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Abstract
Amyotrophic Lateral Sclerosis (ALS) is characterised by a progressive degeneration of 

motor neurons, which is thought to be initiated by presymptomatic pathological changes 

at the neuromuscular junction (NMJ); the so-called “dying-back” hypothesis. Recent 

evidence suggests that repulsive guidance molecules, such as Semaphorin 3A (SEMA3A), 

are upregulated at vulnerable NMJs in the presymptomatic phases of the disease and as 

such may play a role in the selective degeneration of these synapses. We hypothesized 

that inhibition of SEMA3A function at the NMJ would enable NMJs to remain innervated 

for longer, and would improve ALS-related motor function. SEMA3A mediates its repulsive 

abilities via a receptor complex on the motor neuron membrane; neuropilin-1 (NRP1) being 

the ligand binding component, and plexinA being the signal transducing component of 

the receptor complex. We developed soluble versions of the ligand binding component, 

i.e. NRP1-Fc, which, in vitro, were capable of preventing SEMA3A-mediated growth cone 

collapse in cultured dorsal root ganglion explants. Since NRP1 is also a receptor for Vascular 

Endothelial Growth Factor (VEGF), which has been shown to positively modify the ALS 

phenotype, we also generated NRP1-Fc isoforms to selectively bind either ligand in order 

to differentiate between the effects of scavenging both or either ligand. 

In the current study we used an adeno-associated viral (AAV) vector mediated approach 

to deliver NRP1-Fc, or the mutant isoforms, to the NMJ of ALS mice via intra-muscular 

injection. We show that AAV6 effectively targets skeletal muscle, and results in sustained and 

long-term expression of the transgene. ALS mice whereby SEMA3A and VEGF are neutralised, 

demonstrated an initial attenuation of the transient dip in motor decline usually seen in ALS 

mice in the presymptomatic stage, presumably due to SEMA3A neutralization, followed by 

a delay in the onset of the second and gradual decline in motor function which defines the 

early symptomatic phase of the disease. However, the improvement is not sustained, which 

we attribute to the neutralization of VEGF, resulting in a rapid decline of motor function in 

the late stages of the disease consistent with untreated ALS mice. On the other hand, we 

see a worsening of motor function upon treatment with variants that should only bind to 

SEMA3A. To explain this paradoxical phenomenon, we speculate that these soluble NRP1-

Fc isoforms may be acting as “receptor chaperones” by presenting the scavenged ligand 

(SEMA3A) to the membrane-bound receptor (NRP1), thus potentiating the endogenous 

SEMA3A-signaling pathway.   Our data illustrate the difficulties in translating in vitro effects 

to an in vivo environment, especially into a system (i.e. the NMJ of ALS mice) where many 

other factors are playing a role in NMJ stability. We further discuss the potential effects of 

these other factors, and how we may be (unknowingly) targeting these pathways with the 

NRP1-Fc receptors, and how this may explain some of the contradictory results we see.  Our 

findings also highlight the fact that in order to obtain a sustained improvement of motor 

function in ALS, a multifaceted (and perhaps systemic) approach must be taken to target 

not just one pathway thought to be involved in the destruction of the NMJ, but as many 

as are currently known in order to amplify the therapeutic effects in treating this disease. 
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In vivo application of NRP-derived scavengers in ALS mice.

Introduction 
Amyotrophic Lateral Sclerosis (ALS) is characterized by a progressive 

degeneration of motor neurons, leading to skeletal muscle atrophy and 
subsequent paralysis. Victims die within 3-5 years of onset, making ALS one of the 
most aggressive neurodegenerative diseases. Unfortunately, the cause for ALS 
remains unknown, exemplified by the fact that 90% of cases are labelled sporadic 
(sALS) in nature, with a variety of environmental and (unknown) genetic factors 
thought to influence the pathophysiology. The most common and well-studied 
familial forms of ALS (fALS) are caused by mutations in the superoxide dismutase-1 
gene (SOD1), the TDP43, FUS and C9ORF72 genes and although the initial causes 
may be different, the progression of sALS and fALS show a remarkable similarity 
(reviewed in Robberecht and Philips, 2013). Patient care is currently based on 
symptomatic treatment as there is no effective disease-modifying therapy 
(reviewed in Phukan and Hardiman, 2009). The only approved medical treatment 
is Riluzole, a presynaptic glutamate release inhibitor, which merely extends life by 
2-3 months (Miller et al., 2012), heavily illustrating the need for research to focus 
on the earlier stages of the disease in an effort to create disease-modifying or 
preventative therapies (reviewed in Katsuno et al., 2012).

In line with this, recent research has focused on the hypothesis that ALS is a 
distal axonopathy, whereby motor neurons and nerve terminals show pathological 
changes prior to motor neuron degeneration and onset of clinical symptoms. Over 
the last decade the “dying-back” hypothesis has been strengthened by various 
studies which show that a subset of muscle fibers, the TypeIIb fibers, are the 
first to be denervated, preceding axonal or neuronal cell body deficits  (Fischer 
et al., 2004; Frey et al., 2000; Pun et al., 2006). Several lines of evidence illustrate 
a potential role for repulsive axon guidance molecules [such as NOGO-A, EPHA4 
and/or SEMA3A (Van Hoecke et al., 2012; Jokic et al., 2006; Winter et al., 2006)] 
in the selective denervation at the neuromuscular junction (NMJ) in ALS (for 
comprehensive reviews see Kanning et al., 2010; Schmidt et al., 2009).

Semaphorin3A (SEMA3A), a chemorepulsive guidance molecule,  was shown 
to be specifically upregulated in the Terminal Schwann cells (TSCs) enveloping 
the NMJ of TypeIIb muscle fibers prior to the onset of motor neuron loss and 
presentation of clinical symptoms in the G93A-hSOD1 ALS mouse model (De 
Winter et al., 2006). During adulthood, motor neurons continue to express the 
receptor components required for SEMA3 signaling (De Winter et al., 2006) and the 
downstream molecules of the semaphoring signaling pathway, including collapsin 
response mediated proteins (CRMPs; reviewed in Schmidt and Strittmatter, 2007). 
CRMPs have  been described as potential pathological mediators of neuronal 
degeneration in ALS (Duplan et al., 2010) as well as in other neurodegenerative 
diseases (reviewed in Hensley et al., 2011). Recently, disruption of the SEMA3A 
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signaling pathway has prolonged survival and improved motor function in ALS mice 
treated with a monoclonal antibody against the SEMA3A binding site in neuropilin-1 
(NRP1), the ligand binding component of the SEMA3A receptor complex (Venkova 
et al., 2014). Also noteworthy is a study by Hernandez and colleagues which 
identified the presence of anti-SEMA3A antibodies in the serum of ALS patients 
which suggests changes in SEMA3A levels during the disease process (Hernández 
et al., 2010). Taken together, these studies support the hypothesis that SEMA3A 
plays a role in the pathophysiology of ALS by creating a repulsive environment at 
the NMJ, leading to the activation of pathways that regulate cytoskeletal dynamics 
involved in the retraction of the motor nerve terminal (reviewed in Moloney et al., 
2014). 

SEMA3A signals via a membrane receptor complex composed of a ligand 
binding component (NRP1) and a signal-transducing component (plexin-A; PLXN-A) 
(reviewed in Sharma et al., 2012). Manipulation of SEMA3A-NRP1 interaction in 
vitro has previously been shown to inhibit SEMA3A-related downstream effects 
(Kitsukawa et al., 1997; Kolodkin et al., 1997; Renzi et al., 1999). We showed 
that SEMA3A-induced growth cone collapse can be inhibited by the presence 
of engineered soluble NRP1 receptors (Chapter 2 of thesis, unpublished data). 
To account for the fact that NRP1 is a receptor for both SEMA3A and vascular 
endothelial growth factor (VEGF; Geretti et al., 2008), and that VEGF has been 
implicated in the ALS phenotype as a positive modifier of the disease (Azzouz et 
al., 2004; Dodge et al., 2010; Krakora et al., 2013; Lambrechts et al., 2003; Zheng 
et al., 2007), we also generated mutant isoforms of the soluble NRP1 receptors to 
selectively scavenge for either ligand.

In the current study, we used adeno-associated viral (AAV) vectors to 
administer, via intramuscular injection, soluble NRP1 receptors to ALS mice to 
neutralise SEMA3A function at the NMJ. The muscle itself has a large capacity for 
protein synthesis and secretion, and with the ability of AAV vectors to maintain 
stable gene expression over time without associated toxicity (Zincarelli et al., 
2008), long term and safe expression of a (therapeutic) protein can be achieved 
in muscles of healthy mice or supplied over the course of a disease such as ALS to 
study changes in motor neuron function and/or muscle tissue survival.  First we 
show that direct administration of AAV6 into the gastrocnemic muscles of mice 
results in widespread and long-term transgene expression within the muscle. 
Furthermore we show that transduced muscle fibers are capable of secreting high 
levels of a transgenic protein (seAP) into the blood stream. Finally, we show that 
AAV6-mediated administration of soluble NRP1-receptors in the G93A-hSOD1 
mouse results in the modification of behavioral function in unexpected ways, in 
that the functions of the NRP1-Fc isoforms in vivo seem to not conform to their in 
vitro functions (as determined in Chapter 2 of this thesis). 
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We see an improvement of motor function in the early symptomatic phases 
when ALS animals receive NRP1-Fc or NRP1-VEGF-Fc treatment, which is lost by 
the late symptomatic phases. We speculate that the initial improvement is due 
to SEMA3A scavenging and that perhaps due to concurrent VEGF scavenging, the 
improvement is not sustained into the late stages of the disease.  On the other 
hand, we see a worsening of motor function upon treatment with NRP1-Fc variants 
that should only bind to SEMA3A. To explain this paradoxical phenomenon, 
we speculate that these soluble NRP1-Fc isoforms may be acting as “receptor 
chaperones” by presenting the scavenged ligand (SEMA3A) to the membrane-
bound receptor (NRP1), thus potentiating the endogenous SEMA3A-signaling 
pathway. Improvement or worsening of motor function does not result in a change 
in survival of treated ALS mice indicative that other factors continue to affect 
disease progression which we do not target with our ligand-scavenging approach.  

Materials and methods

Expression constructs

Expression plasmids were created using the pTR-CMV-GFP-wpre (pTR-CGW) 
backbone. The pTR-CGW plasmid contains an expression cassette flanked by 
two inverted terminal repeats of AAV2; the GFP gene, followed by a woodchuck 
hepatits virus post-transcriptional regulatory element (wpre) is under the 
control of the cytyomegalovirus (CMV) promoter (Ruitenberg et al., 2002). For 
the neuropilin-1 (NRP1) constructs, the neuropilin-1 receptor body (NRP1-Fc) 
was kindly provided by Prof. Roman Giger (University of Michigan, USA) cloned 
into the lentivirus expression vector pRRLsinPPThCMVMCSpre. The sequence 
of the neuropilin-1 receptor body is based on the full length rat neuropilin-1 
(NM_145098.2): the coding sequence (bases 541 to 3309) was truncated by 
removing the transmembrane and cytosolic domains by PCR amplification using 
the following primers: forward: 5’-CTAGCTAGCATGGAGAGGGGGCTGCCG-3’ (the 
first 9 bp contain the NheI restriction site, followed by the start codon of the nrp1) 
and reverse: 5’-CCGCTCGAGGGTCCAGGGTCTTAAGCAC-3’ (the first 9bp contain 
the XhoI restriction site) and fused to the genomic portion of the Fc fragment 
of human IgG1 (DQ917567.1). The NRP1-Fc cassette was subcloned into the AAV 
expression vector pTR-CGW in the place of GFP, generating the pTR-CMV-NRP1-Fc-
wpre plasmid (referred to as NRP1-Fc). 

Several mutated isoforms of the neuropilin-1 receptor body were created 
to discriminate between the effects of SEMA3A or VEGF165 neutralization. To 
selectively bind VEGF165, but not SEMA3A, the neuropilin1-2ABC mutant (pMT21-
npn12ABC) published by Gu and colleagues was kindly provided by Prof. Alex 
Kolodkin (Johns Hopkins University, Baltimore, USA. This mutated neuropilin-1 
contains 7 amino acid substitutions in the a1 domain which disrupt SEMA3A 
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binding without affecting VEGF165 binding (Gu et al., 2002). The ectodomain was 
amplified with the primers listed above and substituted into the pTR-CMV-NRP1-
Fc-wpre plasmid in the place of the NRP1 to create the pTR-CMV-NRP1-VEGF-Fc-
wpre plasmid (referred to as NRP1-VEGF-Fc). 

Site directed mutagenesis (SDM; QuikChange II XL Site-directed Mutagenesis 
Kit; Agilent Technologies) was employed to introduce specific mutations into the 
pTR-CMV-NRP1-Fc-wpre plasmid. The Y297A mutation, which leads to selective 
binding of SEMA3A, but not VEGF165 (Herzog et al., 2011) was introduced using 
the following primers: forward 5’-Gatcactgcatcttcccaggctggtaccaactggtctgtt-3’, 
and reverse 3’-CTAGTGACGTAGAAGGGTCCGACCATGGTTGACCAGACAA-5’ to 
create the pTR-CMV-NRP1-Y297A-Fc-wpre plasmid (referred to as NRP1-Y297A-
Fc). To control for the presence of the human Fc fragment and its potential 
effects in vivo, the T316R mutation, which generates a ligand-binding deficient 
receptor (Parker et al., 2012) was introduced using the following primer pair: 
forward 5’CCT GAA AAC GGG TGG AGA CCA GGA GAG GAC 3’ and reverse 
3’GTCCTCTCCTGGTCTCCACCCGTTTTCAGG 5’ to create the pTR-CMV-NRP1-T316R-
Fc-wpre plasmid (referred to as NRP1-T316R-Fc). Table 1 below gives an overview 
of the various NRP1-Fc constructs created, and what their intended binding 
behaviour should be based on the references cited in the table. 

TABLE 1: Overview of NRP1-Fc constructs available in the pTR-CGW backbone to produce AAV 
vector for use in vivo

Construct SEMA3A binding VEGF165 binding Reference

NRP1-Fc + + (Gu et al., 2003)

NRP1-VEGF-Fc - + (Gu et al., 2002)

NRP1-Y297A-Fc + - (Herzog et al., 2011)

NRP1-T316R-Fc - - (Parker et al., 2012)

All plasmids were sequenced (BigDye® Terminator v3.1 Cycle 
Sequencing Kit, Life Technologies) with the following primers (forward: 
5’-GAGTGATAAAGTCCCCTGGG-3’, or 5’-CCCACTTGGCAGTACATCAA-3’ and reverse: 
5’-gagacagcaaccaggattta-3’) to confirm the presence of the desired mutations and 
to ensure the correct open reading frame is created between the NRP sequence 
and the Fc fragment, complete with the appropriate stop codon at the end of the 
Fc fragment.  Expression and secretion of the NRP receptor bodies by transfected 
HEK293T cells was confirmed by Western blotting as outlined in Chapter 2. 

Virus production and quantification

The pTR transfer plasmids containing transgenes GFP, secreted Alkaline 
Phosphatase (seAP), NRP1-Fc, NRP1-VEGF-Fc NRP1-Y297A-Fc, and NRP1-T316R-
Fc were used to produce adeno-associated viruses (AAVs). The packaging plasmid 
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containing cap and rep genes for serotype 6 (pDP6) was kindly provided by 
Jeurgen Kleinschmidt  (Grimm et al., 2003). A batch of AAV6 was made using the 
following protocol; 6 15-cm petri dishes each containing 1.25x107 HEK 293T cells 
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum 
(FCS) and 1% penicillin/streptomycin (PS; all GIBCO-Invitrogen Corp., New York, 
NY, USA) were prepared one day before transfection. The medium was refreshed 
1 hour prior to transfection to Iscoves modified Eagle medium (IMEM) containing 
10% FCS, 1% PS and 1% Glutamine. Transfer plasmids were co-transfected using 
polyethylenimine (PEI, MV25000; Polysciences Inc., Warrington, PA, USA) in a 
ratio of 1:3 with the pDP6 plasmid resulting in a total amount of 50ug of DNA 
per plate. The day after transfection, medium was replaced with fresh IMEM with 
10% FCS, 1% PS and 1% Glutamine. Two days later (3 days post-transfection), cells 
were harvested in D-phosphate buffered saline (D-PBS, GIBCO) and lysed with 3 
freeze-thaw cycles. Genomic DNA was digested by adding 10ug/ml DNAseI (Roche 
Diagnostics GmbH, Mannheim, Germany) into the lysate and incubating for 1 hour 
at 37oC. The crude lysate was cleared by ultracentrifugation at 4000rpm for 30 
minutes. Virus was purified from the crude lysate using the iodixanol gradient 
method (Hermens et al., 1999; Zolotukhin et al., 1999), diluted in D-PBS/5% 
sucrose and concentrated using an Amicon 100kDa MWCO Ultra-15 device 
(Millipore). All AAV vectors were stored at -80oC until use. Titers (genomic copies/
ml) were determined by quantitative PCR on viral DNA primers directed against 
the enhancer portion of the CMV promoter (Forward: CCCACTTGGCAGTACATCAA; 
Reverse: GGAAAGTCCCATAAGGTCATGT).

Experimental animals

Transgenic mice expressing the high copy number human G93A-hSOD1 
mutation (B6SJL-Tg[SOD1*G93A]1Gur/J; stock number 2726; Gurney et al., 
1994) were originally obtained from The Jackson Laboratory (Bar Harbor, Maine, 
USA). The SOD1G93A transgene is maintained as a hemizygous trait by breeding 
hemizygous males with wild-type littermate females or imported females 
(C57BL/6J, Harlan, The Netherlands). Ear snips for genotyping were taken at the 
time of weaning (~21 days of age) and enabled identification of animals during the 
behavioural experiment. The mice were maintained on a 12 h light/dark cycle with 
ad libitum access to food and water. Animals were housed in littermate groups and 
nutritional gel was given twice a week from 8 weeks of age onwards to provide 
easy access to food and hydration for the G93A-hSOD1 carrying animals. Starting 
at 4 weeks of age, animals were weighed weekly and at least 3 times a week from 
8 weeks of age to monitor weight loss for humane endpoint euthanasia (20% loss 
of maximum weight). All interventions and behavioural tests were approved and 
carried out in compliance with the Institutional Animal Care and Use Committee of 
the Royal Netherlands Academy of Sciences. Euthanasia was performed by intra-
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peritoneal administration of Nembutal (sodium pentobarbital, Sanofi Sante). Only 
male mice were used  to account for gender differences in behaviour and lifespan 
(Alves et al., 2011; Heiman-Patterson et al., 2005; Veldink et al., 2003).

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 
sample was centrifuged and the supernatant was transferred into a fresh tube 
containing 500 μl isopropanol. After mixing well, the samples were centrifuged 
to pellet the precipitated DNA. The supernatant 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 to identify carriers of the 
G93A-hSOD1 gene:  IL2fw 5’-CTAGGCCACAGAATTGAAAGATCT-3’; IL2bw 
5’-GTAGGTGGAAATTCTAGCATCATCC-3’; SOD1fw 5’-CATCAGCCCTAATCCATCTGA-3’ 
and SOD1bw 5’-CGCGACTAACAATCAAAGTGA-3’. These primer sets amplify either 
a 236 base pair (bp) fragment indicative for mice carrying the mutant human G93A-
hSOD1 or a 324 bp fragment when mice do not carry the mutant gene (Rosen et 
al., 1993).

Experimental procedure

The experimental setup fell into two categories: unilateral or bilateral 
intramuscular injections of the gastrocnemic muscle. Animals were placed under 
isoflurane anesthesia prior to injection (5% induction, 3% maintenance) and 
allowed to recover in a heated (37oC) cage before being returned to their home 
cage.  

Experiment 1: Unilateral injection paradigm

Animals were unilaterally injected (into right gastrocnemic muscle) with 
AAV6 (total dose was 1.0E+11 viral particles/animal diluted in D-PBS/5% sucrose, 
two injection sites [medial and lateral sides of muscle], 50ul per injection site) or 
bilaterally (into both gastrocnemic muscle) with a higher dose of AAV6 (total dose 
was ~3.0E+11 viral particles/animal diluted in D-PBS/5% sucrose, two injection 
sites per muscle [medial and lateral sides of muscle], 50ul per injection site). 

Animals injected unilaterally with AAV6-seAP, AAV6-GFP or AAV6-NRP1-
Fc were monitored for 3 or 15 weeks after injection. Blood samples of mice 
injected with AAV6-seAP were taken 1 week and 3 weeks post-injection. Animals 
euthanized at 15 weeks post-injection also underwent weekly behavioural 
monitoring (CatwalkXT, Rotarod and Paw Grip Endurance (PaGE)) until euthanized 
(Experiment 1; see Table 2 next page). When euthanized at the pre-determined 
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timepoints animals were perfused intracardially with ice-cold 0.9% saline followed 
by 4% paraformaldehyde in 0.1M phosphate buffer (PB, pH7.4). Left and right 
gastrocnemic muscles were harvested and placed in 250mM EDTA in 0.1M PB 
overnight. The following day, muscles were transferred to 25% sucrose in 0.1M 
PB to prepare for cryopreservation. Once samples had equilibrated in the sucrose 
solution, muscles were snap-frozen in dry-ice cooled isopentane and stored at 
-80oC until required. 

Experiment 2: Bilateral injection paradigm

Animals injected bilaterally with AAV6-GFP, AAV6-NRP1-Fc, AAV6-NRP1-VEGF-
Fc, AAV6-NRP1-Y297A-Fc or AAV6-NRP1-T316R-Fc underwent weekly behavioural 
monitoring (Rotarod, PaGE and Catwalk) and were euthanized when they reached 
their humane endpoint in weight loss (>20% max weight) or at 25 weeks of age 
(Experiment 2; see Table 3 below).

Immunohistochemistry

Immunohistochemistry was performed on longitudinal cryosections (20um 
thick) of the right and left gastrocnemic muscles as follows. Sections were 

TABLE 2: Overview of animals in unilateral injection behavioral experiment

Genotype Treatment (AAV6) N

WT 
(G93A-hSOD1-/-)

NRP1-Fc 5

GFP 5

ALS 
(G93A-hSOD1sod/-)

NRP1-Fc 5

GFP 5

TABLE 3: Overview of animals in bilateral injection behavioral experiment

Genotype Treatment (AAV6) N

WT
(G93A-hSOD1-/-)

GFP 10

NRP1-Fc 9

NRP1-VEGF-Fc 10

NRP1-Y297A-Fc 10

NRP-T316R-Fc 8

ALS
(G93A-hSOD1sod/-)

GFP 10

NRP1-Fc 9

NRP1-VEGF-Fc 10

NRP1-Y297A-Fc 9

NRP-T316R-Fc 8
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defrosted for 30 minutes at room temperature (RT) and subsequently incubated 
in 50mM EDTA/0.1M PB for an additional 30 minutes at RT. Sections were rinsed 
in 0.1M Tris-buffered saline pH 7.4 (TBS) and blocked for 1 hour in 5% Fetal Calf 
Serum in TBS with 0.2% Triton-X (block-mix). Primary antibodies against Alkaline 
Phosphatase (rabbit-anti-placental AP, 1:100, Abcam 16695) or neuropilin-1 (goat-
anti-neuropilin-1, 1:100, R&D systems AF566) were diluted in block mix and added 
to the sections for an overnight incubation at 4oC. The following day sections were 
rinsed with TBS and seAP-targeted sections were incubated with the appropriate 
fluorescently-labelled secondary antibody (1:400, Molecular Probes). Sections 
were rinsed with TBS again prior to mounting in Mowiol for imaging (Zeiss 
Axioplan).

To visualize neuropilin-1 protein, a 3,3’-Diaminobenzidine (DAB) amplification 
strategy was used. Sections were incubated with biotinylated goat anti-IgG (1:400, 
Vector Labs) for 1.5 hours, followed by development of the signal with the Avidin-
Biotin-HRP Complex kit (Dako). After a  1 hour incubation in the ABC solution, DAB 
was applied to the sections (18 hour development time). The reaction was stopped 
by rinsing sections in TE buffer (pH 8.0), followed by an acetylcholineesterase 
stain (AChE stain: 420mg Potassium Ferrocyanide II (Merck), 340mg Potassium 
Ferricyanide III (Merck), 26mg 5-Bromoindoxyl Acetate (Sigma) in PBS at 37oC for 
30mins) to visualize the synaptic space of the neuromuscular junction. Sections 
were subsequently dehydrated through a series of ethanol baths, cleared with 
Xylene (Sigma) and mounted using Entallan (Millipore) for imaging (Zeiss Axioplan).

Epi-fluorescence of AAV6-GFP injected muscle was visualised by mounting 
thawed cryosections (20um) with Mowiol and imaging with a Zeiss Axioplan 
microscope. 

In situ hybridisation

In situ hybridisation was performed on longitudinal cryosections (20µm thick) 
of the left and right gastrocnemic muscles as follows. Sections were defrosted for 
30 minutes at RT and subsequently fixed for 5 minutes in 4% PFA in Phosphate 
Buffered Saline (PBS, pH7.4). Following a 10 minute incuation in 10ug/ml 
proteinase K, sections were fixed for an additional 15 minutes in 4% PFA. Sections 
were rinsed thoroughly with three 5 minute washes in PBS, then Milli-Q water, 
before acetylation in 0.25% acetic anhydride in 1% triethanolamine (10 minutes at 
RT). Slides were rinsed in PBS, then in 2x Salt Sodium-Citrate buffer (SSC, pH 7) in 
preparation for hybridisation of the RNA probe. A hybridisation mix was prepared 
by diluting the RNA probe in hybridisation solution (5x Denhardts, 250ug/ml tRNA, 
5x SSC, 50% formamide), denatured for 5 minutes at 85 oC, cooled for 5 minutes 
on ice, and subsequently applied to the slides for an overnight incubation at 60 
oC. After a series of stringency washes at 60 oC (5x SSC, 2x SSC), sections were 
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incubated for 30 minutes in 0.2% SSC in 50% formamide, followed by a wash in 
0.2x SSC at RT. 

The RNA probe was prepared for detection by treating the sections in 1% 
blocking reagent (Roche) in 100mM Tris/150mM NaCl (Buffer 1, pH 7.5) for 1 hour 
at RT. Subsequently, sections were incubated with anti-DIG-AP Fab (1:3000, Roche) 
in Buffer 1 for 3 hours.  After several washes in Buffer 1, sections were treated 
with 100mM Tris/100mM NaCl/5mM MgCl2 (Buffer 2, pH 9.5) in preparation for 
development. A colour development solution comprised of 335ug/ml nitro-blue-
tetrazolium and 175ug/ml BCIP-Phosphate in Buffer 2 was applied to the sections 
for up to 20 hours. The reaction was halted by the addition of Tris-EDTA solution. 
The sections were then dehydrated with a series of ethanol washes, cleared with 
xylene and mounted with Entellan (Millipore) for imaging.

Secreted alkaline phosphatase assay

Following the manufacturer’s guidelines, the SEAP Reporter Gene Assay kit 
(Roche) was used to quantify secreted alkaline phosphatase (seAP) levels in serum 
samples obtained from AAV6-seAP injected animals. Serum samples were diluted 
1:50 in dilution buffer, and the micro-plate assay protocol was employed. Using 
the positive control supplied with the kit (placental alkaline phosphatase, 0.1mg/
ml) a standard curve was generated (serial dilutions ranging from 1µg/ml to 1pg/
ml). Chemiluminescence was measured 10 minutes after addition of the substrate 
reagent using the SpectraMax reader (Molecular Devices) at wavelength 496nm, 
and integration of the light signal set at 1 second. 

Western blotting

Muscle homogenate samples, diluted in 5x SDS loading buffer (containing 
10% SDS and 10% b-mercaptoethanol) were boiled for 10 minutes and then 
loaded alongside the Protein-Precision AllBlue Ladder (BioRad) onto 8% SDS-
PAGE gels and electrophoresed using the Mini-PROTEAN® Tetra-Cell (BioRad). 
After transferring (TransBlot Semi-Dry apparatus, BioRad) to nitrocellulose 
membranes, the membranes were blotted with goat-anti-neuropilin-1 (R&D 
systems AF566). Blots were scanned using the Odyssey Infra-red imaging system 
(LI-COR Biosciences).

Behavioural testing

Rotarod

To assess overall motor coordination, an accelerating Rotarod paradigm was 
used (model 47600, Ugo Basile Biological Research Apparatus, Italy). Animals were 
placed on a rotating beam (3 cm diameter) and the latency to fall (in seconds) 
was measured. An arbitrary cut-off time of 180 s was chosen (Miana‐Mena et al., 
2005; Weydt et al., 2003; Zhou et al., 2007) during which the rotation of the beam 
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increased from 5 to 15 rpm in the first 60 seconds and was then held constant until 
the end of the trial. 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 Rotarod 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. 

Paw grip endurance

This test measures muscular strength of the limbs (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 off the grid was timed, with an 
arbitrary maximum of 90 seconds (Weydt et al., 2003). Each mouse was given three 
attempts and the longest latency to fall was recorded. Starting at 5 weeks of age, 
the animals were tested weekly.

Catwalk

The CatwalkXT gait analysis system (version10.0, Noldus Instruments) was 
used to record gait parameters of mice weekly from 7 weeks of age to 16 weeks 
of age. Multiple runs were obtained for each mouse and three compliant runs 
(when possible) were analyzed using the accompanying software. A compliant run 
implies the animal crossed the walkway with 10 or more prints being recognized, 
did not show > 65% variation in its crossing speed, and crossed the walkway (field 
of view length is ~35cm) in < 6 seconds. Towards the end of the experiment, ALS 
mice were unable to cross in < 6 seconds, thus runs whereby they crossed in < 10 
seconds were also included for analysis. Individual runs were pooled per animal 
per timepoint, and the group data for each week were used for statistical analysis. 

Statistical analysis

Data was tabulated in Microsoft Excel 2007, and statistical analysis was 
performed with GraphPad Prism5.0. A repeated measures ANOVA was performed, 
followed by a Bonferroni post-hoc test to identify significant differences between 
groups over time. A p-value of <0.05 was considered significant. 

Results

AAV6 efficiently targets skeletal muscle cells after intramuscular 
injection.

GFP

AAV6-GFP was used to characterize the efficiency and spread of AAV6-
mediated GFP expression following intramuscular injection (Figure 1; A). Three 
weeks following injection, animals were sacrificed and cryosections were 
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embedded and imaged for GFP epifluorescence. A representative image of wild-
type muscle injected with low dose AAV6-GFP (1.0+E11 viral particles; Figure 1; 
panel A1) illustrates how efficiently the muscle fibers are targeted by the AAV6 
serotype: the entire muscle is positive for GFP. With a higher dose (3.5+E11 viral 
particles; Figure 1; panel A2), the spread is similar, and due to the increase in viral 
particles administered, the intensity of the GFP epifluoresence is higher (panel 
A1 and A2; both images taken with an exposure time of 100ms). To ensure that 
ALS muscle is as efficiently targeted by the AAV6 serotype, a 5-week old G93A-
hSOD1 ALS mouse was administered with AAV6-GFP (low dose, 1.0+E11 viral 
particles) and sacrificed 3 weeks later. Results show a widespread GFP expression 
throughout the ALS muscle (Figure1; panel A3) that is comparable to that seen in 
the low dose paradigm in WT mice (compare panel A1 with panel A3; both images 
taken with an exposure time of 100ms). Long-term expression was noted 25 weeks 
post-injection, when AAV6-GFP injected animals in the behavioral experiment 
were sacrificed; AAV6-GFP injected gastrocnemic muscles were visibly green upon 

Figure 1: Intramuscular injection of AAV6 vectors results in widespread muscle transduction and 
secretion of transgene product. 
(A) AAV6-GFP results in widespread 
transduction of muscle fibers after 
intramuscular injection in: GFP 
epifluorescence 3 weeks after AAV6 
administration. A comparison of 
low dose (1.0E+11 viral particles; 
panel A1) and high dose (3.5E+11 
viral particles; panel A2) AAV6-GFP 
indicates that although the high 
dose results in a higher intensity of 
GFP epifluorscence, the low dose is 
sufficient for transducing the entire 
gastrocnemic muscle. ALS muscle 
is also efficiently targeted by low 
dose AAV6-GFP (A3). All images 
were taken with the same exposure 
time (100ms), scale bar 500µm. (B) 
Secreted AP (seAP) fluorescence in 
injected muscle (B1) as identified 
by anti-Alakaline Phosphatase (AP) 
immunostaining and contralateral, 
non-injected muscle showing little 
or no staining following anti-AP 
immunostaining (B2). Images were 
taken with the same exposure time 
(500ms), scale bar 100µm. (C) SeAP 
is secreted into the blood following 
intramuscular transduction of muscle 
fibers by AAV6-seAP. Serum levels of 
seAP were quantified using a seAP 
chemiluminescence kit (Roche). SeAP 
is stably expressed up to 3 weeks post-injection and is, on average, approx. 350-fold higher in AAV6-
seAP injected animals compared to AAV6-GFP injected animals (negative control).
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dissection (data not shown, as these muscles were not processed for imaging). 

SeAP

Wild-type mice were administered with AAV6-seAP (1.0+E11 viral particles) 
into the right gastrocnemic muscle to determine the efficiency of transgene 
product secretion after injection (Figure 1; B). IHC analysis indicates that seAP 
expression was present throughout the entire injected muscle (Figure 1; B1) with 
no seAP protein detected in the non-injected muscle (Figure 1; B2) 3 weeks after 
injection. Blood samples were extracted via cheek puncture at 1 and 3 weeks post-
injection, and serum was measured for seAP levels (Figure 1; C). Control serum 
samples (negative control) were obtained in a similar fashion from mice injected 
with AAV6-GFP at 3 weeks post-injection. One week after intramuscular injection, 
levels of seAP detected in the blood (Figure 1; C) are approximately 300-fold higher 
than levels detected in AAV6-GFP treated mice (negative control): 319ug/ml seAP 
versus 0.01ug/ml seAP respectively. This difference increases (non-significantly) to 

Figure 2: AAV6-mediated 
NRP1-Fc expression in skeletal 
muscle of C57BL/6 mice. 
(A) The right gastrocnemic 
muscle was injected with 
1.00E+11 viral particles, and 
was processed 3 weeks later 
for in situ hybridization (ISH) 
or immunohistochemistry 
(IHC). Positive signal for NRP1 
mRNA was found throughout 
the injected muscle, localized 
around muscle nuclei (arrows 
in panel A1) compared to the 
non-injected muscle (panel A2). 
NRP1 protein was detected in 
adjacent sections as a punctate 
pattern within the muscle fibers 
(arrows, panel A3). The non-
injected muscle (panel A4) was 
devoid of this staining pattern. 
Neuromuscular junctions were 
identified using acetylcholine-
esterase staining (blue staining, 
arrowheads, panel A4).Scale 
bar 100µm. (B) Fresh tissue 
was harvested from mice 
injected with AAV6-GFP or 
AAV6-NRP1-Fc at 3 weeks post-
injection. Western blot analysis 
on left (L) and right (R) muscle 
homogenates revealed NRP1 

positive bands (at ~140kDa) in the right muscle of AAV6-NRP1-Fc group (n=2 animals) compared to the 
AAV6-GFP animal (n=1). A sample of conditioned medium harvested from transfected HEK293T cells 
producing NRP1-Fc was loaded alongside for comparison (NRP1 positive control). There were no NRP1 
positive bands in samples obtained from left muscle (non-injected side).  
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approximately 400ug/ml by 3 weeks post-injection compared to AAV6-GFP treated 
mice (386ug/ml seAP versus 0.01ug/ml seAP). 

NRP1

To determine the expression profile of NRP1-Fc in vivo after intramuscular 
injection, WT mice were administered with AAV6-NRP1-Fc (1.0+E11 viral particles) 
into the right gastrocnemic muscle. Three weeks following injection, mice 
were sacrificed, perfused and the right and left gastrocnemic muscles were 
harvested. Cryosections (20µm) were subjected to in situ hybridization (ISH) or 
immunohistochemistry (IHC). ISH for NRP1 revealed a clear presence of NRP1 
mRNA in the injected muscle (Figure 2; A1) compared to the non-injected muscle 
(Figure 2; A2). The in situ signal is localized around nuclei as is expected for an 
mRNA signal (Figure 2; A1; arrows). IHC on adjacent sections using a NRP1 antibody 
and DAB amplification illustrates the presence of NRP1 protein as a punctate stain 
throughout regions of the injected muscle (Figure 2; A3; arrows), compared to 
the non-injected muscle (Figure 2; A4). NMJs were identified with acetylcholine-
esterase staining (Figure 2; A4; blue staining, arrowheads). The staining pattern 
seen in injected muscle did not co-localize with NMJs. 

Western blot analysis further confirmed the presence of NRP1 protein in 
injected muscle (Figure 2; B). Double bands at the expected molecular weight 
(around 140kDa) were detected in AAV6-NRP1-Fc treated muscle (i.e. the right 
muscle). This pattern was not seen in the non-injected (left) muscle of AAV6-
NRP1-Fc treated mice. No bands for NRP1 were detected in muscle homogenates 
prepared from the right or left gastrocnemic muscles of AAV6-GFP injected 
animals.  

Motor function in ALS mice is modified by the presence of AAV6-mediated 
skeletal muscle expression of NRP1-Fc isoforms

Experiment 1: Unilateral injection paradigm

We first investigated the effect of AAV6-mediated expression of NRP1-Fc 
with a unilateral injection paradigm consisting of the right gastrocnemic muscle 
receiving a dose of AAV6-NRP1-Fc or AAV6-GFP and with the non-injected (left) 
gastrocnemic muscle acting as an internal control. We limited the experiment to 

TABLE 4: Median survival of AAV6-treated ALS mice in bilateral injection paradigm

Treatment Group Median Survival (days)

ALS-GFP 136.5

ALS-NRP1-Fc 135

ALS-NRP1-VEGF-Fc 137

ALS-NRP1-Y297A-Fc 135

ALS-NRP-T316R-Fc 135.5
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AAV6-NRP1Fc because we were still in process of generating the other NRP-Fc 
isoforms.  The experiment was divided into two genotype groups (ALS versus WT), 
comprised of 10 mice each receiving an intramuscular injection of AAV6 vectors as 
outlined in Table 2 above.

For both Rotarod and PaGE behavioral tests, animals were pre-trained at 
4 weeks of age, injected with AAV6 at 5 weeks of age, and underwent weekly 
behavioral testing from 6 weeks of age until the end of the experiment. An overview 
of the behavioral outcome is outlined in Table 5 above. ALS mice were euthanized 
upon loss of ≥20% of their heaviest weight (which was at approximately 20 weeks 
of age). WT mice were sacrificed at 25 weeks of age.

NRP1-Fc treatment did not alter ALS-induced weight loss, and also did not 
confer a survival benefit in NRP1-Fc treated ALS mice compared to GFP treated 
ALS mice (data not shown). 

Rotarod performance

Until week 12, NRP1-Fc treated ALS mice showed a similar decline in Rotarod 
performance compared to GFP treated ALS mice (Figure 3; A). At week 13, ALS-
NRP1-Fc mice began to show a faster drop in Rotarod performance compared to 

TABLE 5: Overview of experimental set-up and behavioural changes in ALS mice after AAV6-NRP 

Behavioural 
experiment

AAV6 treatment 
(in ALS mice)

Designed 
scavenging 

function

Rescues SEMA3A-
induced growth cone 

collapse in vitro N

Titer 
injected 
(gc/ml)

EXPT 1:
Unilateral (RG)

GFP n/a NO 5 1.0E+11

NRP1-Fc
+SEMA3A

+VEGF
YES 5 1.0E+11

EXPT 2:
Bilateral

GFP n/a NO 10 3.0E+11

NRP1-Fc
+SEMA3A

+VEGF
YES 9 3.0E+11

NRP1-VEGF-Fc
-SEMA3A

+VEGF
NO 10 3.0E+11

NRP1-Y297A-Fc
+SEMA3A

-VEGF
YES 9 3.0E+11

NRP1-T316R-Fc
-SEMA3A

-VEGF
YES * 8 3.0E+11

Table 5: Overview of experimental set-up and behavioural changes in ALS mice after AAV6-NRP treatment compared to AAV6-GFP treatment. Animals were injected unilaterally into the right 
gastrocnemic (RG) muscle (Experiment 1; 1.0E+11gc/ml) or bilaterally (Experiment 2; 3.0E+11gc/ml) at 5 weeks of age with different AAV6-NRP-Fc isoforms. Rotarod and Paw Grip Endurance (PaGE) tests were 
performed until animals reached end-point measures (loss of < 10% heaviest weight), which occurred at approximately 19-20 weeks of age for ALS mice (see median survival coloumn). Mice were tested 
on the Catwalk until 16 weeks of age (crossing speed). Performance differences between treated ALS mice and ALS-GFP mice are illustrated as follows: ↓↓ significant worsening of performance, ↓ trend 
towards worsening of performance (not significant), ↑↑ significant improvement in performance, ↑ trend towards improvement in performance, - no difference in performance. * Although it was designed 
to bind to neither SEMA3A nor VEGF, NRP1-T316R-Fc behaves as a SEMA3A-scavenger in vitro. See main discussion text for further information.
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Table 5: Overview of experimental set-up and behavioural changes in ALS mice after AAV6-NRP treatment compared to AAV6-GFP treatment. Animals were injected unilaterally into the right 
gastrocnemic (RG) muscle (Experiment 1; 1.0E+11gc/ml) or bilaterally (Experiment 2; 3.0E+11gc/ml) at 5 weeks of age with different AAV6-NRP-Fc isoforms. Rotarod and Paw Grip Endurance (PaGE) tests were 
performed until animals reached end-point measures (loss of < 10% heaviest weight), which occurred at approximately 19-20 weeks of age for ALS mice (see median survival coloumn). Mice were tested 
on the Catwalk until 16 weeks of age (crossing speed). Performance differences between treated ALS mice and ALS-GFP mice are illustrated as follows: ↓↓ significant worsening of performance, ↓ trend 
towards worsening of performance (not significant), ↑↑ significant improvement in performance, ↑ trend towards improvement in performance, - no difference in performance. * Although it was designed 
to bind to neither SEMA3A nor VEGF, NRP1-T316R-Fc behaves as a SEMA3A-scavenger in vitro. See main discussion text for further information.

ALS-GFP mice; at week 14 this difference became significant (**p<0.01) continuing 
across to week 15 (**p<0.01) and week 16 (*p<0.05).

Page performance

Both ALS-NRP1-Fc and ALS-GFP mice displayed a similar decline in PaGE 
function over the course of the behavioural experiment, with ALS-NRP1-Fc 
performing significantly worse at week 13 (Figure 3; B; *p<0.05). 

Experiment 2: Bilateral injection paradigm

The bilateral injection paradigm consisted of both gastrocnemic muscles 
receiving a dose of AAV6 as outlined in Table 3 above. In this experiment we were 
able to include the complete set of NRP-Fc isoforms (see Table 1) since we had 
managed to produce sufficient amounts of these vectors. 

For both Rotarod and PaGE behavioural tests, animals were pre-trained at 
4 weeks of age, injected with AAV6 at 5 weeks of age, and underwent weekly 
behavioural testing from 6 weeks of age until euthanasia (max 25 weeks of age). 
Animals were tested on the CatwalkXT from week 7 until 16 weeks of age, after 
which the ALS mice were no longer able to cross the walkway within the maximum 

treatment compared to AAV6-GFP treatment

Behavioral outcome compared to ALS-GFP mice
Median survival 

(days)

Rotarod PaGE Crossing speed 

n/a n/a n/a n/a

↓↓ (from wk 14) ↓↓ (at wk 13 only) n/a n/a

n/a n/a 136.5

↑↑ (until wk 15) – ↑ 135

↑↑ (until wk 14) – ↑ 137

↓↓ (from wk 11)
↑↑ (wk 9);

↓↓ (from wk 10)
↓ 135

↓↓ (from wk 10)
↑↑ (wk 9);

↓ (from wk 11)
– 135.5
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time allowed (10 seconds). WT mice were given a final run on the CatwalkXT at 20 
weeks of age. An overview of the behavioral outcome is outlined in Table 5 above. 

ALS animals were euthanized when they lost ≥20% of their heaviest weight. 
WT animals were kept until 25 weeks of age to confirm that NRP-Fc treatment did 
not have late adverse effects on weight or motor performance. Weight loss in ALS 
animals was not altered by the presence of NRP1-Fc isoforms; all ALS mice lost 
weight in a similar fashion regardless of treatment (data not shown). 

There was no survival benefit of NRP-Fc treatment within any NRP-Fc treated 
ALS group compared to GFP treated ALS mice. The median survival amongst ALS 
groups ranged from 135-137 days (an average of 19.4 weeks), see Table 4 above.

Rotarod performance

Control groups (i.e. WT mice administered with GFP, NRP1-Fc, NRP1-VEGF-Fc, 
NRP1-Y297A-Fc, or NRP1-T316R-Fc) did not differ significantly from each other. 
For analysis purposes, experimental groups (ALS-NRP-Fc treated) were compared 
to the control ALS group (ALS-GFP) unless otherwise stated using a repeated 
measures two-way ANOVA followed by a Bonferroni post-hoc test to identify 
significant differences of treatment over time.

As expected ALS mice treated with AAV6-GFP (ALS-GFP; Figure 4; A) showed 
a steady decline in Rotarod performance beginning at week 11 of age, showing 
significant differences from week 13 onwards compared to the WT-GFP group 
(wk13: ##p<0.01; wk14-20: ###p<0.001). When ALS mice were administered with 
AAV6-NRP1-Fc, there was a significant improvement in performance at weeks 13 
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Figure 3: Unilateral intramuscular administration of AAV6-NRP1-Fc worsens Rotarod and PaGE 
performance in ALS mice. ALS G93A-hSOD1 or C57/Bl6 male mice were injected with AAV6-GFP (n=5 
per genotype) or AAV6-NRP1-Fc (n=5 per genotype) into the right gastrocnemic muscle at 5 weeks of 
age, and tested weekly from 6 to 20 week of age. (A) ALS mice treated with AAV6-NRP1-Fc showed a 
worsening of Rotarod motor performance compared to control ALS mice (ALS-GFP). Beginning at 14 
weeks of age, this difference remained significant until week 16. (B) PaGE performance was also worse 
in ALS mice treated with NRP1-Fc, with week 13 showing a significant difference between ALS-GFP and 
ALS-NRP1-Fc groups. Graphs represent averaged group data, with S.E.M. * p<0.05; ** p<0.01
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Figure 4: Bilateral intramuscular administration of AAV6-NRP1 isoforms modifies motor 
performance on Rotarod behavioural tests in ALS mice. ALS G93A-hSOD1 or C57/Bl6 male mice 
were injected into both gastrocnemic muscles with AAV6-NRP1 vectors at 5 weeks of age, and tested 
weekly from 7 to 20 weeks of age (see Table 3 for details of experimental groups). All NRP1-Fc isoforms 
significantly attenuated the first dip in Rotarod performance in treated ALS mice (week 8 in panels 
A-D).  The second decline in motor performance usually seen in ALS mice between weeks 10-16 was 
significantly delayed in ALS mice treated with NRP1-Fc (panel A; weeks 14 and 15) or NRP1-VEGF-Fc 
(panel B; week 13) compared to GFP treated ALS mice (ALS-GFP).  On the other hand, NRP1-Y297A-
Fc (panel C; week 11) and NRP1-T316R-Fc (panel D; weeks 11, 12, 14, 15) treatment worsened motor 
performance in treated ALS mice compared to ALS-GFP mice.  Comparison of NRP1-Fc and NRP1-
Y297A-Fc treatment (panel E) and NRP1-Fc and NRP1-T316R-Fc treatment (panel F) illustrate that the 
biggest difference between the two outcomes (i.e. improvement versus worsening) fell within the 
early symptomatic phase of the disease (weeks11-14). Graphs represent averaged group data, with 
S.E.M. * p<0.05; ** p<0.01; *** p<0.001
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and 14 (*p<0.05; Figure 4; A). However, at week 15 until the end of the experiment 
at week 20, Rotarod performance of ALS-NRP1-Fc animals was no different than 
ALS-GFP animals (Figure 4; A). 

A similar trajectory in performance of NRP1-VEGF-Fc treated ALS mice was 
observed (Figure 4; B). At week 13, ALS-NRP1-VEGF-Fc mice were performing 
significantly better than ALS-GFP mice (*p<0.05), but dropped to ALS-GFP 
performance levels from week 14 onwards. There were no significant differences 
between ALS-NRP1-Fc and ALS-NRP1-VEGF-Fc groups.

ALS mice treated with AAV6-NRP1-Y297A-Fc demonstrated an overall 
worsening of performance between weeks 10 and 15 compared to ALS-GFP 
mice, with ALS-NRP1-Y297A mice performing significantly worse at week 11 
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Figure 5: Bilateral intramuscular administration of AAV6-NRP1 isoforms modifies motor 
performance on PaGE behavioural tests in ALS mice. ALS G93A-hSOD1 or C57/Bl6 male mice were 
injected into both gastrocnemic muscles with AAV6-NRP1 vectors at 5 weeks of age, and tested weekly 
from 7 to 20 weeks of age (see Table 3 for details of experimental groups). PaGE motor performance 
was not altered in ALS mice treated with NRP1-Fc (panel A) or NRP1-VEGF-Fc (panel B) compared 
to GFP treated ALS mice (ALS-GFP). On the other hand, PaGE performance in ALS mice treated with 
NRP1-Y297A-Fc (panel C) and NRP1-T316R-Fc (panel D) was significantly better at the early timepoints 
of week 9 (panel C; NRP1-Y297A-Fc treatment) and week 8 (panel D; NRP1-T316R-Fc treatment), 
decreasing suddenly from week 10 (panel C; NRP1-Y297A-Fc treatment) or week 9 (panel D; NRP1-
T316R-Fc). Graphs represent averaged group data, with S.E.M.  * p<0.05; ** p<0.01; *** p<0.001
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(***p<0.001; Figure 4; C). From week 16, the performance between these two 
groups was comparable. ALS-NRP1-Y297A-Fc mice also performed significantly 
worse than ALS-NRP1-Fc mice for four consecutive weeks (Figure 4; E; weeks 11-
14; ***p<0.001).  

A similar outcome was seen in the ALS-NRP1-T316R-Fc group (Figure 4; 
D). When compared to ALS-GFP mice, ALS-NRP1-T316R-Fc mice performed 
significantly worse at week 10 (*p<0.05), week 11 (***p<0.001) and weeks 13-
14 (***p<0.001). ALS-NRP1-T316R-Fc mice also performed significantly worse at 
weeks 11-14 (***p<0.001) compared to ALS-NRP1-Fc (Figure 4; F). Interestingly, all 
ALS-NRP treated mice performed better than ALS-GFP mice at week 8 (Figure 4; 
A: ALS-NRP1-Fc ***p<0.001; B: ALS-NRP1-VEGF-Fc *p<0.05; C: ALS-NRP1-Y297A-Fc 
***p<0.001, and D: ALS-NRP1-T316R-Fc **p<0.01). 

PaGE performance

Control groups (i.e. WT mice administered with GFP, NRP1-Fc, NRP1-VEGF-Fc, 
NRP1-Y297A-Fc, or NRP1-T316R-Fc) did not differ significantly from each other. 
NRP1-Fc or NRP1-VEGF-Fc treatment did not alter PaGE performance of treated 
ALS mice compared to ALS-GFP mice; all three groups showed a similar decline in 
performance over time (Figure 5; A and B). ALS-NRP1-Y297A-Fc mice performed 
better at week 9 (***p<0.001) compared to ALS-GFP mice (Figure 5; C). This was 
followed by a severe drop at week 10 resulting in a significant worsening of 
performance (***p<0.001). After this timepoint, PaGE performance of ALS-NRP1-
Y297A-Fc mice remained worse, but only reached significance at week 14 (*p<0.05; 
Figure 5; C). ALS-NRP1-T316R-Fc mice were significantly better at the PaGE test at 
week 8 (**p<0.01) compared to ALS-GFP mice (Figure 5; D), and although they also 
showed a severe decline in performance, it occurred over a 3-week period (weeks 
9-11). From week 11 until week 20 ALS-NRP1-T316R-Fc mice generally performed 
worse than ALS-GFP mice but no significant differences were detected (Figure 5; 
D). 

Catwalk crossing speed

The distance across which speed was measured was 35cm, with WT mice, 
regardless of NRP-Fc treatment, maintaining an average speed of ~20cm/s over 
the course of the experiment (Figure 6; A). ALS-GFP mice steadily decreased their 
crossing speed from week 10 onwards (*p<0.05, **p<0.01, p<0.001). Between 
weeks 12 – 16, the crossing speed remained significantly slower than WT-GFP 
mice and had decreased to approximately 9cm/s by week 16 (Figure 6; A). ALS-
NRP1-Fc mice showed similar crossing speeds to the WT-NRP1-Fc mice and they 
were generally faster at crossing the walkway than ALS-GFP mice; however no 
timepoints were found to be significant (Figure 6; B). The crossing speed began to 
decline at week 14, and by week 16, ALS-NRP1-Fc mice displayed a similar crossing 
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speed to that of ALS-GFP mice, therefore becoming significantly slower than WT-
NRP1-Fc mice (#p<0.05; Figure 6; B). ALS-NRP1-VEGF-Fc mice also showed a trend 
towards similar crossing speeds as WT-NRP1-VEGF-Fc mice, and were generally 
faster than ALS-GFP mice (Figure 6; C). However, NRP1-VEGF-Fc treatment resulted 
in no significant increase in crossing speed in ALS mice compared to ALS-GFP mice. 
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Figure 6: Bilateral intramuscular administration of AAV6-NRP1 isoforms modifies spontaneous 
walking speed in ALS mice. ALS G93A-hSOD1 or C57/Bl6 male mice were injected into both 
gastrocnemic muscles with AAV6-NRP1 vectors at 5 weeks of age (see Table 3 for details of 
experimental groups). Animals were tested weekly from 7 to 16 weeks of age using the CatwalkXT 
machine. Spontaneous walking across 35cm was measured as crossing speed (cm/s). ALS mice treated 
with GFP are significantly slower than WT mice at week 10 and weeks 12-16 (panel A). ALS mice treated 
with NRP1-Fc (panel A) or NRP1-VEGF-Fc (panel  B) crossed the Catwalk runway at a speed generally 
closer to that of WT mice treated with the same isoform, but are not significantly faster than ALS-GFP 
mice. ALS-NRP1-Fc or ALS-NRP1-VEGF-Fc mice become slower (and therefore closer to the crossing 
speed of ALS-GFP treated mice) from week 14 (panel A) or week 15 (panel B). At week 16 ALS-NRP1-Fc 
mice (panel A) crossed the runway at a similar speed to ALS-GFP mice, and were significantly slower 
than WT-NRP1-Fc mice. ALS mice treated with NRP1-Y297A-Fc (panel C) or NRP1-T316R-Fc (panel D) 
did not differ significantly in their crossing speed compared to ALS-GFP mice, or WT mice treated with 
the same NRP1-Fc isoform. At week 16, ALS-NRP1-Y297A-Fc (panel C) and ALS-NRP1-T316R-Fc (panel 
D) mice crossed the Catwalk runway as slowly as ALS-GFP mice, and were significantly slower than 
WT-NRP1-Y297A-Fc (panel C) or WT-NRP1-T316R-Fc (panel D) mice. Graphs represent averaged group 
data, with S.E.M.  In panel A stars represent significant differences between ALS-GFP and WT-NRP1-
Fc; * p<0.05; ** p<0.01; *** p<0.001. In panels A, C and D # symbols represent significant differences 
between ALS-NRP and WT-NRP treatment; # p<0.05; ## p<0.01; ### p<0.001
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From week 7 – 15, ALS-NRP1-Y297A-Fc mice did not show differences in 
crossing speed compared to ALS-GFP mice or WT-NRP1-Y297A-Fc mice. At week 
16, the crossing speed of ALS-NRP1-Y297A-Fc was significantly slower than that 
of WT-NRP1-Y297A-Fc mice (###p<0.001). ALS-NRP1-T316R-Fc mice, WT-NRP1-
T316R-Fc mice, and ALS-GFP mice showed very similar crossing speeds throughout 
the 10 weeks tested, but at week 16, as with the NRP1-Y297A-Fc group, ALS-NRP1-
T316R-Fc group was crossing with a significant reduction in speed compared to 
WT-NRP1-T316R-Fc mice (##p<0.01).

Discussion
Increasing evidence suggests that motor neuron death in Amyotrophic Lateral 

Sclerosis (ALS) is preceded by pathological changes in motor axons and their nerve 
terminals (Fischer et al., 2004; Frey et al., 2000; Heurich et al., 2011; Pun et al., 2006). 
According to the “dying-back” hypothesis, pathological changes first occur at the 
neuromuscular junction (NMJ) and progress proximally towards the cell body. 
Axon guidance molecules have been implicated in these pre-symptomatic changes 
at the NMJ (Van Hoecke et al., 2012; Jokic et al., 2006; De Winter et al., 2006). The 
chemorepulsive guidance cue Semaphorin3A (SEMA3A) has previously been shown 
to increase in expression in Terminal Schwann cells (TSCs) in presymptomatic ALS 
mice (De Winter et al., 2006) and recent studies implicate the SEMA3A signaling 
pathway in ALS pathophysiology (Duplan et al., 2010; Venkova et al., 2014; Vo, 
2011 thesis chapter/unpublished). 

In the current study we focused on identifying a role for SEMA3A in 
neuromuscular destruction in ALS by determining the effects of blocking SEMA3A 
function via the administration of specific soluble neuropilin1-Fc (NRP1-Fc) isoforms 
to the NMJ. Previous work (chapter 2 of this thesis) identified the ability of soluble 
NRP1-Fc in neutralizing SEMA3A growth-cone collapse in vitro, supporting their 
application in vivo to potentially neutralize SEMA3A function at the NMJ. In the 
current study, ALS mice were administered, via the muscle, with adeno-associated 
viral vectors (AAV) harboring NRP1-Fc or NRP1-Fc mutant isoforms to specifically 
target the SEMA3A- or VEGF-signaling pathways, and tested for changes in motor 
performance over time.  Using AAV6 we effectively targeted skeletal muscle cells 
resulting in widespread and efficient transduction of the muscle fibers. Although 
we did not image the muscles 25 weeks after injection, we noted upon dissection 
that AAV6-GFP targeted muscles were visibly green, indicative of long-term 
mediated transgene expression. 

Using behavioral tests to measure forced (Rotarod) or spontaneous (Catwalk) 
walking function we discovered changes in ALS-induced behavior upon application 
AAV6-NRP1-Fc or the different NRP1 isoforms in ALS mice. As a first observation, 
we noted that unilateral administration of AAV6-NRP1-Fc (designed to scavenge 
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both SEMA3A and VEGF) resulted in a worsening of Rotarod performance in the 
symptomatic phase, whereas bilateral administration of the same vector delayed 
the onset of ALS-related performance decline in the early symptomatic phases 
by several weeks. We discuss below that this behavioral difference may relate 
to differences in balance caused by unilateral versus bilateral administration 
of the NRP1-Fc. We also saw that bilateral administration of NRP1-Fc, or any of 
the isoforms tested, was able to attenuate the initial transient dip in Rotarod 
performance usually appearing in ALS mice in the so-called “presymptomatic 
phase”.  As the disease progressed into the symptomatic phase (weeks 11-20), 
the effects of the NRPs generated two groups with opposing outcomes in motor 
function; namely, an improvement (with NRP1-Fc or NRP1-VEGF-Fc) or a worsening 
(with NRP1-Y297A-Fc or NRP1-T316R-Fc) compared to non-treated ALS mice.  
Similarly, although the effects were not as robust, the effects of NRP treatment 
in ALS mice on spontaneous walking (measured as crossing speed on the Catwalk) 
also resulted in the generation of two groups. 

We discuss below that the attenuation of the initial dip in Rotarod motor 
function (in the presymptomatic phase) and delayed onset of the early 
symptomatic phase by NRP1-Fc (scavenges both SEMA3A and VEGF) or NRP1-
VEGF-Fc (designed to scavenge only VEGF) treatment may be a result of successful 
scavenging of SEMA3A at the NMJ, but that as the disease progresses the effects 
of concurrent scavenging of VEGF, a positive modifier of ALS, treated ALS mice 
display similar motor deficits to non-treated ALS mice by the late symptomatic 
phase. We also speculate why NRP1-VEGF-Fc, although not capable of neutralizing 
SEMA3A function in vitro, elicits a similar effect as NRP1-Fc in vivo, perhaps due to 
it retaining some SEMA3A-binding capacities. 

Two other NRP1-Fc isoforms were included in our bilateral injection paradigm 
in order to specifically scavenge for SEMA3A (AAV6-NRP1-Y297A-Fc) or to act as a 
control for the Fc portion of the receptor bodies (i.e. designed to bind to neither 
SEMA3A nor VEGF; AAV6-NRP1-T316R-Fc). ALS mice injected with these isoforms 
also showed an attenuation of the early dip motor decline (in the presymptomatic  
stage) but ultimately performed worse on the Rotarod than the ALS-GFP groups 
(in the symptomatic stages). Since the in vitro data for these two isoforms suggest 
that both are capable of scavenging SEMA3A, we speculate below that SEMA3A, 
complexed with the NRP1-Y297A-Fc or NRP1-T316R-Fc receptor body, could be 
presented to the membrane bound NRP1 receptor, resulting in the activation and/
or potentiation of the SEMA3A-signaling cascade.

AAV6 efficiently targets skeletal muscle

Direct intramuscular injection of an AAV serotype 6 (AAV6) in wild-type (WT) 
mice results in a widespread and efficient transduction of the target muscle fibers 
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with GFP or seAP for up to 3 weeks post-injection. A relatively low dose of AAV6-
GFP (1.0E+11 viral particles) was sufficient to transduce the entire gastrocnemic 
muscle, and although a 3.5-fold higher dose did increase the intensity of the GFP 
signal, for feasibility reasons, the lower dose was used in all further experiments. 
AAV6 is capable of retrograde transport into the spinal cord after intramuscular 
administration in non-human primates (Towne et al., 2010); however we do not see 
any GFP-positive motor neurons in the lumbar (L3-5) region of the spinal cord of 
AAV6-GFP injected mice. Towne and colleagues also reported immune responses 
within the injected muscle of non-human primates (Towne et al., 2010) whereas 
we saw no obvious infiltrations of macrophages or lymphocytes in the injected 
muscle suggestive of a lack of a (detectable) immune response in mice at 3 weeks 
post injection. It is known that ALS muscle is associated with various metabolic 
alterations (Capitanio et al., 2012; Smittkamp et al., 2014) and as this may have 
an impact on AAV6-mediated muscle transduction and transgene expression, we 
tested the efficiency of AAV6-mediated GFP expression in ALS mouse muscle. 
The intensity of GFP epifluorescence in ALS muscle is comparable to the intensity 
seen in WT muscle after injection of the same viral dose (low dose) indicating that 
muscles of ALS mice can be efficiently transduced and do express the transgene. 
Long-term expression was also seen upon isolation of AAV6-GFP injected muscle 
from WT mice 20 weeks after administration (the control group in the bilateral 
injection paradigm); muscles were visibly green when dissected from the mouse 
(data not shown). Serum samples from AAV6-seAP injected animals contained 
significantly higher levels of seAP compared to AAV6-GFP animals, confirming 
the ability of transduced muscle cells to secrete a transgene product of interest 
following transduction with AAV6 up to 3 weeks after intramuscular injection. 
Collectively, these observations demonstrate the efficiency of AAV6-mediated 
gene transfer in muscle of wild type and ALS mice.

AAV6-mediated NRP1-Fc (over)expression was more subtle than that seen 
with seAP or GFP. Intense signal for NRP1 mRNA was detected throughout most 
nuclei in the injected muscle, but on the protein level, the NRP1-Fc protein was 
more difficult to visualize by immunohistochemistry.  Traditional IHC failed to 
detect NRP1 protein, thus a DAB-amplification strategy was used to increase the 
signal. This resulted in the detection of a punctate staining pattern within the fibers 
throughout the injected muscle, a staining pattern not observed in AAV6-GFP 
control muscle tissue. However, the spread of NRP1-Fc protein was more confined 
than that of NRP1 RNA; it was observed in muscle fibers scattered throughout 
the muscle, but did not encompass the entirety of the muscle. It is possible that 
because NRP1-Fc is a secreted protein, it does not accumulate to easily detectable 
amounts in all muscle fibers (we showed with AAV6-seAP that transduced muscle 
fibers can efficiently secrete transgene products) hence the need to amplify the 
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detection signal to visualize the levels of NRP1 protein remaining in the muscle 
fibers. Western blot (WB) analysis on muscle homogenates revealed NRP1-positive 
bands in the injected muscles of AAV6-NRP1-Fc treated mice, which were absent 
in the contralateral, non-injected muscles or AAV6-GFP injected muscles. We were 
unable to detect NRP1-Fc in the serum of injected mice using WB analysis, which 
may indicate low levels of circulating NRP1-Fc protein, and/or rapid degradation of 
the protein once it is in the bloodstream (data not shown). A more sensitive assay, 
such as the Alkaline Phosphatase assay to detect serum seAP levels) would have to 
be developed to specifically measure serum NRP1-Fc levels. Our findings indicate 
that NRP1-Fc is expressed after AAV6-mediated transduction of the muscle fibers, 
but that the secreted levels in serum are below the detection limit using WB as the 
method of analysis. In an effort to increase the amount of NRP1-Fc (or NRP1-Fc 
isoforms) present in the muscle after injection, animals in the bilateral injection 
paradigm received a total of 3-fold more viral particles (50% extra viral particles 
per gastrocnemic muscle) than animals in the unilateral injection paradigm. 
However, due to time limitations, we did not analyze NRP1-Fc expression levels 
with IHC or WB in the bilateral injection paradigm.

Unilateral injection: Effect of NRP1-Fc 

Two behavioral experiments were performed: one with unilateral and one 
with bilateral targeting of the gastrocnemic muscles. Surprisingly, unilateral 
injection of AAV6-NRP1-Fc in ALS mice worsened motor performance compared 
to ALS mice treated with GFP. According to the in vitro data of Chapter 2, NRP1-Fc 
can effectively neutralize SEMA3A function. In the context of ALS, manipulation of 
SEMA3A signaling has shown to improve motor function in ALS mice: motor neuron 
specific knockout of neuropilin-1 (Moloney et al., 2012 abstract/unpublished; Vo, 
2011 thesis chapter) or administration of antibodies blocking SEMA3A-NRP1 
binding (Venkova et al., 2014) have illustrated this. What is important to note in 
these studies is that these approaches are not limited to the targeting of one limb; 
rather the entire skeletal system is affected, which may explain why there is an 
improvement in motor function. In our unilateral paradigm study, only the right 
gastrocnemic muscle is targeted. Thus, although locally within that muscle, there 
may be a preservation of NMJ integrity due to the neutralization of SEMA3A by 
NRP1-Fc it is not translated into an improvement of overall motor function. Rather, 
NRP1-Fc-treated ALS mice may perform worse than their GFP treated counterparts 
perhaps because one limb has improved function (the treated limb) whereas the 
other continues declining in function over the course of the disease. 

This resulting imbalance of motor function ultimately causes the NRP1-Fc-
treated ALS mice to do worse than the GFP-treated ALS group, especially because 
ALS-related decline in motor function occurs rapidly, which does not allow much 
time for the mice to adapt to the differences in individual limb performance. By 
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quantifying innervation ratios and/or electrophysiological differences between 
NRP1-Fc-injected muscles versus GFP-injected muscles at various timepoints 
over the course of the disease, one could in future experiments identify if, on a 
morphological or electrophysiological level, the NMJs in NRP1-Fc treated ALS 
muscles remain in a functional state longer than those in GFP-treated ALS muscle 
in the unilateral injection paradigm. The fact that we do see an improvement 
of Rotarod performance upon bilateral administration of NRP1-Fc in ALS mice 
supports the concept that targeting one limb may result in a greater deficit due 
to the imbalance generated between the untargeted limb and the treated limb; 
when both gastrocnemic muscles are targeted, coordination is restored and the 
beneficial effect of SEMA3A scavenging by NRP1-Fc manifests in an observable 
improvement of motor function.  In addition, studies that target the SEMA3A-
NRP1 signaling pathway in greater proportion of the skeletal musculature in 
presymptomatic ALS mice (Venkova et al., 2014) demonstrate a larger beneficial 
effect on motor function which is sustained to improve survival in treated animals. 
Thus one could speculate that a larger behavioral improvement would emerge if 
more muscle groups were targeted with AAV6-NRP1-Fc. To make that injection 
paradigm feasible, a huge batch of virus would have to be generated, which was 
above the capacity of the current virus production abilities we had in house.  

Alternatively, the worsening of motor performance in ALS mice after unilateral 
AAV6-NRP1-Fc administration may be due to the fact that NRP1 is also a receptor 
for Vascular Endothelial Growth Factor (VEGF; Geretti et al., 2008) and as such, 
NRP1-Fc may also be binding to circulating, intramuscular or perisynaptic VEGF, 
thereby lowering the concentration of VEGF at the NMJ.  VEGF is an essential 
trophic factor for motor neurons and deficiencies in VEGF have been causally 
linked to ALS; a number of studies have illustrated the benefits of increasing VEGF 
levels in ameliorating the ALS disease phenotype (Azzouz et al., 2004; Dodge et 
al., 2010; Krakora et al., 2013; Lambrechts et al., 2003; Zheng et al., 2007). Thus, it 
is plausible that the worsening of motor function we find after unilateral AAV6-
NRP1-Fc administration may be in part mediated by the removal of VEGF at the 
NMJ (combined with loss of motor coordination), and although the NRP1-Fc may 
also be removing SEMA3A from the same area, the beneficial effects of SEMA3A 
removal are not visible over the detrimental effects of VEGF removal.  In light of 
the behavioral improvement we see upon bilateral administration of AAV6-NRP1-
Fc, it may be that NRP1-Fc, through its ability to scavenge SEMA3A, improves motor 
function by delaying the onset of decline, but that due to its continued scavenging 
of VEGF, these improvements are not sustained in the late phases of the disease. 

PaGE performance of NRP1-Fc-treated ALS mice does not show such an extreme 
worsening as with Rotarod performance. Both ALS-NRP1-Fc and ALS-GFP groups 
display a similar decline in performance but there is a general trend towards a 
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worsened performance in NRP1-Fc treated ALS mice compared to GFP-treated ALS 
mice. The discrepancy between Rotarod and PaGE performances may be explained 
by the fact that different muscle groups are needed for the different motor tasks, 
with Rotarod behavior relying more on a balanced locomotion compared to PaGE 
behavior. Given that NRP1-Fc treated ALS mice may be experiencing a heightened 
imbalance between injected limb and non-injected limb, it follows that the Rotarod 
outcome displays a more severe change in NRP1-Fc treated ALS mice compared to 
GFP-treated ALS mice.  

Bilateral injections: Effects of NRP1-Fc and NRP1-VEGF-Fc 

A bilateral injection paradigm was used in our follow-up behavioral experiment, 
whereby both gastrocnemic muscles were injected with AAV6 vectors to overcome 
the potential imbalance caused by only targeting one limb. In addition we included 
extra treatment groups to discriminate between effects of SEMA3A and VEGF 
scavenging. These groups were composed of WT or ALS mice administered with 
vectors encoding NRP1-Fc mutant isoforms that, in vitro, had been tested for their 
ability to specifically modulate the SEMA3A-signaling pathway in terms of growth 
cone collapse (cf. chapter 2 of this thesis; Gu et al., 2002, 2003; Herzog et al., 2011; 
Parker et al., 2012) or using a mutant form of NRP1 previously shown to specifically 
target VEGF (Gu et al ). Although not a test commonly used in ALS research, we also 
included Catwalk gait analysis to identify changes in specific traits of spontaneous 
motor performance due to the treatment paradigm. 

Based on the work of Mead and colleagues (Mead et al., 2011), a decline in 
Rotarod performance is one of the earliest behavioral deficits one can measure 
in ALS mice; they detected a rapid decline in performance by 45d (6.5wks) which  
abruptly slows at 60d (8.5 weeks). This is followed by a further decline in Rotarod 
performance at 90d (12.5 weeks). Figure 7 illustrates the general trajectory of 
Rotarod performance changes measurable in the ALS mouse over the course of 
the disease. The pattern of decline in Rotarod performance may be explained 
by the denervation data published by Pun and colleagues (Pun et al., 2006) who 
showed that early denervation of fast-fatigable fibers occurs between 43-52d (6-7 
weeks). Following a period of reinnervation and conversion to fast non-fatigable 
fibers around 60d (8.5 weeks), a second round of denervation occurs of the fast 
non-fatigable fibers around 90d (12.5 weeks).  These anatomical changes are 
also depicted in Figure 7 alongside the typical changes in Rotarod performance 
occurring in ALS mice over the course of the disease. 

The decline in Rotarod performance of the ALS-GFP mice in our bilateral 
injection paradigm conforms to the pattern described by Mead and colleagues. 
ALS-GFP mice show a rapid decline in Rotarod performance at week 8, which 
recovers slightly until week 11 when performance begins to decline again, albeit, 
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in a more gradual manner. Interestingly, treatment of ALS mice with NRP1-Fc or 
NRP1-VEGF-Fc prevents the early transient decline in performance seen at week 8, 
and delays the initiation of the second phase of decline by about 2 weeks, so that 
up until week 13, NRP1-Fc or NRP1-VEGF-Fc treated ALS mice are performing as 
well as WT mice. This may reflect a delay in the denervation of fast-fatigable fibers 
that usually starts to occurs around week 7 in ALS mice (Pun et al., 2006), and may 
be a result of the neutralization of SEMA3A, which we know is upregulated at the 
NMJs of these muscle fibers in ALS (De Winter et al., 2006). After this timepoint, 
NRP1-treated ALS mice displayed a similar disability in Rotarod performance as 
ALS-GFP mice, indicating that although NRP1-Fc or NRP1-VEGF-Fc treatment 
may delay the early, initial denervation of muscle fibers, a more severe decline in 
performance is seen once the second round of decline begins. 

The Catwalk gait analysis system, although not commonly used in rodent 

Figure 7: A schematic 
representation of 
ALS disease phases 
in relation to Rotarod 
performance and 
early changes in NMJ 
function and motor 
neuron health. In the 
presymptomatic stages 
(green box, birth to 
10weeks) there is a 
transient and rapid dip 
in motor performance 
(Mead et al., 2011)
which recovers slightly 
before the onset of the 
second, gradual dip in 
motor performance in 
the early symptomatic 
phase (yellow box; 
week 10-14). During 
the presymptomatic 
phase several 
anatomical alterations 
can be detected at the 
NMJ; the first signal of 
fast-fatigable (FF) fiber 
denervation (typeIIb 
fibers) are measurable 
by week 6.5 (Frey et al., 

2000), this is followed by reinnervation (due to motor neuron sprouting) and conversion of FF fibers 
to fast-fatigue resistant (FR) fibers around week 8.5, which helps to explain the recovery of Rotarod 
function seen at week 9. Week 9 is also the first timepoint at which motor neuron loss is detectable, 
and precedes the onset of the early symptomatic stage. Onset of paralysis is clinically defined to occur 
at week 12.5, after which a steady and gradual loss of motor function occurs in the late symptomatic 
phase (light red box; week 14-18), leading to the end-stage of the disease (red box; week 18-until 
death). Mice in the final stage are unable to perform on the Rotarod, and are euthanized when they 
lose >10% of their heaviest weight, usually between weeks 20-21)
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ALS research, was employed with the aim of early and/or slight changes in gait 
parameters in ALS mice upon treatment with NRP1-isoforms. ALS mice show 
measureable changes in various gait parameters when compared to WT mice (Gerber 
et al., 2012; Mead et al., 2011); in our experiment ALS-GFP mice show similar defects 
to what is described in the literature. However, these gait parameters do not show 
large (and/or significant) changes when ALS mice are treated with NRP-isoforms. 
Since the ability of the Catwalk system to detect subtle behavioral changes may 
be dependent on the injury/disease model, and the strength of the therapeutic 
approach used (Chen et al., 2014) it may mean that the Catwalk gait analysis setup 
is not sensitive enough to pick up very slight changes in motor function between 
treated and untreated ALS in our study. Spontaneous walking, measured as crossing 
speed on the Catwalk, was altered in ALS mice treated with NRP1-Fc or NRP1-
VEGF-Fc in that these ALS mice were generally faster than ALS-GFP mice. However, 
the differences were not significant. ALS-NRP1-Fc or ALS-NRP1-VEGF-Fc mice 
maintained a WT-like crossing speed until the early symptomatic phases; treated 
ALS mice were generally as fast as WT mice until week 13, but by week 16, they 
were significantly slower, displaying crossing speeds closer to that of age-matched 
ALS-GFP mice.  This indicates that NRP1-Fc or NRP1-VEGF-Fc treatment has the 
potential to delay the appearance of performance deficits but, despite treatment, 
the crossing speed of ALS-NRP1-Fc or ALS-NRP1-VEGF-Fc mice will converge with 
that of ALS-GFP mice towards the end of the experiment. The trend towards WT-
like crossing speeds in the presymptomatic and early symptomatic phases mirrors 
the observed Rotorad behavior of these treated ALS mice, and provides further 
support to the idea that scavenging SEMA3A in the early phases of the disease 
improve motor function, but that in the later stages, the neutralization of VEGF 
function causes motor function to decline to that of GFP-treated ALS mice. 

Ultimately, all ALS animals, regardless of NRP1-Fc of NRP1-VEGF-Fc treatment 
reach the humane end-point at the same time, so the later progression of the 
disease and the survival time is not altered. Since only the gastrocnemic muscles 
were targeted in our study, one might expect a greater effect in terms of delaying 
disease onset/progression if the entire skeletal musculature were to be targeted 
with NRP1-Fc or NRP1-VEGF-Fc, yet this remains to be tested.  It is surprising that 
both the NRP1-Fc and NRP1-VEGF-Fc isoforms result in a similar effect on Rotarod 
behavior when administered in vivo. According to the in vitro data (c.f. Chapter 
2 of this thesis), NRP1-Fc is capable of preventing SEMA3A-induced growth cone 
collapse, whereas NRP1-VEGF-Fc (the isoform that should only bind to VEGF) is 
not, thus one would expect the NRP1-VEGF-Fc group to perform as badly as a non-
treated ALS mouse (due to continued functionality of SEMA3A) or worse (due to 
removal of trophic support of VEGF, and continued functionality of SEMA3A). 

There are several possible explanations for these unexpected results. Firstly, 
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a controversial explanation would be that scavenging VEGF is resulting in the 
improved behavioral outcome in both NRP1-Fc and NRP1-VEGF-Fc treated ALS 
mice as both these forms of NRP-1 have the ability to bind VEGF in common. This 
explanation heavily contradicts current literature regarding the role of VEGF in 
ALS pathogenesis. VEGF has been shown to function as a neurotrophic factor for 
motor neurons in vitro  (Lladó et al., 2013) and in vivo  (Oosthuyse et al., 2001). 
Various in vivo studies have illustrated the ability of VEGF administration to 
improve motor function and survival of ALS mice (Azzouz et al., 2004; Dodge et 
al., 2010; Krakora et al., 2013; Storkebaum et al., 2005; Zheng et al., 2007) and 
low levels of circulating VEGF have been linked to an increased risk of developing 
ALS in humans (Lambrechts et al., 2003). An explanation that would support the 
beneficial role for VEGF in ALS (as detailed by the current literature) is that VEGF 
bound to NRP1-Fc or NRP1-VEGF-Fc is presented to VEGF-receptors on motor 
neurons and that presentation of VEGF in a complex with the receptor body is 
potentiating the action of VEGF as compared to “free” VEGF. In other words, could 
the presence of the soluble isoform be acting as a chaperone to bring the ligand 
to the receptor on the motor neuron, and therefore potentiate the endogenous 
ligand-receptor effect? 

NRP1 behaves as the ligand binding component of the SEM3A or VEGF 
pathways; the signal transduction itself is mediated by the PLXNs (for SEMA3A 
signaling; Takahashi et al., 1999) or the VEGFRs (for VEGF; Whitaker et al., 
2001). Dimerization of NRP1, even in the absence of ligand, is necessary for the 
appropriate presentation of the dimerized ligand to the signaling receptors (Chen 
et al., 1998; Nakamura et al., 1998; Takahashi et al., 1998), thus it may be possible 
that the NRP1-Fc receptor bodies (bound with ligand) are capable of dimerizing 
with membrane bound NRP1 to potentiate the signaling cascade by increasing 
the amount of ligand presented to the receptor components necessary for signal 
transduction. It may be potentiating the signaling cascade by increasing the 
number of ligand-occupied receptor dimers on the cell membrane (one component 
of the receptor dimer is the NRP1-Fc receptor body, the other component is the 
membrane bound NRP1 receptor). Some studies suggest competitive binding 
between the ligands (Gu et al., 2002; Miao et al., 1999; Narazaki and Tosato, 2006) 
but these results may be due to steric hindrance caused by the tags attached to 
the ligands which may alters their usual biological binding properties. A more 
recent study illustrated the competitive binding to NRP1 by SEMA3A or VEGF was 
dependent on proteolytic processing of SEMA3A (Parker et al., 2013), signifying, 
perhaps, that in the un-processed state, SEMA3A and VEGF do not compete. 
Other studies support the idea that there is no competition between SEMA3A and 
VEGF binding to NRP1. In fact the ligands may even bind simultaneously to the 
receptor (Appleton et al., 2007), and even cooperate by regulating each other’s 
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biological functions during development (Chauvet et al., 2013) indicative of cross-
talk between the two pathways.

Another, perhaps more plausible explanation is that the NRP1-VEGF-Fc isoform 
retains some ability to bind SEMA3A, and therefore results in an improvement of 
motor behavior as seen in the NRP1-Fc group. The NRP1-VEGF-Fc isoform is based 
on the transmembrane NRP12ABC mutant published by Gu and colleagues (Gu 
et al., 2002) who defined the ability of this mutant isoform to specifically bind 
VEGF and not SEMA3A in binding studies that used a form of SEMA3A which lacked 
the Ig and basic domains. However, they also tested its ability to bind full-length 
SEMA3A, and noted a “small amount of residual binding” which they describe as 
being due to the interaction with the Ig and basic domains of the SEMA3 and the 
b1 domain of the NRP1 (Gu et al., 2002). This may help to explain why in our in vivo 
study the NRP1-VEGF-Fc group seems to behave in a similar way to the NRP1-Fc 
group (for Rotarod performance); endogenous SEMA3A is present in its full-length 
form, and thus the NRP1-VEGF-Fc isoform may be still able to interact with it via 
the Ig/basic domain and the NRP1-b1 domain, and neutralize SEMA3A function 
sufficiently to see an improvement in motor performance similar to the NRP1-Fc 
group. Although our in vitro data showed that the NRP1-VEGF-Fc mutant was not 
capable of rescuing SEMA3A-mediated growth cone collapse (cf. Chapter 2 of this 
thesis), there may be additional factors in vivo that could influence and enhance 
the binding of the NRP1-VEGF-Fc to SEMA3A which will be discussed below.

Heparan sulfate (a highly sulfated glycosaminoglycan; HSPGs) availability in 
muscle could cause a bias for ligand binding by enhancing the interaction and 
binding affinity between NRP1 and its ligands VEGF (Fuh et al., 2000; Mamluk et 
al., 2002; Vander Kooi et al., 2007) or SEMA3A (Herzog et al., 2011; De Wit et al., 
2005). This enhanced affinity may be a possible explanation why, in vivo, the NRP1-
VEGF-Fc isoform is able to produce a similar effect to the NRP1-Fc isoform in the 
Rotarod test: HSPGs may be enhancing the residual ability of NRP1-VEGF-Fc to 
bind SEMA3A, meaning that removal of both SEMA3A and VEGF may be occurring. 
During skeletal muscle regeneration, heparan sulphate proteoglycans (HSPGs) 
increase and are necessary for appropriate muscle fiber formation (Casar et al., 
2004). Specific HSPGs such as syndecan-3, perlecan and glypican-1 are augmented 
in skeletal muscle of Duchene muscular dystrophy (DMD) patients (Alvarez et al., 
2002) and may be important in regulating satellite cells function during skeletal 
muscle regeneration (Cornelison et al., 2001). Although it has not been studied, 
one could argue that a similar increase in HSPGs occurs in ALS muscle, and may 
account for increased affinity between NRP1-Fc or NRP1-VEGF-Fc with their 
ligands. 

In addition to the possibilities mentioned above, the similarity in effect 
between the NRP1-Fc and NRP1-VEGF-Fc groups may reflect the fact that NRP1 
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can interact with other ligands that are not included in the in vitro assay, but may 
be present in an in vivo setting. Neuropilin-1 is a co-receptor for the secreted 
cytokine transforming growth factor-beta (TGF-β1; Glinka and Prud’homme, 2008). 
In muscle, TGF-β1 has a role in maintaining muscle homeostasis and aberrant TGF-
signaling in various myopathic or neuromuscular disorders has been linked to 
impaired muscle regeneration and atrophy (Burks and Cohn, 2011; Katsuno et al., 
2011). During development, the presence of TGF-β1 correlates with fiber-subtype 
development of the myotubes, with slow fibers forming prior to the expression 
of TGF-β1 (McLennan, 1993). Upon skeletal muscle injury, TGF-β1 levels become 
elevated and this has been linked to impaired skeletal muscle regeneration in 
adulthood by inhibiting satellite cell differentiation (Allen and Boxhorn, 1987) 
and promoting the activation of fibrogenesis (Li et al., 2004). Interestingly, NRP1 
has been found to be a key modulator in the activation of the myofibroblast 
phenotype in response to TGF-β1 (Cao et al., 2010). Thus one could speculate 
that the presence of NRP1-Fc or NRP1-VEGF-Fc in our bilateral injection paradigm 
improves the behavioral outcome in treated ALS mice by binding TGF-β1 and 
reducing TGF-β1 signaling-induced fibrosis, and that this effect is larger than 
the removal of SEMA3A and/or VEGF by the different NRP1-Fc isoforms. In fact, 
various therapeutic approaches to modulate TGF-β1 signaling have already been 
shown to decrease fibrosis, improve muscle regeneration and improve functional 
recovery after muscle injury or in muscular dystrophy models (reviewed in Burks 
and Cohn, 2011). To further implicate the NRP1- TGF-β1 signalling cascade in the 
transient behavioural improvements in NRP1-Fc and NRP1-VEGF-Fc treated ALS 
mice, one could look at markers for fibrosis within the muscle of treated and non-
treated ALS mice. 

Bilateral injections: Effects of NRP1-Y297A-Fc and NRP1-T316R-Fc 

The NRP1-Y297A-Fc isoform was created to serve as the ideal scenario for 
specifically neutralizing SEMA3A: it would only bind SEMA3A to prevent the 
negative effects of this chemorepulsive protein at the NMJ, while allowing VEGF 
to continue supplying neurotrophic support to the motor neurons. In a DRG growth 
cone collapse assay, the NRP1-Y297A-Fc variant is capable of inhibiting SEMA3A-
induced growth cone collapse (cf. Chapter 2 of this thesis). Bilateral administration 
of AAV6-NRP1-Y297A-Fc to the gastrocnemic muscle of ALS mice abolishes the 
initial performance decline usually seen at 7 weeks in ALS mice. However, after this 
improvement is a significant worsening of motor performance: the onset of gradual 
performance decline begins 3 weeks earlier in NRP1-Y297A-Fc treated ALS mice 
compared to ALS-GFP mice, i.e. at week 9 instead of week 11-12 respectively.  One 
possible explanation for this unexpected result is that SEMA3A actually serves as 
a positive modifier of ALS pathophysiology at the level of the NMJ, and is playing 
a larger beneficial role than VEGF, since VEGF levels should not be altered by the 
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presence of NRP1-Y297A-Fc and yet we see an increase in behavioural deficits. Thus 
the NRP1-Y297A-Fc isoform may be neutralizing a beneficial component (SEMA3A 
or an unknown protein) which results in an amplification of the behavioural deficit 
compared to non-treated ALS mice. 

A similar behavioural deficit is seen upon treatment of ALS mice with the 
NRP1-T316R-Fc isoform, the variant that should bind to neither SEMA3A nor VEGF. 
In chapter 2 we showed that NRP1-T316R-Fc unexpectedly neutralizes SEMA3A 
in vitro. A possible explanation for this may relate to the original characterization 
of the binding properties of the T316R mutation itself: the original binding 
studies that determined the effects of the T361R mutation on SEMA3 and VEGF 
binding only utilized the b1b2 domains of the NRP1 (Parker et al., 2012). Since it 
is known that VEGF and SEMA3s use additional domains within the NRP1 protein 
to bind to the receptor (Geretti et al., 2008), and the NRP1-Fc isoforms used in our 
experiments are composed of the entire ectodomain of the NRP1, it is feasible that 
regions in the a1a2 domains are enabling the NRP1-T316R-Fc variant to continue 
binding SEMA3 and/or VEGF.  

The chaperone concept discussed above in relation to soluble NRP1-VEGF-
Fc may also be an alternative explanation for the worsening of Rotarod motor 
function mediated by NRP1-Y297A-Fc and NRP1-T316R-Fc. SEMA3A-occupied 
mutant NRP1 isoforms may be capable of dimerizing with membrane bound NRP1, 
and thus may be acting as a chaperone in presenting SEMA3A to the membrane 
bound NRP1 resulting in a potentiation of the SEMA3A-NRP1 signaling pathway. 
This may result in an increase in the number of ligand-occupied receptors on the 
cell membrane, thus amplifying the SEMA3A-signaling cascade at the NMJ, which 
could manifest in the worsening of motor deficits displayed by ALS mice treated 
with these NRP1-mutant isoforms.

Recently SEMA3A expression was observed in another important cell type 
in muscle, namely satellite cells (Sato et al., 2013; Suzuki et al., 2013). One way 
SEMA3A may be serving as an (indirect) positive modifier of ALS pathophysiology 
is via expression in satellite cells. Upon muscle injury or denervation, satellite 
cells become active as the myogenic program gets underway to initiate muscle 
regeneration (Seale and Rudnicki, 2000). A recent study showed that activated 
satellite cells secrete SEMA3A (Sato et al., 2013), and that the expression of 
SEMA3A in satellite cells is modulated by an array of growth factors (Do et al., 
2011; Tatsumi et al., 2009). Thus, SEMA3A, expressed by satellite cells, may serve 
a beneficial role in terms of skeletal muscle regeneration in that it delays neuronal 
sprouting and re-attachment of nerve terminals until damaged muscle fibers have 
been restored. By removing SEMA3A, sprouting and/or re-synapsing may occur 
without being in check, causing an overload of neuronal connections on immature 
muscle fibers which may result in a severe drop in motor performance, as seen 
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in the rotarod performance of the ALS-NRP1-Y297A-Fc mice. Overall, SEMA3A 
expression in satellite cells may also be a compensatory mechanism to the fact 
that satellite cell function is impaired in the early stages of ALS prior to (critical) 
motor neuron loss (Manzano et al., 2013; Pradat et al., 2011) and SEMA3A has been 
shown to stimulate myogenin expression in cultured satellite cells (Suzuki et al., 
2013), perhaps to maintain the activated satellite cell in the myogenic program. 
Thus, inactivation of SEMA3A in muscles of ALS mice may inhibit compensatory 
muscle reinnervation and may thus negatively affect motor performance.

Although the Rotarod test illustrated an overall worsening of motor function 
in ALS-NRP1-Y297A-Fc and ALS-T316R-Fc mice, this was not replicated in crossing 
behavior on the Catwalk. Spontaneous walking was not altered in ALS mice treated 
with NRP1-Y297A-Fc or NRP1-T316R-Fc; these mice crossed the Catwalk platform 
as slowly as ALS-GFP. These isoforms are capable of neutralizing SEMA3A-induced 
growth cone collapse in vitro (c.f. Chapter 2); the results of the in vivo study 
suggest that removal of SEMA3A via administration of these NRP1 isoforms does 
not alter spontaneous walking speed in treated ALS mice.  As such, the Catwalk 
does not provide additional information regarding behavioral changes in ALS mice. 
Although we measure noticeable changes in ALS-related motor function using 
the Rotarod test (whereby small alterations in many motor functions accumulate 
to give a measureable, and significant change in behaviour), it is much harder to 
dissect out significant changes in individual motor parameters as measured by 
the Catwalk, and as such may not be the best behavioral testing paradigm when 
transient and/or small changes are expected.

Conclusions
In conclusion, we have shown that delivering soluble NRP-Fc receptors to the 

NMJ of ALS mice results in alterations of (Rotarod) motor behavior. We observed 
two outcome groups which we attributed to 1) the scavenging of SEMA3A and 
VEGF (the groups which showed improvement) and to 2) the potentiation of 
the SEMA3A-signaling pathway mediated by presentation of the ligand to the 
membrane-bound receptor by the soluble receptor (the groups which showed a 
worsening of function).   Future work should focus on determining the anatomical 
differences in NMJ innervations after NRP-Fc treatment, especially in the late 
presymptomatic, and early symptomatic phases, during which the differences in 
Rotarod ability are their largest between treated ALS and non-treated ALS mice. 
If the changes in behavior are due to extended stability of NMJ morphology, one 
would expect to find that NMJs remain innervated for longer when exposed to 
NRP1-Fc (or NRP1-VEGF-Fc).  In addition the SEMA3A and/or VEGF-binding qualities 
of the NRP1-Y297A-Fc and NRP1-T316R-Fc isoforms need to be re-examined, 
especially given the paradoxical nature of their effects in vivo. Clinically speaking, 
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given that we targeted the gastrocnemic muscles only, one could anticipate that 
the therapeutic potential of NRP1-Fc or NRP1-VEGF-Fc would increase if a larger 
proportion of the skeletal musculature was targeted (via systemic administration 
of AAV6 or AAV9, a serotype which can pass blood vessels to transduce cells in 
many tissues), perhaps recreating the effects seen when antibodies targeting 
SEMA3A and NRP1 binding are used (Venkova et al., 2014).


