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Semaphorins were originally discovered as phylogenetically conserved repulsive 
axon guidance molecules. In the embryonic and juvenile nervous system, semapho-
rins are involved in shaping neuronal architecture by controlling axon guidance, 
axonal pruning, synaptogenesis and the density of dendritic spines (reviewed by 
De Wit and Verhaagen, 2003; Pasterkamp and Giger, 2009). In the central nervous 
system and the peripheral nervous system, the expression of these repulsive axon 
guidance proteins continues beyond the stages in which growth cone navigation, 
neuronal network formation and target innervation is completed. Comparatively 
little information is available on the precise role of semaphorins in the adult, fully 
wired nervous system or in situations in which the nervous system degenerates. 

The objectives of the research described in this thesis were therefore: i) to study 
the founding member of the semaphorin family, semaphorin 3A (Sema3A), in the 
rat neuromuscular system following denervation and in a mouse model for the mo-
tor neuron disease amyotrophic lateral sclerosis (ALS), and ii) to determine whether 
Sema3A is a component of perineuronal nets (PNNs), the condensed, specialised 
extracellular matrix (ECM) structures that surround inhibitory interneurons in the 
cortex, and that have a principle and physiological role in restricting neuroplasticity 
during adulthood.

In the introductory Chapter 1, neuroplasticity is described as a broad term that 
refers to the combined neurochemical, physiological and structural changes that 
together enable the mammalian nervous system to adapt to environmental changes. 
Neuroplasticity is often subdivided into two main interacting processes: modifica-
tions of synaptic function and structural changes of the building blocks of the ner-
vous system i.e. axonal arbours, synapses and dendritic spines. We review the main 
molecular mechanisms that underlie neuroplasticity with a specific focus on the 
role of neurite growth inhibitory axon guidance molecules and the ECM. Finally, 
we provide background information on Sema3A, the protein that is the target of 
study in this thesis. 

Chapters 2, 3 and 4 focus on Sema3A in the adult neuromuscular system, particu-
larly in an animal model for ALS that displays motor neuron degeneration, neu-
romuscular paralysis and death. Chapter 2 demonstrates that Sema3A mRNA ex-
pression occurs in a subset of terminal Schwann cells (TSCs) exclusively located on 
the fast-fatigable muscle fibre type IIb/x following i) a sciatic nerve crush, ii) after 
chemical blockade of the neuromuscular neurotransmission with botulinum toxin 
in the rat, and iii) in the ALS mouse model. Immunohistochemical analysis of de-
nervated gastrocnemic muscles by sciatic nerve crush revealed that Sema3A protein 
is expressed in a diffuse pattern adjacent to markers of the post-synaptic component 
of the neuromuscular junction (Chapter 3). Since the innervation of the type IIb/x 
muscle fibres is the first to be lost in ALS, these observations led to the hypothesis 
that Sema3A expression by TSCs on type IIb/x muscle fibres is involved in the dis-
assembly of the neuromuscular synapse in ALS. To investigate this hypothesis, we 
used existing mice to conditionally ablate Npn-1, which is a component of the mul-



SCOPE A ND OU TLINE

12

timeric receptor complex of Sema3A, in ALS mice and we demonstrated that these 
transgenic animals perform better in two motor tasks (Chapter 4). This suggests 
that Sema3A/Npn-1 signalling may be an element in the molecular pathway of the 
neuropathological sequence of events that occurs in this disease. The observation 
that Sema3A is induced in TSCs after denervation and after blockage of neuromus-
cular transmission indicates that Sema3A expression in these cells is suppressed by 
electrical activity. We propose a model in which diminished synaptic transmission 
in ALS mice leads to pathologically enhanced Sema3A expression which acts as a 
repulsive signal that contributes to disassembly of the neuromuscular junction (see 
Chapter 6 for more discussion). These events occur in conjunction with a number 
of other complex neuropathological changes, including reactive astrocytosis in the 
spinal cord and mitochondrial dysfunction in motor neurons which lead to irre-
versible motor neuron death. 

In Chapter 5 we demonstrate that Sema3A is a constituent of PNNs in the adult 
rat brain. First we show that Sema3A immunoreactivity is present in a typical 
PNN-like pattern around many populations of neurons known to possess PNNs. 
Second, double label immunohistochemical studies reveal that Sema3A co-localises 
with Wisteria floribunda agglutinin, a classical PNN marker, and with the PNN 
components aggrecan, versican, phosphacan, and tenascin-R. Following injection 
of the enzyme chondroitinase ABC in the cortex, Sema3A staining around inhibi-
tory interneurons in the cortex is abolished and in brain-specific link protein Crtl1 
knock-out animals Sema3A staining in PNN is severely attenuated. Since Crtl1 is 
an essential structural component of PNN and Crtl1 knock-out animals have ves-
tigial PNNs, this indicates that Sema3A is a component of PNN. Finally, this idea is 
also supported by biochemical evidence that shows that a tagged version of Sema3A 
binds with high-affinity with brain protein extracts enriched in PNN-associated 
glycosaminoglycans. Together these observations lead to the formulation of a new 
concept namely that PNN do harbour repulsive axon guidance proteins that could 
be instrumental in the role these mysterious structures have in restricting plasticity 
in the adult brain.

Chapter 6 summarises the results of this thesis and provides a guideline for future 
research. We conclude that Sema3A has diverse context-dependent roles in neu-
roplasticity and neurodegeneration. In the neuromuscular junctions of ALS mice, 
Sema3A appears to be an amplifier of a fatal denervation process. Intelligent neu-
tralisation strategies of Sema3A are required to further understand its role in neu-
roplasticity, repair and neurodegeneration. In PNNs, Sema3A acts in a physiological 
context together with other components of the PNN, including the chondroitin sul-
phate proteoglycans and probably as yet unidentified PNN-components. 







CHAPTER 1

GENERAL INTRODUCTION:

Semaphorin 3A and anatomical 
plasticity in the adult mammalian 

central and peripheral nervous 
system
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1. Introduction 

Young children have the ability to learn and acquire skills much faster than adults. 
Sports skills or a second language are easily mastered in early life. This ability of the 
brain to learn new skills as well as more easy recovery from injury of the ‘young’ 
brain is enabled by a process called neuroplasticity. Neuroplasticity is displayed in 
both children and adults but is more enhanced in children, particularly during a 
time span called the critical period. During this period, an excess of synapses is gen-
erated followed by an activity-dependent synapse elimination as postnatal develop-
ment progresses (Huttenlocher and Dabholkar, 1997). Elimination of synapses, also 
known as pruning, is determined by synaptic efficacy in which inefficient synapses 
are the first to be removed (Chechik et al., 1999). Synaptic density in the visual, 
auditory and frontal cortices during this enhanced plasticity period is about 1.5-
fold greater than the average adult brain (Huttenlocher and De Courten, 1987; Hut-
tenlocher and Dabholkar, 1997). This excess of synapses enables neurons to readily 
form new experience-dependent neuronal networks and make developing brains 
more adaptive and plastic than adult brains (Johnston, 2009). As a result of this ex-
tra capacity, a child’s brain can recover more readily from brain injury. Following 
hemispherectomy, the child’s brain is able to regain receptive language, visual and 
motor function (Boatman et al., 1999; Holloway et al., 2000; Hertz-Pannier et al., 
2002; Johnston, 2004; Chiricozzi et al., 2005; Bova et al., 2008; Johnston, 2009). 

Adults also display neuronal plasticity, but only to a certain extent. As the brain 
matures, neural circuits consolidate and become more hard-wired. In diseases such 
as Alzheimer’s disease, Parkinson’s disease or in the case of rapid stroke in adults, 
neuronal function is compromised or neurons die, resulting in formation of dys-
functional circuits. Unfortunately, the adult brain no longer possesses adaptive ca-
pacity and is unable to rewire these defective neural circuits to restore their func-
tion. If these non-plastic neural circuits in adults can be made plastic similar to the 
level seen prior to the critical period closure of the developing brain (Pizzorusso 
et al., 2002; Rhodes and Fawcett, 2004; Pizzorusso et al., 2006; Galtrey et al., 2007; 
Galtrey and Fawcett, 2007), perhaps the adult brain can then compensate for func-
tional loss by forming alternative circuits with other existing healthy neurons. 

Plasticity at the level of individual neurons, i.e., neuronal plasticity consists of 
synaptic plasticity and structural plasticity. Synaptic plasticity is defined as the ex-
perience- or activity-dependent changes in synaptic strength and/or synaptic ef-
ficacy in neurotransmission (reviewed by Feldman, 2009). Structural plasticity, also 
known as anatomical plasticity or remodelling, denotes the rearrangement of neu-
ral connectivity by the formation of new and/or removal of old synapses (Galtrey 
and Fawcett, 2007). 

The main goal of this introductory chapter is to discuss the possible role of the 
repulsive axon guidance molecule semaphorin 3A (Sema3A) in both synaptic plas-
ticity and structural plasticity in the adult nervous system, and the putative role of 
Sema3A in neurological and psychiatric disorders.
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2. Plasticity in the neocortex

Neuroplasticity in the three major regions for perception, the primary auditory cor-
tex (A1), the primary somatosensory cortex (S1) and the primary visual cortex (V1), 
share mutual components and possibly similar cellular and molecular mechanisms 
(Feldman, 2009). The plasticity in these regions is experience-dependent. Experi-
ence-dependent plasticity has been extensively studied in the visual cortex, since 
visual experiences can be easily manipulated. The best-described model to investi-
gate how experience moulds the brain circuitry is the ocular dominance plasticity 
model. 

Ocular dominance is the preferred visual input from one of the two eyes (Khan 
and Crawford, 2001), comparable to left-handedness or right-handedness. The first 
ocular dominance plasticity experiments date back to the 1960s. Classical experi-
ments by Hubel and Wiesel (1963) on cats demonstrated that the visual input from 
the two eyes segregates in the V1 and forms the ocular dominance columns. Occlu-
sion of one eye, also known as monocular deprivation, during development results 
in an unbalanced input from the two eyes. This induces a physiological shift in re-
sponsiveness to light and changes the eye-specific synaptic segregation pattern in 
the V1 area (Hubel and Wiesel, 1965). 

2.1 Critical period
During development of the brain there is a limited time period within which the 
effects of experience or activity are most prominent, called the sensitive period. In 
this sensitive period, experience induces wiring of the neural circuit which is as yet 
not fixed but plastic (Knudsen, 2004). A subtype of sensitive periods is the critical 
period (Knudsen, 2004). The exact definition of a critical period for neural circuit 
development is still under debate by the neuroscientific community. The concept of 
the critical period was proposed following experiments by Hubel and Wiesel (1963, 
1965, 1970). Similar to the sensitive period, plasticity is enhanced during the critical 
period, as neuronal structure and connectivity are still mouldable when the animal 
is exposed to similar stimuli or experiences. After closure of this critical period the 
changes are fixed and cannot be modified in contrast to the sensitive period. Similar 
stimuli or experiences after closure of the critical period can no longer induce the 
same plasticity prior to the closure (reviewed by Knudsen, 2004; Hooks and Chen, 
2007). In addition, the effects of experience on the neural circuit in the sensitive 
period and the critical period are also different. Experience in a sensitive period has 
a strong effect on the brain, but is not critical for an individual to function normally 
whereas experience in a critical period is absolutely essential in order for an indi-
vidual to function normally (Knudsen, 2004). Each region of the brain has distinct 
critical periods that occur at different times. Activation and regulation of critical 
periods in different brain regions are induced by separate mechanisms (reviewed by 
Hensch, 2004).
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Findings in the amblyopia research field suggest that plasticity can still occur 
long after closure of the critical period (Scheiman et al., 2005). Amblyopia is a con-
dition in which one eye displays indistinct vision (Holmes and Clarke, 2006). Dur-
ing development between a few months and 8 years, one eye can become deprived 
of visual input through numerous causes resulting in abnormal vision of an oth-
erwise physically normal eye (reviewed by Hooks and Chen, 2007). Ocular domi-
nance shifts towards the unaffected eye. The traditional view was that ocular dom-
inance plasticity no longer occurred after the age of 8 years, as the critical period 
closed at this age. A clinical trial for amblyopia treatment showed that treatment 
was still effective for children between 7 and 17 years of age, although it was less 
effective than in younger subjects. Nonetheless, 25% of the patients between 7 and 
17 years of age responded and showed improvement. This result suggests that ocu-
lar dominance plasticity can still occur far after closure of the critical period, with 
the proper treatment (Scheiman et al., 2005). 

2.2 Perineuronal nets
A large body of evidence shows that the extracellular matrix is involved in a variety 
of processes including neuroplasticity (reviewed by Dityatev and Fellin, 2009). In 
particular, a structure called the perineuronal net (PNN) appears to play an im-
portant role in plasticity. PNNs are condensed and highly specialised extracellular 
matrices (Yamaguchi, 2000). Cortical PNNs enwrap cell bodies, proximal dendrites 
and initial axon segments of predominantly GABAergic interneurons and some py-
ramidal neurons (Hartig et al., 1992; Bruckner et al., 1996a; Bruckner et al., 1996b; 
Hausen et al., 1996; Alpar et al., 2006; Bruckner et al., 2006). Interneurons bearing 
PNNs express parvalbumin (PV) and the voltage-gated potassium channel subunit 
Kv3.1b (Hartig et al., 1999). 

The composition of PNNs differs from that of the more diffuse extracellular ma-
trix (Deepa et al., 2006). PNNs are composed of hyaluronan, chondroitin sulphate 
proteoglycans (CSPGs), tenascin-R and link proteins (for reviews see Yamaguchi, 
2000; Galtrey and Fawcett, 2007). The CSPGs in PNNs consists of phosphacan and 
members of the lectican family including aggrecan, versican, neurocan and brevi-
can. The CSPGs interact with hyaluronan and tenascin-R in which the interaction 
between CSPGs and hyaluronan is stabilised by link proteins (Galtrey and Fawcett, 
2007). The PNN components are expressed by neurons or glia or both (Carulli et al., 
2006). 

The notion that PNNs are involved in neuroplasticity comes from experiments 
with the bacterial enzyme chondroitinase ABC (ChABC). This enzyme degrades 
the chondroitin sulphate glycosaminoglycan (CS-GAG) chains of CSPGs (Oike et 
al., 1980; Galtrey and Fawcett, 2007). In vivo injections of ChABC into the visual 
cortex of adolescent rats reactivate ocular dominance plasticity far after closure 
of the critical period (Pizzorusso et al., 2002). Monocular deprivation of rats until 
adulthood results in an irreversible shift in ocular dominance (Hubel and Wiesel, 
1965), however treatment of these monocularly deprived rats with ChABC restores 
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and normalises the ocular dominance (Pizzorusso et al., 2006). The molecular 
mechanism of how PNNs affects plasticity is still not fully understood.

 

3. Molecules implicated in neuroplasticity 

Currently, several proteins are believed to be involved in the function of PNNs. 
Some are components, including tenascin-R, brevican and link protein (Carulli et 
al., 2010), and several are not. The latter include growth inhibitory molecules such 
as myelin-derived outgrowth inhibitors (Nogo-A, myelin-associated glycoprotein 
[MAG], oligodendrocyte myelin glycoprotein [OMgp]) and ephrins that continue to 
be expressed during adulthood. The involvement of these molecules was revealed 
mainly by studies in null-mutant or “knockout” mice. 

3.1 Tenascin-R
Tenascin-R is an adhesive glycoprotein which interacts with the CSPGs to form 
the PNN and is restricted to the CNS (reviewed by Galtrey and Fawcett, 2007). In 
addition, tenascin-R is essential for the full development of the PNN structure and 
is important for synaptic plasticity in the hippocampus (Bukalo et al., 2007). Te-
nascin-R deficiency in animal models leads to partly formed PNNs (Bruckner et 
al., 2000), and have abnormalities in the CA1 region of the hippocampus (Saghat-
elyan et al., 2001). The lack of tenascin-R in the PNNs surrounding the hippocam-
pal pyramidal cells results in a decreased perisomatic inhibition; which leads to an 
increased excitatory synaptic transmission, thereby influencing synaptic plasticity 
in the hippocampal formation (Bukalo et al., 2001; Saghatelyan et al., 2001). Ge-
netic ablation of the tenascin-R gene revealed that it regulates synaptic plasticity by 
affecting long-term potentiation (LTP), resulting in learning and memory deficits 
(Freitag et al., 2003). 

Mice deficient in brevican, another component of the PNN structure with strong 
interactions with tenascin-R, also display an affected hippocampal CA1 LTP, but 
these mice have no deficits in learning and memory. PNNs are able to form in the 
absence of brevican, indicating that it is not an essential structural component of 
PNN. However, it may modify the functional properties of the PNN in as yet un-
known ways (Brakebusch et al., 2002).

3.2 Link proteins
Link proteins are small glycoproteins that stabilise the interaction between hyal-
uronan and CSPGs (Binette et al., 1994; Neame and Barry, 1994; Galtrey and Faw-
cett, 2007). A recent study demonstrates that the integrity of the PNN is essential 
for controlling plasticity in mice. Link proteins have an important role in assembly 
of the PNN and their expression increases during the period PNN are formed. Ge-
netic deletion of the cartilage link protein 1 (Crtl1) results in the formation of ves-



CH A PTER 1

22

tigial PNN and in these link protein knockout mice ocular dominance plasticity is 
enhanced in adulthood (Carulli et al., 2010). 

3.3 Myelin-associated guidance molecules
Myelin-associated growth molecules including MAG, Nogo-A and OMgp (Filbin, 
2003; Schwab, 2004; Yiu and He, 2006) are inhibitory cues that suppress axon re-
generation after injury of the adult CNS (Ghosh et al., 2010). These cues share a 
common source which is the oligodendrocyte (reviewed by Giger et al., 2008). An-
other shared feature is that they signal via the same ligand binding receptor com-
ponent Nogo-66 (NgR) (Liu et al., 2006) and contribute to growth cone collapse 
(reviewed by Giger et al., 2008). NgR signalling has been shown to be associated 
with neuroplasticity, as deletion of the NgR gene disables the closure of the critical 
period. Ocular dominance plasticity in adult mice lacking NgR is similar to that in 
juvenile mice, suggesting that myelination is required to establish neural circuitries 
(McGee et al., 2005). The exact mechanism remains unclear.

3.4 Ephrins
A different family of guidance molecules that play an important bidirectional role 
in neuronal plasticity are the receptor tyrosine kinases Ephs and their ligands eph-
rins (Pasquale, 2008; Klein, 2009). Ephrins and Eph receptors do not only play roles 
during early and postnatal development, axon guidance and in the development of 
non-neuronal systems, but are also important in synaptic plasticity and spine de-
velopment (for reviews see Flanagan, 2006; Egea and Klein, 2007; Pasquale, 2008). 

In the adult nervous system, EphB2 and EphA4 are known to be involved in 
modulating synaptic plasticity in adult hippocampus (reviewed by Lai and Ip, 2009). 
EphB2 receptor modulates Ca2+ influx by interacting with NMDA receptors, there-
by forming and strengthening the excitatory synapse (Dalva et al., 2000; Takasu et 
al., 2002). Conditional genetic ablation of EphA4 reveals strong defects in long-term 
depression and LTP (Grunwald et al., 2004). However, the underlying mechanism 
remains to be elucidated. 

Following a CNS injury, meningeal fibroblast and reactive astrocytes make up 
the glial scar and forms a growth inhibitory barrier for regenerating axons (Silver 
and Miller, 2004). Ephrins are suggested to play a role in scar formation and inhibit-
ing axonal regeneration (reviewed by Niclou et al., 2006). This evidence was provid-
ed by a study in EphA4-deficient mice (Goldshmit et al., 2004), which revealed that 
scar formation in EphA4 null mutant mice was aberrant as the astrocytic reaction 
was virtually absent. In addition, the EphA4 null mice display functional recovery 
and robust long-distance regeneration of spinal motor neurons following hemisec-
tion of the spinal cord (Goldshmit et al., 2004). Taken together, these data show that 
ephrins/Ephs plays a pivotal role in both structural and synaptic plasticity.
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3.5 Semaphorin 3A
Another family of guidance molecules that may play a role in neuroplasticity are 
the semaphorins. Neuro2A cells overexpressing a tagged member of the semaphorin 
family, Sema3A-GFP, displayed an extracellular granular distribution on the cell 
surface. Sema3A was found to be associated with proteoglycans and could be re-
leased into the medium by treating the neuro2A cells with ChABC (De Wit et al., 
2005). There is more and more evidence to suggest that proteoglycans can regulate 
developmental axonal pathfinding and synaptogenesis by interactions with a va-
riety of soluble ligands (reviewed by Bandtlow and Zimmermann, 2000). In this 
thesis we present evidence that in the adult rodent brain, Sema3A is associated with 
specific components of the PNNs (see Chapter 5 of this thesis). The presence of this 
chemorepulsive guidance molecule in the PNNs may indicate their involvement in 
specific forms of neuroplasticity. The specific role of Sema3A during adulthood is 
the subject of further study in our laboratory (see General Discussion of this thesis, 
Chapter 6).

In the next sections, the semaphorin family and their receptors will be described. 
In particular, the putative role of the secreted member of the class 3 semaphorins, 
Sema3A, in neuroplasticity and neurological disorders will be discussed. 

 

4. The semaphorin family

4.1 Semaphorins
Members of the large and diverse semaphorin family are expressed in the nervous 
system, immune system and cardiovascular system of various animal species. The 
name semaphorins originated from the word ‘semaphore’, meaning “to convey in-
formation by a signalling system often used in maritime and rail transportation” 
(Semaphorin Nomenclature Committee, 1999). The first semaphorin, semaphorin-
1a (originally designated Fasciclin IV), was discovered in the developing grasshop-
per nervous system (Kolodkin et al., 1992). The first identified vertebrate semapho-
rin, Sema3A, was purified from chick brain (Luo et al., 1993) and initially known 
as collapsin-1. The identification of Sema3A triggered the discovery of many other 
members of this family of chemorepulsive axon guidance molecules. In the 70s, 
the antigen CDw108 located on the human red blood cells appeared to be a glyco-
sylphosphatidyl inositol (GPI)-anchored semaphorin (currently known as Sema7A) 
(Angelisova et al., 1999; Yamada et al., 1999). In the human immune system, the 
antigen CD100 originally identified on the surface of T lymphocytes revealed to be 
the transmembrane Sema4A (Bougeret et al., 1992). A unified nomenclature was 
adopted for the semaphorins/collapsins based on their structural characteristics 
in combination with phylogenetic tree analysis by the Semaphorin Nomenclature 
Committee (1999). Currently, the semaphorin family comprises at least 25 secreted 
or membrane-bound members which are divided over eight classes. Classes 1 and 2 
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semaphorins are found in invertebrate species whereas classes 3 to 7 are vertebrate 
semaphorins and class V are viral semaphorins. Classes 2, 3 and V semaphorins are 
secreted and classes 1, 4 to 7 are membrane-associated, either transmembrane or 
GPI-anchored (Fig. 1). All semaphorins share a conserved ‘sema’ domain of ~500 
amino acid residues (Kolodkin et al., 1993; Luo et al., 1993). Semaphorins were ini-
tially characterised as neuronal chemorepellents. Currently it is clear that sema-
phorins can either repel or attract neuronal as well as non-neuronal cells dependent 
on the context in which they act.

Figure 1. The semaphorins and their neuronal receptors. The semaphorin family is 
subdivided into eight classes. Classes 1 and 2 contain semaphorins found in inver-
tebrate species, classes 3–7 vertebrate semaphorins, and class V viral semapho-
rins. Semaphorins exist as secreted (classes 2, 3, and V) and membrane-associated 
molecules (classes 1 and 4–7). All neuronal semaphorin receptors identified to date 
contain a member of the plexin family. Semaphorins can either bind directly to plexins 
(I; classes 1, 2, 4, V, and Sema3E) or require neuropilins as ligand-binding subunit (II, 
class 3 semaphorins). β1 subunit-containing integrins also serve as receptors for class 
7 semaphorins in a plexin-independent fashion (III). modulatory receptor subunits 
such as L1 and Off-track have also been identified.
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4.2 Semaphorin receptors
The detection of semaphorins and their effects on cells are mediated through plex-
ins or a holoreceptor complex consisting of plexins and various co-receptors, in-
cluding neuropilins (Npns) and modulatory receptor units (Table 1). All semapho-
rin receptors contain a member of the plexin family (for reviews see Fujisawa and 
Kitsukawa, 1998; Raper, 2000; Yazdani and Terman, 2006; Zhou et al., 2008). The 
first evidence that plexins play key roles in semaphorin signalling was the observa-
tion that plexinC1 interacts with the secreted viral semaphorin SemaVA (Comeau 
et al., 1998). Currently, the plexin family contains 11 members categorised into four 
classes. Two members are found in invertebrates (plexA and plexB) and nine in ver-
tebrates (plexinA1–A4, plexinB1–B3, plexinC1 and plexinD1). 

All semaphorins act through direct interaction with plexins (reviewed by Negi-
shi et al., 2005), however, the vertebrate-secreted class 3 semaphorins fail to bind 
directly to any known plexin with the exception of Sema3E (Gu et al., 2005). 
Class 3 semaphorins do signal through plexinAs but it requires Npns as high af-
finity binding co-receptor in a Npn-plexin holoreceptor complex (Takahashi et al., 
1999; Raper, 2000; Fujisawa, 2002; Huber et al., 2003). In contrast to the plexins, 
the short intracellular domain of the transmembrane Npns is not required to elicit 
biological activity (Nakamura et al., 1998). The Npn family consists of two mem-
bers, Npn-1 and Npn-2 (He and Tessier-Lavigne, 1997; Kolodkin et al., 1997). The 
binding and specific responses of the class 3 secreted semaphorins is dependent on 
the Npn-plexin receptor complex configuration. Npn-1 binds to all class 3 semapho-
rins except Sema3G (Chen et al., 1997; Feiner et al., 1997; He and Tessier-Lavigne, 
1997; Kolodkin et al., 1997; Taniguchi et al., 2005) whereas Npn-2 binds to all class 3 
semaphorins with the exception of Sema3A and Sema3E (Chen et al., 1997; Giger et 
al., 1998c; Takahashi et al., 1998; Taniguchi et al., 2005). The composition of Npns 
within a receptor complex dictates binding affinity with the semaphorins. A ho-
modimer of either Npn-1 or Npn-2 increases the affinity to Sema3A and Sema3F 
respectively, and a heterodimer of Npn-1 and Npn-2 might form the binding unit 
for Sema3C (Chen et al., 1998). Npn-1 is expressed in blood vessels (Takahashi et al., 
1997) serving as co-receptor for vascular endothelial growth factor (VEGF) (Soker 
et al., 1998). 

Adding to the complexity, various other proteins contribute to semaphorin sig-
nalling next to plexins or Npns. Some class 3 semaphorins require L1 cell adhesion 
molecule (L1CAM) or neural CAM (NrCAM) of the immunoglobulin superfamily 
as modulatory co-receptors to signal specific repulsive or attractive axonal guid-
ance (Castellani et al., 2000; Castellani et al., 2002; Falk et al., 2005; Wolman et al., 
2007). The transmembrane co-receptors off-track (Otk) and receptor guanylyl cy-
clase Gyc76C bind to plexA allowing repulsive signalling of Sema-1a in Drosophila 
(Winberg et al., 2001; Ayoob et al., 2004). In cardiac morphogenesis, the dual effects 
of Sema6D on promoting or inhibiting outgrowing cells is dependent on the asso-
ciation plexinA1 with the modulatory proteins VEGF receptor 2 (VEGFR2) or Otk 
respectively (Toyofuku et al., 2004). Association of the receptor tyrosine kinases 
Met to Sema4D-plexinB1 complex stimulates the invasive growth of epithelial cells 
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(Giordano et al., 2002) whereas association of a different receptor tyrosine kinase 
ErbB2 to the complex mediates neuronal growth cone collapse in primary hippo-
campal neurons respectively (Swiercz et al., 2004). Another semaphorin in which 
Met can be a component of the receptor complex is Sema5A. Sema5A bound to 
plexinB3-Met triggers invasive growth of endothelial cells (Artigiani et al., 2004). 
During development, Sema5A can mediate attraction or repulsion of midbrain 
axons. For attraction, Sema5A requires heparan sulphate proteoglycans (HSPGs) 
whereas CSPGs are required to switch Sema5A from attractant to repellent (Kantor 
et al., 2004). Although plexins are the main signal transducer of semaphorins, some 
semaphorins can exert its function in a plexin-independent manner. The GPI-an-
chored Sema7A promotes central and peripheral axon growth through integrins as 
receptors (Pasterkamp et al., 2003). In the immune system, the class 4 semaphorin 
Sema4A induces responses in T-cells through Tim-2 (Kumanogoh et al., 2002) and 
Sema4D utilises CD72 as the major receptor (Kumanogoh et al., 2000).

The current view in neurons is that Sema3A exerts its inhibitory effect through 
binding with the multimeric receptor complex consisting of a dimer Npn-1 as the 
high affinity ligand binding partner (He and Tessier-Lavigne, 1997; Kolodkin et al., 
1997) and L1CAM as modulatory component (Castellani et al., 2000; Castellani et 
al., 2002). Signalling of Sema3A is exerted preferentially through plexinA4, how-
ever, a full activation also requires plexinA3 function (Cheng et al., 2001; Suto et al., 
2005; Yaron et al., 2005). Sema3A is also capable of mediating an attractive response 
on cortical axons when soluble L1Fc is added to L1-deficient axons (Castellani et al., 
2000; Castellani et al., 2002).

 

5. Sema3A during development

The best-characterised biological function of Sema3A during neuronal develop-
ment is that of an axon repellent. These insights were provided by various loss-
of-function studies in which either the gene encoding Sema3A (Behar et al., 1996; 
Taniguchi et al., 1997; Catalano et al., 1998; Ulupinar et al., 1999; Schwarting et 
al., 2000; Pozas et al., 2001; Taniguchi et al., 2003; Schwarting et al., 2004) or the 
binding receptor Npn-1 (Kitsukawa et al., 1997; Kawasaki et al., 2002) were delet-
ed. Phenotypically, Sema3A and Npn-1 knockout mice show striking resemblance. 
Npn-1, however, also acts as a binding receptor for other class 3 semaphorins apart 
from Sema3A (table 1). Deleting the receptor may affect the signalling of various 
semaphorins with similar distribution and function making the Npn-1 null mice 
phenotype even more severe than Sema3A knockout mice (Kitsukawa et al., 1997). 
Several cranial (trigeminal, facial, vagus, accessory and glossopharyngeal nerves 
but not the oculomotor nerve) and spinal nerves of both null mutant mice did proj-
ect to the appropriate target area, however the trajectories were heavily defascicu-
lated along with an aberrant dorsal root sensory afferent patterning in the spinal 
cord (Behar et al., 1996; Taniguchi et al., 1997; Ulupinar et al., 1999). Furthermore, 
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the disorganised nerves also show branching in areas which are normally avoided 
by these fibres (Kitsukawa et al., 1997; Taniguchi et al., 1997). In contrast, the ef-
fects of Sema3A gene deletion are more subtle in the CNS. The most striking effect 
is found in the olfactory and hippocampal system (Schwarting et al., 2000; Pozas 
et al., 2001; Taniguchi et al., 2003; Schwarting et al., 2004). Whereas most axons in 
the PNS of the Sema3A knockout mice terminate close to their target, targeting er-
rors occur for some axon populations in the CNS. Npn-1 positive olfactory axons ex-
hibit misrouting and terminate in inappropriate target regions in the olfactory bulb 
(Schwarting et al., 2000; Schwarting et al., 2004). Furthermore, misrouted Npn-1 
positive olfactory axons are not corrected in contrast to misrouted PNS axons, in 
which initial targeting errors in the PNS are corrected in later stages of develop-
ment (White and Behar, 2000). Sema3A knockout animals which manage to live 
into adulthood show permanently distorted sensory maps (Taniguchi et al., 2003).

Disruption of Sema3A or the receptor gene provokes not only neurodevelopmen-
tal abnormalities but also displays bone malformation and an aberrant cardiovascu-
lar system (Behar et al., 1996; Gu et al., 2003). The latter probably attributes to the 
embryonic death of most of the Sema3A and Npn-1 knockout mice. 

 

6. Sema3A in psychiatric and neurological 
disorders

During development of the nervous system Sema3A and its signalling components 
are indispensible for guiding outgrowing axons towards their targets (Behar et al., 
1996; Taniguchi et al., 1997; Ulupinar et al., 1999; Schwarting et al., 2000; Tanigu-
chi et al., 2003; Schwarting et al., 2004). Sema3A and the signalling components 
continue to be expressed in the mature nervous system, however the expression is 
less widespread and is restricted to certain neuronal populations (Giger et al., 1998b; 
Pasterkamp et al., 1998b; Pasterkamp et al., 1999). Aberrant expression of Sema3A 
or its signalling components occurs in various neuropathological diseases in animal 
tissue and human post-mortem material. These disorders include epilepsy (Barnes 
et al., 2003; Holtmaat et al., 2003; Yang et al., 2008), schizophrenia (Eastwood et al., 
2003; Mah et al., 2006), Alzheimer’s disease (Good et al., 2004; Uchida et al., 2005), 
Parkinson’s disease (Shirvan et al., 1999; Barzilai et al., 2000), multiple sclerosis 
(Williams et al., 2007) and following traumatic CNS injuries (Pasterkamp et al., 
1999; Pasterkamp et al., 2001; De Winter et al., 2002b), PNS injuries (Pasterkamp et 
al., 1998a; Tannemaat et al., 2007) and in the motor neuron disease amyotrophic lat-
eral sclerosis (ALS) (De Winter et al., 2006; Chapter 2 of this thesis). The aberrant 
expression of Sema3A or its signalling components may interfere with the normal 
neurological processes resulting in the disease phenotype of these disorders. The 
possible involvement of Sema3A in neurological and psychiatric diseases will be 
elucidated in the following sections.
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6.1 Schizophrenia
Schizophrenia is characterised by a synaptic pathology as result of an aberrant neu-
rodevelopment. Genetic analysis revealed an altered expression of genes involved in 
synapse formation and synaptic transmission (reviewed by Harrison and Weinberg-
er, 2005). Changes in the expression of Sema3A or semaphorin signalling in schizo-
phrenia have been described in two separate studies. First, an increase of Sema3A 
protein expression was detected in the cerebellum of schizophrenic patients togeth-
er with a decrease in the expression of synaptophysin and reelin, proteins involved 
in synapse formation and synaptic transmission (Eastwood et al., 2003). Second, in a 
genome-wide association study, four single-nucleotide polymorphisms (SNPs) cod-
ing for a region in the semaphorin receptor component plexinA2 gene were found 
associated with schizophrenia (Mah et al., 2006). In vitro and in vivo studies show 
that plexinA2, together with Npn-1, is able to form a receptor complex and mediate 
a response to Sema3A (Table 1), at least in dorsal root ganglion (DRG) neurons and 
in apical dendrites in the cerebral cortex (Rohm et al., 2000; Sasaki et al., 2002). 
However, these plexinA2 SNPs prove to be a varying genetic risk for schizophre-
nia among different ethnic populations (Fujii et al., 2007; Takeshita et al., 2008). 
Taken together, the imbalance between the increased inhibitory Sema3A and the 
decreased attractant and trophic factor reelin might influence synaptic transmission 
resulting in the synaptic pathology of schizophrenia. The Sema3A signalling path-
way involved in schizophrenia patients requires further examination.

6.2 Epilepsy
Epilepsy is a neurological disorder characterised by uncontrolled seizures. In a 
temporal lobe epilepsy model, the induction of status epilepticus through electri-
cal stimulation of the stellate cell axons, located in the entorhinal cortex layer 2, 
results in transient down-regulation of Sema3A mRNA in these cells (Holtmaat et 
al., 2003). The Sema3A-expressing stellate cells project via the perforant path to-
wards the hippocampus and terminate in the molecular layer of the dentate gyrus 
(Lopes da Silva et al., 1990; Witter, 1993; Giger et al., 1998b; Holtmaat et al., 2002). 
The transient down-regulation of Sema3A mRNA results in extensive sprouting of 
mossy fibres towards the hippocampal molecular layer, which is normally devoid 
of mossy fibres (Holtmaat et al., 2003). The temporal lobe epilepsy model together 
with observations in another model involving kainic acid-induced status epilepti-
cus suggests that the secreted class 3 semaphorins Sema3A, Sema3C and Sema3F 
(Barnes et al., 2003; Holtmaat et al., 2003) play a role in regulating synaptic plastic-
ity in the hippocampal formation. Furthermore, Sema3F has also been shown to 
modulate synaptic transmission in hippocampal slices by increasing the frequency 
and amplitude of miniature excitatory postsynaptic currents (Sahay et al., 2005). 
Mice lacking either Sema3F or its ligand-binding receptor Npn-2 are prone to sei-
zures (Sahay et al., 2005; Gant et al., 2009).

Sema3A has also been associated with the perturbed migration of newly formed 
neurons in the hippocampal dentate gyrus following kainic acid induced severe 
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epileptic seizures. Normally, these neurons migrate into the granular cell layer of 
the hippocampus. Kainic acid induces Sema3A expression in the dentate hilus and 
migration of the newly formed neurons towards the hilus suggesting that Sema3A 
is involved in this aberrant migration (Yang et al., 2008).
 
6.3 Alzheimer’s disease
The neurodegenerative disease Alzheimer’s disease (AD) is characterised by gradual 
degeneration and sequential loss of specific neuronal population and synaptic con-
tacts. Early pathogenesis of AD involves neurodegeneration of vulnerable subfields 
of the hippocampus, in particular the pyramidal neurons of the CA1 and the su-
biculum (Braak and Braak, 1991). Sema3A mRNA is expressed in the stellate neu-
rons in the entorhinal cortex and the subiculum in the adult human brain (Giger 
et al., 1998b). During the clinical stages of AD, affected neurons from CA1 and su-
biculum contain a multiprotein complex consisting of Sema3A, plexinA1, plexinA2, 
phosphorylated collapsin response mediator protein-2 (CRMP2) and microtubule-
associated protein 1B (MAP1B) (Good et al., 2004). Downstream of Sema3A signal-
ling, Sema3A stimulates cyclin dependent kinase 5 (Cdk5) and glycogen synthase 
kinase-3β (GSK-3β) leading to (hyper)phosphorylation of CRMP2 and MAP1B 
(Uchida et al., 2005). Sema3A does not only mediate axon retraction but is also able 
to mediate neuronal apoptosis (Gagliardini and Fankhauser, 1999; Shirvan et al., 
1999; Ben-Zvi et al., 2006). The presence of phosphorylated Sema3A, CRMP2 and 
MAP1B in the affected AD neurons suggests that Sema3A may act as an apoptotic 
factor and/or an inducer of axon retraction. Both processes feature the neuropathol-
ogy of AD. However, evidence for a direct or indirect involvement of Sema3A in 
the pathogenesis of AD is lacking.

6.4 Parkinson’s disease
Parkinson’s disease (PD) is a neurodegenerative disorder caused by a selective de-
generation of dopaminergic neurons in the substantia nigra. One possible mecha-
nism responsible for dopaminergic neuron loss is dopamine-induced apoptosis. 
Sympathetic neurons that undergo dopamine-induced apoptosis show an up-reg-
ulation of Sema3A and CRMP2 expression (Shirvan et al., 1999). Exposing high 
concentrations of Sema3A protein, or a Sema3A-derived peptide, to cultured chick 
sympathetic neurons or cultured E14 murine ventral mesencephalic neurons induc-
es neuronal apoptosis (Shirvan et al., 1999; Barzilai et al., 2000; Shirvan et al., 2000; 
Barzilai et al., 2003; Yasuhara et al., 2005). However, rats injected with transfected 
cells expressing persistent levels of Sema3A in the striatum did not develop Parkin-
sonian symptoms (Yasuhara et al., 2005). Treating cultured chick sympathetic neu-
rons and cultured mouse cerebellar granule neurons with Sema3A blocking anti-
bodies prolongs the protection from dopamine-induced neuronal apoptosis (Barzilai 
et al., 2000). In a different study, cultured rat embryonic mesencephalic dopaminer-
gic neurons were exposed to dopamine resulting in dopamine-induced cell death. 
However, these cultured dopaminergic neurons were protected when VEGF165 was 
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added prior to the dopamine induction. Furthermore, VEGF165-expressing cells 
implanted in the striatum of rat model for Parkinson’s disease revealed neuropro-
tective effects of VEGF165 on dopaminergic neurons (Yasuhara et al., 2004). Npn-1, 
the ligand binding receptor of Sema3A (He and Tessier-Lavigne, 1997; Kolodkin et 
al., 1997), is expressed on the dopaminergic neurons in Sema3A-injected animals 
suggesting that dopamine elicits apoptosis via the Sema3A-Npn-1 signalling path-
way (Yasuhara et al., 2005). The latter is supported by the antagonising effect of 
VEGF, which is also a ligand of Npn-1 (Soker et al., 1998), on Sema3A-induced apop-
tosis (Yasuhara et al., 2004). Thus VEGF not only protects the dopaminergic neu-
rons against degeneration but it also prolongs the survival of these neurons, making 
VEGF a potent treatment against dopamine-induced neuronal apoptosis. 
Put together, these data suggest that Sema3A is likely to contribute to dopamine-
induced neuronal apoptosis in PD; however, the underlying mechanism needs to be 
further elucidated.

6.5 Multiple sclerosis
Multiple sclerosis (MS) is an inflammatory disease leading to the demyelination of 
the CNS and the consequent loss of motor and cognitive function. MS is character-
ised by demyelinated “plaques”, which can be visualised by a myelin staining. The 
cause of MS is not just demyelination but also the inability of the CNS to remyelin-
ate (reviewed by Franklin, 2002). Normally in MS, demyelination is followed by 
remyelination in one episode and this process recurs in the next episode (reviewed 
by Compston and Coles, 2008). Oligodendrocyte precursors (OPCs) are glial cells 
that differentiate to oligodendrocytes which in turn form processes to remyelinate 
axons (Wood and Bunge, 1991; Blakemore and Keirstead, 1999). When the OPC 
cache at the lesion site is depleted, remyelination will fail as no differentiated oligo-
dendrocytes can be generated. In animal models remyelination is robust following 
chemically-induced demyelination and the animals do not show any disease corre-
sponding to MS as the remyelination process is continuous (Blakemore, 2008). The 
lack of OPCs may result from recruitment failure as these cells cannot properly mi-
grate to the lesion site (Williams et al., 2007). Two of the secreted class 3 semapho-
rins are found to guide OPCs in the developing optic nerve, Sema3A for repulsion 
and Sema3F for attraction (Spassky et al., 2002), and are also found up-regulated in 
MS plaques (Williams et al., 2007). Interestingly, plaques which are prone to remy-
elinate as well as chemically-induced plaques in animals show a higher up-regula-
tion of Sema3F than Sema3A. This suggests that Sema3A and Sema3F are involved 
in the migration of OPCs in MS and therefore can influence remyelination (Wil-
liams et al., 2007).
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6.6 Semaphorin 3A in CNS injury
Following an injury to the CNS, neurons are unable to regenerate due to insuffi-
cient trophic factors and the expression of inhibitory molecules in the neural scar. 
The growth-inhibitory molecules include CSPGs (for review see Grimpe and Silver, 
2002), and repulsive axon guidance proteins, including class 3 semaphorins (Pas-
terkamp et al., 1998c; Pasterkamp et al., 1999; De Winter et al., 2002b). Following 
a spinal cord injury the meningeal sheet disrupts resulting in an influx of class 3 
semaphorin-producing meningeal fibroblast (Pasterkamp et al., 1999; Pasterkamp et 
al., 2001; De Winter et al., 2002b). Sema3A is a strong candidate to contribute to the 
growth-inhibitory properties of the neural scar. First, intact and injured adult CNS 
neurons express semaphorin receptors and the associated intracellular signalling 
proteins. Second, sprouting sensory axons are still responsive to Sema3A-mediated 
repulsion. Third, DRG neurites outgrowth is enhanced when plated on Sema3A-
deficient meningeal cells (reviewed by Pasterkamp and Verhaagen, 2006). This 
shows that adult neurons are still similarly sensitive to the function of Sema3A and 
respond to the repulsive cue like developing neurons. A compound derived from a 
Penicillum fungal strain has been found to be a very potent and selective Sema3A 
inhibitor in vitro and in vivo (Kikuchi et al., 2003). Chronic local administration of 
the Sema3A inhibitor directly into the lesion site resulted in substantial functional 
recovery following spinal cord transaction (Kaneko et al., 2006).

6.7 Semaphorin 3A in the injured PNS
In contrast to CNS injury, regeneration of peripheral nerves is generally more suc-
cessful. The spinal motor neurons continue to express Sema3A mRNA and the 
receptor Npn-1 into adulthood (Giger et al., 1998b). Upon a sciatic nerve crush, 
Sema3A mRNA is down-regulated in spinal motor neurons while receptor compo-
nents remain unaffected (Pasterkamp et al., 1998a). In the peripheral nerve distal 
to a transection or crush lesion, the levels of Npn-1 and Npn-2 transcripts together 
with their ligand Sema3F mRNA were found to be up-regulated (Scarlato et al., 
2003; Ara et al., 2004). Sema3A mRNA levels were also found to be increased, al-
though to a lesser extent. The relatively higher level of Sema3F mRNA compared 
to Sema3A just distal to the injury site suggests that a regeneration friendly en-
vironment is created since Sema3F attracts axon outgrowth and Sema3A repulses 
(Spassky et al., 2002). When the target is re-innervated, Sema3A mRNA expression 
in the spinal motor neurons returns to control levels. The persistent expression of 
receptor components following nerve crush indicates that the regenerating motor 
neurons remain sensitive to Sema3A (Pasterkamp et al., 1998a). 

The obstetric branchial plexus injury is another type of peripheral nerve injury. 
This lesion occurs during birth and leads to the formation of an intraneural scar 
tissue called a neuroma. The neuroma constitutes a non-permissive environment 
(Sunderland, 1991) which inhibits axonal outgrowth and neuroma formation there-
fore prevents functional recovery. The molecular basis for this inhibitory environ-
ment is still unclear. The repulsive axon guidance molecule Sema3A is expressed 
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by the epineurial and perineurial fibroblast in the neuroma whereas Sema3F is not 
expressed (Tannemaat et al., 2007). Interplay between Sema3A and Sema3F, for re-
pulsion and attraction respectively, determines the success of axon outgrowth to-
wards the target at least of the embryonic optic nerve (Spassky et al., 2002). Perhaps 
the lack of Sema3F and the presence of Sema3A in the neuroma lead to an aberrant 
environment in which nerve fibres are growing aimlessly and are unable to accu-
rately grow towards the distal endoneurial tubes.

The motor neuron disease ALS is a neurodegenerative disease characterised by 
loss of spinal motor neurons leading to paralysis and eventually death (Rosen et al., 
1993). A transgenic mouse model for ALS carrying the mutant human superoxide 
dismutase 1 gene (G93A-hSOD1) displays a disease pattern similar to ALS patients 
(Gurney et al., 1994). The onset of symptoms is directly related to the loss of the 
spinal motor neurons; however prior to the onset the corresponding neuromuscular 
junctions were already denervated, suggesting that ALS is a subtype of an axonopa-
thy (Frey et al., 2000; Fischer et al., 2004). Non-neuronal neighbouring cells in the 
periphery such as terminal Schwann cells (TSCs) might play a crucial role in ALS 
(De Winter et al., 2006; Chapter 2 of this thesis). In G93A-hSOD1 mice, TSCs of 
muscle fibre type IIb/x neuromuscular synapses show robust Sema3A mRNA ex-
pression already at very early pre-symptomatic ages, namely at 3 weeks (unpub-
lished observations, see Chapter 4), whereas onset of symptoms is seen at 14 weeks 
(Gurney et al., 1994). The growth inhibitory properties of Sema3A secreted by TSCs 
may negatively affect the normally permissive microenvironment of the synapse in 
ALS (De Winter et al., 2006; Chapter 2 of this thesis). 

7. Conclusions

In summary, the aberrant expression of chemorepulsive proteins and/or their cel-
lular signalling components may interfere with normal neurobiological processes 
thereby contributing to a neurological disease phenotype. A major challenge for 
future research lies in determining the exact role(s) these proteins play in both the 
normal adult and diseased nervous system. In the not too distant future, this will 
reveal whether aberrant chemorepulsive signalling pathways can be regarded to be 
genuine targets for therapeutic intervention. 
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Abstract 

Neuromuscular synapses differ markedly in their plasticity. Motor nerve terminals 
innervating slow muscle fibres sprout vigorously following synaptic blockage, while 
those innervating fast-fatigable muscle fibres fail to exhibit any sprouting. Here, we 
show that the axon repellent Semaphorin 3A is differentially expressed in termi-
nal Schwann cells (TSCs) on different populations of muscle fibres: postnatal, re-
generative and paralysis induced remodelling of neuromuscular connections is ac-
companied by increased expression of Sema3A selectively in TSCs on fast-fatigable 
muscle fibres. To our knowledge, this is the first demonstration of a molecular dif-
ference between TSCs on neuromuscular junctions of different subtypes of muscle 
fibres. Interestingly, also in a mouse model for amyotrophic lateral sclerosis (ALS), 
 Sema3A is expressed at NMJs of fast-fatigable muscle fibres. We propose that ex-
pression of Sema3A by TSCs not only suppresses nerve terminal plasticity at spe-
cific neuromuscular synapses, but may also contribute to their early and selective 
loss in the motor neuron disease ALS.

 

Introduction 

Recent studies have provided evidence for the presence of subtypes of neuromuscu-
lar synapses in muscles with a mixed fibre type population (Frey et al., 2000; Pun 
et al., 2002; Pun et al., 2006). In mammals, three main types of motor units ex-
ist, slow, fast fatigue-resistant and fast-fatigable. Each type has its own muscle fibre 
subtype(s) that can be identified by the expression of subtype specific myosin heavy 
chain  protein isoforms, type I, type IIa or type IIb and IIx, respectively. These mo-
tor units do not only differ in their physiological properties, but also in anatomi-
cal plasticity and susceptibility to loss of neuromuscular connectivity. Paralysis in-
duced motor nerve terminal sprouting correlates strongly with the distribution of 
muscle fibre subtypes (Duchen, 1970; Frey et al., 2000). Slow-type synapses display 
extensive motor nerve sprouting, whereas fast-fatigable-type synapses show hardly 
any nerve sprouting. In addition, fast-fatigable neuromuscular synapses are suscep-
tible to early loss in motor neuron diseases (Dengler et al., 1990; Pun et al., 2006). 

Plasticity, maintenance and regeneration of neuromuscular junctions (NMJs) 
 importantly rely on the terminal Schwann cells (TSCs) that cover the motor nerve 
terminals (reviewed in Balice-Gordon, 1996; Koirala et al., 2003). Blockade of 
neuro transmitter release or denervation of muscle fibres induces expression of pro-
teins associated with process formation, like growth-associated-protein-43 (GAP-
43) and glial fibrillary acidic protein (GFAP), in TSCs (Reynolds and Woolf, 1992; 
Woolf et al., 1992; Ulenkate et al., 1993; Georgiou et al., 1994). Processes formed by 
TSCs upon loss of muscle innervation serve as guidance substrate for regenerating 
motor nerve sprouts, and can evoke the formation of new nerve sprouts at neigh-
bouring NMJs following partial denervation (Son and Thompson, 1995a, b). Since 
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local cues provided by active TSCs facilitate nerve terminal sprouting during regen-
eration and following synapse blockade, we asked whether TSCs can also selective-
ly restrict anatomical plasticity at specific fast-fatigable-type synapses during these 
processes. In the developing nervous system, several families of guidance molecules 
have been identified that govern neurite outgrowth. Members of the netrin, ephrin, 
slit, and semaphorin family display inhibitory effects on growing neurites (Luo et 
al., 1993; Kolodkin, 1996; Tessier-Lavigne and Goodman, 1996; Guthrie, 1999), that 
result in the restriction of growth of axon subpopulations to defined regions in the 
embryo (Behar et al., 1996; Taniguchi et al., 1997).

In this study, we show that during postnatal development, reinnervation and 
toxin induced paralysis of the gastrocnemic muscle, Sema3A is selectively expressed 
by TSCs at NMJs of subtype IIb/x muscle fibres and is not induced at type I and IIa 
fibres. This indicates that the chemorepellent Sema3A may play a role in restrict-
ing anatomical plasticity at this particular subset of NMJs. In addition, we observed 
that Sema3A is expressed at NMJs of subtype IIb/x muscle fibres in a transgenic 
mouse model for ALS. These observations suggest that Sema3A can exert its che-
morepulsive  effect on motor nerve terminals innervating type IIb/x muscle fibres, 
and may contribute to the loss of the fast type neuromuscular synapse such as ob-
served in ALS (Dengler et al., 1990).
 

Materials & Methods

Animal procedures and sciatic nerve crush
All surgical and animal care procedures were carried out according to the local 
guidelines of the experimental animal care committee. Wistar rats (Harlan CPB-
Zeist,  The Netherlands) were housed in group cages, maintained on a 12 h light/
dark  cycle with ad libitum access to food and water.

Adult male Wistar rats (n = 36) were anaesthetised for aseptic surgery with 
 Hypnorm (0.04 ml/100 g, intramuscular; Janssen Pharmaceuticals Ltd., Eng-
land) and Dormicum (0.08 ml/100 g, subcutaneous; Roche Nederland B.V., The 
 Netherlands). The right sciatic nerve was exposed at the mid-thigh level and 
crushed for 30 s, by closing a haemostatic forceps with grooved jaws. Post-opera-
tively the  animals received buprenorphine hydrochloride (Temgesic; 0.03 ml/100 g, 
subcutaneous; Schering-Plough, The Netherlands).

Botulinum toxin treatment
Adult male Wistar rats (n = 16) received 1 injection of Botulinum toxin A (1 ng/0.1 
ml phosphate-buffered saline pH 7.4 [PBS]; Allergan, Switzerland) per 7 days in 
the medial gastrocnemic muscle of the right hind limb. The left limb was used as 
 control and injected with 0.1 ml PBS.
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ALS mouse model
Two transgenic mice strains were used. G93A-hSOD1 transgenic mice (females, 
n = 60) which carry a high copy number of the human superoxide dismutase 1 
(SOD1) gene containing a mutation of amino acid 93 (Gly→Val) (B6SJL-TgN[SOD1-
G93A]1Gur, The Jackson Laboratory, Bar Harbor, ME, USA), and hSOD1 transgenic 
control mice (females, n = 60) which overexpress the wild-type human SOD1 gene 
(Deng et al., 1993; Rosen et al., 1993; Gurney et al., 1994; Chiu et al., 1995).

Tissue preparation
At the appropriate postnatal days (1–60), post-operative survival times (4, 7, 10, 14, 
21, 35, and 60 days) and following the start of botulinum toxin treatment (7, 14, 
and 28 days), rats were sedated with O2/CO2 and decapitated. Three animals were 
used per time point. Gastrocnemic muscle and the spinal cord of adult animals were 
 dissected out and immediately frozen in dry-ice-cooled 2-methylbutane. Deeply 
anesthetised G93A-hSOD1 transgenic and hSOD control mice were transcardially 
perfused with 0.1 M phosphate buffer pH 7.4 (PB) and subsequently fixed by perfu-
sion with 4% paraformaldehyde (PFA) in 0.1 M PB. Spinal cord and gastrocnemic 
muscle were dissected out and post-fixed overnight in 4% PFA at 4°C. Overnight 
treatment with 250 mM EDTA/PB (4°C) to enhance tissue penetration was fol-
lowed by 24 h of cryoprotection by immersion in 25% sucrose/PB at 4°C. Tissue was 
rapidly frozen in dry ice-cooled 2-methylbutane and stored at –80°C until use. 

Consecutive cryo-sections (20 µm) were subjected to in situ hybridisation and/or 
immunohistochemistry. For the quantitative polymerase chain reaction every third 
cryostat section (60 µm) of the complete (i.c. postnatal time course study) or the 
medial (i.c. sciatic nerve crush study) gastrocnemic muscle was used for total RNA 
isolation.

In situ hybridisation
Generation of digoxigenin-labelled cRNA probes by in vitro transcription and in 
situ hybridisation were performed as described previously (De Winter et al., 2002a). 
Linearised full-length cDNA templates used for probe generation: rat Semapho-
rin 3A (Giger et al., 1996), rat neuropilin-1 (Npn-1) (Kolodkin et al., 1997), mouse 
 plexinA1, A2, A3, and A4 (Murakami et al., 2001; Suto et al., 2003).

Immunohistochemistry
Immunohistochemistry was performed following in situ hybridisation. Sections 
were rinsed in 0.1 M Tris-buffered saline pH 7.4 (TBS) and blocked in TBS contain-
ing 5% fetal calf serum, followed by an overnight incubation at 4°C with primary 
antibodies in TBS. The next day, sections were washed in TBS and incubated with 
fluorescent secondary antibodies in TBS for 1 h at room temperature (RT). Sections 
were mounted in aquamount.
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Antibodies
To characterise the neuromuscular junction and identify the different muscle  fibre 
subtypes primary antibodies were used that recognise: S-laminin (D7), slow type 
I muscle fibres (A4.840), fast type IIa muscle fibres (A4.74), slow type I and fast 
type IIa muscle fibres (N2.261), Neurofilament (2H3), synaptic vesicle protein 2 
(SV2), all from Developmental Studies Hybridoma Bank (Iowa City, IA), P75, S100 
(Dako, Denmark). Secondary antibodies: peroxidase-conjugated rabbit anti-mouse 
immunoglobulins (Dako, Denmark), goat anti-mouse IgG1-R-PE (Southern Biotech, 
 Birmingham, AL), goat anti-mouse IgM (Jackson ImmunoResearch Laboratories, 
Inc., West Grove, PA).

Acetylcholine esterase staining
Cryosections (20 µm) thaw-mounted on Superfrost microscope slides (Menzel Gläs-
er, Germany) were incubated at 37°C in 100 ml PBS pH 7.2 with 210 mg Potassium 
ferrocyanide (II) (Merck, The Netherlands), 170 mg Potassium ferricyanide (III) 
(Merck, The Netherlands), and 13 mg 5-bromoindoxyl acetate (Sigma, The Nether-
lands). After rinsing in PBS, the sections were dehydrated and mounted in Entellan 
(Merck, The Netherlands).

Silver staining
Silver staining was performed as described by Pestronk and Drachman (Pestronk 
and Drachman, 1978).

Real time quantitative PCR
Total RNA was isolated from complete (postnatal time course study) or the me-
dial (sciatic nerve crush study in adult) gastrocnemic muscles using TRIzol reagent 
 (Invitrogen, Carlsbad, CA) following the manufacturer’s guidelines. First strand 
DNA was synthesised with 2 µg total RNA using Superscript II (Invitrogen) and 
oligo dT primers. The reverse transcriptase reaction was carried out at 42°C for 60 
min, followed by 15 min at 70°C to inactivate the enzyme. SYBR Green PCR re-
agent kit (Applied Biosystems, Carlsbad, CA) was used for the quantitative PCR. 
Amplification was performed in MicroAmp Optical 96-well Reaction Plates (Ap-
plied Biosystems) on an ABI PRISM 7700 Sequence Detection System (Applied Bio-
systems). Reaction mixture was composed of 10 µl SYBR Green mix, 3 µl primers 
(2 pmol of each primer), 1.5 µl cDNA and 5.5 µl H2O. Reaction conditions were 10 
min 95°C and 40 cycles of 15 s at 95°C and 1 min at 59°C. The following primer sets 
were used to detect individual members of the class 3 semaphorins and reference 
gene L37a: 
Sema3A; 
5’ATGACGATGGAGATGGCTCT; 3’CGTGGGTCCTCCTGTTTCTA, 
 Sema3B; 
5’GCCTACAACCACACCCATT; 3’GACCAAGGCGACCAAGGCTTCGAAAGATG, 
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Sema3C; 
5’ACTGACACAATGCCGAGGCT; 3’AATGCGCTAATGCGCTCGTTCAGTTTACC, 
Sema3E; 
5’ACACAGGAATTGTGCTGCTG; 3’CATGTCCATGTCGCAGTGATGGAATC, 
Sema3F; 
5’CAGAGCGCAATGACGATAAA; 3’TGGGTCTCTGGGTCTCGATACCATCCTC, 
L37a; 
5’CTCCTTCTGTGGCAAGACCAA; 3’CACCGGCCACTGTTTTCAT.

Statistical analysis
For the quantitative polymerase chain reaction every third cryostat section (60 µm) 
of the complete (i.c. postnatal time course study) or the medial (i.c. sciatic nerve 
crush study) gastrocnemic muscle was used for total RNA isolation. Three animals 
were used per time point and real time quantitative PCR (RT-qPCR) reaction was 
carried out in duplicate. The mRNA levels of the housekeeping gene L37a (this gene 
was chosen because it was stably expressed in the gastrocnemic muscle, while other 
housekeeping genes were not) were used to normalise the expression level of the 
genes of interest. The relative gene expression was calculated using the comparative 
treshold cycle (Ct) method. In brief, while the ΔCt value for each sample is calcu-
lated by subtracting the Ct values for the target gene and L37a, respectively, and the 
ΔΔCt value by subtracting the ΔCt value by the mean ΔCt value of the control adult 
tissue, the amount of target, i.e., normalised to an endogenous reference and rela-
tive to control, is given by 2–ΔΔC. Ct values were used to calculate the fold increase 
compared to control adult. Data are presented as mean plus or minus SEM, and was 
analysed for statistical significance using the Kruskal–Wallis non-parametric Anal-
ysis of Variance (ANOVA) test.

For the evaluation of the number of Sema3A-positive TSC clusters and AChE-
positive endplates every 10th cryostat section (20 µm) through the entire medial 
gastrocnemic muscle (i.c. sciatic nerve crush study) or all sections through the com-
plete gastrocnemic muscle (i.c. of the G93A-hSOD1 and hSOD1 transgenic mice) 
were used. Data from 3 animals per time point are presented as mean ± SEM and 
statistical analysis was performed with the Student’s t test. P < 0.05 was consid-
ered statistically significant. To determine the differential expression of Sema3A 
between pre-symptomatic and symptomatic animals, we pooled the data from all 
young adult G93A-hSOD1 mice (5–8 weeks of age) and older adult (10–18 weeks of 
age) G93A-hSOD1 mice. These data are presented as mean ± SEM. Statistical analy-
sis was performed with the Student’s t test. P < 0.05 was considered statistically 
significant.

Nerve terminal sprouting following BotoxA or saline treatment was quantified 
in two separate muscle regions, a region predominantly composed of subtype I/IIa 
and a region predominantly composed a subtype IIb/x muscle fibres, as determined 
by muscle fibre subtype staining of the adjacent section. In each region 30–60 NMJ 
were scored for the presence or absence of nerve terminal sprouts. Data from 3 ani-
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mals are presented as mean ± SEM. Statistical analysis was performed with the Stu-
dent’s t test. P < 0.05 was considered statistically significant. 

Results 
Since there are no reliable antibodies available specifically recognising Sema3A 
protein, Sema3A expression was examined by in situ hybridisation and RT-qPCR. In 
situ hybridisation and RT-qPCR were performed on gastrocnemic muscles from 1, 4, 
7, 14, 21, 28, and 60 days old rats, and on adult gastrocnemic muscles at 4, 7, 14, 21, 
36, and 60 days following sciatic nerve crush.

Terminal Schwann cells express Sema3A
We observed that Sema3A is prominently expressed in the postnatal developing 
and denervated muscles, but hardly in control mature muscles. No staining was 
observed in sections treated with sense probe (data not shown). Sema3A-positive 
cells are organised in clusters, of 2–6 cells (Figs. 1A–C), that form typical bands 
in the muscle (Figs. 1D and F). Adjacent sections stained for acetylcholine esterase 
(AChE) or S100 revealed that these bands correspond to the endplate region (Figs. 
1E and G). Detailed analysis showed that each Sema3A-expressing cell cluster is 
positioned outside an individual muscle fibre (Fig. 1H), apposed by the AChE (Fig. 
1I) and S-laminin-positive (Figs. 1J–L) synaptic site. Sema3A-expressing cells are 
positive for the low affinity neutrophin receptor P75 (Figs. 1M–O) and are positive 
for the Schwann cell marker S100 (Figs. 1P–R), revealing that Schwann cells are 
the source of Sema3A mRNA and not synapse-associated fibroblasts. Both during 
postnatal development and following denervation, Sema3A expression is restricted 

Figure 1 (next page). Sema3A mRNA in the developing and denervated rat gastrocnemic 
muscle is expressed in TSCs. Combined in situ hybridisation (black in b/w and purple in 
colour pictures) and immunohistochemistry was used to determine the cellular origin of 
Sema3A mRNA expression in the denervated and postnatal developing rat gastrocnemic 
muscle. At 7 days after denervation, Sema3A mRNA was restricted to small cell clusters 
(A), while other neighbouring cells identified with the nuclear marker Topro (blue in panel 
B) do not express Sema3A mRNA (overlay in panel C). In the 7-day postnatal gastrocnemic 
muscle, Sema3A-positive cell clusters are clearly aligned in band like structures (D and F), 
which in adjacent sections can be identified as the AChE- and S100-positive endplate re-
gions (E and G, respectively). In high magnification photographs Sema3A mRNA-positive 
cells can been seen to be positioned on top of individual muscle fibres (H), and co-localise 
with AChE (blue in panel I) and with the NMJ basal lamina marker S-laminin (red in panel 
K, overlay in panel L) in muscles 7 days after denervation. Furthermore, Sema3A-positive 
cells (M and P) express the low affinity receptor P75 and Schwann cell marker S100 (red 
in panel N and green in panel Q, respectively, overlay in panels O and R). Sema3A (S and 
U) expression co-localises with some (open arrow in panel T) but not all (solid arrows in 
panel T) S100-positive TSCs and was not observed in S100-positive pre-terminal Schwann 
cells (arrow heads in panel T).
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to the TSCs and is not observed in pre-terminal Schwann cells in the muscle (Figs. 
1S–U) or Schwann cells in the nerve (data not shown). Taken together, these data 
demonstrate that Sema3A is expressed by TSCs in the postnatal developing and 
adult regenerating gastrocnemic muscle.

Sema3A expression declines during postnatal development of the 
gastrocnemic muscle

From postnatal day 1 until day 21 a gradual decline in the number of Sema3A- 
positive TSC clusters is observed (Figs. 2A–C). Although Sema3A-positive TSC clus-
ters are occasionally found in intact adult gastrocnemic muscles, the majority of 
TSCs no longer expressed Sema3A mRNA (Fig. 2C). The gradual decline in Sema3A 
mRNA expression in the gastrocnemic muscle was corroborated using RT-qPCR 
(Fig. 2D). Expression levels in adult gastrocnemic muscle were used as control and 
set at 1. Expression of Sema3A mRNA at the other time points was plotted as fold 
increase of control. RT-qPCR indicated that Sema3A mRNA levels decrease about 6 
fold from postnatal day 1 to day 21. Expression levels at 21 and 28 days postnatal are 

Figure 2. Analysis and quantification of Sema3A mRNA expression in the developing 
postnatal rat gastrocnemic muscle. In situ hybridisation for Sema3A mRNA on tissue 
sections derived from different postnatal stages of the rat developing gastrocnemic 
muscle (A–C). Sema3A mRNA expression is localised in band-like structures in the 
postnatal developing gastrocnemic muscle (A and B). The number of Sema3A-posi-
tive clusters declines in the first postnatal weeks (A and B), and are absent in adult 
gastrocnemic muscle (C). Quantitative analysis of Sema3A mRNA expression levels 
in developing rat gastrocnemic muscles. Quantitative real time qPCR was used to 
measure Sema3A mRNA expression levels at 1 (P1), 4 (P4), 7 (P7), 14 (P14) and 21 
(P21) days following birth and compared to adult expression levels. Expression was 
normalised against mRNA expression of internal reference gene L37a and expressed 
as fold increase of mean adult Sema3A mRNA expression levels. Compared to adult, 
high levels of Sema3A mRNA is measured in P1 muscles. Sema3A expression levels 
decrease significantly in the first postnatal week when compared to adult expression 
levels (*p < 0.008, Kruskal–Wallis non-parametric ANOVA test). Expression had 
reached adult levels at postnatal day 21 (P21), and had decreased 6 fold as compared 
to P1. Scale bar: 350 µm.
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comparable to the adult Sema3A mRNA levels. Thus, Sema3A is highly expressed 
at the NMJ during the time of nerve terminal remodelling and gradually declines 
thereafter.

Sema3A expression is induced following denervation of the 
gastrocnemic muscle

Sciatic nerve crush results in complete denervation of the gastrocnemic muscle 
and allows complete re-innervation in the subsequent weeks post-lesion. In control 
muscle only occasionally Sema3A-positive TSC clusters were found. Denervation 
of the muscle results in a strong induction of Sema3A expression in a large number 
of TSCs (Figs. 3A–D). The most prominent expression is observed at 7 and 14 days 
following crush lesion (Figs. 3B and C, high magnification in 3F). As the re-inner-
vation process progresses, both a decline in the number of Sema3A-positive end-
plates and a decrease in the expression level per endplate is observed (compare Figs. 
3C and D). The Sema3A expression level is further decreased at 36 days post-lesion 
and, at this time point, Sema3A mRNA is hardly detectable at most endplates (Fig. 
3E and high magnification in 3G). The near normal expression level of Sema3A 
mRNA seen at 36 days post-lesion corresponds well to the completion of muscle re-
innervation.

Although sciatic nerve crush results in a complete denervation of all NMJs in 
the muscle of the hind paw, we did not observe an induction of Sema3A expres-
sion at all endplates. Expression was mainly restricted to the lateral areas of the 
denervated muscle and did not shift to other areas during the post-crush time. 
Comparison of adjacent sections, stained for Sema3A mRNA expression or AChE 
activity, respectively, confirmed that not all TSCs express Sema3A at a given time 
following denervation. Therefore, the number of Sema3A-positive TSC clusters was 
determined, and expressed as a percentage of the total number of AChE-positive 
endplates counted in the adjacent section (Fig. 3H). Quantitative analysis showed 
that there is a significant increase in the number of Sema3A-positive TSC clusters 
present in denervated muscles (23%) as compared to fully innervated muscles (3%), 
but quantification also clearly demonstrated that a large portion of endplates in the 
denervated muscle remains devoid of Sema3A mRNA expression.

RT-qPCR confirmed the increase of Sema3A mRNA expression observed by in 
situ hybridisation following denervation (Fig. 3I). Sema3A mRNA levels were nor-
malised against L37a, a gene of which the expression is not affected by denervation 
of the gastrocnemic muscle (data not shown). Compared to the levels measured in 
the control muscles, Sema3A mRNA levels increase about 8-fold at 5 days, and up 
to 22-fold at 10 days post-denervation, compared to the levels measured in the con-
trol muscles. Between 35–60 days, Sema3A mRNA expression gradually returned 
to control levels.

To determine whether other class 3 semaphorins are also up-regulated after 
 denervation of the muscle, their expression level was analysed by RT-qPCR. In con-
trast to the injury-induced up-regulation of Sema3A mRNA, Sema3B and  Sema3F 
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expression levels did not change following sciatic nerve crush (Figs. 3J and K). Pre-
vious studies have found that Sema3B is expressed by Schwann cells and Schwann 
cell precursors (Puschel et al., 1996; De Winter et al., 2002b). In addition to RT-
qPCR, also in situ hybridisation revealed no changes or differential expression of 
Sema3B mRNA expression between Schwann cells after denervation. We were un-
able to detect the cellular source of Sema3F expression in control and denervated 
muscle tissue by in situ hybridisation. Sema3C and Sema3E mRNA expression was 
not detectable in muscles at any time point after denervation.
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In summary, the combined in situ hybridisation and RT-qPCR data show a spe-
cific spatio-temporal increase of Sema3A expression in a subpopulation of TSCs in 
the denervated muscle followed by a subsequent decline in expression upon re- 
innervation of the muscle. Interestingly, Sema3A expression is not observed in TSCs 
at all endplates but is restricted to a subpopulation of neuromuscular junctions.

Figure 3 (previous page). Sema3A mRNA expression is induced in the denervated 
adult gastrocnemic muscle. In situ hybridisation was used to localise Sema3A mRNA 
expression in the control and denervated rat gastrocnemic muscle (A–G). In tissue 
sections derived from normally innervated gastrocnemic muscles, no Sema3A mRNA 
expression could be detected (A). However, 1 week after sciatic nerve crush numer-
ous Sema3A mRNA-positive terminal Schwann cell clusters were observed in the 
denervated gastrocnemic muscle (B, high magnification in panel F). Also, at 14 (C) 
and 21 (D) days after denervation Sema3A-positive TSCs could be observed. After 36 
days (E, high magnification in panel G), Sema3A mRNA expression had decreased 
substantially, and was virtually comparable to expression in control muscle (A). Scale 
bar: A–E (350 µm), F and G (80 µm). The percentage of Sema3A mRNA-positive TSC 
clusters was determined in control and denervated adult rat gastrocnemic muscles 
(H). Changes in the number of Sema3A-positive endplates are expressed as mean per-
centage of the total number of AChE-positive endplates in the adjacent section (set at 
100%), and plotted as a function of time after sciatic nerve crush. In the control medial 
gastrocnemic muscle (con.), 3% of the endplates is Sema3A mRNA positive. Four days 
after sciatic nerve crush the number of Sema3A-positive TSC clusters had increased 
to 23%, and remained around this level until 14 days post-crush. From 14 days on the 
percentage of Sema3A-positive endplates declined, to 16% at 21 days, and had reached 
levels comparable to control at 36 days post-crush and was no longer significantly dif-
ferent (*p < 0.011, Kruskal–Wallis non-parametric ANOVA test). Quantitative analysis 
of Sema3A, 3B and 3F mRNA expression levels in gastrocnemic muscles of rats after 
denervation and during re-innervation (I–K, respectively). Expression was normalised 
against the mRNA expression of the internal reference gene L37a, expressed as fold in-
crease of mean adult semaphorin mRNA expression levels. Sema3A mRNA expression 
levels were significantly increased during the first 35 days post-sciatic nerve crush 
(I, *p < 0.011, Kruskal–Wallis non-parametric ANOVA test). At 5 days after crush the 
levels were 5 times higher and further increased up to 22 times the expression mea-
sured in control gastrocnemic muscles. At 35 days, Sema3A expression had decreased, 
but was still 5 times higher compared to control. Sema3A mRNA expression at 60 
days post-lesion was no longer different from control expression levels. Expression of 
Sema3B (J) and Sema3F (K) in the gastrocnemic muscle did not change significantly 
following sciatic nerve crush and Sema3C and Sema3E mRNA expression was not 
detectable by real time quantitative PCR.
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Induction of Sema3A expression by TSCs is muscle fibre type specific
We next examined whether Sema3A is expressed in TSCs present at NMJs on spe-
cific muscle fibre types. The medial gastrocnemic muscle is a mixed-type hindlimb 
muscle and consists of three main muscle fibre types, notably slow (type I), fast 
fatigue-resistant (type IIa), and fast-fatigable (type IIb and IIx) fibres.

Muscle fibre subtype-specific myosin heavy chain (MHC) monoclonal anti -
bodies were used to determine whether Sema3A-expressing TSCs are restricted 
to a particular muscle fibre type (Webster et al., 1988). Because there are no good 
antibodies available that exclusively recognise rat muscle fibre type IIb and/or IIx 
following in situ hybridisation, we used combinations of antibodies to identify the 
fast-fatigable fibre population. By using a mix of antibodies against type IIa and type 
I the non-stained population could be identified as fast-fatigable (type IIb/x) fibres 
(Figs. 4A–H). In addition, sections were stained for fibre type IIa and all fast fibre 



SEM A PHOR IN 3A IN THE NEU ROM USCU L A R SYSTEM A ND A LS MODEL

51

types II (a+b/x), resulting in double stained type IIa, single stained type IIb/x and 
non-stained type I fibres (Figs. 4I–P).

At 4, 7, and 14 days post-sciatic nerve crush, the majority of the muscle fibres 
still predominantly express one of the MHC subtypes. Therefore, we could read-
ily determine the distribution of Sema3A-positive TSCs on muscle fibre types. 
Surprisingly, all Sema3A-expressing TSCs are located on type IIb/x muscle fibres, 
and are never seen on type I or IIa (Figs. 4A–D). In adjacent sections, AChE-pos-
itive  endplates can be visualised on all three muscle fibre types (Figs. 4E–H). All 
Sema3A-expressing TSCs are located on fast type muscle fibres, but not on the fast 
type IIa muscle  fibres (Figs. 4I–L), while AChE-positive endplates are present on fast 
type IIa muscle  fibres (Figs. 4M–P). Prolonged denervation results in a temporary 
de-differentiation of the muscle fibre, causing a mixed expression of MHC subtypes. 
In addition, re- innervation can cause shifts in MHC subtype expression by muscle 
fibres (Gillespie et al., 1987; Dengler et al., 1990; Burke, 1994; IJkema-Paassen et al., 
2001). At 21 days post-sciatic nerve crush, we occasionally found Sema3A-express-
ing TSCs on fibres that expressed multiple MHC isoforms in re-innervated muscles 
(data not shown). Taken together, we show that, for as long as the muscle fibres 
express predominantly one MHC subtype, denervation of the gastrocnemic muscle 
results in a muscle fibre type IIb/x specific up-regulation of Sema3A expression by 
TSCs.

Figure 4 (previous page). Sema3A-positive TSCs are positioned on the NMJs of muscle 
fibre subtype IIb/x. In situ hybridisation for Sema3A mRNA (A) or staining for AChE 
(E) in consecutive sections through the adult 7 days denervated adult rat medial 
gastrocnemic muscle was followed by immunohistochemistry for muscle fibre subtypes 
(B and F, respectively). Sema3A mRNA-positive TSC clusters (arrows in panel A) were 
never positioned on slow type I (red in panels B and C) and fast fatigue-resistant IIa 
(green in panels B and C) muscle fibres, hence indicating that Sema3A-positive TSCs 
are exclusively positioned on non-stained type IIb/x muscle fibres (C, D shows a high 
magnification of the TSC cluster indicated with the white arrow in panel C). This in 
contrast to AChE-positive NMJs (arrows in panel E) which were found to be present 
on slow type I (red in panels F and G), fast fatigue-resistant type IIa (green in panels 
F and G; A high magnification of the endplate indicated with the white arrow in panel 
G is shown in panel H) and on fast-fatigable type IIb/x (non-stained in panels F and G) 
muscle fibres. In panels I–P, a different set of antibodies was used. Sema3A-expressing 
TSCs (arrows in panel I) are positioned on muscle fibres recognised by an antibody 
directed to all type II muscle fibres (red in panels J and K), but are not found on double 
stained type IIa fibres (green/yellow in panels J and K). Indicating that Sema3A-pos-
itive TSCs (arrows) are exclusively located on single stained type IIb/x muscle fibres 
(red in overlay K, magnification of white arrow in panel L). AChE-positive NMJs (ar-
rows in panel M) are found on both type II (red in panel N) and type IIa muscle fibres 
(green/yellow in panel N), overlay of M and N in panel O, high magnification of white 
arrow in P. Scale bar: 375 µm, panels D, H, L and P (125 µm).
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Sema3A expression is not induced in TSCs in muscles that lack muscle 
fibre type IIb/x

Restricted expression of Sema3A by TSCs of type IIb/x muscle fibres in the gastroc-
nemic muscle would imply that Sema3A is not induced in a muscle that lacks sub-
type IIb/x muscle fibres. We therefore analysed Sema3A mRNA expression by RT-
qPCR in the soleus muscle (5, 10, 35, and 60 days post-sciatic nerve crush) which 
mainly contains type I, and some type IIa, but no type IIb/x fibres (Fig. 5).

In sections of the 7-day denervated gastrocnemic muscle numerous Sema3A-
positive TSCs were observed (Fig. 5A). As expected, these TSCs are located in the 
corresponding endplate zone as visualised in the adjacent sections (Fig. 5C). In the 
soleus muscle no Sema3A expression is detected by in situ hybridisation neither at 
7 days post-lesion (Fig. 5B) nor at any of the other time points examined. We con-
firmed that the endplate zone is present in these sections of the soleus muscle by 
staining the adjacent sections for AChE (Fig. 5D).

RT-qPCR supports the observed differential expression of Sema3A mRNA be-
tween gastrocnemic and soleus muscle (Fig. 5E). Analysis of the relative amounts of 
Sema3A mRNA per microgram of total RNA showed that the basal expression lev-
els in the control gastrocnemic muscle are 8 times higher than Sema3A expression 
levels in the control soleus muscle. After denervation, expression in the gastroc-
nemic muscle is about 32 times higher than in the soleus muscle. 

In the denervated soleus muscle no significant up-regulation of Sema3A is 
 observed following sciatic nerve crush, with the exception of the 10 day time point, 
were a mild, but statistically significant, increase is detected in comparison to con-
trol soleus muscle (Fig. 5F). The cellular source of Sema3A mRNA at this time point 

Figure 5 (next page). Sema3A mRNA expression in the denervated rat soleus muscle, 
a muscle devoid of type IIb/x muscle fibres. In situ hybridisation for Sema3A mRNA 
(A and B) and AChE staining (C and D) on adjacent sections through the 7 days 
denervated rat medial gastrocnemic (A and C) and soleus (B and D) muscle. Several 
Sema3A-positive groups of TSCs are present in the endplate region (arrows in panel 
A), as determined by AChE staining in the adjacent section (arrows in panel C), of the 
denervated gastrocnemic muscle. Whereas in the endplate region of the soleus muscle 
(arrows in panel D), no Sema3A-positive TSCs can be found (B). Scale bar: 300 µm. 
Real time quantitative PCR for Sema3A mRNA on control and denervated soleus and 
medial gastrocnemic muscles (E and F). Expression was normalised against mRNA ex-
pression of internal reference gene L37a, and expressed as fold increase of mean adult 
Sema3A mRNA expression levels. Sema3A mRNA expression levels in the denervated 
soleus muscle show, a significant (*p < 0.043, Kruskal–Wallis nonparametric ANOVA 
test), increase at 10 days following sciatic nerve crush (E). Other time points did not 
differ significantly from the control expression levels in the soleus muscle. Analysis of 
relative amounts of Sema3A mRNA per microgram total RNA showed that both con-
trol and 10 days denervation induced Sema3A mRNA expression levels in the soleus 
muscle are lower than both control and denervated gastrocnemic muscle (F).
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is unclear as in situ hybridisation on an extensive series of sections through the 
 soleus muscle failed to detect any Sema3A mRNA expression.

Taken together, these results show that there is a basal level of Sema3A expres-
sion in both the gastrocnemic and soleus muscle of which the cellular origin is 
 unknown since Sema3A is undetectable by in situ hybridisation. Importantly, an 
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up-regulation of Sema3A expression after nerve crush is only observed in the TSCs 
of the muscle containing subtype IIb/x fibres (gastrocnemic), and is not observed in 
TSC in the soleus muscle which is devoid of subtype IIb/x muscle fibres.

Sema3A is specifically induced at ‘‘non-plastic’’ neuromuscular junc-
tions

Neuromuscular synapse subtypes differ in their capacity to exhibit paralysis 
 induced nerve sprouting (Brown et al., 1981; Frey et al., 2000). Botulinum toxin A 
(BotoxA) induced nerve terminal sprouting occurs mainly on muscle fibre type I, 
whereas muscle fibre type IIb/x synapses are characterised by the absence of nerve 
sprouting. To examine whether Sema3A expression by TSCs could contribute to 
this profound difference in synaptic plasticity, we analysed Sema3A expression in 
BotoxA-treated gastrocnemic muscle of adult rat.

BotoxA treatment results in complete loss of function of the hindlimb within 
several days, and clear muscle atrophy within 1 week. Using in situ hybridisation, 
prominent Sema3A mRNA expression was detected in TSCs in the BotoxA-treated 
gastrocnemic muscle (Fig. 6A), whereas in the saline-treated muscle hardly any 
 expression was observed (data not shown). Sema3A expression is again restricted to 
the TSCs located on type IIb/x muscle fibres (Figs. 6B and C). Silver staining of sec-
tions revealed that, as previously described also for mice (Frey et al., 2000), BotoxA 
treatment induced nerve terminal sprouting and the formation of ectopic endplates 
occurs mainly on type I and IIa muscle fibres, and that type IIb/x fibres display 

Figure 6 (next page). Sema3A mRNA expression is induced in the Botulinum toxin A 
paralysed rat gastrocnemic muscle. In situ hybridisation was used to analyse Sema3A 
mRNA expression in the rat gastrocnemic muscle. At 7 days after BotoxA injection, 
numerous clusters of Sema3A mRNA-positive TSC are present in the treated gastroc-
nemic muscle (arrows in panel A). Antibody staining for muscle fibre subtypes I and 
IIa (green in panel B) revealed that Sema3A-expressing TSCs were only present on the 
non-stained type IIb/x muscle fibres (arrows in panel C). Silver staining of motor nerve 
terminals innervating different muscle fibre subtypes 1 month after BotoxA-induced 
paralysis (D and E). Muscle fibre subtype I innervating nerve terminals (endplate 
in dashed red oval in panel D) form ectopic novel endplates at neighbouring muscle 
fibres (new ectopic endplates in dashed yellow ovals in panel D). Muscle fibre subtype 
IIb/x innervating motor nerve terminals do not form sprouts or new ectopic endplates 
(‘‘old’’ endplate in red dashed oval in panel E). Bungarotoxin (blue in panel F) and 
antibody staining for neurofilament and SV2 (green in panel F) clearly shows the pres-
ence of both nerve terminal sprouts (arrowheads in panel F) and ectopic endplates 
(dashed yellow oval in panel F) formed following BotoxA treatment. Quantification of 
nerve terminal sprouts at endplates on 14 days following BotoxA treatment revealed 
that NMJs in type I/IIa regions of the muscle display significantly more nerve terminal 
sprouting than NMJs located in the type IIb/x rich regions of the muscle (G, *p < 0.01, 
Student’s t test). Scale bar: A–C (125 µm), and D–F (30 µm).
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hardly any change upon paralysis (Figs. 6D and E, respectively). Quantification of 
muscle sections stained for neurofilament/SV2/bungarotoxin revealed that 33% 
of the NMJs in the subtype I/IIa enriched regions of the gastrocnemic muscle, as 
 determined by muscle fibre subtype staining of the adjacent sections, display nerve 
terminal sprouting and/or the formation of ectopic endplates at 14 days following 
BotoxA treatment (Figs. 6F and G). This is in marked contrast to the NMJs in the 
subtype IIb/x enriched regions of the muscle of which only 3% displays nerve ter-
minal sprouting.

Sema3A is expressed in TSCs of the gastrocnemic muscle in G93A-
hSOD1 mice

Selective and progressive loss of muscle innervation is an indicator of advancing 
neuromuscular pathology in the G93AhSOD1 transgenic mouse model for ALS 
(Gurney et al., 1994; Dal Canto and Gurney, 1995; Wong et al., 1995; Tu et al., 1996; 
Barneoud et al., 1997). Interestingly, in several motor neuron diseases, the start of 
neuromuscular synapse loss is dependent on the motor unit subtype. Thus, the fast-
fatigable subtype of neuromuscular synapse is most vulnerable and is the first sub-
type to be lost in several neuromuscular diseases, whereas the synapses on slow 
subtype muscle fibres survive until the terminal phase of the disease (Dengler et al., 
1990; Pinter et al., 1995; Pinter et al., 1997; Frey et al., 2000).

To examine whether Sema3A is present at the NMJ during development and 
progression of ALS-like pathology we analysed Sema3A mRNA expression in the 
hind limb muscles of G93AhSOD1-and hSOD1 transgenic mice. We performed in 
situ hybridisation on the gastrocnemic muscle of 5- to 18-week-old mice. In the 
gastrocnemic muscle of hSOD1 mice a Sema3A-positive TSC cluster is only occa-
sionally observed (Fig. 7A). In marked contrast, NMJs containing Sema3A-positive 
TSC clusters were found to be present in muscles of age-matched G93A-hSOD1 
mice (Fig. 7B). Sema3A-positive NMJs are not equally distributed through the en-
tire muscle sections, but are mainly found in the lateral regions of the gastrocnemic 
muscle (Fig. 7C, high magnification in 7D). Double staining for Sema3A and type I/
IIa muscle fibres revealed that Sema3A-expressing TSCs are virtually all positioned 
on the non-stained, that is type IIb/x muscle fibres in gastrocnemic muscles of 
G93A-hSOD1 mice (Figs. 7E–G). Quantification of the number of Sema3A-positive 
TSC clusters per muscle fibre subtype showed that Sema3A expression is consis-
tently increased in G93AhSOD1 mice at each of the examined ages, and is restricted 
to type IIb/x muscle fibres (Fig. 7H). However, the number of endplates on type 
IIb/x muscle fibres that contain Sema3A-positive TSCs is significantly higher just 
before and during onset (pre-symptomatic, 5–8 weeks of age) of the disease as com-
pared to the more progressive stages and end stages (symptomatic, 10–18 weeks of 
age) of the disease (insert in Fig. 7H).
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Rat and mice spinal motor neurons express Sema3A receptor 
components

In order to be responsive to Sema3A derived from TSCs, spinal motor neurons need 
to express the Sema3A receptor components Npn-1 and a class A plexin (Funako-
shi et al., 1995; Takahashi et al., 1999; Tamagnone et al., 1999; Rohm et al., 2000). 
Therefore, in situ hybridisation was performed on consecutive sections through L5 
rat spinal cord 7 days following unilateral sciatic nerve crush (Fig. 8) and on L5 
spinal cord sections derived from 18-week-old G93A-hSOD1 and hSOD1 mice (data 
not shown). A specific DIG-labelled probe was used for each of the possible Sema3A 
receptor components, Npn-1, PlexinA1, PlexinA2, PlexinA3, and PlexinA4, respec-
tively. In addition, a GAP-43 probe was used to identify the crush lesioned motor 
neuron pool that projects via the sciatic nerve to the gastrocnemic muscle (Chong 
et al., 1992). As expected, high expression levels of GAP43 mRNA were observed 
in the lesioned motor neuron pool compared to the low levels in the contralateral 
motor neuron pool (Fig. 8A). In rat, all Sema3A receptor components are expressed 
at moderate to high levels by most spinal motor neurons in the ventral half of the 
spinal cord (Figs. 8B–F). The expression of the Sema3A receptor components is 
comparable between the ipsilateral and contralateral motor neuron pool and not 
altered by the sciatic nerve crush. Npn-1, PlexinA3, and PlexinA4 are moderately 
expressed, whereas PlexinA1 and PlexinA2 are highly expressed by numerous mo-
tor neurons. In addition, PlexinA1, PlexinA2, and PlexinA4 were observed in  other 
small cells, presumably interneurons, throughout the grey matter of the spinal 
cord. The constitutive expression of Sema3A receptor components by spinal motor 
neurons implicates that motor axons can indeed sense Sema3A induced following 
sciatic nerve crush. Similar expression patterns are observed in the spinal cord sec-
tions of 18-week-old G93A-hSOD1 and hSOD1 mice (data not shown). Although we 
observed a clear decrease in the number of motor neurons in spinal cord sections 
derived from 18-week-old G93A-hSOD1 mice, the surviving motor neurons con-
tinue to express Sema3A receptor components.

 

Discussion 

Here, we show that TSCs located on NMJs of type IIb/x muscle fibres, but not on 
type I and type IIa muscle fibres, upregulate the expression of the chemorepellent 
Sema3A after mechanical denervation and following pharmacological blockage of 
neurotransmission. In addition, we demonstrate that TSCs positioned at the NMJs 
of type IIb/x muscle fibres in the G93A-hSOD1 mouse model for ALS selectively 
up-regulate the chemorepellent Sema3A. In contrast to motor nerve terminals on 
type I and type IIa muscle fibres, motor axons on type IIb/x fibres fail to display 
anatomical plasticity and are the most vulnerable synapses in the motor neuron 
disease ALS (Dengler et al., 1990; Frey et al., 2000; Pun et al., 2006). The present 
findings suggest that TSC of synapses on type IIb/x muscle fibres may not only re-
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strict anatomical plasticity, but could also negatively influence the integrity of this 
specific subset of neuromuscular synapses by selectively inducing the expression of 
the chemorepellent Sema3A. 

The prevailing view is that TSCs provide an important trophic influence on the 
motor nerve terminal. Following denervation, TSCs extend long processes over the 
muscle. These processes appear to guide ingrowing motor neuron axons to  vacant 
synaptic sites on the muscle (Reynolds and Woolf, 1992; Astrow et al., 1994; Son 
and Thompson, 1995a, b; O’Malley et al., 1999; Tam et al., 2001). Also, blockage 
of transmission at the NMJ results in the formation of nerve sprouts that grow 
along the processes of TSCs (Holland and Brown, 1980; Brown et al., 1981; Son 
and Thompson, 1995a, b). Although neuromuscular synapses on specific subsets of 
 muscle fibres differ profoundly in their capacity to display anatomical plasticity, the 
molecular basis for this difference is not known, but may be attributed to molecular 
properties of one of the three components of the NMJ, notably the motor neurons, 
the muscle fibre or the TSCs (Sanes and Lichtman, 1999).

No intrinsic molecular differences between motor neurons innervating different 
subtypes of muscle fibres that may account for the difference in plasticity of NMJ 
have been described so far. Intrinsic molecular properties of muscle fibre subtypes 

Figure 7 (previous page). Analysis of Sema3A mRNA expression in the gastrocnemic 
muscle of hSOD1 and G93A-hSOD1 transgenic mice. In situ hybridisation for Sema3A 
mRNA on  gastrocnemic muscle tissue sections from 12- and 18-week-old hSOD1- and 
G93A-hSOD1 mice (A–D), and quantitative analysis in 5- to 18-week old hSOD1- and 
G93A-hSOD1 mice (E). In the gastrocnemic muscles from 12-week-old hSOD1 trans-
genic mice, Sema3A-positive TSC clusters were only occasionally observed (arrow in 
panel A), whereas in the gastrocnemic muscles of aged matched G93A-hSOD1 several 
Sema3A-expressing TSC clusters were present (arrows in panel B). In muscles of 
18-week-old G93A-hSOD1 mice numerous Sema3A-positive TSC clusters are aligned 
in band like structures mainly located in the lateral regions of the muscle (arrows 
in panel C, magnification D). Sema3A mRNA-expressing TSC clusters in the lateral 
 regions of the gastrocnemic muscle (arrows in panel E). Type I and type IIa muscle 
fibres were predominantly observed in the medial regions of the muscle (green in panel 
F). This reveals that Sema3A-positive TSC clusters are selectively positioned on the 
non-stained, type IIb/x muscle fibres (G). Quantification of the number of Sema3A-
positive TSC clusters per muscle fibre subtype shows that Sema3A-expressing TSCs 
are almost exclusively present on type IIb/x muscle fibres of the gastrocnemic muscles 
derived from G93A-hSOD1 mice (H). Virtually no Sema3A-positive TSCs are observed 
on type I/IIa muscle fibres in gastrocnemic muscle from hSOD1 mice. The number of 
Sema3A-positive TSC clusters in G93A-hSOD1 mice is increased at all investigated 
ages when compared to age matched hSOD1 mice. However, more Sema3A-positive 
endplates are present on the subtype IIb/x muscle fibres of young adult (5–8 weeks of 
age, pooled data) as compared to older adult (10–18 weeks of age, pooled data) G93A-
hSOD1 mice (insert in panel H, *p < 10–8, Student’s t test). Scale bars: A–C (125 µm), 
D (50 µm), and E–G (350 µm).
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do differ significantly but these are unlikely to regulate nerve terminal plasticity 
directly. Moreover, although the muscle cell surface and extracellular matrix are 
highly specialised at the NMJ and contain growth supporting molecules such as 
laminin, NrCAM, fibronectin and heparin sulphate proteoglycans (Patton, 2003), 
the expression of these molecules appears not to differ between muscle fibre sub-
types. Membrane associated ephrins are differentially expressed between individ-
ual muscles and in distinct regions within a muscle (Donoghue et al., 1996), and 
thereby regulate positionally selective synaptogenesis of motor neurons (Feng et al., 
2000). Also, Drosophila semaphorin II functions as a muscle derived signal for se-
lective terminal arborisation (Matthes et al., 1995). To our knowledge, however, no 
muscle fibre type I, type IIa or type IIb/x specific molecules have been identified 
that could regulate differential nerve terminal plasticity in mammals.

It is often suggested that nerve terminal sprouting arises from short-range dif-
fusible stimuli produced by inactive muscle fibres (Brown et al., 1978; Slack and 
Pockett, 1981; Pockett and Slack, 1982; Slack and Pockett, 1982). Some activity- 

Figure 8. Sema3A receptor expression in the rat lumbar spinal cord following sciatic 
nerve crush. In situ hybridisation was used to analyse GAP-43, Npn-1, PlexinA1, 
PlexinA2, PlexinA3, and PlexinA4 mRNA expression in adjacent transversal sections 
through the rat L5 spinal cord, 7 days following unilateral sciatic nerve crush. Expres-
sion of GAP-43 mRNA was used to identify the injured sciatic motor neuron pool 
(closed arrow in panel A). A clear induction of GAP-43 mRNA expression is seen in 
the ipsilateral motor neuron (closed arrow in panel A), whereas low expression levels 
were observed in the contralateral side (open arrow in panel A) in the ventral motor 
neuron pools. All possible Sema3A receptor components, Npn-1, PlexinA1, PlexinA2, 
PlexinA3, and PlexinA4 (arrows in panels B–F, respectively), were present in the 
 motor neuron pool corresponding to the crushed sciatic nerve. The mRNA levels for 
these receptor components did not differ between the contralateral (open arrow) and 
the ipsilateral side (solid arrow). Scale bar: 650 µm.
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controlled trophic factors have been identified (Caroni and Grandes, 1990; Caroni, 
1993; Caroni and Schneider, 1994; Funakoshi et al., 1995). Of these NT-4 is selec-
tively expressed by type I muscle fibres (Funakoshi et al., 1995). However, NT-4 
 expression is down-regulated in bungarotoxin-treated muscles, suggesting that 
NT-4 does not contribute to the selective nerve sprouting at type I neuromuscular 
synapses following activity blockage.

The third cellular component of the NMJ, the TSCs, have not been reported to 
differ between muscle fibre subtypes and seem to share persistent and regulated 
expression of intracellular proteins including GAP-43, GFAP and S100, and cell ad-
hesion molecules like L1CAM and NrCAM. The ability of TSCs to change their 
morpho logical and molecular properties in response to altered synaptic activity sup-
ports their possible role in nerve terminal plasticity (Jahromi et al., 1992; Reist and 
Smith, 1992; Robitaille, 1995; Rochon et al., 2001). With the use of MHC isoform 
specific antibodies, we showed that only TSCs positioned on subtype IIb/x muscle 
fibres express Sema3A in the regenerating and paralysed gastrocnemic muscle. The 
absence of Sema3A expression by TSCs in the denervated soleus muscle, which in 
contrast to the gastrocnemic muscle does not contain subtype IIb/x muscle fibres, 
supports the muscle fibre subtype specificity of Sema3A mRNA expression. The 
discovery of a molecular difference between TSCs on types I/IIa and type IIb/x 
muscle fibres is a first indication for a differential role of TSCs in the plasticity of 
NMJs on different muscle fibre types. The selective expression of Sema3A in TSCs 
on type IIb/x muscle fibres suggests that the trophic role of TSCs in development, 
maintenance and plasticity cannot be generalised.

Sema3A is a secreted glycoprotein, initially identified as a growth cone collapse-
inducing factor for dorsal root ganglion neurons (Luo et al., 1993). When Sema3A 
is secreted by nonneuronal cell aggregates, it acts as a chemorepellent for sensory 
and motor axons extending from co-cultured embryonic neuronal explants (Shep-
herd et al., 1996; Varela-Echavarria et al., 1997; Kuhn et al., 1999). Disruption of 
the Sema3A gene during embryonic development results in abnormal growth of 
peripheral axons, including motor axons, outside their typical nerve tracts (Behar 
et al., 1996; Taniguchi et al., 1997). Since certain semaphorins, including Sema3A 
are thought to associate with components of the extracellular matrix (Kantor et al., 
2004; De Wit et al., 2005), Sema3A secreted by TSCs may adhere to basal lamina- 
associated molecules, like heparin sulphate proteoglycans at the NMJ, thereby 
 restricting the growth permissive properties of the synapse microenvironment.

The chemorepulsive properties of Sema3A could account for the absence of 
nerve terminal sprouting at subtype IIb/x muscle fibres. Indeed, motor neurons 
 innervating type I muscle fibres do form sprouts and lack Sema3A inhibition at the 
NMJ. The persistent expression of essential Sema3A receptor components, Npn-1 
and class A plexins in adult spinal motor neurons strongly suggests their ongoing 
sensitivity for Sema3A (Giger et al., 1998a; Pasterkamp et al., 1998a; this study).

Recently, it has been shown that the responsiveness of growing neurites towards 
local guidance cues, like Sema3A, is strongly influenced by the activity state of the 
neuron (Song et al., 1998; Ming et al., 2001). Synaptic remodelling, but also synapse 
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elimination are activity dependent and may be influenced by Sema3A present at the 
postnatal developing and regenerating NMJ. Since elimination of (excessive) neuro-
nal connections is an important process in the developing nervous system, it is inter-
esting that class 3 semaphorin family members were recently reported as retraction 
inducers for stereotyped pruning of axons in the developing hippocampus (Bagri et 
al., 2003). Anatomical plasticity in the target region may also play an important role 
in adaptation and regeneration of neuromuscular synapses during neuro muscular 
diseases (Gordon et al., 2004). Selective synaptic weakening and denervation, char-
acteristic for neuromuscular diseases such as ALS, start long before the actual motor 
neuron loss, and prior to the appearance of clinical symptoms (Fischer et al., 2004). 
Interestingly, although we observed increased numbers of Sema3A-positive TSCs 
positioned at the neuromuscular synapses of type IIb/x muscle fibres in the G93A-
hSOD1 mouse model for ALS at all stages of the disease, relatively more Sema3A-
expressing TSCs were observed on the type IIb/x fibres in the muscles of young 
adult pre-symptomatic (5–8 weeks of age) G93A-hSOD1 mice compared with older 
symptomatic (10–18 weeks of age) G93A-hSOD1 mice. TSC-derived Sema3A could 
therefore directly act on Npn-1/PlexinA-expressing motor nerve terminals during 
these pre-symptomatic stages and induce the retraction of these terminals from the 
neuromuscular synapse before the death of motor neurons occurs. In line with this 
view is the observation that subtype IIb/x innervating motor neurons disconnect 
their peripheral synapses mainly during the pre- symptomatic stage of the disease 
(that is before 8 weeks of age (Pun et al., 2006)). Denervated subtype IIb/x muscle 
fibres that are reinnervated by collateral sprouts of motor neurons of another mus-
cle fibre subtype are known to convert to the subtype of the reinnervating motor 
neuron (Gillespie et al., 1987; Dengler et al., 1990; Burke, 1994; IJkema-Paassen et 
al., 2001), as a result the total number of IIb/x muscle fibres decreases with disease 
progression (Pun et al., 2006). Loss of compensatory nerve sprouting and the death 
of motor neurons are primarily seen in the symptomatic stages of the disease (Dal 
Canto and Gurney, 1995; Wong et al., 1995; Tu et al., 1996; Barneoud et al., 1997; 
Frey et al., 2000; Schaefer et al., 2005; Pun et al., 2006). Sema3A could therefore 
be a component of the retrograde signalling cascade that has been suggested to be 
involved in the loss of spinal motor neurons in animal models for several motor 
neuron diseases (Cavanagh, 1964; Schmalbruch et al., 1991; Sendtner et al., 1992; 
Pinter et al., 1995; Raff et al., 2002; Ferri et al., 2003). Interestingly, VEGF165, a 
competing ligand for Npn-1, is a modifier of ALS in mice and human (Soker et al., 
1998; Oosthuyse et al., 2001). Humans with low circulating levels of VEGF have 
an increased risk to acquire ALS (Lambrechts et al., 2003). Intracerebroventricular 
administration of VEGF165 does not only protect motor neurons in a transgenic rat 
model for ALS, but also, probably after being anterogradely transported, preserves 
NMJs (Storkebaum et al., 2005). Whether shifting the Sema3A-VEGF balance at 
the level of the NMJ, e.g., by reducing Sema3A expression in TSCs or preventing of 
Sema3A signalling will contribute to the rescue of muscle innervation and to motor 
neuron survival in ALS, will be determined in future studies using various geneti-
cally engineered ALS mouse models.
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Abstract 

Anatomical plasticity enables neuronal connections to be generated or eliminated 
during development and following induced paralysis. A structure termed the ter-
minal Schwann cell (TSC) covering the motor nerve terminal at the neuromuscular 
junction (NMJ) plays a key role. The mRNA of the chemorepulsive guidance mol-
ecule semaphorin 3A (Sema3A) is expressed by the TSCs in the developing muscle 
and declines rapidly. Following denervation or botulinum toxin-induced paralysis 
mature rat muscle TSCs also induce Sema3A mRNA expression however the pro-
tein localisation is still unclear in this tissue. Here, we used three different anti-
bodies raised against different segments of Sema3A to localise Sema3A protein at 
the NMJs of mature rat gastrocnemic muscle following a sciatic nerve crush. We 
found Sema3A protein localised adjacent to markers of the post-synaptic compo-
nent of the NMJ in a diffuse pattern. The presence of the chemorepellent protein 
Sema3A at the NMJs suggests a possible role in restricting anatomical plasticity.

 

Introduction 

The mammalian neuromuscular system consists of three subtypes of motor units: 
slow, fast fatigue-resistant and fast-fatigable (Henneman and Mendell, 1991; Burke, 
1994). Each of these motor unit types can be identified by the expression of subtype 
specific myosin heavy chain protein isoform; subtype I for slow, subtype IIa for 
fast fatigue-resistant and subtype IIb/x for fast-fatigable (Duchen, 1970; Frey et al., 
2000). The slow motor unit generates little force but are very resistant to fatigue, 
whereas the fast-fatigable motor units are powerful but exhaust rapidly. Within 
these two, fast fatigue-resistant intermediate motor units exist (Henneman and 
Mendell, 1991; Burke, 1994). Next to the physiological and functional differences, 
these motor units also display a difference in anatomical plasticity and proneness to 
loss of neuromuscular connectivity. Motor nerve terminals of type I and IIa muscle 
fibres show extensive sprouting upon injury-induced paralysis or botulinum tox-
in-induced paralysis whereas type IIb/x muscle fibres hardly show any sprouting 
(Duchen, 1970; Frey et al., 2000; De Winter et al., 2006). 

The terminal Schwann cells (TSCs, also known as perisynaptic Schwann cells) 
covering the motor nerve terminals at the neuromuscular junctions (NMJs) play a 
key role in synapse formation, maintenance, repair and anatomical plasticity (re-
viewed by Balice-Gordon, 1996; Koirala et al., 2003; Feng and Ko, 2008). Following 
injury-induced paralysis or botulinum toxin-induced paralysis, TSCs of denervated 
muscle fibres form long processes and express growth-promoting proteins and re-
ceptors associated with outgrowth, including growth-associated protein 43, p75, 
nestin and glial fibrillary acidic protein (Reynolds and Woolf, 1992; Woolf et al., 
1992; Hassan et al., 1994; Caroni, 1997; Kang et al., 2007). These extended processes 
of TSCs form bridges between the denervated synapse with intact adjoining syn-
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apses thereby inducing and guiding regenerating sprouts to form new synaptic con-
nections (Woolf et al., 1992; Son and Thompson, 1995a, b; Kang et al., 2003). 

Semaphorins are a large family of chemorepulsive guidance proteins (Kolodkin 
et al., 1992; Luo et al., 1993) consisting of at least 25 secreted or membrane-bound 
members as described by the Semaphorin Nomenclature Committee (1999). Sema-
phorin 3A (Sema3A) is the best-characterised member of the secreted vertebrate 
semaphorins. In the developing nervous system, Sema3A functions as a chemo-
repulsive guidance molecule during axon pathfinding (Kolodkin et al., 1992; Luo et 
al., 1993; Messersmith et al., 1995; Behar et al., 1996; Taniguchi et al., 1997; Polleux 
et al., 1998; Taniguchi et al., 2003). Sema3A acts via a receptor complex consist-
ing of neuropilin-1 (Npn-1) and plexinA4 (He and Tessier-Lavigne, 1997; Kolodkin 
et al., 1997; Winberg et al., 1998; Tamagnone et al., 1999; Raper, 2000; Suto et al., 
2005). In the early postnatal developing muscular system Sema3A is expressed in 
TSCs. Sema3A mRNA expression in TSCs rapidly declines in the first two postnatal 
weeks reaching very low levels between postnatal day 14 and 21, comparable to 
the adult Sema3A mRNA levels (De Winter et al., 2006). Following denervation or 
botulinum toxin-induced paralysis of the rat gastrocnemic muscle, Sema3A mRNA 
expression is induced in TSCs on muscle fibre type IIb/x (De Winter et al., 2006). 

Here we studied the localisation of Sema3A protein at the NMJs of the rat gas-
trocnemic muscle following a sciatic nerve crush using three different antibod-
ies raised against different portions of Sema3A. We found that the Sema3A pro-
tein localisation is consistent with the Sema3A mRNA expression and is found at 
a subset of NMJs as described previously (De Winter et al., 2006). Furthermore, 
 Sema3A protein was found distributed in a diffuse pattern adjacent to the acetyl-
choline  esterase (AChE) or α-bungarotoxin (α-Btx) signals that identify post-synap-
tic  element of the NMJ.

Materials & Methods

Animal procedures and sciatic nerve crush
All animal care and surgical procedures were carried out in compliance with in-
stitutional guide lines of the experimental animal care committee of the Royal 
 Netherlands Academy of Sciences. All animals were maintained on a 12 h light/
dark cycle with ad libitum access to food and water.

Sciatic nerve crush was performed as described previously by De Winter et 
al. (2006). Briefly, adult male Wistar rats (Harlan CPB-Zeist, The Netherlands) of 
200–250 g were anaesthetised under Hypnorm (Fentanyl/Fuanisone; 0.08 ml/100 
g, intramuscular; Janssen Pharmaceuticals, Beerse, Belgium) and Dormicum (Mid-
azolam; 0.05 ml/100 g, subcutaneous; Roche B.V., Almere, The Netherlands). The 
right sciatic nerve was exposed at the mid-thigh level and crushed for 30 s, by clos-
ing a haemostatic forceps with grooved jaws. 
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Tissue preparation
One week post-crush, deeply anaesthetised Wistar rats (n = 5) were transcardially 
perfused with 0.1 M sodium phosphate buffer pH 7.4 (PB) followed by 4% parafor-
maldehyde (PFA) in PB. The gastrocnemic muscles were dissected and post-fixed 
overnight in 4% PFA/PB at 4°C. Overnight treatment with 250 mM EDTA/PB at 
4°C to enhance tissue penetration of the cRNA probe was followed by 24 h of cryo-
protection by immersion in 25% sucrose/PB at 4°C. The tissue was rapidly frozen 
in dry ice-cooled 2-methylbutane and stored at –80°C until use. The gastrocnemic 
muscles were sectioned into 20 μm longitudinal sections on the cryostat at –20°C 
and thaw-mounted on Superfrost plus slides (Fisher Scientific, Landsmeer, The 
Netherlands). 

In situ hybridisation
Non-radioactive in situ hybridisation (ISH) was performed using digoxigenin (DIG)-
labelled cRNA probes transcribed from the full-length rat Sema3A (Giger et al., 
1996) template. DIG-labelled cRNA synthesis is described previously by Giger et al. 
(1996). In short, complementary (anti-sense) or non-complementary (sense) cRNA 
probes were generated by in vitro transcription from linearised cDNA template us-
ing the appropriate RNA polymerases T7 and T3 (Roche Diagnostics, Woerden, The 
Netherlands). To enhance tissue penetration and avoiding non-specific background 
staining, the full-length cRNA probes were alkali-hydrolysed to an average length 
of 100–200 bases (Schaeren-Wiemers and Gerfin-Moser, 1993).

The non-radioactive ISH procedure was performed as described previously by 
Giger et al. (1996) with minor modifications. Briefly, cryostat sections of 20 μm 
were post-fixed with 4% PFA/PB for 5 min at room temperature (RT). To enhance 
tissue penetration and decrease of background staining, sections were treated with 
protein ase K (10 μg/ml; Roche Diagnostics, Woerden, The Netherlands) in PBS con-
taining 0.1% Triton X-100 for 10 min, followed by post-fixation for 15 min 4% PFA/
PBS and acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine for 10 
min, all at RT. Subsequently, sections were hybridised with heat-denatured DIG- 
labelled Sema3A cRNA probe (200 ng/ml) diluted in hybridisation buffer (50% 
form amide, 5x Denhardt’s solution, 5x sodium chloride sodium citrate (SSC), 250 
μg/ml baker’s yeast tRNA) overnight at 60°C. Following hybridisation, sections 
were washed in 5x SSC for 5 min, 2x SSC for 1 min, 50% formamide containing 
0.2x SSC for 30 min, all at 60°C and adjusted to RT with 0.2x SSC for 5 min. DIG-
labelled RNA hybrids were detected with an anti-DIG Fab fragment conjugated to 
alkaline-phosphatase (AP, Roche Diagnostics, Woerden, The Netherlands) diluted 
1:3000 in 0.1 M Tris-buffered saline pH 7.4 (TBS) for 3 h at RT. Binding of AP-
labelled antibody was visualised by incubating the sections in detection buffer (100 
mM Tris-HCl, pH 9.5; 100 mM NaCl and 5 mM MgCl2) containing the colour re-
agents (300 μg/ml 4-nitro-blue tetrazolium chloride (Sigma Aldrich, Zwijndrecht, 
The Netherlands) and 170 μg/ml 5-bromo-3-indolyl-phosphate (Roche Diagnostics, 
Woerden, The Netherlands) for 14 h at RT.
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Acetylcholine esterase
Localisation of NMJs was achieved by presenting a colour substrate to AChE. Cryo-
sections were incubated at 37°C in PBS pH 7.2 with 0.21% potassium ferrocyanide 
(II) (Merck, The Netherlands), 0.17% potassium ferricyanide (III) (Merck, The 
Netherlands) and 0.013% 5-bromoindoxyl acetate (Sigma, The Netherlands) until 
appropriate staining intensity. Following rinsing in PBS, the sections were fixed in 
4% PFA/PB and subsequently subjected to immunohistochemistry.

Immunohistochemistry 
In this study we used three different primary antibodies (all 1:50; N15, C17 and 
Q18; Santa Cruz Biotechnology, Santa Cruz, CA) raised against different regions of 
Sema3A. For the characterisation and the specificity of these antibodies we refer to 
Chapter 5 of this thesis. Following the AChE staining, cryosections of the gastroc-
nemic muscle tissue were washed in TBS with 0.2% Triton X-100 (TBS/TX) and 
quenched (10% methanol and 0.3% H2O2 in TBS) for 30 min. Subsequently, the 
sections were washed with TBS/TX and then blocked (5% fetal calf serum [FCS] 
in TBS/TX) for 1 h at RT followed by overnight incubation with the primary anti-
bodies in block mix (5% FCS in TBS/TX) at RT. The following day, sections were 
washed in TBS/TX, incubated with biotinylated horse anti-goat IgG (1:400; Vec-
tor Laboratory, United Kingdom) for 1.5 h at RT and washed again. Sections were 
subsequently incubated with streptavidin-HRP (Dako ABC kit; Dako, Ely, United 
Kingdom) for 1 h at RT and washed with TBS only. Sections were rinsed in 50 
mM Tris-HCl (pH 7.6) and stained with diaminobenzidine (0.5 mg/ml in 50 mM 
Tris-HCl pH 7.6 with 0.3 μl/ml 30% H2O2) for 10–20 min at RT. The staining was 
stopped by a 10 min wash in 10 mM Tris-HCl with 1 mM EDTA pH 8.0 TE. The 
sections were dehydrated in ascending concentrations of alcohols, cleared in xylene 
and coverslipped with Entellan (Merck Chemicals, United Kingdom). Sections were 
analysed and images were acquired with a Zeiss Axioplan 2 light microscope (Zeiss 
GmbH, Munich, Germany). 

Fluorescent double label immunostaining was performed by incubating the 
cryosections overnight at RT with the Sema3A antibody after washing and block-
ing. The following day, sections were washed in TBS/TX and incubated with bio-
tinylated horse anti-goat IgG for 1.5 h at RT. Sections were washed and incubated 
with streptavidin-Alexa488 (1:400; Molecular Probes, The Netherlands) and rhoda-
mine-conjugated α-Btx (1:3000, Invitrogen-Life Technology, Belgium) for 1 h at RT 
and washed in TBS. The sections were air-dried and coverslipped with VectaShield 
(Vector Laboratory, United Kingdom). The slides were analysed and images were 
acquired with a Zeiss LSM510 Meta confocal microscope (Zeiss GmbH).
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Results 

Sema3A mRNA is expressed in the gastrocnemic muscle following a 
sciatic nerve crush

Our previous study showed that Sema3A mRNA is expressed in the rat gastroc-
nemic muscle by TSCs following a sciatic nerve crush (De Winter et al., 2006). 
Here we confirm these observations. Sema3A mRNA was highly up-regulated in 
the gastrocnemic muscle 7 days post-sciatic nerve crush (Fig. 1). No staining was 
observed in sections treated with the sense probe (data not shown). Only occasional 
Sema3A-positive TSCs were detected in the control, non-denervated, contralateral 
muscle (data not shown).

Sema3A is detected in the gastrocnemic muscle following a sciatic 
nerve crush

To examine whether Sema3A protein is expressed in the gastrocnemic muscle 
following a sciatic nerve crush, immunostaining was performed. Double staining 
with C17 or Q18 anti-Sema3A and AChE (Fig. 2) showed Sema3A immuno reactivity 
in direct vicinity of many, but not all NMJs (Figs. 2B–E) indicating that Sema3A 
protein is expressed at a subpopulation of NMJs. Fluorescent double labelling with 

Figure 1. Sema3A mRNA expression in denervated rat gastrocnemic muscle. A) In 
situ hybridisation showed strong up-regulated Sema3A mRNA expression in 7 days 
post-sciatic nerve crush gastrocnemic muscle tissue. The arrows point to examples of 
Sema3A mRNA signal shown at higher magnification in panels B, C and D. Scale bars: 
A (250 μm) and B–D (50 μm).
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Sema3A antibodies and α-Btx, an acetylcholine receptor marker, also demonstrated 
that Sema3A immunoreactivity is confined to NMJs (Fig. 3). 

Sema3A protein was diffusely distributed opposite and adjacent to the AChE 
stained or α-Btx-positive area. C17 and Q18 Sema3A antibodies displayed strong 
and similar immunoreactivity whereas N15 showed a very variable and weaker 
staining. 

 Discussion 

Sema3A protein is expressed at a subset of NMJs in rat gastrocnemic muscle one 
week post-sciatic nerve crush

Here, we demonstrate that the expression of Sema3A protein is induced at a sub-
population of NMJs after denervation following sciatic nerve crush. The expression 
of Sema3A mRNA in terminal Schwann cells indicates that these cells are the most 
likely source of Sema3A. These cells presumably secrete Sema3A protein that is 
then diffusely deposited around these cells.

The Sema3A antibodies used in this study revealed Sema3A protein at the NMJs 
in one week sciatic nerve crushed rat gastrocnemic muscle tissue. Our previous 
study showed that Sema3A mRNA was induced in TSCs at the NMJs in a similar 
nerve injury model (De Winter et al., 2006). Other members of class 3 semaphorins 
including Sema3B, Sema3C, Sema3D, Sema3E and Sema3F expression levels were 
either not changed or not detected by qPCR or in situ hybridisation following  sciatic 
nerve crush (De Winter et al., 2006). Sema3B has been shown to be expressed by 

Figure 2. Immunohistochemical analysis of Sema3A immunoreactivity in denervated 
rat gastrocnemic muscle. Double staining with C17 Sema3A antibody (brown) and 
AChE (blue) revealed a number of AChE-positive NMJs displaying Sema3A immuno-
reactivity (A, higher magnification in B–D) but not all (E). Double staining of control, 
non-lesioned, muscle only showed AChE staining and no Sema3A immunoreactivity 
(data not shown). Sema3A protein expression is distributed in the direct vicinity of the 
AChE-positive NMJs (B–D). Double staining with Q18 Sema3A antibody displayed 
similar immunoreactivity as C17 (not shown). Scale bars: A (200 μm) and B–E (20 μm). 
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Schwann cells and Schwann cell precursors (Puschel et al., 1996; De Winter et al., 
2002b) but was not found by qPCR in post-sciatic nerve crush gastrocnemic mus-
cle (De Winter et al., 2006). Collectively, this indicates that Sema3A mRNA and 
protein is selectively induced at NMJs after denervation. Sema3A immunoreactiv-
ity was detected at many but not all NMJs indicating that Sema3A protein is up- 
regulated at a subset of NMJs. De Winter et al (2006) already showed that Sema3A 
mRNA expression by TSCs is muscle fibre type specific, i.e. expression was only de-
tected in the TSCs on the fast-fatigable muscle fibre type IIb/x and not on fibre type 
I or IIa. Therefore, it is presumable that the observed Sema3A protein expression 
is likely to be on muscle fibre type IIb/x. However, additional histological analysis 
should provide evidence. 

The current view is that the TSCs are responsible for the anatomical plasticity 
of the NMJs as they provide growth-promoting cues for the motor nerve terminals 
following denervation or botulinum toxin-induced paralysis. The TSCs processes 
extend and guide ingrowing motor nerves of adjoining muscle fibres (Reynolds and 
Woolf, 1992; Son and Thompson, 1995a, b; Kang et al., 2003). Anatomical plasticity 
of the NMJs, however, appears to be occurring only on the slow subtype I and fast 
fatigue-resistant subtype IIa muscle fibres. Axon terminals on the fast-fatigable type 
IIb/x muscle fibres fail to display anatomical plasticity following denervation and in 
some motor neuron diseases as well (Frey et al., 2000; Pun et al., 2002; De Winter et 
al., 2006; Pun et al., 2006). Since anatomical plasticity is a process of formation and 
elimination of neuronal connections, the presence of the chemorepellent protein 

Figure 3. Fluorescent immunohistochemical analysis of Sema3A immunoreactivity in 
denervated rat gastrocnemic muscle. Fluorescent double staining with C17 Sema3A 
antibody (A) and an acetylcholine receptor marker α-Btx (B) are merged in panel C. 
The double staining confirms that Sema3A immunoreactivity is diffusely localised at 
certain α-Btx stained NMJs (C–E), but not all (F). Double staining with Q18 Sema3A 
antibody displayed similar immunoreactivity as C17 (not shown). Scale bar: 20 μm. 
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Sema3A at the NMJs suggests a possible role in restricting plasticity of NMJs of fibre 
type IIb/x. 

To investigate the role of Sema3A in anatomical plasticity of motor axons at 
the NMJ, the Sema3A gene should be ablated in the TSCs of the type IIb/x muscle 
 fibres. Mice lacking Sema3A show aberrant motor axon growth during develop-
ment and die around birth (Behar et al., 1996; Taniguchi et al., 1997; Huber et al., 
2005). Therefore, we are currently working on a strategy to knockout the Sema3A 
gene specifically in terminal Schwann cells by cross-breeding conditional Sema3A 
mice (Taniguchi et al., 1997) with mice expressing Cre-recombinase under a S100 
regulatory element (Zuo et al., 2004).

Intervention with Sema3A-Npn-1 signalling with secreted Npn-1 (Npn-1 bodies) 
would be an alternative approach to study the role of Sema3A at the NMJ. Narazaki 
and Tosato (2006) have shown that Npn-1 bodies are capable of neutralising the 
repulsive effect of Sema3A in vitro. Muscle tissue can be very efficiently transduced 
by serotype 6 adeno-asociated viral vectors in vivo (Blankinship et al., 2004). This 
technology will be used to transduce the rat gastrocnemic muscle prior to sciatic 
nerve crush with an adeno-associated viral vector encoding Npn-1 bodies. By using 
this approach, TSC-derived Sema3A could potentially be neutralised by the Npn-1 
bodies secreted by the transduced muscle cells thereby allowing the effect of this 
intervention on motor nerve terminal plasticity and reinnervation to be studied.
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Abstract

In the G93A-hSOD1 mouse model for the motor neuron disease amyotrophic lat-
eral sclerosis (ALS), fast-fatigable type synapses (type IIb/x) are vulnerable to early 
loss in contrast to the slow (type I) and fast fatigue-resistant synapses (type IIa). 
In previous studies (Chapter 2), the chemorepulsive guidance molecule semapho-
rin 3A (Sema3A) was found to be selectively expressed in terminal Schwann cells 
(TSCs) at neuromuscular junctions of type IIb/x but not on type I and IIa fibres in 
the G93A-hSOD1 mice, at an early pre-symptomatic stage (5 weeks of age), hence 
suggesting a role for Sema3A-Npn-1 signalling in the “dying-back” axonopathy 
characteristic for ALS. To extend previous findings and to test this hypothesis, we 
first demonstrated here that Sema3A mRNA expression is up-regulated in TSCs at 
very early pre-symptomatic stages (3 and 4 weeks of age) of the G93A-hSOD1 mice. 
Next, we generated G93A-hSOD1 mice in which Npn-1, the binding component of 
the multimeric Sema3A receptor complex, was conditionally deleted in neurons. 
These mice were subjected to behavioural tests, including the Rotarod and paw grip 
endurance (PaGE), to measure motor performance. The Rotarod and PaGE tests 
revealed that ALS mice lacking the conditionally deleted neuronal Npn-1 show a 
small but significant improvement in motor performance compared to control mice. 
Taken  together, these data suggest that Sema3A restricts the anatomical plasticity of 
type IIb/x fibre synapses or may have detrimental effects on the integrity of neuro-
muscular synapses in G93A-hSOD1 mice.

Introduction 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterised by 
progressive muscle weakness leading to paralysis and eventually death. Approxi-
mately 2% of all cases result from mutations in the Cu/Zn superoxide dismutase 1 
(SOD1) gene (Rosen et al., 1993). Transgenic mice carrying the various human SOD1 
mutations display a disease pattern similar to ALS patients. A well- characterised 
and widely used transgenic mouse model for ALS is the G93A-hSOD1 mutant that 
displays a high level of expression of the mutated protein (Gurney et al., 1994). This 
transgenic mouse model develops onset of clinical signs at 80 to 90 days and dies at 
about 130 days after birth (Chiu et al., 1995). 

It is generally accepted that the onset of symptoms occurs as a direct consequence 
of the loss of the lumbar spinal motor neurons. However, progressive loss of motor 
units has been demonstrated in G93A-hSOD1 mice as early as 47 days of age (Ken-
nel et al., 1996), thus before any loss of motor neurons. Evidence was provided that 
prior to the loss of motor neurons the corresponding neuromuscular junctions were 
already denervated following a pattern of ‘dying-back’ pathophysiology (Frey et al., 
2000; Fischer et al., 2004). Interestingly, the start of neuromuscular synapse loss is 
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dependent on the motor unit subtype. The fast-fatigable type synapses (a.k.a. type 
IIb/x) are susceptible to early loss in the G93A-hSOD1 mice and these motor neu-
rons exhibit hardly any intramuscular nerve sprouting. In contrast, the slow-type 
synapses (a.k.a. type I) and fast fatigue-resistant synapses (a.k.a. type IIa) are more 
resistant to loss of neuromuscular connectivity and show extensive nerve sprouting 
(Frey et al., 2000; Pun et al., 2006; Hegedus et al., 2007; Hegedus et al., 2008). Non-
neuronal neighbouring cells have been implicated to play a crucial role in ALS. 
Thus, reducing G93A-hSOD1 expression in solely microglia and astrocytes delays 
the disease progression significantly but does not affect the disease onset (Clement 
et al., 2003; Boillee et al., 2006; Di Giorgio et al., 2007; Yamanaka et al., 2008). In 
the periphery, terminal Schwann cells and muscle cells may possibly play a role in 
the pathogenesis of ALS (De Winter et al., 2006; Dobrowolny et al., 2008; Wong 
and Martin, 2010). 

Semaphorins are a large family of chemorepellent guidance proteins (Kolodkin 
et al., 1992; Luo et al., 1993) comprised of at least 25 secreted or membrane-bound 
members divided over eight classes as described by the Semaphorin Nomenclature 
Committee (1999). Sema3A is one of the best-characterised members of the secreted 
vertebrate semaphorins. Sema3A functions as a chemorepulsive axon guidance mol-
ecule in the developing nervous system (Behar et al., 1996; Taniguchi et al., 1997; 
Polleux et al., 1998; Taniguchi et al., 2003). In the adult nervous system, Sema3A is 
differentially expressed following CNS injury (Pasterkamp et al., 1998c; 1999; De 
Winter et al., 2002b; Holtmaat et al., 2003). The current view is that neuropilin-1 
(Npn-1) and plexinA4 form the receptor complex for Sema3A in neurons in vivo (He 
and Tessier-Lavigne, 1997; Kolodkin et al., 1997; Winberg et al., 1998; Tamagnone 
et al., 1999; Raper, 2000; Suto et al., 2005). Activation of this complex mediates an 
intracellular signalling cascade leading to changes in the actin cytoskeleton and dy-
namics as described in various reviews (Nakamura et al., 2000; Castellani and Rou-
gon, 2002; He et al., 2002; Pasterkamp and Kolodkin, 2003). 

In a previous study we have shown that Sema3A mRNA is expressed by the 
TSCs of newborn rats and declines during postnatal development. However, af-
ter peri pheral nerve injury or toxin-induced paralysis of the gastrocnemic muscle, 
Sema3A mRNA is selectively up-regulated in TSCs at neuromuscular junctions 
(NMJs) of subtype IIb/x and not on type I and IIa fibres (De Winter et al., 2006). 
Intriguingly, TSCs of type IIb/x neuromuscular synapses displayed robust Sema3A 
mRNA  expression as early as 5 weeks of age in contrast to type I and IIa in the 
G93A-hSOD1 mice. This finding suggests that Sema3A expression by the TSCs on 
type IIb/x may restrict their anatomical plasticity or may have a detrimental effect 
on the integrity of the neuromuscular synapses of this muscle fibre subset at early 
stages prior to motor neuron loss.

To investigate this hypothesis, we generated ALS mice in which Npn-1, a com-
ponent of the multimeric receptor complex of Sema3A, was conditionally ablated in 
neurons resulting in the silencing of the Sema3A signalling. These triple transgenic 
mice were generated by crossbreeding the G93A-hSOD1 (Gurney et al., 1994) mice 
with the conditional Npn-1 mice (Gu et al., 2003) and mice expressing Cre-recombi-
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nase under the control of the murine neurofilament-H promotor (NefH-Cre). NefH-
Cre transgenic mice display low levels of Cre-mediated recombination at E18.5 and 
this activity progresses throughout the first postnatal week resulting in significant 
recombination at P7 (Hirasawa et al., 2001).

Here, we first confirmed and extended the observation that the expression of 
Sema3A mRNA by TSCs on type IIb/x NMJs in G93A-hSOD1 mice is already sub-
stantial in very pre-symptomatic stages of the disease process. Subsequently, we 
demonstrated that ALS mice with conditional Npn-1 deletion in motor neurons 
(G93A-hSOD1sod/-/Npn-1f/f/NefH-Crecre/-; hereafter ALS Npn-1 ko mice) show small 
but significant improvements in motor performance on the Rotarod and in the paw 
grip endurance (PaGE) behavioural tests in comparison to control animals (G93A-
hSOD1sod/-/Npn-1f/f/NefH-Cre-/-; hereafter ALS mice) which are phenotypically sim-
ilar to the G93A-hSOD1 mice. In contrast to the clinical onset, the lifespan of the 
triple transgenic mice was, however, unaffected and was similar to the lifespan of 
G93A-hSOD1 mice.

Materials & Methods

Animal procedures
The mice were maintained on a 12 h light/dark cycle with ad libitum access to food 
and water. All animal care and behavioural tests were approved and carried out in 
compliance with institutional guide lines of the experimental animals care com-
mittee of the Royal Netherlands Academy of Sciences, and by the animal care com-
mittee of the University Medical Centre Utrecht. 

Mouse lines
Transgenic mice expressing the high copy number human G93A-hSOD1 muta-
tion (B6SJL-Tg[SOD1*G93A]1Gur/J; stock number 2726 (Gurney et al., 1994), and 
control mice expressing the wild-type human SOD1 gene (B6SJL-Tg[SOD1]2Gur/J; 
stock number 2297) were obtained from The Jackson Laboratory (Bar Harbor, ME). 
The Npn-1 conditional null mice (C57Bl/6) were provided by Dr Alex L Kolodkin 
and Dr David D Ginty (The Johns Hopkins University School of Medicine, Balti-
more, MD) and have been described by Gu et al. (2003). The transgenic mouse line 
expressing Cre-recombinase under the control of murine neurofilament-H (NefH-
Cre, B6;129(FVB)-Tg(NefH-Cre)1Kul/UCD) were obtained from the Mutant Mouse 
Regional Resource Centres (MMRRC, Davis, CA) and the expression of the Cre-
recombinase has been characterised previously (Hirasawa et al., 2001). Ear snips 
for genotyping were taken at the time of weaning (~21 days of age). The mice were 
identified by ear marks. Starting from 90 days of age, nutritional gel was given two 
times a week to mice expressing the G93A-hSOD1 gene for easy access to food and 
hydration.



CH A PTER 4

82

Genotyping 
Genomic DNA of all mice was isolated from collected ear snips by overnight (O/N) 
digestion at 56°C in 500 μl lysis buffer  pH 8.0 (100 mM Tris-HCl, 5 mM EDTA, 
50 mM NaCl, 0.5% SDS) containing 1 mg/ml proteinase K. The following day, the 
solution was spun down and the supernatant was transferred into a fresh tube 
containing 500 μl isopropanol. The solution was mixed well and spun down. The 
super natant was discarded and the pellet was dried at 56°C for 2–3 h. Subsequently, 
100 μl TE (10 mM Tris-HCl pH 8.0, 1 mM EDTA) buffer was added to the pellet and 
incubated O/N at 56°C. 

The following primer pairs were used: 

1) IL2fw 5’-CTAGGCCACAGAATTGAAAGATCT-3’; IL2bw 5’-GTAGGTG-
GAAATTCTAGCATCATCC-3’; SOD1fw 5’-CATCAGCCCTAATCCATCTGA-3’ 
and SOD1bw 5’-CGCGACTAACAATCAAAGTGA-3’. This primers set amplifies ei-
ther the 236 bp fragment from mice carrying the mutant human G93A-hSOD1 or 
the 324 bp fragment for mice not carrying the mutant gene (Rosen et al., 1993). 

2) SacIEx2 5’-AGGCCAATCAAAGTCCTGAAAGACAGTCCC-3’ and SacI 
5’-AAACCCCCTCAATTGATGTTAACACAGCCC-3’. This set amplifies the 200 bp 
fragment indicating a wild-type or the 400 bp fragment indicating the conditional 
Npn-1 gene on both alleles. A 200 bp and 400 bp double fragments indicated het-
erozygoty for the conditional Npn-1 gene. 

3) CR1 5’-CCCAAGAAGAAGAGGAAGGT-3’ and CR2 5’-GCAGATGGCGCG-
GCAACAC-3’ amplifying a 774 bp fragment of the Cre-recombinase transgene (Hi-
rasawa et al., 2001).

Tissue preparation
G93A-hSOD1 (n = 6) and hSOD1 transgenic (n = 6) mice, 3 and 4 weeks of age, were 
deeply anaesthetised and transcardially perfused with 0.1 M phosphate-buffered 
saline pH 7.4 (PBS) and followed by 4% PFA in 0.1 M PB. The gastrocnemic muscles 
were dissected and post-fixed overnight in 4% PFA/ PB at 4°C. The following day, 
the tissue was treated with 250 mM EDTA/PB at 4°C to enhance tissue penetration 
subsequently immersed in 25% sucrose/PB at 4°C for 48 h to cryo-protect the fixed 
tissue. The tissue was rapidly frozen in dry ice-cooled 2-methylbutane and stored 
at –80°C until use. The gastrocnemic muscles were sectioned into 20 μm sections 
on the cryostat. Sections were subjected to in situ hybridisation for Sema3A fol-
lowed by immunohistochemistry for muscle typing. The consecutive sections were 
subjected to acetylcholine esterase (AChE) staining also followed by this immuno-
histochemistry. 
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In situ hybridisation
Digoxigenin-labelled cRNA probes, message complementary (anti-sense) and non-
complementary (sense), were generated by completely linearised full-length rat 
Sema3A (Giger et al., 1996) template using the appropriate RNA polymerases T7 
and T3 (Pasterkamp et al., 1999; De Winter et al., 2002b). The in situ hybridisation 
(ISH) procedure was described previously (Pasterkamp et al., 1998c). 

Acetylcholine esterase
Cryosections were incubated at 37°C in 100 ml PBS pH 7.2 with 210 mg potassium 
ferrocyanide (II) (Merck, The Netherlands), 170 mg potassium ferricyanide (III) 
(Merck, The Netherlands) and 13 mg 5-bromoindoxyl acetate (Sigma, The Nether-
lands). After rinsing in PBS, the sections were fixed in 4% PFA/PB.

Immunohistochemistry
Following both in situ hybridisation for Sema3A or AChE staining, immunohis-
tochemistry was performed for muscle typing. The sections were washed in TBS 
with 0.2% Triton X-100 (TBS/TX) and then blocked in 5% fetal calf serum (FCS) in 
TBS/TX for 1 h at room temperature (RT) followed by overnight incubation with a 
monoclonal antibody against slow type I and fast type IIa (1:100; N2.261; Develop-
mental Studies Hybridoma Bank, Iowa City, IA) muscle fibre type in blockmix (5% 
FCS in TBS/TX) at 4°C. The following day, sections were washed and incubated 
with anti-mouse Alexa488 (1:400; Molecular Probes, The Netherlands) for 1 h at 
RT then mounted in aquamount. Sections were analysed and images were acquired 
with a Zeiss Axioplan 2 fluorescent light microscope (Zeiss GmbH, Munich, Ger-
many).

Breeding strategy 
A five step breeding strategy was performed to achieve the target animal with all 
possible control littermates. 1) G93A-hSOD1sod/- mice were crossed with mice car-
rying the homozygous conditional Npn-1f/f transgene. 2) Heterozygous F1 offspring, 
G93A-hSOD1sod/-/Npn-1f/- were then backcrossed with homozygous Npn-1f/f. The 
progeny, G93A-hSOD1sod/-/Npn-1f/f were bred with homozygous Npn-1f/f to main-
tain this double transgenic line. 3) Heterozygous NefH-Crecre/- mice were crossed 
with mice carrying the homozygous Npn-1f/f. 4) F1 heterozygous offspring, Npn-
1f/-/NefH-Crecre/- were then backcrossed with homozygous Npn-1f/f. The progeny, 
Npn-1f/f/NefH-Crecre/- were bred with homozygous Npn-1f/f to maintain this double 
transgenic line. 5) Finally, G93A-hSOD1sod/-/Npn-1f/f double transgenic males gener-
ated in step 2 were bred with Npn-1f/f/NefH-Crecre/- double transgenic females gen-
erated in step 4 to yield the triple transgenic target mice G93A-hSOD1sod/-/Npn-1f/f/
NefH-Crecre/- (ALS Npn-1 ko) and three different control littermates. The first con-
trol littermate G93A-hSOD1sod/-/Npn-1f/f/NefH-Cre-/- (ALS) was the direct control 
of the target animal. Floxed alleles do not show detrimental effects on the pheno-
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type thus the first control littermate is phenotypically similar to the G93A-hSOD1 
mice. The second control littermate G93A-hSOD1-/-/Npn-1f/f/NefH-Crecre/- (hereaf-
ter Npn-1 ko mice) controlled for the possible additional effects of late embryonic, 
early post natal neuron specific Npn-1 knockout in mice not containing the G93A-
hSOD1 gene. The third and last control littermate G93A-hSOD1-/-/Npn-1f/f/NefH-
Cre-/- (here after floxed Npn-1 mice) was phenotypically similar to normal wild-type 
mice (the groups are given in table 1). A percentage of the transgenic animals had 
eye ab normalities, including anophthalmia, microphthalmia, or cataract. These ab-
normalities were determined by examining the eyes morphologically starting from 
4 weeks of age. When 1 or 2 closed or half-closed eyelids were observed by the 
animal caretaker, the eyelids were opened to determine if the eye is abnormal. If 
so, the animal is considered to have eye abnormality and was euthanised in a CO2-
saturated chamber.

In this study, only male mice were used to avoid ambiguity associated with gen-
der related differences (Veldink et al., 2003). The experimental groups (depicted in 
table 1) consisted of the target group (n = 14), control group 1 (n = 20), control group 
2 (n = 12) and control group 3 (n = 5). Starting from 4 weeks, the animals were 
weighed weekly on an electronic scale to monitor the humane clinical endpoint for 
ethical reasons. A loss of > 20% of the maximally achieved body weight was con-
sidered the clinical end-stage and the animal was euthanised. Animals were age-
matched, and subjected to Rotarod and PaGE behavioural tests.

Rotarod
An accelerating Rotarod (model 47600, Ugo Basile Biological Research Apparatus, 
Italy) test was used to determine the motor coordination. The rotating beam (3 cm 
diameter) raised 16 cm above a platform was divided in five sections for measuring 
five mice simultaneously. The latency to fall (s) from the Rotarod was measured 
electronically. The arbitrary cut-off time was chosen at 180 s (Weydt et al., 2003; 
Miana-Mena et al., 2005; Zhou et al., 2007). Within the 180 s, the rotating beam 
accelerated from 5 to 15 rpm in 60 s. In the following 120 s, the speed was constant 
at 15 rpm. Each animal was given three attempts and the longest latency to fall was 
recorded. At 4 weeks of age, the animals were allowed to familiarise with the Rota-
rod for three 180 s trials with the rod rotating at a constant speed of 5 rpm. Starting 
at 5 weeks of age, the animals were tested weekly. The investigator was blind to the 
genotype of all groups.

Paw Grip Endurance
This test measures the muscular strength (Crawley, 1999). Each mouse was placed 
on the wire-lid of a conventional housing case. The lid was gently shaken to prompt 
the mouse to hold onto the grid before the lid was swiftly turned upside down, 
 approximately 50 cm above the surface of soft bedding material to avoid injuries. 
The latency until the mouse falls of the grid was timed, with an arbitrary maxi-
mum of 90 s (Weydt et al., 2003). Each mouse was given three attempts and the 
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longest latency to fall was recorded. Starting at 5 weeks of age, the animals were 
tested weekly. 

Data analysis and statistics
For evaluating of the number of Sema3A-positive TSC clusters and AChE-positive 
endplates all sections through the complete gastrocnemic muscle of the G93A-
hSOD1 and hSOD1 transgenic mice were used. Data per time point are presented 
as mean ± SEM and statistical analysis was assessed with the Student’s t test. The 
mean body weight, the averaged latencies to fall in the Rotarod and PaGE were 
assessed with the non-parametrical Kruskall-Wallis test followed by a post-hoc 
Mann- Whitney U analysis. These results are displayed as mean ± SEM. Differences 
between groups and between individual time points were statistically significant 
if p < 0.05. All data were prepared with MS Excel 2007 standard spread sheet soft-
ware and statistical analyses were performed using SPSS v17 for Windows. 

 

Results 

Our previous study showed that TSCs located on NMJs of type IIb/x fibres, but not 
on type I and IIa muscle fibres, in the G93A-hSOD1 mice selectively up-regulate 
the chemorepellent Sema3A at 5 weeks of age (De Winter et al., 2006). In con-
trast, very few TSCs expressed Sema3A in age-matched control mice expressing 
the wild-type human SOD1 gene. Since a significant number of endplates displayed 
Sema3A- positive TSCs at 5 weeks in G93A-hSOD1 mice, we decided to examine 
Sema3A mRNA expression in mice 3 and 4 weeks of age as well. Each time point 
was represented by G93A-hSOD1 (n = 6) and hSOD1 (n = 6) mice. Figure 1 shows 
that a significant number of endplates had TSCs expressing Sema3A mRNA at these 
early postnatal ages. Similar to previous observations (De Winter et al., 2006), 
the Sema3A-expressing TSCs were restricted to muscle fibre type IIb/x. Again, 
Sema3A- positive TSCs were only detected very occasionally in age-matched control 
mice (Fig. 1). During the progressive end stage (10–18 weeks of age) of the disease 
in G93A-hSOD1, the number of Sema3A-positive TSCs is significantly lower than 
during pre-symptomatic stages (3–8 weeks of age) of the disease (p < 10–8, insert in 
Fig. 1). 
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Generation of the triple transgenic target animals and the control 
littermates

Three different transgenic mouse lines were crossbred in this study. Crossbreeding 
resulted in four possible triple transgenic offspring with different genotypes (Fig. 
2): 

1) G93A-hSOD1sod/-/Npn-1f/f/NefH-Crecre/-, hereafter labelled as ALS Npn-1 ko mice; 
2) G93A-hSOD1sod/-/Npn-1f/f/NefH-Cre-/-, hereafter labelled as ALS mice;
3) G93A-hSOD1-/-/Npn-1f/f/NefH-Crecre/-, hereafter labelled as Npn-1 ko mice;
4) G93A-hSOD1-/-/Npn-1f/f/NefH-Cre-/-, hereafter labelled as floxed Npn-1 mice.

Figure 1. Quantitative analysis of Sema3A mRNA expression during pre-symptomatic 
stages and during progression of the disease. This graph shows the result of quan-
titative analysis of Sema3A-positive NMJs in mice 3 and 4 weeks of age, additional 
analysis of animals 5 and 6 weeks of age and previous results reported in Chapter 2. 
For each time point, the gastrocnemic muscle of six G93A-hSOD1 and six hSOD1 mice 
were analysed. Sema3A-mRNA expressing TSC clusters are almost exclusively present 
on type IIb/x muscle fibres of the G93A-hSOD1 mice. Virtually no Sema3A-positive 
TSCs are observed on type I/IIa muscle fibres of the hSOD1 mice. Analysis of the 
number of Sema3A-positive TSC clusters per muscle fibre subtype shows that Sema3A 
mRNA is robustly expressed already at the early pre-symptomatic stages of the disease 
(3–8 weeks) and is significantly higher as compared to the symptomatic stage (10–18 
weeks, insert, * p < 10–8). 
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PCR analysis reliably allowed the identification of the target animals (Fig. 2A) 
and the three control littermates (Figs. 2B–D). The target mice G93A-hSOD1sod/-/
Npn-1f/f/NefH-Crecre/- (ALS Npn-1 ko) are heterozygous for the G93A-hSOD1 gene 
(lane A1, 236 bp), homozygous for floxed Npn-1 (lane A2, 400 bp) and heterozy-
gous for NefH-Cre recombinase (lane A3, 774 bp; with an aspecific band of 350 bp). 
The first control littermates G93A-hSOD1sod/-/Npn-1f/f/NefH-Cre-/- (ALS) are hetero-
zygous for the G93A-hSOD1 gene (lane B1, 236 bp), homozygous for floxed Npn-1 
(lane B2, 400 bp) and wild-type for NefH-Cre recombinase (lane B3, no fragment). 
The second control littermates G93A-hSOD1-/-/Npn-1f/f/NefH-Crecre/- (Npn-1 ko) are 
wild-type for the G93A-hSOD1 gene (lane C1, 324 bp), homozygous for floxed Npn-
1 (lane C2, 400 bp) and heterozygous for NefH-Cre recombinase (lane C3, 774 bp; 
with an aspecific band of 350 bp). The third control littermates are G93A-hSOD1-/-/
Npn-1f/f/NefH-Cre-/- (floxed Npn-1) are wild-type for the G93A-hSOD1 gene (lane 
D1, 324 bp), homozygous for floxed Npn-1 (lane D2, 400 bp) and wild-type for 
NefH-Cre recombinase (lane D3, no fragment).

Genotype distribution of the male progeny from crossing the double transgen-
ics G93A-hSOD1sod/-/Npn-1f/f and Npn-1f/f/NefH-Crecre/- did not completely 
follow Mendelian ratios for two groups (Table 1). The target ALS Npn-1 ko (24.7%) 
and the second control group Npn-1 ko (25.8%) did display a ratio according to 
Mendel’s law. However, the ratio of the ALS group (39.2%) and floxed Npn-1 group 
(10.3%) was imbalanced. The ratio was shifted somewhat towards the ALS group. 
Animals of all four groups were viable and fertile. However, a small percentage of 
the ALS Npn-1 ko (14.6%), Npn-1 ko (11.6%) and floxed Npn-1 (11.5%) groups dis-
played eye abnormalities, including cataract, microphthalmia, and anophthalmia. 

Figure 2. PCR analyses of the triple transgenic animals derived from a cross of two 
double transgenics. A) ALS Npn-1 ko animal; lane 1: G93A-hSOD1sod/-, lane 2: Npn-
1f/f, lane 3: NefH-Crecre/-. B) ALS animal; lane 1: G93A-hSOD1sod/-, lane 2: Npn-1f/f, 
lane 3: NefH-Cre-/-. C) Npn-1 ko animal; G93A-hSOD1-/-, lane 2: Npn-1f/f, lane 3: 
NefH-Crecre/-. D) Floxed Npn-1 animal; Npn-1 ko; G93A-hSOD1-/-, lane 2: Npn-1f/f, 
lane 3: NefH-Cre-/-. The size for G93A-hSOD1sod/- is 236 bp, G93A-hSOD1-/- is 324 
bp, Npn-1f/f is 400 bp and NefH-Crecre/- is 774 bp (together with an aspecific band of 
350 bp).
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The mouse strains in this project are C57Bl/6 inbreds (Gurney et al., 1994; Hira-
sawa et al., 2001; Gu et al., 2003). Congenic and inbred C57Bl/6 mouse strains fre-
quently show anophthalmia and associated eye abnormalities (Dagg, 1966; Smith 
et al., 1994). The incidence for ophthalmic abnormalities in this strain may be as 
high as at least 12%. The cause is however unknown (reviewed by Smith et al., 
1994). Mice considered to have eye abnormalities were not used further for breed-
ing or testing, and were euthanised.

Genotype Phenotype ♂ ♀ Eye 
abnormality

G93A-hSOD1sod/-/Npn-1f/f/NefH-Crecre/- ALS Npn-1 ko 27.5 23.3 14.6

G93A-hSOD1sod/-/Npn-1f/f/NefH-Cre-/- ALS 39.2 30.1 3.3

G93A-hSOD1-/-/Npn-1f/f/NefH-Crecre/- Npn-1 ko 23.5 24.7 11.6

G93A-hSOD1-/-/Npn-1f/f/NefH-Cre-/- Floxed Npn-1 9.8 21.9 11.5

Weight, Rotarod and PaGE performance analysis
The ALS Npn-1 ko (n = 14) and the ALS (n = 20) transgenic mouse lines compose 
the G93A-hSOD1-carrying group. The non-G93A-hSOD1-carrying group consists 
of the Npn-1 ko (n = 12) line and the floxed Npn-1 (n = 5) line. In this study, the 
weight, Rotarod and PaGE performance were measured and compared between the 
groups within the non-G93A-hSOD1-carrying group, thus Npn-1 ko versus floxed 
Npn-1. The non-G93A-hSOD1-carrying group (Npn-1 ko and floxed Npn-1) were 
tested until 30 weeks to investigate possible additional negative effects of Npn-1 
deletion on motor performance. Animals of the G93A-hSOD1-carrying group (ALS 
Npn-1 ko and ALS) were tested until their surrogate clinical endpoint was met. 
Next, the performance was compared between the G93A-hSOD1-carrying group 
and the non-G93A-hSOD1-carrying group. Finally, the motor performance was 
compared between both groups of animals carrying G93A-hSOD1, thus ALS Npn-1 
ko versus ALS mice.

Table 1. Genotypic distribution with corresponding phenotype and ratio eye abnor-
mality. In the males, Mendel’s law predicted an equal genotypic distribution for all 
groups however the floxed Npn-1 group displayed a lower percentage (10.3%) than 
expected, in contrast to the ALS group (39.2%). The ALS Npn-1 ko and the Npn-1 ko 
groups did show the predicted percentage (~25%). Some animals showed eye abnor-
malities. These included cataract, microphthalmia, or anophthalmia of one or both 
sides. Of all experimental ALS Npn-1 ko animals, 14.6% showed eye abnormality, ALS 
group 3.3%, Npn-1 ko group 11.6% and floxed Npn-1 group 11.5%.
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Within the groups of animals not carrying G93A-hSOD1, the weight (Fig. 3A) 
of the Npn-1 ko group was not significantly different from the floxed Npn-1 group 
until at least 30 weeks of age, i.e. the oldest age studied. The gradual increase in 
weight of these mice is in line with the weight increase of mice expressing the wild-
type hSOD1 gene (Chiu et al., 1995). This shows that conditional deletion of neuro-
nal Npn-1 itself has no effect on body weight and, hence, the survivability. Weight 
loss of the G93A-hSOD1-carrying groups became evident around 14 weeks of age 
(dashed line in Fig. 3A, p < 0.05) and was statistically significant different from the 
progressive weight gain observed in the non-G93A-hSOD1-carrying groups. There 
was no significant weight difference within the G93A-hSOD1-carrying groups 
demonstrating that conditional deletion of neuronal Npn-1 in ALS mice does not 
affect the survival. 

In the Rotarod task (Fig. 3B), again there was no difference between animals 
of the non-G93A-hSOD1-carrying groups. Both Npn-1 ko and floxed Npn-1 groups 
kept performing well until at least 30 weeks of age. The well-performance cor-
responds with the expected weight gain. At 14 weeks, Rotarod performance became 
significantly (dashed line in Fig. 3B, p < 0.05) different between the G93A-hSOD1-
carrying groups and the non-G93A-hSOD1-carrying groups. A comparison within 
the G93A-hSOD1-carrying group revealed an improved Rotarod performance of 
the ALS Npn-1 ko group between 14 and 18 weeks. This difference was, however, 
only statistically significant at 15 and 18 weeks (p < 0.05). 

The PaGE (Fig. 3C) performance test showed that animals within the non-
G93A-hSOD1-carrying group performed equally well and continued to score 90 
seconds until at least 30 weeks. From 9 weeks (dashed line in Fig. 3C, p < 0.05), 
the per formance of the G93A-hSOD1-carrying group deteriorated statistically 
significant compared to the non-G93A-hSOD1-carrying group. Within the G93A-
hSOD1- carrying group, the ALS Npn-1 ko group showed an overall better PaGE 
per formance with a significantly better performance in mice at 14 and 15 weeks of 
age (p < 0.05) as compared to the ALS group.

Discussion 

Here we first confirmed and extended the observation that, in contrast to hSOD1-
control mice, G93A-hSOD1 ALS mice express the gene encoding the chemo-
repulsive protein Sema3A during the pre-symptomatic stages of the disease. It has 
been shown that TSCs on muscle fibre type IIb/x expressed mRNA of the chemo-
repulsive molecule Sema3A as early as 5 weeks of age (De Winter et al., 2006). We 
now demon strate that Sema3A-mRNA is expressed even earlier in animals 3 and 4 
weeks of age. The very first morphological changes in motor neurons become vis-
ible in 6–7 week old ALS animals and significant motor neuron loss in 11–13 week 
of age (Chiu et al., 1995). Sema3A is expressed several weeks before these initial 
pathological signs occur. Persistent Sema3A-Npn-1 signalling at the neuromuscular 
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junction may therefore contribute to the initiation of the sequence of neuropatho-
logical events that leads to full-blown ALS. 

To study the putative role of Sema3A in ALS pathogenesis we generated triple 
transgenic mice in which the neuronal Sema3A receptor component Npn-1 is con-
ditionally deleted in ALS mice. In line with the above hypothesis, the ALS Npn-1 
ko showed small but significant improvement in motor performance on the Rota rod 
and in the PaGE tests as compared to the ALS control group, which were pheno-
typically similar to the G93A-hSOD1 mice. The lifespan of the ALS Npn-1 ko mice 
was unaffected and was similar to the ALS group. Collectively, these data indicate 
that Sema3A-Npn-1 signalling may play a role in the ALS disease process. However, 
additional studies, including histological analysis on the current triple transgenic 
animals and alternative strategies to interfere with Sema3A-Npn-1 signalling, are 
required to provide more rigorous support for a role of Sema3A-Npn-1 signalling in 
the pathogenesis of ALS. 

Sema3A mRNA is expressed during the early pre-symptomatic stages 
of the ALS disease process

The role of Sema3A has been investigated extensively during development. Sema3A 
functions as a prominent repulsive axon guidance molecule (Kolodkin et al., 1992; 
Luo et al., 1993; Messersmith et al., 1995; Puschel et al., 1995; Behar et al., 1996; 
Taniguchi et al., 1997). In the adult CNS, Sema3A mRNA is continuously expressed 

Figure 3 (previous page). Small but significant improvements in motor performance 
in ALS mice with defunct Sema3A-Npn-1 signalling. A) All animals within the G93A-
hSOD1-carrying group (ALS Npn-1 ko and ALS) met their clinical endpoint at 20 
weeks, determined by a weight loss of >20% of the maximal achieved body weight. All 
animals within the non-G93A-hSOD1-carrying group (Npn-1 ko and floxed Npn-1) 
survived until at least 30 weeks, with the outcome of the Rotarod and PaGE tests sug-
gesting that postnatal deletion of neuronal Npn-1 has no effect on motor performance. 
Significant weight difference was only detected between the G93A-hSOD1-carrying 
and the non-G93A-hSOD1-carrying groups starting at 14 weeks (dashed line, p < 
0.05). B) In the Rotarod performance task, the difference between the G93A-hSOD1-
carrying and non-G93A-hSOD1-carrying groups became significant starting at 14 
weeks (dashed line, p < 0.05). The ALS Npn-1 ko group showed an improved Rotarod 
performance starting at 13 weeks however the difference was only significant at 15 
and 18 weeks (p < 0.05) compared to the ALS group within the G93A-hSOD1-carrying 
group. The Npn-1 and floxed Npn-1 groups performed equally well except at 12 and 13 
weeks. C) The PaGE performance of G93A-hSOD1-carrying and non-G93A-hSOD1-
carrying groups started to show significant change starting at 9 weeks (dashed line, 
p < 0.05). The ALS Npn-1 ko group showed an overall better PaGE performance in 
comparison to the ALS group. The difference was however only significant at 14 and 
15 weeks (p < 0.05). The Npn-1 and floxed Npn-1 groups performed equally well at all 
time points.
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in subpopulations of neurons (Giger et al., 1998b). In muscle tissue Sema3A expres-
sion is detected in TSCs on developing muscle fibres and rapidly declines post natally 
(De Winter et al., 2006). In several disease-related situations, changes in Sema3A 
expression occur in characteristic temporal and cellular patterns. Following electri-
cally induced epileptogenesis Sema3A declines transiently in cortical neurons that 
form the perforant path (Holtmaat et al., 2003). Traumatic lesions of the CNS result 
in an induction of Sema3A in scar-associated fibroblasts (Pasterkamp et al., 1998b; 
Pasterkamp et al., 1999; De Winter et al., 2002b; De Winter et al., 2004). Sema3A is 
dysregulated in the motor neuron disease ALS where it was found to be expressed 
by TSCs on muscle fibre type IIb/x in G93A-hSOD1 ALS mice already at 5 weeks 
(De Winter et al., 2006). Here we extend these observations by demonstrating ex-
pression of Sema3A in young adult G93A-hSOD1 mice in TSC on type IIb/x muscle 
fibres as early as 3 and 4 weeks postnatally.

In G93A-hSOD1 mice, the first morphological sign of pathology is the aggre-
gation of G93A-hSOD1 in spinal motor neurons (Johnston et al., 2000) and muscles 
(Turner et al., 2003) at 30 days (around 4 weeks) of age. Vacuolar changes in the mo-
tor neurons and the axons were detected at 37 days (around 5 weeks) of age (Chiu 
et al., 1995). The first functional deficits occur between 12 and 13 weeks (Gurney et 
al., 1994). In ALS, the type IIb/x muscle fibres are the first to lose their inner vation 
(Dengler et al., 1990; Frey et al., 2000; Pun et al., 2006) and in the ALS mouse mod-
el Sema3A expression is restricted to TSCs on these muscle fibres. The expression 
of Sema3A in this subset of TSCs, together with the current observation that the 
expression of Sema3A in the TSCs precedes these first morphological and  functional 
deficits suggest that this chemorepulsive protein could be an important com ponent 
of the molecular pathway that is responsible for the observed “dying-back” patho-
physiology in humans suffering from ALS.

Whether Sema3A expression plays a causal or effectual role in denervating the 
NMJ in ALS remains unclear. Sema3A may repulse the nerve terminal away from 
the NMJ thereby initiating the loss of the NMJ integrity, or Sema3A expression may 
be the result of the NMJ denervation (Schmidt et al., 2009). Nevertheless, Sema3A 
and/or axon guidance molecules in general are of great interest for both the diag-
nosis and therapy of ALS (Schmidt et al., 2009).

Small but significant improvements in motor performance in ALS 
mice with defunct Sema3A-Npn-1 signalling

Behavioural analysis of the ALS Npn-1 ko mice revealed a significant beha vioural 
improvement in performance on the Rotarod and PaGE as compared to the ALS 
mice. These observations in triple transgenic mice are a first indication that 
 Sema3A-Npn-1 signalling may be involved in the pathogenesis of this motor neuron 
disease. The fact that the effects are relatively small can possibly be attributed to 
several unrelated technical as well as biological causes. 

First, the NefH-Cre transgenic mice utilised in this study express Cre- 
recombinase in approximately 75% of spinal motor neurons (Hirasawa et al., 2001) 



SEM A PHOR IN 3A IN A M YOTROPHIC L ATER A L SCLEROSIS

93

rendering them insensitive to Sema3A in the ALS Npn-1 ko mice. The remaining 
25% of motor neurons, however, are unaffected, Cre-recombinase naïve wild-type 
neurons that remain sensitive to Sema3A. One option to investigate the full effect 
of Npn-1 knockout is to generate transgenic animals with Cre-recombinase expres-
sion in all motor neurons.

Second, Npn-1 is a co-receptor for Sema3A as well as for vascular endothelial 
growth factor-A (VEGF) (Soker et al., 1998). VEGF is involved in the development 
of the cardiovascular system and binding studies have shown that Sema3A and 
VEGF interact with Npn-1 and may compete for the Npn-1 binding site (Miao et al., 
1999; Bagnard et al., 2001). VEGF is not only involved in angiogenesis but is also a 
neuroprotective factor for motor neurons (Oosthuyse et al., 2001; Lambrechts et al., 
2003; Li et al., 2003; Van Den Bosch et al., 2004; Tolosa et al., 2008). Overexpres-
sion of VEGF in G93A-hSOD1 animals has been shown to prolong motor neuron 
sur vival as well as the lifespan of the animal (Azzouz et al., 2004; Storkebaum et 
al., 2005; Wang et al., 2007). Therefore, deletion of the Npn-1 gene in motor neu-
rons of ALS mice renders these neurons insensitive to two factors with opposing 
effects, namely a neurotrophic, protective influence (VEGF) and a repulsive effect 
(Sema3A). 

Third, other biological pathways that are affected in ALS likely continue to con-
tribute to the disease process in ALS Npn-1 ko mice. In view of this it is of interest 
that Nogo-A, a factor restricting regeneration and repair of injured axons (Prinjha 
et al., 2000; Oertle et al., 2003; Dodd et al., 2005) is up-regulated in skeletal muscles 
of both the G86R-SOD1 and G93A-hSOD1 ALS mouse models, and also in patients 
with sporadic ALS (Dupuis et al., 2002; Jokic et al., 2005). G86R-SOD1 mice with 
a deleted Nogo-A gene survive longer whereas over expression of Nogo-A in wild-
type muscle fibres resulted in deterioration of the post-synapse and retraction of the 
nerve (Jokic et al., 2006). The presence of Nogo-A at the NMJs is likely to cause a 
loss of the integrity of NMJs and would explain for progressive deterioration of mo-
tor performance, such as observed in our triple transgenic animals.

Future strategies
First and foremost, studies should point out whether Sema3A expression is also in-
creased in ALS patients similar to the observations in the transgenic mice. Should 
this be the case, several strategies can be followed as described below. 

To further study the role of Sema3A-Npn-1 signalling in ALS, and to circum-
vent the complications associated with Npn-1 knockout as discussed above, a more 
direct experimental strategy would entail interference with Sema3A itself. We 
have crossbred G93A-hSOD1 mice with conditional Sema3A ko mice (Taniguchi 
et al., 1997). These double transgenic mice were crossed with mice expressing Cre-
recombinase (Feltri et al., 1999) under P0 regulatory element (P0-Cre) theoretically 
resulting in ALS mice lacking Sema3A expression in Schwann cells (ALS Sema3A 
ko) and 40% of TSCs (Lobsiger et al., 2009). However, further analysis of the P0-Cre 
mice showed that P0-regulated Cre expression in TSCs is very inefficient result-



CH A PTER 4

94

ing in only a very small percentage of endplates with Cre-positive TSCs (personal 
communication with Dr. Laura Feltri). The deletion of Sema3A by the TSCs in the 
ALS Sema3A ko mice may be insufficient and therefore will have little or no effect. 
Indeed, weight analysis, Rotarod and PaGE tests of these ALS Sema3A ko animals 
did not show any improvement as compared to the ALS control (data not shown). 
To overcome the incomplete conditional Sema3A deletion in TSCs, we will generate 
a mouse with Cre-recombinase expressing directed by a S100 regulatory element 
(Zuo et al., 2004). 

Furthermore we are considering to conditionally knockout Sema3A in the mus-
cle. De Winter et al. (2006) suggested that in rodents there is a basal level of Sema3A 
mRNA expression in the gastrocnemic as well as soleus muscles detected by qPCR 
analysis. The cellular origin is however unknown as Sema3A is undetectable by in 
situ hybridisation. Sema3A mRNA up-regulation was only observed in the TSCs of 
muscle fibre type IIb/x (gastrocnemic) and not in TSCs of the soleus muscle which 
is devoid of subtype IIb/x muscle fibres. Sema3A could be antagonised using the 
agent SM-216289 (Kaneko et al., 2006).

Another strategy to interfere with the Sema3A-Npn-1 signalling in the G93A-
hSOD1 model is to neutralise Sema3A with secreted Npn-1 (Npn-1 bodies). Npn-1 
bodies have been shown to neutralise the repulsive effect in vitro (Narazaki and To-
sato, 2006). The gene encoding Npn-1 bodies will be delivered by injecting serotype 
6 adeno-associated viral vectors of (AAV6) into the muscle of the G93A-hSOD1 
mice. AAV6 are very efficient transducers of muscle cells in vivo (Blankinship et 
al., 2004). Npn-1 bodies originating from the transduced muscle could potentially 
block TSC-derived Sema3A thereby overcoming its repulsive effect on motor ter-
minal axons.
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Abstract

In the adult rodent brain, subsets of neurons are surrounded by densely organised 
extracellular matrix structures called perineuronal nets (PNNs). PNNs consist of 
hyaluronan, tenascin-R, chondroitin sulphate proteoglycans (CSPGs), and the link 
proteins Crtl1 and Bral1. PNNs play a role in restricting plasticity at the end of criti-
cal periods. The precise role of PNNs in nervous system function during adulthood 
is, however, not understood. PNNs can be visualised by staining with Wisteria flo-
ribunda agglutinin (WFA). Using four antibodies raised against different regions of 
semaphorin 3A (Sema3A) we demonstrate that this secreted chemorepulsive axon 
guidance protein is expressed in WFA-positive PNNs in the motor, somatosensory 
and visual cortex, the deep cerebellar and vestibular nuclei, cerebellar Golgi neu-
rons and Purkinje cells. Sema3A co-localises with aggrecan, versican, phosphacan 
and tenascin-R but not with brevican and neurocan-N. To investigate whether 
 Sema3A is a component of the PNNs, chondroitinase ABC (ChABC) was injected in 
the adult rat cortex to degrade glycosaminoglycans (GAGs) from the CSPGs. WFA-
binding to the PNNs was abolished at the injection site indicating that ChABC re-
moved the sugar chains from the CSPGs of the PNN. Sema3A-positive nets were 
no longer observed in the area devoid of WFA staining. In null mutant mice for the 
link protein Crtl1 gene only vestigial PNNs are formed. In these animals we find no 
Sema3A-positive PNN structures. Biochemical experiments show that  recombinant 
Sema3A protein interacts with high-affinity with PNN-associated GAGs extracted 
from adult rat brain, and a significant proportion of Sema3A is retrieved in brain 
extracts that are enriched in PNN-associated GAGs. We conclude that the chemo-
repulsive axon guidance molecule Sema3A is present in PNNs of the adult rodent 
brain. These observations suggest a novel concept namely that chemo repulsive axon 
guidance molecules like Sema3A may be important functional attributes of PNN in 
the adult brain.

 

Introduction

Perineuronal nets (PNNs) are structures composed of highly condensed extra-
cellular matrix molecules that enwrap neuronal cell bodies, proximal dendrites and 
the initial axon segment of specific classes of neurons (Hendry et al., 1988; Bruck-
ner et al., 1996b; Bruckner et al., 2006) and form a honeycomb-like extracellular 
molecular meshwork containing small holes at sites of synaptic contact. PNNs are 
composed of hyaluronan, the chondroitin sulphate proteoglycans (CSPGs) versi-
can, brevican, neurocan, aggrecan, phosphacan, tenascin-R, and the link proteins 
cartilage link protein 1 (Crtl1) and brain-specific hyaluronan-binding link protein 
2 (Bral2)  (reviewed by Galtrey and Fawcett, 2007). The CSPG composition of the 
PNNs varies with the type and age of the neuron (Carulli et al., 2007). Some PNN 
components are produced by the net bearing neurons while others are derived from 
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neighbouring glia cells (Carulli et al., 2006; Carulli et al., 2007). Wisteria  floribunda 
agglutinin (WFA) is a lectin that specifically binds to the N-acetylgalactosamine 
moiety of CSPGs (Hartig et al., 1992). WFA staining revealed that PNNs are promi-
nent structures surrounding inhibitory interneurons throughout the neocortex, 
and various other types of neurons in the hippocampus, cerebellum, brain stem 
and spinal cord (Steindler and Cooper, 1986; Hartig et al., 1992; Celio and Blumcke, 
1994). 

CSPGs regulate key processes during embryonic development, including neu-
ro- and gliogenesis, cell migration, axon extension and pathfinding (for reviews see 
Bandtlow and Zimmermann, 2000; De Wit and Verhaagen, 2007; Galtrey and Faw-
cett, 2007; Kwok et al., 2008). During postnatal development, sculpturing of neuro-
nal circuits continues for several weeks (in rodents) to years (in humans), but later 
in development morphological and functional stabilisation of neural circuits  occurs 
during well-defined temporal windows known as critical periods (Gordon and 
Stryker, 1996). Several observations indicate that the formation of PNNs around 
inhibitory interneurons in the visual cortex is a key event in the closure of the 
critical period. Dark rearing results in a prolonged critical period and the formation 
of PNNs is delayed (Lander et al., 1997). Interventions that did promote the matur-
ation of inhibitory interneurons and the formation of PNN, including the infusion 
of the homeobox protein Otx2 (Sugiyama et al., 2008) or treatment with brain de-
rived growth factor (Huang et al., 1999), results in an early closure of the critical 
period. In contrast, transplantation of immature inhibitory interneurons (South-
well et al., 2010) or disruption of the PNN by digestion of the chondroitin sulphate 
(CS) side chains of the CSPGs with chondroitinase ABC (ChABC) (Pizzorusso et al., 
2002) is sufficient to restore ocular dominance plasticity after closure of the criti-
cal period in adult rats. Moreover, in animals that lack Crtl1 in the CNS only very 
attenuated PNN are formed and these animals retain plasticity in the visual cortex 
and in the somatosensory system into adulthood (Carulli et al., 2010). 

Understanding the molecular mechanism by which CSPGs in the PNN sup-
press plasticity is important because this will advance our capability to promote 
neural plasticity and repair. The protein tyrosine phosphatase sigma has recently 
been identified as the first transmembrane cellular signalling receptor through 
which CSPGs can signal directly (Shen et al., 2009). CSPGs can modulate signalling 
by other ligands, e.g. epidermal growth factor, by interaction with the epidermal 
growth factor receptor (Koprivica et al., 2005) or by sequestering and presenting 
molecules that signal through receptor systems involved in axon growth and/or 
synaptic plasticity. CSPGs interact with both growth-promoting molecules (Maeda 
et al., 1996; Kawashima et al., 2002) and with chemorepulsive proteins, including 
semaphorin 5A (Sema5A) and Sema3A (Kantor et al., 2004; De Wit et al., 2005). 
This suggests that CSPGs play a critical role in regulating the distribution and 
 activity of molecules involved in promoting as well as inhibiting axon growth and 
plasticity (Bandtlow and Zimmermann, 2000; Galtrey and Fawcett, 2007). 

In this paper we demonstrate that the chemorepulsive axon guidance protein 
Sema3A is a component of PNNs. First, we show that Sema3A co-localises with 
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the classical PNN-marker WFA and with the PNN-components aggrecan, versi-
can, phosphacan and tenascin-R. Second, we demonstrate that Sema3A is reduced 
dramatically following infusion of ChABC in the neocortex. Third, we show that 
recombinant Sema3A protein interacts with high-affinity with PNN-associated gly-
cosaminoglycans (GAGs) extracted from adult rat brain, and a significant propor-
tion of Sema3A is retrieved in brain extracts that are enriched in PNN-associated 
GAGs. Finally, we show that the typical PNN-like distribution of Sema3A is se-
verely disrupted around cortical interneurons in mice genetically lacking Crtl1, a 
protein  essential for the proper assembly of the PNN (Carulli et al., 2010). These 
observations indicate that the chemorepulsive protein Sema3A is a constituent of 
PNNs in the adult brain and suggest that CSPGs in PNN may act in concert with 
Sema3A to restrict axon growth and plasticity during the closure of critical periods. 
 

Materials and Methods

Animal procedures
In this study, adult Wistar rats (Harlan CPB-Zeist, The Netherlands), Sprague Daw-
ley rats (Charles River Laboratories, Kent, UK) of 200–250 g and adult C57Bl/6J 
mice (15 week old, Harlan CPB-Zeist, The Netherlands) were used and maintained 
on a 12 h light/dark cycle with ad libitum access to food and water. All animal 
care and surgical procedures were carried out in compliance with the U.K. Animals 
 (Scientific Procedures) Act 1986 and institutional guidelines of the experimental 
animals care committee of the Royal Netherlands Academy of Sciences and the 
Cambridge of University Centre for Brain Repair. 

In vivo Chondroitinase ABC treatment
Sprague-Dawley rats were injected with two 1 μl (50 U/ml) ChABC (Seikagaku, 
Japan) unilaterally and two 1 μl control PBS injections in the contralateral hemi-
sphere. Injection coordinates (mm) with bregma as reference were: AP −0.7, ML 
−1.5 (first injection) and −1.4 (second injection), DV −1.5. For the contralateral hemi-
sphere: AP +0.7, ML +1.5 and +1.4, DV −1.5 mm. The injection was performed with 
an UMP2 pump (World Precision Instrument) at a speed of 100 nl/min. Animals 
were perfused the following day with 4% paraformaldehyde (PFA) and tissue was 
processed as described below.

Tissue preparation
The animals were deeply anaesthetised and transcardially perfused with phos-
phate-buffered saline (PBS, pH 7.4) and followed by 4% PFA in 0.1 M phosphate 
buffer (PB, pH 7.4). The brain was dissected and post-fixed overnight in 4% PFA/0.1 
M PB (pH 7.4) at 4°C. For immunohistochemistry, the tissue was stored at 4°C in 
1% PFA/0.1 M PB until use. The cerebrum and cerebellum were separated and 
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 sectioned on a vibratome. The cerebrum was sectioned into 40 μm coronal sections 
and the cerebellum was sectioned into 40 μm sagittal sections. Sections were col-
lected in 1% PFA/0.1 M PB and stored at 4°C until use.

Cell culture and transfections 
Human embryonic kidney (HEK) 293T cells were cultured in 24-well plates at a 
density of 1.105 cells/well on glass coverslips containing Dulbecco’s Modified  Eagle’s 
Medium supplemented with 10% fetal calf serum (FCS), penicillin (100 IU/ml) and 
streptomycin (100 μg/ml; all from GibcoBRL). The following day, the medium was 
refreshed 2 h prior to transfection. The cells were transfected overnight using the 
polyethylenimine (PEI) method with 1 µg/ml PEI linear (Polyscience Inc., Eppel-
heim, Germany). 

The expression plasmids used are given in Table 1. The expression plasmids 
used were eGFP-Sema3A (De Wit et al., 2005) and AP-Sema3E (a gift from Dr 
AL  Kolodkin; The Johns Hopkins University School of Medicine, Baltimore, MD). 
For FLAG-Sema3B, Myc-Sema3D, Myc-Sema3F and Myc-Sema3G we used stable 
HEK293T cell lines, provided by professor Gera Neufeld (Israel Institute of Tech-
nology, Haifa, Israel). We were unable to express Sema3C for unknown reasons. 
Non-transfected cells or cells transfected with a plasmid containing GFP un-
der a  cytomegalovirus promoter were used as negative controls. Two days post- 
transfection, cells were fixed with 4% PFA/0.1M PB (pH 7.4) for 20 min. Trans-
fected HEK293T cells for Western blot analysis were cultured in 10 cm culture 
dishes. These cells were harvested 5 days post-transfection and processed as de-
scribed  below. 

3A 3B 3D 3E 3F 3G

GFP + - - - - -

Myc + - + - + +

AP - - - + - -

Flag - + - - - -

Fractionation of whole rat brain
Whole brain from adult rat was fractioned with buffer 1 to 4 as described by Deepa 
et al. (2006). Briefly, adult rat brain was removed and stored at −70°C. At the day of 
the experiment, one brain was thawed and buffer 1 was added with protease in-
hibitors (Roche Diagnostics Ltd, West Sussex, United Kingdom) and homogenised 
by a tight-fitting Potter-Elvehjem homogeniser. The homogenate was then centri-

Table 1. Tags used per Sema3 construct. AP, alkaline phosphatase; GFP, green 
fluorescent protein.
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fuged at 20.000 g for 30 min to separate non-soluble material (pellet) from soluble 
(supernatant). The homogenisation and subsequent centrifugation were repeat-
ed twice, and the supernatants were pooled and termed fraction 1. The follow-
ing extractions with buffer 2 to 4 were carried out by the same procedure with a 
 minor modification. Instead of using the homogeniser, a pipette was used to  gently 
re- suspend the material in the pellet. The fractions were designated: Fraction 1 
 “soluble GAGs”; pooled fraction 2 and 3 “membrane-associated GAGs”, and fraction 
4 “PNN-associated GAGs”.

Western blot analysis
For Western blot analysis of the transfected or stable Sema3-expressing cells, the 
harvested cells were lysed in RIPA buffer (25 mM Tris-HCl, 150 mM NaCl, 1% 
Triton X-100, 1% Sodium Deoxycholate, 0.1% SDS pH 7.5). Both cell lysate and me-
dium of the transfected cells were separated on 8% SDS-PAGE and transferred to a 
nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany). The specificity 
of the four different antibodies raised against different regions of Sema3A from two 
different manufacturers was tested: N15 (sc-1148), C17 (sc-1146) or Q18 (sc-1147), 
all 1:50 (Santa Cruz Biotechnology, Santa Cruz, CA), and Ab23393 (1:1000; Abcam 
Ltd, Cambridge, United Kingdom). L20 (1: 1000; sc-21204, Santa Cruz Biotechnol-
ogy) was used to detect Sema3B. To correct for variation in gel loading a mouse 
anti-actin antibody (1:1000; A5316, Sigma-Aldrich, Zwijndrecht, The Netherlands) 
was used. Bands were visualised and quantified using an Odyssey Infrared Imag-
ing Station (LI-COR Biosciences, Lincoln, NE) using a donkey anti-rabbit-IRDye800 
antibody, donkey anti-goat IRDye800 (both 1:2500; Rockland Immunochemicals, 
Gilbertsville, PA) or donkey anti-mouse-Cy5 (1:4000; Jackson ImmunoResearch, 
Suffolk, United Kingdom).

Prior to the Western blot analysis of the fractionated whole brain extract, pro-
tein measurements were carried out using a modified Lowry method (Total Protein 
Kit, Micro Lowry, Peterson’s Modification [Sigma, Saint Louis, MI]). 12 µg of pro-
tein from each fraction was subjected to SDS-PAGE and Western blotting using the 
NuPAGE system (Invitrogen, Carlsbad, CA). Primary antibodies against Sema3A 
were Ab23393 (1:1000), and C17 (1:1000). Secondary antibodies were anti-rabbit-
HRP (1:50000; GE Healthcare, United Kingdom), and anti-goat-HRP (1:50000; Vec-
tor Laboratory, United Kingdom. ECL+ (GE Healthcare) was used for detecting the 
primary antibody binding. 

Competitive ELISA
For the competitive ELISA the GAG-content of the different fractions was deter-
mined by either cetylpyridinium chloride turbidimetry or with the BlyscanTM 
Glycosaminoglycan Assay Kit (Biocolor, United Kingdom). These fractions were 
employed to study the binding of alkaline-phosphatase tagged Sema3A (Sema3A-
AP) in a competitive ELISA. Biotinylated heparin (2.5 μg/well) was immobilised on 
a streptavidin-coated plate (Pierce, Rockford, IL) for 1 h at room temperature (RT). 
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The plate was then blocked with 1% bovine serum albumin. Sema3A-AP was in-
dividually incubated with the isolated fractions (0.1 mg protein/ml) for 2 h at 16°C. 
The mixture was then applied and allowed to bind to the heparin-immobilised, 
streptavidin-coated plate for one h at RT. The plate was washed two times with 
0.5% Tween-20/PBS at RT followed by two PBS washes. 10 mM Para-nitrophenyl 
phosphate was added and incubated in the dark for at least 10 min. Absorbance was 
measured at 405 nm. 
 
Immunohistochemistry 
Prior to application of the primary Sema3A or Sema3B antibodies to the sections, 
the sections were pre-incubated with ChABC. Pre-incubation of the PFA-fixed sec-
tions with ChABC and overnight incubations with the first antibody at RT are two 
essential procedural steps that significantly improve the signal intensity. 

The pre-incubation with ChABC (0.1 U/ml; Seikagaku) was 2 h at 37°C in 
ChABC buffer (0.1 M Tris-HCl, 0.03 M sodium acetate, pH 8.0). Following the pre- 
incubation, the sections were washed in Tris-buffered saline (TBS, pH 7.4) with 
0.2% Triton X-100 (TBS/TX) and quenched (10% methanol, 0.3% H2O2 in TBS) for 
30 min. Subsequently, the sections were washed with TBS/TX and then blocked 
(5% FCS in TBS/TX) for 1 h at RT followed by overnight incubation with the pri-
mary antibodies in blocking mix (5% FCS in TBS/TX) also at RT. The following 
day, sections were washed in TBS/TX, incubated with biotinylated horse anti-goat 
IgG (1:400; Vector Laboratory) for 1.5 h at RT and washed. Subsequently, sections 
were incubated with streptavidin-HRP (Dako ABC kit; Dako, Ely, United Kingdom) 
for 1 h at RT and washed with TBS (pH 7.4) only. Sections were rinsed in Tris (50 
mM, pH 7.6) and stained with diaminobenzidine (0.5 mg/ml in Tris (pH 7.6) with 
0.3 μl/ml H2O2) for 10 to 20 min at RT. The staining was stopped by a 10 min wash 
in TE (pH 8.0). The sections were mounted on gelatine-coated slides and air dried. 
The sections were counterstained with 0.5% thionin for orientation, then dehy-
drated in ascending concentrations of alcohols, cleared in xylene, coverslipped with 
Entellan (Merck Chemicals, United Kingdom) and studied and photographed with a 
Zeiss Axioplan-2 (Zeiss BV, Sliedrecht, The Netherlands) light microscope. 

Fluorescent immunohistochemistry
Double immunostaining with WFA was performed after overnight incubation 
with Sema3A antibodies at RT as described above following a pre-incubation with 
ChABC. Following overnight incubation, sections were washed and incubated with 
biotinylated horse anti-goat IgG for 1.5 h at RT and washed. Sections were incubated 
with ABC kit (Vector Laboratory) for 1 h at RT and blocked for 1 h at RT followed 
by incubation with streptavidin-Alexa594 and with FITC-conjugated WFA (1:100; 
Vector Laboratory) at RT for 2 h, then washed and coverslipped in VectaShield. 

Similar to the single immunostaining with the Sema3A and Sema3B antibodies 
described above, the sections were pre-incubated with ChABC before they were 
incubated overnight with the primary antibodies. The following day, sections were 
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washed in TBS/TX and incubated with biotinylated horse anti-goat IgG for 1.5 h at 
RT. Sections were washed and blocked again and incubated overnight at 4°C with 
one of the following antibodies (see Table 2): mouse anti-neurocan-N (1:5; Devel-
opmental Studies Hybridoma Bank [DSHB], Iowa City, IA), mouse anti-versican 
(1:2; Asher et al., 1991), mouse anti-aggrecan (1:100; Chemicon, Temecula, CA), 
mouse anti-brevican (1:100; BD Biosciences, Oxford, United Kingdom), mouse anti- 
phosphacan (1:100; DSHB), rabbit anti-tenascin-R (1:3000; Jung et al., 1993). Sections 
were washed and incubated with streptavidin-Alexa488 (1:400; Molecular Probes, 
The Netherlands) and donkey anti-mouse or anti-rabbit-Alexa594 (1:400; Molecular 
Probes) for 1 h at RT then mounted on gelatine-coated slides, air dried and cover-
slipped with VectaShield (Vector Laboratory). Double immunostained slides were 
analysed and images were acquired with a Zeiss LSM510 Meta confocal microscope.

Antibodies Supplier and cat. number Host species Dilution

Anti-Sema3A (N15) Santa Cruz sc-1148 Goat 1:50

Anti-Sema3A (C17) Santa Cruz sc-1146 Goat 1:50

Anti-Sema3A (Q18) Santa Cruz sc-1147 Goat 1:50

Anti-Sema3A Abcam Ab23393 Rabbit 1:50

Anti-Sema3B (L20) Santa Cruz sc-21204 Goat 1:50

Anti-Neurocan-N DSHB 1F6 Mouse 1:5

Anti-Aggrecan (Cat-301) Chemicon mAb5284 Mouse 1:100

Anti-Phosphacan DSHB 3F8 Mouse 1:100

Anti-Brevican BD Biosciences 610894 Mouse 1:100

Anti-Versican 12C5 (Asher et al., 1991) Mouse 1:2

Anti-Tenascin-R (Jung et al., 1993) Rabbit 1:3000

Anti-Parvalbumin Swant 235 Switzerland Mouse 1:1000

Anti-Myc (9E10) Santa Cruz sc-40 Mouse 1:100

Anti-Placental alkaline 
phosphatase

American Research Products 
3-2355 Sheep 1:1000

Anti-FLAG M2 Sigma-Aldrich F3165 Mouse 1:500

Table 2. List of used antibodies. DSHB, developmental studies hybridoma bank.
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Fluorescent immunostaining of the transfected cells were performed two days 
post-transfection starting by 20 min fixation in 4% PFA/PB followed by exten-
sive washes in TBS/TX. After blocking for 1 h, the cells were incubated overnight 
with one of the Sema3 antibodies at RT, mouse anti-Myc (1:100; 9E10, Santa Cruz 
Biotechnology), mouse anti-FLAG M2 (1:500; F3165, Sigma-Aldrich, Zwijndrecht, 
The Netherlands) or sheep anti-placental alkaline phosphatase (1:1000; American 
 Research Products, Belmont, MA) at 4°C. The following day, cells were washed in 
TBS/TX and incubated with biotinylated horse anti-goat, mouse or sheep IgG for 
1.5 h at RT, washed and incubated with streptavidin-Alexa594 overnight at RT. The 
cells were mounted in VectaShield.

 

Results 

Characterisation of Sema3A antibody specificity
Four commercially available antibodies (N15, C17, Q18 and Ab23393) raised against 
four different regions of Sema3A and one commercially available antibody (L20) 
against Sema3B were used (Fig. 1). The specificity of the antibodies was assessed 
by immunocytochemical staining on HEK293T cells transfected with GFP-Sema3A 
or Sema3E-AP expressing vectors, or stable HEK293T cell lines expressing FLAG- 
Sema3B, Myc-Sema3D, Myc-Sema3F and Myc-Sema3G (Kigel et al., 2008; Var-
shavsky et al., 2008). For unexplained reasons, we were unable to express Sema3C.

Immunocytochemical staining demonstrated that the antibodies C17, N15, Q18 
and Ab23393 specifically recognised Sema3A and did not cross-react with any of 
the other class 3 semaphorins tested (shown for C17 and Ab23393 in Fig. 2), and 
antibody L20 was specific for Sema3B and did not cross-react with any of the other 
class 3 semaphorins investigated (data not shown). 

Figure 1. Position of the epitopes in Sema3A 
and 3B recognised by the Sema3A and Sema3B 
antibodies used in this study. N15 and Ab23393 
(AbCam) were generated against a peptide in the 
Sema3A domain, whereas C17 and Q18 recog-
nise a sequence in the C-terminal region. L20 
anti-Sema3B antibody was raised against a pep-
tide in the Sema3B domain. BD, basic domain; 
Ig, immunoglobulin domain; Sema, semaphorin 
domain; SS, signal sequence.
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General features of Sema3A and Sema3B staining patterns in the 
adult rat brain

Sema3A-immunoreactive labelling in the adult mouse and rat brain was observed 
in specific brain structures throughout the rostral to caudal axis from the olfac-
tory bulb to the cerebellum and brainstem with C17 and N15 (Fig. 3A). With these 
two antibodies three patterns of immunoreactivity could be distinguished: i) a typi-
cal well-defined, dense extracellular staining around cell bodies of subsets of neu-
rons reminiscent of PNNs (Fig. 3B), ii) diffuse immunoreactivity between distinct 
populations of neurons that usually also exhibited PNN-like immunoreactivity (Fig. 
3C), and iii) staining of axon profiles, in most instances in myelinated nerve tracts 
(Fig. 3D). Antibodies Q18 and Ab23393 did detect some Sema3A-positive PNN-like 
structures, in particular in areas with well-developed, thick PNN, but overall the 
signals with these antibodies were much less intense than with C17 and N15 (data 
not shown). The general features of the patterns of Sema3B-immunoreactivity as 
observed with antibody L20 were similar to those observed with antibodies C17 
and N15, although the overall intensity of the straining for Sema3B was lower. 

In the following sections, the regional distribution of Sema3A and Sema3B- 
immunoreactivity in the adult mouse and rat brain will be described in more de-
tail from rostral to caudal. An schematic overview of the distribution of Sema3A- 
immunoreactivity in the adult rat brain is provided in Supplemental Figure 1. 

Olfactory bulb
In the olfactory bulb diffuse Sema3A-immunoreactivity was present around the 
cell bodies of some mitral cells and their dendrites in the outer plexiform layer 
(Fig. 4A). Mitral cell axons projecting towards the granular layer were occasion-
ally stained. Relatively strong Sema3A-immunoreactivity was found in the menin-
ges (not shown) corroborating the expression of Sema3A mRNA in the meningeal 
sheath (Pasterkamp et al., 1999). In the inner plexiform and granule cell layers, 
weak diffuse immunoreactivity was observed. No staining was detected in the deep 
portions of the granular cell layer. In the ventral anterior telencephalon, Sema3A-
labelled PNN structures were found in layer III of both the taenia tecta and the 
piriform cortex. Mitral cell axons in the lateral olfactory tract (LOT) displayed 
 Sema3A immunostaining, resulting in a punctate pattern of immunoreactive axons 
in cross sections of the LOT (Fig. 4B). In contrast to the immunostaining observed 
for Sema3A, no Sema3B-immunoreactivity was detected in the main olfactory 
bulb. Sema3B-labelled PNN-like structures were detected in the piriform cortex, 
and Sema3B-immunoreactivity was observed in mitral cell axons in cross sections 
of the LOT (data not shown). 
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Thalamus, hypothalamus, hippocampus and corpus callosum
In the thalamic area, Sema3A-immunoreactive labelling was associated with PNN-
like structures in the medial septal nucleus and the reticular thalamic nucleus 
(RTN). Moreover, in the RTN an intense diffuse staining between cell bodies was 
present throughout the entire nucleus (Fig. 4C). The zona incerta (ZI) displayed 
small groups of neurons with Sema3A-positive PNNs. In the ZI also diffuse ex-
tracellular staining between neuronal cell bodies was present as was observed 
in the RT although the staining in the ZI was less intense. Axonal staining was 
found in the stria medularis of the thalamus and in the optic chiasm (not shown). 
Sema3B- immunoreactivity was only detected in the RTN. In this nucleus, Sema3B- 

Figure 2 (previous page). Sema3A and Sema3B antibody specificity. Immunocytochem-
ical staining with Ab23392 (first column) and C17 (second column) on HEK293T cells 
expressing the different members of the class 3 semaphorins shows that these antibod-
ies specifically recognise Sema3A. Staining for the tags (third column) indicate that 
the tagged-semaphorins are expressed by the cells. N15 and Q18 displayed a staining 
that was very similar to the staining with the C17 and the Ab23393 antibody (data not 
shown). The L20 antibody was specific for Sema3B and did not cross-react with other 
class 3 semaphorins investigated (not shown).

Figure 3. Low magnification overview of the Sema3A distribution in adult mouse brain 
and high magnification micrographs illustrating the three typical patterns of Sema3A 
expression. (A) Para-sagittal section of a mouse brain displays pronounced Sema3A-
immunostaining (brown) in specific brain structures throughout the rostral to caudal 
axis. Sema3A-immunoreactivity was detected in the main olfactory bulb, in various 
anatomical subdivisions of the neocortex, in several nuclei in the thalamic area, mid-
brain, hindbrain, hippocampus, and cerebellum. The numbered boxes indicate brain 
regions which are shown in the subsequent figures. Sections have been counterstained 
with thionin (blue). Three different staining patterns for Sema3A at higher magnifica-
tion could be distinguished: (B) a typical well-defined, dense extracellular staining 
around cell bodies of subsets of neurons reminiscent of PNNs; (C) diffuse immunore-
activity between distinct populations of neurons that usually also exhibited PNN-like 
immunoreactivity; and (D) staining of axon profiles (arrowheads), in most instances in 
myelinated nerve tracts. Scale bar: A (2 mm) and B–D (25 µm).
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immunoreactivity was detected in PNN-like structures and throughout this nucle-
us a diffuse staining was observed. 

In the hippocampal system, the subiculum displayed numerous Sema3A-labelled 
PNN structures, while occasional Sema3A-positive PNNs were observed in the in-
duseum griseum, fasciola cinerea, and the stratum oriens of CA1 (Fig. 4D), the py-
ramidal layer of CA3 and the granular layer of the lateral and medial blade of the 
dentate gyrus. The CA2 displayed striking intense Sema3A-labelled PNNs in the 
pyramidal layer (Fig. 4E) and strong diffuse labelling between the cell bodies of py-
ramidal neurons. Moderately diffuse Sema3A-immunoreactivity was observed be-
tween neuronal cells bodies in the stratum oriens and stratum radiatum of the CA2 
and CA3, and the polymorph layer of the dentate gyrus (Fig. 4F). The subfornical 
organ, fimbria of the hippocampus, cingulum and corpus callosum contained strong 
axonal Sema3A-immunoreactivity. In the hippocampal formation, Sema3B-labelled 
PNNs were solely observed in the subiculum. A relatively weak and diffuse label-
ling was detected in the pyramidal layer of CA1, CA2, and CA3. Furthermore, the 
corpus callosum contained axonal Sema3B-immunoreactive axon profiles (data not 
shown).

Cerebral cortex
Sema3A-immunoreactive labelling was detected in a PNN-like staining pattern 
around numerous neurons in laminae II to VI of the neocortex (Fig. 5A) in all ana-
tomical subdivisions, including the infralimbic cortex, cingulated cortex, parietal 
association cortex, motor cortex (Fig. 5B), somatosensory cortex (Fig. 5C), agranular 
insular cortex, gustatory area, retrosplenial cortex, auditory area and visual cortex 
(Fig. 5D). Sema3A-positive PNNs were most prominent around neurons scattered 
throughout cortical layers IV and/or V (Fig. 5A) in all subdivisions of the neocortex 
with the exception of the parietal association cortex and the anteromedial part of 
the visual cortex. In these cortical areas labelling of the PNNs was predominantly 
observed in the deeper portion of layer V whereas the superficial portion of layer V 
contained smaller numbers of neurons surrounded by Sema3A-labelled PNNs.

In comparison to the widespread Sema3A-labelled PNN throughout the neo-
cortex, Sema3B-immunoreactive labelling was predominantly observed in pari-
etal association cortex, motor cortex, somatosensory cortex, auditory cortex and 
 visual cortex (data not shown). Similar to the Sema3A-immunoreactivity, Sema3B- 
immunoreactivity was associated with PNN-like structures primarily in cortical 
layers IV and V. 

Midbrain
Sema3A-immunoreactive labelling was detected in PNN-like structures in sev-
eral nuclei in the midbrain. Intense staining was located in the nucleus of Dark-
schewitsch and the intermediate gray and deep gray layer of the superior colliculus. 
In the superior colliculus, a large number of strong Sema3A-positive PNNs were de-
tected in the deep gray layer (Fig. 6A). Moderate to light staining was found in the 
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intermediate gray layer (Fig. 6B). Numerous lightly stained PNNs were observed 
in the stratum opticum and the superficial gray layer. A small number of lightly 
stained PNNs were found in the stratum zonale. Around magnocellular neurons 
of the red nucleus well-defined dense Sema3A-immunoreactivity was visible (Fig. 
6C). Furthermore, throughout the entire red nucleus strong to moderate diffuse im-
munoreactivity was observed between cell bodies. Similarly, the external cortex of 
the inferior colliculus also contained strong Sema3A-positive PNN-like structures 
with strong diffuse staining throughout the entire nucleus (Fig. 6D). The dorsal 
cortex and central nucleus of the inferior colliculus however displayed less label-
ling.  Sema3A-immunoreactivity was revealed around and between subpopulations 

Figure 4. Sema3A expression in the olfactory system, thalamic area and hippocampus. 
The micrographs in A, C, D–F are high magnifications of the boxes labelled with a 4 
in Figure 3. In the olfactory bulb (A), faint Sema3A-immunoreactive labelling was de-
tected between mitral cells (arrowheads) as well as around the initial segments of the 
mitral cell dendrites in the external plexiform layer (arrow). A coronal section of the 
lateral olfactory tract (B) showed strong Sema3A-immunostaining in myelinated axons 
(arrowheads). The reticular thalamic nucleus (C) showed robust and intense Sema3A-
labelled PNNs. Moreover, an intense diffuse labelling is present throughout this entire 
nucleus. Sema3A-immunoreactivity in the hippocampus was observed in various struc-
tures. (D) Sema3A-labelled PNNs were present around occasional interneurons in the 
stratum oriens (so, arrow) of the CA1. (E) Also some interneurons in the stratum oriens 
and stratum radiatum of the CA2 bear Sema3A-labelled PNNs (arrow and arrowhead, 
respectively). Pyramidal neurons in CA2 displayed striking intense Sema3A-labelled 
PNNs with strong diffuse labelling between the cell bodies of pyramidal neurons 
(sps). (F) The polymorph layer (po) of the dentate gyrus displayed diffuse staining for 
Sema3A. Scale bars: A–B (25 µm), C (100 µm) and D–F (200 µm). Abbreviations: po, 
polymorph layer of the dentate gyrus; so, stratum oriens; sps, pyramidal cell layer; sr, 
stratum radiatum.
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of neurons in the tegmental reticular nucleus and the ventral and dorsal nuclei of 
the lateral lemniscus. Axonal projections of the medial cerebellar peduncle, tri-
geminal nerve as well as the motor root of the trigeminal nerve displayed moder-
ate staining. Sema3B-immunoreactivity was observed in the red nucleus, superior 
and inferior colliculi (data not shown). In the superior colliculus, Sema3B-labelled 
PNNs were located in the deep gray layer. The red nucleus contained numerous 
Sema3B- labelled PNNs and moderate diffuse immunoreactivity throughout the en-
tire nucleus. Similarly, the inferior colliculus displayed numerous Sema3B-labelled 
PNNs and also diffuse staining throughout the entire nucleus.

Figure 5. Sema3A expression in the neocortex of the adult rat. Of the six laminae of the 
visual cortex (A), Sema3A-labelled PNNs were most prominently present around nu-
merous neurons in layer IV and layer V. Cortical layers II, III and VIb also contained 
neurons with Sema3A-labelled PNNs but the number of neurons was less than in layers 
IV and V. This typical Sema3A labelling in the cortical layers was observed in various 
anatomical subdivisions of the neocortex including the motor cortex (B), somatosen-
sory cortex (C) and visual cortex (D). Sema3A-immunoreactivity in the neocortex did 
always have a PNN-like appearance; no diffuse interneuronal staining was observed 
in the cortex. Scale bars: A (300 μm), B–D (25 μm).
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Hindbrain
The lateral, spinal and medial vestibular nucleus exhibited pronounced and in-
tensely stained Sema3A-positive PNN-like structures heterogeneously distributed 
throughout these nuclei (Fig. 6E). Moreover, throughout the three vestibular nu-
clei strong diffuse labelling was displayed. The pontine nucleus, the superior and 
inferior olive (Fig. 6F) contained numerous large neurons surrounded by moder-
ately labelled Sema3A-labelled PNNs as well as moderate diffuse Sema3A labelling 
throughout the nucleus. In the pyramidal tract, Sema3A was detected in the axonal 
projections.

Sema3B labelling was also detected around neurons in several nuclei in the 
hindbrain (data not shown). The pontine gray, vestibular nucleus, superior olive 
and inferior olive contained many neurons surrounded by Sema3B-positive PNNs. 

Cerebellum 
Immunostaining of the cerebellum revealed Sema3A-positive PNNs around the 
Golgi neurons located in the granule layer of the cerebellar cortex (Fig. 6G). A 
moderate number of PNNs surrounding Purkinje cells displayed Sema3A-immu-
noreactivity (Fig. 6H). In comparison to dense Sema3A-immunoreactivity around 
neurons in the neocortex, the labelling surrounding the Purkinje cells was thin and 
granular. The latter is in line with the finding that Purkinje cells are surrounded 
by a thin WFA-positive semi-organised and more irregular matrix (Mabuchi et al., 
2001; Carulli et al., 2006). The PNNs around the three deep cerebellar nuclei (DCN; 
interpositus, fastigial and dentate) neurons displayed strong Sema3A labelling, and 
strong to moderate diffuse immunoreactivity throughout the entire nuclei (Fig. 6I). 
In the white matter of the cerebellum strong axonal Sema3A staining was visible 
(data not shown).

In the cerebellum, Sema3B labelling was restricted to PNNs surrounding DCN 
neurons, while relatively weak diffuse Sema3B labelling was detected throughout 
the entire DCN (data not shown). 

Sema3A co-localises with specific components of PNNs
At high magnification, Sema3A-immunoreactivity displayed a meshwork around 
specific neurons that strongly resembles the typical extracellular structure formed 
by PNNs (Figs. 5B–D). We therefore wished to determine whether Sema3A is lo-
calised specifically around neurons that possess a PNN. A double immunostaining 
for Sema3A with the classical PNN-marker WFA revealed Sema3A co-localisation 
in a subset of WFA-positive PNNs (Figs. 7A–F). This indicates that Sema3A is pres-
ent in PNNs. We never observed the typical dense PNN-like Sema3A staining 
around cells that were negative for WFA (Figs. 7G–I). 

We subsequently investigated whether Sema3A-immunoreactivity co-localis-
es with specific components of the PNNs. To this end, double immunostaining 
for  Sema3A with the individual PNN components neurocan-N, brevican, aggre-
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can, versican, phosphacan and tenascin-R was performed. These double labelling 
 ex periments demonstrated co-localisation of Sema3A with versican (Figs. 8A–C), 
aggrecan (Figs. 8D–F), phosphacan (Figs. 8G–I), and tenascin-R (Figs. 8J–L). 

Sema3A is removed from PNNs by ChABC and interacts with CS-GAGs
If Sema3A is a constituent of PNNs and associates with the GAG-chains of the 
CSPGs, it would potentially be removed from the PNNs after an intraparenchy-
mal injection of ChABC, an enzyme that removes the CS-GAG chains from CSPGs. 
WFA-labelled PNNs were intact in the control PBS-injected side (Fig. 9A) whereas 
WFA-labelled PNNs were abolished in the area of the cortex injected with ChABC 
(Fig. 9B). This demonstrates the successful removal of the sugar chains from the 
CSPGs in the PNNs. The WFA staining also revealed a relatively well-defined tran-
sition zone between the intact and the dissociated PNNs in the ChABC-injected 
hemisphere (Fig. 9B). In areas affected by ChABC no Sema3A-labelled PNNs were 
present (Figs. 9C and D). In contrast, in areas more distant from the injection site, 
Sema3A-labelled PNNs were clearly visible (Fig. 9E). In the transition zone (Fig. 
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9B), Sema3A-positive PNNs could still be found but the typical structure of most 
PNN appears to be disrupted (Fig. 9F).

A competitive ELISA and Western blot analysis were used to investigate the bio-
chemical interaction between Sema3A and the CS-GAGs derived from the PNN. 
The CS-GAGs were obtained by the fractionation method described by Deepa et 
al. (2006); see also Materials and Methods. Sema3A-AP was pre-incubated with the 
three different extracts of GAGs (loosely associated with the extracellular matrix, 
membrane-associated and PNN-associated) prior to incubation with immobilised 
heparin on the ELISA plate. Sema3A binds with the highest affinity to the PNN-
associated GAGs followed by the membrane-associated GAGs and the binding is 
the lowest with the soluble GAGs (Fig. 10A). Lanes 1–3 of the Western blot (Fig. 
10B) contain the brain extracts, lane 4 contains media from Sema3A-myc trans-
fected cells. Sema3A is enriched in the extractions containing membrane-associat-
ed GAGs and PNN-associated GAGs (lane 2 and 3, respectively). This corresponds 
to the fractions containing the GAGs with affinity for Sema3A in the competitive 
ELISA (Fig. 10A). The lack of Sema3A in the soluble protein extract (lane 1) shows 
that the protein is present in a freely secreted soluble form, but is retained in the 
matrix. The distribution into fractions 3 and 4 indicates that Sema3A binds with 
variable strength to the extracellular matrix in brain tissue. Sema3A is partly solu-
bilised by milder conditions than what is needed to solubilise the condense PNN 
structure (Deepa et al., 2006). The strength of the interaction entrapping Sema3A 
in the PNN structure is weaker than the interactions between the proteoglycans of 

Figure 6 (previous page). Sema3A immunolocalisation in the midbrain, hindbrain and 
cerebellum. The micrographs shown in A, B, D–F are higher magnifications of the 
boxes labelled 6A, 6B, 6D–F in Figure 3. The deep gray layer of the superior collicu-
lus (A) contained large numbers of neurons with well-defined Sema3A-labelled PNNs 
whereas the intermediate gray layer (B) contains neurons with faintly stained PNNs 
(arrowheads). The red nucleus (C) displays a large number of well-defined Sema3A-
labelled PNNs around the magnocellular neurons. Moreover, throughout the entire 
red nucleus strong diffuse immunoreactivity was observed between neurons. Strong 
and well-defined immunoreactive PNNs were also detected in the external nucleus of 
the inferior colliculus (D). Similar to the red nucleus, strong diffuse labelling is present 
throughout the entire nucleus of the inferior colliculus. In the hindbrain, the vestibular 
nucleus (E) contained many large neurons with robust Sema3A-labelled PNNs and 
strong diffuse immunoreactivity was found throughout the entire nucleus. The neu-
rons in the inferior olive (F) did bear Sema3A-positive PNNs that were moderately 
stained, while diffuse labelling was present throughout this nucleus. In the cerebellum 
of the adult rat, Sema3A-positive PNNs were observed around some cerebellar Golgi 
neurons (G), around most Purkinje cells (H) and numerous neurons in the DCN, while 
a strong diffuse Sema3A signal was also present throughout the entire DCN (I). The 
Sema3A-staining pattern of the PNNs around the Purkinje cells displayed the semi-or-
ganised pattern which is typical for PNNs around Purkinje cells (Mabuchi et al., 2001). 
Scale bars: A–F (100 µm) and G–I (25) μm.
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Figure 7 (previous page). Sema3A co-localises with the PNN-marker WFA. Double 
immunostaining of WFA (A and G), a classical marker of PNNs, and Sema3A using an-
tibody C17 (B and H) demonstrated co-localisation of Sema3A and WFA in the visual 
cortex (C–F and I). Sema3A-immunoreactivity was found around a subpopulation of 
WFA-labelled PNNs (G); all neurons with Sema3A labelling co-localised with WFA-
labelled PNNs but not all WFA-labelled PNNs co-localised with the Sema3A labelling. 
Arrowheads 1 in panels G–I show a WFA-positive PNN that is devoid of Sema3A 
labelling, whereas arrowheads 2 and 3 show two neurons with WFA-positive PNN that 
have Sema3A labelling. Scale bars: A–C (10 μm), D–F (5 μm) and G–I (10 μm).

Figure 8. Sema3A co-localises with specific components of the PNNs. Double immu-
nostaining of Sema3A (antibody C17) (A, D, G and J) with different well-known compo-
nents of the PNN revealed co-localisation of Sema3A with versican (B), aggrecan (E), 
phosphacan (H) and tenascin-R (K). Panels C, F, I and L are merged images. Scale 
bars: A–L (10 μm).
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the PNN. However, the affinity of the interaction is clearly towards the GAGs of 
proteoglycans comprising this structure. 

Sema3A expression in PNN is strongly reduced in mice with a genetic 
deletion of Crtl1

One of the key components in of the PNN is Crtl1. Crtl1 stabilises the interaction 
between hyaluronic acid and proteoglycans in cartilage but is also expressed in the 
brain (Binette et al., 1994; Carulli et al., 2007). Mice deficient in Crtl1 have strongly 
attenuated PNNs around dendrites and the structure of aggrecan-containing PNNs 
around neuronal cell bodies is severely disturbed (Fawcett, 2009; Carulli et al., 
2010). In mice lacking Crtl1 faint Sema3A-immunoreactivity was present between 
neurons but the typical dense PNN-like Sema3A staining around neurons that 
would normally bear Sema3A-positive PNN was virtually absent (Fig. 11). 
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Sema3A-positve PNNs surround cortical interneurons
Around 20–30% of the neocortical neurons are interneurons, most of which are 
GABAergic inhibitory interneurons. GABAergic interneurons express parvalbumin 
(PV), calbindin and/or calretinin depending on the interneuron type (reviewed 
by Markram et al., 2004). In the mammalian neocortex PNNs are found around 
PV-positive interneurons (Hartig et al., 1992; Bruckner et al., 1994) and calbindin- 
positive interneurons (Hartig et al., 1995). 

Double immunostaining for Sema3A and PV revealed 3 different staining pat-
terns: i) Sema3A-positive PNNs surrounding PV-expressing interneurons (Fig. 12; 
arrowhead A), ii) Sema3A-positive PNNs enwrapping non-PV-expressing neurons 
(Fig. 12; arrowhead B), and iii) PV-expressing interneurons without Sema3A-pos-
itive PNNs (Fig. 12; arrowhead C). This indicates that Sema3A is present in PNNs 
surrounding some but not all PV-expressing interneurons. It is likely that the non-
PV-expressing interneurons surrounded by Sema3A-positive PNNs (Fig. 12; arrow-
head B) are calbindin-expressing interneurons since PNNs are found surrounding 
PV- and calbindin-expressing interneurons but not calretinin-expressing interneu-
rons (Hartig et al., 1995). 

 

Discussion

The results presented in this article demonstrate that the chemorepulsive axon 
guidance cue Sema3A is a component of PNNs around many PNN-bearing neu-

Figure 9 (previous page). Sema3A-positive PNNs are no longer observed in the cortex 
after injection of ChABC. The enzyme ChABC removes the CS-GAGs of PNNs. To 
investigate whether Sema3A is associated with the PNN-GAGs rats received two 
injections with either PBS of ChABC in the cortex. WFA-labelled PNNs were found 
throughout the entire neocortex after injection of PBS (A) but WFA-staining was abol-
ished in the cortex of animals injected with ChABC (B). A relatively well-defined area 
lacking WFA labelling was visible around the injection sites (the approximate position 
of the two injection sites is indicated with an asterisks) indicating that the sugar chains 
from the PNN-GAGs were successfully removed by the enzyme. In areas more distant 
from the injection sites, WFA-labelled PNNs were still intact. Sections adjacent to the 
WFA-stained sections were stained for Sema3A using antibody C17. The boxes in panel 
B represent the same areas where high magnification micrographs are taken in the 
Sema3A-stained section and shown in panels C to F. In areas devoid of WFA labelling 
also no Sema3A-labelled PNNs were detected (C and D), while Sema3A-positive PNNs 
were clearly present in areas more distant from the injection area that also displayed 
WFA-positive nets (E). A relatively well-defined border between ChABC affected and 
non-affected zone was demarcated which was apparent with a WFA staining (B). At 
this transition area, Sema3A-labelled PNNs appeared to be disrupted (arrowheads in 
F). Scale bars: A–B (1 mm), C–F (25 μm).
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rons distributed throughout the brain. One important function of PNNs is that 
they restrict anatomical and functional plasticity of specific neural circuits in the 
adult brain (Reviewed by Berardi et al., 2003; Galtrey et al., 2007; Dityatev and 
Fellin, 2009). The molecular mechanisms by which PNNs execute this function are 
still largely unknown. PNN are composed of highly condensed extracellular ma-
trix molecules, including hyaluronan, a variety of CSPGs and link proteins. The 
observation that Sema3A is associated with CSPGs in the PNN suggests that this 
repulsive axon guidance protein contributes to the plasticity-restricting properties 
of PNNs by acting in concert with CSPGs and/or other molecular components of 
the PNN. 

The molecular composition of the diffuse, amorphous extracellular matrix of the 
brain and the specialised extracellular matrix of the PNN has been studied exten-
sively by biochemical and immunohistochemical methods (Zaremba et al., 1989; 
Bignami et al., 1993; Yasuhara et al., 1994; Matsui et al., 1998; Hagihara et al., 1999; 

Figure 10. Sema3A preferentially binds to PNN-associated GAGs, and is enriched 
in rat whole brain extracts of membrane-associated proteins and PNN-components. 
Adult rat brain was sequentially extracted with buffer 1 (TBS), buffer 2 (TBS + Triton-
X100), buffer 3 (buffer 2 + 1M NaCl) and buffer 4 (buffer 2 + 6M Urea). The extrac-
tions were divided into three fractions. Buffer 1 was termed “Fraction 1 – soluble 
GAG”, buffer 2 and 3 were pooled and termed “Fraction 2 – membrane-associated 
GAG” and buffer 4 was termed “Fraction 3 – PNN-associated GAG”. (A) Competi-
tive ELISA between heparin and brain derived GAGs. Sema3A-AP was incubated with 
GAGs from the three fractions prior to being applied to the ELISA plate coated with 
heparin. No competitive inhibition equals 100% binding, left bar. The level of competi-
tion by GAGs in the different fractions was shown by reduction from 100% binding. 
(B) Western blots of fractions 1–3 containing 12 µg of protein (lanes 1–3) and 10 µl 
of cell lysate from Sema3A-myc transfected cells (lane 4) revealed enriched Sema3A 
in membrane-associated GAGs and PNN-associated GAGs. The lack of Sema3A in 
the soluble protein extract (lane 1) shows that the protein is not freely secreted, but 
retained in the matrix. 
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Haunso et al., 1999; Deepa et al., 2006; reviewed in Galtrey and Fawcett, 2007). 
Biochemical differential extraction showed that the diffuse, loosely organised ex-
tracellular matrix and the condensed matrix of the PNN contain hyaluronan and a 
variety of secreted CSPGs. These different extracellular matrix compartments do 
contain different amounts of the various CSPGs, and CSPGs in the PNN have a 
different GAG disaccharide composition with a characteristic sulphation patterns 
(Deepa et al., 2006). Using the biochemical fractionation method of Deepa et al. 

Figure 11. Sema3A is strongly diminished in Crtl1-deficient mice. Sema3A-positive 
PNN are clearly visible in the cortex of wild-type litter mates of Crtl-1 knockout mice 
(A). Sema3A signal was strongly diminished in Crtl1-mutant mice (B) Scale bar: A and 
B (50 µm).

Figure 12. Sema3A is expressed in PNNs around a subpopulation of PV-expressing 
inhibitory interneurons. In the cortex, most if not all inhibitory interneurons bear 
PNNs. Double-label immunohistochemical staining shows that Sema3A-labelled PNNs 
surround some but not all PV-positive interneurons. Arrowhead A shows a PV-positive 
interneuron with a Sema3A-positive PNN. Arrowhead B indicates a PV-negative 
neuron that has a Sema3A-positive PNN, while arrowhead C points to a PV-positive 
neuron without a Sema3A-positive PNN. Scale bar: 25 µm.
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(2006) we now show that Sema3A is predominantly present in fractions contain-
ing the membrane-associated GAGs and the PNN-GAGs. We also show that this 
chemorepulsive axon guidance protein interacts with high affinity with CS-GAGs 
derived from the PNN in a competitive ELISA. 

Many WFA-positive nets throughout the brain stain positive for Sema3A and 
Sema3A co-localises with multiple CSPGs (aggrecan, versican, phosphacan, and 
tenascin-R) present in PNN. To investigate whether Sema3A is associated with the 
PNN-GAGs in vivo, ChABC was injected in the adult rat cortex to degrade the CS-
GAGs from the CSPGs. WFA-binding to the PNN was abolished at the injection site 
indicating that ChABC successfully removed the CS-GAG chains from the CSPGs of 
the PNN. Sema3A-positive nets were no longer observed in the area devoid of WFA 
staining. Further in vivo evidence that Sema3A is associated with PNNs comes from 
observations in Crtl1 mutant mice. The extracellular matrix of the PNNs is unique 
in that it contains the link proteins Crtl1 and Bral2. Crtl1 expression coincides with 
and increases gradually as the PNN form, whereas the expression of the CSPGs oc-
curs much earlier (Carulli et al., 2007; Galtrey et al., 2008). The Crtl1 mouse mutant 
has only vestigial PNNs and PNNs in these mice have a strongly reduced capacity to 
incorporate CSPG (Carulli et al., 2010). This demonstrates that Crtl1 is an essential 
organiser of the cartilage-like condensed structure of the PNNs in vivo (Carulli et 
al., 2010; Kwok et al., 2010). In brain-specific Crtl1 knockout animals we find virtu-
ally no Sema3A-positive PNN-like structures. The central role of Crtl1 in the for-
mation of PNN has recently been demonstrated in a cell model of PNN (Kwok et al., 
2010). HEK293T cells with forced expression of Crtl1 and hyaluronan synthase-3 
(HAS3) together, but not HAS3 alone, have the capacity to capture the CSPG ag-
grecan in a PNN-like structure around their plasma membrane. The co-localisation 
of Sema3A with WFA and multiple CSPGs, and the absence of Sema3A-positive 
PNN after enzymatic or genetic perturbation of the PNNs demonstrate that this 
repulsive axon guidance protein is a genuine component of PNN. The results of the 
biochemical experiments and the in vivo ChABC treatment indicate that Sema3A is 
retained in the PNN through an interaction with the CS-GAGs of the CSPGs that 
form the PNNs.

Sema3A-positive PNNs were found around many, but not all, neurons that have 
WFA-labelled PNN. Sema3A is associated with PNN around neurons that express 
Sema3A mRNA, e.g. Purkinje cells (Giger et al., 1998b), as well as around neurons 
that do not express the Sema3A gene, e.g. inhibitory interneurons in the cortex 
and neurons in the DCN. Moreover, some populations of neurons that do express 
Sema3A mRNA, e.g. neurons in the amygdala and facial motor nucleus (Giger et al., 
1998b), have PNNs that are devoid of Sema3A. This raises the question: what is the 
cellular origin of Sema3A in PNN? Cultures of primary embryonic cortical neurons 
transfected with a GFP-Sema3A expression construct actively transport the GFP-
tagged protein along their axons and dendrites. These neurons secrete the protein 
from large dense core vesicles at synaptic boutons but also at extra-synaptic sites 
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along axons, dendrites and occasionally cell bodies (De Wit et al., 2006; De Wit et 
al., 2009). In cell culture secreted GFP-tagged Sema3A is captured by the extracel-
lular matrix deposited around cells from which it can be released by treatment with 
ChABC or exposure to excess CS-GAGs (De Wit et al., 2005; De Wit et al., 2009). 
In the brain, Sema3A immunoreactivity is observed in many axons that form long 
projections, including axons of mitral cells in the lateral olfactory tract, axons in 
the corpus callosum and axons of Purkinje cells. In all instances these axons project 
to areas of the brain that contain neurons with Sema3A-positive PNN. Purkinje 
cells do express the Sema3A gene and may secrete Sema3A into their own PNN. 
DCN neurons, however, do not produce Sema3A mRNA but these neurons do re-
ceive synaptic input from the Purkinje cells. Sema3A in the PNN of DCN neurons 
may be derived from Purkinje cell axons that pass through these nuclei and/or from 
synaptic contacts that secrete Sema3A on DCN neurons. A similar situation could 
occur in the cortex where adult layer II/III pyramidal cells express Sema3A. Axons 
of these pyramidal neurons form synaptic contacts on inhibitory neurons in the 
ipsilateral and contralateral cortex (Petreanu et al., 2007; Otsuka and Kawaguchi, 
2009) and Sema3A secreted from these neurons may be captured in the PNN of 
inhibitory interneurons. We are currently investigating how GFP-tagged Sema3A 
expressed via an adeno-associated viral vector is transported and secreted in the 
adult brain and whether this tagged protein can be detected in PNN of neurons that 
receive synaptic input from the neurons transduced with the viral vector. 

What would be the functional implication of the presence of the chemorepulsive 
axon guidance molecule Sema3A in PNNs? During development Sema3A restricts 
axon growth to specific domains of the embryo (Behar et al., 1996; Taniguchi et 
al., 1997; Schwarting et al., 2000; Taniguchi et al., 2003), repels migrating cortical 
interneurons (Zimmer et al. 2010) and affects synapse formation and axonal prun-
ing (Bagri et al. 2003). Recent studies demonstrate that interfering with Sema3A/
Npn-1 signalling results in lasting changes in layer V cortical neuron basal dendrite 
arborisation (Fenstermaker et al., 2004; Tran et al., 2009). PNN are structures that 
are restricting plasticity (Bradbury et al., 2002; Pizzorusso et al., 2002; reviewed in 
Dityatev and Fellin, 2009). CSPG-rich tissue is usually avoided by axons as has been 
shown during development (Snow et al., 1990; Oakley and Tosney, 1991; Walz et 
al., 2002; Braga-de-Souza and Lent, 2004; Wang et al., 2008), after traumatic injury 
(Moon et al., 2001; Bradbury et al., 2002) and after partial denervation (Massey et 
al., 2006). As components of the PNNs, CSPGs could play a role in stabilising syn-
aptic boutons on the cell bodies and proximal dendrites of net-bearing neurons or 
could prevent the formation of unwanted synaptic contacts. However, how CSPGs 
mediate these repellent or stabilising effects remains unclear. The preferential bind-
ing of Sema3A to PNN-CSPGs may endow the PNNs with repellent properties that 
could mediate the effects of PNNs on plasticity. The interaction of repellent axon 
guidance molecules like sema3A with CSPG could concentrate these cues at specif-
ic sites and/or could potentiate or modify their activity. Interaction of Sema3A with 
heparin potentiated its collapsing activity (De Wit et al., 2005) while the activity 
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of sema5A was differentially affected by binding to CSPG or HSPG (Kantor et al., 
2004). Sema3A in PNN could also influence the efficacy of synaptic transmission 
which would affect plasticity (Sahay et al., 2005; Bouzioukh et al., 2006). It will be 
fascinating to unravel the precise role of Sema3A in PNNs in the future. We predict 
that neutralisation of Sema3A in PNN may be an approach to enhance “regenera-
tive” neuroplasticity in situations where new synaptic contacts have to be formed, 
e.g. following small traumatic brain lesions or stroke. 

Supplementary data
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Supplemental Figure 1. Schematic overview of the Sema3A distribution in the adult rat 
brain. Sema3A distribution in the adult rat brain is illustrated in six plates at different 
levels from rostral to caudal (A–F) as indicated. The plates are taken from Swan-
son (1992). The red dots indicate area with typical well-defined, dense extracellular 
Sema3A labelling around cells bodies resembling PNNs. The green areas indicate 
weak diffuse Sema3A labelling. The purple areas indicate staining of axon profiles. 
The blue areas indicate diffuse immunoreactivity between distinct populations of neu-
rons that also exhibit PNN-like immunoreactivity. Injection coordinates with bregma 
as reference: +6.20 mm (A), +2.70 mm (B), −3.80 mm (C), −6.04 mm (D), −8.13 mm 
bregma (E) and −11.3 mm (F).
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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.
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2. General Discussion

2.1. ALS: genetic causes and “risk factors”
The dominant pathological hallmark of ALS is the gradual loss of motor neurons 
in the spinal cord and brain. Most cases of ALS are classified as sporadic (sALS), 
and approximately 10% is inherited or familial (fALS). Mutations in different genes 
(SOD1, alsin, senataxin, angiogenin, VAMP-associated protein B, dynactin, TAR 
DNA-binding protein-43 [TDP-43], or FUS) are responsible for about 30% of the 
fALS cases. The genetic cause of the other 70% of fALS cases is not yet known. 
The clinical progression and pathological profiles of fALS and sALS are remark-
ably similar. However the cause(s) of sALS are completely unknown except perhaps 
for the recent demonstration of de-novo missense mutations in a small subgroup of 
sALS patients in the TDP-43 or FUS genes; genes which have also been implicated 
in fALS (Daoud et al., 2009; Rademakers et al., 2010; see below for more discussion).

Currently there are at least 8 hypotheses on the cause of sALS, including gluta-
mate excitotoxicity, astroglia and/or microglia pathology, oxidative stress and mito-
chondrial dysfunction, endoplasmic reticulum stress, growth factor abnormalities, 
defects in axonal transport, metabolic alterations and accumulation of protein ag-
gregates (reviewed in Rothstein, 2009). At present, research on these very diverse 
hypotheses has failed to produce a unifying hypothesis that provides an explanation 
for this motor neuron disease. We are thus left with the sobering notion that exten-
sive, sometimes decade long research, on each of the above mentioned hypotheses 
has not identified a single common biological target or effective neuroprotective 
therapy. It has been suggested that in sALS multiple interacting biological and/or 
environmental parameters, often defined as “risk factors” (in contrast to a distinct 
“one to one” causative factor), are triggering the disease (Veldink et al., 2003; Veld-
ink et al., 2005; Beghi et al., 2006; Schmidt et al., 2009; Sutedja et al., 2009b; Sutedja 
et al., 2009a). In this scenario the disease would manifest itself only if the right set 
of risk factors would converge in a given individual during his/her life. This idea is 
supported by the identification of an increasing number of specific gene variants as-
sociated with ALS (http://alsod.iop.kcl.ac.uk). These so-called susceptibility genes, 
by definition, do not cause the disease but enhance the chance that an individual 
will get the disease, if a number of additional (unknown) risk factors are also pres-
ent or active. 

A recent claim of a “seismic shift” (Lagier-Tourenne and Cleveland, 2009) in our 
understanding of the pathogenic mechanism of sALS comes from studies that dem-
onstrate de-novo mutations in the TDP-43 and FUS genes associated with or per-
haps causing the disease in a few percent of sALS patients (Arai et al., 2006; Lagier-
Tourenne and Cleveland, 2009; DeJesus-Hernandez et al., 2010). Additional support 
for the role of TDP-43 in ALS comes from the recent observation that an important 
modifier of TDP-43 toxicity, the ataxin-2 protein variant with intermediate-length 
polyglutamine repeats, is highly associated with ALS (Elden et al., 2010). Although 
this could certainly be a breakthrough, it remains unclear whether aggregation of 
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TDP-43/ataxin-2 and FUS is a primary event that causes sALS, a risk factor enhanc-
ing the chance to get the disease, or whether it is a by-product, associated with, but 
not causing the disease. A parallel has been drawn between the discovery of TDP-
43 and FUS containing protein aggregates and the identification of Aβ and hyper-
phosphorylated tau as molecular signatures of sporadic Alzheimer’s disease (Chen-
Plotkin et al., 2010). These molecular abnormalities have been difficult to translate 
into an actual understanding of the disease process in Alzheimer’s disease and may 
be reflections of relatively advanced stages of the disease and that are preceded by 
subtle, much earlier changes in gene expression (Bossers et al., 2010). 

2.2 ALS: Where does the disease start?
One of the most debated issues in ALS research is: “Where does the disease start?” 
Observations in transgenic mice expressing mutant human SOD1 indicated initially 
that motor neuron degeneration would only occur if astrocytes and/or microglia 
cells surrounding motor neurons express mutant human SOD1 (Pramatarova et al., 
2001; Lino et al., 2002; Clement et al., 2003; for review see Ilieva et al., 2009). Since 
these cells have intimate functional and metabolic relationships with motor neu-
rons, pathogenic effects in astrocytes and microglia cells could set off a cascade of 
neurodegenerative events in neighbouring motor neurons. This was taken as evi-
dence that motor neuron degeneration in ALS is a non-cell autonomous process, 
which requires, and is secondary to, the effect of the toxic mutant human SOD1 
protein in supporting cells. 

This notion has been convincingly challenged. Transgenic mice expressing high 
levels of mutant hSOD1 specifically in motor neurons display direct pathogenic ef-
fects of mutant hSOD1 in motor neurons (Jaarsma et al., 2008) and skeletal muscle-
restricted expression of mutant hSOD1 also causes motor neuron degeneration (Do-
browolny et al., 2008; Wong and Martin, 2010). On the other hand, selective viral 
vector RNAi-mediated knockdown of mutant hSOD in motor neurons of G93A-
hSOD1 mice resulted in a delay of symptom onset (Ralph et al., 2005) indicating 
that mutant hSOD1 in motor neurons plays a role in the disease process. Moreover, 
deleting mutant hSOD1 in microglia specifically does slow down the progression 
of the disease in a floxed mutant hSOD1 ALS mouse model (Boillee et al., 2006). 
Thus, knockdown of SOD1 in motor neurons or in microglia results in an increased 
lifespan. Knockdown of mutant hSOD1 in muscle of ALS mice by approximately 
60% was not effective in delaying the disease (Miller et al., 2006; Towne et al., 
2008). Transplantation of a wild-type hindlimb muscle into mutant hSOD1 trans-
genic mouse could also not prevent the degeneration of host motor nerve terminals 
after they had first re-innervated the new muscle initially (Carrasco et al., 2010). 
Taken together, these studies in transgenic mice indicate that the mutant hSOD1 
protein exerts direct — motor neuron-autonomous — as well as indirect — non-au-
tonomous — cellular toxicity and that motor neuron death can occur independent 
of, or in conjunction with, the expression of hSOD1 in astrocytes, microglia and 
muscle cells. Importantly, in human patients the mutant SOD1 protein is expressed 
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in motor neurons, supporting cells and muscle cells alike (for review see Ilieva et 
al., 2009). Therefore in patients, the mutant protein can act at multiple locations to 
cause the disease. 

The question: “Where does the disease start?” has been productively addressed 
by observant clinical assessment of neuromuscular performance in ALS patients 
(Denys and Norris, 1979; Dengler et al., 1990; Killian et al., 1994; Schmied et al., 
1999; Fischer et al., 2004) and multidisciplinary longitudinal experimental stud-
ies on the initiation and progression of the disease in ALS-transgenic mice (Frey et 
al., 2000; Fischer et al., 2004; Pun et al., 2006; Hegedus et al., 2007; Hegedus et al., 
2008; Gordon et al., 2009; Saxena et al., 2009). Motor neurons that innervate skel-
etal muscles can be subdivided into several functional classes: fast-fatigable (FF), 
fast-fatigue resistant (FR) and slow (S). Individual muscles are innervated by a char-
acteristic composition of FF (with synapses on Type IIb/x muscle fibres), FR (with 
synapses on Type IIa muscle fibres) and S (with synapses on Type I muscle cells) 
motor units. For instance, in the mouse, the gastrocnemic muscle is innervated by 
FF, FR and S motor neurons, while the soleus muscle is innervated predominantly 
by S motor neurons. This differential innervation by motor neurons with distinct 
force and twitch characteristics determines to a large extent the functional proper-
ties of an individual muscle. Electrophysiological studies in sALS-patients indicated 
that FF motor units are the earliest to be affected in ALS while S motor units are 
much more resistant to the disease (Dengler et al., 1990). In transgenic mice that 
express the mutant human SOD1 protein, a stereotypic progression of the disease 
process unrolls, in which FF motor units are the most vulnerable and the earliest to 
be lost, followed by FR motor units (Frey et al., 2000; Atkin et al., 2005; Pun et al., 
2006; Hegedus et al., 2007; Hegedus et al., 2008; Saxena et al., 2009). The selective 
and early vulnerability of FF (type IIb/x) motor units in ALS patients and in trans-
genic mice models has led to the hypothesis that ALS is a “dying-back” axonopathy 
that manifests itself first in distal motor axons (Kennel et al., 1996; Frey et al., 2000; 
Fischer et al., 2004). Selective axonal degeneration and muscle denervation of type 
IIb/x fibres is already apparent in transgenic mice before the onset of functional 
motor deficits and precedes astrocyte pathology and motor neuron degeneration in 
the spinal cord (Kennel et al., 1996; Fischer et al., 2004; Pun et al., 2006). In line 
with this, it has been shown that preservation of the motor neuron cell body in 
ALS mouse models is not sufficient to prevent progression of the disease (Gould et 
al., 2006; Dewil et al., 2007b; Dewil et al., 2007a; Rouaux et al., 2007; Suzuki et al., 
2007). All these observations point to selective muscle denervation as one of the 
earliest known neuropathological events in ALS. Motor neuron death would then 
be secondary to synaptic dysfunction, and astroglia and microglia pathology in the 
spinal cord would be a relatively late consequence most likely occurring as a result 
of progressive denervation (reviewed by Graeber and Kreutzberg, 1988; Tetzlaff et 
al., 1988; Cullheim and Thams, 2007).
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2.3 Changes in electrical and molecular signalling at the NMJ in ALS
Lesnick and colleagues point toward an important role for axon guidance molecules 
in the disease mechanism of ALS. Analysis of single nucleotide polymorphisms 
within axon guidance pathway genes is highly predictive of ALS susceptibility, age 
of disease onset and survival free of ALS (Lesnick et al., 2008). However, surpris-
ingly little is known about changes in molecular signalling in axons and/or motor 
neuron terminals at the NMJ in ALS. There are a number of recent observations, 
however, on molecular changes in motor axon terminals, TSCs and muscle fibres 
that could contribute to “dying-back” of distal motor axons and the pattern of selec-
tive muscle denervation (Kennel et al., 1996; Frey et al., 2000; Fischer et al., 2004; 
Fig. 1). Furthermore, molecular evidence for compensatory regenerative changes in 
muscle of ALS mice has been reported. These anti- and pro-regenerative molecular 
changes at the NMJ will be discussed below. 

Semaphorins. In this thesis we demonstrated that TSCs at type IIb/x NMJs se-
lectively express the chemorepulsive protein Sema3A after denervation, as well as 
after botulinum-toxin blockage of neurotransmission and in ALS mice. This is the 
first and, to our knowledge, only known molecular difference between TSC on type 
IIb/x and type IIa and type I muscle fibres (Chapter 2). Interestingly it was already 
known for quite some time that motor axons on type IIb/x muscle fibres are mor-
phologically static, in contrast to motor axons on other NMJs. Following botulinum-
induced paralysis motor axons on type IIb/x muscle cells indeed sprout less than the 
axons of the other types of motor neurons (Duchen and Strich, 1968; Duchen, 1972; 
Pestronk and Drachman, 1988; Son and Thompson, 1995a; Frey et al., 2000).

In TSCs of ALS mice of 3 weeks of age the chemorepulsive protein Sema3A is 
already expressed; i.e. 3 to 4 weeks before the onset of the first clinical symptoms. 
Sema3A expression is preceding or occurs concomitantly with the very first mor-
phological signs of muscle denervation occurring around 25 to 30 days after birth 
(Fischer et al., 2004; Gould et al., 2006). ALS mice that lack Npn-1, a component of 
the multimeric receptor for Sema3A, in approximately 75% of the motor neurons 
perform better in two motor tasks. This is the first indication that Sema3A-Npn-1 
signalling at NMJs may play a role in the disassembly of the NMJ in ALS (Chapter 4; 
although much remains to be investigated; see for more discussion Section 3). 

Recent support for abnormal synaptic semaphorin signalling in ALS comes from 
a study showing that the collapse response mediator protein 4a (CRMP4a) is up-reg-
ulated in a subset of motor neurons in ALS mice (Duplan et al., 2010). Silencing of 
CRMP4a in motor neurons of ALS mice was protective and in vivo overexpression 
of CRMP4a in ALS mice led to premature death of motor neurons. CRMP4a is one 
of the least well-studied members of the CRMP family. It is an intracellular cyto-
solic protein that conveys intracellular signals of Sema3F and Sema3A in vitro that 
contribute to actin cytoskeleton collapse (Deo et al., 2004). It is conceivable that 
repulsive signalling of Sema3A secreted by TSCs is amplified by enhanced levels of 
CRMP4a in motor nerve terminals.
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Interestingly, a recent study demonstrated that direct injury to hind limb mus-
cles is inducing the up-regulation of Sema3A in satellite cells (McLoon, 2009; Tat-
sumi et al., 2009). These cells have a critical role in the formation of new myofibres 
in response to muscle injury and Sema3A expressed by satellite cells in the injured 
muscle have a physiological role in preventing premature entrance of new motor 
axons in the regenerating muscle. We have not observed increased expression of 
Sema3A in satellite cells in ALS mice. It would, however, be of great interest to 
study whether the expression of Sema3A in these mice following direct injury to 
the muscle is different from the response in wild-type mice. 

It is not clear what triggers the up-regulation of Sema3A in TSCs at type IIb 
neuromuscular synapses in ALS mice. The expression of Sema3A in TSCs is activity 
dependent because botulinum toxin-mediated paralysis results in an induction of 
Sema3A in TSC. Electrical activity of motor nerve terminals affect TSCs via mus-
carinergic and purinergic receptors and causes intracellular Ca2+ accumulation 
(Bourque and Robitaille, 1998; Araque et al., 1999; Georgiou and Charlton, 1999; 
Robitaille et al., 1999; Rochon et al., 2001; Todd et al., 2010). Thus, TSCs respond 

Figure 1. Changes in the expression of pro- and anti-regenerative molecules at the 
NMJ in ALS. The figure shows the muscle, motor nerve axon terminal and TSC. 
Despite a number of molecules favouring regeneration being induced in ALS such as 
CD44, and miR-206, the molecules that trigger de-assembly of the NMJ, including 
Nogo-A and Sema3A, do get the upper hand. Early abnormal reduction in electrical 
activity may trigger Sema3A expression in TSCs. These persistently enhanced levels 
may initiate a neuropathological cascade of event contributing to (some forms of) 
ALS. See text for more discussion. This figure is adapted with permission from Schmidt 
et al. (2009).
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to and can sense neurotransmission between motor axon and muscle (Jahromi et 
al., 1992; Reist and Smith, 1992; reviewed by Rousse and Robitaille, 2006). Electro-
physiology on embryonic primary spinal cord cell cultures and spinal cord prepa-
rations revealed that MNs from ALS mice have an increased firing frequency in 
relation to injected current compared to wild-type cells (Pieri et al., 2003; Kuo et 
al., 2004; Kuo et al., 2005). This suggests that ALS spinal neurons have an increased 
intrinsic excitability. This hyperexcitability of MNs is, however, not observed af-
ter receptor mediated pharmacological stimulation of the lumbar motor circuitry 
of neonatal ALS mice. Ventral root recordings of spinal cord preparations of ALS 
mice show that it is difficult to evoke any rhythmic activity in the lumbar motor 
circuitry using bath application of N-methyl-DL-aspartate/serotonin (Amendola et 
al., 2004; Amendola et al., 2007; Bories et al., 2007). It is therefore not inconceivable 
that when the TSCs sense the early changes in MN activity, changes in gene ex-
pression will result, including changes in Sema3A expression. It has been suggested 
that the altered electrophysiological properties observed during early development 
of the motor neuron circuitry have great significance for the development of the 
disease later in life (Durand et al., 2006; Bories et al., 2007). We propose that an 
early and abnormal reduction in electrical activity in MN of ALS mice may trigger 
the expression of Sema3A in TSC or may result in persistently enhanced levels of 
Sema3A in TSCs (Fig. 1). Increased neuromuscular activity in ALS mice did prolong 
functional contact of motor neurons with their muscles and delayed denervation. 
Functional synaptic overload saves vulnerable motor units in these mice and con-
verts them to less forceful slower motor neuron types (Gordon et al., 2010). It would 
be of great interest to study the expression of Sema3A in ALS mice subjected to 
functional overload. If Sema3A is indeed causally involved in muscle denervation, 
one would predict that Sema3A in TSCs of ALS mice is suppressed when these mice 
are subjected to muscle overload. This is in line with the exercise-mediated delay in 
disease onset and survival time in female G93A-hSOD1 mice (Veldink et al., 2003), 
although physical activity is not associated with a reduced risk of developing ALS in 
humans (Veldink et al., 2005).

VEGF. Vascular endothelial growth factor (VEGF) is another potentially impor-
tant modulator of Sema3A signalling at the NMJ. Since both VEGF and Sema3A 
need the NP-1 receptor for effective signalling (Soker et al., 1998), it is possible that 
the VEGF:Sema3A protein ratio may greatly influence the actual functional out-
come. In contrast to the repulsive activity of Sema3A, VEGF acts as an important 
trophic factor for motor neurons which is in line with the observation that reduced 
VEGF levels are a known risk factor for ALS (Lambrechts et al., 2003). This could 
mean that increased Sema3A expression at the NMJ together with low VEGF levels, 
as observed in ALS patients, together create an micro environment that does not al-
low the maintenance of neuromuscular synapses. 

Nogo-A. Nogo-A is an inhibitor of regenerative neurite outgrowth and post-
lesion induced neuroplasticity (for review see Schweigreiter, 2008). Nogo-A is up-
regulated in muscle cells of ALS patients and in an ALS mouse model (Dupuis et 
al., 2002; Fig. 1). Interestingly, Nogo-A up-regulation is predominantly seen in slow 
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twitch type I muscle fibres. These muscle fibres become atrophic during the rela-
tively late phases of the disease. A compelling causal link between Nogo-A expres-
sion and destabilisation of NMJs in ALS mice has been shown by cross-breeding 
ALS mice with Nogo-A knockout mice. These double transgenic mice survive lon-
ger and perform better in motor tests. The reverse experiment, overexpression of 
Nogo-A in muscle, leads to muscle denervation (Jokic et al., 2006). 

Importantly, Sema3A and Nogo-A display complementary patterns of expression 
– Sema3A is expressed in TSC of the most vulnerable NMJs that denervate early, 
while Nogo-A is mainly expressed in muscle cells that are affected relatively late. 
This would suggest a scenario where these two repulsive proteins can trigger de-
adhesion of the FF and S subtypes of neuromuscular contacts sequentially. 

CD44. CD44 is a single pass transmembrane glycoprotein that binds several ma-
tricellular proteins including metalloproteinases, proteoglycans, growth factors 
and hyaluronan. It is up-regulated in TSCs in ALS mice (Gorlewicz et al., 2009). 
It is highly expressed in TSCs associated with new sprouts that are formed in ALS 
muscle to compensate for the loss of innervations from neighbouring endplates. The 
role of CD44 in neuromuscular pathology is not understood but its localisation and 
its role in regulating Erb-signalling suggests that CD44 could have a supporting 
role. Although, in neonatal muscles it has been shown that administration of neu-
regulin, the ligand for Erb receptors, can have a disrupting role, causing the nerves 
to retract from the muscle endplates (Trachtenberg and Thompson, 1997). 

MicroRNA-206. MiR-206 is a muscle specific microRNA that regulates the ex-
pression of a number of genes in muscle that are involved, among other things, in 
synapse formation. It is up-regulated in muscle after denervation and it supports 
the reinnervation of NMJs. It is dramatically up-regulated in skeletal muscle of ALS 
mice. Deficiency of miR-206 in these mice accelerates the progression of the disease 
(Williams et al., 2009). The enhanced expression of miR-206 appears to be impor-
tant for the maintenance of motor axon-muscle contact and/or compensatory regen-
eration at the NMJ of ALS mice. 

In contrast to Sema3A and Nogo-A, VEGF, C44 and miR-206 are molecules that 
could positively modulate the compensatory regenerative response of the NMJ in 
ALS mice (Fig. 1). The balance between normal physiology and pathology at the 
NMJ is maintained by a complex array of factors. The picture that emerges is that 
pro-regenerative molecules are induced in ALS but that these fail to win the battle 
from anti-regenerative processes. All of the above observations point to the impor-
tance of gaining a full understanding of the molecular signalling between the cel-
lular components of the tripartite neuromuscular synapse — the motor neurons, 
muscle cells and TSCs — in ALS.
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3. Future studies on Sema3A and ALS

In Chapter 4 we described experiments in which the neuronal Sema3A receptor 
component Npn-1 is conditionally deleted in ALS mice to study the putative role of 
Sema3A-Npn-1 signalling in ALS pathogenesis. The ALS Npn-1 knockout showed 
small but significant improvements in motor performance on the Rotarod and in 
the PaGE tests as compared to the ALS control group (mutant SOD1 mice with a 
floxed Npn-1 allele), which were phenotypically similar to the mutant SOD1 mice. 
The lifespan of the ALS Npn-1 knockout mice was unaffected and was similar to 
the ALS group. Collectively, the data indicate that Sema3A-Npn-1 signalling is in-
volved in the ALS disease process. 

Why are the effects in the triple transgenic mice relatively small? There may 
be several unrelated technical as well as biological reasons. First, the NefH-Cre 
transgenic mice express Cre-recombinase in approximately 75% of the spinal motor 
neurons (Hirasawa et al., 2001). The remaining 25% of the motor neurons remains 
sensitive to Sema3A. Second, deletion of Npn-1 in motor neurons renders these neu-
rons insensitive to Sema3A, however, Npn-1 is also a receptor for VEGF. Although 
we specifically aimed with our approach to not delete Npn-1 in cells of the blood 
vessels (to avoid this we used a neuron-specific Cre line) VEGF is a trophic factor for 
motor neurons (Matsuzaki et al., 2001; Tolosa et al., 2008; Bogaert et al., 2009) and 
diminished levels of VEGF has been identified as a risk factor for ALS (Lambrechts 
et al., 2004). Therefore, deletion of the Npn-1 gene in motor neurons of ALS mice 
renders these neurons insensitive to two factors with opposing effects, namely a 
neurotrophic, protective influence (VEGF) and a repulsive, anti-neurotrophic fac-
tor (Sema3A). Third, as discussed above other biological pathways, e.g. the Nogo-A 
pathway, affected in ALS will continue to contribute to the pathological process. 

The most direct way to show that Sema3A in TSCs is involved in the progression 
of the disease is to study the consequences of the inactivation of the Sema3A gene it-
self, specifically in TSCs in G93A-hSOD1 mice. To this end G93A-hSOD1 mice will 
have to be crossbred with mice carrying a floxed Sema3A gene locus (Fl-Sema3A; 
Taniguchi et al., 1997) to create G93A-hSOD1/Fl-Sema3A mice. Subsequently, these 
double transgenic mice have to be crossed with mice that specifically express Cre-
recombinase in TSCs. To date, the latter mice do not exist yet and to our knowledge 
no promoters are know that are exclusively active in TSCs. The second best alterna-
tive is to use a promoter that is active in all Schwann cells, including TSCs. 

Dr Laura Feltri has generated a P0-Cre mouse (Feltri et al., 1999). P0 is the 
promoter of the peripheral myelin gene P0. Although TSCs are non-myelinating 
Schwann cells, P0 is expressed at low levels in these cells (Georgiou and Charl-
ton, 1999). However, based on personal communication with Dr Feltri we learned 
that these P0-Cre mice do have very limited expression of Cre-recombinase in 
TSCs. For instance in the sternocleidomastoid muscle only 14% of the NMJs have 5 
TSCs that express Cre. The rest of the NMJs has no or only a few TSCs that express 
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Cre. Hence, this approach would not result in effective and complete knockout of 
Sema3A in TSC either. 

To our knowledge there are no mice available with postnatal Cre expression in 
TSCs. We are now generating a S100-Cre transgenic mouse. It has been shown that 
in S100-GFP transgenic mice some lines convincingly express GFP in nearly 100% 
of the TSCs (Zuo et al., 2004; Magill et al., 2007). We have obtained the S100-GFP 
construct from Dr Wesley Thompson and Dr Paul Krieg. We have fused CreGFP to 
allow easy visualisation and quantification of cellular transgenic Cre expression in 
TSCs (and Schwann cells in general). We are now in the process of replacing GFP in 
the S100-GFP construct with CreGFP. The S100-CreGFP construct will be used to 
generate transgenic mice lines in collaboration with Dr Christiaan Levelt. We have 
shown previously that a CreGFP fusion protein is still biologically active and allows 
easy detection in cells by virtue of CreGFP in the nucleus (Ahmed et al., 2004). 
S100-CreCFP mice with the appropriate expression pattern will be crossed with the 
double transgenics (G93A-SOD1 x Fl-Sema3A) to create triple transgenics. These 
mice will be subjected to histology to study motor neuron survival and behavioural 
improvement. 

An alternative approach that we will follow is to study the consequences of ecto-
pic expression of Sema3A in the muscle of wild-type mice via an adeno-associated 
viral vector (AAV). We have long hesitated to start this approach for two reasons. 
Firstly, restricted ectopic expression of Sema3A to TSCs with a viral vector is not 
possible. AAV-mediated expression of Sema3A in muscle has now become possible 
(see below) but is not mimicking the pathophysiological situation in ALS mice. That 
is, Sema3A expression in these mice is restricted to a subpopulation of TSCs. We 
feel that it would be important to know whether Sema3A expression in the other 
cells that form the tripartite synapse, notably the muscle cells, can lead to denerva-
tion. This would at least provide a “poor man’s” argument in favour of the idea that 
motor neurons are negatively affected by target-derived Sema3A. The second rea-
son to be hesitant is that efficient expression of a transgene to muscle with a viral 
vector has only recently become feasible (Blankinship et al., 2004). So far, however 
we have obtained encouraging results with genetic targeting of muscle using AAV6 
as a vector (unpublished results of Elizabeth Moloney). Muscle-directed expression 
of a transgene is also used to express modified Npn-1 molecules in the muscles of 
ALS mice to act as neutralising scavengers for Sema3A secreted by TSCs. 

4. Sema3A in PNNs: a function in PNN-mediated 
neuroplasticity?

All tissues, including nervous tissue, are composed of various cell types that are 
kept together by extracellular matrix molecules secreted by the cells. For quite some 
time, the conventional view on the extracellular matrix was that it is the “glue” that 
holds the cells together. The idea of a static neural extracellular matrix that mere-
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ly acts as an extracellular inert “glue” has been rejected for a number of reasons. 
First, there are profound differences between the extracellular matrix produced 
by supporting cells in the peripheral nervous system (PNS) (reviewed by Huebner 
and Strittmatter, 2009) and CNS (reviewed by Galtrey and Fawcett, 2007). This di-
chotomy has functional implications for the regenerative capacity of CNS and PNS 
neurons (Schreyer and Skene, 1991; Huebner and Strittmatter, 2009). Second, en-
zymatic modification of the extracellular matrix in the CNS does render the extra-
cellular matrix more permissive for axon regeneration (McKeon et al., 1995; Moon 
et al., 2001; Bradbury et al., 2002). Third, the extracellular matrix is an important 
determinant of the closure of critical periods in the visual cortex (Pizzorusso et al., 
2002; 2006). Fourth, the extracellular matrix has an impact on the formation of 
specific memories as has recently been shown for fear memory (Gogolla et al., 2009) 
and addictive behaviour (Van den Oever et al., 2010). Finally, biochemical and elec-
trophysiological studies demonstrate that the extracellular matrix affects the dy-
namics and lateral diffusion of neuronal cell surface receptors, including AMPA-
type glutamate receptors (Frischknecht et al., 2009). The formation, composition 
and modification of the extracellular matrix can have an impact on neuronal circuit 
formation and critical periods, axon regeneration, and higher order processes like 
learning and memory. Thus there is no doubt that the neural extracellular matrix 
is a dynamic structure that has a key role in governing anatomical and functional 
neuroplasticity. 

In the brain and spinal cord the extracellular matrix is either amorphous/diffuse 
or organised in dense honey comb-like structures, called PNNs, localised around 
the cell bodies, axon and dendritic initial segments of some neurons. The PNNs are 
composed of hyaluronic acid, CSPGs, tenascin-R and LPs. The structure and com-
position of the extracellular matrix in the brain is different in juvenile compared to 
adult animals and also varies from neuron to neuron and from brain region to brain 
region. The molecules that form the PNNs originate from both neurons and vari-
ous types of glia cells (reviewed by Galtrey and Fawcett, 2007). Neurons and glia 
cells change their gene expression repertoire as they mature and become integrated 
in specific neuron-glia networks. LP-1 expression becomes detectable in postnatal 
neurons around the time the PNNs form. Studies in LP-1 knockout mice show that 
this is the key protein that catalyses the condensation of the extracellular matrix 
into the typical dense PNN structures around inhibitory interneurons in the cortex 
(Carulli et al., 2010). Thus, the composition and structure of the extracellular ma-
trix in the brain changes as the developing nervous system matures. This has an im-
pact on the biological “competence” of the matrix which, in the CNS, ranges from 
highly permissive in juvenile animals to non-permissive in adulthood. 

Results of research described in Chapter 5 demonstrate that Sema3A is a compo-
nent of the PNNs. Sema3A co-localised with WFA, a classical marker of PNNs, and 
with several other well-established components of PNNs. It binds with high affin-
ity to a protein fraction from brain enriched in PNN-GAGs and in LP-1 knockout 
animals, in which PNNs are highly attenuated, the immunostaining for Sema3A 
is strongly diminished. In vivo treatment with the plasticity enhancing enzyme 



SU M M A RY A ND GENER A L DISCUSSION

141

ChABC, an enzyme that removed the GAG-chains from CSPGs, Sema3A is re-
leased from the PNNs in the cortex. These observations provide the basis for a novel 
concept, namely that chemorepulsive proteins, like Sema3A, may profoundly con-
tribute to the function of PNNs, particularly a role in restricting neuroplasticity. 

The mechanism by which the molecules that form the PNN restrict plasticity is 
not understood. The amorphous/diffuse extracellular matrix of the brain contains a 
myriad of so-called matricellular proteins that have diverse functions; e.g. proteo-
lytic enzymes, growth factors, cell adhesion molecules (Galtrey and Fawcett, 2007), 
that modify the matrix, thereby affecting cells surrounded by the matrix. Although 
the main structural components (hyaluronan, CSPGs) of PNNs are known, PNNs 
are much less well characterised when it comes to their complement of matricellu-
lar proteins (Deepa et al., 2006; Fawcett, 2009). It is possible that CSPGs in PNNs are 
not merely structural proteins but may also have a role in cell to cell signalling. A 
receptor for CSPGs has recently been identified (Shen et al., 2009) but whether this 
receptor is expressed on neurons that bear PNNs or on synapses that are embed-
ded in the dense matrix of the PNN is not known. CSPGs can modulate signalling 
by other ligands, e.g. epidermal growth factor, by interacting with the epidermal 
growth factor receptor (Koprivica et al., 2005). CSPGs also sequester and present 
molecules that signal through receptor systems involved in axon growth, e.g. the 
growth factor pleiotropin (Maeda et al., 1996; Kawashima et al., 2002). The obser-
vation that Sema3A interacts with CSPGs in PNNs suggests that CSPGs can act in 
concert with this chemorepulsive protein to restrict axon growth and plasticity in 
the adult brain. In future studies we will investigate the consequences of neutralis-
ing Sema3A in PNNs on brain function in a number of well-established models of 
neuroplasticity, including ocular dominance plasticity (Pizzorusso et al., 2002) and 
regenerative collateral sprouting in the cuneate nucleus following partial denerva-
tion (Massey et al., 2006; Carulli et al., 2010). Sema3A will be neutralised by AAV-
mediated expression of Npn-1 bodies in the visual cortex or cuneate nucleus or by 
Cre-mediated knockout of Sema3A. 

Finally, future investigations will have to address the question: “how does 
Sema3A end up in PNN?” Primary cortical neurons transport and secrete Sema3A 
in culture (De Wit et al., 2005; De Wit et al., 2006; De Wit and Verhaagen, 2007; De 
Wit et al., 2009). GFP-tagged Sema3A binds to the extracellular matrix of cultured 
cells and can be released with ChABC (De Wit et al., 2005). Some PNN-bearing 
neurons express Sema3A, e.g. Purkinje cells, while other PNN-bearing neurons do 
not express Sema3A, e.g. cortical inhibitory interneurons and neurons in the deep 
cerebellar nuclei. Sema3A in PNNs of Purkinje cells may be derived from the Pur-
kinje cells themselves. We propose that neurons that do not express Sema3A re-
ceive input from innervating neurons that do express Sema3A. Sema3A is secreted 
by these innervating neurons and is captured in their PNNs. This idea is currently 
being investigated in several ways. GFP-Sema3A is expressed in cortical neurons 
using in-utero electroporation or by AAV-mediated gene transfer (work of Erich 
Ehlert). This will allow us to follow the protein in vivo as it is transported and se-
creted based on illuminating the GFP-tag that is attached to the protein. If GFP-
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Sema3A would be captured in the PNNs we would be able to simply detect it based 
on its GFP-tag. 

 

5. Conclusion 

In this thesis we present observations on Sema3A that show that this protein may 
have diverse, context-dependent roles in neuroplasticity and neurodegeneration. 
Sema3A in PNNs may restrict unwanted synapse formation on neurons that bear 
the PNNs (either during closure of the critical period but also beyond that period 
in adulthood), may stabilise synapses on the cell bodies or proximal dendrites of 
net-bearing cells or may influence synaptic transmission. In our view, Sema3A in 
PNNs helps to restrict plasticity in an entirely physiological way. The precise nature 
of this physiological or “benign” function of Sema3A has to be further defined by 
the experiments discussed above. We further predict that neutralisation of Sema3A 
in PNNs may be an approach to enhance “regenerative” neuroplasticity in situa-
tions where new synaptic contacts have to be formed, e.g. following small traumatic 
brain lesions or stroke. 

Sema3A (and several other semaphorins) has a crucial role in the formation of 
peripheral nerves. The protein is expressed in cells along growing embryonic motor 
and sensory axons and is expressed in embryonic and early postnatal TSCs, where 
it most likely acts a physiological “stop signal” for growing motor axons. Sema3A is 
not expressed at the normal, intact adult NMJ. It’s up-regulation at “static” NMJs af-
ter denervation or pharmacologically-induced paralysis indicates that it may be in-
volved in restricting synaptic plasticity of subsets of motor axons at NMJs. Persistent 
expression of Sema3A at NMJs displaying early but progressive signs of denervation 
in mice suffering from the motor neuron disease ALS enhances the vulnerability of 
synaptic contacts in the muscle of these mice. In other words, in ALS mice, Sema3A 
has a “malignant” role because it may be an amplifier of a fatal denervation process. 
Genetic and pharmacological intervention experiments to selectively antagonise 
Sema3A secreted by TSCs at the NMJ would allow further studies on its involve-
ment in neurodegenerative processes that occur in the motor neuron disease ALS.
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Semaphorine 3A (Sema3A) is een axon-sturend eiwit met chemorepulsieve eigen-
schappen. Dat wil zeggen dat het een signaalmolecuul is dat groeiende axonen naar 
hun doelwit cel leidt door middel van een “repulsief” of afstotend mechanisme. Dit 
in samenspel met andere factoren die bijvoorbeeld een aantrekkend effect heb-
ben. Sema3A speelt een zeer belangrijke rol gedurende de embryonale ontwikkel-
ing van het zenuwstelsel. Muizen die het Sema3A gen missen sterven reeds in de 
baarmoeder. De enkele muizen die wel geboren worden vertonen afwijkingen in de 
ontwikkelende perifere motorische en sensorische zenuwprojecties. Sema3A is niet 
alleen aanwezig tijdens de ontwikkeling, maar ook in het volwassen zenuwstelsel. 
Bij beschadiging van het ruggenmerg wordt Sema3A expressie geïnduceerd in de 
kern van het littekenweefsel op de plek van beschadiging. In plaats van het geleiden 
van nieuw uitgroeiende axonen, zoals gedurende de embryonale ontwikkeling, in-
hibeert Sema3A in het volwassen centraal zenuwstelsel (CZS) juist de axonale re-
generatie na beschadiging. Er zijn meerdere neuropathologische aandoeningen aan 
zowel het CZS als het perifeer zenuwstelsel (PZS) waarbij Sema3A betrokken lijkt. 
De aanwezigheid van Sema3A in het volwassen zenuwstelsel en de inductie van de 
expressie in een aantal neuropathologieën zou erop kunnen duiden dat het een rol 
kan spelen by neuroplasticiteit en neurodegeneratie.

In dit proefschrift wordt onderzoek beschreven naar de mogelijke rol van het eiwit 
Sema3A in de plasticiteit van de gezonde en aangedane zenuw-spierovergang (neu-
romusculaire junctie [NMJ]) in de motor neuron ziekte amyotrofe laterale sclerose 
(ALS). Hiervoor is gebruik gemaakt van een muis model voor deze ziekte. Tevens 
hebben we onderzoek gedaan naar de lokalisatie van Sema3A in het gezonde CZS, 
en tonen aan dat Sema3A een component is van de perineuronale netten (PNNs). 
Dit is een belangrijke structuur rond om zenuwcellen die betrokken lijkt bij neu-
roplasticiteit. Het was onverwacht dat het chemorepulsive eiwit Sema3A ook on-
derdeel is van PNNs. 

In het eerste gedeelte van hoofdstuk 1 zal dieper worden ingegaan op de historie 
van neuroplasticiteit, de PNN en de moleculen die betrokken zijn bij neuroplas-
ticiteit. In het tweede gedeelte van hoofdstuk 1 wordt uitgebreid stil gestaan bij de 
semaphorine familie, hun receptoren en wijze van signalering. Daarnaast wordt de 
rol van Sema3A in neurodegeratieve aandoeningen, waaronder ALS, samengevat. 

ALS is een neurodegeneratieve ziekte waarbij de (motor)neuronen die de spieren 
aansturen afsterven, met verlamming en uiteindelijk de dood tot gevolg. Bij on-
geveer 5–10% van de ALS patiënten wordt de ziekte veroorzaakt door een gene-
tische afwijking, ook wel familiaire ALS genoemd. Het eerste ALS-gen dat werd 
ontdekt is het superoxide dismutase 1 (SOD1)-gen. Ongeveer 20% van de familiaire 
ALS wordt veroorzaakt door mutaties in dit SOD1-gen. Een van deze genetische 
varianten wordt veroorzaakt door de G93A-hSOD1 mutatie. Door het G93A-hSOD1 
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gen in te brengen in een muis kon er een muismodel voor ALS worden ontwikkeld 
dat qua symptomen en ziekteprogressie grote gelijkenis vertoont met het ziekte-
verloop bij de mens. In dit G93A-hSOD1 muismodel degenereren de motor een-
heden vanaf ongeveer 7 weken na de geboorte. Significante motorneuronensterfte 
gaat gepaard met een ALS gelijkend fenotype, bestaande uit een wankele tred en 
uiteindelijk verlamming van de skeletspieren hetgeen te zien is bij ~12 weken oude 
muizen. De muizen sterven ~20 weken na de geboorte. 

De neuromusculaire overgang bestaat uit de synaps van het motor neuron op de 
spiercel; dit zenuw-spier contact wordt “afgedekt” door een aantal Schwann cel-
len, ook wel terminale Schwann cellen (TSCs) genoemd. In hoofdstuk 2 laten we 
zien dat de TSCs gelegen op één specifiek spiervezeltype (IIb/x) Sema3A mRNA 
tot expressie brengen zowel tijdens de normale postnatale ontwikkeling als ook na 
mechanische denervatie van de nervus ischiadicus, botuline toxine-geïnduceerde 
verlamming en in het G93A-hSOD1 muismodel voor ALS. Interessant genoeg komt 
Sema3A niet tot expressie in TSCs op de andere spiervezeltypen (I en IIa). 

In tegenstelling tot spiervezeltypen I en IIa vertonen de motorische uiteinden 
op spiervezeltype IIb/x in ALS geen plasticiteit. Men heeft gepostuleerd dat deze 
neuromusculaire synapsen daardoor kwetsbaarder zijn dan synapsen op spiervezel 
typen I en IIa. In het G93A-hSOD1 muismodel voor ALS laten we zien dat Sema3A 
mRNA tot expressie wordt gebracht door TSCs op spiervezeltype IIb/x. We vonden 
al zeer hoge Sema3A mRNA expressie bij 5 weken oude muizen, dus nog voor de-
nervatie van de spier (~7 weken) en voordat de, voor ALS zo karakteristieke, symp-
tomen zichtbaar zijn (~12 weken). Dit suggereert dat Sema3A zijn chemorepulsieve 
invloed kan uitoefenen op de motorische zenuwuiteinden op spiervezeltype IIb/x 
en zodoende de plasticiteit kan beperken en de integriteit van de NMJs op dit 
spiervezeltype zou kunnen aantasten. In hoofdstuk 4 hebben we de analyse uitge-
breid. We zien dat bij 3 weken jonge, pre-symptomatische, G93A-hSOD1 muizen de 
expressie van Sema3A mRNA zelfs nog hoger is dan bij 5 weken oude G93A-hSOD1 
muizen. Dit geeft aan dat de veranderde expressie van Sema3A reeds in een zeer 
vroege fase aanvangt. 

In hoofdstuk 3 bevestigen wij eerst dat Sema3A mRNA hoog tot expressie wordt 
gebracht door de TSCs op spiervezeltype IIb/x, na mechanische denervatie van 
de nervus ischiadicus. Vervolgens laten we zien dat ook het Sema3A eiwit tot ex-
pressie wordt gebracht bij een subpopulatie van NMJs. Aangezien Sema3A mRNA 
alleen door de TSCs op spiervezeltype IIb/x tot expressie wordt gebracht na mecha-
nische denervatie van de nervus ischiadicus is het aannemelijk dat ook deze cellen 
het Sema3A eiwit aanmaken. Het Sema3A eiwit is gedistribueerd in een patroon 
tegenover of aangrenzend aan het postsynaptische element van de NMJ, die gemar-
keerd is door acetylcholine esterase of door α-bungarotoxine.

Om de hypothese te toetsen dat Sema3A betrokken is in de pathogenese van ALS 
hebben wij in hoofdstuk 4 drievoudig transgene muizen gemaakt waarbij de neuro-
nale receptor component Npn-1, de bindingspartner van Sema3A, is uitgeschakeld 
in G93A-hSOD1 muizen. Door de deletie van de neuronale Npn-1 zullen de mot-
orneuron uiteinden niet meer gevoelig zijn voor de chemorepulsieve effecten van 
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Sema3A. Deze transgene muizen zijn onderworpen aan een reeks gedragstesten 
die vooral gericht zijn op het meten van de motorische prestatie en spierkracht. De 
transgene muizen met niet-functionele Sema3A signalering lieten een kleine maar 
significante verbetering zien ten opzichte van de controlemuizen. Dat wil zeggen 
dat de voor ALS zo karakteristieke afname in motorperformance zich in deze mui-
zen pas later in de tijd manifesteerde, namelijk ~1,5 week. Deze resultaten lijken 
onze aanname dat Sema3A-Npn-1 signalering op de neuromusculaire overgang een 
rol zou kunnen spelen in het ALS ziekteproces te bevestigen. Het feit dat de geob-
serveerde verbeteringen, relatief gezien, slechts klein zijn in deze transgene muizen 
kan op verschillende manieren worden geïnterpreteerd en/of verklaard. Naast het 
voor de hand liggende gegeven dat er tal van andere ziektemechanismen betrokken 
zijn die niet afhankelijk zijn van de aanwezigheid van functioneel Npn-1, kan het 
geringe effect van de experimentele interventie ook worden toegeschreven aan een 
aantal specifieke technische en biologische oorzaken: 1) Door het gebruik van de 
NefH-Cre transgene muis wordt Npn-1 in ‘slechts’ ~75% van de motor neuronen 
uitgeschakeld. De andere 25% van de motor neuronen bezitten nog wel Npn-1 en 
zijn daardoor nog wel gevoelig voor de effecten van Sema3A. 2) Npn-1 is een co-
receptor voor zowel Sema3A als voor vasculaire endotheliale groei factor (VEGF). 
VEGF is niet alleen betrokken bij angiogenese maar heeft ook een trofisch en bes-
chermend effect op motor neuronen. Dus door Npn-1 uit te schakelen zijn de motor 
neuronen welliswaar niet meer gevoelig voor de ‘negatieve’ effecten van Sema3A 
maar ook niet meer voor de ‘positieve’ effecten van VEGF. 

Tot op heden was alleen bekend hoe de distributie is van Sema3A mRNA in het 
volwassen brein. Over de expressiepatronen op eiwit niveau was nog niets bekend, 
omdat er tot dusver geen bruikbare anti-Sema3A antilichamen of andere techniek-
en beschikbaar waren om het eiwit in situ aan te tonen. In hoofdstuk 5 laten we 
zien, met behulp van verscheidene nieuwe commerciële antilichamen gericht te-
gen verschillende regio’s van het Sema3A eiwit, dat Sema3A prominent aanwezig is 
in verschillende hersengebieden van volwassen ratten en muizen. De Sema3A ex-
pressie is uit te splitsen in 3 verschillende expressiepatronen; één daarvan vertoont 
een zeer grote gelijkenis met de PNN structuur. 

Het PNN is een gespecialiseerde extracellulaire matrix die mogelijk betrokken is 
bij neuroplasticiteit in de hersenen. Het PNN is opgebouwd uit verschillende com-
ponenten waaronder hyaluronan, chondroitin sulfaat proteoglycanen (CSPGs), te-
nascin-R (TN-R) en link proteinen (LPs). Tot op heden zijn er meerdere moleculen 
ontdekt die onderdeel uitmaken van de PNN en eveneens mogelijk betrokken zijn 
bij neuroplasticiteit. Enkelen daarvan zijn onderdeel van het PNN zelf, zoals TN-R, 
brevican (een CSPG) en LPs.

Met behulp van immunohistochemische technieken is in dit proefschrift aan-
getoond dat Sema3A-immunokleuring overlapt met met het typisch patroon van de 
PNNs. Verdere analyse liet zien dat Sema3A met specifieke CSPGs co-lokaliseert. 
Om te bevestigen dat Sema3A een bestanddeel is van de PNNs hebben wij in vivo 
injecties gedaan met het enzym chondroitinase ABC (ChABC). Dit is een enzym dat 
specifiek de CSPGs afbreekt. Na behandeling met ChABC blijkt dat niet alleen de 
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PNNs zijn verdwenen maar ook Sema3A. Een ander sterk bewijsstuk voor een as-
sociatie van Sema3A met PNNs komt voort uit immunohistochemische kleuringen 
op LP-1 knockout muizen. In het laboraorium van James Fawcett in Cambridge was 
aangetoond dat in muizen zonder LP-1 de CSPGs niet binden aan hyaluronan met 
als gevolg dat de PNN structuur sterk ontwricht is. In deze muizen blijkt eveneens 
dat Sema3A niet meer in een PNN-achtig patroon te zien is. Door middel van twee 
experimenten met biochemische technieken laten we zien dat Sema3A met hoge 
affiniteit bindt aan PNNs. Deze resultaten te samen duiden aan dat het chemore-
pulsieve molecuul Sema3A gelocaliseerd is in PNNs. Gegeven de groei-inhibitoire 
eigenschappen is het zeer aannemelijk dat Sema3A in de PNNs de neuroplasticiteit 
kan beïnvloeden en/of beperken. 

Conclusies 

In dit proefschrift hebben we laten zien dat Sema3A mRNA tot expressie wordt 
gebracht door de TSCs op spiervezeltype IIb/x maar niet op spiervezeltype I en IIa. 
Dit is aangetoond gedurende de postnatale ontwikkeling, na mechanische denerva-
tie van de nervus ischiadicus, na botuline toxine-geïnduceerde verlamming en in 
het G93A-hSOD1 muismodel voor ALS. Sema3A mRNA komt tot expressie ruim 
voordat de fenotypische ALS symptomen beginnen in het G93A-hSOD1 muismo-
del. De conditionele deletie van de neuronale Npn-1 in het G93A-hSOD1 muismo-
del leidt tot een kleine maar significante verbetering in de motorische prestatie, de 
overleving van deze Npn-1 gemanipuleerde muizen is echter gelijk aan de controle 
ALS muis. Sema3A kan zijn chemorepulsieve invloed uitoefenen op de motorische 
zenuwuiteinden op spiervezeltype IIb/x en kan zodoende de plasticiteit en de in-
tegriteit van de NMJs op dit spiervezeltype beperken. Bij elkaar genomen leidt de 
uitkomst van onze experimentele muizen studie tot de voorzichtige conclusie dat 
de vroege, en aanhoudende expressie van Sema3A bij de NMJs een bijdrage kan 
leveren aan de initiatie van de reeks van gebeurtenissen die uiteindelijke leiden tot 
de neuropathologische effecten in ALS. Het is duidelijk dat er vervolgexperiment-
en nodig zijn om deze theorie verder uit te werken, waarbij tevens een poging zal 
moeten worden gedaan om de expressie en mogelijke rol van Sema3A te evalueren 
in neuropathologische en/of klinische studies. 

In een aparte set experimenten is aangetoond dat Sema3A een bestanddeel is van 
de PNNs. Met zijn groei-inhibitoire eigenschappen kan Sema3A een rol spelen in de 
regulatie van de synaptische integriteit in het CZS. 

Alle resultaten in dit proefschrift tezamen wijzen op een mogelijke rol van 
Sema3A als regulator van neuroplasticiteit in zowel het PZS als het CZS.
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