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ABSTRACT 

Sang Hwan Lee 

School of Biological Sciences 

The Graduate School 

Seoul National University 

Amyotrophic lateral sclerosis (ALS) is a fatal neuromuscular disease resulting from 

motor neuron degeneration that causes muscle weakness, paralysis, and eventually respiratory 

failure. A variety of chemicals, recombinant proteins, and gene therapies have been explored 

to develop treatment methods for ALS. To date, only two small molecules—riluzole and 

edaravone—have been approved by the FDA. However, the therapeutic effects of these are 

relatively low, and there is still a high unmet need for a medical solution to this devastating 

disease. 

In this study, I investigated whether delivery of hepatocyte growth factor (HGF) 

could generate beneficial effects in two mouse models with neuromuscular problems: the 

sciatic nerve crush and SOD1-G93A transgenic (TG) mouse models. HGF is a versatile 

neurotrophic factor known to mediate a variety of cellular activities, such as facilitating cell 

proliferation, angiogenesis, and neurogenesis. To induce the long-term expression of HGF 

proteins, I used a recombinant adeno-associated virus encoding the HGF gene (rAAV-HGF). 

Based on the expression levels and distribution of HGF proteins, AAV serotype 6 was chosen 

for intramuscular (IM) injection, while AAV serotype 1 was shown to be appropriate for 

intrathecal (IT) injection.  
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The effects of rAAV-HGF were initially tested in the nerve crush mouse model. 

When intramuscularly delivered, rAAV6-HGF reduced the degree of mechanical allodynia, 

increased the cross-sectional area (CSA) of muscle fibers in the tibialis anterior (TA), and 

enhanced motor functions. When intramuscularly delivered in the SOD1-G93A TG mouse 

model, the most commonly used mouse model for ALS, rAAV6-HGF alleviated disease 

symptoms. When intrathecally injected with rAAV1-HGF, mouse hindlimb strength and 

rotarod performance both improved, while histological analyses showed that the length of 

regenerated axons increased and the structure of the neuromuscular junction (NMJ) restored in 

the crush model. It was also observed that rAAV1-HGF could not only improve motor 

performance, but also increase the survival rate of SOD1-G93A TG mice. Moreover, the 

number and diameter of the spinal motor neurons (SMNs) were increased, and the shape of 

the NMJs restored.  

Data from in vitro motor cortical culture experiments indicated that treatment with 

recombinant HGF proteins (rHGF) increased the axon length of corticospinal motor neurons 

(CSMNs). When cultures were treated with an ERK inhibitor, the effects of HGF on axon 

elongation, protein aggregation, and oxidative stress were suppressed, indicating that ERK 

phosphorylation played an important role(s) in protecting the motor neurons.  

Taken together, it appears that the HGF gene could be a good starting point for 

developing therapeutic agents for ALS, and that the rAAV vector in particular could be a 

useful gene delivery vehicle.  
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1. Amyotrophic lateral sclerosis (ALS) 

 ALS is a destructive neuromuscular disease in which the motor neurons in the 

central nervous system (CNS) selectively perish [1-3]. ALS is known to occur when protein 

aggregates like inclusion bodies accumulate in the cytoplasm of the lower motor neurons 

(LMNs) in the spinal cord, and the upper motor neurons (UMNs) in the motor cortex [4]. 

Although there are no definite criteria for diagnosing ALS, most patients experience 

progressive degeneration of the skeletal muscles [2], and eventually die of respiratory failure 

[5]. ALS patients usually die within 2-5 years of disease onset. 

 ALS is divided into familial ALS (fALS) and sporadic ALS (sALS). fALS accounts 

for 10% of total ALS cases [6], and mutations in copper (Cu)/zinc (Zn) superoxide dismutase 

(SOD1), TAR DNA-binding protein (TARDBP), and fused in sarcoma (FUS) have been 

shown to be important in the pathogenesis of ALS [7, 8]. Recent studies have also shown that 

the repetition of GGGGCC, a hexanucleotide in the noncoding region on chromosome 9, is 

important for the pathophysiology of ALS [9]. The remaining 90% of total ALS cases are 

classified as sALS, the cause of which is unknown. It is thought that the causal genes of fALS 

and single nucleotide polymorphism (SNP) are involved in the development of ALS [10, 11]. 

 There are several models for explaining the onset and progression of ALS, as shown 

in Figure I-1 [12]. The dying-forward hypothesis proposes that UMNs containing 

corticospinal motor neurons (CSMNs) are damaged first. In this model, the excitotoxic 

process mediated by UMNs leads to degeneration of the LMNs and skeletal muscles. In 

contrast, the dying-back hypothesis suggests that the skeletal muscle is the primary disease 
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Figure I-1. Three hypothetical models for the onset and progression of ALS (Taken from 

Geevasinga et al., 2016.) 

The onset and progression of ALS can be explained by 3 hypothetical models. According to 

the dying-forward hypothesis and the dying-back hypothesis, either the motor cortex or 

skeletal muscles are the primary sites of the disease onset, while the independent degeneration 

hypothesis suggests that both sites degenerate simultaneously. 
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onset site. In this case, a NMJ that sends contractile signals to the motor neurons sends 

pathological signals, leading to degeneration of the anterior horn cells. Lastly, the independent 

degeneration hypothesis proposes that degeneration of the UMNs and LMNs occurs 

simultaneously and independently. 

In addition to the motor neurons, glial cells consisting of astrocytes, 

oligodendrocytes, and microglia play an important role(s) in the onset of ALS (Figure I-2) [3]. 

Abnormalities in the quality control of proteins—in protein folding, for example— are one of 

the best-known mechanisms. Improper protein folding takes place in the endoplasmic 

reticulum when mutations occur in SOD1, which removes superoxide radicals, or in proteins 

such as FUS and TARDBP, which regulate transcription by binding to RNA. When 

abnormally folded proteins are not properly removed by proteasomes, lysosomes, and 

authophagosomes, protein aggregates that cause cytotoxicity are produced. Such cytotoxicity 

can also occur when microglia are hyperactivated or the absorption of glutamate is inhibited in 

astrocytes. It has also been reported that several metabolic processes are impaired when 

monocarboxylate transporter 1 (MCT1), an oligodendrocyte transporter, does not function 

properly. When MCT1 is not properly activated, the motor neurons die because the energy 

essential for motor neuron survival is not appropriately supplied. In addition, problems in 

alternative splicing, microRNA (miRNA) biosynthesis, RNA-binding protein, and protein 

translation can adversely affect the environments of the motor neurons. 

In summary, the pathology of ALS is not well understood due to its complexity and 

diversity. Therefore, the treatment methods for ALS are extremely limited. A variety of  
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Figure I-2. Mechanism of ALS onset revealed by fALS. (Taken from Taylor et al., 2016.) 

There are six well-known mechanisms for the onset of ALS. Cytotoxicity is induced when 

protein quality control in the endoplasmic reticulum is impaired, or microglia is hyperactivated. 

When the activity of EAAT2, the transporter of astrocytes, is inhibited, glutamate uptake in 

astrocytes decreases and excitotoxicity is induced. In addition, abnormalities in cytoskeletal 

proteins or RNA metabolism play important roles in ALS pathogenesis.  
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chemicals, recombinant proteins, and gene therapies have been explored to develop treatment 

methods for ALS. However to date, only two small molecules—riluzole and edaravone—

have been approved by the FDA [13-15]. Their therapeutic effects are relatively low: riluzole 

delays the time to tracheostomy by 2 to 3 months, and edaravone improves the ALSFRS-R 

score by 33%. Since it is particularly difficult to determine the exact cause of the disease, the 

treatment of ALS still need methodologies that can show overall improvements in the motor 

cortex and spinal cord. 

 

2. Hepatocyte growth factor (HGF) 

First discovered by the Nakamura group as a mitogen for hepatocytes in 1984 [16], 

HGF has been shown to play multiple roles. For example, HGF can promote various 

bioactivities, including cell proliferation, morphogenesis, anti-fibrosis, anti-inflammation, and 

angiogenesis [17-22]. Once expressed as an inactive precursor in a single chain, HGF is 

converted to an active heterodimer with α and β chains by the action of extracellular proteases 

(Figure I-3) [23]. The α chain of the activated HGF proteins has a hairpin loop (HL) domain 

and four kringle (K1-K4) domains, and the β chain has a serine protease homology (SPH) 

domain. The HL and the second kringle domain of the α chain have been reported to promote 

the binding of HGF to heparin or heparan sulfate [24].  

Met, a receptor for HGF, is a heterodimer composed of an extracellular α subunit 

and a transmembrane β subunit. Both subunits are linked by a disulfide bond, which forms the  
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Figure I-3. The structure of HGF and the Met receptor. (Taken from Trusolino et al., 

2010.) 

Produced as an inactive precursor, HGF protein forms a heterodimer by the action of 

extracellular proteases. Met, a receptor for HGF, has a heterodimer structure in which two 

subunits are linked via a disulfide bond. When the SPH domain of HGF binds to the Sema 

domain of the Met protein, the intracellular domain of the receptor is phosphorylated 

consecutively, activating the downstream signaling pathways. 
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Sema domain necessary for receptor dimerization and activation [25]. The extracellular 

segment of the β subunit has a PSI domain and four IPT (IPT1-4) domains, which increase the 

affinity and binding accuracy of the ligand-binding site and induce proper functioning of the 

receptor [26, 27]. The α chain of HGF recognizes the IPT3 and IPT4 domains of Met, and the 

SPH domain in the β chain of HGF binds to the Sema domain of Met [28].  

The intracellular segment of Met consists of a juxtamembrane sequence, a catalytic 

region, and a multifunctional docking site. When HGF binds to the Met receptor, various 

intracellular signaling pathways including PI3K, JNK, p38, and/or ERK are activated 

depending on cell type [23, 29, 30]. When Tyr1234 and Tyr1235 residues of the catalytic 

region of Met are autophosphorylated after the binding of HGF, Tyr1349 and Tyr1356 

residues of a multifunctional docking site are phosphorylated, resulting in several signaling 

transduction pathways [31, 32]. In contrast, the kinase activity of Met is downregulated when 

the Ser975 residue of a juxtamembrane sequence is phosphorylated [33]. As a potent trophic 

factor, HGF has been shown to regulate a variety of biological programs by promoting 

mitogenic, motogenic, and morphogenic activities in a variety of cell types [34].  

Studies have shown that HGF or Met can play a positive role(s) in the treatment of 

ALS. The protein levels of HGF and Met increase in the ventral horn of sALS patients in the 

early stages, while patients with motor neurons defective in HGF or Met are more susceptible 

to the disease progression of ALS, being atrophied rapidly [35]. In SOD1-G93A TG mice, an 

animal model for ALS, RNA levels of HGF and Met were higher than the non-TG control, 

presumably to respond to or compensate for pathological conditions [36]. In the SOD1-G93A 
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TG mouse model, disease progression was delayed when HGF or Met expression was 

additionally introduced by generating double TG mice, or when recombinant HGF was 

intrathecally delivered, indicating that the delivery of the HGF gene could be applied in 

various neuromuscular diseases, including ALS.  

 

3. Adeno-associated virus (AAV) 

In this study, AAV was used as an alternative method to deliver the HGF gene [37, 

38]. AAV is classified as a non-enveloped virus with a genome made up of single-stranded 

DNA (ssDNA) [37]. The genome of AAV consists of two open reading frames (ORFs) 

between palindromic inverted terminal repeat (ITR) sequences. When used in gene therapy, a 

transgene cassette containing the desired gene can be inserted between the ITR sequences. 

Recombinant AAV (rAAV) can be produced by transferring the cap and rep genes required 

for viral production in trans. 

Although its insertion capacity is relatively small, the rAAV vector has many 

advantages over other gene therapy vectors. AAV is not known to cause any diseases, and 

immune responses by AAV have been reported to be relatively low [39]. Moreover, rAAV 

vectors can drive long-term expression in vivo and deliver the transgene to a variety of cell 

types, including non-dividing cells, through capsid pseudotyping [37]. It is also known that 

engineering of the capsid domain can alter tropism and cell-type specificity [40]. Since the first 

application of rAAV serotype 2 to clinical trials for cystic fibrosis, rAAV has been applied to a 

variety of CNS disorders such as metachromatic leukodystrophy, mucopolysaccharidosis, 
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Canavan disease, and late infantile neuronal ceroid lipofuscinosis [41, 42]. In addition, rAAV 

has been used in several preclinical animal models, suggesting the possibility of its application 

to various neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, giant 

axonal neuropathy, Huntington’s disease, and spinal muscular atrophy [42].  

The gene therapy approach is particularly appealing when it comes to HGF. It is an 

unstable protein with a half-life of less than 5 minutes, making recombinant protein strategy 

inefficient. Engineering HGF to a stable form is not desirable, as durable HGF many induce 

angiogenesis in a systemic manner and increase the possibility of carcinogenesis [43]. HL and 

Kringle domains in the N-terminal of HGF have a high affinity to heparin sulfate 

proteoglycans abundant at the cell surface and in the extracellular matrix [44]. Such 

biochemical properties of HGF lower the possibility of the systemic distribution of HGF 

proteins. Indeed, our group has not found any changes in the serum level of HGF in either 

human studies or animal experiments involving plasmid or AAV [45-52]. For HGF, therefore, 

the gene therapy approach means a strictly localized drug delivery, indicating a minimal 

possibility of off-target problems.  

 

4. Overview of thesis research 

In this study, I investigated whether AAV vectors expressing HGF could produce 

therapeutic effects in the sciatic nerve crush and SOD1-G93A TG mouse models, which are 

commonly used as neuromuscular disease models. To maximize the efficacy of HGF, rAAV-
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HGF was constructed using a gDNA-cDNA-hybrid construct capable of simultaneously 

expressing two isoforms of human HGF (hHGF) —HGF723 (dHGF) and HGF728 (cHGF) 

[45, 53].  

The two animal models used in this study are similar in that in both, the skeletal 

muscles are damaged and injury signals are transmitted to the spinal cord. As such, two 

methods were used for gene transfer: intramuscular (IM) injection and intrathecal (IT) 

injection. First, we conducted a study to select AAV serotypes that can efficiently transfer 

genes to the muscle and spinal cord. AAV serotypes 1 and 6 were chosen for IT and IM 

injection, respectively. After examining the kinetics of gene expression, the effects of AAV-

HGF on both animal models were investigated as described above. In the sciatic nerve crush 

model, I analyzed the CSA of the TA, the functions of sensory and motor neurons, and the 

degree of the regeneration of injured nerves. In the SOD1-G93A TG mouse model, I analyzed 

the mass of the skeletal muscles, NMJ, motor performance, and survival rates. 

In summary, the core of this thesis research was to investigate the histological, 

biochemical, and behavioral effects of HGF on the nerves and muscles, and to investigate 

underlying mechanisms when HGF is delivered either to the muscle or spinal cord using the 

AAV vector.  
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1. Animals 

 C57BL/6 mice were purchased from Orient Bio Inc. (Gyeonggi-do, Korea). 

B6SJL-TG(SOD1-G93A)1Gur/J mice (MGI ID: 2183719) were purchased from The 

Jackson Laboratory [54-56]. Mice were fed ad libitum and entrained to a standard light-dark 

cycle. All experimental protocols adhered to the regulations of the Seoul National University 

Institutional Animal Care and Use Committee (IACUC). 

 

2. Adeno-associated virus 

 In this study, a gDNA-cDNA-hybrid sequence that could express HGF723 (dHGF) 

and HGF728 (cHGF) was generated using human genomic DNA, as previously described [45, 

53]. This hybrid sequence has cDNA sequences of 18 exons of the HGF gene, containing a 

part of intron 4 between exon 4 and exon 5. Since the length of intron 4 is too long to produce 

viral vectors, 4,329 base pairs of intron 4 were deleted using site-directed mutagenesis by 

polymerase chain reaction (PCR). In order to generate pAAV-HGf, this chimeric sequence 

was then inserted between the ITR sequences of pAAV-MCS, a plasmid containing multiple 

cloning sites purchased from Agilent Technologies. To produce rAAV2-HGF, equal amounts 

of three plasmids (rep/cap-expressing plasmid, pAAV-HGF, and helper plasmid) were co-

transfected into 1x106 HEK293T cells using AAV Helper-Free System (Agilent Technologies). 

1.23x108 GC (genome copies) of rAAV2-HGF were then transduced into 1.6x105 C2C12 

cells. Forty-eight hours later, the supernatant was collected followed by ELISA specific to 

human HGF (hHGF). At the same time, total RNAs were isolated and subjected to RT-PCR 
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using Expand High Fidelity PCR System (Sigma). Primers used for PCR were as follows: 5’-

CAAATGTCAGCCCTGGAGTTCCATGA-3’ (forward); 5’-

CTGGATTGCTTGTGAAACACCAGGGT-3’ (reverse). PCR products were then run on 

NuPAGE 4-12% Bis-Tris Protein Gels (Thermofisher). rAAV2-MCS and rAAV6-MCS 

lacking the HGF sequence (rAAV2-C) were used as negative controls. For animal studies, 

rAAV with a titer higher than 1x108 GC/ml was produced by a contract manufacturing 

company called CdmoGen (Chungbuk, Korea). 

 

3. Sciatic nerve crush 

The sciatic nerves of C57BL/6 mice were exposed, and nerve crush injury was 

induced using fine hemostatic forceps (FST), as previously described [53, 57]. Mice were 

exposed to isoflurane at 4-5% until anesthesia was induced, with concentration reduced to 1.5% 

during surgery. Behavioral tests were performed once a week for 4 weeks. For histological 

analysis, the sciatic nerves and TA were collected 5 days after surgery. The nerve pinch test 

was performed 7 days after the injury. The sciatic nerve was exposed and pinched using 

hemostatic forceps until mice showed a reflex response at the leg or muscles of the back 

contracted, from the distal end to the crush site. The distance from the crush site to the reflex 

site was measured. 

 

4. Behavioral tests 
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 To test the degree of mechanical allodynia, the von Frey filament test was 

performed as previously described [58]. After 3 hours of adaption on top of the mesh floor, 

von Frey filaments of a consistent thickness (0.16 g) were used to stimulate the hind paws of 

the mice, and withdrawal frequency was measured. Motor functions were evaluated using the 

rotarod test, wire hanging test, and grip strength test. For the rotarod test, latency to fall from 

the rotating rod was recorded. The speed of the rod was either constant (28 rpm) or accelerated 

from 4 rpm to 40 rpm for 5 minutes, as previously described [59-61]. For the wire hanging test, 

mice were placed upside down under wire mesh. Latency to fall was recorded. Maximum 

latency was set to 1 minute. Grip strengths of the forelimb and hindlimb were measured with a 

grip strength meter (Nidec-Shimpo). In SOD1-G93A TG mice, the neurological score was 

measured to assess disease progression, as previously described [62-64]. Mice were pre-

trained for a week for each behavioral test. Each test was performed 3 times and values were 

averaged.  

 

5. Primary motor cortical culture 

 Cerebral motor cortices of mice were isolated, and cells were incubated as described 

previously [65]. Six-well cell culture plates (SPL) pre-coated with 0.1 mg/ml of PDL (Sigma) 

were incubated overnight at 37°C, followed by two washings with distilled water (Sigma). 

Motor cortices of non-TG or TG mice at P3 were collected using fine forceps (FST) into 

dissociation solution (DS) containing magnesium chloride (Sigma), Hepes (Gibco), sodium 

sulfate (Sigma), potassium sulfate (Sigma), kyneuric acid (Sigma), glucose (Sigma), APV 
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(Sigma), penicillin/streptomycin (P/S) (Gibco), and B27 (Gibco). Cells were then dissociated 

in a papain solution (Worthington Biochem) for 15 minutes, and incubated in inhibitor 

solution containing ovomucoid (Sigma) for 1 minute. After being washed with Opti-MEM 

(Gibco) solution containing APV (Sigma) and B27, 3.2x105 cells were seeded with serum-free 

media (SFM) containing BSA, L-glutamine (Sigma), P/S, glucose, and B27 in neurobasal 

media (Gibco). Cells were then treated with inhibitors for Met (PHA665752), ERK (U0126), 

PI3K (LY294002), p38 (SB203580), and JNK (SP600125). Thirty minutes later, cells were 

cultured in the presence of 100 ng/ml of rHGF (R&D Systems). 3 days later, cells were 

subjected to immunocytochemistry (ICC) assay. 

 

6. Western blot 

 Total proteins were isolated using RIPA Buffer (Cell Signaling Technology) and 

Protease/Phosphatase Inhibitor Cocktail (Cell Signaling Technology), followed by 

polyacrylamide gel electrophoresis on NuPAGE 4-12% Bis-Tris Protein Gels (Thermofisher) 

using 10-20 µg of protein. Gels were transferred to the PVDF membrane (GE Healthcare) and 

blocked with 0.1% TBST solution containing 5% skim milk (Difco) for 1 hour. Membranes 

were incubated with 0.1% TBST solution containing 5% BSA and primary antibodies for 1 

hour, then treated with 0.1% TBST solution containing 5% skim milk for 1 hour. HRP 

conjugated anti-rabbit or anti-mouse IgG (Sigma) was used as a secondary antibody. 

Membranes were incubated with Immobilin Western Chemiluminescent HRP Substrate 

(Millipore) for 1 minute and developed on X-ray film (AGFA). 
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7. Immunohistochemistry (IHC) 

The sciatic nerves, LSCs, and TA muscles were fixed in 4% paraformaldehyde 

(Sigma) at 4°C overnight. After being washed three times with 0.1M PBS, the tissues were 

immersed in 0.1M PBS containing 30% sucrose (Sigma) at 4°C overnight, followed by 

cryopreservation in OCT compound (Sakura Tissue Tek). Samples were then cryosectioned 

using Cryostat (Leica). After 1 hour incubation in blocking solution containing 2% BSA, 5% 

normal donkey serum (Jackson ImmunoResearch), and 0.1% Triton X-100 (Samchun), 

samples were treated with blocking solution containing primary antibodies for 1 hour, and 

then with blocking solution containing secondary antibodies for 1 hour. IgG Alexa Fluor 

(Invitrogen) was used as a secondary antibody. After mounting tissue sections on microscope 

slides (Fisher Scientific) with DAPI (Vectashield), immunofluorescence was observed using 

LSM 700 confocal laser scanning microscopy (Carl Zeiss). 

 

8. Immunocytochemistry (ICC) 

 Cells were fixed in 4% paraformaldehyde for 10 minutes at room temperature. After 

being washed three times with PBS, cells were immersed in 0.1M PBS containing 2% Triton 

X-100 for 5 minutes at 4°C, followed by one hour incubation in blocking solution with 2% 

normal donkey serum and 1% BSA. Cells were then treated with blocking solution containing 

primary antibodies for 1 hour, followed by another 1-hour incubation in blocking solution 
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with secondary antibodies. IgG Alexa Fluor was used as a secondary antibody. After mounting 

cells on microscope slides with DAPI, immunofluorescence was observed using LSM 700 

confocal laser scanning microscopy. The axon length of CSMNs was measured using Fiji 

software (NIH). 

 

9. Quantitative real time PCR (q-RTPCR) 

 The transgene copy number of SOD1-G93A TG mice was measured using q-

RTPCR, as described previously [66]. For transgene (hSOD1), the primers used for PCR were 

as follows; 5’-CATCAGCCCTAATCCATCTGA-3’ (forward); 5’-

CGCGACTAACAATCAAAGTGA-3’ (reverse). For reference gene (IL2), the primers used 

for PCR were as follows; 5’-CTAGGCCACAGAATTGAAAGATCT-3’ (forward); 5’-

GTAGGTGGAAATTCTAGCATCATCC-3’ (reverse). After 40 cycles of qPCR using TB 

Green (Takara), the difference of threshold cycle (ΔCT) was calculated, and mice with values 

between 6.6 and 7.2 were used. 

 

10. Cell viability assay 

 1.6x105 cells were seeded on PDL-coated 48-well cell culture plates (SPL) and 

incubated for 3 days. After being washed two times with warm PBS, cells were incubated 

with SFM containing 10% WST1 (AbFrontier) for 1 hour at 37°C. Absorbance was measured 

at 440 nm using a Magellan microplate reader (Tecan). 
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11. Enzyme-linked immunosorbent assay (ELISA) 

 To measure the HGF protein level in vitro, 1.6x105 C2C12 cells were transduced 

with 5x1013 GC of rAAV2-HGF. Forty-eight hours later, supernatants were collected followed 

by ELISA specific to human HGF (R&D Systems). To measure the in vivo expression of 

HGF, C57BL/6 P60 mice were intrathecally injected with 5x109 GC of rAAV1-HGF. The 

LSCs were collected 1, 2, 4, 8, 12, and 16 weeks after injection. Total proteins were then 

extracted using RIPA Buffer and Protease/Phosphatase Inhibitor Cocktail, followed by ELISA 

for hHGF. Absorbance was measured at 450 nm, and wavelength correction was made at 540 

nm using a Magellan microplate reader. 

 

12. Reactive oxygen species (ROS) detection assay 

 6.4x104 cells were seeded on PDL-coated 96-well cell culture plates (Nunc) and 

incubated for 3 days. ROS levels were measured using a ROS Detection Assay Kit (Abcam). 

Cells were incubated with detection solution for 1 hour at 37°C. Pyocianin was used as a ROS 

inducer, while N-acetyl-L-cysteine was used as a ROS scavenger. Absorbance was measured 

using a Magellan microplate reader. 

 

13. Microarray assay 



20 
 

Motor cortical cells were treated with 100 ng/ml of rHGF, and total RNAs were 

isolated followed by Microarray analysis using Affymetrix Genechip (Thermofisher). After 

data extraction, RMA (robust multi-array average) normalization was performed, followed by 

DEG (differentially expressed gene) analysis. Out of selected DEGs, functional annotation 

was performed based on GO (gene ontologies) hierarchy and KEGG/BioCarta pathways. 

Selected genes were clustered according to the classification from the previous report [3]. 

 

14. H&E staining and morphometric analysis 

 To investigate histological changes, 3.12x108 GC of rAAV6-C or rAAV6-HGF 

were injected into the TA. Fourteen days later, the TA was collected and fixed in 10% neutral-

buffered formalin. After being embedded in paraffin, samples were longitudinally cut into 6-

µm sections. Samples were then stained with hematoxylin-eosin (H&E), followed by 

morphometric analysis. To measure the CSA of the TA, the freehand selection tool in Fiji 

software (NIH) was used. For each mouse, at least 300 muscle fibers were assessed, and 

values were averaged. 

 

15. Statistical analysis 

 All values are presented as mean ± standard error mean (SEM). Differences 

between two values were analyzed by Student’s t-tests. Differences between three or more 

values were analyzed by one-way ANOVA followed by Tukey’s post-hoc test. For values 
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containing temporal factors, two-way ANOVA was performed followed by Tukey or Sidak’s 

post-hoc test. 

 

  



22 
 

Antigen Host Supplier Cat. No. Dilutions 

p-Met (Y1234/1235) Rabbit CST #3077 1:500 

Met Rabbit Sigma SAB4300599 1:2000 

p-ERK (T202/Y204) Mouse CST #9106 1:500 

ERK Rabbit CST #9102 1:500 

p-PI3K p85 (Y458)/p55 (Y199) Rabbit CST #4228 1:500 

PI3K Rabbit CST #4292 1:500 

p-RSK Rabbit CST #9346 1:500 

RSK Rabbit CST #9333 1:500 

TUBB3 Mouse Biolegend 801202 1:1000 

 

Table 1. List of antibodies used for Western blot analysis. 
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Antigen Host Supplier Cat. No. Dilutions 

p-S6 (S235/236) Rabbit CST #2211 1:500 

S6 Rabbit CST #2217 1:1000 

p-STAT3 (Y705) Rabbit CST #9145 1:500 

STAT3 Rabbit CST #4904 1:500 

p-cJUN (S73) Rabbit CST #3270 1:500 

cJun Rabbit CST #9165 1:500 

p-GSK-3β (S9) Rabbit CST #9336 1:500 

GSK-3β Rabbit CST #9315 1:500 

IKBα Rabbit CST #9242 1:500 

p-p38 (T180/Y182) Rabbit CST #4511 1:500 

p38 Rabbit CST #9212 1:500 

 

Table 1. List of antibodies used for Western blot analysis (continued). 
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Antigen Host Supplier Cat. No. Dilutions 

GFP mouse Merck MAB3580 1:250 

STMN2 rabbit Novus NBP1-49461 1:250 

TUBB3 mouse Biolegend 801202 1:500 

UCHL1 rabbit Proteintech 14730-1-ap 1:500 

α-Bungarotoxin, Alexa 

Fluor™ 555 conjugate 

N/A Thermofisher B35451 1:500 

NeuN mouse Merck MAB377 1:500 

ChAT goat Merck mab144p 1:200 

Ctip2 rat abcam ab18465 1:250 

hSOD1 mouse R&D systems MAB3418 25 µg/ml 

p-Met (Y1234/1235) rabbit CST #3077 1:250 

 

Table 2. List of antibodies used for immunostaining. 
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Gene Primer sequence  

Forward 5’ → 3’ 

Primer sequence  

Reverse 5’ → 3’ 

Mouse IL2 CTAGGCCACAGAATTGAAA

GATCT 

GTAGGTGGAAATTCTAGCAT

CATCC 

Human SOD1 CATCAGCCCTAATCCATCTG

A 

CGCGACTAACAATCAAAGT

GA 

 

Table 3. List of primers used for murine IL2 and human SOD1 to determine the copy 

number of mhSOD1. 
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Gene Primer sequence  

Forward 5’ → 3’ 

Primer sequence  

Reverse 5’ → 3’ 

MuRF1 TGCCTGGAGATGTTTACCA

AGC 

AAACGACCTCCAGACATGG

ACA 

Atrogin-1 AAGGCTGTTGGAGCTGATA

GCA 

CACCCACATGTTAATGTTGC

CC 

FOXO1 TTCAATTCGCCACAATCTGT

CC 

GGGTGATTTTCCGCTCTTGC 

FOXO3 CTGGGGGAACCTGTCCTAT

G 

TCATTCTGAACGCGCATGA

AG 

Pri-miR-206 ACCCAGTGCCCTGTGTTCC

CA 

AGCGCCTCTTCTCGGTTTC

CCT 

HDAC4 CACACCTCTTGGAGGGTAC

AA 

AGCCCATCAGCTGTTTTGT

C 

MyoD CCACTCCGGGACATAGACT

T 

AAAAGCGCAGGTCTGGTG

AG 

Myogenin GAGACATCCCCCTATTTCTA

CCA 

GCTCAGTCCGCTCATAGCC 
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GAPDH CTGGAAAGCTGTGGCGTGA

T 

CCAGGCGGCACGTCAGATC

C 

 

Table 4. List of primers used in this study for q-RTPCR analysis. 
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Chapter III 

 

Effects of intrathecally delivered rAAV-HGF in the nerve 

crush and SOD1-G93A TG mouse models 
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1. Background 

 ALS is a fatal neurodegenerative disease that kills the motor neurons of the CNS, 

which consists of the motor cortex and spinal cord [1-3]. It affects corticospinal motor neurons 

or upper motor neurons of the motor cortex, and spinal motor neurons or lower motor neurons 

of the spinal cord [4]. As the disease progresses, skeletal muscle wastes away, eventually 

causing respiratory failure [2, 5]. Only 10% of ALS is classified as familial ALS, the cause of 

which has been identified [6]. While SOD1 is one of the major known causative genes, further 

studies have shown that mutations in RNA-binding proteins FUS and TARDBP, or the 

repetition of the hexanucleotide sequence on the 72nd open reading frame of chromosome 9 

are important in the pathogenesis of ALS [7-9]. The remaining 90% consists of sporadic ALS, 

the causes of which remain largely unknown.  

 The disease mechanisms of ALS are extremely diverse [3]. Among others, 

impairment of protein quality control is one of the best-known mechanisms. For example, 

when mutated SOD1 proteins are not properly folded in the endoplasmic reticulum, protein 

aggregates that cause cytotoxicity are generated. Abnormalities in proteins related to the 

cytoskeleton and RNA metabolism are also for mechanisms of ALS. In addition to the 

neuronal cells, the CNS also contains a variety of glial cells that maintain the nervous system 

with their unique functions. Relevant studies have shown that the improper operation of 

astrocytes, oligodendrocytes, and microglia are particularly important in the progression of 

ALS. For example, when microglia responsible for immune responses in the CNS are 

hyperactivated, ROS causing oxidative stress is generated, resulting in cytotoxicity. In addition, 
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when the activity of the MCT transporter of oligodendrocytes is downregulated, energy 

supply to the motor neurons is diminished. Lastly, when the EAAT2 transporter of astrocytes 

becomes abnormal, excess amounts of glutamate transmit continuous excitatory signals to the 

motor neurons.  

 ALS patients suffer from various symptoms related to the skeletal muscles 

responsible for voluntary movements. As muscles are atrophied, it becomes difficult to walk 

and maintain proper posture. As the disease progresses, tongue muscles are atrophied, making 

it difficult to pronounce and swallow. Only riluzole and edaravone are approved by the FDA 

for the treatment of ALS [13-15]. Riluzole is a competitive inhibitor of the ATP binding site of 

the sodium channel, preventing glutamate release in the synapses. Edaravone has been 

reported to relieve oxidative stress. Nevertheless, both drugs can only slightly alleviate the 

symptoms of ALS, without resolving the fundamental causes. 

In an effort to develop effective treatment methods for neurodegenerative diseases 

like ALS, I focused on the trophic capabilities of HGF in this study. Initially known to 

promote the proliferation of hepatocytes, HGF has been shown to perform various 

bioactivities such as facilitating angiogenesis, neurogenesis, cell proliferation, and cell 

migration [16-22]. Expressed as an inactive single peptide, HGF is cleaved into two chains by 

the serine proteases in the extracellular matrix, becoming an active heterodimer [23]. Met, a 

receptor protein of HGF, has been known to be expressed both in the CNS and PNS. For 

example, the Met protein is found in endothelial cells, muscle cells, neuronal cells, and 

Schwann cells, which are all important in the pathology of various neuromuscular diseases 
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[67]. When HGF binds to the Met receptor, a number of signal transduction pathways, 

including those of MAPK, STAT3, and PI3K-Akt cascade, are activated [23, 29, 30]. 

Therefore, I focused on HGF as a pleiotropic growth factor capable of affecting several 

different cell types involved in the pathology of ALS.  

As an alternative means of delivering the HGF gene, recombinant AAV vector 

encoding the human HGF gene (rAAV-HGF) was utilized in this study. rAAV vectors 

encoding insulin-like growth factor-1 (IGF-1), vesicular endothelial growth factor (VEGF), or 

granulocyte colony-stimulating factor (G-CSF) have been reported to delay disease 

progression when injected into SOD1-G93A TG mice [68-70]. I investigated whether HGF 

could also produce beneficial effects in such disease models when delivered via the rAAV 

vector. Since it has been shown that the expression of two isoforms of human HGF, HGF728 

(cHGF) and HGF723 (dHGF), could boost the therapeutic effects in various disease models, 

rAAV-HGF that could simultaneously express two isoforms of HGF was generated [45, 46, 

48, 71]. Effects of IT delivery of rAAV-HGF were first tested in the sciatic nerve crush and 

SOD1-G93A TG mouse models. 

To further investigate the effect of HGF in the motor neurons, the motor cortices of 

SOD1-G93A TG mice were isolated and cultured in vitro, generating primary motor cortical 

culture [65]. Since this culture system consists of CSMNs as well as glial cells, it can better 

mimic in vivo conditions than a primary culture containing a single cell type. To understand 

the molecular mechanisms underlying the protective and regenerative effects of rAAV-HGF in 
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neurodegenerative disease models, I tested whether neuroprotective effects are reproducible in 

this culture system. 

 

2. Results 

2.1. Construction of rAAV vectors expressing human HGF 

In this study, it was tested whether HGF could protect the neurons and the skeletal 

muscles when delivered with rAAV vector. AAV used in this study was designed to express 

two isoforms of human HGF—HGF723 (or dHGF) and HGF728 (or cHGF)—as in the case 

of our bodies [53]. In order to simultaneously express two isoforms, I used the gDNA-cDNA-

hybrid sequence similar to that described by Cho et al. (Figure III-1). This chimeric sequence 

was inserted into pAAV-MCS containing multiple cloning sites, resulting in pAAV-HGF. 

To produce rAAV vectors, equal amounts of three plasmids (pAAV-HGF, rep/cap-

expressing plasmid, and helper plasmid) were co-transfected into 1x106 HEK293T cells, 

initially producing AAV serotype 2 [72]. Seventy-two hours later, the supernatant was 

collected and viral titer was determined as described previously [73]. To determine whether 

rAAV vectors could indeed produce RNAs of two HGF isoforms, 1.6x105 C2C12 cells were 

transduced with 1.23x108 GC of rAAV2-HGF, and total RNAs were isolated 48 hours later 

followed by RT-PCR. A control virus—rAAV2-C lacking the HGF sequence—did not 

produce any HGF RNA, whereas two HGF RNA species, each for HGF723 and HGF728, 

were readily detectable in cells transduced with rAAV2-HGF (Figure III-2).  
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Figure III-1. A gDNA-cDNA-hybrid sequence expressing two isoforms of human HGF. 

To co-express two isoforms of HGF, HGF723 (or dHGF) and HGF728 (or cHGF), a gDNA-

cDNA-hybrid sequence was generated. In this chimeric sequence, a part of intron 4 of the 

HGF gene was inserted between cDNA sequences of exon 4 and exon 5, allowing alternative 

splicing. Since the length of intron 4 is relatively long, sequences between 246 and 4486 were 

deleted (Δ). The numbers represented indicate relative positions of intron 4, and ‘1’ 

corresponds to the first nucleotide of intron 4. 
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Figure III-2. Acrylamide gel analysis after transduction of HGF-expressing rAAV vector. 

1.6x105 C2C12 cells were transduced with 1.23x108 GC of rAAV2, and 48 hours later, total 

RNAs were isolated followed by RT-PCR and acrylamide gel analysis. rAAV2-C lacking the 

HGF sequence was used as a negative control (NC). The upper arrow indicates the amplicon 

size of cHGF (142 bp), while the lower arrow shows the amplicon size of dHGF (127 bp). 
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To test whether HGF proteins were indeed produced from rAAV vectors, 8x104 

C2C12 cells were transduced with 5x1013 GC of rAAV2-HGF, and total proteins were 

isolated 48 hours later followed by ELISA specific to human HGF proteins. rAAV2-HGF 

produced 159.13 ± 23.92 ng/mg of HGF, while no HGF was detectable in cells transduced 

with a control vector. (Figure III-3).  

 

2.2. Comparison of different AAV serotypes for IT delivery 

To select an appropriate AAV serotype that could be used for gene transfer to the 

spinal cord, four serotypes of rAAV were prepared as described above, and 4.12x108 GC of 

each AAV were injected into the LSC. Four weeks later, total proteins were extracted from 

the LSC, and the expression level of HGF was compared using ELISA. As summarized in 

Figure III-4, mice injected with rAAV1-HGF produced the highest level of HGF protein 

(621.89 ± 112.98 pg/mg), and other serotypes generated 7- to 17-fold lower amounts, 86.25 ± 

7.59 pg/mg for rAAV6, 35.54 ± 4.87 pg/mg for rAAV2, and 80.15 ± 17.94 pg/mg for rAAV5 

(Figure III-4).  

To determine the tissue distribution of transgene expression from different AAV 

vectors inside the LSC, different subtypes of AAV expressing GFP were used because it was 

technically difficult to analyze human HGF by IHC. Four weeks after IT injection of AAV 

vectors, tissue samples were taken and GFP-expressing cells were measured by IHC. rAAV1-

GFP transduced the largest area of the ventral horn, while rAAV2 or rAAV6 expressed GFP  
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Figure III-3. ELISA for hHGF after transduction of HGF-expressing rAAV vector. 

8x104 C2C12 cells were transduced with 5x1013 GC of rAAV2, and 48 hours later, 

supernatant was collected followed by ELISA for hHGF. rAAV2-C lacking the HGF 

sequence was used as a negative control. ND indicates that values were not detectable or 

lower than the minimum detectable dose. Values are represented as mean ± SEM. 
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Figure III-4. ELISA for hHGF after IT injection of rAAV-HGF. 

4.12x108 GC of rAAV1, 2, 5, or 6-HGF were intrathecally injected into C57BL/6 mice at 

postnatal day 60 (P60). The LSCs were collected and total proteins were isolated 4 weeks after 

injection, followed by ELISA specific to human HGF (hHGF). For statistical analysis, one-

way ANOVA was performed, followed by Tukey’s post-hoc test. ****p < 0.0001 for rAAV1 vs. 

other serotypes. Values are represented as mean ± SEM. 
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primarily on the surface of white matter (Figure III-5). Taken together, AAV1 appeared to be 

the most effective serotype for IT gene delivery. 

 

2.3. Kinetics of HGF expression from rAAV1-HGF 

To determine how the HGF expression level changed over time, 5x109 GC of 

rAAV1-HGF were injected into the LSC of 2-month-old C57BL/6 mice, and total proteins 

were isolated, followed by ELISA. One week after injection, 1.98 ± 0.95 ng/mg of hHGF 

were detectable, and the level was the highest after two weeks (2.44 ± 1.37 ng/mg), thereafter 

gradually decreasing over time until 16 weeks after injection (0.95 ± 0.58 ng/mg) (Figure III-

6). A control virus lacking the HGF sequence did not produce any HGF protein. While hHGF 

was not detectable in the motor cortex and serum, 170.17 ± 155.95 ng/mg were observed in 

the TA (Figure III-7).  

To investigate whether the HGF proteins expressed from rAAV1-HGF could 

increase the phosphorylation of Met, a receptor for HGF, 5x109 GC of rAAV1-HGF were 

intrathecally injected into C57BL/6 mice at P60, Met phosphorylation levels were measured 7 

days later using IHC. As shown in Figure III-8, SMNs were labeled with NeuN (red) and 

ChAT (green). In mice injected with rAAV1-C, 37.32 ± 0.02% of SMNs were co-stained 

with p-Met. The number of p-Met-positive SMNs was increased to 58.09 ± 0.01% in the 

rAAV1-HGF group (Figure III-9). These results indicated that HGF proteins expressed from 

rAAV1-HGF could indeed augment the phosphorylation of Met. 
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Figure III-5. IHC assay after IT injection of rAAV-GFP. 

1.4x109 GC of four serotypes were intrathecally injected into 2-month-old C57BL/6 mice. 

The LSCs were collected 4 weeks after injection. Tissues were fixed, followed by IHC assay 

using an antibody specific to GFP (green). The boundary between white and grey matter is 

distinguished by dotted lines, and white matter is indicated by white arrows. Scale bar = 100 

µm. 
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Figure III-6. Kinetics of HGF expression from rAAV1-HGF. 

5x109 GC of rAAV1-HGF were intrathecally injected into 2-month-old C57BL/6 mice. The 

LSCs were collected 1, 2, 4, 8, 12, and 16 weeks after IT injection and subjected to ELISA for 

hHGF. For statistical analysis, two-way ANOVA was performed, followed by Sidak’s post-

hoc test. The p-value between the two groups was 0.0002. Values are represented as mean ± 

SEM. 
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Figure III-7. ELISA for hHGF after IT injection of rAAV1-HGF. 

C57BL/6 mice at P60 were intrathecally injected with 5x109 GC of rAAV1-C or rAAV1-HGF. 

The LSCs, motor cortices, serum, and TA were collected 8 weeks after injection and subjected 

to ELISA for hHGF. Values are represented as mean ± SEM. 
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Figure III-8. IHC assay in the LSC after IT injection of rAAV1-HGF. 

C57BL/6 mice at P60 were intrathecally injected with 5x109 GC of rAAV1-C or rAAV1-HGF. 

One week later, LSCs were collected and subjected to IHC assay. Antibodies specific to ChAT 

(green) and NeuN (red) were used to label SMNs, together with those for p-Met (magenta). In 

low magnification panels, the boundary between white and grey matter is distinguished by 

dotted lines. In merge panels, p-Met-expressing SMNs are indicated by white arrows. Scale 

bar = 100 µm for low magnification panels and 20 µm for the others. 
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Figure III-9. Quantification of p-Met-expressing SMNs.  

The proportion of SMNs expressing p-Met per total SMNs was measured and represented as 

a bar graph. For statistical analysis, Student’s t-test was performed. ****p < 0.0001. Values are 

represented as mean ± SEM. 
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2.4. Effects of rAAV1-HGF in the sciatic nerve crush and SOD1-G93A transgenic 

mouse models 

2.4.1. Effects of IT delivery of rAAV1-HGF in the sciatic nerve crush model 

The effects of intrathecally delivered rAAV1-HGF on nerve damage were then 

checked in the sciatic nerve crush mouse model [74]. Crush injury was introduced in 2-month-

old C57BL/6 mice, and 5x109 GC of virus were intrathecally injected immediately. As shown 

in Figure III-10, 11, rAAV1-HGF significantly improved hindlimb strength and rotarod 

performance from 10 days after nerve crush, and these effects were maintained until the end of 

the experiment on day 28. These results suggested that rAAV1-HGF could promote functional 

recovery after sciatic nerve crush when delivered into the spinal cord. It is well established that 

when the sciatic nerve is injured, Wallerian degeneration occurs and axons regenerate again as 

time goes by [75]. Therefore, I used IHC to examine whether rAAV1-HGF had effects on 

nerve regeneration in the areas of the nerve damage. Five days after nerve injury, the sciatic 

nerve was collected, and labeled with SCG10, a marker for the regenerating axon [76]. When 

the length of the regenerated sciatic nerve was measured, rAAV1-C showed a 2.11 ± 0.09 mm 

increase from the damaged site, while in the rAAV1-HGF group, it was 37.91% higher at 2.91 

± 0.27 mm (Figure III-12, 13). 

The presynaptic terminal of the sciatic nerve forms NMJs with the postsynaptic end 

plate of the muscle to transmit the contractile signal to the muscle [74]. Therefore, TA muscle 

connected to the sciatic nerve was analyzed by IHC. In a normal state, the NMJ is pretzel-

shaped and has well-preserved integrity. After nerve injury, however, the shape of the NMJ  
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Figure III-10. Measurement of hindlimb strength after sciatic nerve crush.  

Using 2-month-old C57BL/6 mice, sciatic nerve crush was induced, and 5x1011 GC of 

rAAV1-C or rAAV1-HGF were intrathecally injected into the LSC. Hindlimb strength was 

measured 1, 7, 10, 14, 21, and 28 days after nerve crush. Value at day 0 was measured before 

nerve crush. Value at day 0 was measured before nerve crush. For statistical analysis, two-way 

ANOVA was performed, followed by Tukey’s post-hoc test. Values are represented as mean ± 

SEM. *p < 0.05, **p < 0.005, ***p < 0.001.  
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Figure III-11. Measurement of rotarod performance after sciatic nerve crush.  

Using 2-month-old C57BL/6 mice, sciatic nerve crush was induced, and 5x1011 GC of 

rAAV1-C or rAAV1-HGF were intrathecally injected into the LSC. Mean latency to fall from 

the rotarod was measured 1, 7, 10, 14, 21, and 27 days after nerve crush. Value at day 0 was 

measured before nerve crush. For statistical analysis, two-way ANOVA was performed, 

followed by Tukey’s post-hoc test. Values are represented as mean ± SEM. *p < 0.05, **p < 

0.005, ***p < 0.001, ****p < 0.0001. 
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Figure III-12. Representative images of the sciatic nerves from mice treated with 

rAAV1-C or rAAV1-HGF after nerve crush. 

Using 2-month-old C57BL/6 mice, sciatic nerve crush was induced, and 5x1011 GC of 

rAAV1-C or rAAV1-HGF were intrathecally injected into the LSC. For IHC assay, the sciatic 

nerves were collected 5 days after nerve crush. Antibodies specific to TUJ1 and SCG10 were 

used as markers for neurons and regenerating axons, respectively. Crush sites are indicated by 

dotted lines, and the tip of SCG10 signals is indicated by white arrows. Proximodistal 

direction is indicated by dotted lines. Scale bars = 200 µm. 
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Figure III-13. Quantification of length of regenerated axons after sciatic nerve crush. 

Using 2-month-old C57BL/6 mice, sciatic nerve crush was induced, and 5x1011 GC of 

rAAV1-C or rAAV1-HGF were intrathecally injected into the LSC. The sciatic nerves were 

collected 5 days after nerve crush, followed by IHC assay. Lengths of regenerated nerves were 

measured using Fiji software and represented as a bar graph. For statistical analysis, Student’s 

t-test was performed. *p < 0.05. 
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becomes abnormal and the degree of integrity decreases (Figure III-14, 15). Compared with 

the sham group to which the nerve injury was not introduced, the proportion of fully 

innervated NMJs in the rAAV1-C group was reduced 2.34-fold, and that of abnormally 

shaped NMJs was increased 7.75-fold. On the other hand, in the rAAV1-HGF group, the 

proportion of fully innervated NMJs increased by 69.7%, and that of denervated NMJs 

decreased 3.83-fold in comparison to the rAAV1-C group (Figure III-16, 17, 18). The 

average α-BTX area was decreased by 41.75% in the rAAV1-C group compared to the sham 

group, but was increased by 56.76% in the rAAV1-HGF group. These results suggested that 

IT injection of rAAV1-HGF could promote the regeneration of neurons and re-establishment 

of NMJs possibly by acting on the cell body of motor neurons located in the spinal cord 

 

2.4.2. Effects of IT delivery of rAAV1-HGF in the SOD1-G93A TG mouse model 

Encouraged by the above results, the effects of rAAV1-HGF were also tested in the 

SOD1-G93A TG mouse model, the most commonly used animal model for ALS. First, it was 

investigated whether HGF proteins expressed from rAAV1-HGF could also increase the 

phosphorylation of Met in SOD1-G93A TG mice. 5x109 GC of rAAV1-HGF were 

intrathecally injected to SOD1-G93A TG mice at P60, and the levels of Met phosphorylation 

were measured 40 days later using IHC (Figure III-19). In non-TG mice, 35.24 ± 0.55% of 

SMNs were co-stained with p-Met. The number of p-Met-positive cells was lowered in TG 

mice injected with a control vector, rAAV1-C, to 29.98 ± 0.54%, but increased to 59.65 ± 

1.35% in the rAAV1-HGF group (Figure III-20). These findings suggested that the HGF  
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Figure III-14. Representative images of the shape of the NMJ. 

Using 2-month-old C57BL/6 mice, sciatic nerve crush was induced, and 5x1011 GC of 

rAAV1-C or rAAV1-HGF were intrathecally injected into the LSC. For IHC assay, the TA 

was collected 5 days after nerve crush. An antibody specific to UCHL1 was used as a marker 

for presynaptic terminals, whereas that of α-bungarotoxin (α-BTX) was used for postsynaptic 

end plates [77]. The shapes of NMJs were analyzed to determine whether they were pretzel-

shaped or distorted. Scale bar = 20 µm. 
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Figure III-15. Representative images of the integrity of the NMJ. 

2-month-old C57BL/6 mice, sciatic nerve crush was induced, and 5x1011 GC of rAAV1-C or 

rAAV1-HGF were intrathecally injected into the LSC. For IHC assay, the TA was collected 5 

days after nerve crush. An antibody specific to UCHL1 was used as a marker for presynaptic 

terminals, whereas that of α-bungarotoxin (α-BTX) was used for postsynaptic end plates. The 

integrity of NMJs was determined by measuring to what degree presynaptic terminals merged 

with postsynaptic end plates. Scale bar = 20 µm. 
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Figure III-16. Quantification of the shape of the NMJ.  

After sciatic nerve crush, the shape of NMJs was measured. Values are represented as mean ± 

SEM. For statistical analysis, two-way ANOVA was performed, followed by Tukey’s post-

hoc test. ****p < 0.0001 for modified NMJ, ####p < 0.0001 for pretzel-shaped NMJ. 
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Figure III-17. Quantification of the integrity of the NMJ. 

After sciatic nerve crush, the integrity of NMJs was measured. Values are represented as mean 

± SEM. For statistical analysis, two-way ANOVA was performed, followed by Tukey’s post-

hoc test. In Fig. 2h, **p < 0.01 and ****p < 0.0001 for fully innervated NMJ, ####p < 0.0001 and 

n.s. > 0.05 partially innervated NMJ. 
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Figure III-18. Measurement of area stained with α-BTX. 

After sciatic nerve crush, average α-BTX area was measured. Values are represented as mean 

± SEM. For statistical analysis, one-way ANOVA was performed, followed by Tukey’s post-

hoc test. *p < 0.05, **p < 0.005. 
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Figure III-19. Levels of phosphorylated Met after IT delivery of rAAV1-HGF.  

Non-TG or TG mice at P60 were intrathecally injected with 5x109 GC of rAAV1-C or 

rAAV1-HGF. The LSCs were collected at P100. Tissues were fixed and subjected to IHC 

assay. Antibodies specific to ChAT (green) and NeuN (red) were used to label SMNs, together 

with those for p-Met (magenta). Scale bar = 20 µm.  
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Figure III-20. The proportion of SMNs expressing p-Met. 

Non-TG or TG mice at P60 were intrathecally injected with 5x109 GC of rAAV1-C or 

rAAV1-HGF. The LSCs were collected at P100. Tissues were fixed and subjected to IHC 

assay. The proportion of SMNs expressing p-MET per total SMNs was measured and 

represented as a bar graph. Values are represented as mean ± SEM. *p < 0.05, ****p < 0.0001. 
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proteins expressed from rAAV1-HGF could indeed increase the phosphorylation of Met in 

this mouse model. 

To test whether rAAV1-HGF could exert any effect on disease progression of 

SOD1-G93A TG mice, body weight was measured and behavioral tests were performed once 

every week until P158 after injecting rAAV1-HGF into the LSC of TG mice at P60. IT 

delivery of rAAV1-HGF did not affect the rate of weight loss, but significant improvements 

were observed in rotarod, hanging wire, and grip strength tests (Figure III-21, 22, 23, 24, and 

25). In addition, survival rate was increased from 20% to 66.67% at P150, and median 

survival was also increased by 6.53% from 145.5 days to 155 days (Figure III-26). These 

results suggested that IT delivery of rAAV1-HGF might slow disease progression and 

improve survival rate in this mouse model.  

I tested whether IT injection of rAAV1-HGF could delay degeneration of SMNs in 

SOD1-G93A TG mice. 5x109 GC of rAAV1-HGF were injected into the LSCs of SOD1-

G93A TG mice at P60, and the LSCs were collected 40 days later (P100) followed by IHC. 

When compared to the non-TG group, the rAAV1-C group showed the number of SMNs in 

the ventral horn reduced 2.07-fold, the ratio of SMNs to total cells decreased by 58.65%, and 

the diameter of SMNs diminished by 39.83% (Figure III-27). Although rAAV1-HGF did 

not increase the diameter of SMNs, the number of SMNs was increased 2.36-fold and the 

ratio of SMNs to total cells was increased by 67.11%, compared to the rAAV1-C (Figure II-

28, 29, 30). 
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Figure III-21. The forelimb strength of SOD1-G93A mice after IT delivery of rAAV1-C 

or rAAV1-HGF.  

SOD1-G93A TG mice at P60 were intrathecally injected with 5x1011 GC of rAAV1-C or 

rAAV1-HGF. The forelimb strength was measured once a week until P158. For statistical 

analysis, one-way ANOVA was performed followed by Tukey’s post-hoc test at each time 

point. *p < 0.05, **p < 0.01, ***p < 0.001. Values are represented as mean ± SEM. 
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Figure III-22. The hindlimb strength of SOD1-G93A mice after IT delivery of rAAV1-C 

or rAAV1-HGF.  

SOD1-G93A TG mice at P60 were intrathecally injected with 5x1011 GC of rAAV1-C or 

rAAV1-HGF. The hindlimb strength was measured once a week until P158. For statistical 

analysis, one-way ANOVA was performed followed by Tukey’s post-hoc test at each time 

point. *p < 0.05, **p < 0.01, ***p < 0.001. Values are represented as mean ± SEM. 
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Figure III-23. Mean latency on rotarod after IT delivery of rAAV1-C or rAAV1-HGF in 

the SOD1-G93A mouse model. 

SOD1-G93A TG mice at P60 were intrathecally injected with 5x1011 GC of rAAV1-C or 

rAAV1-HGF. Mean latency on the rotating rod was measured once a week until P158. For 

statistical analysis, one-way ANOVA was performed followed by Tukey’s post-hoc test at 

each time point. *p < 0.05. Values are represented as mean ± SEM. 
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Figure III-24. Hanging wire test after IT delivery of rAAV1-C or rAAV1-HGF in the 

SOD1-G93A mouse model. 

SOD1-G93A TG mice at P60 were intrathecally injected with 5x1011 GC of rAAV1-C or 

rAAV1-HGF. Hanging wire test was performed once a week until P158. For statistical 

analysis, one-way ANOVA was performed followed by Tukey’s post-hoc test at each time 

point. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Values are represented as mean ± 

SEM. 
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Figure III-25. The body weight of SOD1-G93A TG mice after IT delivery of rAAV1-C 

or rAAV1-HGF. 

SOD1-G93A TG mice at P60 were intrathecally injected with 5x1011 GC of rAAV1-C or 

rAAV1-HGF. The body weight was measured once a week until P158. For statistical analysis, 

one-way ANOVA was performed followed by Tukey’s post-hoc test at each time point. Values 

are represented as mean ± SEM. 
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Figure III-26. Survival rate of SOD1-G93A TG mice after IT delivery of rAAV1-C or 

rAAV1-HGF. 

SOD1-G93A TG mice at P60 were intrathecally injected with 5x1011 GC of rAAV1-C or 

rAAV1-HGF. Survival curve was drawn based on Mantel-Cox and Gehan-Breslow-Wilcoxon 

tests for comparing two groups. In the Gehan-Breslow-Wilcoxon test, p value was 0.0115. 

Median survival days were 145.5 for the rAAV1-C-treated group, and 155 for the rAAV1-

HGF-treated group. For graphs, values are represented as mean ± SEM. 
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Figure III-27. Representative image of SMNs after IT delivery of rAAV1-C or rAAV1-

HGF. 

Non-TG or TG mice at P60 were intrathecally injected with rAAV1-C or rAAV1-HGF. The 

LSCs were collected at P100, followed by IHC assay. Antibodies specific to ChAT and NeuN 

were used to label SMNs. Scale bar: a = 50 µm. 
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Figure III-28. Number of SMNs per ventral horn after IT delivery of rAAV1-C or 

rAAV1-HGF. 

Non-TG or TG mice at P60 were intrathecally injected with rAAV1-C or rAAV1-HGF. The 

LSCs were collected at P100, followed by IHC assay. Number of SMNs per ventral horn was 

counted and represented as a bar graph. For statistical analysis, one-way ANOVA was 

performed, followed by Tukey’s post-hoc test. Values are represented as mean ± SEM. *p < 

0.05.  
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Figure III-29. Proportion of SMNs per DAPI-positive cells after IT delivery of rAAV1-C 

or rAAV1-HGF. 

Non-TG or TG mice at P60 were intrathecally injected with rAAV1-C or rAAV1-HGF. The 

LSCs were collected at P100, followed by IHC assay. Proportion of SMNs per DAPI-positive 

cells was counted and represented as a bar graph. For statistical analysis, one-way ANOVA 

was performed, followed by Tukey’s post-hoc test. Values are represented as mean ± SEM. **p 

< 0.005. 
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Figure III-30. Diameter of SMNs after IT delivery of rAAV1-C or rAAV1-HGF. 

Non-TG or TG mice at P60 were intrathecally injected with rAAV1-C or rAAV1-HGF. The 

TA was collected at P100, followed by IHC assay. Diameter of SMNs were measured and 

represented as a bar graph. For statistical analysis, one-way ANOVA was performed, followed 

by Tukey’s post-hoc test. Values are represented as mean ± SEM. *p < 0.05, n.s. > 0.05. 
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It was also examined whether changes in SMNs by the rAAV1-HGF could lead to 

improvements in connected axon terminals and muscles. Similar to the experiments described 

above (Figure III-14, 15, 16, 17, and 18), the NMJ was observed and the weight of TA was 

measured. Compared to the non-TG group, in the rAAV1-C group, the proportion of fully 

innervated NMJs was decreased by 25.48%, the level of abnormal-shaped NMJs was 

increased 3.5-fold, and the weight of TA was decreased by 35.42%. When rAAV1-HGF was 

injected, however, the proportion of pretzel-shaped NMJs was increased by 32.58% (Figure 

III-31, 32), and the weight of TA, which was decreased by muscular atrophy in the rAAV1-C 

group, was increased by 38.42% (Figure III-33). No visible change was observed in the 

degree of NMJ integrity in the rAAV1-HGF group. These results indicated that IT delivery of 

rAAV1-HGF could promote the protection of peripheral nerves and NMJs as well as SMNs.  

Although protein levels of HGF and Met have been shown to increase in SOD1-

G93A TG mice, the level of biologically active forms of these proteins has not been well 

studied in the LSC at the symptomatic stage. It was found that the level of phosphorylated Met 

was slightly lower in SMNs of the ventral horn of SOD1-G93A TG mice at P100, indicating 

that the level of endogenously expressed HGF might not be sufficient to fully activate Met. 

When TG mice were intrathecally injected with rAAV1-HGF, however, the fraction of SMNs 

expressing phosphorylated Met approximately doubled, suggesting that exogenously added 

HGF could augment the activation of Met. Therefore, HGF appeared to produce cell-

autonomous effects by directly affecting SMNs. HGF is also expected to generate non-

autonomous effects by acting on glial cells. For example, it was reported that treatment of  
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Figure III-31. The integrity of NMJs after IT delivery of rAAV1-C or rAAV1-HGF. 

Non-TG or TG mice at P60 were intrathecally injected with rAAV1-C or rAAV1-HGF. The 

TA was collected at P100, followed by IHC assay. The integrity of NMJs was determined and 

represented as a bar graph. For statistical analysis, two-way ANOVA was performed, followed 

by Tukey’s post-hoc test. ****p < 0.0001 for fully innervated NMJ and ####p < 0.0001 for 

partially innervated NMJ. Values are represented as mean ± SEM.   
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Figure III-32. The shape of NMJs after IT delivery of rAAV1-C or rAAV1-HGF. 

Non-TG or TG mice at P60 were intrathecally injected with rAAV1-C or rAAV1-HGF. The 

TA was collected at P100, followed by IHC assay. The shape of NMJs was determined and 

represented as a bar graph. For statistical analysis, two-way ANOVA was performed, followed 

by Tukey’s post-hoc test. ****p < 0.0001 for modified NMJ and ####p < 0.0001 for pretzel-

shaped NMJ. Values are represented as mean ± SEM.   
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Figure III-33. Relative mass of the TA after IT delivery of rAAV1-C or rAAV1-HGF. 

Non-TG or TG mice at P60 were intrathecally injected with rAAV1-C or rAAV1-HGF. The 

TA was collected at P100, followed by IHC assay. Relative mass of the TA was calculated 

using total body mass and represented as a bar graph. For statistical analysis, one-way 

ANOVA was performed, followed by Tukey’s post-hoc test. ***p < 0.001. Values are 

represented as mean ± SEM.   
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primary astrocytes with HGF in vitro reduced the protein level of EAAT2, a glutamate 

transporter, and enhance the expression level of total Met in reactive astrocytes in the spinal 

cord [35, 36]. I also observed that treatment with rHGF could lower the levels of LPS-induced 

TNFα in the primary astrocyte culture system (data not shown). Together with the cell-

autonomous effects described above, HGF has, when properly delivered to patients, the 

potential to generate powerful therapeutic effects by controlling two of the most important 

pathways in the pathogenesis of ALS and related motor neuron diseases. 

 

2.5. Effects of HGF in the motor cortical culture 

2.5.1. Effects of rHGF on axonal outgrowth of corticospinal motor neurons 

The above data showed that IT delivery of rAAV1-HGF could improve motor 

functions and survival rates of SOD1-G93A TG mice, presumably by slowing down the 

degeneration of SMNs and restoring the morphology of NMJs. Since the interaction of HGF 

with lower motor neurons has been relatively well established compared to the interaction of 

HGF with upper motor neurons [78-80], we were interested in testing the possible 

involvement of upper motor neurons by using the motor cortical cultures system consisting of 

CSMNs and glial cells [65, 81]. 

The motor cortices were isolated from P3 non-TG or TG mice, and 2x104 cells were 

cultured on a 24-well plate. Three days later, cells were fixed, followed by IHC analysis. 

CSMNs were labeled with UCHL1 and Ctip2, and Fiji software was used to measure the 
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axon length of CSMNs [82] (Figure III-34).  

Since CSMNs have previously been shown to produce HGF which may give 

experimental noise, the effects of endogenously expressed HGF were first tested using 

PHA665752, a chemical inhibitor of Met. When cells were treated with 1 µM of PHA665752 

for 3 days, the axon length of CSMNs was reduced 3.42-fold in the non-TG group and 2.33-

fold in the TG group (Figure III-35). This result indicated that endogenously expressed HGF 

could positively affect the axonal outgrowth of CSMNs.  

When 100 ng/ml of rHGF were added to the culture for 3 days, however, the axon 

length of CSMNs was increased by 48.61% in the non-TG group, and by 124.73% in the TG 

group (Figure III-36). When PHA665752 was co-treated with rHGF, the HGF-mediated 

increase of CSMNs’ axon length was inhibited by 127.7% in the non-TG group, and by 

120.82% in the TG group (Figure III-37). This is consistent with the data in Figure III-43, 

44 showing activation or inhibition of phosphorylation of the Met protein by HGF or 

PHA665752. These results suggested that activation of the HGF-Met signaling pathway 

might be involved in the promotion of axonal outgrowth of CSMNs.  

 

2.5.2. Effects of inhibition of ERK, PI3K, and p38 on axonal outgrowth of CSMNs 

 Several signaling pathways have been shown to be turned on upon interaction 

between HGF and Met receptor. To identify the key pathway involved in the regulation of the 

HGF-mediated axonal outgrowth of CSMNs, 2x104 cells were treated with specific chemical  
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Figure III-34. Representative image of CSMNs derived from non-TG or SOD1-G93A 

TG mice.  

SOD1-G93A TG mice were sacrificed at P3. After dissociating motor cortices, 20,000 cells 

were seeded on 24-well plates. Three days later, cells were fixed and subjected to 

immunocytochemistry (ICC) assay. Antibodies specific to UCHL1 (green) and Ctip2 (red, not 

shown) were used to label CSMNs. Serum-free media was used as a control medium (C). 

Cells were visualized with confocal laser scanning microscopy. The axon length of CSMNs 

was measured using Fiji software (yellow line). Scale bar: a = 50 µm.  
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Figure III-35. The axon length of CSMNs after treatment with PHA665752 in the 

cortical culture. 

SOD1-G93A TG mice were sacrificed at P3. After dissociating motor cortices, 20,000 cells 

were seeded on 24-well plates. Three days later, cells were fixed and subjected to 

immunocytochemistry (ICC) assay. The axon length of CSMNs was measured after treatment 

with PHA665752, an inhibitor for Met. Values are represented as mean ± SEM. For statistical 

analysis, one-way ANOVA was performed, followed by Tukey’s post-hoc test. *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001.  
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Figure III-36. The axon length of CSMNs after treatment with recombinant HGF 

protein in the cortical culture. 

SOD1-G93A TG mice were sacrificed at P3. After dissociating motor cortices, 20,000 cells 

were seeded on 24-well plates. Three days later, cells were fixed and subjected to 

immunocytochemistry (ICC) assay. The axon length of CSMNs was measured after treatment 

with rHGF. Values are represented as mean ± SEM. For statistical analysis, one-way ANOVA 

was performed, followed by Tukey’s post-hoc test. *p < 0.05, **p < 0.01. 
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Figure III-37. The axon length of CSMNs after treatment with PHA665752 and rHGF 

in the cortical culture. 

SOD1-G93A TG mice were sacrificed at P3. After dissociating motor cortices, 20,000 cells 

were seeded on 24-well plates. Three days later, cells were fixed and subjected to 

immunocytochemistry (ICC) assay. The axon length of CSMNs was measured after treatment 

with PHA665752 and rHGF. Values are represented as mean ± SEM. For statistical analysis, 

one-way ANOVA was performed, followed by Tukey’s post-hoc test. *p < 0.05, **p < 0.01, 

****p < 0.0001.  
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inhibitors for ERK (U0126), PI3K (LY294002), p38 (SB203580), and JNK (SP600125). 

When cells were treated with 3 different concentrations of respective inhibitors, the axon 

length of CSMNs was reduced in a dose-dependent manner by all agents except for 

SP600125 (Figure III-38, 39, 40, and 41). In all concentrations of chemical inhibitors used in 

this experiment, cytotoxic effects were not observed (Figure III-42). These results suggested 

that ERK, PI3K, and p38 might play roles in the HGF-mediated axonal outgrowth of CSMNs. 

 

2.5.3. Effects of rHGF on ERK phosphorylation 

 It was tested whether HGF could activate ERK, PI3K, and p38 in the cortical 

culture. 3.2x106 cells were treated with 100 ng/ml of rHGF, and 5 days later, total proteins 

were extracted, followed by Western blot analysis. As shown in Figure III-43, the level of 

phosphorylated ERK was increased by treatment with rHGF, while the levels of PI3K and 

p38 were not affected. The effect of rHGF was inhibited when cells were co-treated with 1 

µM of PHA665752 or 10 µM of U0126 (Figure III-44, 45), suggesting that the HGF-Met 

pathway is involved in the phosphorylation of ERK in this cortical culture. It was tested 

whether inhibition of ERK could reduce the HGF-mediated increase of the axon length of 

CSMNs. As shown in Figure III-46, treatment with U0126 decreased the axon length of 

CSMNs 2.41-fold in the non-TG group and 2.03-fold in the TG group, indicating that HGF 

could promote axonal outgrowth of CSMNs by specifically up-regulating phosphorylation of 

ERK. 
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Figure III-38. The axon length of CSMNs after treatment with ERK inhibitor in the 

cortical culture. 

SOD1-G93A TG mice were sacrificed at P3. After dissociating motor cortices, 20,000 cells 

were seeded on 24-well plates. Three days later, cells were fixed and subjected to 

immunocytochemistry (ICC) assay. The axon length of CSMNs was measured after treatment 

with U0126, an inhibitor for ERK. Values are represented as mean ± SEM. For statistical 

analysis, one-way ANOVA was performed, followed by Tukey’s post-hoc test. *p < 0.05, ***p 

< 0.001.  
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Figure III-39. The axon length of CSMNs after treatment with PI3K inhibitor in the 

cortical culture. 

SOD1-G93A TG mice were sacrificed at P3. After dissociating motor cortices, 20,000 cells 

were seeded on 24-well plates. Three days later, cells were fixed and subjected to 

immunocytochemistry (ICC) assay. The axon length of CSMNs was measured after treatment 

with LY294002, an inhibitor for PI3K. Values are represented as mean ± SEM. For statistical 

analysis, one-way ANOVA was performed, followed by Tukey’s post-hoc test. *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001.  
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Figure III-40. The axon length of CSMNs after treatment with p38 inhibitor in the 

cortical culture. 

SOD1-G93A TG mice were sacrificed at P3. After dissociating motor cortices, 20,000 cells 

were seeded on 24-well plates. Three days later, cells were fixed and subjected to 

immunocytochemistry (ICC) assay. The axon length of CSMNs was measured after treatment 

with SB203580, an inhibitor for p38. Values are represented as mean ± SEM. For statistical 

analysis, one-way ANOVA was performed, followed by Tukey’s post-hoc test. **p < 0.01, ***p 

< 0.001, ****p < 0.0001.  
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Figure III-41. The axon length of CSMNs after treatment with JNK inhibitor in the 

cortical culture. 

SOD1-G93A TG mice were sacrificed at P3. After dissociating motor cortices, 20,000 cells 

were seeded on 24-well plates. Three days later, cells were fixed and subjected to 

immunocytochemistry (ICC) assay. The axon length of CSMNs was measured after treatment 

with SP600125, an inhibitor for JNK. Values are represented as mean ± SEM. For statistical 

analysis, one-way ANOVA was performed, followed by Tukey’s post-hoc test. *p < 0.05, n.s. 

> 0.05.  
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Figure III-42. Effects of rHGF or chemical inhibitors measured by WST1 assay in the 

motor cortical culture.  

After dissociating motor cortices of P3 non-TG or TG mice, 1.6x105 cells were seeded on 

PDL-coated 48-well cell plates in the presence of rHGF or respective inhibitors. Three days 

later, WST1 assay was performed. Cell viability was measured using a microplate reader and 

represented as a bar graph. Values are represented as mean ± SEM. n.s. > 0.05.  
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Figure III-43. Western blot analysis after treatment with rHGF in the cortical culture. 

Motor cortices from non-TG or TG mice at P3 were collected. After dissociation, cells were 

seeded on six-well plates with 3.2x106 cells/well. Cells were treated with 100 ng/ml of rHGF, 

and 5 days later, total proteins were isolated, followed by Western blot analysis.  
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Figure III-44. Western blot analysis after treatment with PHA665752 and rHGF in the 

cortical culture.  

Motor cortices from non-TG or TG mice at P3 were collected. After dissociation, cells were 

seeded on six-well plates with 3.2x106 cells/well. Cells were treated with 100 ng/ml of rHGF 

and 1 μM of PHA665752, and 5 days later, total proteins were isolated, followed by Western 

blot analysis.  
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Figure III-45. Western blot analysis after treatment with U0126 and rHGF in the 

cortical culture.  

Motor cortices from non-TG or TG mice at P3 were collected. After dissociation, cells were 

seeded on six-well plates with 3.2x106 cells/well. Cells were treated with 100 ng/ml of rHGF 

and 10 μM of U0126, and 5 days later, total proteins were isolated, followed by Western blot 

analysis. 
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Figure III-46. The axon length of CSMNs after treatment with U0126 and rHGF in the 

cortical culture. 

Motor cortices from non-TG or TG mice at P3 were collected. After dissociation, cells were 

seeded on six-well plates with 3.2x106 cells/well. Cells were treated with 100 ng/ml of rHGF 

and 10 μM of PHA665752, and 5 days later, total proteins were isolated, followed by Western 

blot analysis. The axon length of CSMNs was measured and represented as a bar graph after 

co-treatment with rHGF and U0126. Values are represented as mean ± SEM. For statistical 

analysis, one-way ANOVA was performed, followed by Tukey’s post-hoc test. *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001. 
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To test whether the above in vitro results were reproducible in vivo, 5x109 GC of 

viral vectors were intrathecally injected into SOD1-G93A TG mice at P60, and the LSC was 

analyzed for ERK. Compared with non-TG mice, the level of phosphorylated ERK was 

increased 2.04-fold in TG mice injected with a control vector, and was further enhanced 5.54-

fold when injected with AAV vectors expressing HGF (Figure III-47, 48). There was no 

difference in phosphorylation of other signaling molecules of the HGF-Met pathway, such as 

STAT3, cJUN, and GSK3β (Figure III-49). These results indicated that ERK might indeed be 

an important factor of the HGF-mediated regeneration of motor neurons.  

 

2.5.4. Effects of HGF-mediated ERK phosphorylation on levels of ROS 

To get an overall picture of the effects of HGF on gene expression profile in 

CSMNs, cortical cells were treated with 100 ng/ml of rHGF, and total RNAs were extracted 

followed by microarray assay (Figure III-50). Among the 116 genes whose expression levels 

were changed more than 1.5-fold, 52 belonged to six major categories defined for fALS by 

Taylor et al., and 37 (71.15%) were involved in the control of protein quality and RNA 

metabolism [3]. Therefore, it was tested whether the HGF-Met-ERK signaling pathway could 

reduce hSOD1 protein aggregation and/or oxidative stress. Cortical cells were treated with 

rHGF, followed by IHC to examine the distribution of mutant hSOD1. When compared to the 

non-TG group containing no hSOD1 aggregates, the proportion of CSMNs in the TG group 

with hSOD1 aggregates was sharply increased to 0.4 ± 0.01 as shown in Figure III-51, 52. 

When treated with rHGF, however, this proportion was reduced to 0.06 ± 0.02, while it was 
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Figure III-47. Western blot analysis after IT delivery of rAAV1-C or rAAV1-HGF. 

Non-TG or TG mice at P60 were intrathecally injected with rAAV1-C or rAAV1-HGF. The 

LSCs were collected, and total proteins were extracted at P100, followed by Western blot 

analysis.   
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Figure III-48. Relative levels of phosphorylated ERK after IT delivery of rAAV1-C or 

rAAV1-HGF. 

Non-TG or TG mice at P60 were intrathecally injected with rAAV1-C or rAAV1-HGF. The 

LSCs were collected, and total proteins were extracted at P100, followed by Western blot 

analysis. Relative levels of phosphorylated ERK were measured using Fiji software and 

represented as a bar graph. Values are represented as mean ± SEM. For statistical analysis, 

one-way ANOVA was performed, followed by Tukey’s post-hoc test. *p < 0.05. 
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Figure III-49. Western blot analysis in the LSC after IT delivery of rAAV1-C or rAAV1-

HGF.  

Non-TG or TG mice at P60 were intrathecally injected with 5x109 GC of rAAV1-C or 

rAAV1-HGF. The LSCs were collected at P100. Total proteins were extracted and subjected 

to Western blot analysis. 
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Figure III-50. Microarray analysis of motor cortical cells treated with rHGF. 

Motor cortical cells were treated with 100 ng/ml of rHGF for 3 days, followed by microarray 

analysis using Affymetrix Genechip. SFM was used as a negative control (NC). After data 

extraction, RMA normalization was performed followed by DEG analysis. Differential 

expression was represented by color gradients. Genes were clustered based on 6 major 

categories defined by Taylor et al., as described in Results. Genes involved in protein quality 

control are labeled in red, while those related to RNA metabolism are labeled in blue. The rest 

of genes are labeled in black. The NC group is for non-TG NC vs. TG NC, whereas the rHGF 

group is for TG NC vs. TG rHGF.  
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Figure III-51. Representative image of CSMNs after treatment with rHGF, PHA665752, 

and U0126 in the motor cortical culture.  

SOD1-G93A TG mice were sacrificed at P3. After dissociating motor cortices, 20,000 cells 

were seeded on 24-well plates. Three days later, cells were fixed and subjected to 

immunocytochemistry (ICC) assay. Antibodies specific to UCHL1 and Ctip2 were used to 

label CSMNs, together with those for hSOD1 (magenta). C: Treated with SFM. In the 

hSOD1-stained panels, the cell boundaries of the CSMNs were outlined based on the UCHL1 

signals, except for the panel in the second row, where the cell boundaries are ambiguous. Scale 

bar: a = 20 µm.  
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Figure III-52. Proportion of hSOD1-positive cells per DAPI-positive cells in the motor 

cortical culture. 

SOD1-G93A TG mice were sacrificed at P3. After dissociating motor cortices, 20,000 cells 

were seeded on 24-well plates. Three days later, cells were fixed and subjected to 

immunocytochemistry (ICC) assay. Proportion of hSOD1-positive cells per DAPI-positive 

cells was counted and represented as a bar graph. For statistical analysis, one-way ANOVA 

was performed, followed by Tukey’s post hoc test. ****p < 0.0001 for non-TG SFM vs. TG 

SFM, ###p < 0.001 for TG SFM vs. TG HGF, ++p < 0.01 for TG HGF vs. TG HGF + 

PHA665752 (or TG HGF + U0126). 
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increased to 0.3 ± 0.06 and 0.33 ± 0.04 by the addition of inhibitors for Met (PHA665752) or 

ERK (U0126), respectively (Figure III-53). 

Since the aggregated form of mutant hSOD1 could increase oxidative stress, it was 

also tested whether the rHGF-mediated reduction of protein aggregation could alleviate 

oxidative stress by measuring hydrogen peroxide, peroxynitrite, hydroxyl radicals, nitric oxide, 

and peroxy radical in the cortical culture. Compared to the control group treated with SFM, 

treatment with rHGF decreased the level of oxidative stress by 34.22%, which was 

comparable to the effect (32.11%) of N-acetyl-L-cysteine (NAC), a well-known scavenger of 

oxygen free radical (Figure III-53). Such HGF-mediated decrease of oxidative stress was 

inhibited by 15.51% and 18.81% when rHGF was co-treated with PHA665752 and U0126, 

respectively (Figure III-53). 

To test whether the axonal outgrowth of CSMNs could be promoted by alleviation 

of oxidative stress, the effect of rHGF was tested in the presence of pyocyanin, a ROS inducer. 

As shown in Figure III-54, the axon length of CSMNs was increased by 40.12% when 

treated with NAC. The effect of rHGF was almost 3-fold greater at 118.83%, which was 

inhibited by 32.1% in the presence of pyocyanin. Taken together, these results indicated that 

HGF-mediated induction of ERK phosphorylation plays an important role(s) in promoting the 

axonal outgrowth of CSMNs by mitigating protein aggregation and oxidative stress. 
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Figure III-53. Cellular ROS levels measured by a ROS detection kit in the motor 

cortical culture. 

6.4x104 cells were seeded on 96-well plates. Cellular ROS levels were measured using a ROS 

detection kit and represented as a bar graph. Pyocyanin was used as an inducer of ROS, 

whereas NAC was employed as a scavenger of ROS. For statistical analysis, one-way 

ANOVA was performed, followed by Tukey’s post-hoc test. ****p < 0.0001 for SFM vs. 

pyocyanin (or NAC or HGF), ##p < 0.01 for HGF vs. HGF + PHA665752, ###p < 0.001 for 

HGF vs. HGF + U0126.   
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Figure III-54. The axon length of CSMNs after treatment with NAC, rHGF, and 

pyocyanin in the motor cortical culture. 

SOD1-G93A TG mice were sacrificed at P3. After dissociating motor cortices, 20,000 cells 

were seeded on 24-well plates. Three days later, cells were fixed and subjected to 

immunocytochemistry (ICC) assay. The axon length of CSMNs was measured and 

represented as a bar graph. Values are represented as mean ± SEM. For statistical analysis, 

one-way ANOVA was performed, followed by Tukey’s post-hoc test. ****p < 0.0001 for non-

TG SFM vs. TG SFM, ####p < 0.0001 for TG SFM vs. TG NAC (or TG HGF), ++++p < 0.0001 

for TG HGF vs. TG HGF + pyocyanin. 
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3. Discussion 

I investigated the effect of HGF-expressing rAAV in two mouse models—the 

sciatic nerve crush model and the SOD1-G93A TG model. Because different AAV serotypes 

may have different cell tropisms, I identified which of the AAV serotypes was most suitable 

for IT delivery. Based on the expression levels of HGF proteins in the lumbar spinal cord, 

AAV serotype 1 was chosen for IT delivery. When rAAV1-HGF was intrathecally injected 

into the lumbar spinal cord, the highest amounts of HGF proteins were detected 2 weeks after 

injection, and gradually declined until week 16. It is also interesting to note that IT delivery of 

rAAV1-HGF produced HGF proteins in the TA. As the majority of neurodegenerative 

diseases undergo concomitant atrophy of the skeletal muscles, rAAV1-HGF may potentially 

target both the skeletal muscle and spinal cord, which are important in the pathophysiology of 

a number of neurodegenerative diseases, including ALS. After selecting appropriate serotypes 

for IT injection methods and studying the expression kinetics in vivo, a recombinant AAV 

vector was introduced into the lumbar spinal cord, and tested for its effects.  

A single administration of rAAV1-HGF into the lumbar spinal cord improved 

motor functions and NMJ structure in both mouse models. Of particular interest was the 

finding that IT injection of rAAV1-HGF could not only facilitate protection, but also delay the 

degeneration of motor neurons. In the nerve crush model, for example, the regenerative 

process takes place after Wallerian degeneration following nerve injury, and rAAV1-HGF was 

shown to promote the regeneration of the sciatic nerves and the recovery of the NMJ structure. 

In the SOD1-G93A TG mouse model, there is progressive degeneration of motor neurons and 
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muscle, and rAAV1-HGF could delay disease progression and the degeneration of SMNs. 

Therefore, rAAV1-HGF appears to perform dual activities in the pathogenesis of motor 

neuron degeneration that may result in additive effects.  

For IT delivery, improvements in motor functions, NMJ morphology, and the 

protection of SMNs could have resulted from 3 sources: changes in SMNs, in upper motor 

neurons, or in a combination of both neurons. HGF is a known potent neurotrophic factor that 

can facilitate the proliferation, migration, differentiation, and survival of sensory neurons and 

motor neurons [83-86]. The interaction of HGF with lower motor neurons has been relatively 

well-characterized. For example, it has been reported that HGF could function as a survival 

factor for SMNs in vitro [78-80]. In addition, HGF has also been shown to induce 

remyelination of Schwann cells to promote the axonal outgrowth of peripheral neurons [57]. 

These findings suggested that HGF could directly and/or indirectly protect damaged lower 

motor neurons.  

The molecular mechanisms of HGF’s interaction with upper motor neurons have 

been poorly understood until now. In this study, therefore, I investigated the effects of HGF on 

upper motor neurons in vitro, using the primary motor cortical culture system consisting of 

CSMNs and glial cells. It was observed that HGF could facilitate the axonal outgrowth of 

CSMNs by controlling the phosphorylation of ERK (Figure III-55). When phenotypes of 

oxidative stress were analyzed based on microarray data, treatment of CSMNs with HGF 

proteins reduced the accumulation of mutant SOD1 proteins and levels of oxidative stress 

factors such as H2O2, ONOO-, HO, NO, and ROO. All these effects were inhibited, however, 

when ERK phosphorylation was suppressed by U0126. These results suggested that upper  
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Figure. III-55. Summary of neuroprotective effects mediated by HGF. 

When intrathecally injected into the subarachnoid space, rAAV1-HGF increases the 

phosphorylation of the Met receptor, subsequently inducing phosphorylation of ERK. As a 

consequence, the degree of protein aggregation and oxidative stress is lowered, eventually 

improving the conditions of SMNs. 
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motor neurons could also have played a role in the effects exerted by rAAV1-HGF, and that 

ERK might be a key signaling factor involved. 
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Chapter IV 

 

Effects of intramuscularly delivered rAAV-HGF in the 

nerve crush and SOD1-G93A transgenic mouse models 
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1. Background 

HGF is a multifunctional protein that can suppress liver cirrhosis, promote 

angiogenesis, and regulate the proliferation and differentiation of muscle satellite cells [18, 21, 

87]. In addition, HGF is a neurotrophic factor that it can promote neurogenesis and neural 

induction, attenuate neuronal degeneration, and stimulate axon regrowth [83, 88-92]. When 

HGF binds to its receptor, Met, its intracellular domains involving Tyr1234/1235 of a catalytic 

region and Tyr1349/1356 of a multifunctional docking site are phosphorylated, activating 

multiple signaling pathways such as those of STAT3, ERK-JNK-p38, and PI3K-Akt, 

depending on cell types [23, 25, 29, 30].  

Based on such physiological bioactivities, HGF has been tested for its therapeutic 

effects on a variety of diseases. The first diseases tested were ischemic diseases like critical 

limb ischemia (CLI) and coronary artery disease (CAD). These were followed by 

neurological diseases like diabetic peripheral neuropathy (DPN) and ALS [47-51, 93]. In all 

studies, a plasmid DNA containing the HGF sequence generated highly encouraging results 

without any significant adverse effects, consistent with data from various animal experiments. 

For example, there were signs of improvement in blood flow, neuropathic pain, and nerve 

regeneration in the respective disease models [45, 46, 53, 57, 58]. 

Among the many potential target indications of HGF, I investigated whether HGF 

could be used for several neuromuscular disorders as a neurotrophic factor capable of 

inducing the development, proliferation, and differentiation of neuronal cells [83, 86, 88-91]. 

The Met receptor is present in many cell types involved in this class of pathology: skeletal and 
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smooth muscle cells, neuronal cells, endothelial cells, and Schwan cells, among others [67]. In 

each cell type, the effects of HGF and relevant signaling pathways have been characterized. 

For example, the binding of HGF to the Met receptor activates the PI3K-Akt signaling 

pathway, promoting the migration of smooth muscle cells and maintaining the survival of 

motor neurons [94, 95]. In Schwann cells, HGF has also been shown to activate the ERK 

signaling pathway to promote the remyelination of injured nerves [57]. Additionally, by 

inhibiting the apoptotic death of neurons, HGF has been shown to prevent neuronal 

degeneration and promote axon regrowth [92]. Several studies have also shown that HGF can 

act as an axonal chemoattractant in vitro, promoting the survival of SMNs [78-80].  

In addition to the effects exerted by IT delivery of rAAV1-HGF in two mouse 

models, it was also tested whether IM delivery of rAAV-HGF could generate therapeutic 

effects in the same models. The sciatic nerve crush model has been widely used when 

studying a variety of neurodegenerative diseases, since injured nerves undergo Wallerian 

degeneration followed by consecutive regenerative processes. Moreover, it has been well 

established that injury signals are transmitted from axons to the soma, resulting in the 

activation of regeneration-associated genes [96]. In the case of ALS, for example, the miRNA-

206-HDAC4 cascade is important in the regeneration of the synapses of neuromuscular 

junctions, both in the sciatic nerve crush and SOD1-G93A TG mouse models [74].  

About 20% of patients with fALS are known to develop mutations in SOD1, an 

enzyme that promotes the degradation of superoxide. This study used the SOD1-G93A TG 

mouse model, the most commonly used mouse model for ALS [55]. This model was 
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generated by overexpressing a mutant form of the SOD1 gene, in which the 93rd glycine (G) 

of the human SOD1 gene was changed to alanine (A). Excessive oxidative stress accumulates 

within the cell as a result, selectively killing motor neurons in the CNS. It has been reported 

that SOD1-G93A TG mice show phenotypes similar to ALS patients. For example, the blood-

spinal cord barrier is damaged and the number of pericytes is reduced [97]. In an effort to treat 

ALS, the effects of a number of growth factors including BDNF, GDNF, IGF-1, VEGF, and 

G-CSF have been tested in the SOD1-G93A TG mouse model [98-102]. In the same context, 

the effects of IM delivery of rAAV-HGF were tested in these two mouse models for 

neuromuscular diseases—the sciatic nerve crush and SOD1-G93A TG mouse models. 

 

2. Results 

2.1. Determining the optimal AAV serotype for intramuscular injection 

The goal of this study was to investigate the effect of relatively long-term stable 

gene expression of HGF in neuromuscular disease models. I first sought to identify a suitable 

AAV serotype for IM gene delivery. I compared the expression levels of hHGF proteins from 

4 different serotypes, rAAV-1, -2, -5, and -6, after injecting 3.12x108 GC of rAAV-HGF into 

the TA. The TA was collected 2 weeks later, followed by ELISA specific for hHGF. It was 

observed that rAAV6-HGF produced the highest amount of hHGF (252.91 ± 70.06 ng/mg) 

(Figure IV-1). Much lower levels of hHGF were detected in other serotypes, 63.29 ± 34.16 

ng/mg for rAAV1-HGF, 0.95 ± 0.09 ng/mg for rAAV2-HGF, and 193.12 ± 40.34 ng/mg for 

rAAV5-HGF. The spinal cord is the hub where injury signals converge followed by  
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Figure IV-1. ELISA for hHGF after IM injection of rAAV-HGF. 

3.12x108 GC of rAAV1, 2, 5, or 6-HGF were intramuscularly injected into C57BL/6 mice at 

postnatal day 60 (P60). The TA was collected and total proteins were isolated 2 weeks after 

injection, followed by ELISA specific for human HGF (hHGF).  
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subsequent transcriptional regulations [96, 103]. So it was checked which of the 4 different 

serotypes of rAAV could be retrogradely transported to the spinal cord when injected into the 

TA. Since it was difficult to detect hHGF with immunofluorescent assay, 4.12x108 GC of each 

serotype of rAAV-GFP were injected into the TA, and 7 days later, the lumbar spinal cord was 

collected and subjected to IHC assay. As shown in Figure IV-2, mice injected with rAAV 

serotype 2 and 6 showed distinct GFP signals in the longitudinal section of the lumbar spinal 

cord, whereas other serotypes did not produce any positive signals. Combined with the data 

from IHC assay, rAAV serotype 6 not only moved to the spinal cord, but also produced the 

largest amount of hHGF proteins when intramuscularly introduced. rAAV6-HGF was 

therefore chosen for further experiments. 

 

2.2. Kinetics of HGF expression from rAAV6-HGF 

 To examine time kinetics of HGF expression from rAAV6-HGF, 3.12x108 GC of 

rAAV6-HGF were injected into the TA, and the TA was collected 1, 2, 4, 8, and 16 weeks later 

followed by ELISA specific for hHGF. The expression level of hHGF was 31.73 ± 8.5 ng/mg 

at week 1, thereafter gradually increasing to 45.65 ± 19.14 ng/mg at week 2, 97.18 ± 33.32 

ng/mg at week 4, 143.84 ± 53.07 at week 8, and 184.3 ± 72.61 ng/mg at week 16 (Figure IV-

3). Despite high levels and long-term expression of HGF in the muscle, hHGF proteins were 

not detectable in the serum (Figure IV-4).  
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Figure IV-2. 2nd GFP expression in the lumbar spinal cord from different AAV 

serotypes.  

At P60, 4.12x108 GC of rAAV-GFP were injected into the TA of C57BL/6 mice. Seven days 

later, the lumbar spinal cord was collected followed by IHC using an antibody specific to GFP 

(green). Scale bar: 200 µm in (A). 
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Figure IV-3. Kinetics of HGF expression from rAAV6-HGF. 

3.12x108 GC of rAAV6-HGF were intramuscularly injected into 2-month-old C57BL/6 mice. 

The TA was collected 1, 2, 4, 8, and 16 weeks after IM injection and subjected to ELISA for 

hHGF. Values are represented as mean ± SEM. 
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Figure IV-4. Levels of hHGF in the TA and serum.  

3.12x108 GC of rAAV6-HGF were injected into the TA of C57BL/6 mice. Two weeks later, 

the TA and serum were collected followed by ELISA. Protein extracts from the TA of rAAV6-

HGF-injected mice were used as a positive control, while rAAV-C lacking the HGF sequence 

was used as a negative control. ND: not detectable. Values are represented as mean ± SEM. 
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2.3. Effects of rAAV6-HGF in the sciatic nerve crush and SOD1-G93A transgenic 

mouse models 

2.3.1. Effects of IM delivery of rAAV6-HGF in the sciatic nerve crush model 

Effects of intramuscularly delivered rAAV6-HGF were first examined in the sciatic 

nerve crush mouse model. When peripheral nerves are injured, the skeletal muscles start to 

waste away, and atrophied muscles exhibit a decreased CSA [104-106]. Therefore, 2 weeks 

after the nerve injury, the CSA of the TA was measured using Fiji software following H&E 

staining (Figure IV-5). Compared with the sham group to which the injury was not induced, 

mean CSA was decreased by 57.12% from 2550.24 ± 99.67 μm2 to 1093.63 ± 33.18 μm2 

when injected with rAAV-C, a control vector lacking the HGF sequence (Figure IV-6). The 

proportion of muscle fibers having low CSA was increased, while that of muscle fibers having 

high CSA was decreased (Figure IV-5, 6). When injected with rAAV6-HGF, however, the 

proportion of muscle fibers with CSA ranging from 500 μm2 to 1500 μm2 was decreased, 

while that of larger fibers (from 1500 μm2 to 3000μm2) was increased. Moreover, rAAV6-

HGF increased mean CSA by 59.13%, compared to the control group (Figure IV-7). These 

results suggested that intramuscularly delivered rAAV-HGF could facilitate restoration of 

muscle histology.  

It was also tested whether rAAV-HGF could promote regeneration of sensory and 

motor neurons following sciatic nerve injury, first by performing von Frey filament test. Two 

weeks after the nerve injury, the frequency of paw withdrawal in response to von Frey 

filaments was increased 7.67-fold from 5 ± 2.89% to 38.33 ± 4.01% in the control group  
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Figure IV-5. Representative image of the TA analyzed by H&E staining. 

Nerve crush was introduced to C57BL/6 mice at P60, and 3.12x108 GC of rAAV6-HGF were 

injected into the TA immediately after injury. The TA was collected 14 days after injection. 

Nerve injury was not induced in the sham group. Scale bar: 200 µm in (A). 
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Figure IV-6. Distribution of different CSAs of the TA. 

Nerve crush was introduced to C57BL/6 mice at P60, and 3.12x108 GC of rAAV6-HGF were 

injected into the TA immediately after injury. The TA was collected 14 days after injection. 

Nerve injury was not induced in the sham group. The size of muscle fibers on 500 µm2 

interval was determined, and then the percentage distribution was calculated. At least 300 

individual muscle fibers were assessed for each mouse. For statistical analysis, two-way 

ANOVA was performed, followed by Tukey’s post-hoc test. **p < 0.005, ***p < 0.001, and ****p 

< 0.0001. 
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Figure IV-7. Mean CSA of the TA. 

Nerve crush was introduced to C57BL/6 mice at P60, and 3.12x108 GC of rAAV6-HGF were 

injected into the TA immediately after injury. The TA was collected 14 days after injection. 

Nerve injury was not induced in the sham group. The mean CSA was calculated. For 

statistical analysis, one-way ANOVA was performed, followed by Tukey’s post-hoc test. ****p 

< 0.0001. 
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(Figure IV-8). When injected with rAAV6-HGF, however, it was decreased by 47.83% to 20 

± 5.16%, indicating that the degree of mechanical allodynia was lowered by IM injection of 

rAAV6-HGF. 

Effects of rAAV6-HGF on regeneration of peripheral nerves were then evaluated 

using the neve pinch test. Seven days after the nerve injury, the length of regenerated axons 

was 1.38 ± 0.39 mm in the control group, while it was increased 2.3-fold to 3.17 ± 0.31 mm in 

the rAAV6-HGF group (Figure IV-9).  

To test the motor functions, the rotarod test was performed for 14 days following the 

nerve injury. When the nerve injury was introduced, mean latency to fall off the rotating rod at 

day 3 was decreased 7.01- to 8.46-fold, when compared with the sham group (Figure IV-10). 

When rAAV6-HGF was intramuscularly injected, however, rotarod performance at day 14 

was significantly increased 2.43-fold when compared to the control group. These results 

suggested that rAAV6-HGF could not only promote axonal regeneration, but also facilitate 

functional recovery of sensory and motor neurons. 

 

2.3.2. Effects of IM delivery of rAAV6-HGF in the SOD1-G93A transgenic mouse model 

Since rAAV6-HGF has been shown to effectively protect the motor neurons and the 

muscles in the nerve crush model, the effect of intramuscularly injected rAAV6-HGF was also 

tested in the SOD1-G93A TG mouse model, one of the most frequently used mouse models 

for ALS. To test if IM injection of rAAV6-HGF indeed produced reasonable amounts of  
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Figure IV-8. Withdrawal frequency of hind paw as measured by von Frey filament test 

after IM injection of rAAV6-HGF. 

At P60, nerve crush was introduced to C57BL/6 mice, and 3.12x108 GC of rAAV6-HGF 

were injected into the TA immediately after injury. A von Frey filament test was performed 

using von Frey filaments 14 days after injection. For statistical analysis, one-way ANOVA was 

performed, followed by Tukey’s post-hoc test. *p < 0.05. ***p < 0.001. 
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Figure IV-9. Response frequency in the nerve pinch test after IM injection of rAAV6-

HGF. 

At P60, nerve crush was introduced to C57BL/6 mice, and 3.12x108 GC of rAAV6-HGF 

were injected into the TA immediately after injury. The nerve pinch test was performed 14 

days after injection. For statistical analysis, Student’s t-test was performed. **p < 0.01. 
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Figure IV-10. Mean latency to fall off the rotarod after IM injection of rAAV6-HGF. 

At P60, nerve crush was introduced to C57BL/6 mice, and 3.12x108 GC of rAAV6-HGF 

were injected into the TA immediately after injury. The rotarod test was performed 3, 7, 10, 

and 14 days after injection. For statistical analysis, two-way ANOVA was performed, 

followed by Tukey’s post-hoc test. *p < 0.05 for rAAV-C vs. rAAV6-HGF. 
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hHGF proteins in this model, 3.12x108 GC of rAAV6-HGF were injected into the TA of 

SOD1-G93A TG mice at postnatal day 90 (P90). At P120, 27.37 ± 11.17 ng/mg of hHGF 

were detectable in the TA of rAAV6-HGF-treated mice (Figure IV-11). This level is 

comparable to that obtained in wild type mice injected with rAAV6-HGF. 

To test the effects of rAAV6-HGF, 3.12x108 GC of rAAV6-HGF were injected into 

each of the 6 muscles including the TA, gastrocnemius (GC), and vastus lateralis (VL) of both 

legs, at P90. I then measured the body weight, limb strengths, neurological score, and survival 

rate for 67 days until P157, and the mass of the TA and GC at P120. IM injection of rAAV6-

HGF did not have significant effects on the body weight and the limb strengths (Figure IV-12, 

13, and 14). However, the mass of the TA and GC was significantly increased by 22.68% and 

26.8%, respectively (Figure IV-15, 16). The increase in the neurological score was delayed in 

the rAAV6-HGF group, albeit not significantly (Figure IV-17). Most interestingly, mean 

survival rate at P142 was increased 4.38-fold in the rAAV6-HGF group, from 14.29% to 

62.5%, when compared with the control group (Figure IV-18). These results suggested that 

intramuscularly delivered rAAV6-HGF might at least partially alleviate disease symptoms and 

increase the survival in this mouse model. 

 

2.4. Regulation of genes involved in muscle atrophy by IM injection of rAAV6-HGF 

 Our data from both the nerve crush and SOD1-G93A TG mouse models indicated 

highly positive effects on muscle cells and subsequent motor functions. We previously 

reported that IM injection of HGF-expressing plasmid could alleviate neurogenic muscle  
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Figure IV-11. HGF expression from rAAV6-HGF in the SOD1-G93A TG mouse model. 

3.12x108 GC of rAAV6-HGF were injected into the TA of SOD1-G93A TG mice at P90. The 

TA was collected at P120, followed by ELISA for hHGF. Values are represented as mean ± 

SEM. 
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Figure IV-12. The body weight of SOD1-G93A TG mice after IM injection of rAAV6-

HGF.  

At P90, 3.12x108 GC of rAAV6-HGF were injected into 6 sites altogether (TA, GC, and VL 

of each leg). The body weight was measured until P157. Values are represented as mean ± 

SEM. 
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Figure IV-13. The forelimb strength of SOD1-G93A TG mice after IM injection of 

rAAV6-HGF.  

At P90, 3.12x108 GC of rAAV6-HGF were injected into 6 sites altogether (TA, GC, and VL 

of each leg). The forelimb strength was measured until P157. Values are represented as mean 

± SEM. 
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Figure IV-14. The hindlimb strength of SOD1-G93A TG mice after IM injection of 

rAAV6-HGF.  

At P90, 3.12x108 GC of rAAV6-HGF were injected into 6 sites altogether (TA, GC, and VL 

of each leg). The hindlimb strength was measured until P157. Values are represented as mean 

± SEM.  
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Figure IV-15. Relative mass of the GC of SOD1-G93A TG mice after IM injection of 

rAAV6-HGF.  

At P90, 3.12x108 GC of rAAV6-HGF were injected into 6 sites altogether (TA, GC, and VL 

of each leg). At P120, the GC was isolated, followed by weight measurement. For statistical 

analysis, Student’s t-tests were performed. *p < 0.05. Values are represented as mean ± SEM. 
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Figure IV-16. Relative mass of the TA of SOD1-G93A TG mice after IM injection of 

rAAV6-HGF.  

At P90, 3.12x108 GC of rAAV6-HGF were injected into 6 sites altogether (TA, GC, and VL 

of each leg). At P120, the TA was isolated, followed by weight measurement. For statistical 

analysis, Student’s t-tests were performed. **p < 0.005. Values are represented as mean ± SEM. 
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Figure IV-17. Mean neurological score of SOD1-G93A TG mice after IM injection of 

rAAV6-HGF.  

At P90, 3.12x108 GC of rAAV6-HGF were injected into 6 sites altogether (TA, GC, and VL 

of each leg). The neurological score was measured until P157. Values are represented as mean 

± SEM. 
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Figure IV-18. The survival rate of SOD1-G93A TG mice after IM injection of rAAV6-

HGF.  

At P90, 3.12x108 GC of rAAV6-HGF were injected into 6 sites altogether (TA, GC, and VL 

of each leg). The survival rate was assessed based on Mantel-Cox and Gehan-Breslow-

Wilcoxon tests. Median survival days were 137 for the rAAV-C group, and 150.5 for the 

rAAV6-HGF group. 
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atrophy by controlling the miR-206-HDAC4 cascade, eventually reducing the expression 

level of atrogenes, MuRF1 and atrogin-1, during the sub-acute stage after nerve injury [107]. 

Therefore, we investigated whether HGF produced from AAV could also improve muscle 

atrophy in the chronic stage after nerve injury by controlling the miR-206-HDAC4 pathway. 

RNA was prepared from the TA of nerve crushed mice at day 14 after injury followed by q-

RTPCR [108]. It was found that the RNA levels of MuRF1 and atrogin-1 decreased, while 

those of miR-206, HDAC4, Myogenin, and MyoD remained unchanged, indicating miR-206 

played little or no role (Figure IV-19, 20). 

There is another pathway regulating the expression of MuRF1 and atrogin-1, in 

which FOXO1 and FOXO3 play critical roles [109]. It was found that the RNA level of 

FOXO1 increased 2.48-fold after nerve injury. When treated with rAAV6-HGF, the RNA 

level of FOXO1 decreased 2.34-fold compared to the rAAV-C group (Figure IV-21). A 

similar trend was also observed with the FOXO3 gene (Figure IV-22). These results 

suggested that HGF from rAAV could improve muscle atrophy by regulating the expression 

of the FOXO families. 
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Figure IV-19. Effects of rAAV6-HGF on the expression of genes related to muscle 

atrophy in the nerve crush model.  

C57BL/6 mice at P60 were intramuscularly injected with 3.12x108 GC of rAAV6-HGF. Total 

RNA was prepared from the TA of nerve crushed mice followed by q-RTPCR. The relative 

expression levels of pri-miR-206, HDAC4, MyoD, and Myogenin are represented as bar 

graphs. Values are represented as mean ± SEM. 
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Figure IV-20. Effects of rAAV6-HGF on RNA expression of the TA in the nerve crush 

model. 

C57BL/6 mice at P60 were intramuscularly injected with 3.12x108 GC of rAAV6-HGF. The 

TA was collected, followed by q-RTPCR analysis. The relative RNA levels of MuRF1 and 

atrogin-1 are represented as bar graphs. For statistical analysis, one-way ANOVA was 

performed, followed by Tukey’s post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure IV-21. Effects of rAAV6-HGF on the level of FOXO1 of the TA in the nerve 

crush model. 

C57BL/6 mice at P60 were intramuscularly injected with 3.12x108 GC of rAAV6-HGF. The 

TA was collected, followed by q-RTPCR analysis. The relative RNA level of FOXO1 is 

represented as a bar graph. For statistical analysis, one-way ANOVA was performed, followed 

by Tukey’s post-hoc test. **p < 0.01, ***p < 0.001. 
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Figure IV-22. Effects of rAAV6-HGF on the level of FOXO3 of the TA in the nerve 

crush model. 

C57BL/6 mice at P60 were intramuscularly injected with 3.12x108 GC of rAAV6-HGF. The 

TA was collected, followed by q-RTPCR analysis. The relative RNA level of FOXO3 is 

represented as a bar graph. 
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3. Discussion 

As in the case of IT gene delivery, I compared the expression levels of hHGF 

proteins from 4 different serotypes of rAAV-HGF after IM injection. Based on the expression 

levels of hHGF proteins in the TA, AAV serotype 6 was chosen for IM delivery. When 

rAAV6-HGF was intramuscularly injected, expression levels of HGF proteins continuously 

increased until 16 weeks after injection. Such an expression profile is particularly useful when 

applied to various neurodegenerative diseases that undergo progressive degeneration of the 

neuronal cells. Nevertheless, potential adverse effects exerted by the sustained expression of 

high levels of HGF proteins should be addressed in further studies. 

When first tested in the nerve crush model, IM injection of rAAV6-HGF was able to 

lower the degree of nociceptive sensitization, improve muscle histology, and facilitate the 

recovery of motor performance. A variety of cell types respond to nerve injury and almost all 

key players contain the Met receptor, so the effects of rAAV6-HGF might have stemmed from 

several different sources. Firstly, HGF may have interacted with the Met receptors present in 

skeletal muscle cells to improve muscle integrity and motor functions. Based on this study and 

our previously published works, HGF expressed from rAAV6-HGF can improve the physical 

structure and functions of muscle, probably through two different pathways, one through the 

miR-206-HDAC4 cascade as previously reported by Choi et al. and the other via the FOXO 

signaling pathway as shown in this study, in which the expression of a variety of muscle 

atrogenes—including FOXO1, MuRF1, and atrogin-1 among others—are regulated by HGF 

[107]. It is worth noting that the HGF-mediated regulation of the FOXO signaling pathway 
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has been studied for endothelial cells, but never in the context of muscle and nerve injury.  

Another possibility is that HGF may have interacted with neuronal cells. HGF could 

reach and interact with sensory neurons to promote axonal outgrowth, or NMJ to affect the 

motor neurons [74, 84]. Alternatively, HGF expressed from rAAV6-HGF might act on glial 

cells in the peripheral nervous system. It was reported that HGF could downregulate the 

expression of pain-related factors in the dorsal root ganglion, change the distribution pattern of 

activated microglia in the spinal cord, and reduce neuropathic pain [58]. In the nerve crush 

model, HGF was shown to interact with receptors in Schwann cells to promote remyelination 

and axon outgrowth [57]. Taken together, HGF expressed from intramuscularly delivered 

AAV has the potential to restore injured nerves and muscles by interacting with key cell types 

involved in the healing or repairing process. 

In the SOD1-G93A TG mouse model, rAAV6-HGF did not improve body weight 

or limb strength, but did increase the weight of skeletal muscle and prolonged the mean 

survival rate from P137 to P150.5. These therapeutic effects likely resulted from HGF’s effects 

on muscle cells and possibly motor neurons via NMJ, as discussed above. Overall, IM 

delivery of the HGF gene seems to be less effective than IT injection, but may be useful to 

relieve symptoms or slow down disease progression. 
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Chapter V 

 

Concluding Remarks 
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In this thesis research, I explored the possibility of delivering the HGF gene by IT or 

IM injection of rAAV vector for neuromuscular diseases using the sciatic nerve crush and 

SOD1-G93A TG mouse models. For IT delivery, AAV serotype 1 was found to most 

effectively deliver and express the transgene in the ventral horn over the course of 16 weeks, 

with peak level achieved at 2 weeks post-injection. In the case of IM injection, rAAV6-HGF 

was the most efficient vehicle, and with this serotype, the expression level of hHGF 

continuously increased for 16 weeks post injection when the experiments had to be completed. 

Despite long-term, high-level expression of HGF in the muscle, however, hHGF was not 

detectable in the serum, consistent with previous publications [45-47, 49, 50].  

Data from IT injection of rAAV1-HGF indicated that exogenous delivery of HGF 

might have regenerative potential and improve symptomatic motor performance in both 

crushed and SOD1-G93A TG mice. Of particular interest was the finding that IT injection of 

rAAV1-HGF could not only facilitate protection of but also delay the degeneration of motor 

neurons. It is known that protein levels of HGF and Met increase in the ventral horn of sALS 

patients at the early stage, while patients with motor neurons defective in HGF or Met are 

more susceptible to disease progression of ALS, being atrophied rapidly. A similar situation is 

observed in SOD1-G93A TG mice. Taken together, HGF can be a strong candidate that may 

be used for developing therapeutics for ALS.  

Improvements in motor functions, NMJ morphology, and the protection of SMNs 

observed in this study could have resulted from 3 sources, as described in chapter III; changes 

in SMNs, in upper motor neurons, or in a combination of both neurons. Our data, together 
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with those from other investigators, suggested that HGF could not only protect damaged 

lower motor neurons, but also exert positive effects on upper motor neurons by facilitating the 

axonal outgrowth by controlling the phosphorylation of ERK as evidenced by results from 

CSMN experiments. Of course, it is also possible that HGF expressed from rAAV1-HGF 

could have affected both spinal and upper motor neurons. 

IM delivery of rAAV expressing hHGF also generated highly encouraging results 

in two mouse models by improving neuromuscular integrity and functions. The effects of 

intramuscularly injected rAAV6-HGF could have several different sources; by interacting 

with the Met receptors present in skeletal muscle cells, neuronal cells, and/or glial cells in the 

peripheral nervous system. There are a bulk of data supporting the involvement of all 3 cell 

types. Our group has shown that HGF can improve the physical structure and functions of 

muscle, through two different pathways, one through the miR-206-HDAC4 cascade as 

previously reported by Choi et al. and the other via the FOXO signaling pathway described in 

this thesis. In addition, HGF can interact with sensory neurons to promote axonal outgrowth, 

or neuromuscular junction (NMJ) to affect motor neurons [74, 84]. Finally, HGF could 

downregulate the expression of CSF-1 in the dorsal root ganglion, and change the distribution 

pattern of activated microglia in the spinal cord as reported by Noh et al. [58]. 

One may argue that IT delivery of rAAV-HGF is much more effective than IM 

injection, so there is no use for the latter. However, IM delivery of HGF can be a very valuable 

tool for a number of neuromuscular diseases. It is a highly convenient delivery method that 

does not require any medical devices or invasive procedures. Since a vast majority of 



138 
 

neuromuscular diseases have unknown causes, IT injection of recombinant viral vectors, 

which is a relatively invasive procedure, may not be considered a primary choice until 

extensive pre-clinical studies have been completed for respective diseases. In the meantime, 

therefore, IM injection of HGF-expressing plasmid DNA or AAV can be used to improve 

related clinical symptoms, ultimately improving patients’ enjoyment of daily activities. 

In conclusion, data shown in this thesis suggested that exogenously added HGF, in 

the form of AAV, could improve behavioral defects, regenerate neurons, and even prolong 

survival in the case of SOD1-G93A TG mice when intrathecally or intramuscularly delivered. 

Taken together, it appears that rAAV expressing HGF may be developed as a novel 

therapeutic agent for various diseases in which upper and lower motor neuron degeneration is 

the major pathologic cause. 
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국문초록 

 

근위축성 측삭 경화증 (ALS)은 운동 신경의 퇴행으로 인해 근력 약화, 

마비, 그리고 결과적으로 호흡 부전이 유발되는 치명적인 신경근 질환이다. 

ALS에 대한 치료법을 개발하기 위해 다양한 화학 물질, 재조합 단백질, 그리고 

유전자 치료법이 개발되었지만, 현재까지 FDA의 승인을 받은 약물은 riluzole과 

edaravone으로 단 두 개뿐이다. 그러나 그들의 치료 효과는 상대적으로 낮으며, 

여전히 이 절망적인 질병의 의학적 해결책에 대한 높은 요구가 존재한다.  

이 연구에서는 간세포 성장 인자 (HGF)의 전달이 신경근 장애가 있는 

두 마우스 모델인 좌골 신경 손상 모델과 SOD1-G93A 형질전환 모델에서 

유익한 효과를 줄 수 있는지 조사했다. HGF는 세포 증식, 혈관 신생, 그리고 

신경 발생과 같은 다양한 세포 활성을 매개하는 것으로 알려진 신경 영양성 

(neurotrophic) 인자이다. HGF 단백질의 장기 발현을 유도하기 위해 HGF 

유전자를 포함한 재조합 아데노 관련 바이러스 (rAAV-HGF)를 이용하였다. HGF 

단백질의 발현 수준과 분포에 기초하여 AAV 혈청형 6을 근육 주사용으로, AAV 

혈청형 1을 척수 강내 주사용으로 선별하였다.  

rAAV-HGF의 효과는 먼저 좌골 신경 손상 모델에서 조사되었다. 

근육으로 전달된 rAAV6-HGF는 기계적 이질통 (mechanical allodynia)의 정도를 

줄이고 경골 전방근 (TA)에서 근육 섬유의 단면적 (CSA)를 증가 시켰으며 운동 

기능을 향상시켰다. 또한 근육에 주사한 rAAV6-HGF는 ALS에 가장 일반적으로 
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사용되는 마우스 모델인 SOD1-G93A 형질전환 모델에서 질병 증상을 

완화시켰다. 한편, rAAV1-HGF의 척수 강내 주사는 마우스의 뒷다리 힘과 

로타로드 (rotarod) 성능을 향상 시켰으며, 조직학적 분석을 통해 재생된 말초 

신경의 길이가 증가하고 신경근 접합부 (NMJ)의 구조가 회복된 것을 

관찰하였다. 또한 rAAV1-HGF가 마우스의 운동 기능을 향상시키고 생존율을 

증가시킬 뿐만 아니라, 척수 운동 뉴런 (SMN)의 수를 증가시키고 NMJ의 

모양을 복원시킬 수 있음이 관찰되었다. 

시험 관내 (in vitro) 운동 피질 배양 (motor cortical culture) 실험에서 

나타난 바와 같이 재조합 HGF 단백질 (rHGF)의 처리는 피질척수 운동 뉴런 

(CSMN)의 축삭 길이를 증가시켰다. ERK에 대한 억제제를 처리했을 때 축삭 

신장 (axon elongation), 단백질 응집, 그리고 산화 스트레스에 대한 HGF의 

영향이 억제되었는데, 이는 ERK의 인산화가 운동 신경의 보호에 중요한 

역할을 할 수 있음을 의미한다. 

종합하면 HGF 유전자는 ALS에 대한 치료제를 개발하기 위한 좋은 

시작점으로 보이며, 특히 재조합 AAV 벡터는 유용한 유전자 전달 수단이 될 수 

있을 것이다. 

 

핵심어: 근위축성 측삭 경화증, 아데노 관련 바이러스, 간세포 성장 인자, 

피질척수 운동 뉴런, 산화 스트레스 

학번: 2015-22640 
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