postsynaptic signaling, as suggested
by the published findings reviewed in this article. (A left) Tm-agrin promotes the formation
of dendritic filopodia by acting as a transmembrane receptor itself or by facilitation of ligand
binding to an undetermined transmembrane receptor. Filopodia in turn promote the
formation of spine synapses. (A right) Tm-agrin or a C-terminal proteolytic fragment
activates MuSK through Lrp4 binding to promote synapse formation and/or maintenance.
(B) Under conditions that promote LTP, secreted neurotrypsin generates a 22 kDa agrin C-
terminal fragment. This fragment induces filopodia formation through an undetermined
receptor, thus promoting new spine synapse formation. (C-left) Agrin or a C-terminal
proteolytic fragment binds to the a3NKA, inhibiting the activity of Na*K* ATPase and thus
increasing excitatory synaptic activity, intracellular [Ca*] and downstream signal
transduction through the MAP kinase pathway. (C-right) Tm-agrin or a C-terminal fragment
activates MuSK through Lrp4 binding to elicit downstream signal transduction involved in
synaptic plasticity. (D) Key to representations of the molecules mentioned in this legend.
Note that Tm-agrin is actually large enough to span the synaptic cleft and act across it.
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