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1. Summary

Semaphorins constitute a family of secreted and membrane-associated proteins in-
volved in repulsive axon guidance during development of the nervous system. They 
bind and signal through receptor complexes consisting of neuropilins and plexins. 
The secreted prototype semaphorin, semaphorin 3A (Sema3A), originally identified 
as a protein that is involved in (de)fasciculation of grasshopper axon bundles (Kolod-
kin et al., 1992) and a protein that induced growth cone collapse of chicken dorsal 
root ganglion growth cones (Luo et al., 1993), is the best-characterised member of 
the semaphorin family. Disruption of the Sema3A gene in mice causes misrouting 
and defasciculation of developing peripheral motor and sensory nerve projections 
(Behar et al., 1996; Taniguchi et al., 1997; Huber et al., 2005; reviewed in Chapter 
1). After mechanical lesions of the central nervous system (CNS), the expression 
of secreted semaphorins is induced in fibroblasts that form the core of the neural 
scar and an inhibitor of Sema3A promotes post-lesion recovery. Secreted semapho-
rins are therefore inhibitors of regenerative neurite outgrowth in the injured adult 
central nervous system (Pasterkamp et al., 1999; De Winter et al., 2002b; Niclou 
et al., 2003; Kaneko et al., 2006; Chapter 1). In adulthood Sema3A continues to be 
expressed in particular populations of neurons (Giger et al., 1998b) and modulates 
synaptic transmission in vitro (Sahay et al., 2005; Bouzioukh et al., 2006). 

Comparatively little research has been done on the function of this repulsive 
axon guidance protein in the adult nervous system and in neurological disease. In 
the first part of this thesis we described experiments that implicate the chemore-
pulsive protein Sema3A in the disease process of amyotrophic lateral sclerosis (ALS) 
(Chapters 2, 3 and 4). In the second part of this thesis we show that Sema3A is 
a constituent of specialised extracellular matrix structures found around various 
populations of neurons in the CNS; the perineuronal nets (PNNs) (Chapter 5). First, 
we will summarise the findings reported in this thesis. Subsequently we will dis-
cuss the findings and give ideas for future research. 

The neuromuscular synapse is a tripartite synapse, composed of three elements: 
the pre-synaptic motor nerve terminal, the post-synaptic muscle cell and a number 
of terminal Schwann cells (TSCs) that cover the motor nerve terminal (Araque et 
al., 1999; Feng and Ko, 2008). The prevailing view is that TSCs provide essential 
trophic and adhesive support for the motor nerve terminal. In Chapter 2 we report-
ed, however, the selective induction of the repulsive axon guidance protein Sema3A 
in TSCs of the neuromuscular junction (NMJ) of fast-fatigable (type IIb/x) muscle 
fibres, but not in TSCs of slow (type I) and fast fatigue-resistant (type IIa) muscle fi-
bres. The induction of Sema3A was initially observed following denervation of the 
muscle after a sciatic nerve crush and following pharmacological blockage of neu-
romuscular transmission with botulinum toxin (Chapters 2 and 3). In transgenic 
mice expressing the mutant human superoxide dismutase-1 (G93A-hSOD1) gene, a 
well-characterised and widely used mouse model of the motor neuron disease ALS, 
we demonstrated that Sema3A is selectively expressed at the NMJ by TSCs on fast-
fatigable muscle fibres (type IIb/x fibres), but is, again, not expressed at slow (type I) 
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or fast fatigue-resistant (type IIa) muscle fibres (Chapter 2). Contrary to the general 
belief that TSCs are cells that contribute and support the integrity of the neuromus-
cular synapse, these cells can, under certain circumstances, express a protein that is 
repulsive rather than trophic for axons. 

It is already known for quite some time that motor axons that innervate type 
IIb/x muscle fibres fail to exhibit (pre)terminal sprouting following synaptic silenc-
ing (Brown et al., 1981; Sanes and Lichtman, 1999; Frey et al., 2000). The type IIb/x 
NMJs are the first to be denervated in ALS and in the G93A-hSOD1 ALS mouse 
model (Dengler et al., 1990; Frey et al., 2000; Fischer et al., 2004; Pun et al., 2006; 
Hegedus et al., 2008). This knowledge, together with our observation that the re-
pulsive protein Sema3A is selectively induced in TSCs of type IIb/x muscle fibres, 
led to the hypothesis formulated in Chapter 2, that Sema3A expression by TSCs on 
type IIb/x muscle fibres is involved in the selective disassembly of these neuromus-
cular synapses in ALS. 

In Chapter 4 this hypothesis was tested by generating ALS mice in which Npn-
1, a component of the multimeric receptor complex of Sema3A, was conditionally 
ablated in neurons. These triple transgenic animals perform better in two motor 
tasks but the lifespan is not prolonged compared to control mice carrying the G93A-
hSOD1 gene. This is the first functional evidence that Sema3A-Npn-1 signalling 
plays a role in the pathogenesis of ALS. However, more work is necessary to firmly 
establish this role (see discussion below). In the second section of the general dis-
cussion we will briefly review the current ideas about the cause(s) of ALS and the 
role of axon guidance molecules herein. 

In the second part of this thesis we demonstrated that Sema3A is a component 
of PNNs (Chapter 5). Previous studies with a GFP-tagged version of Sema3A (GFP-
Sema3A) have shown that Sema3A binds with high affinity to the extracellular 
matrix formed in culture by HEK293T cells and neuro2A cells (De Wit et al., 2005). 
These studies prompted us to investigate whether Sema3A in the adult rat brain 
is present in the extracellular matrix. By using a number of antibodies directed 
against different regions of Sema3A we show that Sema3A co-localises with Wiste-
ria floribunda agglutinin (WFA), a classical marker of PNNs, and with several con-
stituents of PNNs, including versican and tenascin-R. Evidence for the association 
of Sema3A with PNNs was further obtained by i) showing that Sema3A staining in 
the brain is lost after injection of chondroitinase ABC (ChABC), an enzyme that re-
moves the glycosaminoglycan (GAG)-chains from chrondroitin sulphate proteogly-
cans (CSPGs), and ii) by showing that Sema3A immunoreactivity is severely dimin-
ished in link protein 1 (LP-1) knockout mice [these mice have vestigial PNNs since 
LP-1 is a critical building block of the PNN (Carulli et al., 2010)], and iii) by demon-
strating that tagged-Sema3A binds with high-affinity to PNN-GAGs isolated from 
adult rat brain. PNNs act as a barrier to ingrowth of new connections (for reviews 
see Celio and Blumcke, 1994; Rhodes and Fawcett, 2004; Karetko and Skangiel-
Kramska, 2009) and progressively restrict plasticity during postnatal development 
(Pizzorusso et al., 2002). Thus, Sema3A could be an important component of PNNs 
involved in regulating PNN-associated plasticity.


