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Abstract  

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurological disorder caused by the selective 

degeneration of upper and lower motor neurons, for which there are currently no effective 

treatments. 10% of ALS cases are familial, of which 15-20% are caused by mutations in the 

copper/zinc superoxide dismutase gene (SOD1). The primary triggers for motor neuron 

degeneration in ALS are unknown, but research in patients and SOD1 models has revealed 

several mechanisms which may contribute. These include: oxidative stress, mitochondrial 

abnormalities, inflammation and protein aggregation. This study focused on the pre-clinical 

testing of two-potential therapeutics for ALS in the SOD1
G93A

 murine model of the disease; 

metformin, an anti type II diabetes drug which has been shown to have anti-inflammatory and 

anti-oxidant properties and the ability to bring about mitochondrial biogenesis, and trehalose, 

a chemical chaperone and enhancer of autophagy, which has been shown to reduce protein 

misfolding and aggregation. We performed an initial study in which oral metformin 

administration from 35 days increased the survival of functional motor units in the hindlimbs 

of male and female SOD1
G93A

 mice at 100 days. Consequently we performed a dose-response 

survival study in SOD1
G93A

 mice with longitudinal monitoring of weight and neurological 

score. Surprisingly, metformin had no effect in males and brought about a dose-dependent 

negative effect on the onset of neurological symptoms and on disease progression in females. 

We hypothesise this negative effect may have resulted from a metformin-induced reduction 

in oestrogen production. Oral trehalose administration was tested using the same survival 

study format. Although trehalose treatment brought about a dose-dependent delay in weight-

loss in males, it had no effect on the onset or progression of neurological symptoms or on 



3 

 

survival in male or female mice. We conclude that neither metformin nor trehalose represent 

strong candidates for clinical trial in ALS patients when administered orally.  



4 

 

Table of Contents  

Abstract ...................................................................................................................................... 2 

List of Figures .......................................................................................................................... 16 

List of Tables ........................................................................................................................... 19 

Declaration of originality ......................................................................................................... 21 

List of abbreviations ................................................................................................................ 22 

Acknowledgements .................................................................................................................. 24 

1. Introduction .......................................................................................................................... 25 

1.1 Amyotrophic Lateral Sclerosis (ALS)............................................................................ 25 

1.2 Genetics of ALS ............................................................................................................. 26 

1.2.1 Familial ALS caused by mutations in copper/zinc superoxide dismutase 1 ........... 27 

1.3 Commonly used murine models of SOD1-related ALS pathology................................ 29 

1.3.1 SOD1
G93A

 mice ........................................................................................................ 30 

1.3.1.1 The effect of transgene copy number on pathology in SOD1
G93A

 mice ........... 30 

1.3.1.2 The timeline of pathology in high copy SOD1
G93A

 mice.................................. 31 

1.3.2 SOD1
G37R

 mice ........................................................................................................ 35 

1.3.3 SOD1
G85R

 mice ........................................................................................................ 35 

1.4 Toxic processes that may contribute to motor neuron degeneration in ALS ................. 38 

1.4.1 Inflammation and the non-cell autonomous nature of ALS .................................... 40 

1.4.1.1 Functions of microglia, astrocytes in the CNS ................................................. 40 



5 

 

1.4.1.2 Glial activation in ALS ..................................................................................... 42 

1.4.1.3 Mechanisms by which reactive microglia may contribute to ALS pathology .. 44 

1.4.1.4 Mechanisms by which reactive astrocytes may contribute to ALS pathology . 46 

1.4.1.6 Schwann cells in ALS ....................................................................................... 48 

1.4.1.6 Oligodendrocytes and NG2
+
 cells in ALS ........................................................ 49 

1.4.2 Protein misfolding and aggregation in ALS ............................................................ 50 

1.4.2.1 Misfolding and aggregation of SOD1 in familial ALS ..................................... 50 

1.4.2.1.1 Induction of endoplasmic reticulum stress ................................................. 51 

1.4.2.1.2 Impairment of axonal transport .................................................................. 54 

1.4.2.1.3 Cellular degradation pathways for misfolded/aggregated mutant SOD1 ... 56 

1.4.2.1.4 Toxicity associated with secretion of misfolded mutant SOD1 by motor 

neurons ...................................................................................................................... 58 

1.4.2.1.4 Does SOD1 misfold and aggregate in ALS patients whose pathology is not 

caused by mutations in SOD1? ................................................................................. 59 

1.4.2.2 TDP-43 and FUS aggregation in ALS and relationship between ALS and 

Frontotemporal Dementia (FTD) .................................................................................. 61 

1.4.3 Mitochondrial abnormalities in ALS ....................................................................... 66 

1.4.3.1 Direct effects of mutant SOD1 on mitochondria .............................................. 66 

1.4.3.2 Oxidative stress and defective oxidative phosphorylation in ALS patients and 

models ........................................................................................................................... 68 

1.4.3.3 Impaired calcium buffering............................................................................... 70 

1.4.3.4 Altered mitochondrial morphology and distribution ........................................ 70 



6 

 

1.4.3.5 Mitochondrial apoptosis in ALS ....................................................................... 72 

1.4.3.6 Hypermetabolism in ALS ................................................................................. 73 

1.4.4 ALS genetics............................................................................................................ 75 

1.4.4.1 An update on mutations identified in familial and sporadic ALS .................... 75 

1.4.4.2 Convergent and divergent pathways in familial and sporadic ALS ................. 80 

1.5 Development of therapeutics for ALS ........................................................................... 83 

1.5.1 Therapeutics previously tested in mutant SOD1 murine models of ALS. .............. 83 

1.5.2 The disparity between preclinical and clinical results for potential ALS 

therapeutics. ...................................................................................................................... 85 

1.5.3 Therapeutic strategies currently under investigation in the ALS clinic .................. 87 

1.5.3.1 Anti-glutamatergic strategies ............................................................................ 88 

1.5.3.2 Targeting protein misfolding and accumulation ............................................... 88 

1.5.3.3 Knockdown of mutant SOD1 proteins .............................................................. 89 

1.5.3.4 Improving/maintaining mitochondrial function ................................................ 90 

1.5.3.5 Administration of growth factors. ..................................................................... 91 

1.5.3.6 Targeting the muscles of ALS patients ............................................................. 93 

1.6 Specific aims of this thesis ............................................................................................. 93 

1.6.1 Metformin ................................................................................................................ 95 

1.6.2 Trehalose ................................................................................................................. 98 

2. Materials and Methods ....................................................................................................... 101 

2.1 Materials ....................................................................................................................... 101 



7 

 

2.1.1 Reagents................................................................................................................. 101 

2.1.2 Kits......................................................................................................................... 103 

2.1.3 Antibodies .............................................................................................................. 103 

2.1.3.1 Primary antibodies .......................................................................................... 103 

2.1.3.2 Secondary antibodies ...................................................................................... 103 

2.1.4 Equipment .............................................................................................................. 104 

2.2 Methods ........................................................................................................................ 104 

2.2.1 Solutions ................................................................................................................ 104 

2.2.1.1 Genotyping ...................................................................................................... 104 

2.2.1.1.1 10x Stock of Ear Homogenisation Buffer ................................................ 104 

2.2.1.1.2 6X Stock of DNA gel loading buffer (10ml) ........................................... 105 

2.2.1.1.3 5X Stock of TBE Buffer (1 litre) ............................................................. 106 

2.2.1.2 Immunohistochemistry ................................................................................... 106 

2.2.1.2.1 4% paraformaldehyde (PFA) (1 litre) ...................................................... 106 

2.2.1.2.2 Gelatin solution for embedding spinal cords (1 litre) .............................. 106 

2.2.1.2.3 Nissl Stain (500ml) .................................................................................. 107 

2.2.2 Animals .................................................................................................................. 107 

2.2.2.1 SOD1 
G93A 

mouse breeding and maintenance ................................................. 107 

2.2.2.2 Genotyping of SOD1
G93A

 transgenic mice. ..................................................... 108 

2.2.2.3 Assessment of potential variations in copy number in SOD1
G93A

 transgenic 

mice. ............................................................................................................................ 110 



8 

 

2.2.2.3.1 Quantitative PCR for assessment of potential variations in copy number-

background .............................................................................................................. 110 

2.2.2.3.2 Quantitative –PCR protocol for assessment of potential variations in copy 

number in SOD1
G93A

 mice ...................................................................................... 111 

2.2.3 SOD1
G93A

 mouse treatment protocols ................................................................... 114 

2.2.3.1 Metformin electrophysiology study ................................................................ 114 

2.2.3.2 Metformin dose-response survival study ........................................................ 115 

2.2.3.2.1 Experimental groups ................................................................................ 115 

2.2.3.2.2 Metformin treatment regime .................................................................... 115 

2.2.3.3 Metformin blood collection study ................................................................... 116 

2.2.3.4 Trehalose dose-response survival study.......................................................... 116 

2.2.3.4.1 Experimental groups ................................................................................ 116 

2.2.3.4.2 Trehalose treatments ................................................................................ 117 

2.2.3.5 Trehalose spinal cord histology experiment ................................................... 118 

2.2.4 In vivo electrophysiology ...................................................................................... 119 

2.2.4.1 Surgical preparation for in vivo electrophysiology ........................................ 119 

2.2.4.2 Measurement of TA and EDL maximum and specific forces ........................ 119 

2.2.4.3 Measurement of motor unit number ............................................................... 120 

2.2.4.4 Fatigue test ...................................................................................................... 121 

2.2.4.5 Tissue collection following in vivo electrophysiology ................................... 122 

2.2.4.6 Statistical analyses for metformin in vivo electrophysiology experiments .... 122 



9 

 

2.2.5 Dose-response survival studies in SOD1
G93A

 mice ............................................... 123 

2.2.5.1 Cage conditions, food and water ..................................................................... 123 

2.2.5.2 Analysis of disease onset, progression and survival ....................................... 124 

2.2.5.2.1 Neurological Score ................................................................................... 124 

2.2.5.2.2 Body Weight ............................................................................................ 125 

2.2.5.2.3 Survival .................................................................................................... 125 

2.2.5.3 Graphical representation of data and statistical analyses ................................ 125 

2.2.6 Mouse spinal cord extraction and preparation for cryosectioning ........................ 127 

2.2.7 Histological analysis of trehalose-treated SOD1
G93A

 mouse spinal cords ............. 128 

2.2.7.1 Cryosectioning and immunostaining for trehalose survival study .................. 128 

2.2.7.2 Quantification of USOD positive motor neurons and surviving motor neurons 

in the sciatic motor pool of trehalose-treated mice ..................................................... 129 

2.2.8 17β-oestradiol radioimmunoassay (RIA) .............................................................. 130 

2.2.8.1 Radioimmunoassay principles ........................................................................ 131 

2.2.8.2 Chemicals and reagents ................................................................................... 132 

2.2.8.3 Assay protocol ................................................................................................ 133 

3.1 Metformin electrophysiology study ................................................................................. 135 

3.1 Introduction .................................................................................................................. 135 

3.2 Methods and n-numbers ............................................................................................... 137 

3.3 Results .......................................................................................................................... 139 

3.3.1 Assessment of potential variations in copy number .............................................. 139 



10 

 

3.3.2 The effect of metformin treatment on the weights of SOD1
G93A 

and WT mice 

between 55 and 99 days of age. ...................................................................................... 143 

3.3.3 Functional motor unit measurements .................................................................... 148 

3.3.3.1 SOD1
G93A 

EDL muscles have significantly fewer motor units than their WT 

counterparts at 100 days.............................................................................................. 148 

3.3.3.2 Metformin treatment brought about a significant preservation of motor units in 

SOD1
G93A

 male EDL muscles and SOD1
G93A

 female TA muscles. ........................... 151 

3.3.3.3 Metformin treatment did not affect motor unit number in WT mice. ............. 155 

3.3.4 Maximal force and specific force measurements .................................................. 157 

3.3.4.1 The TA and EDL muscles of SOD1
G93A

 mice are significantly weaker than 

those of WT mice at 100 days. .................................................................................... 157 

3.3.4.2 Metformin treatment did not increase the maximal or specific forces of 

SOD1
G93A

 - TA and EDL muscles. ............................................................................. 162 

3.3.4.3 Metformin treatment significantly increased the maximal and specific forces of 

WT female EDL but not TA muscles and had no effect on WT male muscles. ......... 165 

3.3.5 Muscle fatigability measurements ......................................................................... 168 

3.3.5.1 SOD1 EDL muscles are significantly more resistant to fatigue than WT EDL 

muscles at 100 days of age. ......................................................................................... 168 

3.3.5.2 Metformin treatment brought about a significant increase in the resistance to 

fatigue of male SOD1
G93A 

EDL muscles. ................................................................... 171 

3.3.5.3 Metformin treatment did not significantly increase the resistance to fatigue of 

WT EDL muscles at 100 days of age, despite a trend towards this effect. ................. 173 



11 

 

3.4 Discussion .................................................................................................................... 175 

3.4.1 Conclusions drawn from control data .................................................................... 175 

3.4.2 The effect of metformin treatment on disease severity in SOD1G93A mice at 100 

days of age. ..................................................................................................................... 182 

4. Metformin dose-response survival study ........................................................................... 187 

4.1 Introduction .................................................................................................................. 187 

4.2 Results .......................................................................................................................... 194 

4.2.1 Assessment of potential variations in transgene copy number .............................. 194 

4.2.2Metformin treatment had no effect on disease onset, progression or survival in male 

mice. ............................................................................................................................... 197 

4.2.2.1 N-numbers, weight balancing and non-ALS deaths in male mice.................. 197 

4.2.2.2 Effect of metformin on body weight, disease onset and disease progression in 

male SOD1
G93A

 mice. ................................................................................................. 197 

4.2.2.3 Effect of metformin on the definitive onset of neurological disease and the 

change in neurological score over time in male SOD1
G93A

 mice. .............................. 201 

4.2.2.4 Effect of metformin on survival in male mice ................................................ 201 

4.2.3 Metformin treatment negatively affected disease onset and progression in female 

mice in a dose-dependent fashion. .................................................................................. 203 

4.2.3.1 N-numbers, weight balancing and non-ALS deaths in female mice .............. 203 

4.2.3.2 Effect of metformin on body weight, disease onset and disease progression in 

female SOD1
G93A

 mice. .............................................................................................. 203 



12 

 

4.2.3.3 Effect of metformin on the definitive onset of neurological disease and the 

change in neurological score over time in female SOD1
G93A

 mice. ........................... 207 

4.2.3.4 Effect of metformin on survival in female mice ............................................. 207 

4.2.4 Effect of metformin on survival in female mice .................................................... 209 

4.4 Discussion .................................................................................................................... 215 

5. Trehalose Survival Study ................................................................................................... 221 

5.1 Introduction .................................................................................................................. 221 

5.2 Results .......................................................................................................................... 227 

5.2.1 Copy number variations ......................................................................................... 227 

5.2.2 Trehalose treatment had no effect on the onset of neurological symptoms, disease 

progression or survival in male mice but brought about a dose-dependent delay in weight 

loss. ................................................................................................................................. 227 

5.2.2.1 N-numbers, weight balancing and non-ALS deaths in male mice.................. 227 

5.2.2.2 Effect of trehalose on body weight, disease onset and disease progression in 

male SOD1
G93A

 mice. ................................................................................................. 227 

5.2.2.3 Effect of trehalose on the definitive onset of neurological disease and the 

change in neurological score over time in male SOD1
G93A

 mice. .............................. 231 

5.2.2.4 Effect of trehalose on survival in male mice .................................................. 231 

5.2.3 Trehalose treatment had no effect on disease onset, progression or survival in 

female mice. .................................................................................................................... 233 

5.2.3.1 N-numbers, weight balancing and non-ALS deaths in female mice .............. 233 



13 

 

5.2.3.2 Effect of trehalose on body weight, disease onset and disease progression in 

female SOD1
G93A

 mice. .............................................................................................. 234 

5.2.3.3 Effect of trehalose on the definitive onset of neurological disease and the 

change in neurological score over time in female SOD1
G93A

 mice. ........................... 237 

5.2.3.4 Effect of trehalose on survival in female mice ............................................... 237 

5.2.4 Trehalose treatment did not reduce the amount of misfolded/aggregated SOD1 in 

the spinal cords of male or female SOD1
G93A

 mice........................................................ 239 

(A and B) representative ChAT (brown)/ Nissl (blue)-stained sections from the ventral 

horns (lumbar region, L4) of (A) a 75 day old WT mouse and (B) a 75 day old SOD1G93A 

mouse. ChAT staining within motor neurons of WT mice (A) was found to be present 

throughout the cytoplasm and nicely overlaid with Nissl whereas ChAT staining within the 

motor neurons of 75 day old SOD1G93A mice (B) was less uniform and often punctuate in 

nature (solid arrows). Scale bar in (A) applies to both (A) and (B) and represents 100µm.  

(C and D) graphs showing the mean numbers of ChAT/Nissl positive motor neurons 

counted in equivalent sections L3-L5 in control and 5% trehalose-treated male SOD1G93A 

mice (C) and in control and 5% trehalose-treated female SOD1G93A mice (D). Error bars 

in (C) and (D) represent standard error of the mean (SEM). n=3 SOD1G93A males, n=4 

SOD1G93A females, n=4 trehalose-treated SOD1G93A males and n=5 trehalose- treated 

SOD1G93A females. No significant differences were seen between control and trehalose-

treated SOD1G93A males or between control and trehalose-treated SOD1G93A females by 

Mann-Whitney test (Table 16). The threshold for significance was set at P<0.05.  Note: 

clearly degenerating motor neurons showing vacuolation and faint Nissl/ChAT staining 

(broken arrow in B) were included in motor neuron counts as these were often the motor 

neurons in which USOD staining was observed. ............................................................... 244 



14 

 

5.3 Discussion .................................................................................................................... 245 

6. Future directions ................................................................................................................ 256 

6.1 Continuation of work performed in this thesis ............................................................. 256 

6.1.1 Experiments to establish potential reasons for the lack of benefit of oral metformin 

treatment in SOD1
G93A

 mice ........................................................................................... 259 

6.1.2 Further experiments to establish potential reasons for the lack of benefit of oral 

trehalose treatment in SOD1
G93A

 mice ........................................................................... 263 

6.1.2.1 Re-counting USOD positive motor neurons in SOD1
G93A

 spinal cords using a 

system accounting for USOD distribution and intensity within motor neurons ......... 263 

6.1.2.2 Investigating the autophagy system in the motor neurons of SOD1
G93A

 mice265 

6.1.2.3 Investigating the levels of trehalose in the spinal cords of trehalose treated and 

control SOD1
G93A

 mice. .............................................................................................. 267 

6.2 Future perspectives for the development of effective therapeutics for ALS................ 273 

6.4 Overall conclusions ...................................................................................................... 285 

7. Appendices ......................................................................................................................... 286 

7.1 Appendix 1: Summary of therapies tested to date in mutant SOD1-based murine 

models of ALS ................................................................................................................... 286 

7.2 Appendix 2. Optimising survival studies in SOD1
G93A

 mice ....................................... 303 

7.2.1 The requirement to address animal husbandry and welfare issues when performing 

survival studies in SOD1
G93A

 mice. ................................................................................ 303 

7.2.2 Minimising fighting between male mice ............................................................... 304 



15 

 

7.2.3 Employing the ALSTDI neurological scoring system .......................................... 308 

7.2.3.1 Establishing the difference between a score of 0 and a score of 1 ................. 308 

7.2.3.2 Determining the existence of toe curling in SOD1
G93A

 mice non-invasively. 312 

7.2.3.3 Determining the humane end stage of SOD1
G93A

 mice in conditions that are 

relevant to the home cage environment. ..................................................................... 313 

7.2.4 Changing bedding and enrichment conditions to accommodate advancing 

pathology in SOD1
G93A

 mice. ......................................................................................... 313 

7.2.5 The correct time to introduce long sipper tubes and a mashed diet in survival 

studies in SOD1
G93A

 mice. .............................................................................................. 317 

7.2.6 Eye problems in SOD1
G93A

 mice at late symptomatic time points. ...................... 320 

7.2.7 Separating SOD1
G93A 

mice at late symptomatic time points from healthier cage 

mates to prevent over grooming and hindlimb mutilation. ............................................ 323 

7.2.7 The importance of twice daily checks in survival studies in SOD1
G93A

 mice at late 

symptomatic time points. ................................................................................................ 324 

7.2.8 Optimising the humane end point used for SOD1
G93A

 mice in survival studies. .. 325 

7.2.9 Optimal husbandry for survival studies in SOD1
G93A

 mice ...................................... 327 

7.3 Appendix 3. Potential method for assessing the ability of orally administered trehalose 

to reach the CNS. ............................................................................................................... 329 

 



16 

 

List of Figures 

Figure 1: Time course of clinical and neuropathological events in high copy number 

transgenic SOD1
G93A

 mice (adapted from Turner and Talbot 2008, Figure 2). ...................... 33 

Figure 2: Proposed mechanisms of toxicity in SOD1-mediated ALS (Adapted from Ilieva et 

al., 2009, Figure 1) ................................................................................................................... 39 

Figure 3: Comparison of the weights of WT and SOD1
G93A

 mice between 55 and 99 days of 

age. ......................................................................................................................................... 145 

Figure 4: The effect of metformin treatment on the weight of SOD1
G93A

 mice between 55 and 

99 days of age. ....................................................................................................................... 146 

Figure 5: The effect of metformin treatment on the weight of WT mice between 55 and 99 

days of age. ............................................................................................................................ 147 

Figure 6: Typical traces recorded for motor unit assessment protocol in WT and SOD1
G93A

 

male EDL muscles at 100 days of age. .................................................................................. 149 

Figure 7: Comparison of the number of functional motor units in the EDL muscles of 

SOD1
G93A

 mice and WT mice at 100 days. ........................................................................... 150 

Figure 8: Typical traces recorded for motor unit assessment protocol in WT and metformin 

treated and untreated SOD1
G93A 

male EDL muscles at 100 days of age. .............................. 152 

Figure 9: Comparison of the number of functional motor units in the EDL muscles of 

metformin treated and untreated SOD1
G93A

 mice at 100 days. .............................................. 153 

Figure 10: Comparison of the number of functional motor units in the TA muscles of 

metformin treated and untreated SOD1
G93A

 mice at 100 days. .............................................. 154 

Figure 11: Comparison of the number of functional motor units in the EDL muscles of 

metformin-treated and untreated WT mice at 100 days. ........................................................ 156 



17 

 

Figure 12: Comparison of the maximal forces of the right TA and EDL muscles of (A) male 

and (B) female, WT and SOD1
G93A

 mice at 100 days of age. ............................................... 159 

Figure 13: Comparison of the specific forces of the right TA and EDL muscles of WT and 

SOD1
G93A

 mice at 100 days of age. ....................................................................................... 160 

Figure 14: Comparison of the maximal forces of the right TA and EDL muscles of (A) male 

and (B) female metformin-treated and control SOD1
G93A

 mice at 100 days of age. ............. 163 

Figure 15: Comparison of the specific forces of the right TA and EDL muscles of metformin-

treated and untreated SOD1
G93A

 mice at 100 days of age. ..................................................... 164 

Figure 16: Comparison of the maximal forces of the right TA and EDL muscles of (A) male 

and (B) female metformin-treated and untreated WT mice at 100 days of age. .................... 166 

Figure 17: Comparison of the specific forces of the right TA and EDL muscles of metformin-

treated and untreated WT mice at 100 days of age. ............................................................... 167 

Figure 18: Typical fatigue traces for the EDL muscles of SOD1
G93A 

mice and WT mice at 100 

days. ....................................................................................................................................... 169 

Figure 19: Comparison of the fatigue index of the right EDL muscles of SOD1
G93A

 mice and 

WT mice at 100 days. ............................................................................................................ 170 

Figure 20: Comparison of the fatigue index of the right EDL muscles of metformin-treated 

and untreated SOD1
G93A

 mice at 100 days. ........................................................................... 172 

Figure 21: Comparison of the fatigue index of the right EDL muscles of metformin-treated 

and untreated WT mice at 100 days. ...................................................................................... 174 

Figure 22: Effect of metformin on body weight, disease onset and disease progression in male 

SOD1
G93A

 mice. ..................................................................................................................... 199 

Figure 23: Effect of metformin on neurological score, neurological disease onset and survival 

in male SOD1
G93A

 mice. ........................................................................................................ 202 



18 

 

Figure 24: Effect of metformin on body weight, disease onset and disease progression in 

female SOD1
G93A

 mice. ......................................................................................................... 205 

Figure 25: Effect of metformin on neurological score, neurological disease onset and 

survival in female SOD1
G93A

 mice. ..................................................................................... 208 

Figure 26: Comparison of the definitive onset of symptomatic neurological disease and 

survival in control and metformin-treated female mice and male control mice. ................... 211 

Figure 27: Comparison serum 17β-estradiol levels in control and metformin-treated (A) 

SOD1
G93A

 and (B) WT female mice at 70 days. .................................................................... 214 

 



19 

 

List of Tables 

Table 1: Pathological timecourse of SOD1
G85R

 transgenic mice, a model of ALS ................. 37 

Table 2: Summary of genes/loci in which ALS-causing mutations have been identified to date

.................................................................................................................................................. 79 

Table 3: Sample preparation for 17β-oestradiol radioimmunoassay (RIA) .......................... 134 

Table 4: Summary of the n-numbers used in metformin electrophysiology study ................ 138 

Table 5: Summary of Δ CT values obtained for SOD1
G93A

 mice in metformin 

electrophysiology study ......................................................................................................... 141 

Table 6 A & B: Summary of results obtained for electrophysiological analysis of (A) control 

and (B) metformin-treated SOD1
G93A

 TA and EDL muscles at 100 days of age .................. 142 

Table 7: Summary of the mean maximum and specific force values measured for metformin-

treated and control WT and SOD1
G93A

 (SOD1) TA and EDL muscles, via in vivo 

electrophysiology. .................................................................................................................. 161 

Table 8: Conversion of animal doses to Human Equivalent Doses (HED) based on Body 

Surface Area (BSA) ............................................................................................................... 191 

Table 9: Summary of the survival times and Δ CT values of mice for which copy number 

variation assessments were performed in our metformin survival study ............................... 196 

Table 10: Kaplan Meier time to event analyses for male SOD1
G93A

 mice 
1, 2, 3

 .................... 200 

Table 11: Kaplan Meier time to event analyses for female SOD1
G93A

 mice
1, 2, 3

 .................. 206 

Table 12: Summary of median time to reach score 2,2 and median survival for all female 

groups and the male control group. ........................................................................................ 212 



20 

 

Table 13: Summary of statistical analyses performed to compare the time taken for mice to 

reach a score of 2 in both hindlimbs and the time taken for mice to reach the humane end 

stage of the inability to right within 30s of being placed on a side between all groups. ....... 213 

Table 14: Kaplan Meier time to event analyses for male SOD1G93A mice
1, 2, 3

 .................. 230 

Table 15: Kaplan Meier time to event analyses for female SOD1
G93A

 mice
1, 2, 3

 .................. 236 

Table 16: Summary of mean numbers (+/- SEM) and statistical analyses of USOD and ChAT 

positive motor neurons in equivalent levels of the sciatic motor pool in control and trehalose 

treated SOD1
G93A

 mice. ......................................................................................................... 242 



21 

 

Declaration of originality 

All experiments described in this thesis were performed by me with the exception of the 17β-

oestradiol assay, which was performed in collaboration with Dr Zhangrui Cheng at the Royal 

Veterinary Collage, as is referenced in the relevant sections of the document.   

 



22 

 

List of abbreviations   

ACC: Acetyl-CoA carboxylase 

AMPA: alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

ALS: Amyotrophic Lateral Sclerosis 

AMPK: AMP-activated Protein Kinase 

BBB: Blood Brain Barrier 

BSA: Body Surface Area 

BSU: Biological Sciences Unit 

CSF: Cerebrospinal fluid 

EDL: Extensor Digitorum Longis 

DPN: Deep Peroneal Nerve 

F: Female 

FDA: Food and Drug Administration 

FI: Fatigue Index 

FTD: Frontotemporal Dementia 

FTLD: Frontotemporal Lobar Degeneration 

FUS: Fused in sarcoma 

FUS/TLS: fused in sarcoma/translocated in liposarcoma 

IFNγ: interferon γ 

IGF1: insulin-like growth factor 1 

IL1β: interleukin 1β 

IL2: Interleukin 2 

IL4: Interleukin 4 



23 

 

IL10: Interleukin 10 

M: Male 

mIL2: mouse IL2 

mSOD1: mutant human SOD1 

MUs: Motor Units  

NO: nitric oxide 

PBS: Phosphate Buffered Saline  

PCOS: Polycystic ovary syndrome  

RIA: Radioimmunoassay 

RNAi: RNA interference 

RO: Reverse Osmosis 

RVC: Royal Veterinary College  

ShRNA: Short hairpin RNA 

SOD1: Cu/Zn Superoxide Dismutase 1  

TA: Tibialis Anterior 

TDP-43: TAR-DNA binding protein-43 

TNFα: tumour necrosis factor α 

WT: Wild Type  



24 

 

Acknowledgements  

I would like to thank my primary supervisor Professor Dominic Wells for all his support, 

advice and help during my PhD and for allowing me the freedom to develop my own ideas 

and develop as a researcher, whilst always being there to give guidance when needed. I 

would also like to thank my second supervisor, Professor Jackie de Belleroche for giving me 

great advice and mentoring throughout the course of this PhD and my wonderful family and 

husband for always encouraging me, inspiring me and being there for me. Additionally I 

would like to thank Dr Paul Sharp for introducing me to the field of ALS research, for 

teaching me in vivo electrophysiology and for all his advice, Dr Sue Brown for her support 

and guidance, Nazanin Rahmani-Kondori for her many hours of help whilst performing my 

survival studies, Douglas Lopes for giving me an invaluable introduction to in vivo work, Dr 

Sophia Muses, Rebecca Terry and Charlotte Whitmore for all their support and help, all staff 

in the Comparative Biomedical Services unit at the Hammersmith Hospital and the Biological 

Services Unit at the Royal Veterinary College for their hard work, advice and continued 

monitoring of animal health and welfare during this PhD, Dr Avi Chakrabartty for generously 

donating us the USOD antibody, Dr Zhangrui Cheng for kindly carrying out a 17β-oestradiol 

assay for us, the Medical Research Council and L‟Association française contre les 

myopathies for funding my research and all members of the Wells and Brown groups past 

and present for their help and support and for making our work environment so welcoming 

and inspiring.  



25 

 

1. Introduction 

1.1 Amyotrophic Lateral Sclerosis (ALS)  

Amyotrophic lateral sclerosis (ALS) is a fatal and progressive, late onset neurodegenerative 

disorder that was first described in 1869 by the French neurologist Jean-Martin Charcot 

(Charcot and Joffory, 1869).  ALS is characterised by the combined degeneration of 

corticospinal upper motor neurons that reside in the precentral gyrus and lower motor 

neurons that reside in the ventral horn of the spinal cord and in the brain stem (Rowland and 

Shneider, 2001). Clinical signs associated with the loss of upper motor neurons include 

stiffness (spasticity) and abnormally active reflexes, whereas those associated with the loss of 

lower motor neurons include muscle weakness and atrophy as well as fasciculations 

(involuntary muscle contractions arising from the spontaneous discharge of skeletal muscle 

fibers within a muscle fascicle) (Körner et al., 2011).  Although the „classical form‟ of ALS is 

characterised by both upper and lower motor neuron degeneration, clinical subtypes with 

solely lower motor neuron degeneration (also called „„progressive muscular atrophy‟‟) or 

solely upper motor neuron degeneration (or „„primary lateral sclerosis‟‟) can occur. Whether 

or not these clinical subtypes can be described as ALS is still a matter of debate (Gordon et 

al., 2006, Kim et al., 2009) 

 

Upper and lower motor symptoms in ALS patients usually begin in a focal and asymmetric 

fashion, spreading through contiguous anatomical segments as the disease progresses (Ravits 

et al., 2007). Approximately two thirds of patients with typical ALS show spinal disease 

onset with symptoms related to focal muscle weakness in the upper or lower limbs. The 

remaining third of patients display a bulbar-onset involving the muscles of the face, mouth 

http://en.wikipedia.org/wiki/Muscle_fascicle
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and throat and often present with speech difficulties (dysarthria) (Körner et al., 2011, 

Wijesekera and Leigh, 2009). A subset of approximately 5% of patients present with 

respiratory weakness without significant limb or bulbar symptoms (Wijesekera and Leigh, 

2009). Regardless of the site of onset, ALS patients display a progressive paralysis that leads 

to death, usually through respiratory failure within 2–3 years for bulbar onset cases and 3–5 

years for spinal onset ALS cases (Wijesekera and Leigh, 2009).  

 

Although ALS affects people worldwide, an exact incidence of this disease is not yet known 

(Cronin et al., 2007). However, population-based studies have established that the incidence 

of ALS in Europe is fairly uniform at approximately 2.7 per 100 000 person-years among 

those over 18 years of age, with a male to female ratio of 1.3:1 (Logroscino et al., 2010). 

These studies also revealed the overall population-based lifetime risk of ALS in Europe to be 

1:400 for women and 1:350 for men and the peak age at onset to be 58–63 years for sporadic 

disease and 47–52 years for familial disease (Logroscino et al., 2010). 

 

1.2 Genetics of ALS 

In approximately 90% of cases, ALS manifests as a sporadic disorder with no clear 

inheritance, the remaining ~10 % of cases are familial and usually display autosomal 

dominant inheritance. Mutations in a number of genes have been discovered as causative for 

ALS, with a particular explosion of discoveries in recent years.  These genes are discussed in 

more detail in section 1.4.4.1.   
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1.2.1 Familial ALS caused by mutations in copper/zinc superoxide dismutase 1  

The first gene identified to be involved in typical familial ALS was the SOD1 gene, which 

encodes copper/zinc superoxide dismutase 1 (Rosen et al., 1993a).  SOD1 is a 32 kDa 

homodimeric enzyme composed of two monomeric eight-stranded beta barrels, each with a 

binding site for one copper ion and one zinc ion (Rakhit and Chakrabartty, 2006). It is a 

ubiquitously expressed enzyme whose normal function is to catalytically convert highly 

reactive superoxide (oxygen with an additional electron) to either hydrogen peroxide or 

oxygen. In excess of 130 mutations, which account for 12-23% of familial ALS, have now 

been reported in the SOD1 gene (Millecamps et al., 2010)  and these mutations have been 

found to encompass all coding regions of the gene (Turner and Talbot, 2008).   

 

The discovery of SOD1 mutations in familial ALS lead to the generation of various lines of 

transgenic mice expressing mutant SOD1 mini genes (Gurney, 1994). These mini-genes are 

usually composed of 12-15kb human genomic fragments encoding SOD1 driven by the 

endogenous promoter and regulatory sequences (Turner and Talbot, 2008). Critically, despite 

the existence of considereable heterogeneity in transgene copy number, steady-state transcript 

and protein levels and dismutase activities in these models,  all have been observed to exhibit 

fatal symptoms that are indicative of ALS, albeit with difference disease latencies and 

progression rates (Turner and Talbot, 2008). Furthermore, the fact that these murine models 

show ALS-like symptoms, despite having their full complement of endogenous WT murine 

SOD1 has revealed that mutations in SOD1 are likely to cause ALS through a gain of 

function mechanism.  
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The gain of function hypothesis for ALS-causing mutations in SOD1 was initially supported 

by reports that SOD1 homozygote knockout mice were viable and appeared to develop 

without obvious motor abnormalities (Reaume et al., 1996). However, investigation of these 

mice at later time points has revealed that they develop a chronic age-related peripheral 

axonopathy that leads to significant locomotor deficits (Flood et al., 1999). Furthermore, 

motor unit estimation in these mice has revealed that by two months of age, they have a 

reduced number of functional motor axons, after which the estimated number of functional 

motor units continues to decline at a slow but significant rate throughout their lifespan 

(Shefner et al., 1999). These changes occur in the absence of any changes in motor neuron 

cell body number (Flood et al., 1999, Shefner et al., 1999).  This has lead to the suggestion 

that SOD1 is not required for normal motor neuron survival, but is necessary for the 

maintenance of normal neuromuscular junctions and healthy axons by hindlimb motor 

neurons (Flood et al., 1999). Consequently, although the occurrence of pathology in murine 

models expressing their full complement of WT murine SOD1 as well as a mutant human 

SOD1 transgene, indicates that that mutant SOD1 proteins gain additional toxic properties, a 

loss of function element to pathology cannot be completely excluded from the pathogenic 

mechanism of all SOD1 mutants in ALS patients.   

 

Investigation of transgenic mice overexpressing human SOD1
WT

 has revealed that they show 

mild vacuolar pathology and axonal loss in their spinal cords at late time points (Dal Canto 

and Gurney, 1995, Jaarsma, 2006).  Furthermore these mice have been shown to experience 

impaired regeneration after peripheral nerve injury (Kotulska et al., 2006). Considering the 

pathology observed in both SOD1 knockout mice and these pathological features in SOD1
WT

 

mice, it appears that intermediary thresholds of SOD1 expression are important for long-term 
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maintenance of motor neurons and their axonal and synaptic connections.  It is also important 

to note that native SOD1 has been shown to be capable of bringing about several other 

cellular effects in addition to the conversion of superoxide to hydrogen peroxide or oxygen. 

These include: catalyzing hydroxyl radical production from hydrogen peroxide (Yim et al., 

1990), catalyzing nitration by peroxynitrite (Beckman et al., 1993), copper buffering (Culotta 

et al., 1995), maintenance of the activity of the phosphatase calcineurin (Wang et al., 1996), 

zinc homeostasis (Wei et al., 2001), thiol oxidation (Winterbourn et al., 2002) and finally, 

modulation of inflammation (Marikovsky et al., 2003). It is thus possible that the pathological 

effects of knocking out, overexpressing or mutating SOD are derived at least in part from 

modulation of the ability of SOD1 to carry out one or more of these additional processes.  

 

1.3 Commonly used murine models of SOD1-related ALS pathology 

The majority of research carried out on ALS pathophysiology to date has been performed in 

rodent models bearing mutations in SOD1. Although at least 15 different SOD1-based rodent 

models have been generated (Turner and Talbot, 2008), the most commonly used are 

SOD1
G93A

 (Gurney, 1994), followed by SOD1
G37R

  (Wong et al., 1995) and SOD1
G85R

 (Bruijn 

et al., 1997) rodents. The mutant SOD1 proteins produced in these models are either 

abundantly expressed, stable and dismutase active (SOD1
G93A

 and SOD1
G37R

) or expressed at 

low levels and unstable with limited dismutase activity (SOD1
G85R

) in the CNS.   
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1.3.1 SOD1G93A mice 

1.3.1.1 The effect of transgene copy number on pathology in SOD1G93A mice 

The first published SOD1
G93A

 mouse
 
line, designated G1, was produced by Gurney and 

colleagues and had 18 predicted transgene copies (Gurney, 1994). This line has subsequently 

produced two further lines of SOD1
G93A

 mice through intra-locus recombination events 

during meiosis that resulted in copy number changes (Gurney, 1997, Alexander et al., 2004).  

1. The high copy number or G1H line (25 predicted copies), designated B6SJL-

TgN(SOD1-G93A)1Gur, which is now commercially available at the Jackson 

Laboratory (Chiu et al., 1995)  

2. A low copy number line (8 predicted copies), designated B6SJL-TgN(SOD1-

G93A)1Gur
dl

 (Gurney, 1997, Acevedo-Arozena et al., 2011).    

The high copy number line is the most commonly used G93A line in ALS research and will 

be referred to as SOD1
G93A

 for the remainder of this thesis, whereas the less frequently used 

low copy line will be referred to as SOD1
G93A G1L

. Comparison of these models shows that 

transgene copy number strongly influences the clinical phenotype experienced by mutant 

SOD1 mice (Alexander et al., 2004). Specifically, SOD1
G93A G1L

 mice display a substantially 

delayed disease onset and increased survival time compared to the high copy SOD1
G93A

 line. 

It is therefore essential that any mice possessing transgene copy numbers that are different to 

the rest of their cohort are excluded from experimental analyses as this could introduce error 

into results. (Scott et al., 2008). 
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1.3.1.2 The timeline of pathology in high copy SOD1G93A mice  

The key pathological features of SOD1
G93A

 mice are summarized in Figure 1. SOD1
G93A 

mice are considered to be pre-symptomatic until ~90 days of age (3 months) when fine 

tremors and weakness can be seen in their hindlimbs. Weakness and paresis in the hindlimbs 

then progressively worsens until ~120 days (4 months) when mice usually develop rigid 

hindlimb paralysis. In order to prevent excessive suffering following the onset of paralysis, 

artificial end points are used when investigating lifespan in SOD1
G93A 

mice. The most 

commonly used end point is the inability of mice to right themselves within 30s of being 

placed on a side (Scott et al., 2008). Pathologically,  evidence of the denervation of hindlimb 

muscles has been observed as early as 25 days of age in SOD1
G93A

 mice (Gould et al., 2006), 

and is fully underway by 45 days of age when 40% of endplates have been observed to be 

denervated in these animals (Fischer et al., 2004). This is closely followed by a progressive 

accumulation of misfolded and aggregated SOD1 in the cytoplasm of motor neurons as well 

mitochondrial vacuolation within these cells and the occurrence of increased astrogliosis in 

the spinal cord (Gould et al., 2006). A severe loss of motor axons from the ventral root occurs 

between approximately 47 and 80 days of age and loss of α-motor neuron cell bodies from 

the lumbar spinal cord occurs after day 80.  A 50% drop-out of lower motor neurons is 

evident at 100 days (Fischer et al., 2004). This retrograde sequence of neurodegeneration, 

starting at the neuromuscular junction and progressing through the axon to the motor neuron 

cell body, has lead to the hypothesis that ALS may be a distal axonopathy with motor 

neurons degenerating via a „dying back‟ mechanism (Fischer et al., 2004). In direct support 

of this, complete rescue of motor neurons from mutant SOD1-mediated death, by deletion of 

the pro-apoptotic factor Bax in SOD1
G93A

 mice, failed to prevent neuromuscular denervation 

and ALS-like pathology (Gould et al., 2006). This supports the idea that clinical symptoms in 



32 

 

the SOD1
G93A

 model of ALS largely result from damage to the distal motor axon rather than 

from activation of the cell death pathway (Gould et al., 2006). Furthermore, autopsy of a 

single 58-year old ALS patient who died unexpectedly through non-ALS related causes after 

having shown symptoms for a 6-month period, demonstrated denervation and reinnervation 

changes in muscle but normal appearing motor neurons in the spinal cord. Although a far 

greater sample size would be required to draw firm conclusions on this, these observations 

are in support of the distal axonopathy hypothesis for ALS patients.  
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Figure 1: Time course of clinical and neuropathological events in high copy number 

transgenic SOD1
G93A

 mice (adapted from Turner and Talbot 2008, Figure 2). 

SOD1
G93A

 mice develop hindlimb tremor, weakness and locomotor deficits at approximately 

90 days of age (symptom onset) which is preceded by distal synaptic and axonal 

degeneration. This progresses into fatal paralysis by approximately 120 days of age, 

concomitant with spinal motor neuron loss.  Microglia and astrocytes become progressively 

activated following disease onset. Pathology in SOD1
G93A

 mice is accompanied by a 

sequence of mutant SOD1 aggregation in motor neurons, beginning with the formation of 

insoluble protein complexes (IPC) and eventually leading to the formation of inclusion bodies 

that are modified by the ubiquitin-proteasome system (UPS) and are thought to lead to ER 

stress. Mitochondrial dysfunction in motor neurons and astrocytes is observed early on in the 

disease course and may lead to damage in motor neuron axons and eventual motor neuron 

death through induction of apoptosis. 
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Interestingly, electrophysiological recording of hindlimb muscle and motor unit isometric 

forces throughout the lifespan of SOD
G93A

 mice, combined with histological analyses within 

these muscles, has revealed that the neuromuscular junctions and axons of large motor 

neurons innervating large motor units in fast twitch muscles, are the first to degenerate in 

these animals.  The neuromuscular junctions and axons of smaller motor neurons innervating 

small motor units in slow twitch muscles are more resistant to mutant SOD1-mediated 

toxicity and survive until the latter stages of the disease (Hegedus et al., 2007). This results in 

the muscles of SOD1
G93A

 mice adopting a progressively slower phenotype and has indicated 

that the size of motor neurons, their axons, and their motor unit size are important 

determinants of motor neuron  susceptibility in ALS (Hegedus et al., 2007, Hegedus et al., 

2008). This idea was first highlighted by the work of Fisher and colleagues who observed that 

the longest and largest motor neuron axonal fibers with the highest metabolic demand seemed 

to be the most susceptible to dying back in SOD1
G93A

 mice (Fischer et al., 2004).  

 

It is also important to note that pathology in SOD1
G93A

 mice is not limited to lower motor 

neurons. Indeed experiments performed by Zang and colleagues involving the insertion of the 

retrograde tracer Fluorogold into the T12 segment of the spinal cord and subsequent counting 

of the number of labeled neurons in the sensorimotor cortex and brainstem of 60, 90 and 110 

day-old SOD1
G93A

 mice, revealed a small loss of corticospinal and bulbospinal projections at 

60 days of age (Zang and Cheema, 2002). This increased to a loss of 53% of corticospinal, 

41% of bulbospinal and 43% of rubrospinal motor neurons by 110 days of age. In light of 

these observations, they suggested that the SOD1
G93A 

mouse develops a pathology that 

resembles the late stages of human motor neuron disease where both lower motor neurons 

and descending cortical and bulbar motor neurons are affected (Zang and Cheema, 2002).  
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1.3.2 SOD1G37R mice 

Despite confirmation in vitro that SOD1 enzymes carrying the G37R mutation retain full 

specific dismutase activity (Borchelt et al., 1994), transgenic mice expressing high levels of 

this mutant protein (in addition to their endogenous murine SOD1) develop classic ALS-like 

pathology.  Specifically, these mice appear normal during their first few months of life but 

begin show overt ALS-like symptoms including fine axial tremor, asymmetric weakness of 

limbs, poor grooming, rough coat and muscle wasting (particularly along the flanks) between 

4 and 6 months of age (120-180 days of age) and eventually develop hindlimb paralysis 

(Wong et al., 1995). Motor neuron loss occurs in the ventral horns of the lumbar, thoracic and 

cervical spinal cords of these animals as well as in the brainstem and activated microglia and 

astrocytes can be seen in the spinal cord.   Interestingly, these mice, like high copy SOD1
G93A

 

mice, show
 
vacuolation of mitochondria within motor neurons (Wong et al., 1995).  

 

1.3.3 SOD1G85R mice 

Transgenic SOD1
G85R

 mice are characterised by a late-onset (at 8-10 months of age) and 

aggressive disease with a short duration (mice are usually completely paralysed within 2 

weeks of showing initial signs of hindlimb weakness and atrophy) (Bruijn, 1997). 

Interestingly, these mice develop disease at mutant protein levels that are lower (20-90%) 

than endogenous murine SOD1 and the mutant SOD1 protein expressed has negligible 

dismutase activity (Bruijn et al., 1997, Ratovitski et al., 1999). The timecourse of ALS-like 

pathology in SOD1
G85R

 mice is summarised in Table 1. These mice show SOD1 positive 

inclusions in both neurons and glia that increase with disease progression and additionally 

show a concomitant decrease in the glial glutamate transporter (GLT-1) (see below). Unlike 

SOD1
G93A

 mice and SOD1
G37R

 mice, these mice do not show vacuolation of mitochondria 
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within motor neurons. Although this remains to be determined, the fact that SOD1
G85R

 mice 

differ clinically (later onset plus rapid progression) and pathologically (presence of astroglial 

inclusions and absence of vacuoles) from SOD1
G93A

 and SOD1
G37R

 mice, could be explained 

by differences 1) in the toxic properties of the mutants, such as preferential, conformation-

dependent use of peroxide, peroxynitrite, or other abnormal substrates and 2) the 

susceptibility of different cell types (i.e. neurons and glia) to each mutant's toxic effects. 
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Table 1: Pathological timecourse of SOD1
G85R

 transgenic mice, a model of ALS  

Astroglial  

Astrocytosis - - - - + + +++ 

SOD1-

immunoreactive 

inclusions 

- - - + - ++ +++ 

Ubiquitin-

immunoreactive 

inclusions 

- - - + - ++ +++ 

Neuronal  

Neuronal loss - - - - - - ++ 

Axonal 

degeneration 
- - - - + ++ +++ 

SOD1 and 

ubiquitin-

immunoreactive 

inclusions 

- - - - - + ++ 

SOD1-

immunoreactive 

perikaryal 

aggregates 

- - - + + + + 

Ubiquitin-

immunoreactve 

perikaryal 

aggregates 

- - - + + + + 

Clinical 

phenotype 
- - - - - disease 

onset 

end 

stage 

Age in months 2 3.5 5.5 6 6.5 7.5 8 

 

Table adapted from Bruijn et al. (Bruijn et al., 1997). Spinal cords of SOD1
G85R

 animals at 

various ages were examined for severity of ventral root degeneration and astrogliosis as well 

as neuronal or glial inclusions.  These parameters were assessed and graded as follows: +, 

mild degree or infrequent occurrence; ++, moderate density or moderate occurrence; and 

+++, marked degree and frequent. 
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1.4 Toxic processes that may contribute to motor neuron 

degeneration in ALS  

Although the primary triggers/mechanisms for motor neuron degeneration in ALS remain 

elusive, research in patients and mutant SOD1 based models has revealed several processes 

that may contribute to pathology. The most commonly discussed of these mechanisms 

include: inflammation and toxic glial activation, oxidative stress, excitotoxicity, 

mitochondrial abnormalities, protein aggregation, axonal transport defects and ER stress 

(Ilieva et al., 2009, Cozzolino et al., 2008a, Wijesekera and Leigh, 2009), many of which are 

closely interrelated and will be discussed below. These mechanisms and their interactions are 

summarized in Figure 2.  
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Figure 2: Proposed mechanisms of toxicity in SOD1-mediated ALS (Adapted from 

Ilieva et al., 2009, Figure 1) 

 

(A) Excitotoxicity involves the hyperactivation of motor neurons and can result from failure 

to rapidly remove the neurotransmitter glutamate from synapses. This may occur in ALS due 

to a deficiency in the glutamate transporter EAAT2 in neighboring astrocytes. (B) ER stress 

may be induced by abnormal interactions of mutant SOD1 with ER proteins. (C) Proteasome 

inhibition due to “overload” of the proteasome degradation pathway with ubiquitinated 

misfolded protein aggregates may damage astrocytes and motor neurons. (D) Mitochondrial 

dysfunction mediated by mutant SOD1 deposition on the mitochondrial membrane (or other 

mechanisms) may provoke the release of  toxic molecules from mitochondria in both motor 

neurons and astrocytes (E) Toxic extracellular mutant SOD1 secreted from motor neurons 

after interaction with components of neurosecretory vesicles may contribute to toxic 

microglial activation. (F) Superoxide production by microglia or astrocytes may damage 

neighboring motor neurons. (G) Altered axonal transport may confer toxicity to motor 

neurons (H) Synaptic vesicle defects such as stalling and loss from distal synapses in 

vulnerable motor neurons is an early event in ALS and may contribute to pathology. (I) 

muscles in ALS patients and murine SOD1 show a hyper-metabolic rate, which may also 

contribute to pathology.  
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1.4.1 Inflammation and the non-cell autonomous nature of ALS  

1.4.1.1 Functions of microglia, astrocytes in the CNS 

Microglia are derived from the hematopoetic cell lineage and are the resident macrophages of 

the nervous system.  They are distributed throughout the CNS and continuously monitor the 

extracellular environment with mobile arborizations of cell processes (Hanisch and 

Kettenmann, 2007). Microglia are the first line of defense against infection or injury to the 

nervous system. In response to CNS insults, these cells change their morphology from a 

ramified to more amoeboid form and migrate towards the site of damage in order to clear it. 

Although microglia are always active through their surveying of the environment, this shift in 

morphology and mobilisation to defend the CNS is generally referred to as microglial 

activation (Hanisch and Kettenmann, 2007). The responses of activated microglia to CNS 

insults van be varied, however microglial activation is often associated with the secretion of 

proinflammatory molecules such as tumor necrosis factor (TNF) α, interferon γ (IFNγ), and 

interleukin 1β (IL1β) and the upregulation of oxidant molecules such as nitric oxide (NO) 

and O2
.-
, which can protect against invading organisms. This pro-inflammatory action serves 

to clear hazards and repair any damage and resolves again when anti-inflammatory molecular 

networks outweigh proinflammatory molecular networks.  In addition to contributing to the 

proinflammatory phase of CNS-defense, microglia can also contribute to the resolution and 

regulation of inflammation through secretion of trophic and anti-inflammatory factors such as 

insulin-like growth factor 1 (IGF1), interleukin 4 (IL4), and interleukin 10 (IL10) (Singh et 

al., 2011). The behavior of microglia in terms of their proinflammatory and anti-

inflammatory actions has been shown to be influenced by the surrounding astrocytes and 

inflammatory T-cell subsets within their environment. Indeed it is increasingly becoming 

clear that microglia can adopt a deleterious (so-called M1 microglia) or a neuroprotective/ 
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benign (so-called M2 microglia) phenotype, depending on their intrinsic properties, 

interaction with the cellular microenvironment, and presence of pathogenic factors. (Hanisch 

and Kettenmann, 2007, Henkel et al., 2009, Tiemessen et al., 2007, Kigerl et al., 2009). 

Maintenance of an appropriate balance between M1 and M2 microglia is therefore important 

to prevent excessive inflammation and microglia-induced damage in the CNS (Kigerl et al., 

2009).  

 

 Astrocytes are ectodermal cells that outnumber neuronal cells by over five-fold and have 

many important trophic functions in the CNS. These functions include but are not limited to: 

regulation of blood flow, homeostasis of extracellular fluid, ions and neurotransmitters, 

energy provision and regulation of synapse function and synaptic remodeling (Sofroniew and 

Vinters, 2010). In addition to these normal functions, astrocytes have been shown to respond 

to various CNS insults such as infection, trauma, ischemia and neurodegenerative disease by 

a process that has been termed reactive astrogliosis. Reactive astrogliosis involves changes in 

the molecular expression and morphology of astrocytes and in severe cases this leads to scar 

formation (Sofroniew, 2009). Although the functions and effects of reactive astrocytes 

remain to be fully elucidated, transgenic deletion studies have shown that 

reactive astrocytes can exert a number of protective functions in response to CNS insults, 

including blood brain barrier (BBB) repair, neural protection and restricting the spread of 

inflammatory cells, and infection. (Sofroniew, 2009, Sofroniew and Vinters, 2010). However, 

disruption or loss of these functions or gain of novel functions during reactive astrogliosis has 

the potential to contribute to neuronal dysfunction and pathology (Hamby and Sofroniew, 

2010).    
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1.4.1.2 Glial activation in ALS 

Although, the degeneration of motor neurons and their axons is the ultimate cause of death in 

ALS patients and models (Gould et al., 2006), histological assessment of the spinal cords of 

both ALS patients and rodent modes have revealed that motor neurons are not the only cells 

within which disease-related changes can be observed. Indeed, many studies have 

documented the activation of microglia and astrocytes, and the appearance of lymphocytes in 

post-mortem spinal cord tissues of patients (Kawamata et al., 1992, Engelhardt et al., 1993, 

Nagy et al., 1994, Schiffer et al., 1996, Kushner et al., 1991) and transgenic mutant SOD1 

models (Hall et al., 1998, Alexianu et al., 2001).  Furthermore, work using positron emission 

tomography has provided direct evidence of widespread microglial activation in the brains of 

living ALS patients (Turner et al., 2004b) These observations lead to the hypothesis that ALS 

is a non-cell autonomous process, involving toxic events in motor neurons as well as in their 

neighboring non-neuronal cells. The first evidence for this was derived from analysis of 

chimeric mice, in which a protective effect of wild-type non-neuronal cells surrounding 

mutant SOD1 expressing motor neurons was observed (Clement et al., 2003). Subsequent 

analyses involving cell type specific Cre-mediated excision of the mutant SOD1 gene in 

transgenic mice, have shown that reducing mutant SOD1 expression in motor neurons delays 

disease onset (Boillee et al., 2006), whereas reducing mutant SOD1 expression in a similar 

fashion in either microglia (Boillee et al., 2006) or astrocytes (Yamanaka et al., 2008) delays 

disease progression. These studies suggest that the convergence of damage within a number 

of cell types is involved in the degeneration of motor neurons in ALS (Ilieva et al., 2009).  

 

Interestingly, the contribution of microglia to motor-neuron degeneration appears to be 

influenced by infiltrating T-cells (Appel et al., 2010). In SOD1
G93A

 mice, T-cells are not 
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initially observed in the central nervous system (CNS), but readily infiltrate the spinal cord as 

the disease progresses, in a manner that is concomitant with microglial activation (Chiu et al., 

2008, Beers et al., 2008). Unfortunately however, there is some debate surrounding the nature 

of this T-cell increase, with one study reporting an increase in both CD4
+
 (helper T-cells) and 

CD8
+
 (cytotoxic) T-cells early in the disease (Chiu et al., 2008) and another detecting CD8

+
 

cells only at the end stage of the disease (Beers et al., 2008). In order to elucidate the role of 

these infiltrating T-cells in the disease course, experiments were performed in which 

SOD1
G93A

 mice were depleted of T-cells, either by crossing them to RAG2
-/-

 knockout mice 

(which also resulted in the deletion of B cells) or to CD4
-/-

 knockout mice (which allowed the 

selective deletion of CD4
+
 T-cells).  In both instances disease progression was significantly 

accelerated, whilst disease onset remained the same (Beers et al., 2008). Furthermore, this 

accelerated disease progression was accompanied by altered microglial morphology, 

increased mRNA levels for glial-derived proinflammatory cytokines and NOX2, and 

decreased levels of trophic factors and glial glutamate transporters (Beers et al., 2008). As the 

results observed were very similar when all T- and B-cells were depleted and when only 

CD4+ T-cells were depleted, this suggested to the authors that the absence of CD4
+
 T-cells 

may have been largely responsible for the changes seen in RAG2
-/-

 mice. They therefore 

hypothesized that CD4
+
 T-cells provide supportive neuroprotection for motor neurons by 

modulating the trophic/cytotoxic balance of microglia in the spinal cord (Beers et al., 2008). 

This hypothesis was supported by experiments in which transplantation of bone marrow from 

either mutant SOD1 or WT murine donors attenuated the acceleration in disease progression 

and microglial changes associated with CD4
+
 T-cell depletion. Furthermore, in subsequent 

experiments involving the adoptive transfer of activated CD4
+ 

T-regulatory cells (T-cells 

involved in suppressing the activation of the immune system) or T-effector cells (activated T-
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cells that fight infection) from WT-donor mice into the spinal cords of normal SOD1
G93A 

mice, both types of T-cell were shown to increase survival (Banerjee et al., 2008).  

 

1.4.1.3 Mechanisms by which reactive microglia may contribute to ALS pathology 

In order to gain further insight into the mechanisms by which microglia may contribute to 

motor neuron degeneration in ALS, various in vitro experiments have been performed 

involving the co-culture of primary motor neurons with WT or mutant SOD1-expressing 

microglia (Xiao et al., 2007, Zhao et al., 2004). Xiao et al., for example showed that 

following activation with lipopolysaccharide, microglia derived from SOD1
G93A

 mice 

released more nitric oxide, more superoxide, and less insulin-like growth factor-1 than 

microglia from WT mice. Furthermore in microglia/motor neuron co-cultures, SOD1
G93A

 

microglia brought about increased motor neuron death compared to WT microglia. Motor 

neuron  survival in the presence of SOD1
G93A

 glia was inversely correlated with nitrate and 

nitrite concentrations, suggesting an important role of nitric oxide and therefore oxidative 

stress in microglia-induced motor neuron  injury (Lundberg et al., 2008). Indeed in previous 

studies Zhao and colleagues showed that microglial-induced motor neuron injury, could be 

prevented by a microglial iNOS inhibitor (Zhao et al., 2004).  

 

In addition to producing increased levels of NO, mutant SOD1
G93A

-expressing glia have been 

observed to produce more superoxide (Figure 2F). This is thought to occur at least partially, 

through a stronger association of mutant SOD1 than SOD1
WT

 with Rac1, a small GTPase that 

controls the activation of NADPH oxidase (a multiprotein membrane-associated complex 

whose catalytic subunit is Nox2). In phagocytic cells such as microglia, Nox2 normally 

functions to produce highly toxic extracellular superoxide in order to eradicate bacteria and 
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other pathogens. Under reducing conditions SOD1
WT 

is thought to bind to Rac-GTP and to 

stabilize Rac activation by inhibiting intrinsic GTP hydrolysis. The resultant increased Rac-

GTP levels are thought to lead to activation of Nox2 and therefore increased production of 

O2
•–

. The O2
•–

 generated by the Nox2 complex is then thought to be converted to H2O2 by 

SOD1. As the local concentration of H2O2 rises, oxidation of Rac has been observed to lead 

to the dissociation of SOD1. In the absence of bound SOD1, Rac-GTP, hydrolysis to Rac-

GDP occurs more quickly, leading to inactivation of the Nox2 complex (Harraz et al., 2008). 

Through this mechanism, SOD1 is thought to sense the local concentration of ROS at sites of 

Rac/Nox2 complex activation and to control the activity of the complex accordingly. 

Interestingly however, Harraz and colleagues have shown that in certain ALS-causing SOD1 

mutants, redox-dependent dissociation of SOD1 from Rac1 is impaired, leading to sustained 

activation of Rac1-GTP and therefore higher levels of superoxide production (Figure 2F)  

(Harraz et al., 2008). In support of toxicity resulting from increased association of mutant 

SOD1 proteins with Rac1, glial cell toxicity associated with expression of SOD1 mutants in 

culture was shown by Harraz and colleagues to be significantly attenuated by treatment with 

the Nox inhibitor apocynin. Furthermore, treatment of SOD1
G93A

 mice with apocynin also 

significantly increased their survival (Harraz et al., 2008).  

 

In addition to these studies documenting increased production of free radicals by mutant 

SOD1-expressing microglia, various studies have documented aberrant expression of a 

number of proinflammatory cytokines, including IL1β and TNFα by these cells (Weydt et al., 

2004, Meissner et al., 2010).  In accordance with this, many types of pro-inflammatory 

mediators have been shown to be increased in ALS patients (Cereda et al., 2008, Kuhle et al., 

2009) and in SOD1-based models (Hensley et al., 2002, Yoshihara et al., 2002). It thus seems 
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likely that microglia contribute to disease progression in ALS through bringing about 

increased oxidative stress and damage through aberrant expression of pro-inflammatory 

cytokines and chemokines.  

 

1.4.1.4 Mechanisms by which reactive astrocytes may contribute to ALS pathology 

One of the major protective functions of astrocytes in the CNS is to keep extracellular 

glutamate levels low. This is necessary for the prevention of the excitotoxicity that can result 

from glutamate-induced excessive neuronal firing and thus increased cellular calcium influx. 

Riluzole, the only drug to date that has shown any protection against disease progression in 

ALS patients (Bensimon et al., 1994, Lacomblez et al., 1996), is thought to bring about its 

beneficial effect through its anti-excitotoxic properties (Doble, 1996). It is therefore thought 

that excitotoxicity may play a significant role in ALS pathology (Van Den Bosch et al., 

2006). Astrocytes clear excess glutamate neurotransmitter from neuronal synaptic clefts using 

the EAAT2 (GLT1 in mice) transporter in their plasma membrane. Interestingly, in support 

of a role for astrocyte-mediated excitotoxicity in ALS, Rothstein and collaborators have 

extensively published results indicating that astrocytic clearance of glutamate is impaired in 

both sporadic and familial cases of ALS and in SOD1-based rodent models, due to a loss of 

the EAAT2/GLT1 transporter in the astrocytic processes that surround the synapses of motor 

neurons (Figure 2A) (Rothstein et al., 1995, Bruijn, 1997, Howland et al., 2002, Yang et al., 

2009). Furthermore, they have reported that this specific loss of the EAAT2 transporter is 

likely due to aberrant mRNA splicing. Specifically, they analyzed EAAT2 mRNA in frozen 

postmortem tissue in 30 ALS patients and 48 non-ALS controls by reverse transcriptase 

polymerase chain reaction (RT-PCR) and S1 nuclease protection assays and identified a 

number of transcript variants in ALS patients that were not present in controls. These 
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included transcripts retaining part of intron 7 (20 of 30 cases) and transcripts skipping exon 9 

(11 of 30 cases) (Lin et al., 1998). When performing experiments to investigate how these 

transcript variants may contribute to ALS pathology, they identified that the intron 7–

retaining transcript inhibited the expression of wildtype EAAT2 protein in Cos7 cells, which 

suggested that the presence of these transcripts in ALS patients may contribute to the 

observed reductions in EAAT2 levels (Lin et al., 1998). However it must be noted that the 

levels of wildtype EAAT2 mRNA were not changed in these experiments, which is 

surprising. Additionally, several other groups were unable to identify ALS-specific EAAT2 

transcripts and instead identified the presence of EAAT2 splice variants retaining intron 7 

and as well as those skipping exon 9 in the CNS of normal controls as well as ALS in cases 

(Meyer et al., 1999, Flowers et al., 2001). In the case of Flowers and colleagues, these 

investigations were made with a more robust technique (TaqMan real-time reverse 

transcriptase polymerase chain reaction assay rather than RT-PCR and S1 nuclease protection 

assays) and their results therefore shed serious doubt on the importance of  intron 7–retaining 

and exon 9 excluding EAAT2 transcripts in ALS. An alternative explanation for the observed 

decreases in the expression of the EAAT2 transporter in ALS patients is therefore required.  .  

 

In support of a role for astrocyte-mediated excitotoxicity in ALS pathogenesis,  in co-culture 

experiments, normal astrocytes have been shown to induce the upregulation of the glutamate 

receptor subunit GluR2 in motor neurons. This GluR2 subunit produces glutamate receptors 

that are impermeable to calcium and therefore protects neurons from excitotoxic damage. 

However, mutant SOD1 expression in astrocytes has been shown to abrogate their ability to 

induce GluR2 expression in neighboring motor neurons, thus leaving these motor neurons 

more vulnerable to excitotoxicity (Van Damme et al., 2007). 
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In addition to a potential astrocyte mediated excitotoxic effect in ALS, experiments with 

SOD1
G93A

 expressing astrocytes have revealed several other mechanisms by which these cells 

may contribute to ALS pathogenesis. For example,  astrocytes derived from SOD1
G93A

 

rodents  have been shown to release more pro inflammatory cytokines (including TNFα, IL1β 

and IFNγ)  (Hensley et al., 2006) and NO than WT astrocytes (Vargas et al., 2006) suggesting 

that they may contribute to oxidative stress and inflammation in ALS patients and models. 

Furthermore  experiments in which primary astrocytes derived from SOD1
G93A

 mice were co-

cultured with motor neurons derived from either WT or SOD1
G93A

 mice have revealed that  

SOD1
G93A

 astrocytes can  bring about negative changes in mitochondrial function in both WT 

and mutant neurons. These changes include both a reduction in the mitochondrial redox state 

and a decrease in the mitochondrial membrane potential (Bilsland et al., 2008). This 

represents another mechanism by which astrocytes may cause damage to motor neurons in 

ALS. 

 

1.4.1.6 Schwann cells in ALS  

Schwann cells are myelin generating cells that are closely associated with the full length of 

the axons of lower motor neurons (Figure 2) and are known to participate in axonal 

development and regeneration.  Interestingly, selective excision of dismutase-active 

SOD1
G37R 

from a substantial proportion of Schwann cells (70%) in SOD1
G37R

 mice has been 

shown to bring about a significant acceleration of disease progression in these animals 

(Lobsiger et al., 2009). In light of observations that dismutase inactive mutants uniformly 

generate more rapidly progressing disease in mice than dismutase active mutants (Lobsiger et 

al., 2009), Lobsinger and colleagues proposed that dismutase activity in within Schwann cells 
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surrounding lower motor neurons may normally act to protect these motor neurons from ROS 

induced damage in SOD1
G37R

 mice (Lobsiger et al., 2009).   However, experiments to 

investigate this hypothesis (potentially by elevating dismutase activity selectively within 

Schwann cells in SOD1
G37R

 mice) are yet to be performed and therefore the role of Schwann 

cells in ALS pathogenesis requires further elucidation.   

 

1.4.1.6 Oligodendrocytes and NG2+ cells in ALS  

The mammalian CNS contains a ubiquitous population of glial progenitors referred to as 

NG2
+
 cells that have the ability to develop into oligodendrocytes (and potentially other glial 

and neuronal cell types (Guo et al., 2009)) and undergo dramatic changes in response to 

injury and demyelination.  Kang and colleagues recently set out to examine how NG2
+
 cells 

in the spinal cord respond to pathology in SOD1
G93A

 mice. In order to do this they 

administered BrdU to these mice for 2 days prior to analysis at 75 (presymptomatic), 90 

(symptomatic), or 120 (end stage) days of age (Kang et al., 2010). Interestingly, the number 

of BrdU
+
 NG2

+
 cells in the spinal cord in SOD1

G93A
 mice was observed to increase 4-fold in 

the lumbar spinal cord by symptom onset and 20-fold by end stage, indicating that NG2
+
 cells 

contribute to the extensive gliosis observed in SOD1
G93A

 mice (Kang et al., 2010). Kang and 

colleagues also identified that these NG2
+
 cells underwent accelerated differentiation into 

oligodendrocytes and remained committed to the oligodendrocyte lineage rather than 

differentiating into other cell types such as astrocytes (Kang et al., 2010). Interestingly, in 

follow up studies (which are yet to be published but have been presented verbally at several 

meetings, including the André-Delambre Symposium on ALS, held 24-25 September 2010 in 

Québec City, Canada and the Muscular Dystrophy Association National Scientific 

Conference, held 13-16 March in Las Vegas, Nevada), Kang and colleagues have discovered 
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that oligodendrocytes in mutant SOD1 mice are malformed and readily degenerate. 

Furthermore, they have observed that selective deletion of mutant SOD1 in oligodendrocytes 

in a mutant SOD1 mouse model, extends the survival of these animals for a longer period 

than observed following the deletion of mutant SOD1 in any other cell type to date (ALS-

Forum, 2011). It will therefore be interesting to study these results further when they are 

published and to observe the results of future studies investigating the role of NG2
+
 cells in 

ALS pathology.  

 

1.4.2 Protein misfolding and aggregation in ALS   

1.4.2.1 Misfolding and aggregation of SOD1 in familial ALS   

A common feature of ALS-causing mutant SOD1 proteins is their propensity to misfold and 

aggregate (Wang et al., 2008b, Shaw et al., 2008, Wang et al., 2002a). Although this remains 

a matter of debate, several lines of evidence suggest that mutant SOD1 aggregates or 

intermediates in the aggregation process may be toxic to motor neurons. Wang et al., have for 

example demonstrated that the aggregation propensity and stability of different mutant forms 

of SOD1 in a cohort of familial ALS patients, could together account for 69% of the 

variability in patient survival time (Wang et al., 2008b) and Lindberg and colleagues have 

also reported similar results (Lindberg et al., 2005). Furthermore, strong correlations between 

disease progression and the levels of insoluble mutant SOD1 species present in affected 

neuromuscular tissues have been observed in various murine SOD1-based models (Johnston 

et al., 2000, Wang et al., 2002a, Wang et al., 2005, Turner et al., 2003c). Several mechanisms 

have been proposed by which misfolded and/or aggregated species of mutant SOD1 in motor 
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neurons may contribute to ALS pathology, a number of these will be discussed below (or in 

subsequent sections).  

 

1.4.2.1.1 Induction of endoplasmic reticulum stress 

Endoplasmic reticulum (ER) stress signaling, otherwise known as the unfolded protein 

response (UPR), is triggered by an increased load of misfolded proteins in the organelle 

(Schroder and Kaufman, 2005). The aim of the UPR is to bring about a decrease in the 

folding demand and an increase in the folding capacity of the ER in order to maintain 

homeostasis within the organelle. In order to decrease the folding demand, transcription of 

genes encoding secretory proteins and translation are downregulated and the clearance of 

slowly folding or misfolded proteins through the ER-associated degradation (ERAD) 

pathway is increased. To increase the folding capacity of this organelle, the synthesis of ER 

resident molecular chaperones and foldases is increased and the ER increases in size to 

permit dilution of the increased unfolded protein load (Schroder and Kaufman, 2005) 

Although the UPR is usually a short term homeostatic mechanism and is necessary for cell 

survival, prolonged induction of the UPR leads to the triggering of apoptosis and can be 

damaging (Atkin et al., 2006) . 

  

Several pathways by which mutant SOD1 may induce/perturb ER stress- signaling have been 

identified. Firstly, Kikuchi and colleagues have identified that in SOD1
G93A

 mice, mutant 

SOD1 accumulates inside the ER, where it forms insoluble high molecular weight complexes 

and interacts with the ER chaperone, immunoglobulin-binding protein (BiP) (Figure 2B) 

This accumulation increases with disease progression and occurs specifically in affected 

spinal cord tissues (Kikuchi et al., 2006). In normal conditions, BiP binds to the luminal 
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domains of ER stress transducers such as the kinase and endonuclease IRE1, the basic 

leucine-zipper transcription factor ATF6, and the PERK kinase, in order to keep them in an 

inactive state (Schroder and Kaufman, 2005). However, as unfolded proteins accumulate in 

the ER lumen, BiP dissociates from these ER stress sensors, which brings about their 

activation. Interestingly, Kikuchi and colleagues found an age dependent activation of ATF6 

specifically in degenerating areas, such as the spinal cord, but not in unaffected areas, such as 

cerebellum, in transgenic SOD1
G93A

 mice. This suggested to them that during the course of 

pathology in these animals, BiP is titrated from the luminal domain of ATF6 and potentially 

other ER stress tansducers, by the ER accumulation of mutant SOD1
G93A

, thus bringing about 

a progressive induction of ER stress.  

 

The second mechanism by which misfolded SOD1 is thought to induce ER stress is through 

inhibition of the ERAD pathway.  The first critical step of the ERAD pathway is the 

retrograde transport of misfolded proteins out of the ER lumen into the cytosol, where they 

become ubiquitinated and subsequently degraded by the proteasome. Interestingly, a number 

of SOD1 mutants (including SOD1
G93A

 and SOD1
G85R

) but not WT SOD1 have been shown 

to interact with Derlin-1, a transmembrane ER protein that is critical for the transport of 

misfolded proteins from the ER to the cytosol (Figure 2B)  (Nishitoh et al., 2008). Nishitoh 

and colleagues have shown that this interaction brings about inhibition of ERAD and also that 

it is involved in the induction of ER stress by mutant SOD1 (Nishitoh et al., 2008). In the 

same body of work Nishitoh and colleagues showed that mutant SOD1-induced ER stress in 

NSC-34 cells (a motor neuron-like cell line), activated the apoptosis signal-regulating kinase 

1 (ASK1)-dependent cell death pathway. Furthermore, they showed that perturbation of 

binding between mutant SOD1 and Derlin-1 by a Derlin-1-derived oligopeptide in spinal cord 
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cultures derived from E12.5 mouse embryos (infected with lentiviral vectors containing 

mutant SOD1), suppressed mutant SOD1-induced ER stress, ASK1 activation, and motor 

neuron death. This lead them to cross ASK1 knockout mice with SOD1
G93A

 mice, which 

resulted in an extension of the life span of these animals but no change in disease onset 

(Nishitoh et al., 2008). These findings suggest that while ER stress-induced ASK1 activation 

may not be the primary trigger for ALS pathology, it may be involved in disease progression 

in familial ALS.  

 

Interestingly, elegant work by Saxena and colleagues has lent further weight to the hypothesis 

that ER stress may accelerate disease progression in ALS. They have shown in three separate 

lines of SOD1 mice (G93A high and low copy and G85R) that fast fatigable motor neurons, 

which are known to be more vulnerable to ALS pathology than fast fatigue-resistant  and 

slow motor neurons (Hegedus et al., 2007), are selectively prone to ER stress and show 

gradually upregulated ER stress markers (including elevated BiP signaling and upregulation 

of the UPR marker phosphorylated eukaryotic initiation factor 2α (Pi-eIF2α)), from as early 

as birth onwards (Saxena et al., 2009). Interestingly, they have also shown that while all 

motor neuron types show an accumulation of ubiquitin in these mice, it is only the vulnerable 

fast fatigable motor neurons in which this leads to a marked UPR response until very late in 

the disease when the more resistant motor neurons show evidence of UPR induction prior to 

degenerating. This suggests that increased susceptibility to ER stress plays a contributory role 

to the increased vulnerability of fast fatigable motor neurons in ALS. This is supported by 

additional experiments performed by Saxena and colleagues in which they showed that the 

specific ER stress-protective agent salubrinal, could attenuate axon pathology and 
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denervation and extend survival in SOD1
G93A

  mice, while not affecting motoneuron ubiquitin 

signals (Saxena et al., 2009).   

 

It is also interesting to speculate that the association of mutant SOD1 with the ER, could 

impede the synthesis of a number of important proteins, such as the glutamate transporter 

EAAT2 (Figure 2A), whose proper synthesis and maturation requires passage through this 

organelle. If these proteins are important for motor neuron health (or the health of other non-

neuronal cells), then disruption of their synthesis could further contribute to pathology.  

 

1.4.2.1.2 Impairment of axonal transport 

Motor neurons are highly differentiated and polarised neuronal cells with extremely long 

axonal processes. Consequently, efficient axonal transport is essential to permit the 

distribution of proteins, lipids, mRNAs and organelles (mitochondria, membranous 

organelles, synaptic vesicle precursors, ribosomes etc.) to the cellular locations where they 

are required. These cargoes are actively transported downstream to the synaptic terminus 

(anterograde transport) or upstream to the soma (retrograde transport) in a finely regulated 

manor, along a framework of cytoskeletal filaments (microtubules, intermediate filaments 

and actin) (Sau et al., 2011).  SOD1 mutants have been revealed to slow both anterograde 

(Williamson and Cleveland, 1999) and retrograde (Murakami et al., 2001, Bilsland et al., 

2010) axonal transport in mutant SOD1 murine models, long before disease onset (Figure 

2G). Furthermore, axonal disorganization characterized by neurofilament misaccumulation is 

a common feature of both sporadic (Wong et al., 2000) and familial (Hirano et al., 1984a, 

Rouleau et al., 1996) forms of ALS. This has lead to the suggestion that defective axonal 

transport may contribute to motor neuron degeneration in ALS. Interestingly, it has been 
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determined that in the axons of the motor neurons that are most vulnerable to degeneration in 

ALS (those innervating fast fatigable muscle fibers), an early sign of vulnerability is synaptic 

vesicle stalling and depletion from distal synapses (Figure 2H)  (Pun et al., 2006). 

Considering the importance of axonal transport in the delivery of synaptic vesicle precursors 

to the synapse (Sinadinos and Mudher, 2011), it seems likely that axonal transport defects are 

at least partially responsible for these phenomena and possibly also the vulnerability of these 

motor neurons to degeneration.   

 

Cytoplasmic dynein and its essential cofactor dynactin drive retrograde axonal transport 

(Holzbaur, 2004) and also mediate neurofilament transport and synaptic stability in motor 

neurons (Figure 2G)  (Holzbaur, 2004). The hypothesis that the disruptions in retrograde 

transport seen in mutant SOD1 models may play a substantial role in motor neuron 

degeneration is supported by the observation that a mutation in dynactin results in a slowly 

progressive, autosomal dominant form of lower motor neuron disease in humans (Puls et al., 

2003). Furthermore, inhibition of dyenin-mediated axonal transport by postnatal 

overexpression of the motor protein dynamitin, has also been shown to bring about a late-

onset progressive motor neuron degenerative disease in mice (LaMonte et al., 2002). 

Additionally Loa (legs at odd angles) and Cra1 (Cramping 1) mice that are heterozygous for 

mutations in the dynein cytoplasmic heavy chain 1gene have been shown by some to undergo 

progressive α- motor neuron degeneration and locomotor defects (Hafezparast et al., 2003) 

and others to develop a proprioceptive sensory neuropathy (Ilieva et al., 2008, Chen et al., 

2007). Regardless of whether α-motor neuron degeneration or sensory proprioceptive neuron 

degeneration are more prominent in these models, the fact that disruption of axonal transport 

through dynein heavy chain mutation, can cause the degeneration of these two highly polar 
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cell types, further supports the notion that the axonal transport defects seen in mutant SOD1 

mice are likely to contribute to motor neuron degeneration.  

 

With respect to the role of misfolded/aggregated SOD1 in bringing about axonal transport 

defects in mutant SOD1 mice,  dynein has been shown to colocalise with SOD1 aggregates in 

both SOD1
G93A

 mice and in rat embryonic motor neurons infected with HSV expressing 

mutant SOD1 (Ligon et al., 2005) and also to co-immunoprecipitate mutant SOD1, but not 

wild-type SOD1 in SOD1
G93A 

and SOD1
G85R

 mice (Zhang et al., 2007a). This has lead to the 

suggestion that SOD1 may disrupt axonal transport through inhibiting dynein/dynactin 

function (Ligon et al., 2005). However, it must be stressed that when these co-

immunoprecipitation experiments were carefully reproduced in SOD1
G93A

 mice by El-Kadi 

and colleagues, a direct interaction between mutant SOD1 and dynein could not be detected 

(El-Kadi et al., 2010). Further work is therefore required to elucidate how mutant SOD1 

brings about the disruption of axonal transport.  

 

1.4.2.1.3 Cellular degradation pathways for misfolded/aggregated mutant SOD1  

Cytoplasmic proteins are mainly degraded by two pathways, the ubiquitin-26 S proteasome 

pathway (Goldberg, 2003) and macroautophagy (Ravikumar et al., 2010). The 26S 

proteasome is a 2.5-MDa molecular machine built from approximately 50 different subunits, 

which catalyzes protein degradation and functions to rid the cell of proteins that are non-

functional, misfolded or potentially harmful. It consists of a barrel-shaped proteolytic core 

complex (the 20S proteasome), capped at one or both ends by 19S regulatory complexes, 

which are responsible for substrate recognition and transport into the core particle (Goldberg, 

2003). Macroautophagy (hitherto referred to as autophagy) is a cellular process that involves 
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the formation of double membrane-bound structures called autophagosomes around portions 

of cytoplasm and associated organelles. These autophagosomes then fuse with lysosomes, in 

order to permit degradation of their contents (Yang and Klionsky, 2010). Autophagy plays a 

critical role in intracellular organelle homeostasis and is also employed in conditions of 

starvation to maintain cellular nutrient levels (Yang and Klionsky, 2010). Furthermore, 

autophagy has been shown to play an essential role in the removal of toxic/aggregated 

proteins and damaged organelles such as mitochondria that may cause toxicity to cells under 

conditions of stress (Metcalf et al.). 

 

In vitro studies have shown that mutant SOD1 proteins are turned over more rapidly than 

wild-type SOD1 proteins (Hoffman et al., 1996) and furthermore that they can be degraded 

by the proteasome (Hoffman et al., 1996, Urushitani et al., 2002) as well as by autophagy 

(Kabuta et al., 2006) . However, in investigating mutant SOD1 degradation by these 

pathways further, it has been discovered that the proteasome is altered in composition (Edor 

et al., 2008) and its activity decreased (Kabashi et al., 2004, Cheroni et al., 2009) in the spinal 

cords of mutant SOD1 mice at symptomatic time points (and in some studies prior to 

symptom onset (Kabashi et al., 2004)). Additionally, sustained expression of mutant SOD1 in 

Neuro2A cells (a neuronal cell line) has been shown to reduce proteasome activity 

(Urushitani et al., 2002).  These results suggest that mutant SOD1 proteins are damaging to 

the proteasome in motor neurons and that in damaging the proteasome they may lead to their 

own buildup within the cell (Figure 2C). Furthermore it has been suggested that the buildup 

of mutant SOD1 proteins in the cell as a result of proteasomal inhibition, may lead to the 

sequestering of essential cellular components within mutant SOD1 aggregates, thus causing 

further damage to motor neurons (Bruijn et al., 1998).  
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As mentioned, mutant SOD1 proteins (A4V, G85R, and G93A) have been shown to be 

degraded by autophagy in vitro (Kabuta et al., 2006), thus suggesting that autophagy may be 

another mechanism by which mutant SOD1 species are cleared from cells in vivo. In support 

of this, markers of autophagy have been shown to be greatly increased in the spinal cords of 

SOD1
G93A

 mice compared to wild-type (WT) mice (Morimoto et al., 2007, Li et al., 2008). 

However it must be noted that autophagic pathways are increasingly becoming implicated in 

neurodegenerative disease pathophysiology (Boland et al., 2008, Cheung and Ip, 2011)  and 

therefore further work is required to identify whether the massive induction of autophagy 

observed in mutant SOD1 mice is protective or damaging to motor neurons.    

  

1.4.2.1.4 Toxicity associated with secretion of misfolded mutant SOD1 by motor neurons  

Chromogranin-A and chromogranin-B are soluble, acidic glycophosphoproteins and are 

major constituents of secretory large dense-core vesicles (LDCV) in neurons and endocrine 

cells. LDCVs store neuropeptides and hormones and undergo regulated exocytosis in 

response to appropriate cellular stimulation (Taupenot et al., 2003). Interestingly, both 

chromogranin A and B have been shown to interact with and mediate the secretion of mutant 

SOD1 proteins (both SOD1
G93A

 and SOD1
G85R

) from neurons and astrocytes (Urushitani et 

al., 2006).  Moreover, Zhao and colleagues have recently shown that extracellular mutant 

human SOD1
G93A

 or SOD1
G85R

 induce the morphological and functional activation of 

primary microglia from WT mice, increasing their release of pro-inflammatory cytokines and 

free radicals (Figure 2E). Furthermore, exposure of co-cultures of primary WT microglia and 

motor neurons to extracellular mutant SOD1 species, leads to motor neuron degeneration, by 

a mechanism that is dependent on the presence of microglia (Zhao et al., 2010). By contrast, 
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exposure of these co-cultures to extracellular WT human SOD1 species does not bring about 

significant microglial activation or motor neuron degeneration.  Zhao and colleagues 

continued to identify that in this in vitro system at least, the activating effects of extracellular 

mutant SOD1 species on microglia are likely to be transduced through a CD14-TLR (toll-like 

receptor) dependent pathway. Since CD14 is a pattern recognition receptor, Zhao and 

colleagues suggest that the reason why the toxic activation of microglia specifically occurs 

with mutant SOD1 species over WT ones, may be that the CD14 receptor has much greater 

recognition for misfolded forms of the protein than correctly folded WT forms (Zhao et al., 

2010).  In support of a direct contribution of extracellular misfolded SOD1 species to disease 

pathology in ALS, overexpression of chromogranin A has been shown to bring about 

acceleration of the onset of motor impairment and increased numbers of activated microglia 

as well as misfolded SOD1 species in the spinal cords of SOD1
G85R 

mice (Ezzi et al., 2010).  

 

1.4.2.1.4 Does SOD1 misfold and aggregate in ALS patients whose pathology is not caused 

by mutations in SOD1?  

Protein misfolding and aggregation is not just limited to cases of ALS-resulting from 

mutations in SOD1. Indeed the formation of inclusion bodies consisting of aggregated and 

unbiquitinated proteins has long been recognised as a hallmark of pathology in the spinal 

cords of both sporadic and familial forms of ALS (Migheli et al., 1990, LEIGH et al., 1991). 

This raises the question of whether misfolding and/or aggregation of SOD1 can be seen in 

ALS patients that do not bear mutations in this gene. This question has recently been 

addressed by two independent groups with contrasting results. Using a mouse monoclonal 

antibody (C4F4) that recognizes mutant SOD1
G93A

 (and to a lesser extent SOD1
G37R

) but not 

WT SOD1(Urushitani et al., 2007), Bosco and colleagues recently discovered that oxidized 
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WT SOD1 and mutant SOD1 share a conformational epitope that is not present in normal 

WT SOD1 (Bosco et al., 2010b). This prompted them to incubate spinal cord sections from a 

number of sporadic ALS patients with the C4F4 antibody to look for evidence of misfolded 

WT species that could have been generated as a result of oxidative stress. Interestingly, in 4 

out of the 9 human sporadic ALS cases investigated, motor neurons in the lumbosacral spinal 

cord were markedly C4F6 immunoreactive, suggesting that an aberrantly folded WT SOD1 

species were present. These observations prompted Bosco and colleagues to compare the 

effects mutant SOD1 and oxidised WT SOD1 proteins in an ALS-relevant biological assay. 

Specifically, the effects of these proteins on anteretrograde and retrograde axonal transport 

were analysed in a vesicle motility assay in isolated squid axoplasm. These assays revealed 

that oxidized WT SOD1 and misfolded WT SOD1 immunopurified from sporadic ALS 

tissues were both capable of inhibiting kinesin-based fast axonal transport in a similar fashion 

to mutant SOD1(Bosco et al., 2010b). These results suggest a potential toxic role for 

aberrantly folded WT SOD1 in some sporadic cases of ALS.  

 

Kerman and Colleagues have also developed conformation specific antibodies against 

misfolded SOD1 species: the USOD antibody, targeted against SOD1 residues 42-48, that 

specifically recognises SOD1 in which the beta barrel is unfolded and the SEDI antibody that 

recognises the SOD1 dimer interface (Kerman et al., 2010, Rakhit et al., 2007). They recently 

showed that these antibodies labeled the same inclusions in serial spinal cord sections from 

two familial SOD1 ALS cases, suggesting that in this type of ALS, SOD1 molecules present 

in inclusions adopt misfolded conformations that expose the most buried core of the molecule 

(Kerman et al., 2010). However, in contrast to the results of Bosco et al., Kerman and 

colleagues could not detect any misfolded SOD1 in 10 sporadic ALS cases by either 



61 

 

immunohistochemistry or immunoprecipitation using their USOD and SEDI antibodies 

(Kerman et al., 2010). These results lead them to conclude that there is no detectable 

accumulation of misfolded SOD1 in motor neurons in sporadic ALS.  

 

The contrast in the results of Bosco and colleagues and Kerman and colleagues could be 

explained in various ways. Firstly, both groups used a small sample size of sporadic ALS 

patients and considering that less than half showed C4F4 staining in the Bosco study, it is 

possible that by chance the patient samples used in the Kerman study were all ones that 

would not have shown staining with the C4F4 antibody either. Secondly, it is possible that 

the antibodies used in the two studies recognise different forms of misfolded SOD1. For 

example, the aberrant conformation adopted by oxidised WT SOD1 may not be so extreme 

that it brings about exposure of the dimer interface or unfolding of the beta barrel and 

therefore it may not be recognised by the SEDI and USOD antibodies. Finally, it is possible 

that the tissue preparation/ immunohistochemistry techniques used by the two groups were 

slightly different, thus yielding different results. Whether or not a proportion of WT SOD1 is 

misfolded in sporadic and familial forms of ALS without mutations in SOD1, recent work has 

shed much light on what the major protein components of ubiquitinated inclusions in these 

cases are. These discoveries will be discussed below.  

 

1.4.2.2 TDP-43 and FUS aggregation in ALS and relationship between ALS and 

Frontotemporal Dementia (FTD) 

Frontotemporal Dementia (FTD) is the most frequent cause or presenile dementia in humans 

and is a clinically, genetically and pathologically heterogeneous syndrome. Clinical 
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phenotypes encompassed by FTD include: behavioral variant FTD, semantic dementia and 

progressive non-fluent aphasia. Although Frontotemporal Lobar Degeneration (FTLD) is 

responsible for all these phenotypes, the microscopic features associated with this 

degeneration vary (McKhann et al., 2001). Until recently, FTLD subtypes were classified as 

those involving an abnormal accumulation of tau (FTLD-tau) and those associated with tau-

negative, ubiquitin-positive inclusions FTLD-U (McKhann et al., 2001). Interestingly, in the 

early 2000‟s it began to become clear that a subset of ALS patients develop cognitive defects 

associated with neuronal degeneration in the frontotemporal lobe and furthermore that this 

neuropathology closely resembled FTLD-U. This lead to the hypothesis that ALS and FTD 

with FTLD-U might be related conditions (Lomen-Hoerth et al., 2002, Murphy et al., 2007, 

Mackenzie and Feldman, 2005). This hypothesis was confirmed in 2006 when the DNA/RNA 

binding protein TDP-43 was identified as the pathological protein in most SOD1-negative 

ALS cases (ALS-TDP) (Neumann et al., 2006b, Mackenzie et al., 2007) as well as in the 

majority of cases of FTLD-U (Neumann et al., 2006b, Arai et al., 2006a) (renamed as FTLD-

TDP) (Mackenzie et al., 2010a). It is also interesting to note that while mutations in the TDP-

43 gene (TARDBP) are not required for the occurrence of TDP-43 aggregates in ALS 

patients, TARDBP mutations that are causative for ALS have subsequently been found and 

are thought to account for 5–10% of classic familial ALS cases as well as some sporadic 

cases(Kabashi et al., 2008b). The discovery of these mutations in the RNA-binding protein, 

TDP-43 lead to the investigation of potential mutations in functionally related genes in a 

region of chromosome 16 that had previously been linked to some familial forms of ALS. 

These investigations resulted in the discovery of ALS-causing mutations in another RNA-

binding protein, FUS (fused in sarcoma), and the identification of this protein as the 

pathological protein in TDP-43-negative, SOD1-negative ALS cases (ALS-FUS) 
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(Kwiatkowski et al., 2009, Vance et al., 2009). Furthermore, FUS was subsequently 

identified as the pathological protein in most of the remaining tau-negative,TDP-43-negative 

FTLD subtypes (renamed as FTLDFUS) (Mackenzie et al., 2010a). This lead to the now 

widely accepted notion that ALS AND FTD are a clinico-pathologically related spectrum of 

diseases and also to the intriguing possibility that defects in RNA metabolism may be 

involved in the pathogenesis of ALS and FTD (Mackenzie et al., 2010b, Bäumer et al., 2010).  

The possible involvement of RNA metabolism/processing in ALS is further supported by that 

fact mutations in ANG , which encodes, angiogenin, (another protein with RNA-processing 

abilities (Bäumer et al., 2010, Crabtree et al., 2007)) have also been found in both familial 

and sporadic ALS patients (Greenway et al., 2006)  

 

Following the discovery of TARDBP mutations and TDP-43 inclusions in ALS patients, 

much work has been performed to create animal models of TDP-43-related ALS pathology. 

Indeed it has been shown that overexpression of TDP-43 (wild-type or disease mutant) in 

worms (Ash et al., 2010, Liachko et al., 2010), flies (Li et al., 2010, Miguel et al., 2011), 

zebrafish (Kabashi et al., 2010), mice (Wils et al., 2010, Xu et al., 2010) and rats (Zhou et al., 

2010) is toxic in a dose-dependent manner, and can bring about neurodegeneration. However, 

as with aggregation of mutant SOD1 in familial ALS, it is not clear whether aggregation of 

TDP-43 contributes to its observed toxicity in patients and models.  Additionally, TDP-43 

inclusions are only observed in a subset of invertebrate and fish models (Li et al., 2010, 

Liachko et al., 2010), despite the existence of clear TDP-43-mediated toxicity in all models 

(Ash et al., 2010, Miguel et al., 2011, Li et al., 2010, Liachko et al., 2010). Furthermore, 

TDP-43 inclusions only appear to be a minor component of pathology in rodent models. It is 

still possible however that smaller, soluble oligomers of TDP-43 are toxic in models lacking 
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TDP-43 inclusions, or that cells containing TDP-43 inclusions have already degenerated in 

these models and therefore cannot be seen (Baloh, 2011).  Clearly, as with SOD1, further 

work is required to establish whether aggregation of TDP-43 contributes to its observed 

toxicity. 

 

As mutations in FUS (also known as FUS/TLS (fused in sarcoma/translocated in 

liposarcoma)) were discovered later than mutations in TARDBP,  fewer FUS/TLS animal 

models have been reported (Da Cruz and Cleveland, 2011). However, Huang and colleagues 

recently reported the production of transgenic rats expressing human wild-type or an ALS-

linked mutant form of FUS/TLS (R521C) in a conditional fashion. In these studies, 

expression of the mutant protein at levels at three to six times above that of the endogenous 

protein in the CNS led to degeneration of motor axons, loss of cortical and hippocampal 

neurons, increased denervation of neuromuscular junctions and paralysis within 30–70 days 

of transgene induction.  Although ubiquitinated cytoplasmic aggregates were seen at the time 

of neuronal degeneration in these animals, these aggregates surprisingly didn‟t co-localise 

with FUS/TLS (Huang et al., 2011). Expression of WT FUS/TLS at similar levels to those in 

the mutant FUS/TLS mice produced a less severe pathology involving a mild loss of neurons 

in the cortex and hippocampus accompanied by the formation of some FUS/TLS-negative 

ubiquitinated aggregates at one year of age. This suggests that overexpression of mutant 

FUS/TLS in the CNS is more toxic than overexpression of the wild-type protein in rats. In 

addition to these rat models, two recent studies have identified that overexpression of WT 

FUS/TLS in yeast is toxic and brings about the formation of FUS/TLS containing 

cytoplasmic aggregates (Sun et al., 2011, Ju et al., 2011). Interestingly, in one of these studies 

Ju and colleagues identified five yeast DNA/RNA binding proteins, encoded by the yeast 
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genes ECM32, NAM8, SBP1, SKO1 and VHR1, that could ameliorate the toxicity of human 

FUS/TLS without changing its expression level, cytoplasmic translocation, or inclusion 

formation. This could either suggest that inclusion formation seen was not essential to the 

FUS/TLS-mediated toxicity or potentially, that the inclusions sequestered other critical 

DNA/RNA binding proteins and therefore prevented them from carrying out their normal 

cellular functions.  In addition to these studies in yeast, two further recent studies have shown 

that overexpression of WT or mutant forms of FUS/TLS in Drosophila brings about neuronal 

defects motor impairments in these animals (Chen et al., 2011, Lanson et al., 2011). Although 

Chen and colleagues did not discuss whether or not overexpression of WT or mutant 

FUS/TLS in their Drosophila brought about the formation of ubiquitinated aggregates, 

Lanson and colleagues saw ubiquitinated aggregates in some FUS/TLS mutants (but not all 

and not with WT FUS/TLS), however they did not describe whether these aggregates 

contained FUS/TLS.  As with the transgenic FUS/TLS rats described above, overexpression 

of mutant forms of FUS/TLS in Drosphila in these studies brought about more severe defects 

than overexpression of the WT protein. Finally, in contrast to results in rats, yeast and 

Drosophila, overexpression of wild-type and ALS-linked mutants of FUS/TLS in zebrafish 

has so far failed to cause significant alterations in morphology or motor axon outgrowth 

(unlike with TDP-43) (Bosco et al., 2010a). Considering the results of these early studies and 

the variation in the results seen in different models, further work is required to establish how 

perturbations in FUS/TLS can bring about toxicity to motor neurons and whether aggregation 

of this protein is associated with its toxicity. However at this stage, as with SOD1 and TDP-

43, it cannot be ruled out that FUS/TLS aggregation at least partially contributes to its 

toxicity in ALS patients.   
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1.4.3 Mitochondrial abnormalities in ALS    

Mitochondria are critically important organelles in aerobic cells, carrying out many vital 

functions including ATP production via oxidative phosphorylation, maintenance of calcium 

homeostasis, calcium signaling and the regulation of intrinsic apoptosis (Shi et al., 2010). 

Mitochondria are highly motile organelles and in motor neurons, they use tracks of 

microtubules to distribute themselves evenly along axons and to travel quickly to areas of 

metabolic demand. In healthy cells, mitochondria form interconnected branched networks 

throughout the cytoplasm, via the dynamic processes of fission and fusion (Diaz and Moraes, 

2008). This network allows them to provide support to all parts of the cell and is critical to 

their function (Cho et al., 2010).  Disturbed mitochondrial ultrastructure in motor neurons 

(and muscles (Afifi et al., 1966)) in both sporadic (Hirano et al., 1984b, Sasaki and Iwata, 

1996, Sasaki and Iwata, 2007) and familial (Hirano et al., 1984c) ALS patients first 

implicated mitochondria in ALS pathogenesis.  Evidence for the disruption of several 

mitochondrial functions has subsequently been identified in various ALS models (Shi et al., 

2010, Duffy et al., 2011) and will be discussed below.   

 

1.4.3.1 Direct effects of mutant SOD1 on mitochondria  

A proportion of misfolded SOD1 has been shown to be localized to the intermembrane space 

(IMS) between the inner (IMM) and outer (OMM) mitochondrial membranes in SOD1
G93A

 

mice. In support of a toxic role for SOD1
G93A

 accumulation in this location, Cozzolino and 

colleagues have shown that expression of SOD1
G93A

 (but not SOD1
WT

) proteins specifically 

targeted to the IMS in mitochondria in NSC-34 cells (a motor-neuron like cell line), leads to 

rounding and fragmentation of the mitochondria as well as a reduction in mitochondrial 

metabolism , increased caspase-3 activation and cell death (Cozzolino et al., 2009). 
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Furthermore mutant SOD1
G93A

  accumulation in the IMS has been shown to bring about a 

surprising and paradoxical increase the production of mitochondrial ROS through a 

mechanism that is thought to involve the promotion of cytochrome c-catalyzed peroxidation  

(Figure 2D) (Goldsteins et al., 2008).  As mentioned above, mitochondria in the motor 

neurons of dismutase active SOD1
G93A

 (Gurney et al., 1994) and SOD1
G37R

 (Wong et al., 

1995) (but not dismutase inactive SOD1
G85R

)  mice become vacuolated due to expansion of 

the IMS. In line with a toxic accumulation of mutant SOD1 in the IMS, these vacuoles were 

found to contain mutant SOD1 in proteinaceous aggregates in both murine models (Wong et 

al., 1995, Jaarsma et al., 2001, Higgins et al., 2003).   

 

In addition to these cases where an IMS location for mutant SOD1 is seen, Vande Velde and 

colleagues have shown that in a large number of mutant SOD1 models (both dismutase active 

and inactive), misfolded mutant SOD1 is deposited onto the cytoplasmic face of the OMM 

(Figure 2D).  Furthermore ,this association is restricted to the spinal cord, indicating the 

existence of a specific microenvironment conducive to mutant SOD1 misfolding and 

mitochondrial association in the spinal cords of these animals (Vande Velde et al., 2008). 

Although this is yet to be determined for all SOD1-related ALS models, Vande Velde and 

colleagues have subsequently shown that within the spinal cords of SOD1
G37R 

and SOD1
G85R

 

mice, the axonal mitochondria of motor neurons are primary targets for misfolded SOD1. 

(Vande Velde et al., 2011). Interestingly,  it has also recently been shown that mutant SOD1 

proteins directly interact with the voltage-dependent anion channel (VDAC1) in the OMM in 

spinal cord tissues derived from transgenic rats expressing dismutase active SOD1
G93A

 or 

dismutase inactive SOD1
H46R

 (Israelson et al., 2010). Furthermore, direct binding of mutant 

SOD1 to VDAC1 has been shown to inhibit conductance of individual channels when 
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reconstituted in a lipid bilayer (Israelson et al., 2010). VDAC1 is a primary contributor to 

ATP/ADP flux across the OMM and is also important for the import/export of Ca
2+

 and other 

cations (Shoshan-Barmatz et al., 2010) and it therefore seems likely that a mutant SOD1 

mediated impairment in the conductance of this channel would negatively affect 

mitochondrial function and potentially motor neuron survival. In support of this, Israelson 

and colleagues have shown that reducing VDAC1 activity in SOD1
G37R

 mice by crossing 

them to mice heterozygous for disruption of the VDAC1 gene, diminishes their survival by 

accelerating disease onset (in both SOD1G37R/VDAC1
+/−

 and SOD1G37R/VDAC1
−/−

 mice) 

(Israelson et al., 2010). The observed association of mutant SOD1 with VDAC1 in the OMM 

in transgenic rats therefore provides the first direct link between misfolded SOD1 and 

mitochondrial dysfunction in ALS.   

 

1.4.3.2 Oxidative stress and defective oxidative phosphorylation in ALS patients and 

models  

Evidence of oxidative stress has been observed in both ALS patients and models, and has 

therefore been implicated as part of the pathological process in this disease. For example, in 

ALS patients, increased levels of ROS have been found in the blood (Siciliano et al., 2002)  

and increased concentrations of 3-nitrotyrosine (indicative of peroxynitrite mediated nitration 

of protein tyrosine residues) have been observed in the CSF (Hideo Tohgi et al., 1999). 

Furthermore, increased carbonylation of proteins as well as peroxidation of lipids in the 

mitochondrial membrane has been observed in motor neurons in mixed spinal cord cultures 

derived from SOD1
G93A

 mice (Kruman et al., 1999) and in mitochondria directly isolated 

from the brains and spinal cords of these animals (Mattiazzi et al., 2002). Although free 

radicals released by activated microglia and astrocytes are likely to play a significant role in 
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bringing about oxidative stress in the spinal cords of ALS patients and models (see above), 

free radicals released as a consequence of defective oxidative phosphorylation in the 

mitochondria of motor neurons may also contribute to this process. In support of this, 

evidence of decreased activity of respiratory chain complexes I, II, II and IV has been found 

in post mortem CNS tissues of sporadic ALS patients by Wiedemann and colleagues 

(Wiedemann et al., 2002). However it must be noted that Wiedemann and colleagues also 

identified reduced numbers of mitochondria compared to controls in these samples and 

suggested this may have been largely responsible for the impaired respiratory chain activities 

seen. However decreased activity of complex 1V has also been observed in the motor 

neurons in the spinal cords of ALS patients by Borthwick and colleagues (Borthwick et al., 

1999).  In SOD1
G93A

 mice, a decrease in the activity of mitochondrial complex I can be seen 

in ventral horn motor neurons in presymptomatic stages, followed by a decreased function of 

complex IV after disease onset (Mattiazzi et al., 2002, Jung et al., 2002). Furthermore, 

reduced ATP levels have been seen in the CNS in SOD1
G93A

 mice at both presymptomatic 

(Browne et al., 2006) and symptomatic stages (Mattiazzi et al., 2002).  However defects in 

the electron transport chain and ATP synthesis are not seen in all mutant SOD1 based models 

(Damiano et al., 2006) and therefore the role of the electron transport chain in ALS 

pathogenesis requires further research.  
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1.4.3.3 Impaired calcium buffering 

In addition to producing ATP, mitochondria carry out the critically important function of 

buffering intracellular surges of Ca
2+

 in excitable cells such as motor neurons. Mitochondrial 

uptake of calcium relies on the existence of a negative membrane potential across the IMM 

that is maintained by the action of the electron transport chain (Graier et al., 2007). Impaired 

mitochondrial Ca
2+

 buffering can lead to increased intracellular Ca
2+

 levels and associated 

cellular damage (Graier et al., 2007). In support of a role for impaired calcium handling by 

motor neuron mitochondria in ALS, mitochondrial buffering capacity has been found to be 

impaired as early as 35 days of age in the spinal cords of SOD1
G93A

 mice and has also been 

shown to be impaired in SOD1
G85R

 mice (Damiano et al., 2006). Furthermore, SOD1
G93A

 

mice crossed with mice genetically modified to have a decreased calcium permeability of 

alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors in spinal 

motor neurons, have been shown to have a significantly delayed onset of ALS symptoms 

(Tateno et al., 2004). As mentioned above, it is hypothesised that glutamate excitotoxicity in 

motor neurons may contribute to ALS pathogenesis (owing to impaired clearance of synaptic 

glutamate by astrocytes (Figure 2A)) (Ilieva et al., 2009). Impaired calcium buffering by 

motor neurons could both result from and accentuate this process (Duffy et al., 2011). 

 

1.4.3.4 Altered mitochondrial morphology and distribution    

Disturbed mitochondrial morphology and in some cases distribution has been observed in the 

motor neurons (and muscles (Afifi et al., 1966)) of both sporadic (Hirano et al., 1984b, Sasaki 

and Iwata, 1996, Sasaki and Iwata, 2007) and familial (Hirano et al., 1984c) ALS patients and 

this has raised the possibility that mitochondrial fission/fusion and/ or transport of 

mitochondria through the cell may be impaired in affected tissues in ALS patents. In order to 
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investigate this possibility further Vande Velde and colleagues have generated transgenic 

mice expressing mitochondrially targeted enhanced green fluorescent protein in motor 

neurons (Hb9-MitoEGFP) and crossed them to SOD1
G37R

 and SOD1
G85R

 mice (Vande Velde 

et al., 2011). Interestingly, visualization of mitochondria in the motor neurons of these 

animals has revealed that axonal mitochondria are increasingly spheroid and clustered at the 

proximal side of Schmidt-Lanterman incisures (funnel-shaped interruptions in the compact 

myelin sheath formed around motor neuron axons by Schwann cells (Arroyo and Scherer, 

2000, Tricaud et al., 2005)) in SOD1
G37R

 mice, whereas axonal mitochondria are aberrantly 

elongated in SOD1
G85R

 mice. Both mutations resulted in the swelling of mitochondria in 

motor neuron cell bodies and a more irregular distribution of mitochondria in motor neuron 

axons (Vande Velde et al., 2011). These observations support the hypothesis of an impaired 

ability of mitochondria to regulate their morphology and localization in ALS.  This is also 

supported by the fact that mitochondria in primary motor neurons from SOD1
G93A

 mice (De 

Vos et al., 2007) and in SOD1
G93A

-expressing  NSC-34 cells (Tradewell et al., 2011) have 

been shown to become abnormally rounded.  This rounded morphology is indicative of 

reduced fusion and/or increased fission (Knott et al., 2008), which can be influenced by 

elevated Ca
2+

 levels (Breckenridge et al., 2003) or by a loss of mitochondrial membrane 

potential (Geisler et al., 2010), both of which may occur in ALS.  

 

As described, Vande Velde and colleagues observed a more irregular distribution of 

mitochondria in motor neuron axons in both SOD1
G37R 

and SOD1
G85R

 mice. This could be 

indicative of impaired axonal transport of mitochondria in the motor neurons of these mice. 

In support of this, anterograde transport of mitochondria has been shown to be selectively 

impaired in motor neurons from SOD1
G93A

 mice and in primary cortical neurons transfected 
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with four different SOD1 mutants (De Vos et al., 2007). Furthermore in NSC-34 cells, 

expression of mutant SOD1 that is specifically targeted to the mitochondrial IMS, is 

sufficient to bring about the fragmentation (rounding) and defective axonal transport of 

mitochondria (both anterograde and retrograde) (Magrané et al., 2009). Interestingly, 

increased calcium levels have been shown to bring about the inhibition of both anterograde 

and retrograde mitochondrial axonal transport in cardiac myoblasts (Yi et al., 2004). 

Although this cannot explain the anterograde-specific mitochondrial defects observed in 

primary motor neurons from SOD1
G93A

 mice (De Vos et al., 2007) it suggests that defects in 

mitochondrial axon transport seen in in vitro models of ALS may at least in part be 

influenced by impaired calcium buffering in these cells.  

 

1.4.3.5 Mitochondrial apoptosis in ALS 

Considering observations by Gould and colleagues that a complete rescue of motor neurons 

from death in SOD1
G93A

 mice, by deletion of the pro-apoptotic factor Bax, was unable to 

prevent neuromuscular denervation and ALS-like pathology (Gould et al., 2006), it seems 

unlikely that mitochondrially induced apoptosis plays a primary role in ALS pathology. This 

is further supported by the absence of motor neuron cell body degeneration until symptomatic 

phases of pathology in both SOD1
G93A 

(Fischer et al., 2004) and SOD1
G85R

 (Bruijn et al., 

1997) mice. However, it must be noted that in ALS patients, biochemical markers of 

apoptosis have been observed at the end stage of the disease (Yoshiyama et al., 1994) and in 

SOD1
G93A

 (Li et al., 2000),  SOD1
G85R

 and SOD1
G77R

 (Pasinelli et al., 2000)  mice, sequential 

activation of caspases 1 and 3 has been observed  in the spinal cord (however, with caspase 3 

activation not occurring until symptomatic stages in all cases). Considering the defective 

mitochondrial processes (including impaired mitochondrial electron transport, impaired 
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calcium buffering and disturbed morphology and distribution) observed in the motor neurons 

of ALS patents and models, it is possible that the activation of mitochondrial apoptosis in 

motor neurons may arise in response to these defective processes. However, should the 

widely favored dying back hypothesis for motor neuron degeneration in ALS be correct 

(Dadon-Nachum et al., 2011) this is likely to occur once denervation of muscles and axonal 

degeneration has already occurred.   

 

1.4.3.6 Hypermetabolism in ALS 

Although denervation-induced muscle wasting would be assumed to lead to hypometabolism 

owing to the loss of a major site of nutrient consumption, increased energy expenditure has 

been demonstrated in patients with both familial and sporadic ALS (Desport et al., 2001, 

Desport et al., 2005, Funalot et al., 2009). In support of a negative role for this 

hypermetabolism in ALS patients, hyperlipidaemia (Dupuis et al., 2008) and increased 

concentrations of circulating apolipoprotein E are positively correlated with survival in ALS 

(Lacomblez et al., 2002), which suggests that increased availability of lipids in blood is 

beneficial. As with ALS patients, muscle metabolism is higher and bodyweight and fat mass 

are lower in SOD1
G93A

 mice compared to WT mice (Dupuis et al., 2004). As these metabolic 

changes occur weeks before disease onset in SOD1
G93A 

mice, it has been suggested that 

hypermetabolism and energy deficiency may be intrinsic to ALS pathogenesis. In support of 

this, providing SOD1
G93A

 mice with a high-fat diet has been shown to delay disease onset, 

increase lifespan, reduce muscle denervation, and improve motor neuron survival (Dupuis et 

al., 2004, Mattson et al., 2007) Conversely, caloric restriction of SOD1
G93A

 mice has been 

shown to accelerate disease onset and shorten lifespan (Patel et al., 2010, Hamadeh and 

Tarnopolsky, 2006). Dupuis and colleagues have suggested that defects in muscle energy 
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metabolism may be the direct cause of energy deficit and hypermetabolism in mutant SOD1 

mice (Dupuis et al., 2003). In support of this cellular levels of ATP are decreased and 

expression of mitochondrial uncoupling proteins is increased in the muscles of mutant SOD1 

mice (Dupuis et al., 2003).  Furthermore mitochondrial defects have been observed in the 

muscles of ALS patients (Crugnola et al., 2010, Echaniz-Laguna et al., 2006). Finally, mice 

overexpressing the mitochondrial brown fat uncoupling protein 1 (UCP1) in muscles, as a 

model of muscle-restricted hypermetabolism, have been observed to undergo a progressive 

deterioration in neuromuscular junctions that eventually leads to a mild, late-onset motor 

neuron pathology (Dupuis et al., 2009). It has thus been suggested that providing 

trophic/metabolic support to the muscles of ALS patients/models may slow denervation and 

prolong survival (Dupuis et al., 2011). However it must also be noted that in experiments 

involving muscle restricted expression of mutant SOD1 in mice, no signs of denervation or 

motor neuron degeneration were observed, despite the occurrence of severe atrophy and 

mitochondrial defects in the muscles of these animals (Dobrowolny et al., 2008). This could 

suggest a number of things; 1) that muscle hypermetabolism is not sufficient to bring about 

damage to motor neurons 2) that expression of mutant SOD1 in other cells in addition to 

muscle is required to bring about hypermetabolism in muscle 3) that muscle hypermetabolism 

requires a background of other toxic processes in order to contribute to pathology or 4) 

systemic hypermetabolism is required for hypermetabolism-induced motor neuron injury.  

Unfortunately, Dobrowolny and colleagues did not discuss whether or not mice with muscle 

restricted expression of mutant SOD1 showed muscle hypermetabolism and therefore it is 

difficult to conclude which of these possibilities or combination of them may be correct. 

However, at this stage it cannot be ruled out that hyper-metabolism/energy deficiency play a 

role in ALS pathology.  
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1.4.4 ALS genetics  

1.4.4.1 An update on mutations identified in familial and sporadic ALS  

As described above, the fist gene identified to be involved in typical familial ALS was the 

SOD1 gene, which encodes copper/zinc superoxide dismutase 1 (Rosen et al., 1993a). 

Mutations in SOD1 are thought to occur in 15-20% of familial ALS and for a long time these 

were the most common of the known mutations in familial ALS. Recently the field of ALS 

research has taken a large step forward in the discovery of several other frequently mutated 

genes in familial ALS patients. The first of these were the TARDBP (TAR DNA binding 

protein 43) (Gitcho et al., 2008, Kabashi et al., 2008a, Sreedharan et al., 2008, Yokoseki et 

al., 2008) and FUS (fused in sarcoma) (Kwiatkowski et al., 2009, Vance et al., 2009) genes, 

mutations in which are thought to account for 5–10% and 5% of classic familial ALS 

respectively. Interestingly, TARDBP and FUS both encode proteins involved in RNA-

metabolism, which has lead to the intriguing hypothesis that defects in RNA metabolism may 

be associated with ALS pathology.  Together mutations in SOD1, TARDBP and FUS only  

account for ~30% of familial ALS cases, however in October 2011 the percentage of familial 

ALS cases whose mutations could be accounted for hugely increased with the discovery by 

two independent groups that a large hexanucleotide (GGGGCC) repeat expansion in the first 

intron of the C9ORF72 gene on the short arm of chromosome 9 is causative for ALS and 

Frontotemporal Dementia (FTD) (see section 1.4.2.2 for a discussion of FDT and its 

relationship to ALS). DeJesus-Hernandez et al. identified the GGGGCC repeat expansion in 

12% of familial FTD and 22.5% of familial ALS in their American sample set. Likewise, 

Renton et al. found it in 46% of familial ALS, 21.1% of sporadic ALS, and 29.3% of FTD in 
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the Finnish population and in one third of ALS patients of outbred European decent (Renton 

et al., 2011, DeJesus-Hernandez et al., 2011). This mutation is therefore the most common 

genetic cause of ALS identified to date.  Although it is not yet clear how the hexanucleotide 

repeat expansion in the non-coding region of the C9ORF72 gene can cause ALS and FTD, 

Renton and colleagues propose that it may affect the function of C9ORF72, whose cellular 

role is as yet unknown. However, they also hypothesise that RNA generated from the repeat 

expansions could disrupt transcription by sequestering normal RNA and proteins involved in 

transcription regulation, as has previously been proposed for other repeat expansion 

mutations (Wojciechowska and Krzyzosiak, 2011).   

 

In addition to these commonly occurring mutations, mutations in several other genes have 

been reported as rare causes of ALS, these are as follows: A single mutation (P56S) was 

discovered in the VAPB gene, encoding VAMP (vesicle associated membrane protein) 

associated protein B, in Brazilian kindreds who shared a common founder from the time of 

the Portuguese colonisation of Brazil (Nishimura et al., 2004, Nishimura et al., 2005).  

Deleterious mutations in another protein involved in vesicle trafficking, FIG4, have also been 

found  (Chow et al., 2009). FIG4 is a phosphoinositide 5-phosphatase that regulates the 

cellular abundance of PI(3,5)P2, a signaling lipid located on the cytosolic surface of 

membranes of the late endosomal compartment. Mutations in this gene have also been 

identified as responsible for the recessive peripheral-nerve disorder CMT4J a severe form of 

Charcot-Marie-Tooth disease (CMT) (Chow et al., 2009).  Mutations in the ANG gene which 

encodes angiogenin, another protein with RNA processing abilities have also been found. 

This further highlights the potential role of RNA processing in ALS (Crabtree et al., 2007).  

More recently ALS causing mutations  which abolish the inhibition of NFκB activation, have 
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been discovered in the OPTN (optineurin) gene, which is also a causative gene of primary 

open-angle glaucoma (Maruyama et al., 2010). Furthermore, a unique mutation in the D-

amino acid oxidase gene (R199W DAO) which was associated with classical adult onset 

familial amyotrophic lateral sclerosis in a three generational FALS kindred has recently been 

discovered (Mitchell et al., 2010). Work is currently underway to establish whether this 

mutation is causative for the disease, although early indications suggest so (Mitchell et al., 

2010).  Finally several mutations have been identified which implicate the ubiquitin 

proteasome system in ALS.  Specifically, using exome sequencing a p.R191Q amino acid 

change in the valosin-containing protein (VCP) gene was discovered in an Italian family with 

autosomal dominantly inherited amyotrophic lateral sclerosis (ALS) (Johnson et al., 2010). 

This lead to the screening by Johnson and colleagues of VCP in a cohort of 210 familial ALS 

cases and 78 autopsy-proven ALS cases, which lead to the identification of four additional 

mutations in this gene. VCP protein plays a critical role in the maturation of ubiquitin-

containing autophagosomes, and mutant VCP toxicity has been identified by Johnson and 

colleagues to likely be mediated at least partially through toxic effects onTDP-43 protein 

(Johnson et al., 2010). Interestingly, mutations in VCP have previously been found in 

families with Inclusion Body Myopathy, Paget‟s disease and FTD (Johnson et al., 2010). 

Mutations in UBQLN2, which encodes the ubiquitin-like protein ubiquilin 2, have also  been 

discovered to be capable of causing dominantly inherited, chromosome-X-linked ALS and 

ALS/FTD (Deng et al., 2011).  

  

In addition to the genes described above, additional loci have been reported for classical 

familial ALS, including: ALS3 on 18q identified in a single family (Hand et al., 2002) and 

ALS7 on chromosome 20p (Sapp et al., 2003).  Furthermore, several genes whose mutation 
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causes rare, atypical forms of ALS have been discovered, these include: the alsin gene, 

associated with juvenile onset recessive ALS (Hadano et al., 2001); the senataxin gene, which 

is associated with a slowly progressive form of juvenile onset ALS, (Chen et al., 2004a); the 

spatacsin gene (of unknown function, whose mutation is the single most common cause of 

autosomal recessive hereditary spastic paraplegia with thin corpus callosum) in which 12 

sequence alterations were identified by Orlacchio and colleagues in 10 unrelated pedigrees 

with autosomal recessive juvenile amyotrophic lateral sclerosis and long-term survival 

(Orlacchio et al., 2010) and the ơ Non-opioid receptor 1 (SIGMAR1) gene in which a 

mutation was found in a consanguineous family segregating juvenile ALS in an autosomal 

recessive pattern (Al-Saif et al., 2011). Interestingly, mutations in SIGMAR1 have also 

recently been identified in patients presenting with FTD-MND (frontotemporal  dementia–

motor neuron disease) with no known mutations in known dementia genes , which further 

highlights that ALS and FTD represent a clinico-pathologically related spectrum of diseases 

(see section 1.4.2.2 for further discussion of this relationship)  (Luty et al., 2010).  Table 2 

below summarizes the various genes/loci in which ALS-causing mutations have been 

identified to date.   
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Table 2: Summary of genes/loci in which ALS-causing mutations have been identified to 

date  

Genetic 

subtype 

Chromosomal 

locus 
Gene Onset/inheritance Reference 

Abbreviations: AD, autosomal dominant; ALS, amyotrophic lateral sclerosis; AR, autosomal recessive; 

FTD, frontotemporal dementia 

Oxidative stress 

ALS1 21q22 
Superoxide dismutase 1 

(SOD1) 
Adult/AD (Rosen et al., 1993a) 

RNA processing 

ALS4 9q34 Senataxin (SETX) Juvenile/AD (Chen et al., 2004b) 

ALS6 16p11.2 Fused in sarcoma (FUS) Adult/AD 

(Kwiatkowski et al., 

2009, Vance et al., 

2009)  

ALS9 14q11.2 Angiogenin (ANG) Adult/AD 
(Greenway et al., 

2006) 

ALS10 1p36.2 
TAR DNA-binding protein 

(TARDBP) 
Adult/AD 

(Sreedharan et al., 

2008) 

Endosomal trafficking and cell signaling 

ALS2 2q33 Alsin (ALS2) Juvenile/AR (Yang et al., 2001) 

ALS11 6q21 
Polyphosphoinositide 

phosphatase (FIG4) 
Adult/AD (Chow et al., 2009) 

ALS8 20q13.3 

Vesicle-associated 

membrane protein-

associated protein B 

(VAPB) 

Adult/AD 
(Nishimura et al., 

2004) 

ALS12 10p13 Optineurin (OPTN) Adult/AD and AR 
(Maruyama et al., 

2010) 

ALS–

FTD 

3p11.2 

 

Charged multivesicular 

protein 2B (CHMP2B) 
Adult/AD (Cox et al., 2010) 

Glutamate excitotoxicity 

ND 12q24 
d-amino acid oxidase 

Adult/AD (Mitchell et al., 2010) 
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Genetic 

subtype 

Chromosomal 

locus 
Gene Onset/inheritance Reference 

(DAO) 

Ubiquitin/protein degradation 

ND 9p13–p12 
Valosin-containing protein 

(VCP) 
Adult/AD (Johnson et al., 2010) 

ALSX Xp11 Ubiquilin 2 (UBQLN2) Adult/X-linked (Deng et al., 2011) 

Other genes 

ALS5 15q15–q21 Spatacsin (SPG11) Juvenile/AR 
(Orlacchio et al., 

2010) 

ALS–

FTD 
9p13.3 

σ Non-opioid receptor 1 

(SIGMAR1) 

Adult/AD 

Juvenile/AR 

(Luty et al., 2010, Al-

Saif et al., 2011) 

ALS–

FTD 
9q21–q22 

Chromosome 9 open 

reading frame 72 

(C9ORF72) 

Adult/AD 

(Hosler et al., 2000, 

Renton et al., 2011, 

DeJesus-Hernandez et 

al., 2011)  

Unknown genes 

ALS3 18q21 Unknown Adult/AD (Hand et al., 2002)  

ALS7 20ptel–p13 Unknown Adult/AD (Sapp et al., 2003)  

Table adapted from (Ince et al., 2011) 

1.4.4.2 Convergent and divergent pathways in familial and sporadic ALS 

As described above, in approximately 90% of cases, ALS manifests as a sporadic disorder 

with no clear inheritance, whereas the remaining ~10 % of cases are familial and usually 

display autosomal dominant inheritance. It is frequently stated that as sporadic and familial 

ALS share common clinical features, they are likely to share common pathophysiological 

mechanisms (Turner and Talbot, 2008). In support of this, many of the potentially toxic 

processes such as reactive astrogliosis (Papadimitriou et al., 2010) , mitochondrial 

abnormalities (Duffy et al., 2011), ER stress (Atkin et al., 2008, Atkin et al., 2006)  and 
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oxidative stress (Cova et al., 2010)  described above for the SOD1
G93A

 mouse are observed in 

both sporadic and familial ALS cases. Furthermore, in recent times the presence of TDP-43 

aggregates has been identified as a unifying feature in the majority of sporadic ALS cases as 

well as in familial ALS-cases arising from mutations in several genes including TARDBP 

itself (predominantly ALS cases) (Da Cruz and Cleveland, 2011), C9ORF72 (ALS and FTD 

cases) (DeJesus-Hernandez et al., 2011, Renton et al., 2011), VAPB (predominantly ALS 

cases) (Tudor et al., 2010)  and UBQLN2 (X-linked ALS and ALS/FTD) (Deng et al., 2011). 

„„TDP-proteinopathy‟‟ therefore now represents a key pathological feature associated with 

both familial and sporadic ALS (Ince et al., 2011). However it must be noted that there are 

exceptions to this rule, in particular, cases of familial ALS caused by mutations in SOD1 

have to date not been associated with TDP-43-related pathology. This suggests that although 

familial patients with mutations in SOD1 may share common downstream toxic processes 

with sporadic ALS patients and other fALS patients (such as astrogliosis, oxidative stress, ER 

stress and mitochondrial abnormalities) the upstream mechanisms leading to these processes 

are likely to be different. FUS proteinopathy was also initially considered to be independent 

of TDP-43 proteinopathy as no abnormal localisation or accumulations of TDP-43 were 

observed in familial ALS patients with mutations in FUS nor in FUS-accumulated FTLD-U 

(Neumann et al., 2009, Munoz et al., 2009). However, sporadic ALS patients with 

accumulations that are positive for both FUS and TDP-43 have recently been reported (Deng 

et al., 2010) and this, combined with the fact that these proteins are both RNA-binding 

proteins with potentially similar functions raises the possibility that they may constitute a 

common pathologic cascade of the ALS/FTLD-U disease spectrum. In support of this both 

TDP-43 and FUS show cytoplasmic mislocation as well as recruitment to stress granules in 

affected tissues in ALS/FTLD-U patients and models (stress granules are small dense 
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cytoplasmic domains in which specific mRNAs can be translationally arrested when cells are 

under stress (Anderson and Kedersha, 2008)).  

 

To lend further weight to the notion of TDP-43 pathology as a central feature for non SOD1-

related ALS and FTLD-U pathology, several other proteins identified to be mutated in ALS 

and/or FTLD-U have been shown to influence TDP-43 cell biology. Specifically, mutations 

in the progranulin gene (PGRN) have been identified as causative for familial FTLD-U and it 

has subsequently been shown that decreases in progranulin can lead to pathological 

processing of TDP-43 by caspase-3 (Zhang et al., 2007b). Furthermore the toxicity of ALS-

causing VCP mutations is thought to be mediated at least partially through toxic effects on 

TDP-43 as mutant VCP expression has been shown to lead to redistribution of TDP-43 from 

the nucleus to the cytoplasm both in vitro and in vivo (Johnson et al., 2010). Finally, Elden 

and colleagues have recently discovered that intermediate-length polyglutamne expansions in 

ataxin-2, which normally contains a polyglutamine tract of 22 residues, are associated with an 

increased risk of ALS (Elden et al., 2010). They have also shown that overexpression or 

reduced expression of ATXN2, the gene coding for ataxin-2, enhances or attenuates TDP-43 

toxicity respectively in the retina of flies (Elden et al., 2010). Furthermore they have 

identified that ataxin-2 and TDP-43 form a complex in an RNA-dependent manner. These 

data, combined with the fact that ataxin-2 is known to be a constituent component of stress 

granules (Nonhoff et al., 2007) suggest that ataxin2 may contribute to a common ALS-

causing pathologic cascade formed by TDP-43 and potentially FUS.    
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1.5 Development of therapeutics for ALS  

1.5.1 Therapeutics previously tested in mutant SOD1 murine models of ALS. 

Appendix 1 summarises the effects on disease onset and survival of the majority of 

therapeutics tested in mutant SOD1 murine models between 1996 and the present. This table 

represents an updated version of a table produced by Turner and Talbot, which spanned the 

period between 1996 and 2007 (Turner and Talbot, 2008). Changes/clarifications made to 

information provided by Turner and Talbot following the reading of the relevant references, 

are identified in bold type. Entries added for the period between 2007 and the present are in 

bold type and are italicized. Abbreviations used are summarized below the table and relevant 

references are cited. Therapies tested between 2007 and the present were identified using the 

following search in PubMed: ALS AND treatment AND SOD1. While performing other 

searches (such as ALS AND therapeutics AND SOD1 or ALS AND drug AND SOD1) 

appeared to generate the same list of results, we cannot guarantee that we did not miss any 

therapeutics. However, regardless of this, the table provides an extensive documentation of 

the nature of therapeutics tested for ALS and the magnitudes of the disease onset and survival 

benefits that have been achieved. The drugs described in the table are grouped as far as 

possible according to their primary therapeutic action, although some drugs could have been 

placed in multiple categories. These categories include: anti-oxidants, anti-excitotoxins, anti-

aggregation compounds, anti-apoptotics, anti-inflammatory agents, neurotrophic agents, gene 

and antisense therapies, cell transplantation therapies and finally combinatorial therapies. 

Therapies not falling into these categories are listed in a separate section of the table. It is also 

important to note that while crossing SOD1 mice with other lines of transgenic mice can give 

useful information about the potential value of certain therapeutic strategies, the expression 
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of the additional transgene during development may generate effects that cannot be achieved 

by postnatal treatment. We have therefore focused on postnatal treatments in this table.  
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 1.5.2 The disparity between preclinical and clinical results for potential ALS 

therapeutics.   

As can be seen in Appendix 1, a huge number of therapeutics have been tested in murine 

models of ALS, targeting many of the potential toxic mechanisms described in section 1.4. 

However, despite a large number of these therapeutics showing significant beneficial effects 

on disease onset and survival in mutant SOD1 mice, Riluzole has been the only drug to date 

to show any protection against disease progression in ALS patients (Bensimon et al., 1994, 

Lacomblez et al., 1996). Several potential reasons for this disparity have been put forward 

(Philips and Robberecht, 2011, Ludolph et al., 2010), including the following: 

 

1. The preclinical testing of potential therapeutics for ALS is usually performed in mutant 

SOD1 based murine models, which represent a model for familial ALS.  However, the 

majority of patients enrolled in clinical trials have sporadic ALS, which could potentially 

involve different pathological mechanisms. 

 

2. Cohorts of mice used in preclinical studies are usually fairly uniform in terms of their 

environment, food intake and age etc, whereas the population of ALS patients used in clinical 

trials is frequently more heterogeneous.  

 

3. Reported effects in preclinical studies are often related to disease onset and survival, 

whereas disease progression is the most relevant parameter to ALS patients who already have 

the disease when treatment is commenced. Hence if a drug does not affect disease 

progression in preclinical tests, it may not have any benefit in ALS patients. 
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4. Differences in corticospinal anatomy, pharmacokinetics and pharmacodynamics exist 

between mice and humans which may not be fully taken into account when designing dosing 

regimes in humans.  

 

5. The SOD1
G93A

 mouse expresses much higher levels of mutant SOD1 than human fALS 

patients (owing to multiple transgene copies) which may lead to different disease 

characteristics in these mice compared to fALS patients.  

 

In addition to the potential reasons for failed clinical trials above, critical work by Scott and 

colleagues in 2008 revealed that multiple confounding variables can lead to false positives in 

survival studies performed in SOD1
G93A

 mice if not adequately controlled for (Scott et al., 

2008). These variables include, in order of impact: the occurrence of non-ALS deaths, the 

incidence of low copy transgenics, genetic background or epigenetic influences causing 

littermate clustering and a slight gender effect (Scott et al., 2008). Identification of these 

variables has lead to the production of guidelines for the preclinical testing of therapeutics for 

ALS, which aim to control for these variables and increase study validity (Ludolph et al., 

2010, Scott et al., 2008). In terms of these guidelines, Scott and colleagues have shown using 

a specially designed computer model (SimLIMS) and data from 2241 control SOD1
G93A

 mice 

on a mixed hybrid genetic background (maintained by breeding hemizygous B6SJLTg 

(SOD1
G93A

) males to B6SJLF1 dams), that with an n-number of 24 mice per cohort (12 males 

and 12 females), and the employment of same-gender litter matching as well as exclusion of 

mice experiencing non-ALS deaths or loss of transgene copies, noise within survival studies 

can be reduced to a virtual zero (Scott et al., 2008). It is therefore highly recommended that 

these conditions are met when performing survival studies in SOD1
G93A

 mice.  The 
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importance of this was highlighted when Scott and colleagues used their optimized study 

design to re-test a number of therapeutics that had previously been shown to be beneficial in 

SOD1
G93A

 mice and found that none of the therapeutics significantly attenuated pathology. 

These therapeutics included; minocycline, creatine, celecoxib, sodium phenylbutyrate, 

ceftriaxone, WHI-P131, thalidomide and surprisingly riluzole. The original studies in which 

these therapeutics were tested are listed in Appendix 1 and are underlined. In light of these 

results, we decided to include the n-numbers used for all studies following the publication of 

this optimised study design in Appendix 1 and were surprised to see that very few studies 

(only those highlighted in grey in Appendix 1) met the n-numbers suggested by Scott and 

colleagues. Furthermore it was even more unusual to find details of whether or not 

experimental groups were balanced for litter or sex, or if non-ALS deaths were excluded. 

However, we were encouraged to see that copy number assessment is now more routinely 

being employed in preclinical studies in SOD1
G93A

 mice.  

 

1.5.3 Therapeutic strategies currently under investigation in the ALS clinic 

As described in section 1.4, studies in ALS patient samples and in mutant SOD1-based 

animal models have revealed multiple toxic mechanisms that may contribute to motor neuron 

degeneration in ALS. As understanding of these mechanisms has progressed, further potential 

therapeutic strategies have emerged.  A number of these therapeutic strategies will be 

discussed below, with a particular focus on compounds which are currently under clinical 

trial.   
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1.5.3.1 Anti-glutamatergic strategies 

In light of observations that astrocytic clearance of glutamate is impaired in ALS patients and 

SOD1-based rodent models, due to a loss of the astrocytic EAAT2/GLT1 transporter 

(Rothstein et al., 1995, Bruijn, 1997, Howland et al., 2002, Yang et al., 2009) Rothstein and 

colleagues performed a blinded in vitro screen of 1040 medications approved by the US Food 

and Drug Administration to look for compounds which may influence the expression of this 

transporter (Rothstein et al., 2005). This screen revealed that many β-lactam antibiotics are 

potent stimulators of GLT1 expression and lead to the testing of the β-lactam, ceftriaxone, in 

the SOD1
G93A

 mouse. Interestingly, in this initial study, treatment of SOD1
G93A

 mice with 

ceftriaxone from the pre-symptomatic time-point of 42 days, resulted in a delay in disease 

onset and a 12% increase in survival. However, when this drug was re-tested by Scott and 

colleagues using a study design created to minimise error, no significant beneficial effects of 

ceftriaxone could be found, despite using the same dose and administration route (Scott et al., 

2008). Regardless of this discrepancy, a novel phase 1-3 trial with an adaptive design to test 

intravenous ceftriaxone against placebo is in its final phase and ALS patients are actively 

being recruited across the USA and Canada, (ClinicalTrials.gov, 2011a). It will therefore be 

interesting to see the outcome of this study in order to understand how much we can rely on 

pre-clinical studies in the SOD1
G93A

 mouse, even when they are carefully constructed to 

minimise error, to indicate the potential for therapeutic benefit in humans.  

 

1.5.3.2 Targeting protein misfolding and accumulation 

The occurrence of protein misfolding and aggregation in motor neurons is a hallmark of ALS 

and as described in section 1.4.2, various mechanisms have been identified by which these 

misfolded/aggregated species might contribute to motor neuron degeneration in this disease. 
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Consequently, therapeutics targeting protein misfolding/aggregation are attractive candidates 

for preclinical testing for ALS. Heat shock proteins (HSPs) are important for the maintenance 

of cellular function and the stabilisation of proteins under conditions of stress, such as those 

experienced by motor neurons in ALS.  As molecular chaperones, HSPs facilitate the folding 

of nascent peptides, help to transport proteins between cellular compartments and target 

misfolded or damaged proteins for proteasomal and lysosomal degradation. As would be 

expected, HSPs are upregulated in human ALS patient tissue (Garofalo et al., 1991) 

(Vleminckx et al., 2002) and in SOD1
G93A

 mice .  However, it is thought that in the motor 

neurons of SOD1
G93A

 mice, misfolded/aggregated mutant SOD1 species may interact with 

and reduce the availability of HSPs, thereby disrupting their normal protective functions 

(Shinder et al., 2001, Okado-Matsumoto and Fridovich, 2002). It has therefore been 

hypothesized that increasing levels of HSPs may be beneficial in ALS models and patients. 

Arimoclomol is an orally bioavailable compound that amplifies expression of HSPA4 and 

HSP90AA1, which encode HSPs HSP70 and HSP90 respectively.  Interestingly, 

Arimoclomol has been shown to delay disease progression and substantially extended 

survival (by 22%) in SOD1
G93A

 mice (Kieran et al., 2004). Furthermore, placebo-controlled 

studies have shown that orally administered Arimoclomol reaches the CSF and is safe in ALS 

patients (Cudkowicz et al., 2008).  Efficacy studies investigating the potential benefits of 

Arimoclamol treatment in patients with familial ALS are therefore underway and are actively 

recruiting participants (ClinicalTrials.gov, 2011b) 

 

1.5.3.3 Knockdown of mutant SOD1 proteins 

Administration of antisense oligonucleotides (Smith et al., 2006) or small inhibitory RNA 

molecules (Raoul et al., 2005, Wang et al., 2008a) to lower concentrations of mutant SOD1 
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messenger RNA, has been shown to delay disease progression and/or increase survival in 

mutant SOD1 rodents, a model of familial ALS. Although these strategies are targeted at 

familial ALS patients with gain of function mutations in SOD1, the techniques used are likely 

to be transferrable to the knockdown of other potentially harmful proteins should they be 

shown to be successful in SOD1 familial ALS patients.  In light of this, a phase 1 human trial 

investigating the safety, tolerability, and pharmacokinetics of antisense SOD1 

oligonucleotides administered intrathecally to patients with SOD1 familial ALS is currently 

underway (ClinicalTrials.gov, 2010a).   

 

1.5.3.4 Improving/maintaining mitochondrial function 

As discussed in section 1.4.3, abnormalities in mitochondrial distribution and morphology 

and in some cases function can be seen in both ALS patients and mutant SOD1 based models. 

This has lead to the suggestion that mitochondrial abnormalities may play a role in motor 

neuron degeneration in ALS. In direct support of this, misfolded SOD1 has recently been 

shown to directly impair mitochondrial function in the spinal cords of several rodent mutant 

SOD1 models by binding to, and inhibiting the function of the VDAC1 transporter in the 

OMM (Israelson et al., 2010). In 2007, Bordet and colleagues published the results of a study 

in which they screened approximately 40,000 low-molecular-weight compounds for the 

ability to prevent motor neuron cell death in vitro. In this study, they identified that cholest-4-

en-3-one, oxime (referred to as Olesoxime or TRO19622 ) could bring about motor neuron 

survival in the absence of trophic support in a dose-dependent manner (Bordet et al., 2007). 

They then went on to show that olesoxime could rescue motor neurons from axotomy-

induced cell death in neonatal rats and also promote nerve regeneration following sciatic 

nerve crush in mice.  Furthermore, olesoxime was able to delay disease onset and extended 
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survival in SOD1
G93A

 mice (although disease progression was not affected) (Bordet et al., 

2007).  Interestingly Bordet and colleagues identified that olesoxime binds directly to VDAC 

and another component of the mitochondrial permeability transition pore, translocator protein 

18 kDa (or peripheral benzodiazepine receptor) (Bordet et al., 2007). This suggests that its 

beneficial effects on motor neuron survival may be derived at least in part through stabilising 

mitochondria and further highlights a potential involvement for VDAC in ALS pathogenesis. 

In light of its beneficial effects in various models of motor neuron damage, olesoxime is now 

being tested in a phase 2/3 clinical trial in Europe (ClinicalTrials.gov, 2010b).   

 

In addition to olesoxime, another compound, dexpramipexole, which has been shown to cross 

the blood brain barrier, accumulate in mitochondria and bring about the detoxification of 

ROS (Danzeisen et al., 2006), is currently being tested in a large phase 3 clinical trial 

(Zinman and Cudkowicz, 2011). This compound was shown to significantly increase the 

survival of SOD1
G93A

 mice when administered in the diet (Danzeisen et al., 2006) and has 

already been shown to be safe and well tolerated at single and multiple doses in 54 healthy 

adult human subjects (both males and females) (Bozik et al., 2011) 

 

1.5.3.5 Administration of growth factors.  

Many neurotrophic growth factors are known to promote the survival of neurons and foster 

regeneration in the central nervous system (Henriques et al., 2010). Consequently a number 

of neurotrophic factors have been tested both pre-clinically and clinically for ALS. 

Unfortunately, despite showing promising results in many preclinical studies (see 

Neurotrophic factors section in Appendix 1), phase III clinical trials involving growth factor 

administration to ALS patients have to date been disappointing (Zinman and Cudkowicz, 
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2011, Henriques et al., 2010). Several reasons have been proposed for this including; 

inadequate pre-clinical testing of the compounds prior to administration in patients (including 

infrequent determination of whether or not these growth factors can stabilise the 

neuromuscular junction or whether they only preserve the motor neuron cell body), failure to 

achieve sufficiently high and constant doses of administered growth factors in the CNS of 

treated patients and finally, problems encountered with the design or execution of the clinical 

trials (Henriques et al., 2010). In light of these potential shortcomings with previous studies, 

growth factors have not been ruled out as potential therapeutics for ALS and still represent an 

attractive prospect for further, more robust testing. Consequently, a phase 1/2 clinical trial is 

currently underway to test intracerebroventricular administration of VEGF in patients with 

ALS (ClinicalTrials.gov, 2011c). VEGF has received much interest in the ALS field, owing 

to the observation that transgenic mice with a homozygous deletion in the VEGF promoter 

develop a pathology resembling motor neuron disease (Oosthuyse et al., 2001).  Furthermore, 

several preclinical studies in SOD1
G93A

 rodents have shown promising effects with VEGF 

therapy. These are as follows: 

1) intraperitoneal injection of VEGF in female SOD1
G93A 

mice from 74 days of age (Zheng et 

al., 2004) has been shown to significantly delay disease onset and extend survival in these 

animals.  

2. Administration of VEGF using either an EIAV (intramuscular administration) or AAV 

(intracerebroventricular administration) viral vector close to disease onset has been shown to 

significantly extend survival in SOD1
G93A

 mice (Azzouz et al., 2004b, Dodge et al., 2010).  

3. Intracerebroventricular delivery of recombinant VEGF via osmotic minipump from 60 

days onwards in a SOD1
G93A

 rat model of ALS as been shown to significantly delay onset of 

paralysis, improve motor performance and prolong survival (Storkebaum et al., 2005).  
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4. Intrathecal transplantation of immortalised human neural stem cells overexpressing the 

human VEGF gene at 70 days of age has been shown to significantly delay disease onset and 

prolong survival in SOD1
G93A

 mice (Hwang et al., 2009) 

 

1.5.3.6 Targeting the muscles of ALS patients  

Although ALS is a motor neuron disease, it has been hypothesised that compounds which 

strengthen the diaphragm and other muscles may have clinical benefits by targeting 

denervation induced muscle wasting and weakness. Strengthening the diaphragm is a 

particularly attractive prospect as the major cause of mortality and a large contributor to 

morbidity in ALS patients is respiratory failure (Hardiman, 2011). In light of this a 

compound, CK-2017357, which selectively activates the fast skeletal muscle troponin 

complex (by increasing sensitivity to calcium) and therefore increases muscle force has been 

tested in ALS patients (ClinicalTrials.gov, 2011d). In this phase IIa study CK-2017357 was 

given orally to ALS patients at two different doses. The treatment was well tolerated and 

fatigue, strength and pulmonary function improved in a dose dependent manor compared to 

placebo (Zinman and Cudkowicz, 2011). Cytokinetics, the company who designed this drug, 

are therefore conducting two further Phase II clinical trials in patients with ALS and it will be 

interesting to see whether these also show positive results (www.cytokinetics.com).  

 

1.6 Specific aims of this thesis  

Although studies in ALS patients and in mutant SOD1-based models have been instrumental 

in indentifying targetable mechanisms which may contribute to motor neuron degeneration in 

ALS, an urgent unmet need still persists for effective therapies for this disease. The 
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overarching aim of this thesis was therefore to carry out the preclinical testing of therapeutics 

which may provide effective relief to the suffering of ALS patients. As the need for effective 

therapeutics is so critical, we decided to test therapeutics that have already been confirmed to 

be safe in humans, as should successful results be seen in our preclinical studies, these 

therapeutics could quickly be taken to clinical trial (Traynor et al., 2006). Considering the 

large number of therapeutics that have failed at clinical trial in ALS patients, despite showing 

promise in preclinical studies, it was important to us to design our preclinical tests in such a 

way that false positives were avoided and data produced were meaningful. We therefore 

followed guidelines produced by Scott and colleagues (Scott et al., 2008) and Ludolph and 

colleagues (Ludolph et al., 2010), intended to improve research methodology in preclinical 

studies for ALS, when designing and analyzing our experiments.  Furthermore, the most 

relevant parameter when assessing the potential of a therapeutic for the treatment of ALS in 

preclinical studies is the effect of the therapeutic on disease progression from onset to end 

stage. This is because ALS patients have usually already experienced disease onset upon 

diagnosis and therefore if a therapeutic delays disease onset but not progression from onset to 

death, it may not confer significant benefit to them. We therefore decided that our preclinical 

studies should be designed in such a way that disease onset, progression and duration could 

be easily determined. Finally, we decided to conduct our studies in the SOD1
G93A

 model of 

ALS as this is the most frequently used pre-clinical model of the disease (Scott et al., 2008). 

Moreover, SOD1
G93A

 mice were already available and well characterized in our laboratory.  

During the timeframe represented by this thesis, two potential therapeutics for ALS were 

tested; the anti-type II diabetes drug, metformin and the chemical chaperone and inducer of 

autophagy, trehalose. Our reasoning behind the selection of these therapeutics is discussed in 

more detail below.    
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1.6.1 Metformin 

Metformin is a small molecule activator of the metabolic regulator, AMP-activated protein 

kinase (AMPK), which is routinely used for the treatment of type II diabetes (Hawley et al., 

2002, Zhou et al., 2001) and is therefore known to be safe for administration to humans. 

Metformin was originally prescribed for diabetes on the basis of its ability to reduce hepatic 

glucose production and increase insulin sensitivity (Cho and Kieffer, 2011), but it has 

subsequently been found to have potent anti-inflammatory (Dandona et al., 2004, Isoda et al., 

2006, Lin et al., 2000) and antioxidant (Lin et al., 2000, Ouslimani et al., 2005, Srividhya et 

al., 2002) properties, as well as the ability to bring about mitochondrial biogenesis 

(Kukidome et al., 2006) and to cross the blood brain barrier (BBB) (Chen et al., 2009, Ma et 

al., 2007).  As described in section 1.4, inflammation and toxic glial activation as well as 

oxidative stress and mitochondrial damage are thought to contribute to the degeneration of 

motor neurons in ALS. We therefore hypothesised that metformin may be protective for 

motor neurons in ALS patients by targeting these toxic processes.   

 

We were encouraged in our hypothesis by the fact that metformin therapy has been shown to 

be beneficial in mouse models of both Huntington‟s disease and multiple sclerosis in which, 

like in ALS, inflammation, oxidative stress and mitochondrial defects are thought to be 

contributing factors to pathology (Beal and Ferrante, 2004, Stadelmann, 2011) Specifically, 

oral administration of metformin was shown to increase lifespan and improve motor 

performance in male mice in the R6/2 model of Huntington‟s disease (Ma et al., 2007). 

Whereas in the murine Experimental Autoimmune Encephalomyelitis (EAE) model of 

multiple sclerosis, metformin was shown slow disease progression and inhibit the expression 
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of pro-inflammatory cytokines (IFN-γ, TNF-α, IL-6, IL-17)  as well as inducible NO 

synthase (iNOS) in the CNS (Nath et al., 2009). Furthermore, in this study, Nath and 

colleagues, revealed that metformin treatment could significantly attenuate LPS-induced 

production of NO and proinflammatory cytokines (IFN-γ, TNF-α, IL-6) in primary 

macrophages from the spleens of C57B1/6 mice (Nath et al., 2009). These results led us to 

hypothesise that metformin would also attenuate the production of proinflammatory 

cytokines and NO by microglia and astrocytes in the spinal cords of SOD1
G93A

 mice and 

therefore afford protection to the motor neurons in these animals.  

 

The antioxidant properties of metformin as well as its ability to bring about mitochondrial 

biogenesis are thought to derive from its ability to bring about the activation and upregulation 

of peroxisome-proliferator activated receptor coactivator 1 (PGC1-α) (Kukidome et al., 

2006), which lies downstream of AMPK (Jäger et al., 2007, Cantó and Auwerx, 2009). PGC-

1α belongs to a small family of transcriptional coactivators (including PGC-1β and PRC) that 

are involved in the regulation of mitochondrial physiology (Rodgers et al., 2008) and is 

thought to be intimately involved in mitochondrial biogenesis (Narkar et al., 2008) and the 

regulation of cellular defense against ROS (St-Pierre et al., 2006). In addition to these effects, 

PGC1-α is thought to be involved in the adaptation of muscles to endurance exercise by 

driving slow type  I fiber myosin isoform expression (Lin et al., 2002).  Interestingly, 

crossing SOD1
G93A

 mice with mice overexpressing PGC1-α has recently been shown to 

significantly improve their motor function and increase survival as well to restore 

mitochondrial electron transport chain activities in their spinal cords (Zhao et al., 2011). 

Although this study was published after the completion of our experiments, it highlights that 
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activation of PGC1-α is a relevant parameter when considering therapeutics which may be 

protective to motor neurons in SOD1
G93A

 mice.  

  

Although, we were ultimately interested in the effects of metformin on disease onset, 

progression and duration in SOD1
G93A

 mice, we decided to perform an initial study 

investigating a single symptomatic time point, in order to investigate whether metformin was 

indeed protective to motor neurons in SOD1
G93A

 mice. To do this we tested the effects of 

treatment with 2mg/ml metformin in the drinking water from the presymptomatic time point 

of 35 days, on motor unit survival as well as muscle strength and fatigability in the hindlimbs 

of male and female SOD1
G93A

 mice (via in vivo electrophysiology) at the symptomatic time 

point of 100 days of age. 2mg/ml was selected as administration of this dose via the drinking 

water was shown to be protective in the R 6/2 murine model of Huntington‟s disease.  This 

study is discussed in detail in Chapter 3. Following promising results in this study, we 

continued to test the effects of three different doses of metformin (0.5, 2 and 5mg/ml) 

metformin administered via the drinking water from 35 days) on disease onset, progression 

and survival in male and female SOD1
G93A

 mice. This study is discussed in detail in Chapter 

4. Should successful results have been seen with metformin in this dose-response survival 

study, we would also have performed a survival study in which the most successful dose was 

administered at a symptomatic time point (which would be more relevant to ALS patients 

who would probably not receive the drug until symptom onset). However, metformin was not 

shown to exert beneficial effects in our initial survival study and therefore a second survival 

study was not performed.    
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1.6.2 Trehalose  

Trehalose is natural, non-reducing disaccharide found in many non-mammalian species 

(Singer and Lindquist, 1998). In these organisms it functions to protect cells against 

environmental insults such as heat, cold, dehydration and oxidation, through its ability to act 

as a chemical chaperone and prevent protein denaturation and aggregation (Chen and 

Haddad, 2004, Singer and Lindquist, 1998). The stabilization of proteins by trehalose is 

thought to be derived at least in part from its ability to increase solvent surface tension. This 

increase in surface tension is thought to raise the energy required by proteins to bring about 

cavity formation within the solvent in order to accommodate their enlarged surface area upon 

denaturation (Kaushik and Bhat, 2003). Critically, trehalose is used in many food stuffs in 

Japan and has been shown to be well tolerated at high doses in humans (Richards et al., 

2002).  

 

Protein aggregation is a unifying theme in many neurodegenerative disorders including 

Alzheimer‟s disease, prion diseases, Parkinson‟s disease, and polyglutamine disorders such 

as Huntington‟s disease (Sarkar and Rubinsztein, 2008). As a result of its protein stabilizing 

properties, and also its proven safety for consumption in humans (Richards et al., 2002), 

trehalose has been evaluated as a potential therapeutic for a number of these disorders. It has 

for example been shown to prevent aggregation of β-amyloid species associated with 

Alzheimer‟s disease (Liu et al., 2009, Izmitli et al., 2011), to impair prion protein aggregation 

in prion infected cells (Béranger et al., 2008), to ameliorate dopaminergic and tau pathology 

in parkin deleted/tau overexpressing mice (Rodríguez-Navarro et al., 2010) and also to 

improve motor function and extend lifespan in the R6/2 model of Huntington‟s disease 

(Tanaka et al., 2004). In addition to being successful in these models of neurodegenerative 
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disorders, trehalose has also been shown to reduce aggregate formation and delay pathology 

in a transgenic mouse model of Oculopharyngeal Muscular Dystrophy (OPMD) (Davies et 

al., 2006), a disease in which aggregation of mutant poly(A) binding protein nuclear 1 

(PABPN1) in the nuclei of muscle cells is a characteristic feature. 

 

In addition to its actions as a chemical chaperone, trehalose has more recently been shown to 

have the ability to activate autophagy in an mTOR-independent fashion (Sarkar et al., 2007). 

As discussed in section 1.4.2.1.3 , autophagy has been shown to play an essential role in the 

removal of toxic/aggregated proteins and damaged organelles such as mitochondria that may 

cause toxicity to cells under conditions of stress (Metcalf et al.). It is therefore not surprising 

that the afore-mentioned beneficial effects of trehalose on the clearance of aggregates in 

cellular models of Huntington‟s disease and on dopaminergic and tau pathology in parkin 

deleted/tau overexpressing mice, were proposed to be derived from autophagy activation as 

well as protein stabilisation (Sarkar et al., 2007, Rodríguez-Navarro et al., 2010)      

 

As discussed in detail in section 1.4.2, protein misfolding and aggregation is a hallmark of 

both sporadic and familial ALS and may contribute to pathology. In line with this, 

investigations in mutant SOD1-based models of familial ALS have revealed several 

mechanisms by which SOD1 misfolding/aggregation may cause toxicity to motor neurons, 

including; prolonged induction of ER stress, impairment of axonal transport, inhibition of the 

proteasome and activation of microglia upon secretion by motor neurons (Ilieva et al., 2009). 

Far less is known about whether aggregates of TDP-43 or FUS/TLS (or intermediates in the 

aggregation process) found in sporadic ALS patients or familial ALS patients with mutations 
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in these genes, may be toxic to motor neurons, however, as with SOD1, this remains a strong 

possibility. 

 

In light of the documented beneficial effects of trehalose in culture and in vivo models of 

various neurodegenerative diseases involving protein aggregation (Béranger et al., 2008, Liu 

et al., 2009, Rodríguez-Navarro et al., 2010, Sarkar et al., 2007, Tanaka et al., 2004), and the 

various mechanisms by which misfolded/aggregated mutant SOD1 has been suggested to 

damage motor neurons, we hypothesized that trehalose may delay disease onset and 

progression and increase survival in the SOD1
G93A

 mouse model of ALS. This hypothesis 

was supported by experiments in which treatment of NSC-34 cells (a mouse motor-neuron-

like cell line) transiently transfected with human SOD1
G93A

, brought about a significant 

reduction in mutant SOD1 aggregate formation and detergent insolubility (Gomes et al., 

2010). Furthermore, treatment of SOD1
G93A 

mice with arimoclamol, an orally bioavalable 

compound that increases the expression of HSPs, HSP70 and HSP90, has been shown to 

delay disease progression and substantially extended survival (by 22%) in SOD1
G93A

 mice, 

which supports the idea that stabilising proteins and preventing their misfolding/aggregation 

may be beneficial in these animals (Kieran et al., 2004). 

 

We decided to test our hypothesis by investigating the effects of treatment with three 

different doses of trehalose from 35 days, on disease onset, progression and survival in male 

and female SOD1
G93A

 mice using a similar survival study format to that used for the 

preclinical testing of metformin. We then planned to take the most successful dose onto a 

second survival study with administration of trehalose from disease onset, should this be 

relevant. Trehalose doses selected were 0.5%, 2% and 5% via the drinking water. This dose 
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range was selected as it encompassed doses previously shown to be therapeutic in models of 

parkinsonism/tauopathies (1%) (Rodríguez-Navarro et al., 2010) and Huntington‟s disease 

(2%) (Tanaka et al., 2004). The results of these investigations are discussed in detail in 

Chapter 6.  

 

When researching trehalose as a potential therapeutic for ALS, we hypothesised that if TDP-

43 or FUS/TLS aggregates or soluble oligomers were found to be toxic to neurons, and 

trehalose treatment was able to bring about beneficial effects in our SOD1
G93A

 mice, then 

trehalose may also have beneficial effects in recently developed TDP-43 and FUS/TLS 

models. We reasoned that if trehalose was shown to be beneficial in SOD1, TDP-43 and 

FUS/TLS- related models, then this would make it an exciting therapeutic to take forward to 

clinical trial as it would have the potential to be of benefit to patients with sporadic and 

familial ALS.  

2. Materials and Methods  

2.1 Materials 

2.1.1 Reagents 

Agarose (Ultrapure): Invitrogen  

Anhydrous monobasic sodium phosphate (NaH2PO4): BDH 

Anhydrous disodium hydrogen orthophosphate (Na2HPO4): BDH 

Boric acid: Fischer Scientific 

4.0 Braided surgical silk: Harvard apparatus 

Bromophenol Blue: BDH 
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Chromic potassium sulphate: Sigma 

Cryo M-bed: Bright 

2.5mM dNTPs: Invitrogen   

DPX: VWR 

EDTA: BDH 

Ethanol: Fisher Scientific 

Fentanal/fluanisone (Hypnorm): Vetapharma Ltd  

Ficoll: Sigma 

Gallocyanin: Aldrich 

Gelatin type A from porcine skin: Sigma 

Isopentane: Alfa aesar 

Metformin (1,1-Dimethylbiguanide): MP Biomedicals, USA  

Midazolam (Hypnovel): Roche  

Nonidet P40: BDH 

Paraformaldehyde (PFA): BDH 

Pentobarbital: Merial, UK 

Phosphate Buffered Saline (PBS): OXOID 

Potassium chloride (KCl): AnalaR (part of VWR) 

Primers: all primers were purchased from Invitrogen 

Proteinase K: Roche  

SIGMAFAST
™

 3,3′-Diaminobenzidine tablets: Sigma 

Sodium hydroxide (NaOH): BDH 

Sucrose: Sigma 

Superfrost plus glass slides: VWR 
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SYBR safe stain concentrate: Invitrogen 

Trehalose: MP Biomedicals, USA   

Tris (ultrapure): Invitrogen  

Tween 20: BDH 

Xylene: VWR 

Xylene Cyanol: Sigma 

 

2.1.2 Kits 

Avidin/Biotin blocking kit: Vector Laboratories, UK 

Brilliant SYBR green QPCR master mix reagent (Stratagene) 

Brilliant II SYBR green QPCR master mix reagent (Stratagene) 

DNeasy blood and tissue kit: QIAGEN 

PCR enhancer system: Invitrogen  

Taq DNA polymerase, recombinant: Invitrogen 

Vectastain ABC kit: Vector Laboratories, UK  

 

2.1.3 Antibodies  

2.1.3.1 Primary antibodies 

Polyclonal anti choline acetyltransferase (ChAT): AB144P, Chemicon, Chandlers Ford, UK 

USOD: kindly donated to us by Dr Avijit Chakrabartty, University of Toronto 

 

2.1.3.2 Secondary antibodies 

Polyclonal rabbit anti goat-biotinylated: E0466, Dako  
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Polyclonal swine anti rabbit-biotinylated: E0353, Dako 

 

2.1.4 Equipment  

Agarose gel imaging system (AlphaDigiDoc
TM

 RT imaging system): Alpha Innotech 

Bench Centrifuge (Biofuge Pico): Heraeus  

Chromo4 Real Time PCR-Detector: Biorad 

Cryostat: Bright (Model OTF)  

305B Dual-mode servomotor transducer: Aurora Scientific, Ontario, Canada 

Mx3000p Q-PCR system: Stratagene 

Nanodrop ND-1000 Spectrophotometer: Thermo Scientific   

PCR machine: Techne TC-512 

701A Stimulator: Aurora Scientific, Ontario, Canada 

Strain gauge (Dynamometer): UFI devices  

Thermo pad: Harvard apparatus 

2.2 Methods 

2.2.1 Solutions 

2.2.1.1 Genotyping 

2.2.1.1.1 10x Stock of Ear Homogenisation Buffer 

- 500mM  KCl 

- 100mM  Tris-HCl pH8.3 

- 0.1mg/ml Gelatin 

- 0.45% v/v  Tween 20 
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- 0.45% v/v  Nonidet P40 

- + 5mg/mL  Proteinase K (added following autoclaving the above buffer) 

 

2.2.1.1.2 6X Stock of DNA gel loading buffer (10ml) 

Dissolve 1.5 Ficall (glycerol) in 10ml RO (Reverse Osmosis) water by incubation in water 

bath for ~4hours at 60
o
C.  Once dissolved, add a few crystals of bromophenol blue and a few 

crystals of xylene cyanol (by touching the end of a separate pipette tip into each powder and 

then into the ficall solution). Mix well and aliquot, then store at room temperature.  
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2.2.1.1.3 5X Stock of TBE Buffer (1 litre) 

- 54g Tris Base  

- 27.5g Boric Acid 

- 40ml, 0.5M EDTA  

Dissolve above ingredients in 700ml RO water with gentle heating and stirring to aid 

dissolving, then top up volume to 1 litre.  

 

2.2.1.2 Immunohistochemistry 

2.2.1.2.1 4% paraformaldehyde (PFA) (1 litre) 

In the fume hood, dissolve 40g PFA in 800ml RO water (preheated to 60
o
C), maintain 

temperature at 60
o
C whilst dissolving (heating above 70

o
C can bring about degradation of the 

PFA). Once solution has a milk-like aspect, add concentrated NaOH dropwise until solution 

turns clear. Add 100ml of 10X PBS and allow solution to cool. Bring pH down to 7.4 then 

top up volume to 1litre with RO water. Aliquot and freeze for future use.  

   

2.2.1.2.2 Gelatin solution for embedding spinal cords (1 litre) 

- 6g anhydrous NaH2PO4  

- 26.9g anhydrous Na2HPO4  

- 100g Sucrose (10% final concentration in 1L) 

- 75g Gelatin from Porcine skin (7.5% final concentration in 1L) 

Dissolve all ingredients in 500 ml of RO water preheated to approximately 70
o
C (Note: add 

ingredients little by little to the RO water with stirring to avoid clumping of the gelatin).  
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Make the volume up to 1L with pre-heated RO water then bring to the boil. Allow to cool 

then aliquot and freeze.  

 

2.2.1.2.3 Nissl Stain (500ml) 

- 1.5g gallocyanin 

- 50g Chromic potassium sulphate  

Dissolve chromic potassium sulphate in 500ml RO water preheated to approximately 70
o
C 

(heating and stirring is required in order for the chromic potassium sulphate to dissolve). Add 

gallocyanin, bring to the boil and simmer for at least 30 minutes with stirring. To avoid 

excessive evaporation of solution during boiling and simmering, make solution in a conical 

flask and insert an additional, smaller conical flask upside down into the neck of the conical 

flask to act as a condenser. Following simmering, allow the solution to cool and then filter 

before storing in a sealed bottle at room temperature. Always filter solution before use.   

 

2.2.2 Animals 

All animal experiments were carried out under license from the Home Office (UK) in 

accordance with The Animals (Scientific Procedures) Act 1986 and were approved by 

Imperial College/Royal Veterinary College ethical committees.  

 

2.2.2.1 SOD1 G93A mouse breeding and maintenance 

For all experiments, mice were housed in a minimal disease facility, with a 12:12 hour light: 

dark cycle and food and water ad libitum. Male mice overexpressing human SOD1 with the 

ALS-causing G93A mutation [B6SJL-TgN SOD1
G93A

 1 Gur/J, Stock number 002726] 
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(Gurney et al., 1994) were originally purchased from the Jackson Laboratory (Bar Harbour, 

ME). They have subsequently been maintained (for over 28 generations), as hemizygotes 

through breeding with wild-type F1 hybrid C57Bl/6 x CBA/Ca females. Mice on this 

background (Sharp et al., 2008) have similar lifespans (Azzouz et al., 2004a, Chengyun et al., 

2004) and disease progression characteristics (as measured by hindlimb electrophysiological 

parameters (Sharp et al., 2008, Hegedus et al., 2007) and longitudinal monitoring of weight 

and neurological score (Gill et al., 2009, Kaneb et al., 2011)), to mice on the original B6SJL 

background.  No changes in disease progression or lifespan have been seen with successive 

generations in our laboratory.  

 

2.2.2.2 Genotyping of SOD1G93A transgenic mice. 

Following weaning (or at two weeks of age in our trehalose survival study (2.2.3.4.1)), an ear 

biopsy of ~1.5-3mm
2
 tissue was taken from each animal. DNA was extracted via incubation 

of the tissue overnight at 55
o
C in 50µl 1x ear homogenisation buffer (2.2.1.1.1).  Once ear 

samples were completely digested, they were heated at 100
o
C to deactivate proteinase K and 

then stored at 4
o
C until genotyping PCR was performed. The PCR recipe for a single 

genotyping reaction along with the primer sequences and PCR cycling conditions used are 

summarised below: 
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PCR recipe for a single reaction  

9.35 µl PCR-grade water 

2 µl 10x PCR buffer minus Mg
2+

 (From Invitrogen Taq DNA Polymerase recombinant kit) 

2µl PCR Enhancer (From Invitrogen PCR enhancer system kit) 

0.8µl 2.5mM dNTPs 

2µl 10 pmol/µl Forward Primer 

2µl 10 pmol/µl Reverse Primer 

0.6µl 50mM MgCl2 (From Invitrogen Taq DNA Polymerase recombinant kit) 

0.25µl Taq DNA Polymerase, recombinant 

1µl digested ear sample 

 

Primer sequences for the amplification of the human SOD1
G93A

 transgene 

Forward: 5‟-CATCAGCCCTAATCCATCTGA-3‟ 

Reverse: 5‟-CGCGACTAACAATCAAAGTGA-3‟ 

These primers amplify a 236 base pair section of exon 4 of the human SOD1 gene (Rosen et 

al., 1993b).  

 

SOD1
G93A 

PCR cycling conditions 

Initial denaturation at 95
o
C for 3min 

Then 35 cycles of: 

95
o
C for 30s 

60
o
C for 30s 

72
o
C for 45s 

Final extension at 72
o
C for 2mins, then hold at 4

o
C 
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Agarose gel electrophoresis 

PCR products from SOD1
G93A

 genotyping reactions were electrophoresed on a 1% agarose 

gel (w/v, in 0.5x TBE buffer, (2.2.1.1.3)). Five µl of PCR product were loaded in each well 

with 1µl of 6x DNA gel loading buffer (2.2.1.1.2). Agarose gels contained 10,000X SYBR® 

Safe stain concentrate (Invitrogen, diluted 1:20000 in gel) to allow the visualisation of 

amplified DNA fragments with the AlphaDigiDoc
TM

 RT imaging system (Alpha Innotech).  

 

2.2.2.3 Assessment of potential variations in copy number in SOD1G93A transgenic 

mice. 

2.2.2.3.1 Quantitative PCR for assessment of potential variations in copy number-

background 

A quantitative PCR (Q-PCR) method, developed by Alexander et al., was used for 

assessment of potential variations in copy number  in SOD1
G93A

 mice in our experiments 

(Alexander et al., 2004). In this method, the amount of PCR product produced at each cycle is 

tracked via the intensity of fluorescence produced by SYBR green. SYBR green is a 

fluorescent dye that is included in the PCR reaction and emits florescence as a result of its 

intercalation between the strands of double-stranded DNA (Schneeberger et al., 1995). 

Variations in transgene copy number were identified by determining the difference in cycle 

threshold (∆CT) between a reaction set up to amplify the human SOD1
G93A

 transgene and a 

reaction set up to amplify an endogenous reference gene (interleukin 2 (IL2)) with a known 

copy number of 2. Cycle threshold (CT) represents the cycle at which a significant increase in 

SYBR fluorescence compared to baseline is first detected.  SOD1
G93A

 mice used in our 

colony have ~25 copies of the human SOD1
G93A

 transgene. Consequently, CT values 
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measured for reactions amplifying the transgene, should be lower than those amplifying the 

IL2-refernce gene. Lower ΔCT values (calculated by subtraction of the SOD1
G93A

 CT from 

the IL2 CT) indicate a lower SOD1
G93A

 copy number, whereas higher ΔCT values indicate a 

higher SOD1
G93A

 copy number.  

 

2.2.2.3.2 Quantitative –PCR protocol for assessment of potential variations in copy number 

in SOD1G93A mice   

Upon death (or prior to perfusion under deep anaesthesia), a 0.5cm tail tip was removed from 

each experimental mouse for potential use in transgene copy number variation assessment. 

DNA was extracted from tail tips of mice selected for copy number variation assessment 

using a DNeasy blood and tissue kit (QIAGEN) as per the manufacturer‟s instructions.  The 

concentration and purity of the extracted DNA was measured using a nanodrop 

spectrophotometer (ND-1000, Thermo Scientific). Primer sequences for the human 

SOD1
G93A

 transgene and the IL2 reference gene were identical to those used and optimised 

by Alexander et al. (Alexander et al., 2004) and were as follows: 

 5′-CATCAGCCCTAATCCATCTGA-3′ (SOD1
G93A

 forward)  

 5′-CGCGACTAACAATCAAAGTGA-3′ (SOD1
G93A

 reverse) 

 5′-CTAGGCCACAGAATTGAAAGATCT-3′ (IL2 forward) 

 5′-GTAGGTGGAAATTCTAGCATCATCC-3′ (IL2 reverse)  

 

Either Brilliant® SYBR Green QPCR Master Mix reagent (Stratagene) or  Brilliant® II 

SYBR Green QPCR Master Mix reagent (Stratagene) were used for the real-time 

amplification and the recipe for a single 30µl reaction was as follows:  

- 2ng template DNA in a volume of 9μl H2O 
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- 15μl of Brilliant SYBR green (I or II) Q-PCR master mix  

- 3 μl forward primer  

- 3 μl reverse primer   

Optimal final concentrations of forward and reverse primers in the reaction mixture were 

determined by Alexander et al., to be 0.4 µM for human SOD1
G93A

 and 0.5µM for mIL and 

were therefore used in our experiments.  All primers were Q-PCR grade and were purchased 

from Invitrogen. Cycling conditions used were as follows: initial activation of Sure Start® 

Taq polymerase at 95 °C for 10 minutes, then 40 cycles of 95 °C for 30 seconds, 60 °C for 1 

minute  and 72 °C for 30 seconds. Assays were performed in duplicate using either of two 

detection systems; the Mx3000p Q-PCR system (Stratagene) (metformin electrophysiology 

study) or the Chromo4 Real Time PCR-Detector (Biorad) (metformin survival study). A no 

template control was performed for both human SOD1
G93A

 and mIL2 primers in each Q-PCR 

experiment to rule out contamination of the master mix with genomic DNA. Average cycle 

threshold (CT) values for human SOD1
G93A

 and mIL2 were determined for each sample by 

the detection systems used. In our metformin electrophysiology study, assessment of 

potential variation in copy number  was performed for all mice as they were culled before it 

could be determined whether they had outlying survival characteristics.  In our metformin 

survival study, potential variations in copy number were investigated  in any mice displaying 

outlying survival characteristics with respect to their treatment group and the ∆CT values 

obtained were compared to those of a subset of 4 male and 4 female control mice displaying 

normal survival. Any mice with a ∆CT value that differed by more than 2 standard deviations 

from the mean ∆CT of these control mice were to be excluded although no mice met this 

criteria. In our trehalose survival study, no mice were observed to display an outlying 
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survival time compared to the other mice in their experimental group and hence copy number 

variation assessments were not performed.  
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2.2.3 SOD1G93A mouse treatment protocols  

2.2.3.1 Metformin electrophysiology study 

Male and female SOD1
G93A

 mice
 
and their wild type (WT) littermates were treated with 

2mg/ml metformin in the drinking water from 35 days of age. Water bottles containing 

metformin solution were changed weekly. Mice were treated with metformin until they 

reached 100 days of age +/-1 day when the effect of metformin treatment on the severity of 

pathology was analysed via measurement of the following parameters by in vivo 

electrophysiology: 

 The number of functional motor units in the right Tibialis Anterior (TA) and 

Extensor Digitorum Longis (EDL) muscles of SOD1
G93A

 mice and the right EDL 

muscles of WT mice 

 The maximal and specific forces of the right TA and EDL muscles of SOD1
G93A

 and 

WT mice.  

 The resistance to fatigue of the right EDL muscles of SOD1
G93A

 and WT mice.  

 

Control SOD1
G93A

 and WT mice received normal drinking water throughout the experiment 

and were subjected to the same electrophysiological analyses to treated mice at 100 days of 

age +/- 1. A subset of mice from each group were weighed every five days from 55 days of 

age in order to investigate the effects of metformin treatment of bodyweight. Any mice that 

became injured as a result of fighting or unwell through a non-ALS related mechanism were 

excluded from the study as these factors may have influenced the results obtained (Scott et 

al., 2008).  
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2.2.3.2 Metformin dose-response survival study 

2.2.3.2.1 Experimental groups 

Twenty breeding trios each consisting of one SOD1
G93A

 transgenic male and two F1 hybrid 

C57B110 x CBA/Ca females were set up simultaneously to generate a large cohort of 286 

age matched pups to provide SOD1
G93A

 mice for enrolment in the survival study. Females 

were separated when pregnant to allow tracking of the lineage of resultant litters. Following 

genotyping and when the resultant male and female SOD1
G93A

 pups reached 35 days of age 

(+/- 2 days), they were separated into four groups which were balanced with respect to age 

(+/- 2 days), gender (14 males and 15 females per group) and body weight within gender 

(mean starting weights for all groups were within 0.5g of each other). In order to ensure 

consistency in genetic background across the groups, transgenic mice from each litter were 

distributed evenly between the four groups in a gender specific fashion. Mice were housed 

within their groups in cages of either 4 or 5 mice for males and 5 mice for females.  

 

2.2.3.2.2 Metformin treatment regime  

SOD1
G93A

 mice were chronically treated with 0.5, 2 or 5mg/ml metformin in the drinking 

water from 35 days of age until they reached the endpoint of the inability to right themselves 

within 30s of being placed on a side. Metformin solutions were freshly prepared in sterilised 

bottles and changed twice weekly. Control mice received normal drinking water throughout 

the experiment. The identities of control and treatment groups were blinded to animal 

technicians and the investigator and were only revealed once all data analysis had been 

completed.  
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2.2.3.3 Metformin blood collection study 

SOD1
G93A

 and WT female mice (n=6-7 , per group) were treated with 2mg/ml metformin in 

the drinking water from 35 days of age (the time point at which treatment commenced in all 

other metformin experiments performed). A separate control group of SOD1
G93A

 and WT 

females (n=7-10 per group) received normal drinking water throughout.  At 70 days of age 

blood samples were collected from all mice via cardiac puncture in order to measure the 

effect of metformin treatment on serum β-oestradiol levels (see detailed β-oestradiol assay 

method below (section 2.2.8)).  For the purposes of cardiac punctures, female mice were first 

anesthetized via a lethal intraperitoneal injection of 100µl of a 20mg/ml solution of 

pentobarbital (Merial, UK). Cardiac punctures were not performed until the mice had lost 

their pedal reflex. Following blood collection, mice were culled via cervical dislocation.  

Blood samples were allowed to clot overnight at 4
o
C, before serum was collected via 

centrifugation (13000 rpm for 5 minutes) and then stored at -80
o
C. Unfortunately, cardiac 

punctures for two metformin-treated SOD1
G93A

 mice were not successful and this reduced the 

n-number for this group to 4.  

 

2.2.3.4 Trehalose dose-response survival study 

2.2.3.4.1 Experimental groups 

Twenty two breeding trios each consisting of one SOD1
G93A

 transgenic male and two F1 

hybrid C57B110 x CBA/Ca females were set up simultaneously to generate a large cohort of 

299 age-matched pups to provide SOD1
G93A

 mice for enrolment in the survival study. 

Females were separated when pregnant to allow tracking of the lineage of resultant litters. A 

small ear biopsy (~1.5-3mm
2
 tissue) was taken from each mouse at 14 days of age (prior to 
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weaning) for the purposes of genotyping. Genotyping at this early stage permitted weaning of 

mice into four, littermate-balanced groups of 15 mice per sex at 21 days of age. This had the 

advantage of preventing the fighting that can occur when introducing older, more sexually 

mature mice (particularly males) from different litters into the same cages (Van Loo et al., 

2003).  Male mice were weaned into cages of 3 to reduce the incidence of fighting (mice in 

cages of 3 have been shown to fight less than those in cages of 5 or 8 mice (Van Loo et al., 

2001, Van Loo et al., 2003)).  Female mice were weaned into cages of 5.  At 35 days of age 

(+/- 2 days), immediately prior to the initiation of trehalose treatment, mice were weighed 

and the average weights of all male and females groups were determined. At this stage, a 

small number of cages of mice were swapped between groups (whilst maintaining littermate 

balancing) to ensure the best balancing of starting weight between groups possible. Following 

this adjustment all male groups were within 0.35g of each other whereas all female groups 

were within 0.27g of each other.   

 

2.2.3.4.2 Trehalose treatments 

Mice were chronically treated with 0.5, 2 or 5% (w/v) trehalose in sterile drinking water from 

35 days of age (+/- 2 days) until they reached the endpoint of the inability to right themselves 

within 20s of being placed on a side. Trehalose solutions were freshly prepared in sterilised 

bottles and changed twice weekly. Control mice received normal sterilised drinking water 

throughout the experiment. The identities of control and treatment groups were blinded to 

animal technicians and the investigator and were only revealed once all data analysis had 

been completed. Bottles containing control and trehalose solutions were wrapped in foil in 

order to maintain blinding as the presence of trehalose in solution could be detected by eye.   
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2.2.3.5 Trehalose spinal cord histology experiment 

An additional cohort of SOD1
G93A

 mice were treated with 5% trehalose in sterile drinking 

water or sterile drinking water alone from 35 days of age for the purposes of spinal cord 

collection for histology (n=4 males and n=6 females per group). Solutions were freshly 

prepared in sterilised, foil wrapped bottles and changed twice-weekly and the identity of the 

groups was blinded to the animal technicians and the investigator.   We had hoped to follow 

the guidelines for preclinical animal research in ALS/MND proposed by Ludolph et al., 

(Ludolph et al., 2010) and have a minimum n-number of 5 mice per sex, per group for these 

histological experiments, but unfortunately we did not have sufficient age-matched males 

available for this.  Additionally, genotyping could not be performed in these mice prior to 

weaning due to time constrains and therefore full littermate and weight balancing could only 

be performed female mice, which can be mixed post-weaning without fighting issues 

(Jennings et al., 1998). Female mice were organized into two cages of three mice per group. 

Male mice were organized into cages of 2, with each cage containing a pair of SOD1
G93A

 

mice from the same litter. These cages of mice were then distributed between male groups in 

a manner that provided the best possible balancing of litter and weight at 35 days of age. A 

time-point of 75 days of age was selected for spinal cord collection as we wished to 

investigate SOD1 aggregation in the spinal cord samples and at this time SOD1 aggregates 

are usually visible but are not so numerous that they become difficult to quantify (Sharp et 

al., 2008). At 75 days of age mice were terminally anaesthetized with an intraperitoneal 

injection of 100µl of a 20mg/ml solution of pentobarbital (Merial, UK) and transcardially 

perfused with 1x phosphate buffered saline (PBS) followed by 4% paraformaldehyde (PFA) 

in 1x PBS for the purposes of spinal cord extraction (see detailed perfusion and spinal cord 

extraction method below (section 2.2.6)).  
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2.2.4 In vivo electrophysiology 

2.2.4.1 Surgical preparation for in vivo electrophysiology 

Mice were deeply anesthetized via intra peritoneal injection of fentanyl/fluanisone 

(Hypnorm, Vetapharma Ltd.), midazolam (Hypnovel, Roche) and water (1:1:2 by volume) at 

a dosage of 9 ml/kg. Careful monitoring of the mice was performed throughout the 

experiment and additional doses of anesthetic were administered as required to ensure that 

there was no reflex response to toe pinch. The distal tendons of the right TA and EDL 

muscles were dissected free from surrounding tissue, individually tied with 4.0 braided 

surgical silk (Harvard Apparatus) and then cut at their most distal ends. The sciatic nerve was 

exposed and all its branches cut except for the common peroneal nerve (CPN), which 

innervates the TA and EDL muscles. The mouse was placed on a thermopad (Harvard 

Apparatus) to maintain body temperature at 37 °C. The right foot was secured to a platform 

and the knee immobilized using a stainless steel pin.  

 

2.2.4.2 Measurement of TA and EDL maximum and specific forces 

The right TA and EDL tendons of experimental mice were individually attached to the lever 

arm of a 305B dual-mode servomotor transducer (Aurora Scientific, Ontario, Canada) via a 

custom-made steel s-hook. TA and EDL muscle contractions were then elicited by 

stimulating the distal part of the deep peroneal nerve (DPN) via bipolar platinum electrodes, 

using supramaximal square-wave pulses of 0.02 ms (701A stimulator; Aurora Scientific). 

Data acquisition and control of the servomotors were conducted using a Lab-View-based 

DMC program (Dynamic muscle control and Data Acquisition; Aurora Scientific). Optimal 

muscle length (Lo) was determined by incrementally stretching the muscle using 
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micromanipulators until the maximum isometric twitch force was achieved. Maximum 

isometric tetanic force (Po) (referred to as maximal force from this point forward) was 

determined from the plateau of the force–frequency relationship following a series of 

stimulations at 10, 30, 40, 50, 80, 100, 120, 150, and 180 Hz. A 1-minute resting period was 

allowed between each tetanic contraction. Muscle length was measured using digital calipers 

based on well-defined anatomical landmarks near the knee and the ankle. The TA and EDL 

specific forces (N/cm2) were calculated by dividing Po by muscle cross-sectional area. 

Overall cross-sectional area was estimated for the TA and the EDL muscles using the 

following formulae: 

 

TA: muscle weight (g)/ [[Lo (cm)  0.6]  1.06 (g/cm
3
)] 

 

EDL: muscle weight (g)/ [[(Lo (cm)  0.45] 1.06 (g/cm
3
)] 

 

Where 0.6 and 0.45 represent the fiber length/muscle length ratios of intact TA and EDL 

muscles respectively and 1.06 g/cm
3
 represents the density of mammalian skeletal muscle 

(Brooks and Faulkner, 1988). 

 

2.2.4.3 Measurement of motor unit number 

The TA and EDL muscle tendons were individually attached to a strain gauge 

(Dynamometer, UFI Devices) to record muscle twitch forces. Isometric twitch contractions 

were elicited by stimulating the distal part of the DPN via bipolar silver electrodes using 

square wave pulses of 0.02 ms. The stimulation voltage and subsequently the length of the 

muscle was adjusted to produce the maximum isometric twitch force. The stimulus amplitude 
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was then set to 0 V and manually increased over a range of 0-2 V. This resulted in discrete 

increments in twitch force due to the successive recruitment of motor units. With each 

increment in force the stimulus amplitude was held at constant voltage for at least 5 stimuli 

and then increased manually to elicit a larger twitch. This procedure was repeated until there 

was no further increase in force, indicating that all motor units were recruited. The number of 

step-wise increments of force was counted in a blinded fashion and taken as an estimate of 

the number of motor units in the TA and EDL muscles. Force output was recorded using an 

analogue to digital converter interfaced with a computer running the appropriate software 

(Cambridge Electronics Design Ltd).  

 

2.2.4.4 Fatigue test  

Following the recording of the number of motor units in the EDL muscles of experimental 

animals and while the distal tendon of the EDL muscle was still attached to the strain gauge, 

the DPN was stimulated at a frequency of 40 Hz for 250 ms of every second for 3 min using 

the same electrodes as used for the motor unit assessment protocol.  The EDL force output 

over the 3min time period was recorded using an analogue to digital converter interfaced with 

a computer running the appropriate software (Cambridge Electronics Design Ltd), to produce 

a fatigue trace. The decrease in force after 3 min of stimulation was measured and the fatigue 

index (FI) was calculated by the division of the final force by the initial force. FI results 

closer to 1 represent muscles that are more resistant to fatigue.  
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2.2.4.5 Tissue collection following in vivo electrophysiology 

At the end of the fatigue test, whilst mice were still deeply anesthetised, the right TA and 

EDL muscles were removed and weighed (for the purposes of specific force calculations). 

The TA and EDL muscles were then separately mounted on cork blocks with cryo M-bed and 

snap frozen in liquid nitrogen-cooled isopentane before being stored at -80
o
C for future 

cryosectioning and immunohistochemistry should this be required. Tail samples were 

collected and snap frozen in liquid nitrogen for DNA extraction for future copy number 

variation assessments.  Finally, animals were perfused through the left ventricle of the heart 

with 1x PBS followed by 4% PFA in 1X PBS for the purposes of spinal cord extraction for 

histology should this be required (see detailed perfusion and spinal cord extraction method 

below (Section 2.2.6)).  

 

2.2.4.6 Statistical analyses for metformin in vivo electrophysiology experiments 

Comparisons between untreated SOD1 and WT mice were made using one-way ANOVA 

analyses with post-hoc Bonferroni tests. Where metformin treatment effects were being 

analyzed, the only statistical comparisons made were between treated and untreated mice of 

the same sex and genotype e.g. SOD1
G93A

 male vs. metformin treated SOD1
G93A

 male mice. 

These analyses were performed via individual unpaired t-tests following the testing of the 

data for normality. All statistical analyses were performed using Graphpad Prism 5 software.  
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2.2.5 Dose-response survival studies in SOD1G93A mice 

2.2.5.1 Cage conditions, food and water 

Mice were treated with either normal drinking water or one of 3 doses of metformin or 

trehalose in the drinking water from 35 days of age.  When mice reached 100 days of age and 

began to show neurological symptoms, cages were fitted with long sipper tubes (Techniplast, 

UK) and mice were provided daily with a standard amount of mashed diet prepared with the 

relevant water/drug solution. A standard number of dry food pellets were left on the bedding 

in addition to in the food hoppers throughout the experiment and cage conditions including 

bedding and enrichment were kept consistent across groups. Specifically, for the metformin 

survival study, all cages contained a covering of golden chips bedding (Lillico) on their base 

as well as two fun tunnels (Lillico) and a handful of paper wool (Lillico). Paper wool and 

cardboard tubes were removed for all female mice at 110 days of age and once any male mice 

in a cage started having difficulty walking. Once paper wool and cardboard tubes were 

removed, each cage was provided with two nestlets (Lillico) for the remainder of the study. 

For the trehalose survival study, all cage bottoms were covered with a layer of alpha dri 

bedding Lillico and contained two fun tunnels as well as two nestlets. Fun tunnels were 

removed at 100 days of age.   For all studies, cages were cleaned on a weekly basis.  A 

detailed discussion of the reasons behind the bedding and enrichment choices made is given 

in Chapter 5.  
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2.2.5.2 Analysis of disease onset, progression and survival  

2.2.5.2.1 Neurological Score 

 Neurological scores for both hind limbs were assessed twice weekly for each mouse from 41 

days of age (metformin survival study) or 46 days of age (trehalose survival study). 

Neurological scores were assigned using a scale of 0-4 developed by the ALSTDI through 

detailed observations of SOD1
G93A 

mouse pathology (Scott et al., 2008, Gill et al., 2009, 

Lincecum et al., 2010). Criteria used to assign each score level were:  

 

0 Full extension of hind legs away from lateral midline when mouse is suspended by it tail 

and mouse can hold this for 2 seconds, suspended 2-3 times.  

1 Collapse or partial collapse of leg extension towards lateral midline (weakness) or 

trembling of hind legs during tail suspension.  

2 Toes curl under at least twice during walking of 12 inches or any part of foot is dragging 

along cage bottom (a clean cage containing no bedding was used for this analysis to permit 

easy viewing of the toes).  

3 Rigid paralysis or minimal joint movement, foot not being used for forward motion.  

4 Mouse cannot right itself within 30s (metformin survival study) or 20s (trehalose survival 

study) of being placed on a side (this test was performed in a clean cage containing the same 

type and amount of bedding as present in the mouse‟s home cage).  
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2.2.5.2.2 Body Weight 

Body weight for all mice was measured twice weekly from 35 days of age (metformin 

survival study) or 46 days of age (trehalose survival study). This provided an additional, non-

invasive, measure of disease onset and progression and also allowed monitoring of the 

general health of the mice. Weight-loss in high copy SOD1
G93A 

mice is normally a gradual 

process that begins at approximately 90 days of age and continues until death. Rapid losses of 

weight over a short number of days that do not fit the normal pattern can therefore be 

indicative of non-ALS related or drug-induced maladies (Scott et al., 2008).    

 

2.2.5.2.3 Survival 

For humane reasons, a uniform end point of the inability of a mouse to right itself within 30s 

of being placed on a side (metformin survival study) or 20s of being placed on a side 

(trehalose survival study)  was employed for all mice. From 100 days of age, the righting 

reflex of each mouse from each side was tested twice daily to ensure that the end point of 

each mouse was accurately determined. Once mice reached their end point, they were 

euthanized via cervical dislocation and the date and the cause of their death was recorded. 

Following death, a tail tip was taken from each mouse for assessment of potential variations 

in copy number via Q-PCR.  

 

2.2.5.3 Graphical representation of data and statistical analyses 

As the time course of pathology in male and female SOD1
G93A

 mice has been shown to be 

different (Choi et al., 2008) and administered therapeutics may behave differently in male 

and female systems, all graphical representations and statistical analyses were performed 



126 

 

separately for males and females. In order to visualise overall changes in body weight and 

neurological score, mean body weight and mean neurological score were plotted for each 

group over time until the time point at which the last mouse in the group died.  To prevent 

decomposition of mean weight and neurological score values as mice reached their end stage, 

final weight and neurological score values for individual mice were carried forward until the 

time point at which the last mouse in their group died. This is a practice routinely used when 

performing survival analyses with longitudinal monitoring of weight and neurological score 

(Gill et al., 2009, Lincecum et al., 2010). In order to avoid the loss of statistical validity that 

can occur when performing repeated analyses on correlated serial measurements for the same 

subjects, we selected relevant summary measures for weight and neurological score data as 

advised by Matthews, et al. (Matthews et al., 1990) and performed statistical analyses on 

these. Summary measures selected were time to attain peak weight (the earliest indicator of 

disease onset), time from peak weight to death (an indicator of disease progression), time to 

attain a neurological score of 2 in both hind limbs (defined as the definitive onset of 

symptomatic neurological disease) and finally time to reach a score of 4 (the uniform end 

point selected for this study, which was taken to represent survival). These summary 

measures all represent „time to event measures‟ and were analyzed using Kaplan Meier 

survival fit analyses and the Logrank test for statistical significance. This test investigates the 

null hypothesis that the Kaplan Meier curves for all groups are identical (i.e. that the 

treatment did not change the time taken to reach the event being analysed). Low P-values are 

therefore indicative of differences between curves that did not occur due to chance. As 

multiple groups were being compared and they could be arranged in order of increasing drug 

dose, we were also able to compare groups using the log rank test for trend. This test 

generates a P-value for the null hypothesis that there is no linear trend between group order 
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and median time to event. Low P-values are therefore indicative of a significant trend 

between increasing drug dose and the event being analysed.  The threshold for significance 

for all analyses was set at P<0.05. As has previously been described, in order to establish the 

age at which each mouse reached its peak weight, successive weight values for each mouse 

were subjected to spline smoothing and the time at which the maximum of the weight curve 

occurred was recorded (Gill et al., 2009, Lincecum et al., 2010). If the smoothed body weight 

curve for an individual mouse had multiple equal peaks, the time point at which the final 

peak occurred was taken. Spline smoothing of weight curves as well as all Kaplan Meier 

survival analyses were carried out using Graphpad Prism 5 software.  

 

2.2.6 Mouse spinal cord extraction and preparation for cryosectioning 

Following transcardial perfusion of mice with 1X PBS followed by 4% PFA (in 1X PBS), the 

spinal columns of perfused mice were removed and post-fixed overnight in the same fixative.  

Spinal cords were then dissected free from their spinal columns and cryoprotected in sucrose 

(30% in 0.1 M PBS) until the time point at which they sank within the sucrose solution. The 

lumbar regions of the spinal cords were then isolated, set (on ice) in cubes of a jelly 

composed of 10% sucrose and 7.5% gelatin in 0.12M phosphate buffer , pH 7.4 (Section 

2.2.1.2.2)  and mounted on cork blocks with cryo M-bed. During the mounting process the 

spinal cord was oriented vertically with the most caudal end closest to the cork block. The 

location of the ventral side of the spinal cord was marked on the cork to allow orientation of 

the block within the cryostat in order for the ventral side to meet the knife first. Mounted 

spinal cords were snap frozen in isopentane at -55 +/- 5
o
C and stored at -80

o
C for future 

cryosectioning (20μm per section) and histology. 
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2.2.7 Histological analysis of trehalose-treated SOD1G93A mouse spinal cords 

2.2.7.1 Cryosectioning and immunostaining for trehalose survival study 

20 µm sections were cut from L3-L5 of the lumbar spinal cord, with serial sections mounted 

onto superfrost plus glass slides at 200-µm intervals (every 10
th

 section). Sections were 

immunostained for either misfolded SOD1 (USOD ; 0.3 µg/ml, kindly donated to us by Dr 

Avijit Chakrabartty, University of Toronto) or choline acetyltransferase (ChAT; 1:100, 

AB144P ; Chemicon, Chandlers Ford, UK).  Before incubation with primary antibodies, 

sections were air dried for 30 minutes and endogenous biotin was blocked using an 

avidin/biotin blocking kit (Vector Laboratories,UK). In order to reduce nonspecific binding 

of the primary antibody, sections were incubated for 30 minutes in a 5% nonfat milk solution 

diluted in 1X PBS/0.05% Tween-20. Sections were incubated overnight at 4
o
C in primary 

antibody, after which they were incubated for 30 minutes with an appropriate biotinylated 

secondary antibody (Dako, Ely, UK).  Immunoreactivity was visualized using peroxidase 

detection (Vectastain ABC kit; Vector Laboratories and SIGMAFAST
™

 3,3′-

Diaminobenzidine tablets; Sigma). Following immunodetection, sections were briefly 

counter-stained (30s) with Nissl stain (Section 2.2.1.2.3), then dipped in distilled water to 

remove excess Nissl, dehydrated in graded alcohols, cleared in xylene, and coverslipped with 

DPX. When staining was performed it was ensured that slides for all male mice and slides for 

all female mice were stained together. This ensured that sections from any mice that were to 

be directly compared were manipulated identically. Relevant positive and negative controls 

were included in all stains to ensure the validity of the results obtained.  Specifically, for 

ChAT staining, equivalent spinal cord sections from an age-matched WT mouse to those 

being analysed for SOD1
G93A

 mice, were used as positive controls.  These sections (as well as 

those from SOD1
G93A

 mice) also acted as negative controls as if any cells in regions of the 
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spinal cord known not to contain motor neurons (such as the dorsal horns) showed ChAT 

staining, then this would indicate that non-specific staining was occurring. We confirmed the 

appropriate localisation of motor neurons in spinal cord levels being analysed using an 

annotated atlas of the mouse spinal cord (Watson et al., 2008) as well as the results of a 

comprehensive mapping of the motor nuclei supplying the hindlimb muscles of the mouse by 

McHanwell and Biscoe (McHanwell and Biscoe, 1981).  For USOD staining, equivalent 

sections from an end-stage SOD1
G93A

 mouse to those being analysed for 75 day old 

experimental SOD1
G93A

 mice were initially used as positive controls as at end stage we could 

be sure that misfolded/aggregated mutant SOD1 would be present in the lumbar spinal cord. 

After USOD staining had been performed several times, sections from an experimental 

mouse that had previously shown substantial USOD staining were used as positive controls. 

Equivalent spinal cord sections from an age-matched WT mouse to those being analysed for 

experimental SOD1
G93A

 mice, were used as negative controls for USOD staining. 

      

2.2.7.2 Quantification of USOD positive motor neurons and surviving motor neurons 

in the sciatic motor pool of trehalose-treated mice 

The localization of the motor nuclei supplying the hindlimb muscles of the mouse, that lie in 

the sciatic motor pool, has been comprehensively mapped using retrograde transport of 

horseradish peroxidase (McHanwell and Biscoe, 1981).  Specifically, sciatic motor nuclei 

have been determined to lie in the dorsolateral portion of the ventral horn, forming a  

longitudinal column starting at L3 and terminating at the L5–L6 boundary (McHanwell and 

Biscoe, 1981). In order to quantify the relative numbers of motor neurons in the sciatic motor 

pool containing misfolded/aggregated SOD1, we counted the number of USOD positive 

sciatic motor neurons in equivalent sections L3-L5 in control and treated SOD1
G93A

 mice. As 
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staining was performed on every 10
th

 section L3-L5, we were not concerned about counting 

the same motor neurons twice. In order to confirm that any changes in the number of USOD 

positive motor neurons in control and 5% trehalose-treated mice were not the result of a 

change in the number of surviving motor neurons, we counted the number of ChAT/Nissl 

double stained motor neurons in the sciatic motor pool in equivalent sections to those used 

for USOD quantification. All USOD and ChAT counts were performed in a blinded fashion 

by the same investigator and results for males and females were tested separately for 

statistical significance using the Mann-Whitney test, with the threshold for statistical 

significance set at P<0.05.   

 

2.2.8 17β-oestradiol radioimmunoassay (RIA) 

Following collection of blood plasma from metformin-treated and control SOD1
G93A

 and WT 

mice at 70 days of age (as described in section 2.2.3.3), serum samples were frozen at -80
o
C 

and sent on dry ice to Dr Zhangrui Cheng in the department of Veterinary Basic Sciences at 

the Royal Veterinary College for performance of a 125 iodine-based 17β-oestradiol 

radioimmunoassay.  Dr Zhangrui analysed serum 17β-oestradiol levels in these samples using 

the following assay procedure produced from guidelines provided in the estradiol MAIA kit 

used (see below).  Measured 17β-oestradiol levels were compared between control and 

treated SOD1
G93A

 mice and control and treated WT mice via individual unpaired t-tests. The 

threshold for significance was set as P≤0.05  
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2.2.8.1 Radioimmunoassay principles 

In RIAs, a fixed concentration of radio-labeled antigen in trace amounts is incubated with a 

constant amount of antiserum. The amount of antiserum present is such that only 30–50% of 

the total radio-labeled antigen can be bound to antibody in the absence of unlabeled antigen. 

When unlabeled antigen, either in the form of a standard or test sample is introduced, there is 

competition between radio-labeled antigen and unlabeled antigen for the limited constant 

number of binding sites on the antibody. The amount of radio-labeled antigen bound to 

antibody therefore decreases as the concentration of unlabeled antigen increases. In RIAs, 

following incubation of assay components for an optimized time period at an appropriate 

temperature, radio-labeled antigen bound to antibody is separated from unbound radio-

labeled antigen (this can be performed by several methods, including the use of a second 

antibody that recognizes the first antibody). Following this separation process, the bound or 

free fraction of radio-labeled antigen is counted using a Geiger counter with appropriate 

settings for the particular radioisotope. Thereafter a standard curve is generated with a set of 

unlabeled standards of known concentration and from this curve the amount of antigen in 

unknown samples can be calculated (Millipore, 2011) 
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2.2.8.2 Chemicals and reagents 

Estradiol MAIA kit  

Supplied by: Alere Ltd, Pepper Road, Hazel Grove, Stockport, Cheshire, SK7 5BW 

 

RIA buffer preparation: 

Gelatin 1 g   

Sodium azide 0.25 g 

Tris HCl 6.61 g  

Tris base 0.97 g 

 

Dissolve gelatin in 800 ml RO water, then add remaining reagents and adjust volume to 1L 

with RO water. Adjust pH to 7.4 by adding 1 M HCl or NaOH. Warming is required to 

dissolve gelatin. 

 

Standard Preparation 

A 17-oestradiol standard is provided in the oestradiol MAIA kit. The following dilutions of 

the standard must be made in preparation for the assay: 1, 2, 4, 8, 16, 32, 64, 125 pg/ml in 

RIA buffer. 

 

 Note: stock solutions of 1 mg/ml and 1 g/ml can be kept at 20 C for an extended period. 

Working dilutions can be kept at 4 C for 20 days. 
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2.2.8.3 Assay protocol 

Prepare total count (Tc), buffer blank (NSB), zero standard (B0), standard and sample tubes 

for the assay in duplicate according to the recipes provided in Table 3. Vortex tubes 

thoroughly and incubate at 4 C for 4 hours.  Add 200 l Estradiol MAIA Separation Reagent 

to all tubes except total counts. Vortex and incubate at room temperature for 10 minutes.  

Centrifuge at 3000  g for 10 minutes. Remove supernatant and measure the counts per 

minute (cpm) of the cellulose precipitate formed using a  counter.  

 

Following performance of the assay, calculate the mean cpm for each experimental condition 

(i.e. Tc, NSB, Bo, each standard and each sample), then calculate the percentage binding of 

the radioactive tracer to the first antibody (B/B0) in each standard and each sample using the 

following formula:  

 

%B/B0 = (Mean standard or sample cpm - mean NSB cpm) ÷ (mean B0 cpm – mean NSB cpm) x100 

 

Plot a standard curve of %B/Bo against 17-oestradiol standard concentration and then use a 

multiple semi-log regression to calculate the 17-oestradiol concentration in each unknown 

sample from this standard curve. (Note: the total counts tubes in this assay are used to 

confirm that (a) a sufficient amount of radio-labelled antigen is being used in the assay (b) 

that the amount of antibody being used is appropriate.) 
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Reagents Total 

count 

tubes 

Buffer 

blank 

tubes 

Zero 

standard 

tubes 

Standard 

tubes 

Experimental 

sample tubes 

Standard - - - 100 l - 

Blood serum 

sample  

- - - - 5ul 

Buffer  405 l 405 l 305 400 

First antibody - - 10 l 10l 10l 

Tracer 20l 20 l 20l 20l 20 l 

 

Table 3: Sample preparation for 17β-oestradiol radioimmunoassay (RIA) 
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3.1 Metformin electrophysiology study 

3.1 Introduction  

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disorder associated with 

the selective degeneration of upper and lower motor neurons, for which there are currently no 

effective therapeutics (Cozzolino et al., 2008a). Although the majority of ALS cases are 

sporadic approximately 10% have a familial origin and of these, 15-20% are caused by gain 

of function mutations in the copper/zinc superoxide dismutase (SOD1) gene (Rosen et al., 

1993c). The primary triggers for motor neuron degeneration in ALS remain elusive, however 

research in patients and mutant SOD1 based models has revealed several processes that are 

likely to contribute to pathology, including but not limited to: inflammation and toxic glial 

activation (Papadimitriou et al., 2010, Ilieva et al., 2009, Philips and Robberecht, 2011), 

mitochondrial dysfunction (Duffy et al., 2011) and oxidative stress (Papadimitriou et al., 

2010, Duffy et al., 2011).  

 

Metformin is a small molecule activator of the metabolic regulator, AMP-activated protein 

kinase (AMPK), which is routinely used for the treatment of type II diabetes (Hawley et al., 

2002, Zhou et al., 2001). Metformin was originally prescribed for diabetes on the basis of its 

ability to reduce hepatic glucose production and increase insulin sensitivity (Cho and Kieffer, 

2011), but it has subsequently been found to have potent anti-inflammatory (Dandona et al., 

2004, Isoda et al., 2006, Lin et al., 2000) and antioxidant (Lin et al., 2000, Ouslimani et al., 

2005, Srividhya et al., 2002) properties, as well as the ability to bring about mitochondrial 

biogenesis (Kukidome et al., 2006) and to cross the blood brain barrier (BBB) (Chen et al., 

2009, Ma et al., 2007). In recent years it has emerged that peroxisome-proliferator activated 
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receptor coactivator 1 (PGC1-α) is an important mediator of the downstream effects of 

AMPK activation and that AMPK can directly enhance PGC1alpha activity via its 

phosphorylation (Jäger et al., 2007, Cantó and Auwerx, 2009). Furthermore,  metformin 

treatment has been shown to  increase the levels of PGC1α protein in skeletal muscles (Suwa 

et al., 2006) and it is thought that the antioxidant properties of this drug in addition to its 

ability to bring about mitochondrial biogenesis are derived from activation of AMPK-PGC-

1α pathway (Kukidome et al., 2006).  

 

Metformin therapy has been successfully tested in mouse models of both Huntington‟s 

disease and multiple sclerosis in which, as in ALS, inflammation, oxidative stress and 

mitochondrial defects are thought to be contributing factors to pathology (Beal and Ferrante, 

2004, Stadelmann, 2011) Specifically, oral administration of metformin has been shown to 

increase lifespan and improve motor performance in male mice in the R6/2 model of 

Huntington‟s disease (Ma et al., 2007) and to attenuate pathology and inhibit the expression 

of pro-inflammatory mediators in the murine Experimental Autoimmune Encephalomyelitis 

(EAE) model of multiple sclerosis (Nath et al., 2009). In light of the observed beneficial 

effects of metformin therapy in these disease models of neurodegeneration, we hypothesised 

that metformin therapy would also attenuate motor neuron degeneration in the SOD1
G93A

 

mouse model of ALS (Gurney et al., 1994).  

 

We tested the potential neuroprotective properties of metformin by treating male and female 

SOD1
G93A

 mice with 2mg/ml metformin in the drinking water from 35 days of age and 

measuring the number of surviving functional motor units as well as strength and resistance 

to fatigue in their right TA and EDL muscles via in vivo electrophysiology. An early 
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symptomatic timepoint of 100 days, when substantial motor unit loss has occurred (Hegedus 

et al., 2007) but mice are not so sick that they struggle under anaesthetic, was selected for 

these electrophysiological assessments.   Control SOD1
G93A

 mice received normal drinking 

water throughout and were analysed via the same electrophysiological parameters at 100 days 

of age. To ensure that metformin did not have any detrimental effects on the parameters being 

investigated in normal conditions and to compare the pathology of untreated SOD
G93A 

mice to 

age-matched WT mice, we replicated the experiment in WT litter mates. A subset of mice in 

all treatment groups were weighed approximately every 5 days to allow monitoring of 

metformin treatment on mouse weight.  All experiments were performed in both male and 

female mice and data collected for the two sexes was considered separately as the onset of 

disease, survival time and response to therapeutic interventions has been shown differ 

between male and female SOD1G93A mice (Veldink et al., 2003). 

 

3.2 Methods and n-numbers  

All methods are described in detail in the materials and methods chapter.  N-numbers for the 

electrophysiological parameters tested in all experimental groups are summarized in Table 4. 

N-numbers for the motor unit assessment protocol in SOD1
G93A

 male and female control 

mice are lower than for other groups as a file containing raw motor unit assessment data for 

several mice in these groups became corrupted and unfortunately the data could not be 

retrieved.  Although, the male SOD1
G93A

 metformin treatment group originally contained 11 

mice, rather than the 9 stated in Table 4, data collected from two of these mice were 

excluded, as they were suspected to have lost copies of the SOD1
G93A

 transgene (see below). 

TA motor unit assessment for WT mice was not performed in this study as a suitable force 

transducer for this purpose was not available.  
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Experimental 
Group 

TA 
maximum 
force 

TA 
specific 
force 

TA 
motor 
units 

EDL 
maximum 
force 

EDL 
specific 
force 

EDL 
motor 
units 

EDL 
fatigue 
test 

SOD1 M 11 11 7 11 11 7 11 

SOD1 M tx  9 9 9 9 9 9 9 

SOD1 F 11 11 6 11 11 6 11 

SOD1 F tx 15 15 15 14 14 15 15 

WT M 6 NA 6 6 6 6 6 

WT M tx 6 NA 6 6 6 6 5 

WT F 6 NA 6 6 6 6 6 

WT F tx 7 NA 7 7 7 7 7 

 

Table 4: Summary of the n-numbers used in metformin electrophysiology study  

M = Male, F = Female, tx = treated with 2mg/ml metformin via the drinking water from 35 

days of age.  
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3.3 Results   

3.3.1 Assessment of potential variations in copy number 

Assessment of potential copy number variation was performed for all mice enrolled in the 

metformin electrophysiology study via Q-PCR. Mice were analysed across three separate 96 

well plates and results are summarized in Table 5.  Metformin treated (tx) male SOD1
G93A

 

mice, SOD1 302 and SOD1 321, were analysed for potential copy number variations on two 

occasions, as they showed highly outlying electrophysiological characteristics for their group 

(substantially higher muscle forces and motor unit numbers than their peers) (Table 5) and 

were suspected to have lost copies of the transgene. As Q-PCR reactions are highly sensitive, 

it is not possible to compare samples accurately between plates, as the experimental 

conditions could have been slightly different for individual plates. Consequently, the ∆CT 

values for individual mice were only compared to the mean ∆CT value of mice analysed 

within the same plate. This was especially important in this study as a modified, more 

sensitive version of the Brilliant® SYBR Green QPCR Master Mix reagent (Stratagene) was 

used for plates 2 and 3 and therefore ∆CT values were overall lower in these plates.   If the 

∆CT value of an individual mouse differed by more than 2 standard deviations from the mean 

∆CT for the plate, it was considered to have experienced a change in transgene copy number 

and was excluded from the study. One of the metformin treated male mice suspected to have 

lost copies of the transgene, SOD1 302, had a ∆CT value that was more than 2 standard 

deviations lower than the mean ∆CT and was therefore excluded.  Although SOD1 312 did 

not have a ∆CT value that differed by more than two standard deviations from the mean in 

either plate 1 or 2, its ∆CT values were close to reaching this threshold. In light of this and 

the highly outlying electrophysiological measurements recorded for this mouse (see Table 6), 

a decision was made to exclude it from the study. Although several other mice showed ∆CT 
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values that were also approaching the threshold of differing by more than 2 standard 

deviations from the plate mean (highlighted in light grey), the electrophysiological recordings 

made for these mice were not outlying (see Table 6) and therefore they were not excluded 

from the study.   
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Plate 1 Plate 2 Plate 3 

Mouse 
no. ΔCT 

Mean ΔCT - 
ΔCT 

Mouse 
no. ΔCT 

Mean ΔCT - 
ΔCT 

Mouse 
no.  ΔCT 

Mean ΔCT – 
ΔCT 

SOD1 302 10.50 0.90 SOD1 302 7.14 0.79 SOD1 334 8.74 0.07 

SOD1 321 10.80 0.60 SOD1 321 7.53 0.40 SOD1 339 8.73 0.08 

SOD1 304 11.36 0.04 SOD1 368 7.79 0.14 SOD1 371 8.34 0.47 

SOD1 303  11.27 0.13 SOD1 370 7.87 0.06 SOD1 333 8.44 0.37 

SOD1 309 11.58 -0.18 SOD1 350 8.14 -0.21 SOD1 356 8.77 0.04 

SOD1 312 11.21 0.19 SOD1 353 8.07 -0.14 SOD1 358 8.54 0.27 

SOD1 299 11.57 -0.17 SOD1 348 7.88 0.05 SOD1 145 8.30 0.51 

SOD1 315 12.04 -0.64 SOD1 157 8.01 -0.08 SOD1 161 8.73 0.08 

SOD1 316 11.33 0.07 SOD1 175 7.52 0.41 SOD1 162 9.16 -0.35 

SOD1 318 11.74 -0.34 SOD1 176 7.91 0.02 SOD1 164 8.62 0.19 

SOD1 319 11.51 -0.11 SOD1 179 7.74 0.19 SOD1 172 9.16 -0.35 

SOD1 308 11.52 -0.12 SOD1 182 8.14 -0.21 SOD1 191 8.89 -0.08 

SOD1 323 11.72 -0.32 SOD1 187 7.91 0.02 SOD1 203 9.36 -0.55 

SOD1 324 11.38 0.02 SOD1 206 8.12 -0.19 SOD1 205 9.08 -0.27 

      SOD1 241 8.08 -0.15 SOD1 208 9.19 -0.38 

      SOD1 242 8.27 -0.34 SOD1 143 9.06 -0.25 

      SOD1 244 8.26 -0.33 SOD1 140 8.80 0.01 

      SOD1 169 8.26 -0.33 SOD1 156 8.71 0.10 

      SOD1 190 8.12 -0.19       

Mean 
ΔCT 11.40     7.93     8.81   

SDEV  0.39     0.29     0.31   

2x SDEV 0.77     0.59     0.61   

 

Table 5: Summary of Δ CT values obtained for SOD1
G93A

 mice in metformin 

electrophysiology study 
SOD1

G93A
 mice enrolled in the metformin electrophysiology study were analysed for potential 

variations in transgene copy number across 3 separate Q-PCR plates. Brilliant® SYBR Green QPCR 

Master Mix reagent (Stratagene) was used for plate 1 whereas the more sensitive Brilliant® II SYBR 

Green QPCR Master Mix reagent (Stratagene) was used for plate 2. If the ∆CT value for a particular 

mouse differed by more than 2 standard deviations (SDEV) from the mean ∆CT value for all other 

mice analysed in the same plate, it was considered to have experienced a copy number change and 

was excluded from the study. SOD1
G93A

 mice 302 and 321 (highlighted in dark grey) displayed 

outlying electrophysiological characteristics (see Table 6) and were suspected to have lost copies of 

the transgene. They were therefore analysed on two occasions. Although mouse no. 321 did not have 

∆CT values that differed by more than 2 standard deviations from the means for the individual plates, 

it was close to reaching this threshold and was therefore excluded from the study on the basis of its 

outlying electrophysiological measurements. Mice highlighted in light grey also had ∆CT values 

approaching this threshold but were not excluded as they did not display outlying electrophysiological 

results (see Table 6).  
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A.  

SOD1 Males SOD1 females  

Mouse 
no.  

TA 
tetanic 
tension 
(N) 

TA 
specific 
force 
N/cm2 

EDL 
tetanic 
tension 
(N) 

EDL 
specific 
force 
N/cm2 

EDL 
MU 

TA 
MU 

Mouse 
no.  

TA 
tetanic 
tension 
(N) 

TA 
specific 
force 
N/cm2 

EDL 
tetanic 
tension 
(N) 

EDL 
specific 
force 
N/cm2 

EDL 
MU 

TA 
MU 

145 0.25 5.65 0.12 8.53 N/A N/A 143 0.33 8.11 0.18 15.13 N/A N/A 

161 0.41 8.35 0.14 12.03 N/A N/A 140 0.23 6.03 0.13 11.67 N/A N/A 

162 0.50 9.46 0.21 12.07 N/A N/A 144 0.49 16.32 0.22 28.45 N/A N/A 

164 0.59 12.44 0.25 14.28 N/A N/A 156 0.07 2.22 0.05 5.08 N/A N/A 

169 0.10 3.01 0.06 4.42 10 10 157 0.20 6.07 0.18 14.43 N/A N/A 

172 0.14 3.72 0.06 4.32 12 12 175 0.22 8.56 0.10 7.47 14 13 

190 0.52 9.55 0.28 15.98 17 23 176 0.29 9.47 0.25 19.09 11 17 

191 0.58 12.72 0.25 15.12 20 21 179 0.26 9.76 0.16 13.77 14 13 

203 0.22 5.95 0.19 12.48 10 14 182 0.22 7.31 0.15 12.45 15 11 

205 0.14 4.61 0.19 15.21 11 18 187 0.40 10.53 0.16 12.93 17 13 

208 0.37 9.49 0.15 10.94 20 14 206 0.38 10.27 0.24 15.45 27 21 

 

 

B.  

Metformin-treated SOD1G93A males  Metformin-treated SOD1G93A females  

Mouse 
no.  

TA 
tetanic 
tension 
(N) 

TA 
specific 
force 
N/cm2 

EDL 
tetanic 
tension 
(N) 

EDL 
specific 
force 
N/cm2 

EDL 
MU 

TA 
MU 

Mouse 
no.  

TA 
tetanic 
tension 
(N) 

TA 
specific 
force 
N/cm2 

EDL 
tetanic 
tension 
(N) 

EDL 
specific 
force 
N/cm2 

EDL 
MU 

TA 
MU 

304 0.27 8.11 0.16 11.54 15 11 299 0.29 8.87 0.24 17.04 23 26 

303 0.07 2.28 0.09 7.71 24 11 315 0.25 7.16 0.11 11.42 21 18 

302 0.81 15.42 0.51 22.56 N/A N/A 316 0.10 3.65 0.10 8.60 17 21 

321 1.55 24.63 0.51 27.75 36 26 318 0.25 9.39 0.14 16.57 14 15 

309 0.14 3.58 0.12 10.34 22 13 319 0.14 5.58 0.08 8.97 16 22 

312 0.41 10.34 0.26 15.86 29 30 308 0.10 3.40 0.10 8.44 23 14 

334 0.57 12.22 0.17 11.49 19 27 323 0.09 3.14 0.17 15.19 26 29 

339 0.69 13.25 0.19 10.51 20 8 324 0.40 11.64 0.07 5.60 24 18 

371 0.49 11.36 0.20 15.23 34 37 325 0.61 22.22 N/A N/A 14 22 

368 0.77 22.87 0.34 23.64 34 31 333 0.37 10.57 0.14 11.27 29 31 

370 0.22 7.08 0.08 7.44 20 16 356 0.44 10.73 0.20 16.12 21 20 

              358 0.46 12.19 0.31 20.88 36 25 

              350 0.57 17.54 0.16 15.56 22 26 

              353 0.06 2.76 0.08 9.63 18 14 

              348 0.36 15.56 0.16 19.50 29 17 

 

Table 6 A & B: Summary of results obtained for electrophysiological analysis of (A) 

control and (B) metformin-treated SOD1
G93A

 TA and EDL muscles at 100 days of age 

Mice highlighted in dark grey (302 and 321) performed better than all others in 

electrophysiological assessments and were suspected to have lost copies of the transgene. 

Mice highlighted in light grey, did not show outlying characteristics in electrophysiological 

assessments but had ∆CT values that were close to differing by 2 standard deviations from 

the mean ∆CT value of mice analysed for potential copy number variations in the same Q-

PCR setup. Mice highlighted in dark grey (302 and 321) were excluded from the study 

whereas all other mice were included. (N/A= not available, MU=motor units)  
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3.3.2 The effect of metformin treatment on the weights of SOD1G93A and WT mice 

between 55 and 99 days of age.  

Once the study was underway, a decision was made to weigh mice in all groups 

approximately every 5 days in order to allow monitoring of their general health and also to 

gain insight into the effect of metformin treatment on bodyweight. Unfortunately, deciding to 

collect weight data part way through the study meant that this data was not collected from 

some of the first mice enrolled in the study. Additionally, in order to be able to perform in 

vivo electrophysiology on large numbers of mice at the same age point, it was not possible to 

use large cohorts of animals with the same birth dates. For this reason, individual mice could 

not always be weighed at exactly the same age points as their counterparts. It was therefore 

necessary to group weight data into 5-day age brackets when performing averaging for 

graphical representation. In this averaging process, some age brackets had more data values 

than others, depending on how many mice were weighed at ages that fell into those brackets. 

The number of mice used to collect data for each age bracket was always 4 or more. In light 

of the variation in n-numbers from one time point to the next, weight data presented here can 

only be used as qualitative guide of the effect of metformin treatment on the weight of male 

and female SOD1
G93A

 and WT mice rather than a quantitative data set that robust statistical 

analyses can be performed on. 

  

The weights of control SOD1
G93A 

and WT mice between 55 and 99 days of age are 

summarized in Figure 3.Within the timeframe studied, SOD1
G93A 

female mice, as would be 

expected, did not put on weight at as quickly as WT female mice (Figure 3).  SOD1
G93A

 male 

mice put on weight at a similar rate to WT males until 95-99 days when WT mice showed a 

more rapid increase in weight. The effects of metformin treatment on the weights of 
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SOD1
G93A

 and WT mice between 55 and 99 days of age are presented in Figures 4 and 5 

respectively. Metformin was observed to have no effect on weight in SOD1
G93A

 female 

(Figure 4) or WT male mice (Figure 5) but appeared to bring about decreased weight in 

metformin treated male SOD1
G93A

 mice (Figure 4) and increased weight in WT female  

mice throughout the period studied (Figure 5).



145 

 

 

 

Figure 3: Comparison of the weights of WT and SOD1
G93A

 mice between 55 and 99 days 

of age. 

Male SOD1
G93A

 mice put on weight at a similar rate to male WT mice until 95-99 days when 

WT males showed a large increase in weight that was not matched by their male SOD1
G93A

 

counterparts. Female SOD1
G93A

 mice began to show a lower weight compared to WT females 

from 75-79 days onwards, an earlier time point than the SOD1
G93A

 males. Error bars 

represent SEM, WT M (WT males)-minimum n=4, SOD1 M (SOD1
G93A

 males)-minimum 

n=4, WT F (WT females)-minimum n=5, SOD1 F (SOD1
G93A

 females)-minimum n=4. 

Although only minimum n- numbers for each group are displayed, n-numbers for female 

mice were on average ~two fold higher than for male mice, as is shown by the female weight 

curves being smoother than those of the males.  
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Figure 4: The effect of metformin treatment on the weight of SOD1
G93A

 mice between 55 

and 99 days of age.  

 

Male SOD1
G93A

 mice treated with metformin were lighter than their untreated counterparts 

throughout the time period studied, with the exception of the period between 60 and 64 days 

when there was no obvious difference between metformin treated and untreated male SOD1 

mice (although this could be an artifact of n-number in this time bracket or the time of day at 

which the mice were weighed with respect to eating/drinking times). Metformin treatment 

had no effect on the weight of female SOD1
G93A

 mice thought the period investigated. Error 

bars represent SEM, SOD1 M (SOD1
G93A

 males)-minimum n=4, SOD1 M tx (metformin 

treated SOD1
G93A

 males)-minimum n=13, SOD F (SOD1
G93A

 females)-minimum n=5, SOD1 

F tx (metformin treated SOD1
G93A

 females)-minimum n=7. Although only minimum n- 

numbers for each group are displayed, n-numbers for all female mice and metformin treated 

SOD1
G93A

 male mice were on average at least two fold higher than for untreated SOD1
G93A

 

male mice, as is shown by the SOD1
G93A

 male weight curve being less smooth than the other 

weight curves.
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Figure 5: The effect of metformin treatment on the weight of WT mice between 55 and 

99 days of age. 

Metformin treatment caused an increase in the weight of female WT mice compared to their 

untreated counterparts throughout the time period investigated. There was a minor trend 

towards metformin-treated WT males being heavier than their untreated counterparts, but this 

was not as pronounced as for the females. Error bars represent SEM, WT M (WT males)-

minimum n=4, WT M tx (metformin treated WT males)-minimum n=16, WT F (WT 

females)-minimum n=5, WT F tx (metformin treated WT females)-minimum n=7. Although 

only minimum n- numbers for each group are displayed, n-numbers for all female mice and 

metformin treated WT male mice were on average at least two fold higher than for untreated 

WT male mice, as is shown by the WT male weight curve being less smooth than the other 

weight curves.  
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3.3.3 Functional motor unit measurements 

Estimation of the number of functional motor units (MUs) in the TA and EDL muscles of 

experimental animals at 100 days of age was carried out by counting the number of stepwise 

increments in twitch force produced in each muscle by stimulation of the deep peroneal nerve 

with pulses of increasing intensity. Motor unit counting was performed in a blinded fashion.    

 

3.3.3.1 SOD1G93A EDL muscles have significantly fewer motor units than their WT 

counterparts at 100 days.  

The ultimate cause of death in SOD1 mice is the occurrence of pathological processes in their 

motor neurons that lead to the malfunctioning and retraction of their distal motor axons and 

therefore denervation (Gould et al., 2006). In accordance with this we saw a significant loss 

of functional motor units in SOD1
G93A

 male (M) EDL muscles compared to WT male EDL 

muscles at 100 days of age (14 +/- 2 MUs SOD1
G93A

 M vs. 54 +/- 4 MUs WT M, P <0.001) 

(Figures 6 and 7). We also saw a significant loss of functional motor units in SOD1
G93A

 

female (F) EDL muscles compared to WT female EDL muscles at 100 days of age (16 +/- 2 

MUs SOD1
G93A

 F vs. 47 +/- 4 MUs WT F, P < 0.0002) (Figure 7).  
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Figure 6: Typical traces recorded for motor unit assessment protocol in WT and 

SOD1
G93A

 male EDL muscles at 100 days of age. 

Estimation of the number of functional motor units (MUs) in the TA and EDL muscles of 

experimental animals at 100 days of age was carried out by counting the number of stepwise 

increments in twitch force produced in each muscle by stimulation of the deep peroneal nerve 

with pulses of increasing intensity (from 0-4V). This figure shows typical twitch-force traces 

produced in the motor unit assessment protocol for WT and SOD1
G93A

 male EDL muscles at 

100 days of age and highlights the significantly reduced numbers of functional motor units 

present in SOD1
G93A

 EDL muscles at 100 days of age compared to WT.  

0.14 s 

0.18 N 0.0098 N 

0.17 s 

100 day WT ♂: 53 motor units  100 day SOD1
G93A

 ♂: 9 motor units  
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Figure 7: Comparison of the number of functional motor units in the EDL muscles of 

SOD1
G93A

 mice and WT mice at 100 days. 

Determination of the number of functional motor units in the EDL muscles of SOD1
G93A 

(SOD1) and WT mice via in vivo electrophysiology, revealed significantly lower numbers of 

remaining motor units in the EDL muscles of both SOD1
G93A

 male mice and SOD1
G93A

 

female mice compared to their WT counterparts at 100 days of age. n=7 SOD1
G93A

 males, 

n=6 SOD1
G93A

 females, n=6 WT males, n=5 WT females, error bars represent SEM, 

(SOD1
G93A

 M vs. WT M, P < 0.0001 (***)), (SOD1
G93A

 F vs. WT F, P < 0.0002 (***)). 
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3.3.3.2 Metformin treatment brought about a significant preservation of motor 

units in SOD1G93A male EDL muscles and SOD1G93A female TA muscles.  

Measurement of the number of remaining functional motor units in the right TA and EDL 

muscles of metformin treated and untreated SOD1
G93A

 mice at 100 days of age revealed a 

significant preservation of functional motor units in the EDL muscles of metformin treated 

male SOD1
G93A

 mice compared to their untreated counterparts (24 +/- 2 MUs SOD1
G93A

 tx M 

vs. 14 +/- 2 SOD1
G93A

 M, p<0.005) (Figures 8 and 9) and an almost significant preservation 

of functional motor units in the EDL muscles of metformin treated female SOD1
G93A

 mice 

compared to their untreated counterparts (22 +/- 2 MUs SOD1
G93A

 tx F vs. 16 +/- 2 

SOD1
G93A

 F. P = 0.056) (Figure 9). A significant preservation of functional motor units was 

also seen in the TA muscles of metformin-treated female SOD1
G93A

 mice compared to 

untreated female SOD1
G93A

 mice (21 +/- 1 MUs SOD1 tx F vs. 15 +/- 2 SOD1
G93A

 F, P = 

0.0134) (Figure 10) and although there was a strong trend towards the preservation of 

functional motor units in the TA muscles of metformin-treated male mice compared to 

untreated male mice (20 +/- 4 MUs SOD1
G93A

 tx M vs. 16 +/- 2  SOD1
G93A

 M), this did not 

reach significance (Figure 10). 



152 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Typical traces recorded for motor unit assessment protocol in WT and 

metformin treated and untreated SOD1
G93A 

male EDL muscles at 100 days of age. 

Estimation of the number of functional motor units (MUs) in the TA and EDL muscles of 

experimental animals at 100 days of age was carried out by counting the number of stepwise 

increments in twitch force produced in each muscle by stimulation of the deep peroneal nerve 

with pulses of increasing intensity (from 0-4V). This figure shows typical twitch-force traces 

produced in the motor unit assessment protocol for WT, untreated SOD1
G93A

 and metformin 

treated (tx) SOD1
G93A

 male EDL muscles at 100 days of age (Note that the WT and untreated 

SOD1
G93A

 traces shown in this figure are the same traces as shown in Figure 3.4). This figure 

highlights the significantly increased numbers of functional motor units present in metformin 

treated male SOD1
G9A

 EDL muscles at 100 days of age compared to their untreated 

counterparts.  
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Figure 9: Comparison of the number of functional motor units in the EDL muscles of 

metformin treated and untreated SOD1
G93A

 mice at 100 days. 

 

Determination of the number of functional motor units in the right EDL muscles of 

metformin treated (SOD1 tx) and untreated (SOD1) SOD1
G93A

 mice via in vivo 

electrophysiology,  revealed a significant preservation of functional motor units in the EDL 

muscles of metformin treated male SOD1
G93A

 mice compared to untreated male SOD1
G93A

 

mice and an almost significant preservation of functional motor units in the EDL muscles of 

metformin treated female SOD1
G93A

 mice compared to untreated female SOD1
G93A

 mice. n=7 

SOD1
G93A

 males, n=6 SOD1
G93A

 females, n=9 metformin treated SOD1
G93A

 males and n=15 

metformin treated SOD1
G93A

 females, error bars represent SEM, (SOD1
G93A

 M vs. SOD1
G93A

 

tx M, P = 0.005 (**)), (SOD1
G93A

 F vs. SOD1
G93A

 tx F, P = 0.056). 
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Figure 10: Comparison of the number of functional motor units in the TA muscles of 

metformin treated and untreated SOD1
G93A

 mice at 100 days. 

Determination of the number of functional motor units in the right TA muscles of metformin 

treated (SOD1 tx) and untreated (SOD1) SOD1
G93A

 mice via in vivo electrophysiology, 

revealed a significant preservation of functional motor units in the TA muscles of metformin 

treated female SOD1
G93A

 mice compared to untreated female SOD1
G93A

 mice. There was a 

trend towards motor neuron preservation in the TA muscles of metformin treated male 

SOD1
G93A

 mice compared to untreated male SOD1
G93A

 mice but this was not significant.  

n=7 SOD1
G93A

 males, n=6 SOD1
G93A 

females, n=9 metformin treated SOD1
G93A

 males and 

n=15 metformin treated SOD1
G93A

 females, error bars represent SEM, (SOD1
G93A

 F vs. 

SOD1
G93A

 tx F, P = 0.0134 (*)) 
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3.3.3.3 Metformin treatment did not affect motor unit number in WT mice.  

As expected, metformin treatment did not have a significant effect on the number of 

functional motor units present in the EDL muscles of WT mice at 100 days of age (Figure 

11). The average number of motor units measured for metformin treated and untreated WT 

mice were as follows: 

WT male: 54 +/- 4 MUs 

Metformin treated WT male: 61 +/- 4 MUs 

WT Female: 47 +/- 4 MUs 

Metformin treated WT female: 53 +/- 6 MUs 
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Figure 11: Comparison of the number of functional motor units in the EDL muscles of 

metformin-treated and untreated WT mice at 100 days. 

Determination of the number of functional motor units in the right EDL muscles of 

metformin treated (WT tx) and untreated (WT) WT mice via in vivo electrophysiology, 

revealed no significant effect of metformin treatment on the number of functional motor units 

in the EDL muscles of WT male or WT female mice.  n=6 WT males, n=5 WT females, n=6 

metformin treated WT males and n=7 metformin treated WT females, error bars represent 

SEM.  
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3.3.4 Maximal force and specific force measurements  

3.3.4.1 The TA and EDL muscles of SOD1G93A mice are significantly weaker than 

those of WT mice at 100 days.  

The denervation of muscles that occurs in SOD1
G93A

 pathology, leads to progressive muscle 

atrophy and therefore loss of muscle strength. In accordance with this we observed a 

significant reduction in both the maximal (Figures 12A and 12B) and specific forces (Figure  

13) of both SOD1
G93A

 male and SOD1
G93A

 female TA and EDL muscles compared to WT at 

100 days of age. Mean maximum force and specific force values for all muscles measured are 

summarised in Table 7 (P<0.0001 for male TAs, male EDLs and female TAs when 

comparing maximal forces of SOD1
G93A

 mice to WT mice, P<0.0002 for female EDLs when 

comparing maximal forces of SOD1
G93A

 mice to WT mice, P<0.0001 for male TAs, male 

EDLs and female TAs when comparing specific forces of WT mice to SOD1
G93A 

mice and P 

<0.05 for female EDLs when comparing specific forces of WT mice to SOD1
G93A

 mice). 

Interestingly, the loss of maximal force (Figures 12A and 12B) and specific force (Figure 

13) in both male and female SOD1
G93A

 mice compared to WT mice was more pronounced in 

the TA muscles than the EDL muscles. Indeed, the percentage loss of maximal force in 

SOD1
G93A

 male TA muscles compared to WT was ~20% higher than in their EDL muscles 

and the percentage loss of maximal force in SOD1
G93A

 female TA muscles compared to WT 

was ~ 32% higher than in their EDL muscles. Likewise, the percentage loss of specific force 

in SOD1
G93A

 male TA muscles compared to WT was ~25% higher than in their EDL muscles 

and the percentage loss of specific force in SOD1
G93A

 female TA muscles compared to WT 

was ~ 35% higher than in their EDL muscles.   Finally no significant differences were found 

when comparing the specific forces of male and female WT TA muscles, male and female 
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WT EDL muscles, male and female SOD1
G93A

 TA muscles or male and female SOD1
G93A

 

EDL muscles.  
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Figure 12: Comparison of the maximal forces of the right TA and EDL muscles of (A) 

male and (B) female, WT and SOD1
G93A

 mice at 100 days of age. 

Determination of the maximal forces of the right TA and EDL muscles of WT and SOD1
G93A 

(SOD1) mice at 100 days of age via in vivo electrophysiology revealed that both SOD1
G93A

 

male and SOD1
G93A

 female mice have significantly weaker TA and EDL muscles than their 

WT counterparts at 100 days of age. n=11 SOD1
G93A

 males, n=11 SOD1
G93A

 females, n=6 

WT males, n=6 WT females, error bars represent SEM. (P<0.0001 (***) for male TA, male 

EDL and female TA when comparing WT to SOD1
G93A

), (P<0.0002 (***) for female EDL 

when comparing WT to SOD1
G93A

).  

0.0

0.5

1.0

1.5

2.0

Male TA               Male EDL

WT

SOD1

***
***

M
a
x
 F

o
rc

e
 (

N
)

A. 

0.0

0.5

1.0

1.5

2.0

Female TA           Female  EDL

WT

SOD1

***
***

M
a
x
 F

o
rc

e
 (

N
)

B. 



160 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Comparison of the specific forces of the right TA and EDL muscles of WT 

and SOD1
G93A

 mice at 100 days of age. 

Determination of the specific forces of the right TA and EDL muscles of WT and SOD1
G93A

 

(SOD1) mice at 100 days of age via in vivo electrophysiology, revealed that both SOD1
G93A

 

male and SOD1
G93A

 female TA and EDL muscles produce a significantly weaker force per 

unit cross-sectional area than the TA and EDL muscles of their WT counterparts at this time 

point. There were no significant differences between the specific forces of WT male and 

female TA muscles, WT male and female EDL muscles, SOD1
G93A

 male and female TA 

muscles and SOD1
G93A

 male and female EDL muscles at this time-point. Statistical analyses 

were performed via a one-way ANOVA with post-hoc Bonferroni tests.  n=11 SOD1
G93A

 

males, n=11 SOD1
G93A

 females, n=6 WT males, n=6 WT females, error bars represent SEM. 

(P<0.0001 (***) for male TA, male EDL and female TA when comparing WT to SOD1
G93A

), 

(P<0.05 (*) for female EDL when comparing WT to SOD1
G93A

). Specific force was 

calculated by dividing the maximal force of each muscle by its cross sectional area.  
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Table 7: Summary of the mean maximum and specific force values measured for 

metformin-treated and control WT and SOD1
G93A

 (SOD1) TA and EDL muscles, via in 

vivo electrophysiology. 

 

M = Male, F = Female  

Treatment Group Mean TA max 

force (N) + 

SEM 

Mean TA 

specific force 

(N/cm
2
) + SEM 

Mean EDL 

max force (N) 

+ SEM 

Mean EDL 

specific force 

(N/cm
2
) + SEM 

WT M 1.7 +/- 0.082 25.84 +/- 1.12 0.42 +/- 0.028 20.88 +/- 1.04 

WT F 1.23 +/- 0.064 26.22 +/- 1.26 0.31 +/- 0.022 21.19 +/- 1.25 

SOD1 M 0.35 +/- 0.055 7.72 +/- 1.01 0.17 +/- 0.022 11.40 +/- 1.23 

SOD1 F 0.28 +/- 0.035  8.60 +/- 1.06 0.17 +/- 0.018 14.18 +/- 1.83 

Metformin-treated 

SOD1 M 

0.40 +/- 0.083 10.12 +/- 2.03 0.18 +/- 0.028 12.64 +/- 1.67 

Metformin-treated 

SOD1 F 

0.30 +/- 0.046 9.63 +/- 1.47 0.15 +/- 0.018 13.20 +/- 1.25 

Metformin-treated 

WT M 

1.65 +/- 0.042 26.69 +/- 1.07 0.45 +/- 

0.0088 

24.19 +/- 1.17 

Metformin-treated 

WT F  

1.42 +/- 0.085 27.51 +/- 1.26 0.41 +/- 0.025 27.82 +/- 1.23 
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3.3.4.2 Metformin treatment did not increase the maximal or specific forces of 

SOD1G93A - TA and EDL muscles.  

Despite the significant preservation of functional motor units observed in SOD1
G93A

 male 

EDL muscles and SOD1
G93A

 female TA muscles with metformin treatment, there were no 

significant improvements in the maximal forces (Figures 14A and 14B) nor specific forces 

(Figure 15) of metformin treated SOD1
G93A

 male or female muscles compared to the muscles 

of untreated SOD1
G93A

 mice at 100 days of age. The mean maximum forces and specific 

forces of the TA and EDL muscles of metformin-treated and control SOD1
G93A

 mice are 

summarised in Table 7.  
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Figure 14: Comparison of the maximal forces of the right TA and EDL muscles of (A) 

male and (B) female metformin-treated and control SOD1
G93A

 mice at 100 days of age. 

Determination of the maximal forces of the right TA and EDL muscles of metformin-treated 

(SOD1 tx) and control (SOD1) SOD1
G93A

 mice at 100 days of age via in vivo 

electrophysiology revealed that metformin treatment had no significant effect on the maximal 

forces of SOD1
G93A

 male or female TA or EDL muscles at the dose  investigated. n=11 

SOD1
G93A

 males, n=11 SOD1
G93A

 females, n=9 metformin treated SOD1
G93A

 males, n=14 

metformin treated SOD1
G93A

 females, error bars represent SEM.  
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Figure 15: Comparison of the specific forces of the right TA and EDL muscles of 

metformin-treated and untreated SOD1
G93A

 mice at 100 days of age. 

Determination of the specific forces of the right TA and EDL muscles of metformin-treated 

(SOD1 tx) and untreated (SOD1) SOD1
G93A

 mice at 100 days of age via in vivo 

electrophysiology, revealed that metformin treatment had no significant effect on the force 

per unit cross-sectional area of the TA and EDL muscles of SOD1
G93A

 mice at the dose 

investigated. n=11 SOD1
G93A

 males, n=11 SOD1
G93A

 females, n=9 metformin treated 

SOD1
G93A

 males, n=15 metformin treated SOD1
G93A

 female TA muscles, n=14 metformin 

treated SOD1
G93A

 female EDL muscles. Error bars represent SEM. Specific force was 

calculated by dividing the maximal force of each muscle by its cross sectional area.   
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3.3.4.3 Metformin treatment significantly increased the maximal and specific forces 

of WT female EDL but not TA muscles and had no effect on WT male muscles.  

Metformin treatment had no effect on the maximal (Figures 16A and 16B) or specific forces 

(Figure 17) of WT male TA or EDL muscles at 100 days of age. It also had no effect on the 

maximal or specific forces of WT female TA muscles at this time point.  Female WT mice 

treated with metformin however showed significantly increased maximal and specific forces 

in their EDL muscles (WT female EDL vs. metformin-treated WT female EDL, P = 0.0094). 

The mean maximum forces and specific forces of the TA and EDL muscles of metformin-

treated and control WT mice are summarised in Table 7. 
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Figure 16: Comparison of the maximal forces of the right TA and EDL muscles of (A) 

male and (B) female metformin-treated and untreated WT mice at 100 days of age. 

Determination of the maximal forces of the right TA and EDL muscles of metformin-treated 

(WT tx) and untreated (WT) WT mice at 100 days of age via in vivo electrophysiology 

revealed that metformin treatment had no significant effect on the maximal forces of male 

EDL and TA muscles or female TA muscles at the dose investigated. However, metformin 

treatment did bring about a significant increase in the maximal force of female EDL muscles . 

n=6 WT males, n=6 WT females, n=6 metformin treated WT males and n=7 metformin 

treated WT females, error bars represent SEM, (WT female EDL vs. metformin-treated WT 

female EDL, P = 0.0094 (**)).  
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Figure 17: Comparison of the specific forces of the right TA and EDL muscles of 

metformin-treated and untreated WT mice at 100 days of age. 

Determination of the specific forces of the right TA and EDL muscles of metformin-treated 

(WT tx) and untreated (WT) WT mice at 100 days of age via in vivo electrophysiology, 

revealed that metformin treatment had no significant effect on the maximal force per unit 

cross-sectional area of male EDL and TA muscles nor female TA muscles at the dose 

investigated. However, metformin treatment did bring about a significant increase in the 

maximal force per unit cross sectional area of female EDL muscles at the dose investigated. 

n=6 WT males, n=6 WT females, n=6 metformin treated WT males and n=7 metformin 

treated WT females, error bars represent SEM, (WT female EDL vs. metformin-treated WT 

female EDL, P = 0.0032 (**)). Specific force was calculated by dividing the maximal force  

of each muscle by its cross sectional area.  
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3.3.5 Muscle fatigability measurements  

3.3.5.1 SOD1 EDL muscles are significantly more resistant to fatigue than WT EDL 

muscles at 100 days of age. 

In SOD1 mice, large motor neurons innervating large motor units in fast twitch muscles are 

the first to undergo denervation and degenerate, whereas smaller motor neurons innervating 

small motor units in slow twitch muscles are more resistant to mutant SOD1-mediated 

toxicity and survive until the latter stages of the disease (Hegedus et al., 2007). This results in 

the muscles of SOD1G93A mice adopting a progressively slower, more fatigue resistant 

phenotype. In accordance with this, we observed a significant increase in the resistance to 

fatigue (represented by a higher fatigue index) of the right EDL muscles of both SOD1
G93A

 

male mice and SOD1
G93A

 female mice compared to their WT counterparts at 100 days of age 

(0.4 +/- 0.06 SOD1
G93A

 M vs. 0.17 +/- 0.04 WT M, P = 0.0174) (0.5 +/- 0.06 SOD1
G93A

 F vs. 

0.24 +/- 0.04 WT F, P = 0.0069) (Figures 18 and 19).  
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Figure 18: Typical fatigue traces for the EDL muscles of SOD1
G93A 

mice and WT mice 

at 100 days. 

Fatigue traces were generated by stimulating the Deep Peroneal Nerve (DPN) at 40Hz for 

250ms of every second for 3 minutes and digitally recording the forces of the resultant EDL 

contractions throughout the 3 minute period.  This figure shows representative fatigue traces 

for the EDL muscles of male WT and SOD1
G93A

 (SOD1) mice at 100 days of age and 

highlights that SOD1
G93A 

mice are significantly more resistant to fatigue than their WT 

counterparts.  
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Figure 19: Comparison of the fatigue index of the right EDL muscles of SOD1
G93A

 mice 

and WT mice at 100 days. 

The fatigue index of each muscle investigated was determined by stimulating the muscle at 

40Hz for 250ms of every second for 3 minutes and then dividing the final force recorded by 

the initial force. Higher fatigue index values represent an increased resistance to fatigue. 

Calculation of the fatigue index for the EDL muscles of SOD1
G93A

 (SOD1) and WT mice 

revealed that the EDL muscles of both SOD1
G93A

 male mice and SOD
G93A

 female mice are 

significantly more resistant to fatigue than their WT counterparts at 100 days of age. n=11 

SOD1
G93A

 males, n=11 SOD1
G93A

 females, n=6 WT males, n=6 WT females, error bars 

represent SEM. (SOD1
G93A

 Males vs. WT Males, P = 0.0174 (*)), (SOD1
G93A

 Females vs. 

WT Females, P = 0.0069 (**)). 
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3.3.5.2 Metformin treatment brought about a significant increase in the resistance 

to fatigue of male SOD1G93A EDL muscles.  

Metformin treatment significantly increased the resistance to fatigue (represented by a higher 

fatigue index) of SOD1
G93A

 male EDL muscles compared to untreated SOD1
G93A

 male EDL 

control muscles at the dose tested (0.77 +/- 0.09 metformin treated SOD1
G93A

 M vs. 0.40 +/- 

0.09 SOD1
G93A

 M, P = 0.0019) (Figure 20). Although there was a trend towards increased 

resistance to fatigue in female EDL muscles with metformin treatment, this was not 

significant (0.61 +/- 0.06 metformin treated SOD1
G93A

 F vs. 0.50 +/- 0.06 SOD1
G93A

 F) 

(Figure 20). 
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Figure 20: Comparison of the fatigue index of the right EDL muscles of metformin-

treated and untreated SOD1
G93A

 mice at 100 days. 

The fatigue index of each muscle investigated was determined by stimulating the muscle at 

40Hz for 250ms of every second for 3 minutes and then dividing the final force recorded by 

the initial force. Higher fatigue index values represent an increased resistance to fatigue. 

Calculation of the fatigue index for the EDL muscles of metformin-treated (SOD1 tx) and 

control (SOD1) SOD1
G93A

 mice revealed that metformin treatment significantly increased the 

resistance to fatigue of SOD1
G93A

 male EDL muscles compared to untreated SOD1
G93A

 male 

EDL muscles. Although there was a trend towards increased resistance to fatigue in female 

EDL muscles with metformin treatment, this was not significant.  n=11 SOD1
G93A

 males, 

n=11 SOD1
G93A

 females, n=9 metformin treated SOD1
G93A

 males, n=15 metformin treated 

SOD1
G93A

 females, error bars represent SEM. (SOD1
G93A

 Males vs. Metformin-treated 

SOD1
G93A

 Males, P = 0.0019 (**)) 
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3.3.5.3 Metformin treatment did not significantly increase the resistance to fatigue 

of WT EDL muscles at 100 days of age, despite a trend towards this effect.  

Measurement of the resistance to fatigue of the EDL muscles of metformin-treated and 

untreated WT mice, revealed a strong trend towards increased resistance to fatigue 

(represented by a higher fatigue index) in both WT male and female EDL muscles with 

metformin treatment, however, these trends did not reach statistical significance (0.28+/-

0.057 metformin treated WT M vs. 0.17 +/- 0.04 WT M) (0.35+/-0.036 metformin-treated 

WT F vs. 0.24 +/- 0.04 WT F) (Figure 21).  
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Figure 21: Comparison of the fatigue index of the right EDL muscles of metformin-

treated and untreated WT mice at 100 days. 

The fatigue index of each muscle investigated was determined by stimulating the muscle at 

40Hz for 250ms of every second for 3 minutes and then dividing the final force recorded by 

the initial force. Higher fatigue index values represent an increased resistance to fatigue. 

Calculation of the fatigue index for the EDL muscles of metformin-treated (WT tx) and 

control (WT) WT mice revealed a strong trend towards increased resistance to fatigue in both 

male and female EDL muscles with metformin treatment, however, these trends failed to 

reach statistical significance. n=6 WT males, n=6 WT females, n=5 metformin treated WT 

males and n=7 metformin treated WT females, error bars represent SEM.  
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3.4 Discussion 

Although the ultimate trigger or triggers of the selective damage and degeneration of motor 

neurons in ALS remain to be elucidated, several pathological mechanisms have been 

identified which may contribute this process. These mechanisms include, amongst others; 

inflammation and toxic glial activation (Papadimitriou et al., 2010, Ilieva et al., 2009, Philips 

and Robberecht, 2011), mitochondrial dysfunction (Duffy et al., 2011) and oxidative stress 

(Papadimitriou et al., 2010, Duffy et al., 2011). Metformin is a routinely used anti-type II 

diabetes drug, which has been shown to have anti-inflammatory (Dandona et al., 2004, Isoda 

et al., 2006, Lin et al., 2000) and antioxidant (Lin et al., 2000, Ouslimani et al., 2005, 

Srividhya et al., 2002) properties as well as the ability to bring about mitochondrial 

biogenesis (Kukidome et al., 2006). Furthermore, it has been shown to attenuate pathology in 

mouse models of both Huntington‟s disease (Ma et al., 2007)  and multiple sclerosis (Nath et 

al., 2009) which, like ALS models, show central nervous system (CNS)-based inflammation, 

oxidative stress and mitochondrial abnormalities (Beal and Ferrante, 2004, Stadelmann, 2011, 

Ilieva et al., 2009). We therefore hypothesised that metformin would also attenuate pathology 

in the SOD1
G93A

 mouse model of ALS.  We tested this hypothesis by treating male and 

female SOD1
G93A

 mice with 2mg/ml metformin in their drinking water from the 

presymptomatic time point of 35 days of age and analysed the effects of the drug on 

functional motor unit number, muscle strength and muscle fatigability via in vivo 

electrophysiology at 100 days of age.  

 

3.4.1 Conclusions drawn from control data 

The inclusion of untreated SOD1
G93A

 and WT mice in this study allowed us characterise the 

pathology of our high copy SOD1
G93A

 mice compared to WT mice at 100 days of age and to 
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compare the results obtained with those published by other groups performing in vivo 

electrophysiology in this model. As would be expected for mice undergoing denervation, 

motor neuron degeneration and resultant muscle atrophy (Gurney et al., 1994), we saw a 

significant reduction in the number of functional motor units and the maximal and specific 

forces of SOD1
G93A

 muscles compared to WT muscles at 100 days of age. We also saw a 

significant increase in the resistance to fatigue of SOD1
G93A

 EDL muscles compared to WT, 

which is consistent with the finding that fast fatigable motor units are the first to degenerate 

in SOD1
G93A

 mice (Hegedus et al., 2007, Hegedus et al., 2008). All results obtained for 

electrophysiological parameters in control SOD1
G93A

 mice were consistent with those 

published by Sharp and colleagues, (Sharp et al., 2005, Sharp et al., 2008) who are 

experienced with electrophysiological assessments in this model. This confirmed that our 

SOD1
G93A

 mice were exhibiting normal pathology at 100 days and that our 

electrophysiological methods were working correctly.   

 

Our electrophysiological results for WT mice we also consistent with those previously 

published by Sharp and collaborators, with the exception of the number of functional motor 

units in WT male EDL muscles. In this study we determined the mean no of motor units in 

the EDL muscles of WT male mice at 100 days of age to be 54+/-4, whereas Sharp and 

colleagues previously measured this to be 26.6 +/- 0.4 in adult male WT mice. This 

discrepancy could have arisen from the use of different criteria for the identification of motor 

units during the counting process.  Alternatively, it is possible that an overestimation of the 

number of motor units occurred owing to the phenomenon of alternation, which is associated 

with the manual incremental stimulation method for motor unit stimulation used (Brown and 

Milner-Brown, 1976). Specifically the threshold for nerve fiber excitation is often not a 



177 

 

discrete value and instead the probability of motor unit activation is spread over a range that 

often overlaps with neighboring motor axons (Rashidipour and Chan, 2008). This means that 

an increase in muscle force elicited by stimulation of the nerve with a higher intensity pulse 

may not in every case indicate activation of the original lower threshold motor unit(s) with an 

additional new motor unit. Rather, force increases may in some instances occur as a result of 

activation of another motor unit with a slightly higher but overlapping threshold rather than 

the original motor unit(s). This phenomenon, referred to as alternation, can lead to 

overestimation of motor unit number (Rashidipour and Chan, 2008).  Although alternation 

could have resulted in overestimation of motor unit numbers in WT mice in this study, this is 

likely to have been less of an issue in SOD1
G93A

 mice where the low numbers of surviving 

motor units would have reduced the likelihood of overlapping thresholds for motor unit 

activation. Another issue that could have lead to overestimation of motor unit numbers in WT 

mice is baseline shifts in the motor unit traces, which we have recently been informed can 

occur when using this technique. However during our motor unit estimation experiments we 

did not see evidence of substantial baseline shifts and therefore feel that it is unlikely that our 

results were affected by this problem.   

 

In light of the problems associated with the manual incremental stimulation method for motor 

unit estimation, several other methods for motor unit number estimation (MUNE) have been 

developed and trialed, in particular for use in human subjects for diagnosis of neuromuscular 

disease. MUNE in human subjects is more challenging than in mice as the number of motor 

units present in muscles of interest is too large to be measured directly. In light of this, 

MUNE methods used for humans involve an initial determination of the size of the surface 

detected action potential generated by all the motor units in the muscle in response to a 
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supramaximal stimulus delivered to the motor nerve, followed by the determination of the 

average size of the action potential of a small but representative sample of motor units in the 

muscle. An estimate of the total number of motor units within the muscle is then derived 

using the following formula: 

MUNE: size of the maximum compound muscle action potential  

   Size of the average surface detected motor unit action potential 

 

The main way in which methods for MUNE in humans differ from each other is the way in 

which the size of the average surface detected motor unit action potential (SMUAP) is 

determined. The main methods available for MUNE in humans other than the manual 

incremental stimulation method used in this study are discussed below:  

 

Multiple point stimulation method:  

This method involves stimulation of the motor nerve of interest at multiple sites along its 

length. Here the nerve is subjected to finely graded stimuli at each site in order to find the 

lowest threshold axon as indicated by the occurrence of an all or none response of the 

associated surface detected motor unit action potential (Doherty and Brown, 1993). 

Importantly, for each surface detected motor unit action potential to be accepted as indicative 

of a single motor unit, there must be no change in the shape or latency of the detected 

response in response to successive stimuli as such changes could suggest the presence of two 

or more axons with overlapping thresholds (Rashidipour and Chan, 2008). In doing this and 

only accepting the lowest threshold motor units at each stimulation site, the problem of 

alternation is avoided.  The disadvantages of this technique are that it requires considerable 

operator skill and experience and also that it is not applicable to proximal muscles. Collection 

of surface detected motor unit action potentials at multiple sites is also more time consuming.  
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Spike-triggered averaging method:  

In contrast to the two other methods discussed, which both use electrical stimulation to 

stimulate the motor nerve, this method uses voluntary muscle contraction to activate motor 

units.  This method has the advantage that it can be used on proximal muscle groups where 

the nerve cannot easily be reached for electrical stimulation. In this method, a needle EMG 

electrode is used to detect motor unit activation. The motor unit spike is then used to 

synchronize the accumulation of an ensemble average of surface action potentials (Brown et 

al., 1988). The position of the EMG needle is changed several times in order to collect a 

sample of ten or more single motor unit action potentials. The MUNE is calculated by 

dividing the average surface detected motor unit action potential into the maximum action 

potential. The disadvantages of this method are that it is invasive because it requires a needle 

electrode, it is time consuming and it also requires some patient cooperation.  

 

Statistical method:  

This method was proposed by Daube, who reasoned that because the sizes of surface detected 

motor unit action potentials in a muscle follow a Poisson distribution, the variance of the 

motor unit potential should be equal to the mean motor unit action potential (Daube, 1995).  

In this method the nerve is stimulated electrically as with the manual incremental stimulation 

and multiple point stimulation methods. In order to make a measurement an initial scan is 

performed in which 30 computer controlled stimuli at 1Hz are delivered at intensities that 

increase at equally spaced increments from just below threshold to just maximal. The 

amplitude differences between successive responses are then used to determine optimal 

stimulus intensities for use in the determination of mean motor unit action potential. A 
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sequence of 30 submaximal stimuli is then given at each stimulus intensity. During this 

process, the inherent variability of the threshold of individual axons leads to their intermittent 

firing which leads to variations in the size of the compound muscle action potential that are 

used to determine the mean motor unit action potential. As a result of this method employing 

a statistical measurement, a slightly different result is found with each series of stimuli. This 

means that multiple trials are needed to make an accurate measurement. A decision to stop 

recording is normally made after four to nine trials if the standard error of surface motor unit 

action potentials is less than 10% of the mean. This process is repeated for all other pre-

chosen stimulus intensity levels and the final MUNE is derived from the average of the 

MUNEs calculated from all of the trials performed. The major problem associated with this 

method is that decrement of motor unit action potential with repetitive stimulation, if not 

identified, can severely affect MUNE results. In light of the fact that motor unit action 

potential decrement is more likely to occur in dysfunctional motor units and its presence 

cannon be identified using the statistical method, this method is no longer widely used for 

diagnostics in humans.   

 

As is clear from the above sections, each of the methods described has advantages and 

disadvantages and may be better for some applications over others. Currently, the most 

widely used method for studying distal muscles is the multiple point stimulation method 

whereas spike triggered averaging is frequently used for the investigation of proximal 

muscles whose innervating nerve is not readily accessible. Interestingly Shefner and 

colleagues conducted a comparison in SOD1
G93A

 mice of the incremental stimulation method 

for MUNE used in this study with the multiple point stimulation method. They found both 

methods to yield similar motor unit estimates and concluded that both methods were equally 
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effective in documenting the progression of lower motor neuron degeneration in SOD1
G93A

 

mice (Shefner et al., 2002). This highlights that the incremental stimulation method was an 

appropriate method to use in our study.  

 

In addition to revealing reductions in the maximum and specific forces of the TA and EDL 

muscles of SOD1
G93A

 mice that are consistent with the literature, analysis of control 

SOD1
G93A

 mice in this study, revealed that at 100 days of age, the TA muscles of both male 

and female SOD1
G93A

 mice are more severely affected in terms of loss of maximal and 

specific force, than the EDL muscles. This suggests that the signal to noise ratio for analysis 

of the efficacy of therapeutic strategies, may be better in the TA muscle than in the EDL 

muscle. Additionally, we saw no significant differences between the specific forces of male 

and female WT muscles or between the specific forces of male and female SOD1
G93A

 

muscles, indicating that by 100 days of age, female SOD1
G93A

 mice have lost an identical 

amount of force per unit cross sectional area to male SOD1
G93A

 mice.  

 

When working with the SOD1
G93A

 murine model, it is common to monitor the weights of the 

mice as this can be a good indicator of disease onset and progression as well as the general 

health of the animals (Scott et al., 2008). As would be expected for mice experiencing 

denervation and associated muscle wasting as well as a hyper-metabolic rate (Dupuis et al., 

2011) , female SOD1
G93A

 mice were considerably lighter than female WT mice from 75-79 

days onwards. We were surprised to see no difference between the weights of WT and 

SOD1
G93A

 male mice until 95-99 days of age, which is later than has previously been 

described by colleagues working with the same colony of SOD1
G93A

 mice (Sharp et al., 

2008). However, the decision to collect weight data in this study was unfortunately made 
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once the study had already commenced and therefore the n-numbers for weight data 

presented for male WT and SOD1
G93A 

mice were not as high as we would have liked.  

Consequently, if the four male SOD1
G93A

 mice from which weight data were collected for 

this study were on the heavier end of the spectrum of male SOD1
G93A

 mice, the data collected 

for these mice may not have been representative of male SOD1
G93A

 mice as a whole. If this 

was the case then it could explain the surprising lack of difference between the weights of 

male WT and SOD1
G93A

 mice before 95-99 days of age. N-numbers for female
 
SOD1

G93A
 and 

WT mice used for weight data in this study were on average at least two-fold higher than for 

males and this may explain why the results for female mice are more in line with what we 

would have expected. 

  

3.4.2 The effect of metformin treatment on disease severity in SOD1G93A mice at 

100 days of age.  

In this study, we hypothesised that treatment of SOD1
G93A

 mice with the synthetic activator 

of AMPK, metformin, would be protective for the motor neurons in their spinal cords and 

therefore reduce the severity of their pathology at 100 days of age. In direct support of this 

we observed a significant increase in the survival of functional motor units as measured by in 

vivo electrophysiology, in metformin-treated male EDL muscles compared to their untreated 

counterparts at 100 days of age (24 +/- 2 vs. 14 +/- 2 motor units, p<0.005). When comparing 

these results to those obtained for the number of functional motor units in wild type (WT) 

male EDL muscles at 100 days of age ( 54 +/-4 motor units) this represented a considerable 

increase in motor unit survival from approximately 26% of WT motor units to 44%.   We also 

observed a significant increase in the number of surviving motor units in metformin-treated 

female TA muscles compared to their untreated counterparts (21 +/- 1 vs. 15 +/- 2 motor 
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units, P = 0.0134) at 100 days of age.  The number of functional motor units in the TA 

muscles of WT mice has previously been determined by Hegedus et al., to be 95 +/- 12.4 

(Hegedus et al., 2008).  Taking this into consideration, the increase in survival of functional 

motor units seen in the TA muscles of metformin-treated female mice represented an increase 

from approximately 16% of WT motor units to 22%. We were also encouraged to see strong 

trends towards increased survival of motor units in male TA muscles and female EDL 

muscles.  Although the increases in motor unit survival seen were not sufficient to restore 

motor unit numbers to levels comparable to WT, they suggested that metformin was having a 

trophic effect on motor neuron health in SOD1
G93A 

mice at 100 days of age and highlighted 

the possibility that motor unit survival may be further enhanced with a different dose of 

metformin.   

 

In light of the increased survival of motor units seen in male and female SOD1
G93A

 mice with 

metformin treatment, we were surprised not to see a resultant increase in the maximal forces 

of the TA and EDL muscles of these animals.  However, activation of AMPK by metformin 

has previously been shown to increase the expression of PGC1α in skeletal muscles and over-

expression of this transcription factor in the skeletal muscles of transgenic mice has been 

shown to drive slow myosin isoform expression, increase aerobic capacity and increase 

running performance (Lin et al., 2002). We therefore hypothesized that if metformin brought 

about increased PGC1α expression in the skeletal muscles of out SOD1
G93A

 mice, this may 

have encouraged muscles to adopt a slower, more fatigue resistant and thus weaker 

phenotype. If this was the case, then it could have acted in opposition to any increases in 

muscle force brought about by increased motor unit survival. This is supported by the finding 

that the muscles of metformin-treated male SOD1
G93A

 mice were significantly more resistant 
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to fatigue (a feature of slow muscles) than their untreated counterparts and by the fact that 

that the EDL muscles of female SOD1
G93A

 mice also showed a trend towards becoming more 

fatigue resistant.   

 

In addition to performing electrophysiology on metformin treated SOD1
G93A

 mice, we also 

weighed these mice approximately every 5 days from 55 days of age onwards. Comparison of 

the weight curves produced for metformin treated mice with those of untreated controls, 

revealed that metformin had no effect on the weights of female SOD1
G93A

 mice, but appeared 

to bring about a reduction in the weight of male SOD1
G93A

 mice throughout the time period 

studied. Although the number of untreated SOD1
G93A

 male mice from which weight data 

were derived was only 4 (much lower than for metformin-treated male SOD1
G93A

 mice) and 

we could therefore not be certain of the validity of this trend, we considered it important to 

investigate this possibility further in future studies with greater n-numbers and age-matched 

controls. Interestingly, treatment of the R6/2 murine model of Huntington‟s disease with the 

same dose of metformin via the same method, did not correct disease associated weight loss 

in these mice, despite bringing about a significant increase in the lifespan in male mice (Ma 

et al., 2007). These observations correlate with the absence of a beneficial effect of 

metformin treatment on weight in our mice.  

 

4.3 The effect of metformin treatment on WT mice 

In order to analyse whether metformin had any negative effects in healthy mice and to 

observe its physiological effects in an environment not clouded by disease pathology, we 

treated WT mice with metformin from 35 days of age and analysed the effects of treatment 

via the same electrophysiological methods as for SOD1
G93A

 mice. Throughout the period of 
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treatment, WT mice were seen to be in good health and were indistinguishable from their 

untreated WT littermates. Additionally, as would be expected for mice with no motor neuron 

pathology, metformin had no effect on the number of functional motor units measured in the 

EDL muscles of WT mice at 100 days of age. 

 

In light of our hypothesis that the absence of force increases in SOD1
G93A

 mice with 

metformin treatment resulted from their muscles adopting a slower, more fatigue resistant 

phenotype, it seemed likely that we would observe a loss of maximum /specific force or no 

substantial change in these parameters in metformin treated WT mice (depending on the 

degree of PGC1α upregulation achieved and the other regulatory pathways in operation). In 

accordance with this, we saw no changes in the maximal or specific forces of the TA or EDL 

muscles of metformin-treated WT male mice. We were however surprised to see an increase 

in both the maximal force and the specific force of metformin-treated WT female EDL 

muscles and a trend towards this in their TA muscles. This suggests that our hypothesised 

metformin-induced drive towards the adoption of slower muscle phenotypes may not have 

been as applicable in WT mice as in SOD1
G93A

 mice, where there is already a favoring of the 

slower muscle phenotype. This is supported by the fact that in metformin-treated WT mice, 

unlike in treated SOD1
G93A

 mice, we did not see a significant increase in the resistance to 

fatigue in the EDL muscles.  

 

In addition to seeing increased muscle strength in metformin-treated WT female mice, we 

were also surprised to see a pronounced increase in bodyweight in these animals. This effect 

was not matched in metformin treated male WT mice. This suggests that metformin may 

have interacted differently with the female hormone system to the male hormone system in 
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our experiments. Alternatively, the female WT mice that were treated with metformin in this 

study could have been naturally heavier and stronger than those selected to be controls. This 

possibility is one that should not be overlooked, considering the mixed-hybrid genetic 

background used for this study and the fact that metformin has been reported to be either 

weight neutral or to bring about weight loss in patients with type II diabetes (Mitri and 

Hamdy, 2009).  Despite the surprising increases in weight and muscle force in metformin-

treated female WT mice, we were encouraged to see that metformin-treatment had no 

obvious detrimental effects (particularly on the motor system) in healthy mice and were 

therefore happy to continue our investigations with this drug.   

 

In conclusion, in this study we hypothesised that treatment of SOD1
G93A

 mice with the 

synthetic, blood brain barrier crossing, AMPK activator, metformin from 35 days of age 

would reduce the severity of their pathology at 100 days of age. In direct support of this we 

observed a significant preservation of functional motor units in SOD1
G93A

 male EDL muscles 

and female TA muscles and a strong trend towards functional motor unit preservation in 

SOD1
G93A

 female EDL muscles and male TA muscles with metformin treatment. As the 

ultimate cause of death in SOD1
G93A

 mice is the malfunctioning and retraction of their distal 

motor axons and therefore the loss of functional motor units (Gould et al., 2006), we 

hypothesized that metformin treatment may also bring about increased survival in these mice. 

In order to test this hypothesis and to investigate whether the beneficial effects of metformin 

could be augmented with a different dose, we performed a dose-response survival study in 

SOD1
G93A

 mice.  This study is discussed in detail in Chapter 4.  
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4. Metformin dose-response survival study 

4.1 Introduction  

ALS is a devastating neurodegenerative disorder that is in desperate need of suitable 

treatments. Consequently, FDA-approved drugs that are routinely used for the treatment of 

other diseases, represent attractive candidates for research as potential ALS therapeutics, as 

their previous safety, toxicity and pharmacological testing would speed up their passage into 

clinical trial (Traynor et al., 2006). Metformin is a routinely used anti-type II diabetes drug, 

which has been shown to have anti-inflammatory (Dandona et al., 2004, Isoda et al., 2006, 

Lin et al., 2000) and antioxidant (Lin et al., 2000, Ouslimani et al., 2005, Srividhya et al., 

2002) properties as well as the ability to bring about mitochondrial biogenesis (Kukidome et 

al., 2006) and to cross the blood brain barrier (BBB) (Chen et al., 2009, Ma et al., 2007). In 

recent years, metformin has been shown to attenuate pathology in mouse models of both 

Huntington‟s disease (Ma et al., 2007)  and multiple sclerosis (Nath et al., 2009) which, like 

ALS models, show central nervous system (CNS)-based inflammation, oxidative stress and 

mitochondrial abnormalities (Beal and Ferrante, 2004, Stadelmann, 2011, Ilieva et al., 2009). 

We therefore hypothesised that metformin would also attenuate pathology in the SOD1
G93A

 

mouse model of ALS. We tested this hypothesis through an initial study involving the 

treatment of male and female SOD1
G93A

 mice with 2mg/ml metformin in the drinking water 

from 35 days of age (Chapter 3). We analysed the strength and number of surviving 

functional motor units in the right TA and EDL muscles of these mice as well as the 

resistance to fatigue of their right EDL muscles via in vivo electrophysiology at 100 days of 

age. In direct support of our hypothesis we saw a significant increase in the survival of 

functional motor units in metformin-treated male EDL muscles (24 +/- 2 vs. 14 +/- 2 motor 
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units, p<0.005) as well as in metformin-treated female TA muscles (21 +/- 1 vs. 15 +/- 2 

motor units, P = 0.0134).   A strong trend towards increased motor unit survival was also 

observed in female EDL muscles and male TA muscles. We were surprised not to see a 

resultant increase in the maximal and/or specific forces of the muscles of metformin-treated 

SOD1
G93A

 mice, but hypothesized that this may have been the result of muscles adopting an 

even slower, more fatigue resistant (and thus weaker) phenotype than is already seen in 

SOD1
G93A

 mice. We hypothesized that this may have occurred through a metformin-inducted 

activation/upregulation of PGC1α. This hypothesis was supported by the EDL muscles of 

metformin treated male SOD1
G93A

 mice showing a significantly increased resistance to 

fatigue compared to their untreated counterparts, and the EDL muscles of treated females also 

showing a strong trend towards this.  

 

The ultimate cause of death in SOD1
G93A

 mice is the retraction of distal motor axons and 

denervation of skeletal muscles (Gould et al., 2006, Dadon-Nachum et al., 2011). 

Consequently, bringing about the preservation of functional motor units, in which the motor 

neuron is not only present but also forming functional neuromuscular junctions, is likely to be 

a key requirement for prolonging survival in ALS models and patients. As we observed 

metformin to be able to bring about increased motor unit survival in SOD1
G93A

 mice at the 

early symptomatic time point of 100 days of age, we hypothesized that it may also bring 

about an increase in survival in these mice. We therefore decided to perform a dose-response 

survival study to test this.  

 

Metformin doses selected for our survival study were 0.5, 2 and 5mg/ml via the drinking 

water from 35 days of age. The 2mg/ml dose was selected because this was the dose with 
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which we saw a beneficial effect on motor neuron survival in male and female SOD
G93A

 mice 

at 100 days of age. The 0.5 and 5mg/ml doses were selected as they flanked the 2 mg/ml dose 

and would therefore allow us to analyse whether any beneficial effects seen at 2mg/ml could 

be further improved or equalled by a higher or lower dose. When considering which doses to 

test, we also considered approximately what these doses would correspond to in humans. To 

do this we made use of the body surface area (BSA) normalisation method which is 

recommended by the Food and Drug Administration (FDA) (Reagan-Shaw et al., 2008). This 

method employs the following formula:  

 

Human equivalent dose (HED) = Mouse dose x (Mouse Km/Human Km) 

 

Where the Km factor (body weight (kg) divided by BSA (m
2
) is used to convert the mg/kg 

dose used in a study into a mg/m
2
 dose. The Km values provided by the FDA (Reagan-Shaw 

et al., 2008), based on average BSA calculations for various species are summarised in Table 

8. Based on the values specified for mice and human adults in Table 8 and on data from 

Bachmanov and colleagues, describing the average water intake across 28 strains of mice to 

be 5.8+/-2 ml/mouse/day(Bachmanov et al., 2002), we calculated the following HEDs for the 

metformin doses tested:  

0.5 mg/ml = 11.7 mg/kg/day 

2 mg/ml = 47 mg/kg/kg/day 

5 mg/ml = 117.4 mg/kg/day 

 

The maximum daily dose of metformin in adult humans with type II diabetes is 2g (33.3 

mg/kg/day assuming the average adult human weighs 60kg) (information taken from the 
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British National Formulary, edition 21, March 2011 ). Therefore the doses selected for our 

metformin survival study were in an appropriate range to be informative with respect to 

humans. 



191 

 

Table 8: Conversion of animal doses to Human Equivalent Doses (HED) based on Body 

Surface Area (BSA) 

 

Species Weight (kg) BSA (m
2
)  Km factor  

 Human adult 60 1.6 37 

 Human child 20 0.8 25 

Baboon 12 0.6 20 

Dog 10 0.5 20 

Monkey 3 0.24 12 

Rabbit 1.8 0.15 12 

Guinea pig 0.4 0.05 8 

Rat 0.15 0.025 6 

Hamster 0.08 0.02 5 

Mouse 0.02 0.007 3 
 

 

Values based on data from FDA Draft Guidelines (Reagan-Shaw et al., 2008). To convert 

dose in mg/kg to dose in mg/m
2
, multiply by Km value. 
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Despite many therapeutics being documented to bring about significant increases in survival 

in the SOD1
G93A

 mouse,  Riluzole has been the only drug to show any, albeit small, beneficial 

effect in ALS patients (Ludolph and Jesse, 2009). Investigations into the potential reasons for 

this disparity have revealed several confounding variables that may lead to false positives in 

survival experiments in SOD1
G93A

 mice (Scott et al., 2008). These variables include, in order 

of impact: the occurrence of non-ALS deaths, the incidence of low copy transgenics, genetic 

background or epigenetic influences causing littermate clustering and a slight gender effect 

(Scott et al., 2008). Identification of these variables has lead to the production of guidelines 

for the preclinical testing of therapeutics for ALS, which aim to control for these variables 

and increase study validity (Ludolph et al., 2010, Scott et al., 2008). Indeed, Scott and 

colleagues have shown using a specially designed computer model (SimLIMS) and data from 

2241 control SOD1
G93A

 mice on a mixed hybrid genetic background (maintained by breeding 

hemizygous B6SJLTg (SOD1
G93A

) males to B6SJLF1 dams), that with an n-number of 24 

mice per cohort (12 males and 12 females), and the employment of same-gender litter 

matching as well as exclusion of mice experiencing non-ALS deaths or loss of transgene 

copies, noise within survival studies can be reduced to a virtual zero (Scott et al., 2008).  We 

carefully followed these guidelines when designing our metformin dose-response survival 

study in order to ensure as far as possible, the accurate determination of the potential of 

metformin as a therapy for ALS. Specifically, in order to control for the variability introduced 

by non-ALS deaths, we closely monitored the health of all mice throughout the study and 

excluded relevant data from any mice observed to experience a non-ALS death. In order to 

control for transgene copy number losses, we investigated the possibility of copy number 

variation (via Q-PCR) in any mice displaying outlying disease progression or survival 

characteristics (Alexander et al., 2004) and were prepared to exclude any mice which had lost 
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copies of the transgene.  We balanced all experimental groups in the study for age, starting 

weight and litter and considered data from all male and female mice separately to negate any 

sex-effect. Furthermore, we used an n-number of 14 males and 15 females per group.  

 

As we enrolled a total of 116 age-matched mice in our survival study and wanted to monitor 

disease onset, progression and survival in all mice at the same time of day an in a minimally 

invasive and consistent fashion, it was important that we selected the techniques used to 

measure these parameters carefully. Although the rotarod is routinely used for assessment of 

disease onset and progression in SOD1
G93A

 mice (Ralph et al., 2005, Sharp et al., 2008, 

Towne et al., 2008), conversations with colleagues who had previously performed rotarod 

assessments, lead us to believe that it would be difficult to process the large numbers of mice 

enrolled in our study with this technique (owing to the time required to process each mouse). 

Additionally, these colleagues described difficulties with some mice (even healthy WT 

animals) failing to learn how to run on the rotarod even after a period of training. In light of 

the critical importance of litter balancing and high n-numbers in our survival study, we could 

not afford to lose information from mice that did not perform well on the rotarod task or to 

introduce variability into the study through non-disease related differences in rotarod 

performance between mice. We therefore decided that the rotarod was not a suitable measure 

of disease onset/progression to use in our study. We also considered using the paw grip 

endurance test, determined by Weydt and colleagues to be a sensitive and inexpensive 

alternative to the rotarod test in SOD1
G93A

 mice (Weydt et al., 2003), but were concerned that 

the results gained from this assessment were likely to be user dependent. Using this technique 

would therefore have prevented the possibility of a second investigator helping to perform 

these measurements should this be required.  We therefore decided to follow study guidelines 
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developed and validated by Scott and colleagues at the ALS Therapy Development Institute, 

in which disease onset and progression are established by longitudinal monitoring of weight 

and neurological score (Scott et al., 2008, Gill et al., 2009, Lincecum et al., 2010).  The 

neurological scoring system utilised in this study format (described in detail in the materials 

and methods section) was developed through detailed observations of SOD1
G93A 

mouse 

pathology and provides a quick, non-invasive and unambiguous measure of disease onset and 

progression in SOD1
G93A

 mice.  (Scott et al., 2008, Gill et al., 2009, Lincecum et al., 2010). 

As we had not previously performed survival studies in the SOD1
G93A

 mice, we decided to 

use the most commonly employed endpoint of the inability of mice to right themselves within 

30s of being placed on a side (Scott et al., 2008).  It was however important to us to make 

detailed observations of mice at end stage in this study in order to establish whether this end 

point could be brought forward in future studies, whilst still obtaining meaningful results.   

 

4.2 Results 

4.2.1 Assessment of potential variations in transgene copy number   

Assessment of potential variation in transgene copy number was performed for four male 

mice and two female mice whose survival time appeared to be outlying compared to the other 

mice of the same sex within their treatment group.  Although the survival times of these mice 

only differed slightly from those of their peers, we felt that it was still worth checking 

whether their copy numbers varied with respect to the rest of their group to be sure that 

results taken from them were valid. ∆CT values obtained for these mice were compared to 

those obtained for a subset of 4 male and 4 female control mice whose survival was closest to 

the median survival calculated for male and female control mice respectively. Any mice with 
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a ∆CT value that differed by more than 2 standard deviations from the mean ∆CT of these 

control mice were to be excluded although no mice met this criteria. The median survival for 

male control mice was 123 days and the median survival for female control mice was 140 

days. The survival times of the control and outlying mice for which copy number variation 

assessment was performed, as well as the ∆CT values obtained for these mice are 

summarised in Table 9.  
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 Mouse no. Survival (Days) ∆CT Mean ΔCT - ΔCT 

Average males 198 119 9.25 0.17 

 335 121 9.40 0.02 

 264 122 9.53 -0.10 

 269 123 9.56 -0.14 

Average Females 245 127 9.41 0.01 

 224 134 9.62 -0.20 

 210 135 9.11 0.31 

 384 138 9.72 -0.30 

Outlying Males 174 147 9.46 -0.04 

 294 142 9.30 0.13 

 244 141 9.64 -0.22 

 312 149 9.06 0.36 

 429 141 9.36 0.06 

Outlying Females 371 161 9.38 0.04 

 172 160 9.61 -0.19 

Mean ΔCT of 
average mice 

  9.45  

SDEV of average 
mice 

  0.20  

2x SDEV of 
average mice 

  0.40  

 

Table 9: Summary of the survival times and Δ CT values of mice for which copy 

number variation assessments were performed in our metformin survival study 

Copy number variation assessments were performed for four male mice and two female mice whose 

survival time appeared to be outlying compared to the other mice of the same sex within their 

treatment group.  ∆CT values obtained for these mice were compared to those obtained for a subset of 

4 male and 4 female control mice whose survival was closest to the median survival calculated for 

male and female control mice respectively. Any mice with a ∆CT value that differed by more than 2 

standard deviations from the mean ∆CT of these control mice were to be excluded although no mice 

met this criteria. The survival times and ∆CT values obtained for all mice for which copy number 

variation  assessments were performed as well as the mean and standard deviation of the ∆CT values 

obtained for control mice are summarised in this table. The median survival for male control mice was 

123 days and the median survival for female control mice was 140 days.  
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4.2.2Metformin treatment had no effect on disease onset, progression or survival 

in male mice.  

4.2.2.1 N-numbers, weight balancing and non-ALS deaths in male mice  

Four groups of 14 male mice that were balanced for age, litter and body weight were enrolled 

in this study. The average starting bodyweights for each group were within 0.5g of each other 

(Control: 20.7g, 0.5mg/ml: 20.5g, 2mg/ml: 20.2g and 5mg/ml: 20.6g). During the study one 

male from the control group and one male from the 0.5mg/ml group were found dead prior to 

developing any neurological symptoms. Additionally, one male from the 0.5mg/ml group 

developed a kidney cyst and was therefore culled prematurely. These mice were all recorded 

as dying from „non ALS deaths‟ and were treated as „censored‟ in Kaplan Meier analyses and 

excluded from weight and neurological score plots. Two males from the 2mg/ml group 

sustained fighting wounds prior to reaching end stage and were culled for humane reasons. 

Weight and neurological score data from these mice were included up to the date at which 

they were culled in weight and neurological score plots and they were treated as censored in 

Kaplan Meier analyses that required information about end points.   

 

4.2.2.2 Effect of metformin on body weight, disease onset and disease progression in 

male SOD1G93A mice.   

High copy SOD1G93A mice, unlike wild type (WT) mice are unable to maintain body 

weight from approximately 90 days of age and steadily lose weight from this time point until 

death. Longitudinal monitoring of weight therefore provides a good indication of disease 

onset and progression and can reveal important information about the efficacy of potential 

therapeutics (Scott et al., 2008). The change in mean body weight over time of male mice in 
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all four groups is plotted in Figure 22A from 35 days onwards. Weight curves for male mice 

in all groups showed a very similar shape with the onset of weight decline, occurring at ~90 

days in each group. Consequently, no significant differences were observed in the selected 

summary measures of time to peak weight (Figure 22B, Table 10) and time from peak 

weight to end stage (Figure 22C, Table 10). However mice in all treatment groups appeared 

to be lighter throughout the study than control mice.  
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Figure 22: Effect of metformin on body weight, disease onset and disease progression in male 

SOD1
G93A

 mice. 

(A)  Mean group body weight plotted for male SOD1
G93A

 mice over time from 35 days of age until the 

date at which the last death within each individual group occurred. As mice within groups died at 

different ages, the final weights of all mice were carried forward when calculating group mean values, 

until the date at which the last mouse within each group died. This prevented decomposition of the 

mean at later stages. Error bars represent standard error of the mean (SEM). (B) Kaplan-Meier 

survival plot for time to peak weight (an indicator of disease onset) in male SOD1
G93A

 mice. (C) 

Kaplan-Meier survival plot for time from peak weight to end stage (an indicator of disease 

progression) in male SOD1
G93A

 mice. Graphs (A), (B) and (C) present data for male SOD1
G93A

 mice 

in all four experimental groups: Control = green, 0.5mg/ml metformin = yellow, 2mg/ml metformin = 

blue, 5mg/ml metformin = red). Results for statistical analyses performed on data presented in (B) and 

(C) are given in Table 10.       
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Table 10: Kaplan Meier time to event analyses for male SOD1
G93A

 mice 
1, 2, 3 

 

 Median Value (days) P Value  

 Control  0.5 

mg/ml 

2 

mg/ml 

5 

mg/ml 

Log- 

rank  

Log-rank 

test for 

trend 

Time to peak weight 89 88 89 89.5 0.8469 0.8492 

Time from peak weight to 

end stage 

38.5 44 39 40 0.6986 0.8963 

Time to reach score 2 in 

both hindlimbs 

114 121 114.5 114 0.6942 0.6289 

Survival  123 128 126 126 0.8575 0.6597 

 

1
The Logrank test investigates the null hypothesis that that the Kaplan Meier curves for all 

groups are identical (i.e. that the treatment did not change the time taken to reach the event 

being analysed). Low P-values are therefore indicative of differences between curves that did 

not occur due to chance. The threshold for significance was set at P<0.05. 

 
2
 To perform the log-rank test for trend, experimental groups were arranged in order of 

increasing dose (Control, then 0,5mg/ml, 2mg/ml and 5mg/ml) and a P value testing the null 

hypothesis that there was no linear trend between group order and median time to event was 

then calculated. Low P-values are indicative of a significant trend between increasing dose 

and the event being analysed.  The threshold for significance was set at P<0.05. 

 
3
The time at which peak body weight occurred for each mouse was analysed after spline 

smoothing of each animal‟s body weight values over time (using Prism 5 software) from the 

start of the study to the time at which the mouse died. If the smoothed body weight curve for 

an individual mouse had multiple equal peaks, the time point at which the final peak occurred 

was taken.  
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4.2.2.3 Effect of metformin on the definitive onset of neurological disease and the 

change in neurological score over time in male SOD1G93A mice.  

The change in the mean combined neurological score (the sum of the neurological score 

recorded for left and right hind limbs) for male mice in all four groups from 41 days of age, is 

plotted in Figure 23A. Neurological score curves for all male groups were largely similar in 

shape. Specifically, scores remained low and fairly constant until approximately 104 days of 

age when they began to sharply increase, indicating the onset of neurological symptoms. This 

time point is approximately 14 days later than the onset of weight loss shown in Figure 22A, 

indicating that weight loss precedes overt neurological pathology in our SOD1
G93A

 mice. As 

has previously been described (Gill et al., 2009, Lincecum et al., 2010), we classified the 

definitive onset of symptomatic neurological disease as the time point at which a mouse 

reached a neurological score of two in both hindlimbs. Comparison of the time point at which 

this occurred in all four males groups revealed no statistically significant differences (Figure 

23B, Table 10).  

 

4.2.2.4 Effect of metformin on survival in male mice   

For humane reasons, a uniform end point of the inability of a mouse to right itself within 30s 

of being placed on a side was used for all mice in this study. The proportion of male mice 

surviving over time is shown in (Figure 23C). There were no statistically significant 

differences in survival between any groups indicating that metformin had no effect on 

survival in male mice (Table 10).  
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Figure 23: Effect of metformin on neurological score, neurological disease onset and 

survival in male SOD1
G93A

 mice. 

(A)  Mean group combined neurological score plotted for male SOD1
G93A

 mice over time from 41 

days of age until the date at which the last death within each group occurred. Combined neurological 

score was calculated for each mouse at each time point through summation of the neurological scores 

recorded for its left and right hindlimbs. As mice within groups died at different ages, the final 

combined neurological scores of all mice were carried forward when calculating group mean values, 

until the date at which the last mouse within each group died. This prevented decomposition of the 

mean at later stages. Error bars represent standard error of the mean (SEM). (B) Kaplan-Meier 

survival plot for the time taken for male SOD1
G93A

 mice to reach a neurological score of 2 in both 

hindlimbs (an indicator of the onset of symptomatic neurological disease). (C) Kaplan-Meier survival 

plot for the time taken for male SOD1
G93A

 mice to reach the humane end stage of attaining a 

neurological score of 4 (representative of survival). Graphs (A), (B) and (C) present data for male 

SOD1
G93A

 mice in all four experimental groups: Control = green, 0.5mg/ml metformin = yellow, 

2mg/ml metformin = blue, 5mg/ml metformin = red). Results for statistical analyses performed on 

data presented in (B) and (C) are given in Table 10.   
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4.2.3 Metformin treatment negatively affected disease onset and progression in 

female mice in a dose-dependent fashion.  

4.2.3.1 N-numbers, weight balancing and non-ALS deaths in female mice  

Four groups of 15 female mice that were balanced for age, litter and bodyweight were 

enrolled in this study. The average starting bodyweights for all groups were within 0.5g of 

each other (Control: 16.7g, 0.5mg/ml: 16.9g, 2mg/ml: 16.8g and 5mg/ml: 17.2g). Towards 

the end of the study, one female mouse from the 0.5mg/ml group was injured by a fellow 

cage mate and was therefore culled. Weight and neurological score data from this mouse 

were included in weight and neurological score plots up to the date at which she became 

wounded and she was treated as censored in any Kaplan Meier analyses requiring 

information about survival. One further female mouse from the 0.5mg/ml group showed 

abnormally rapid weight loss and signs of discomfort over the course of two days without 

showing neurological symptoms. She was therefore culled and classed as dying a „non-ALS 

death‟. Weight and neurological score data from this mouse were not included weight and 

neurological score plots and she was treated as censored in all Kaplan Meier analyses.  

 

4.2.3.2 Effect of metformin on body weight, disease onset and disease progression in 

female SOD1G93A mice.   

The change in mean body weight over time for female mice in all four groups is plotted in 

Figure 24A from 35 days onwards. As with male mice, weight curves for all groups showed 

a very similar shape, with the onset of weight decline occurring at approximately 90 days of 

age. However, female mice in the 0.5 mg/ml group tended to be heavier than mice in other 

groups between 55 and 135 days of age and female mice in the control group tended to drop 
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to lower weights at end stage than mice in treatment groups. As with male mice, no 

significant differences were seen between female groups in the time taken to reach peak 

weight (Figure 24B, Table 11) but unlike male mice, there was a significant association 

between increasing metformin dose and decreasing time from peak weight to end stage in 

female mice (Figure 24C, Table 11, P = 0.0362). This indicates that metformin had a 

negative effect on disease progression in female mice.   
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Figure 24: Effect of metformin on body weight, disease onset and disease progression in 

female SOD1
G93A

 mice. 

(A)  Mean group body weight plotted for female SOD1
G93A

 mice over time from 35 days of age until 

the date at which the last death within each individual group occurred. As mice within groups died at 

different ages, the final weights of all mice were carried forward when calculating group mean values, 

until the date at which the last mouse within each group died. This prevented decomposition of the 

mean at later stages. Error bars represent the standard error of the mean (SEM). (B) Kaplan-Meier 

survival plot for time to peak weight (an indicator of disease onset) in female SOD1
G93A

 mice. (C) 

Kaplan-Meier survival plot for time from peak weight to end stage (an indicator of disease 

progression) in female SOD1
G93A

 mice. Graphs (A), (B) and (C) present data for female SOD1
G93A

 

mice in all four experimental groups: Control = green, 0.5mg/ml metformin = yellow, 2mg/ml 

metformin = blue, 5mg/ml metformin = red). Results for statistical analyses performed on data 

presented in (B) and (C) are given in Table 11.    
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 Table 11: Kaplan Meier time to event analyses for female SOD1
G93A

 mice
1, 2, 3 

 Median Value (days) P Value  

 Control  0.5 mg/ml 2 

mg/ml 

5 

mg/ml 

Log- 

rank  

Log-rank 

test for 

trend 

Time to peak weight 90 90 91 95 0.5418 0.3664 

Time from peak weight to 

end stage 

47 42.5 43 36 0.1149 0.0362 

Significant 

Time to reach score 2 in 

both hindlimbs 

132 125 118 118 0.0991 0.0236 

Significant 

Survival  140 136 132 132 0.6216 0.1964 

 

1
The Logrank test investigates the null hypothesis that that the Kaplan Meier curves for all 

groups are identical (i.e. that the treatment did not change the time taken to reach the event 

being analysed). Low P-values are therefore indicative of differences between curves that did 

not occur due to chance. The threshold for significance was set at P<0.05. 

 
2
 To perform the log-rank test for trend, experimental groups were arranged in order of 

increasing dose (Control, then 0,5mg/ml, 2mg/ml and 5mg/ml) and a P value testing the null 

hypothesis that there was no linear trend between group order and median time to event was 

then calculated. Low P-values are indicative of a significant trend between increasing dose 

and the event being analysed.  The threshold for significance was set at P<0.05. 

 
3
The time at which peak body weight occurred for each mouse was analysed after spline 

smoothing of each animal‟s body weight values over time (using Prism 5 software) from the 

start of the study to the time at which the mouse died. If the smoothed body weight curve for 

an individual mouse had multiple equal peaks, the time point at which the final peak occurred 

was taken.  
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4.2.3.3 Effect of metformin on the definitive onset of neurological disease and the 

change in neurological score over time in female SOD1G93A mice.  

The change in the mean combined neurological score (the sum of the neurological score 

recorded for left and right hind limbs) for female mice in all four groups from 41 days of age, 

is plotted in Figure 25A. Neurological score curves for female mice in all groups were 

similar in shape until approximately 104 days of age when, as with male mice, the onset of 

neurological symptoms began. Following this point, however, neurological score curves 

began to rise more steeply with increasing metformin dose, suggesting a negative effect of 

metformin on disease progression. In support of this there was a significant association 

between increasing metformin dose and the time point at which female mice reached a score 

of 2 in both hindlimbs (the definitive onset of symptomatic disease) (Figure 25B, Table 11, 

P = 0.0236).  

 

4.2.3.4 Effect of metformin on survival in female mice   

The proportion of female mice surviving over time is shown in (Figure 25C). Although there 

were no significant differences in survival between groups (Table 11), there was a trend 

towards increasing survival with decreasing metformin dose.  
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Figure 25: Effect of metformin on neurological score, neurological disease onset and survival in 

female SOD1
G93A

 mice. 

 

(A) Mean group combined neurological score plotted for female SOD1
G93A

 mice over time from 41 

days of age until the date at which the last death within each group occurred. Combined neurological 

score was calculated for each mouse at each time point through summation of the neurological scores 

recorded for its left and right hindlimbs. As mice within groups died at different ages, the final 

combined neurological scores of all mice were carried forward when calculating group mean values, 

until the date at which the last mouse within each group died. This prevented decomposition of the 

mean at later stages. Error bars represent standard error of the mean (SEM). (B) Kaplan-Meier 

survival plot for the time taken for female SOD1
G93A

 mice to reach a neurological score of 2 in both 

hindlimbs (an indicator of the onset of symptomatic neurological disease). (C) Kaplan-Meier survival 

plot for the time taken for female SOD1
G93A

 mice to reach the humane end stage of attaining a 

neurological score of 4 (representative of survival). Graphs (A), (B) and (C) present data for female 

SOD1
G93A

 mice in all four experimental groups: Control = green, 0.5mg/ml metformin = yellow, 

2mg/ml metformin = blue, 5mg/ml metformin = red). Results for statistical analyses performed on 

data presented in (B) and (C) are given in Table 11.    
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4.2.4 Effect of metformin on survival in female mice   

Our observations of a significant association between increasing metformin dose and earlier 

onset of symptomatic neurological disease as well as faster disease progression in female 

SOD1
G93A

 mice suggested to us that metformin may have interacted in a negative fashion 

with a female specific cellular process that is normally beneficial for motor neuron health. It 

is well documented that female SOD1
G93A

 mice develop neurological symptoms later and 

have a longer lifespan than male SOD1
G93A 

mice and this was also found to be the case in our 

survival study (Figure 26A and 26B, Tables 12 and 13). Specifically, median onset of 

symptomatic neurological disease was 18 days later in control female mice than in their male 

counterparts (132 vs. 114, P = 0.0001) and median survival was extended by 17 days (140 vs. 

123, P = 0.0011). Interestingly, prevention of oestrogen production in female SOD1
G93A

 mice 

via ovariectomy has been shown to accelerate disease progression (Choi et al., 2008) and also 

to reduce survival time to levels comparable to male SOD1
G93A

 mice (Groeneveld et al., 

2004b, Choi et al., 2008) . Furthermore treatment of these ovariectomised females with 17β-

oestradiol  (the most potent mammalian form of oestrogen (Barha et al., 2009)) has been 

shown to rescue these effects (Choi et al., 2008). This suggests that the presence of oestrogen 

is a large contributing factor to the slower disease progression and increased lifespan of 

female SOD1
G93A

 mice compared to males. Metformin is increasingly becoming prescribed 

for the treatment of polycystic ovary syndrome (PCOS) with the aim of reducing the insulin 

resistance that is associated with the disorder.  Interestingly, it has recently been identified 

that metformin is also able to inhibit basal and insulin-stimulated 17β-ostradiol production 

and that this may contribute to its beneficial effect in PCOS (Rice et al., 2009, Mansfield et 

al., 2003). In light of the beneficial effect of oestrogen on disease progression and survival in 

female SOD1
G93A 

mice and the documented ability of metformin to inhibit 17β-ostradiol 
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production, it seemed likely to us that the negative effects of metformin seen in female mice 

in our study were at least in part derived from reduced 17β-ostradiol production. In support of 

this, treatment of female SOD1
G93A 

mice with either 2 or 5 mg/ml metformin in our survival 

study, prevented the significant delay in the onset of symptomatic neurological disease seen 

in female control mice compared to male control mice (Figure 26A, Table 13). Furthermore, 

treatment of female SOD1
G93A

 mice with metformin at all doses negated the significant 

increase in survival seen in female control mice compared to male control mice and this 

effect became more pronounced with increasing metformin dose (Figure 26B, Table 13).  

 

In order to test the hypothesis that metformin treatment brought about a reduction in plasma 

17β-estradiol levels in female SOD1
G93A

 mice in our survival study, we treated an additional 

cohort of female SOD1
G93A

 mice with 2mg/ml metformin from 35 days of age and measured 

the concentration of 17β-estradiol in their blood serum at 70 days of age using a 125 Iodine-

based radioimmuno assay (kindly performed for us by Dr Zhangrui Cheng at the Royal 

Veterinary College). The results of this assay are shown in Figure 27A.  In support of our 

hypothesis, metformin treatment brought about a significant reduction in serum 17β-estradiol 

levels in metformin treated female SOD1
G93A

 mice compared to control female SOD1
G93A

 

mice (6.4 +/- 0.2 pg/ml in treated SOD1
G93A

 females (n=4) vs. 7.1 +/- 0.15 pg/ml in control 

SOD1
G93A

 females (n=8), P =0.0164).  We also investigated the effect of metformin treatment 

via the same dosing regimen on female WT mice at 70 days of age. As with SOD1
G93A

 mice, 

metformin brought about a significant reduction in plasma 17β-estradiol levels in treated 

female WT mice compared to control female WT mice (5.9 +/- 0.3 pg/ml in treated WT 

females (n=7) vs. 6.7 +/- 0.2 pg/ml in control WT females (n=10), P =0.0287) (Figure 27). 
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Figure 26: Comparison of the definitive onset of symptomatic neurological disease and 

survival in control and metformin-treated female mice and male control mice. 

Kaplan-Meier time to event plots for (A) time taken for mice to reach a score of 2 in both 

hindlimbs (the definitive onset of symptomatic neurological disease) and (B) time taken for 

mice to reach the humane end stage of the inability to right within 30s of being placed on a 

side (survival) for all female groups and the male control group. Female mice were treated 

with normal drinking water (control, green) or 0.5 (yellow), 2 (blue) or 5 (red) mg/ml 

metformin in the drinking water from 35 days of age. Male control mice (black) received 

normal drinking water throughout.  
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Table 12: Summary of median time to reach score 2,2 and median survival for all 

female groups and the male control group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Median values derived from Kaplan Meier analyses for the time taken for mice to reach a 

score of 2 in both hindlimbs and the time taken for mice to reach the humane end stage of the 

inability to right within 30s of being placed on a side (survival) for all female groups (control, 

0.5, 2 and 5 mg/ml metformin) and the male control group. 

 

 Median Value (days) 

 Female 

control  

Female 

0.5mg/ml 

Female 

2mg/ml 

Female 

5mg/ml 

Male 

Control 

Time to 

reach score 

2,2 

132 125 118 118 114 

Survival 140 136 132 132 123 
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Table 13: Summary of statistical analyses performed to compare the time taken for 

mice to reach a score of 2 in both hindlimbs and the time taken for mice to reach the 

humane end stage of the inability to right within 30s of being placed on a side between 

all groups. 

 
 P Value, Time to 

reach score 2,2, 

log-rank test 

P Value, Survival, 

log-rank test 

All male and 

female groups 

0.0317 Significant 0.0190 Significant 

Male control vs. 

female control 

0.0001 Significant 0.0011 Significant 

Male control vs. 

female 0.5mg/ml 

0.0014 Significant 0.0078 

Male control vs. 

female 2mg/ml 

0.0416 0.0179 

Male control vs. 

female 5 mg/ml 

0.0804 0.0870 

 

 

The Logrank test investigates the null hypothesis that that the Kaplan Meier curves for all 

groups are identical. Low P-values are therefore indicative of differences between groups that 

did not occur due to chance. Statistical comparison of the time taken for mice to reach a score 

of 2 in both hindlimbs and the time taken for mice to reach the humane end stage (survival)  

in all four male and female groups via a log rank test revealed that there were significant 

differences between the groups for both measures. The threshold for significance was set at 

P<0.05 for these comparisons. Subsequent post hoc comparisons between pairs of groups for 

both measures were then performed.  Using Bonferroni's correction for multiple comparisons 

we calculated that P must be less than 0.0018 (i.e. P= <0.05/28, where 28 represents the 

number of possible pairwise comparisons for 8 different experimental groups) in order to be 

significant in these pairwise comparisons.   
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Figure 27: Comparison serum 17β-estradiol levels in control and metformin-treated (A) 

SOD1
G93A

 and (B) WT female mice at 70 days. 

SOD1
G93A

 and WT mice were treated with metformin in the drinking water from 35 days of 

age. Control SOD1
G93A

 and WT mice received normal drinking water throughout.  Plasma 

17β-estradiol levels were measured in blood serum collected from all mice at 70 days of age 

via a 125 Iodine-based radioimmuno assay (RIA). 17β-estradiol levels were compared in 

control and treated SOD1
G93A

 mice and control and treated WT mice via individual unpaired 

t-tests. Metformin was shown to significantly reduce plasma 17β-estradiol levels in both 

SOD1
G93A

 mice and WT mice (7.1 +/- 0.15 pg/ml control SOD1
G93A

 females (n=8) vs. 6.4 +/- 

0.2 pg/ml treated SOD1
G93A

 females (n=4), P =0.0164 and 6.7 +/- 0.2 pg/ml control WT 

females (n=10) vs. 5.9 +/- 0.3 pg/ml treated WT females (n=7), P =0.0287). 
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4.4 Discussion 

The aim of this study was to test the hypothesis that the anti-type II diabetes drug, metformin, 

could delay disease onset, slow disease progression and increase survival in the SOD1
G93A

 

murine model of ALS. Our reasoning behind this hypothesis was that we had previously 

observed treatment of SOD1
G93A

 mice with 2mg/ml metformin in the drinking water from 35 

days of age to bring about a significant increase in the survival of functional motor units in 

male EDL muscles and female TA muscles. We also observed strong trends towards 

increased motor unit survival in male TA muscles and female EDL muscles in these studies. 

As the ultimate cause of death in SOD1
G93A

 mice is the retraction of distal motor axons and 

denervation of skeletal muscles (Gould et al., 2006, Dadon-Nachum et al., 2011), we felt that 

increasing the survival of functional motor units in these mice was likely to have an impact 

on their disease course. Our original decision to test the potential protective properties of 

metformin in SOD1
G93A

 mice was based on its known anti-inflammatory (Dandona et al., 

2004, Isoda et al., 2006, Lin et al., 2000) and antioxidant (Lin et al., 2000, Ouslimani et al., 

2005, Srividhya et al., 2002) properties as well as the ability to bring about mitochondrial 

biogenesis (Kukidome et al., 2006). We were further encouraged by studies documenting the 

ability of metformin to attenuate pathology in mouse models of Huntington‟s disease (Ma et 

al., 2007)  and multiple sclerosis (Nath et al., 2009) which, like ALS models, show central 

nervous system (CNS)-based inflammation, oxidative stress and mitochondrial abnormalities 

(Beal and Ferrante, 2004, Stadelmann, 2011, Ilieva et al., 2009).    In order to test the ability 

of metformin to delay disease onset, slow disease progression and increase survival in 

SOD1
G93A

 mice, we performed a blinded, dose-response survival study in which mice were 

treated with normal drinking water or 0.5, 2 or 5 mg/ml metformin in the drinking water from 

35 days of age. Disease onset and progression were analysed via twice weekly monitoring of 
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weight and neurological score and survival was determined as the age at which mice could no 

longer right themselves within 30s of being placed on a side.  

 

Despite seeing small but significant increases in motor unit survival with metformin 

treatment in our initial investigations,
 
we surprised to see no significant beneficial effects of 

metformin treatment on disease onset, progression or survival in male or female SOD1
G93A

 

mice at any of the doses tested.  Furthermore, we saw a dose dependent negative effect on the 

definitive onset of symptomatic neurological disease as well as disease progression in female 

SOD1
G93A

 mice.  This could suggest that the increases in motor unit survival seen in our 

electrophysiology study were not large enough to have a significant long-term impact on 

overall pathology or that they could not be maintained long-term. This is supported by the 

fact that we did not see any significant increases in the maximal or specific forces of the TA 

and EDL muscles of SOD1
G93A

 mice treated with 2mg/ml metformin in our initial studies. 

However, we also cannot rule out the possibility that force increases resulting from increased 

motor unit survival were prevented partially or completely by muscles becoming slower and 

thus weaker in phenotype, through a metformin-induced activation/upregulation of PGC1α 

(as discussed in Chapter 3).   An additional possibility is that at the early symptomatic time 

point of 100 days of age, when increases in motor unit survival were seen in our initial 

electrophysiology study, metformin-induced beneficial effects outweighed toxic effects and 

were therefore able to reduce motor unit loss. Whereas, at the later symptomatic time points 

reached in our survival study, these metformin-induced trophic effects were overshadowed by 

advancing and aggressive SOD1
G93A

 pathology and potentially negative drug effects, thus 

preventing overall beneficial effects on disease course. When considering potential reasons 

for why metformin was unable to bring about long-term benefits in SOD1
G93A

 mice despite 
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its anti-inflammatory and anti-oxidant properties and ability to induce mitochondrial 

biogenesis, it is important to highlight that this drug has been identified as having many other 

cellular effects in addition to these. It is therefore possible that some of these additional 

effects could have been detrimental to SOD1
G93A

 mice.  Metformin has for example been 

shown to inhibit mitochondrial complex one (Brunmair et al., 2004), which is already 

compromised as a result of ALS pathology (Ferri et al., 2006)  and also to bring about a 

reduction in both total-and LDL-cholesterol levels, high levels of which have paradoxically 

been shown to be a positive prognostic factor in ALS patients (Dupuis et al., 2008). 

 

A final explanation for the surprising absence of beneficial effects of metformin treatment in 

our survival study is that the increases in motor unit survival seen with metformin treatment 

in our electrophysiology study were actually the result of inherent variations between mice, 

rather than a beneficial effect of metformin treatment. We unfortunately did not perform 

weight and littermate balancing of SOD1
G93A

 mice in this electrophysiology study as the 

importance of doing this was only established when we began researching optimal 

experimental designs for our subsequent survival study. Consequently, we cannot rule out the 

possibility that the results we saw were caused by the effects of litter clustering.  

Additionally, motor unit data was unfortunately lost from several control SOD1
G93A

 mice in 

our electrophysiology study, due to files containing this data becoming corrupted. These 

assessments were therefore not as high powered as we would have liked.   In light of this, it is 

critical that any future electrophysiology studies are high powered and designed to minimize 

variation associated with performing experiments in mice with a mixed-hybrid genetic 

background. Regardless of the reason(s) for the disparity between the positive results seen in 

our initial study and the lack of benefit of metformin treatment in our survival study, these 
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observations highlight that it is essential to perform robust survival studies with longitudinal 

monitoring of disease onset and progression to gain a clear picture of the potential of a drug 

for the treatment of ALS.    

 

Our observations of a significant association between increasing metformin dose and earlier 

onset of symptomatic neurological disease as well as faster disease progression in female 

SOD1
G93A

 mice, lead us to investigate the possibility that metformin inhibited the production 

of 17β-estradiol in treated female SOD1
G93A

 mice. Our reasoning behind this was that 

metformin has been shown inhibit 17β-estradiol production in cultured human cells (Rice et 

al., 2009, Mansfield et al., 2003) and 17β-estradiol production in female SOD1
G93A

 mice is 

thought to be a large contributing factor to their delayed disease onset and increased survival 

time compared to male SOD1
G93A

 mice (Choi et al., 2008, Groeneveld et al., 2004b). In our 

experiments we observed that treatment with 2mg/ml metformin in the drinking water from 

35 days of age brought about a significant reduction in plasma 17β-estradiol levels in both 

female SOD1
G93A

 and female WT mice at 70 days of age.  Considering the documented 

protective effects of 17β-estradiol in female SOD1 mice, (Choi et al., 2008, Groeneveld et al., 

2004b) it seems likely that the dose-dependent negative effects of metformin in female 

SOD1
G93A

 mice in our survival study were at least partially derived from a metformin-

induced reduction in 17β-estradiol production. It is also interesting to note that despite 

showing beneficial effects in male mice in the R6/2 model of Huntington‟s disease, 

metformin had no beneficial effect in female mice. Furthermore, 17β-estradiol has been 

postulated to be the reason for a less severe pathology in female rats compared to male rats in 

a transgenic model of Huntington‟s disease (Bode et al., 2008) and has been shown reduce 

oxidative stress in a rodent experimental model of this disease (Túnez et al., 2006).  These 
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observations further support a role for reduced 17β-ostradiol production in the dose-

dependent negative effects of metformin in our female SOD1
G93A

 mice.  

 

Finally, it is interesting to note that as with the 2mg/ml metformin dose used in our 

electrophysiology study, all doses of metformin appeared to bring about an overall reduction 

in the weight of male SOD1
G93A

 mice in our survival study. Considering the high powered 

nature of our survival study and the fact that all groups were balanced for weight and litter, it 

seems highly likely that this is a true trend.  Additionally, as in our electrophysiology study, 

female SOD1
G93A

 mice in our survival did not appear to experience the same overall 

metformin-induced reduction in weight as male mice. Interestingly, several studies have 

suggested that metformin may bring about weight loss in obese patients with type II-diabetes 

though suppression of appetite (Lee and Morley, 1998, Stumvoll et al., 1995). It would 

therefore be interesting to investigate whether treatment of male SOD1
G93A

 mice with 

metformin brings about a reduction in food consumption as this could at least partially 

explain the overall reduction in weight seen in metformin-treated male SOD1
G93A

 mice. 

Surprisingly however, Stumvoll and colleagues observed a clear metformin-induced 

reduction in appetite in obese female type II diabetes patients in their study (Stumvoll et al., 

1995). Consequently, if a reduction in food consumption was the reason for the lower weights 

of metformin-treated male SOD1
G93A

 mice in our study, it is surprising that lower weights 

were not also seen in female SOD1
G93A

 mice.  Clearly metformin interacted differently with 

the gene expression and hormone systems in male and female SOD1
G93A

 mice in our study.  

 

In conclusion, we have shown that despite showing promise in mouse models of 

Huntington‟s disease and multiple sclerosis, in which similar pathological process have been 
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implicated to SOD1
G93A

 mice, metformin is not capable of delaying disease onset, slowing 

disease progression or increasing survival in these animals. Furthermore, metformin appears 

to be harmful in female SOD1
G93A

 mice in a dose dependent fashion and we hypothesise that 

this effect may be derived from its ability to inhibit oestrogen production. This could have 

implications for the prescription of medication to female ALS patients suffering from type II 

diabetes as metformin could potentially worsen their prognosis. However this situation is 

likely to be complex as a recent retrospective study of ALS patients with pre-morbid diabetes 

mellitus has suggested a positive effect of diabetes on the age of ALS onset (Jawaid et al., 

2010) . Further investigations into the relationship between ALS and diabetes and the way in 

which metformin treatment modifies this relationship are therefore required.  
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5. Trehalose Survival Study  

5.1 Introduction  

Amyotrophic Lateral Sclerosis is a fatal neurodegenerative disorder associated with the 

selective degeneration of upper and lower motor neurons, that is currently lacking in effective 

therapeutics (Cozzolino et al., 2008b). Although the majority of ALS cases are sporadic, 

approximately 10% have a familial origin and of these 15-20% are caused by gain of function 

mutations in the copper/zinc superoxide dismutase (SOD1) gene (OMIM 147450) (Rosen et 

al., 1993c). The mechanisms by which mutations in SOD1 cause ALS remain unknown, 

however a common feature of ALS-causing mutant SOD1 proteins is their propensity to 

misfold and aggregate in motor neurons (Wang et al., 2008b, Shaw et al., 2008, Wang et al., 

2002a). SOD1 is a 32 kDa homodimeric enzyme composed of two monomeric eight-stranded 

beta barrels, each with a binding site for one copper ion and one zinc ion (Rakhit and 

Chakrabartty, 2006).  Aggregation of mutant SOD1 species is thought to be a multi-step 

process involving sequential protein monomerisation, demetallation and oligomerisation 

(Khare et al., 2004, Kerman et al., 2010, Rakhit et al., 2007) . Although this remains a matter 

of debate, several lines of evidence suggest that mutant SOD1 aggregates or intermediates in 

the aggregation process may be toxic to motor neurons. Wang et al., have for example 

demonstrated that the aggregation propensity and stability of different mutant forms of SOD1 

in a cohort of familial ALS patients, could together account for 69% of the variability in 

patient survival time (Wang et al., 2008b) and Lindberg et al., have also reported similar 

results (Lindberg et al., 2005). Furthermore, strong correlations between disease progression 

and the levels of insoluble mutant SOD1 species present in affected neuromuscular tissues 

have been observed in various murine SOD1-based models (Johnston et al., 2000, Wang et 
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al., 2002a, Wang et al., 2005, Turner et al., 2003c). Several mechanisms have been proposed 

by which misfolded and/or aggregated species of mutant SOD1 in motor neurons may 

contribute to ALS pathology. These include but are not limited to: aggregation of mutant 

SOD1 onto the outer mitochondrial membrane and thus potential impairment of 

mitochondrial function (Vande Velde et al., 2008, Duffy et al., 2011, Pedrini et al., 2010),  

induction of ER stress (Wang et al., 2011, Atkin et al., 2006) and impairment of axonal 

transport (Bilsland et al., 2010).  Although evidence exists for all of these mechanisms, their 

relative importance for ALS pathology remains to be confirmed.  

 

Trehalose is natural non-reducing disaccharide found in many non-mammalian species 

(Singer and Lindquist, 1998). In these organisms it functions to protect cells against 

environmental insults such as heat, cold, dehydration and oxidation, through its ability to act 

as a chemical chaperone and prevent protein denaturation and aggregation (Chen and 

Haddad, 2004, Singer and Lindquist, 1998). The stabilization of proteins by trehalose is 

thought to be derived at least in part from its ability to increase solvent surface tension. This 

increase in surface tension is thought to raise the energy required by proteins to bring about 

cavity formation within the solvent in order to accommodate their enlarged surface area upon 

denaturation (Kaushik and Bhat, 2003).  

 

Protein aggregation is a unifying theme in many neurodegenerative disorders including 

Alzheimer‟s disease, prion diseases, Parkinson‟s disease, and polyglutamine disorders such 

as Huntington‟s disease (Sarkar and Rubinsztein, 2008). As a result of its protein stabilizing 

properties, and also its proven safety for consumption in humans (Richards et al., 2002), 

trehalose has been evaluated as a potential therapeutic for a number of these disorders. It has 
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for example been shown to prevent aggregation of β-amyloid species associated with 

Alzheimer‟s disease (Liu et al., 2009, Izmitli et al., 2011), to impair prion protein aggregation 

(Béranger et al., 2008), to ameliorate dopaminergic and tau pathology in parkin deleted/tau 

overexpressing mice (Rodríguez-Navarro et al., 2010) and also to improve motor function 

and extend lifespan in the R6/2 model of Huntington‟s disease (Tanaka et al., 2004).  

 

In addition to its actions as a chemical chaperone, trehalose has more recently been shown to 

have the ability to activate macroautophagy (hitherto referred to as autophagy) in an mTOR-

independent fashion (Sarkar et al., 2007). Autophagy is a cellular process that involves the 

formation of double membrane-bound structures called autophagosomes around portions of 

cytoplasm and associated organelles. These autophagosomes then fuse with lysosomes, in 

order to permit degradation of their contents (Yang and Klionsky, 2010). Autophagy plays a 

critical role in intracellular organelle homeostasis and is also employed in conditions of 

starvation to maintain cellular nutrient levels (Yang and Klionsky, 2010). Furthermore, 

autophagy has been shown to play an essential role in the removal of toxic/aggregated 

proteins and damaged organelles such as mitochondria that may cause toxicity to cells under 

conditions of stress(Metcalf et al., 2010). Consequently, it has been shown that beneficial 

effects of trehalose on the clearance of aggregates in cellular models of Huntington‟s disease 

and on dopaminergic and tau pathology in parkin deleted/tau overexpressing mice, were 

derived from autophagy activation as well as protein stabilisation (Sarkar et al., 2007, 

Rodríguez-Navarro et al., 2010)      

 

Like, mutant Huntington and tau, various mutant SOD1 proteins (A4V, G85R, and G93A) 

have been shown to be degraded by autophagy in vitro (Kabuta et al., 2006) and furthermore, 
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markers of autophagy have been shown to be increased in the spinal cords of SOD1
G93A

 mice 

compared to wild-type (WT) mice (Morimoto et al., 2007, Li et al., 2008). Although the exact 

role of autophagy in the pathology of SOD1
G93A

 mice remains to be established, it has been 

suggested that upregulation of autophagy could be a protective mechanism to clear 

potentially toxic mutant SOD1 oligomeric species and aggregates (Kabuta et al., 2006, 

Morimoto et al., 2007).  

 

In light of the documented beneficial effects of trehalose in culture and in vivo models of 

various neurodegenerative diseases involving protein aggregation (Béranger et al., 2008, Liu 

et al., 2009, Rodríguez-Navarro et al., 2010, Sarkar et al., 2007, Tanaka et al., 2004), we 

hypothesized that it may delay disease onset and progression and increase survival in the 

SOD1
G93A

 mouse model of ALS. This hypothesis was supported by experiments in which 

treatment of NSC-34 cells (a mouse motor-neuron-like cell line) transiently transfected with 

human SOD1
G93A

, brought about a significant reduction in mutant SOD1 aggregate formation 

and detergent insolubility (Gomes et al., 2010). We tested our hypothesis by treating 

SOD1
G93A

 mice (n=15 male and 15 female, age weight and litter-mate balanced mice per 

group) with either normal drinking water or 0.5%, 2% or 5% weight for volume (w/v) 

trehalose in the drinking water from 35 days of age.  Disease onset and progression were 

assessed in a blinded fashion by twice weekly monitoring of weight and neurological score as 

previously described (Chapter 4)  (Gill et al., 2009, Lincecum et al., 2010). Survival was 

determined as the time point at which mice could no longer right themselves within 20s of 

being placed on a side.  
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Interestingly, protein misfolding and aggregation is not limited to cases of ALS-resulting 

from mutations in SOD1. Indeed, the formation of inclusion bodies consisting of aggregated 

and unbiquitinated proteins has long been recognised as a hallmark of both sporadic and 

familial forms of ALS (Migheli et al., 1990, LEIGH et al., 1991). In recent years it has 

emerged that the key component of inclusion bodies in the majority of sporadic ALS cases is 

the RNA-binding protein TDP-43 (Neumann et al., 2006a, Arai et al., 2006b). Furthermore, 

in those sporadic ALS cases where inclusion bodies are negative for TDP-43, these inclusions 

are usually largely composed of another RNA-binding protein FUS/TLS (Kwiatkowski et al., 

2009, Vance et al., 2009). Although mutations in the genes coding for TDP-43 (TARDBP) 

and FUS/TLS (FUS/TLS) are not required to bring about their aggregation in ALS patients, 

mutations in these genes have subsequently been found to be causative for ALS (Gitcho et 

al., 2008, Kabashi et al., 2008a, Sreedharan et al., 2008, Yokoseki et al., 2008, Kwiatkowski 

et al., 2009, Vance et al., 2009). Indeed mutations in TARDBP are thought to account for 5–

10% of classic familial ALS cases whereas mutations in FUS/TLS account for 5% (Kiernan et 

al., 2011). As with mutant SOD1 aggregates in familial ALS, it is not clear whether TDP-43 

or FUS aggregates (or intermediates in the aggregation process) are toxic to motor neurons 

(see Chapter 1, section 1.4.2.2). However, when researching trehalose as a potential 

therapeutic for ALS, we hypothesised that if TDP-43 or FUS/TLS aggregates or soluble 

oligomers were found to be toxic to neurons, and trehalose treatment was able to bring about 

beneficial effects in our SOD1
G93A

 mice, then trehalose may also have beneficial effects in 

recently developed TDP-43 and FUS/TLS models. We reasoned that if trehalose was shown 

to be beneficial in SOD1, TDP-43 and FUS/TLS- related models, then this would make it an 

exciting therapeutic to take forward to clinical trial as it would have the potential to be of 

benefit to patients with sporadic and familial ALS.  
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Surprisingly however, trehalose had no effect on disease onset, progression or survival in 

female SOD1
G93A

 mice in our study. Additionally, despite bringing about a dose-dependent 

delay in the onset of weight loss in male mice, trehalose was unable to delay the onset of 

overt neurological symptoms, slow disease progression or increase survival in these males. 

Using a conformation-specific antibody (USOD), that specifically recognizes 

misfolded/aggregated SOD1 species in which the copper ion has been lost, the beta barrel 

structure is disrupted and the hydrophobic core is exposed (Kerman et al., 2010), we 

determined that trehalose treatment (5% w/v), was unable to reduce the number of motor 

neurons containing misfolded/aggregated SOD1 in the sciatic motor pool of SOD1
G93A

 mice 

at 75 days of age. Instead a trend towards increased numbers of motor neurons containing 

misfolded/aggregated SOD1 was seen in both male and female SOD1 mice. Motor neuron 

counts revealed that this was not the result of an increase in the number of surviving motor 

neurons. We concluded that orally administered trehalose is not protective for the motor 

neurons of SOD1
G93A

 mice and furthermore that it may increase the accumulation of 

misfolded/aggregated mutant SOD1, potentially through exacerbation of a pre-existing 

impairment in the autophagy system.  These results are discussed in detail below.  
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5.2 Results 

5.2.1 Copy number variations 

No SOD1
G93A

 mice with outlying disease progression or survival characteristics with respect 

to other mice in their experimental groups were identified in this study. We therefore 

concluded that copy number variation assessments were not required for mice in this study.  

 

5.2.2 Trehalose treatment had no effect on the onset of neurological symptoms, 

disease progression or survival in male mice but brought about a dose-dependent 

delay in weight loss.  

5.2.2.1 N-numbers, weight balancing and non-ALS deaths in male mice  

Four groups of 15 male mice that were balanced for age, litter and body weight were enrolled 

in this study. No non-ALS deaths or injuries occurred in male mice and hence data from all 

male mice were included in analyses. The average starting bodyweights for each group were 

within 0.35g of each other (Control: 20.55g, 0.5%: 20.77g, 2%: 20.83g and 5%: 20.48g). 

 

5.2.2.2 Effect of trehalose on body weight, disease onset and disease progression in 

male SOD1G93A mice.   

The change in mean body weight over time for all male groups is plotted in Figure 28A from 

46 days onwards. Although weight curves for all male groups displayed a classic SOD1
G93A 

shape involving weight gain, followed by progressive weight loss from approximately 85 

days of age until death, trehalose-treated mice appeared to lose weight at an initially slower 

rate than control mice. This was confirmed by Kaplan Meier analysis of the time to reach 



228 

 

peak weight in all male groups, in which there was a significant trend between increasing 

trehalose dose and later onset of weight loss (Figure 28B, Table 14, P = 0.0353 logrank test 

for trend). Although all trehalose-treated male mice appeared to have a shorter time from 

peak weight to end stage than control mice (Figure 28C, Table 14), this trend was not 

significant.  
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Figure28: Effect of trehalose on body weight, disease onset and disease progression in male 

SOD1
G93A

 mice. 

(A)  Mean group body weight plotted for male SOD1
G93A

 mice over time from 46 days of age until the 

date at which the last death within each individual group occurred. As mice within groups died at 

different ages, the final weights of all mice were carried forward when calculating group mean values, 

until the date at which the last mouse within each group died. This prevented decomposition of the 

mean at later stages. Error bars represent standard error of the mean (SEM). (B) Kaplan-Meier 

survival plot for time to peak weight (an indicator of disease onset) in male SOD1
G93A

 mice. (C) 

Kaplan-Meier survival plot for time from peak weight to end stage (an indicator of disease 

progression) in male SOD1
G93A

 mice. Graphs (A), (B) and (C) present data for male SOD1
G93A

 mice 

in all four experimental groups: control = red, 0.5% trehalose = green, 2% trehalose = yellow, 5% 

trehalose = blue. Results for statistical analyses performed on data presented in (B) and (C) are given 

in Table 14.       
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Table 14: Kaplan Meier time to event analyses for male SOD1G93A mice
1, 2, 3 

 

 Median Value (days) P Value  

 Control  0.5 mg/ml 2 mg/ml 5 mg/ml Log- 

rank  

Log-rank test 

for trend 

Time to peak weight 84 84 85 92 0.1488 0.0353 

significant 

Time from peak weight to 

end stage 

42 37 38 38 0.6773 0.2889 

Time to reach score 2 in 

both hindlimbs 

113 119.5 116 116 0.5609 0.3105 

Survival  127 128.5 126 128 0.8333 0.4719 

 

1
The Logrank test investigates the null hypothesis that that the Kaplan Meier curves for all 

groups are identical (i.e. that the treatment did not change the time taken to reach the event 

being analysed). Low P-values are therefore indicative of differences between curves that did 

not occur due to chance. The threshold for significance was set at P<0.05. 

 
2
 To perform the log-rank test for trend, experimental groups were arranged in order of 

increasing dose (Control, then 0,5%, 2% and 5% trehalose) and a P value testing the null 

hypothesis that there was no linear trend between group order and median time to event was 

then calculated. Low P-values are indicative of a significant trend between increasing dose 

and the event being analysed.  The threshold for significance was set at P<0.05. 

 
3
The time at which peak body weight occurred for each mouse was analysed after spline 

smoothing of each animal‟s body weight values over time (using Prism 5 software) from the 

start of the study to the time at which the mouse died. If the smoothed body weight curve for 

an individual mouse had multiple equal peaks, the time point at which the final peak occurred 

was taken.  
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5.2.2.3 Effect of trehalose on the definitive onset of neurological disease and the 

change in neurological score over time in male SOD1G93A mice.  

The change in the mean combined neurological score (the sum of the neurological score 

recorded for left and right hind limbs) for male mice in all four groups from 46 days of age, is 

plotted in Figure 29A. Neurological score curves for all male groups rose very slowly 

between 46 and 102 days after which they rose more steeply, indicating the onset of 

neurological symptoms. Interestingly, the onset of a steeper decline in weight loss was also 

seen at 102 days of age in all groups (Figure 28A), further indicating a worsening of 

pathology at this stage.   After 102 days, although curves for all groups rose more steeply, the 

curve for the control group showed the steepest rise, indicating a trend towards faster disease 

progression in control mice compared to treated mice. However, when Kaplan Meier analysis 

of the time point at which mice reached a neurological score of two in both hindlimbs 

(defined as the definitive onset of symptomatic neurological disease (Gill et al., 2009, 

Lincecum et al., 2010, Kaneb et al., 2011)) was performed, no significant differences were 

observed between control and treatment groups (Figure 29B, Table 14).  

 

5.2.2.4 Effect of trehalose on survival in male mice   

For humane reasons, a uniform end point of the inability of a mouse to right itself within 20s 

of being placed on a side was used for all mice in this study. The proportion of male mice 

surviving over time is shown in (Figure 29C). There were no statistically significant 

differences in survival between any groups indicating that trehalose had no effect on survival 

in male mice, despite bringing about a slower initial decline in weight loss (Table 14).  
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Figure29: Effect of trehalose on neurological score, neurological disease onset and survival in 

male SOD1
G93A

 mice. 

 

(A)  Mean group combined neurological score plotted for male SOD1
G93A

 mice over time from 46 

days of age until the date at which the last death within each group occurred. Combined neurological 

score was calculated for each mouse at each time point through summation of the neurological scores 

recorded for its left and right hindlimbs. As mice within groups died at different ages, the final 

combined neurological scores of all mice were carried forward when calculating group mean values, 

until the date at which the last mouse within each group died. This prevented decomposition of the 

mean at later stages. Error bars represent standard error of the mean (SEM). (B) Kaplan-Meier 

survival plot for the time taken for male SOD1
G93A

 mice to reach a neurological score of 2 in both 

hindlimbs (the definitive onset of symptomatic neurological disease). (C) Kaplan-Meier survival plot 

for the time taken for male SOD1
G93A

 mice to reach the humane end stage of attaining a neurological 

score of 4 (representative of survival). Graphs (A), (B) and (C) present data for male SOD1
G93A

 mice 

in all four experimental groups: control = red, 0.5% trehalose = green, 2% trehalose = yellow, 5% 

trehalose = blue. Results for statistical analyses performed on data presented in (B) and (C) are given 

in Table 14.       
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5.2.3 Trehalose treatment had no effect on disease onset, progression or survival 

in female mice.  

5.2.3.1 N-numbers, weight balancing and non-ALS deaths in female mice  

Four groups of 15 female mice that were balanced for age, litter and bodyweight were 

enrolled in this study. Towards the end of the study, one female from the 0.5% group and one 

female from the 5% group, which had both been displaying a very normal female SOD1
G93A

 

disease course but were not yet experiencing hindlimb paralysis, were injured by fellow cage 

mates and were therefore culled. These injuries appeared to be fighting injuries on the back of 

the neck, leading us to question whether trehalose may enhance aggression in female mice, as 

we had never previously seen injuries such as this in females.  An additional female from the 

0.5% group who had also followed a very normal female SOD1
G93A

 disease course was found 

dead at this stage. Weight and neurological score data from these three mice were included in 

weight and neurological score plots up to the date at which they were culled/found dead 

respectively and they were treated as censored in any Kaplan Meier analyses requiring 

information about survival. All three females died prior to attaining a neurological score of 2 

in both hind limbs (defined as the definitive onset of symptomatic neurological disease) and 

were therefore also treated as censored in the Kaplan Meir analysis performed to compare 

time taken to reach this stage. One further female mouse from the 0.5mg/ml group displayed 

fit-like behavior at 130 days of age prior to developing overt neurological symptoms and was 

found dead the next day. She was therefore classed as dying a „non-ALS death‟ and was 

excluded completely from the study as it was not clear whether she had another medical 

condition that could have affected weight and neurological score data. At the very end of the 

study, one female mouse from the control group remained that had not displayed weight loss 

or developed neurological symptoms. An ear biopsy was therefore taken from this mouse in 
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order to confirm her genotype and she was found to be a wild type. She was therefore culled 

and excluded completely from the study. The average starting bodyweights for all groups 

were within 0.27g of each other (Control: 16.24g, 0.5%: 16.19g, 2%: 16.45g and 5%: 

16.35g).  

 

5.2.3.2 Effect of trehalose on body weight, disease onset and disease progression in 

female SOD1G93A mice.   

The change in mean body weight over time for female mice in all four groups is plotted in 

Figure 30A from 46 days onwards. Weight curves for all groups showed a largely similar 

shape, with weight rising until approximately 81 days of age, following which the curves 

reached a plateau. At approximately 102 days, weight in all groups began to steeply decline. 

Despite all curves showing a largely similar shape, mice in the 0.5% and 5% trehalose groups 

appeared to be heavier overall than control mice and mice in the 2% trehalose group until 

approximately 113 days for the 5% group and 120 days for the 0.5% group. Following this, 

weights in all groups were similar apart from in the 2% trehalose group in which weight 

appeared to be lower than in all other groups from approximately 120 days onwards.  As all 

weight curves showed a largely similar shape, it was not surprising that there were no 

significant differences between female groups in the time taken to reach peak weight (Figure 

30B, Table 15) or the time taken from peak weight to end stage (Figure 30C, Table 15). 
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Figure 30: Effect of trehalose on body weight, disease onset and disease progression in female 

SOD1
G93A

 mice.  

 

(A)  Mean group body weight plotted for female SOD1
G93A

 mice over time from 46 days of age until 

the date at which the last death within each individual group occurred. As mice within groups died at 

different ages, the final weights of all mice were carried forward when calculating group mean values, 

until the date at which the last mouse within each group died. This prevented decomposition of the 

mean at later stages. Error bars represent standard error of the mean (SEM). (B) Kaplan-Meier 

survival plot for time to peak weight (an indicator of disease onset) in female SOD1
G93A

 mice. (C) 

Kaplan-Meier survival plot for time from peak weight to end stage (an indicator of disease 

progression) in female SOD1
G93A

 mice. Graphs (A), (B) and (C) present data for female SOD1
G93A

 

mice in all four experimental groups: control = red, 0.5% trehalose = green, 2% trehalose = yellow, 

5% trehalose = blue. Results for statistical analyses performed on data presented in (B) and (C) are 

given in Table 15.       
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Table 15: Kaplan Meier time to event analyses for female SOD1
G93A

 mice
1, 2, 3 

 

 Median Value (days) P Value  

 Control  0.5 mg/ml 2 mg/ml 5 mg/ml Log- 

rank  

Log-rank test 

for trend 

Time to peak weight 91 96 92 90 0.5817 0.5915 

Time from peak weight to 

end stage 

39.5 40 35 41 0.2919 0.4531 

Time to reach score 2 in 

both hindlimbs 

123 130 123 123 0.2740 0.6555 

Survival  130 130 126 129 0.3480 0.4058 

 

1
The Logrank test investigates the null hypothesis that that the Kaplan Meier curves for all 

groups are identical (i.e. that the treatment did not change the time taken to reach the event 

being analysed). Low P-values are therefore indicative of differences between curves that did 

not occur due to chance. The threshold for significance was set at P<0.05. 

 
2
 To perform the log-rank test for trend, experimental groups were arranged in order of 

increasing dose (Control, then 0.5%, 2% and 5% trehalose) and a P value testing the null 

hypothesis that there was no linear trend between group order and median time to event was 

then calculated. Low P-values are indicative of a significant trend between increasing dose 

and the event being analysed.  The threshold for significance was set at P<0.05. 

 
3
The time at which peak body weight occurred for each mouse was analysed after spline 

smoothing of each animal‟s body weight values over time (using Prism 5 software) from the 

start of the study to the time at which the mouse died. If the smoothed body weight curve for 

an individual mouse had multiple equal peaks, the time point at which the final peak occurred 

was taken.  
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5.2.3.3 Effect of trehalose on the definitive onset of neurological disease and the 

change in neurological score over time in female SOD1G93A mice.  

The change in the mean combined neurological score (the sum of the neurological score 

recorded for left and right hind limbs) for female mice in all four groups from 46 days of age, 

is plotted in Figure 31A. Neurological score curves for female mice in all groups showed a 

broadly similar shape. Specifically, scores remained low and constant until approximately 92 

days when they began to gradually rise. At 113 days, neurological score curves for all groups 

began to rise more steeply, with the curve representing the 2% trehalose group showing the 

steepest rise. Kaplan Meier analysis of the time point at which female mice reached a score of 

2 in both hindlimbs (the definitive onset of symptomatic disease (Figure 31B, Table 15) 

revealed no significant differences between groups, indicating that the apparent faster 

progression of neurological symptoms in the 2% trehalose group was only minor.   

 

5.2.3.4 Effect of trehalose on survival in female mice   

The proportion of female mice surviving over time is shown in (Figure 31C). There were no 

significant differences in survival between groups (Table 15).  
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Figure 31: Effect of trehalose on neurological score, neurological disease onset and 

survival in female SOD1
G93A

 mice. 

(A)  Mean group combined neurological score plotted for female SOD1
G93A

 mice over time from 46 

days of age until the date at which the last death within each group occurred. Combined neurological 

score was calculated for each mouse at each time point through summation of the neurological scores 

recorded for its left and right hindlimbs. As mice within groups died at different ages, the final 

combined neurological scores of all mice were carried forward when calculating group mean values, 

until the date at which the last mouse within each group died. This prevented decomposition of the 

mean at later stages. Error bars represent standard error of the mean (SEM). (B) Kaplan-Meier 

survival plot for the time taken for female SOD1
G93A

 mice to reach a neurological score of 2 in both 

hindlimbs (the definitive onset of symptomatic neurological disease). (C) Kaplan-Meier survival plot 

for the time taken for female SOD1
G93A

 mice to reach the humane end stage of attaining a 

neurological score of 4 (representative of survival). Graphs (A), (B) and (C) present data for female 

SOD1
G93A

 mice in all four experimental groups: control = red, 0.5% trehalose = green, 2% trehalose = 

yellow, 5% trehalose = blue. Results for statistical analyses performed on data presented in (B) and 

(C) are given in Table 15.    
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5.2.4 Trehalose treatment did not reduce the amount of misfolded/aggregated 

SOD1 in the spinal cords of male or female SOD1G93A mice  

Quantification of SOD1 aggregates in motor neurons can be challenging using conventional 

SOD1 antibodies or ubiquitin antibodies (SOD1 aggregates are usually ubiquitinated (Shaw 

et al., 2008) ) as both SOD1 and ubiquitin are ubiquitously expressed. Consequently, we 

quantified motor neurons containing misfolded/aggregated SOD1 in the sciatic motor pools 

of control and treated mice using an antibody specifically targeted to misfolded SOD1 

(USOD) (Kerman et al., 2010). In this study we did not detect any USOD staining in the 

spinal cords of wild type mice (n=3) (Figures 32A and 32D) and only saw USOD staining 

within motor neurons and not other cell types in SOD1
G93A 

mice. Quantification of USOD 

positive motor neurons was performed in equivalent levels of the sciatic motor pool L3-L5 in 

control and 5%-trehalose-treated SOD1
G93A

 mice. Visual analysis of USOD staining within 

the spinal cords of control male SOD1
G93A

 mice (n=4) revealed low overall numbers of 

USOD positive motor neurons, with many sections showing no staining at all (Figure 32B). 

When USOD staining did occur in these animals it usually appeared faint and diffuse. 

Surprisingly, male SOD1
G93A

 mice that were treated with 5% trehalose (n=4) appeared to 

show moderately increased numbers of USOD positive motor neurons with many USOD 

positive motor neurons showing punctuate USOD staining and staining around the periphery 

of intracellular vacuoles (Figure 32C arrowheads). These visual observations were 

supported by our counts, in which there was a trend towards increased numbers of USOD 

positive motor neurons in 5% trehalose-treated male mice over control mice, however this 

trend did not reach significance (Figure 32G, Table 16). Levels of USOD positive motor 

neurons in control female SOD1
G93A

 mice at 75 days of age (n=4) appeared to be slightly 

higher than in males with some motor neurons showing faint, diffuse USOD staining but 
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others showing clear aggregates and staining surrounding vacuoles (Figure 32E). 

Surprisingly the numbers of USOD positive motor neurons in 5% trehalose-treated female 

SOD1
G93A

 (n=5) appeared to be substantially higher than in control mice (the spinal cords of 

treated female mice could usually be identified from control mice in a blinded fashion) with 

most USOD positive motor neurons showing intense USOD staining throughout the cell body 

and also surrounding vacuoles (Figure 32F). Consequently there was a strong trend towards 

increased numbers of USOD positive motor neurons in 5% trehalose-treated SOD1
G93A

 mice 

compared to control females, however this trend did not reach significance (Figure 32H, 

Table 16). Interestingly, in trehalose-treated females in particular but also to a certain extent 

in control females and trehalose-treated males, some extracellular USOD staining was seen in 

the ventral horns of the spinal cord sections examined (see Figure 32F). This staining is 

unlikely to be background staining as staining for all mice within each sex (including WT 

controls) was performed in an identical fashion on the same day and extracellular staining in 

the ventral horns was only seen in certain (predominantly treated) mice.  
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Figure 32: Effect of 5% trehalose on number of USOD positive motor neurons in sciatic motor pool  

(A-F) Representative USOD (brown)/Nissl (blue)-stained sections from the ventral horns (lumbar region, L4) of the 

spinal cords of 75 day old mice: (A) wild type male mouse showing no USOD positive motor neurons, (B) control 

male SOD1
G93A

 mouse showing minimal USOD staining in motor neurons, (C) 5% trehalose-treated male SOD1
G93A

 

mouse showing punctuate USOD staining in some motor neurons (solid arrows), (D) wild type female mouse showing 

no USOD positive motor neurons, (E) control female SOD1
G93A

 mouse showing intense USOD staining throughout 

some motor neurons and punctuate or faint staining in others, (F) 5% trehalose-treated female SOD1
G93A

 mouse 

showing highly intense USOD staining throughout the cell body and surrounding vacuoles in many motor neurons 

(broken arrow) and apparent extracellular staining which may represent secreted misfolded SOD1. Scale bar in (A) 

applies to all images (A-F) and represents 100µm. (G and H) Graphs showing the mean number of USOD positive 

motor neurons in equivalent sections L3-L5 in control and 5% trehalose-treated male SOD1
G93A

 mice (G) and in 

control and 5% trehalose-treated female SOD1
G93A

 mice (H). Error bars in (G) and (H) represent standard error of the 

mean (SEM). n=4 SOD1
G93A

 males, n=4 SOD1
G93A

 females, n=4 trehalose-treated SOD1
G93A

 males and n=5 trehalose-

treated SOD1
G93A

 females. No significant differences were seen between control and trehalose-treated SOD1
G93A

 

males or between control and trehalose-treated SOD1
G93A

 females by Mann-Whitney test (Table 16). The threshold 

for significance was set at P≤0.05.  
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Table 16: Summary of mean numbers (+/- SEM) and statistical analyses of USOD and ChAT 

positive motor neurons in equivalent levels of the sciatic motor pool in control and trehalose 

treated SOD1
G93A

 mice. 
 

 

 

Counts performed 

 

Control 

 

5% trehalose treated 

 

P-value Man-Whitney test 

 

No. of USOD positive 

motor neurons in male 

mice 

 

44 +/- 14 

 

64 +/- 19 

 

0.3429 

 

No. of USOD positive 

motor neurons in female 

mice 

 

67 +/- 18 

 

142 +/- 28 

 

0.111 

 

No. of ChAT positive 

motor neurons in male 

mice 

 

243 +/- 20 

 

254 +/- 9 

 

1.000 

 

No. of ChAT positive 

motor neurons in female 

mice 

 

340 +/- 25 

 

313 +/- 38 

 

0.8049 
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In order to confirm that the trends towards increased numbers of USOD positive motor 

neurons in the sciatic motor pool seen in 5% trehalose-treated mice were not the result of 

increased numbers of motor neurons per-se, we counted the number of ChAT/Nissl-stained 

motor neurons in the sciatic motor pool in equivalent sections to those used for USOD 

quantification. An example of ChAT/Nissl staining in the ventral horn of the lumbar region 

(L4) of a 75 day old wild type mouse is shown in Figure 33A. Here ChAT staining within 

motor neurons is diffuse throughout the cell body and nicely overlaid with Nissl. We found 

ChAT staining within the motor neurons of 75 day old SOD1
G93A

 mice to be less uniform and 

more punctuate in nature (Figure 33B solid arrows) as has been described by others 

(Tortarolo et al., 2006a), but still easily identifiable. Clearly degenerating motor neurons 

showing vacuolation and faint Nissl/ChAT staining (Figure 33B broken arrow) were 

included in motor neuron counts as these were often the motor neurons in which USOD 

staining was observed. Motor neuron counts revealed no significant differences between the 

number of surviving motor neurons in the sections counted in control (n=3) and trehalose-

treated (n=4) male SOD1
G93A

 mice (Figure 33C Table 16) or in control (n=4) and trehalose-

treated (n=5) female SOD1
G93A

 mice (Figure 33D Table 16). This indicates that the trends 

towards increased numbers of USOD positive motor neurons seen in male and female 

trehalose-treated mice were not due to increased numbers of motor neurons per-se.  
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Figure 33: Effect of 5% trehalose on number of ChAT positive motor neurons in sciatic 

motor pool  

(A and B) representative ChAT (brown)/ Nissl (blue)-stained sections from the ventral horns (lumbar region, L4) of 

(A) a 75 day old WT mouse and (B) a 75 day old SOD1G93A mouse. ChAT staining within motor neurons of WT 

mice (A) was found to be present throughout the cytoplasm and nicely overlaid with Nissl whereas ChAT staining 

within the motor neurons of 75 day old SOD1G93A mice (B) was less uniform and often punctuate in nature (solid 

arrows). Scale bar in (A) applies to both (A) and (B) and represents 100µm.  (C and D) graphs showing the mean 

numbers of ChAT/Nissl positive motor neurons counted in equivalent sections L3-L5 in control and 5% trehalose-

treated male SOD1G93A mice (C) and in control and 5% trehalose-treated female SOD1G93A mice (D). Error bars in 

(C) and (D) represent standard error of the mean (SEM). n=3 SOD1G93A males, n=4 SOD1G93A females, n=4 

trehalose-treated SOD1G93A males and n=5 trehalose- treated SOD1G93A females. No significant differences were 

seen between control and trehalose-treated SOD1G93A males or between control and trehalose-treated SOD1G93A 

females by Mann-Whitney test (Table 16). The threshold for significance was set at P<0.05.  Note: clearly 

degenerating motor neurons showing vacuolation and faint Nissl/ChAT staining (broken arrow in B) were included in 

motor neuron counts as these were often the motor neurons in which USOD staining was observed. 
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5.3 Discussion  

Trehalose is a naturally occurring disaccharide that has been shown to stabilize proteins in 

conditions of stress in order to prevent their misfolding/aggregation and also to promote the 

clearance of aggregated proteins via the induction of autophagy (Béranger et al., 2008, Liu et 

al., 2009, Sarkar et al., 2007). These properties have been exploited for therapeutic benefit in 

both parkin deleted/tau overexpressing mice (a model of parkinsonism and tauopathies) 

(Rodríguez-Navarro et al., 2010) and in the R6/2 model of Huntington‟s disease (Tanaka et 

al., 2004). Treatment of 3 month old parkin deleted/tau overexpressing mice with 1% 

trehalose in the drinking water for 2.5 months improved motor and cognitive behavior, 

reduced the degeneration of dopaminergic neurons in the ventral midbrain and reduced 

numbers of tau-positive neuritic plaques and phosphorylated tau levels in various brain 

regions. Treatment of R6/2 Huntington‟s mice with 2% trehalose in the drinking water 

decreased polyglutamine aggregates in the cerebrum and liver, improved motor dysfunction 

and extended lifespan. Tauopathies, Parkinson‟s disease and Huntington‟s disease share a 

common feature with ALS in that they involve the formation of oligomeric protein species 

and aggregates in neuronal cells, which may play a causative role in pathology (Sarkar and 

Rubinsztein, 2008). In light of this we hypothesized that as in models of 

parkinsonism/tauopathies and Huntington‟s disease, oral trehalose treatment may be 

beneficial in the SOD1
G93A

 model of ALS. This hypothesis was supported by experiments 

performed by Gomes et al., in which treatment of NSC-34 cells (a mouse motor-neuron-like 

cell line) transiently transfected with human SOD1
G93A

, brought about a significant reduction 

in mutant SOD1 aggregate formation and detergent insolubility (Gomes et al., 2010). There 

are currently no effective treatments for ALS and hence trehalose represented an exciting 

compound to test, as it had already been shown to be safe at high doses in humans and 
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approved for use in food products in Japan (Richards et al., 2002) and would therefore be 

relatively easy to take to clinical trial should beneficial effects be seen.  

 

In order to assess the potential therapeutic benefits of trehalose for ALS, we designed a 

blinded, dose-response survival study in SOD1
G93A

 mice in which all groups contained n=15 

male and n=15 female age, weight and littermate balanced mice and any mice experiencing 

loss of transgene copies or non-ALS deaths were excluded. Studies following this format 

have previously been shown to reduce any noise resulting from mice being maintained on a 

mixed-hybrid background to a virtual zero and we were therefore confident in the validity of 

the results obtained (Scott et al., 2008)  Disease onset and progression were assessed by twice 

weekly monitoring of weight and neurological score (Gill et al., 2009, Lincecum et al., 2010, 

Kaneb et al., 2011) and survival was determined as the time point at which mice could no 

longer right themselves within 20s of being placed on a side. Trehalose doses selected were 

0.5%, 2% and 5% trehalose via the drinking water. This dose range encompassed doses 

previously shown to be therapeutic in models of parkinsonism/tauopathies (1%) (Rodríguez-

Navarro et al., 2010) and Huntington‟s disease (2%) (Tanaka et al., 2004).  

 

In our survival study we were surprised to find that trehalose treatment had no beneficial 

effect at any dose on disease onset, progression or survival in female mice. Furthermore, 

despite bringing about a significant dose-dependent delay on the onset of weight loss in male 

mice, this effect was not translated into a significantly delayed onset of definitive 

neurological symptoms, delayed disease progression or increased survival in males. We 

therefore hypothesise that the delayed weight loss in males was caused by a feeding effect 

derived from supplementing the normal diet with a constant supply of sugar, rather than a 
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delay in the degeneration of motor neurons. SOD1
G93A

 mice have been shown to have a 

hyper-metabolic rate and therefore providing an additional energy source is likely to be 

beneficial for the maintenance of weight in these animals (Dupuis et al., 2004, Dupuis et al., 

2011). This feeding hypothesis is supported by the fact that female mice in the 0.5% and 5% 

trehalose groups appeared to be heavier than control mice until approximately 120 days when 

overt neurological pathology was underway. It is surprising that female mice in the 2% 

trehalose group did not also show this trend towards increased weight and appeared to do 

worse than all other female groups following the definitive onset of neurological symptoms. 

However, as this trend was not significant it seems likely that it was caused by inherent 

variation between groups (despite our efforts to minimize confounding variables by using 

high n-numbers, and balancing groups for age, weight and litter (Scott et al., 2008)). If this 

trend was caused by a true biological effect then it could be that at this dose, trehalose has a 

particular, as yet unknown negative pharmacological effect in the female SOD1
G93A

 system.  

 

In order to try and understand why trehalose did not show the same beneficial effects in 

SOD1
G93A 

mice as in murine models of parkinsonism/tauopathies and Huntington‟s disease, 

we investigated the effects of trehalose treatment on the misfolding/aggregation of SOD1 in 

the lumbar regions of the spinal cords of these animals. We did this via 

immunohistochemistry using the USOD antibody, generated and kindly donated by Dr Avijit 

Chakrabartty and colleagues, which specifically recognizes misfolded SOD1 species in which 

the copper ion has been lost, the beta barrel structure is disrupted and the hydrophobic core is 

exposed (Kerman et al., 2010). Dr Chakrabartty and colleagues have generated an additional 

SOD1 conformation-specific antibody, SEDI, which recognizes any SOD1 conformation in 

which the dimer interface of SOD1 has been disrupted. These conformations have been 
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shown to include both folded monomeric SOD1 and misfolded monomeric SOD1 (Rakhit et 

al., 2007). Analysis of the staining patterns of USOD and SEDI in the ventral horns of the 

spinal cords of SOD1
G93A

 mice has been shown to give very similar results (labeled 

vacuolated structures in the ventral horn and labeling of some axons in the ventral root) 

(Kerman et al., 2010). This suggests that misfolding of SOD1 in the G93A mouse involves 

disruption of the SOD1 beta barrel structure and exposure of the hydrophobic core (USOD 

antibody) as well as disruption of the dimer interface (SEDI antibody). In addition to 

detecting misfolded SOD1 in inclusion bodies, USOD has also been shown to detect SOD1-

species in the detergent-soluble fraction of SOD1
G93A

 mouse spinal cord tissue, indicating 

that it recognizes misfolded SOD1 species at different stages of the aggregation process 

(Kerman et al., 2010). In light of the extensive characterization of the USOD antibody for the 

detection of misfolded SOD1 species at various stages in the aggregation species in 

SOD1
G93A

 mice, we felt that it would give us a good indication of the effects of trehalose-

treatment on SOD1 misfolding and aggregation in these animals. 

 

We selected 75 days as a suitable time point to assess the effects of trehalose-treatment on 

SOD1 misfolding as at this time point clear aggregates can be seen in the spinal cords of 

SOD1
G93A

 mice but they are not so numerous that they become difficult to quantify (Sharp et 

al., 2008). We chose to analyze the effects of the highest trehalose dose used (5% trehalose), 

as no negative effects were seen with this dose in our survival study and we felt that it was 

the most likely to show us whether or not trehalose had the ability to reduce SOD1 

misfolding/aggregation.  As would be expected, we did not see any USOD staining in the 

spinal cords of WT mice at 75 days of age, indicating the specificity of this antibody. 

Furthermore, in control female SOD1
G93A

 mice at 75 days of age, we saw the typical USOD 
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staining around vacuoles in motor neurons in the ventral horn and in some axons in the 

ventral root described by Dr Chakrabartty and colleagues (Kerman et al., 2010). Staining in 

male control SOD1
G93A

 at this time point was also localized in motor neurons in the ventral 

horn, as would be expected, however USOD-positive motor neurons appeared less numerous 

and staining appeared fainter and more diffuse than in females. This could be due to a prior 

loss of unhealthy USOD-positive motor neurons in male mice that still remain in female mice 

at this time point, as disease onset has been shown to be later in female SOD1
G93A

 mice 

(Veldink et al., 2003).  The selectivity of USOD staining for motor neurons and axons in our 

SOD1
G93A

 mice clearly aligns with observations of a motor neuron specific localization of 

aggregates in the spinal cords of other murine SOD1-based ALS models (Vande Velde et al., 

2011) and highlights that misfolding/aggregation of SOD1 is largely restricted to the very 

cells that degenerate in ALS pathology.  

 

When looking at USOD-stained sections from the lumbar regions (L3-L5) of the spinal cords 

of 5%-trehalose treated SOD1
G93A

 mice, we were surprised to see an apparent increase in the 

number of USOD positive motor neurons in both male and female mice compared to 

controls, although this increase appeared more pronounced in females.  Furthermore, the 

intensity of USOD staining within USOD positive motor neurons and the proportion of the 

motor neuron cell body covered by intense USOD staining, appeared to be moderately 

increased in trehalose-treated male mice and further increased in trehalose-treated female 

mice compared to their respective controls. We also observed apparent extracellular USOD 

staining exclusively in the ventral horns of the spinal cord in trehalose-treated females and to 

a lesser extent in control females and trehalose-treated males. We hypothesize that this 

extracellular staining may represent secreted misfolded SOD1 species which are increasingly 
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becoming associated with ALS pathology (Münch et al., 2011, Urushitani et al., 2006, 

Urushitani et al., 2007). If this was the case then it could potentially indicate higher levels of 

misfolded and/or aggregated SOD1 in the motor neurons of these animals and therefore 

greater secretion of these misfolded/aggregated species into the extracellular space. In order 

to analyze these observations quantitatively, we counted the number of USOD positive motor 

neurons in equivalent levels L3-L5 of the sciatic motor pole in control and trehalose treated 

male and female SOD1
G93A

 mice.  As with our survival study we analyzed male and female 

mice separately to account for any sex differences. We also confirmed by counting the 

number ChAT positive motor neurons in equivalent sections to those used for USOD counts, 

that the number of motor neurons in these sections was not significantly different between 

control and treated mice. This allowed us to confirm that any differences seen in the number 

of USOD positive motor neurons were not due to overall changes in the number of motor 

neurons present. Although we saw a moderate trend towards increased numbers of USOD 

positive motor neurons in trehalose-treated male SOD1
G93A

 mice and a strong trend towards 

this in trehalose-treated female SOD1
G93A

 mice, in keeping with our visual observations, 

these trends were not significant. However in light of the increased intensity and broader 

distribution of USOD staining within USOD positive motor neurons in trehalose treated 

female mice, coupled with the increased observation of  potential extracellular USOD species 

in these animals, we feel that in female mice, this trend was probably not the result of chance 

or inherent variation between the mice alone. Additionally, as outlined by Ludolph and 

colleagues, it is important to use an n of at least five per group, with each group representing 

the same proportion of each gender, when performing histological analyses in SOD1
G93A

 

mice (Ludolph et al., 2010). Although n-numbers used for USOD positive motor neuron 

counts in this study met this criterion (n=4 SOD1
G93A

 males, n=4 SOD1
G93A

 females, n=4 



251 

 

trehalose-treated SOD1
G93A

 males and n=5 trehalose-treated SOD1
G93A

 females), we felt that 

it was important to consider male and female data separately as trehalose may interact 

differently with the male and female systems. Consequently our n-numbers were lower than 

is recommended and this may have contributed to the lack of significant results when 

comparing numbers of USOD positive motor neurons between control and treated 

(particularly female) mice. Regardless of whether or not the increased numbers of USOD 

positive motor neurons seen in our trehalose-treated animals were due to chance, the results 

of our counts suggest that trehalose was unable to reduce SOD1 misfolding and aggregation 

in the motor neurons of these mice. It is therefore not surprising that trehalose was unable to 

delay the onset or progression of neurological symptoms in these mice or to increase survival.  

 

Considering the documented ability of trehalose to prevent the aggregation of SOD1
G93A

 

species in NSC-34 cells (Gomes et al., 2010) and the aggregation of many other proteins 

associated with neurodegenerative disorders in vitro (Béranger et al., 2008, Liu et al., 2009, 

Sarkar et al., 2007) and in vivo (Tanaka et al., 2004, Rodríguez-Navarro et al., 2010) it is 

interesting that trehalose-treatment was unable to reduce SOD1 misfolding and aggregation 

in our SOD1
G93A

 mice. This suggests that there may have been additional cellular and/or 

organismal processes in play that prevented the administered trehalose from stabilizing 

mutant SOD1 species and/or promoting their successful clearance by autophagy. 

Interestingly, it has recently been shown by Zhang and colleagues that the mTOR dependent 

autophagy enhancer, rapamycin, accelerates motor neuron degeneration, increases SOD1 

aggregation and shortens lifespan in SOD1
G93A

 mice (Zhang et al., 2011). In this study Zhang 

and collaborators performed a systematic assessment of the autophagy system in control 

SOD1
G93A

 mice and demonstrated that the autophagic protein marker LC3-II and also 
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p62/SQSTM1, a marker of autophagic flux, are markedly and specifically increased in the 

spinal cord motor neurons of these animals in a manner that correlates closely with disease 

progression. Furthermore, autophagic vacuoles are significantly accumulated in the 

dystrophic axons of motor neurons of these mice. Interestingly, these effects were all 

exacerbated by rapamycin treatment. This combined with the observed toxicity of rapamycin, 

lead the authors to suggest that the autophagy system may be impaired in SOD1
G93A

 mice and 

that this impairment may be augmented by treatment with the autophagy enhancer 

rapamycin. Although this remains to be proven, Zhang and colleagues suggest that this 

impairment in autophagy could be associated with defective autophagosomal degradation, 

potentially through impaired retrograde transport of these vesicles from their site of synthesis 

at the axonal terminal (Yue, 2007). It must however be highlighted that the target of 

rapamycin, mTOR, controls many other important cellular processes (including cell growth 

and translation), and therefore the observed toxicity of rapamycin could have resulted from 

perturbation of one or more of these processes instead of, or in addition to, augmentation of a 

potentially defective autophagy system.  

 

If the autophagy system is indeed impaired in SOD1
G93A

 mice then this could explain the lack 

of therapeutic benefit of trehalose, a known enhancer of autophagy, in our mice. However, 

we did not see toxicity in our mice and this would either suggest that further activating 

autophagy is not toxic to SOD1
G93A 

mice (and that rapamycin toxicity was caused by an 

alternative mechanism) or that autophagy was not activated as significantly with trehalose-

treatment as with rapamycin treatment. If clearance of autophagic vesicles is indeed defective 

in SOD1
G93A

 mice then this could explain the trend towards increased aggregation of SOD1 

observed in our mice and with rapamycin treatment. As this observation was more 
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pronounced in females in this study, it would also be interesting to investigate the potential 

impairment of the autophagy system in SOD1
G93A

 mice further and to see whether this 

impairment, if found to be existent, is equal in male and female mice. Given more time we 

would investigate these possibilities by measurement of the levels of LC3-II as well as 

p62/SQSTM1 in the spinal cords in male and female, control and 5% trehalose treated mice 

via western blot. We would do this at equivalent time points to those investigated by Zhang 

and colleagues (Zhang et al., 2011) and compare the results obtained. During autophagy, the 

cytoplasmic form of LC3 (LC3 I) is processed and recruited to the autophagosomes, where 

LC3 II is generated by site specific proteolysis and lipidation near to the C-terminus. The 

amount of LC3 II present is therefore a commonly used indicator of the level of autophagy 

activation (although it must be noted that an accumulation of LC3-II can also indicate an 

impairment in autophagosome-lysosome fusion or lysosomal degradation of autophagic 

vesicle contents and therefore results obtained with this marker should be interpreted with 

care, as is discussed further in the final discussion chapter)(Barth et al., 2010). p62/SQSTM1 

interacts with poly-ubiquitinated protein aggregates through a ubiquitin-binding domain and 

with LC3 through its LC3-binding domain, thereby targeting these aggregates for degradation 

at the autolysosome. Accumulation of this protein is therefore a good measure of defects in 

autophagy of ubiquitinated aggregates. Consequently, through analysis of LC3-II levels and 

p62/SQSTM1 levels in control and trehalose-treated mice by western blot we would be able 

to see whether trehalose treatment augmented the autophagy system in SOD1
G93A

 mice and 

whether there were sex differences in this effect. Furthermore, looking at p62/SQSTM1levels 

would give us some indication of the effect of trehalose on autophagic degradation of 

ubiquitinated aggregates in male and female mice and whether it impaired this process.  
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Interestingly, lithium, which is thought to activate autophagy in an mTOR independent 

fashion, through inhibition of inositol monophosphatase (Sarkar et al., 2005), has also been 

tested for the treatment of ALS. In an initial study, lithium was reported to delay disease 

onset and extend lifespan in male SOD1
G93A

 mice (B6SJL background) and also to delay 

disease progression in ALS patients (Fornai et al., 2008). These effects were proposed to be 

the result of an activation of autophagy, increased numbers of mitochondria in motor neurons 

and suppressed astrogliosis. Surprisingly however, two subsequent studies, one performed in 

female SOD1
G93A

 mice on both C57BL/6 and 129S2/Sv backgrounds (Pizzasegola et al., 

2009) and one performed in male and female SOD1
G93A

 mice on the B6SJL background (Gill 

et al., 2009), could not recapitulate these beneficial effects, despite using similar doses and 

routes of administration. Furthermore, lithium was seen to bring about significantly earlier 

disease onset and reduced survival in female SOD1
G93A

 mice on the 129/Sv background 

(Pizzasegola et al., 2009) and has been shown to have no benefit and low tolerability in 

patients in recent clinical trials (Miller et al., 2011). Unlike the study performed by Fornai 

and colleagues, the study performed by Gill et al., employed sibling matching, gender 

balancing, investigator blinding, and transgene copy number verification for each 

experimental subject . Consequently it seems likely that the results of the Gill and 

Pizzasegola studies are correct and lithium, like rapamycin and trehalose is not beneficial in 

the SOD1
G93A 

model of ALS. If this is the case then it would lend further weight to the 

hypothesis that activation of autophagy is not an appropriate therapeutic strategy for ALS. 

However it must also be stressed that enhancing autophagy is not the only effect of lithium 

and hence the lack of benefit of lithium treatment could have resulted from other lithium –

induced cellular changes (Pasquali et al., 2010).  Should future studies reveal an impairment 

in autophagosome clearance in SOD1
G93A

 mice, it would be interesting to see whether 
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rapamycin, lithium and trehalose bring about an exacerbation of this impairment as this may 

help to explain, at least partially, their observed lack of benefit in this model. 

 

In conclusion, we have shown that the chemical chaperone and enhancer of autophagy, 

trehalose, is not able to delay the onset or progression of neurological symptoms or increase 

survival in the SOD1
G93A

 mouse model of ALS when administered orally. This suggests that 

trehalose represents a poor candidate for clinical trial in ALS. Furthermore, we observed a 

trend towards increased misfolding/aggregation of SOD1 in the motor neurons of trehalose-

treated mice, suggesting confounding cellular or organismal processes preventing trehalose 

from having its normal protein-stabilizing and aggregate-clearing effects. One of these 

confounding processes could have been a pre-existing defect in the autophagy system that 

was exacerbated by trehalose treatment. Clearly additional work is required to ascertain 

whether or not the autophagy system is impaired in SOD1
G93A 

mice and if so, the relative 

contribution that this makes to pathology.  
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6. Future directions  

6.1 Continuation of work performed in this thesis 

The aim of this thesis was to address the urgent unmet need for effective treatments for ALS 

via the preclinical testing of two-potential therapeutics in the most commonly used, 

SOD1
G93A

, murine model of the disease. The therapeutics selected were; metformin, an anti-

type II diabetes drug with potent anti-inflammatory (Dandona et al., 2004, Isoda et al., 2006, 

Lin et al., 2000) and antioxidant (Lin et al., 2000, Ouslimani et al., 2005, Srividhya et al., 

2002) properties as well its ability to bring about mitochondrial biogenesis (Kukidome et al., 

2006) and trehalose, a natural disaccharide that behaves as a chemical chaperone and 

enhancer of autophagy (Sarkar et al., 2007). With metformin, we aimed to target the 

inflammation and toxic glial activation, oxidative stress and mitochondrial defects that have 

been shown to occur in ALS patients and models. Whereas, with trehalose we aimed to target 

the potentially toxic misfolding and aggregation of mutant SOD1 that is a hallmark of 

pathology in familial patients with mutations in SOD1 and in mutant SOD1-based models 

(Ilieva et al., 2009). When selecting these compounds, we were encouraged by the fact that 

both had previously been shown to be beneficial in murine models of other 

neurodegenerative disorders sharing similar proposed pathological mechanisms to ALS 

(when administered orally) (Ma et al., 2007, Nath et al., 2009, Rodríguez-Navarro et al., 

2010, Tanaka et al., 2004) . Furthermore, both compounds had already been shown to be safe 

for oral administration in humans (Saenz et al., 2005, Richards et al., 2002) and we therefore 

reasoned that they would be relatively easy to take to clinical trial should beneficial effects be 

seen in our preclinical studies. When designing our preclinical studies it was critically 

important to us to ensure that false positives were avoided and confounding variables were 
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minimized. We therefore followed (as far as possible) guidelines produced by Scott and 

colleagues (Scott et al., 2008) and Ludolph and colleagues (Ludolph et al., 2010), which were 

published close to the start of this study in order to improve the quality of data produced from 

preclinical studies for ALS. 

 

In our preclinical studies we found that neither metformin nor trehalose could significantly 

slow disease progression or increase survival in the SOD1
G93A

 model of ALS when 

administered orally (at three different doses). Additionally, metformin had no beneficial 

effect on disease onset in male or female mice and trehalose had no beneficial effect on 

disease onset in female mice, although it was observed to bring about a small dose-dependent 

delay in weight loss in male mice, which we concluded may have been a feeding effect rather 

than a delay in motor neuron degeneration. Furthermore, metformin was shown to have a 

dose-dependent negative effect on disease onset and progression in female mice. We 

hypothesized that this may have been the result of a metformin-induced inhibition of 

oestrogen production and indeed showed that metformin was able to reduce oestrogen 

production in female SOD1
G93A

 mice. These results led us to conclude that the case for the 

testing of oral administration of metformin or trehalose in clinical trials in ALS patients was 

poor.  

 

During the timeframe represented by this thesis, we elected to carry out dose-response 

survival studies with metformin and trehalose prior to performing experiments to investigate 

whether they were able to bring about the biochemical effects in SOD1
G93A

 mice that we 

were hoping to achieve (AMPK activation, anti inflammatory and antioxidant effects and 

mitochondrial biogenesis with respect to metformin and reduced protein aggregation and 
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enhanced autophagy with respect to trehalose). The decision to do this was not taken lightly 

and was made on the basis of several factors including: 

 time constraints with respect to when appropriate cohorts of mice and the space to 

house them would be available for survival studies as well as when a sufficiently 

long space of time was available to monitor mice on a daily basis for the extent of 

their lifespan.  

 The published ability of both metformin and trehalose to have the biochemical effects 

we were hoping to achieve in murine models of several other neurodegenerative 

disorders with several common pathological processes 

 The question of whether potential therapeutic benefits of a compound could be missed 

if the compound was discarded on the basis of the inability to carry out a particular 

biological effect at a particular time point. This was especially the case for metfomin 

which has multiple biological effects and therefore it would be difficult to predict its 

effect on disease progression and survival on the basis of its effects on isolated 

cellular processes.  

 

Had more time been available we would have liked to carry out several additional 

experiments to investigate possible reasons for the inability of metformin and trehalose to 

slow disease progression and extend survival in SOD1
G93A

 mice, which are outlined below. 

These experiments center around determining whether or not metformin and trehalose had the 

biological effects we were hoping to achieve. Although these experiments are presented 

below as experiments that we would like to perform now having already got the results of our 

survival studies, they demonstrate the types of techniques that can be used to ensure a drug is 
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having its proposed effects in vivo. In future studies with less intense time constraints, I 

would elect to perform these drug-target experiments prior to beginning a survival study.  

 

6.1.1 Experiments to establish potential reasons for the lack of benefit of oral 

metformin treatment in SOD1G93A mice 

The following experiments could be performed to analyse potential reasons for the absence of 

benefit of metformin treatment in SOD1
G93A

 mice: 

 

An additional cohort of SOD1
G93A

 and WT mice (n=6 per sex, per group) could be treated 

with 2mg/ml metformin in the drinking water from 35 days of age (the time point at which 

treatment was commenced in all other metformin experiments performed). Various tissues 

(liver, quadriceps, TA muscles, brain and spinal cord) could then be collected from these 

mice as well as untreated controls at 70 days of age, for biochemical analysis.  The 2mg/ml 

metformin dose would be an appropriate dose to use as this was the original dose with which 

we saw a beneficial effect on motor unit survival in male and female SOD1
G93A

 mice.  It was 

also the middle and therefore most representative dose tested in our dose-response survival 

study. The time point of 70 days of age (after 35 days of metformin treatment) would be 

appropriate for tissue collection as this would allow sufficient time for any metformin-

induced changes in gene expression/protein activation to become apparent given that by 70 

days, cellular changes associated with SOD1
G93A

 pathology would have commenced (Turner 

and Talbot, 2008). Samples collected could be used for the following investigations: 

  

We originally decided to test the therapeutic potential of metformin for ALS on the basis of 

its anti-inflammatory (Dandona et al., 2004, Isoda et al., 2006, Lin et al., 2000) and 
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antioxidant (Lin et al., 2000, Ouslimani et al., 2005, Srividhya et al., 2002) properties as well 

its ability to bring about mitochondrial biogenesis (Kukidome et al., 2006). Metformin is 

thought to bring about these effects through the activation of the master regulator of cellular 

and organismal metabolism, AMPK (Zhou et al., 2001, Nath et al., 2009, Kukidome et al., 

2006, Sag et al., 2008). Thus it would be useful to investigate the baseline level of AMPK 

activation in SOD1
G93A

 mice compared to age-matched WT controls (to establish the 

existence of any disease-related changes in AMPK activation in SOD1
G93A

 mice) and then to 

investigate whether metformin was able to bring about activation of AMPK in WT and 

SOD1
G93A

 mice. As the ultimate cause of death in ALS patients is the loss of functional 

motor neurons, we would be particularly interested in investigating metformin-induced 

changes in AMPK activation in the spinal cord where the motor neurons are located. 

However, brain, muscle and liver samples should be collected in the event of changes in 

AMPK activation (or any other biochemical changes being investigated) not being detected in 

the spinal cord. Collection of additional tissues would also provide further tissue to work with 

should the levels of protein and RNA extracted from spinal cords (using Trizol reagent) be 

too low to perform successful assays with.  If metformin was unable to bring about activation 

of AMPK in the spinal cords of SOD1
G93A

 mice when administered via the drinking water, 

this could explain at least in part, the absence of beneficial effects of metformin treatment in 

our survival study.  

 

When investigating changes in AMPK activation, it is common to investigate the 

phosphorylation status of the Threonine-172 residue of the AMPKα catalytic domain, which 

is required for its activation (Sag et al., 2008) and also to look at the phosphorylation (Ser 79) 

status of the AMPK substrate Acetyl-CoA carboxylase (ACC) (Sag et al., 2008, Nath et al., 
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2009).  Investigation of the phosphorylation state of AMPK and ACC can be performed by 

western blot using antibodies provided in the frequently used AMPK and ACC Antibody 

Sampler Kit #9957 from Cell Signaling Technology (Sag et al., 2008, Narkar et al., 2008).  

 

As the antioxidant properties of metformin as well as its ability to bring about mitochondrial 

biogenesis are thought to be derived from activation of the AMPK-PGC-1α pathway 

(Kukidome et al., 2006), it would be useful to investigate base-line levels of PGC-1α 

expression in the spinal cords of WT and SOD1
G93A

 mice to see whether metformin-treatment 

augmented these levels. Although it would be most illuminating to look at the levels of PGC-

1α protein in the spinal cords of treated and control mice via western blot, conversations with 

colleagues at conferences and internal lab meetings revealed that commercially available 

antibodies against PGC-1α can be unreliable. Consequently, we would investigate PGC-1α 

expression at the RNA level via quantitative reverse transcriptase PCR (Q- RT-PCR), as has 

previously been described (Kukidome et al., 2006). Considering our hypothesis that the 

absence of  metformin-induced increases force in the TA and EDL muscles of SOD1
G93A

 

mice were the result of increased PGC1-α expression causing muscles becoming slower and 

therefore weaker in phenotype, it would also be interesting to measure the expression of 

PGC1-α in the muscles collected from treated animals.   

 

If metformin treatment did bring about increased PGC1-α expression in our mice, it would 

also be interesting to see whether this brought about a resultant increase in the levels of 

antioxidant enzymes and increased mitochondrial biogenesis. It has previously been shown 

that PGC-1α is responsible for the induction of reactive oxygen species (ROS) scavenging 

enzymes such as glutathione peroxidase 1 (Gpx1) and catalase in response to oxidative 
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stressors (St-Pierre et al., 2006). We therefore would investigate the basal levels of these 

ROS scavenging enzymes in SOD1
G93A

 mouse spinal cords and the effect of metfomin 

treatment on the expression of these enzymes via Q-RT-PCR, as has been previously 

described (St-Pierre et al., 2006).  The effect of metformin treatment on mitochondrial 

biogenesis in human umbilical vein endothelial cells has previously been analysed via Q- RT-

PCR-mediated measurement of the mRNA levels of mitochondrial DNA transcription factor 

A (a transcription factor known to regulate mitochondrial DNA copy number in vivo 

(Larsson et al., 1998)) as well as by measurement of mitochondrial DNA content via 

quantitative PCR (Kukidome et al., 2006). We therefore would use these techniques to 

investigate the effects of metformin on mitochondrial biogenesis in our mice.  

 

Inflammation and toxic glial activation are thought to contribute to pathology in ALS patients 

and SOD1-related ALS models and the pro-inflammatory cytokine, tumour necrosis factor 

alpha (TNFα) has been shown to be highly upregulated in the spinal cords of SOD1
G93A

 mice 

(Hensley et al., 2002, Yoshihara et al., 2002) as well as in the spinal cords of ALS patients 

(Cereda et al., 2008). We therefore reason that investigation of the levels of TNFα expression 

in metformin treated and control SOD1
G93A

 mice would give us an indication of whether 

metformin was able to reduce inflammation in these animals. Metformin treatment has 

previously been shown to reduce TNFα expression in a murine model of multiple sclerosis 

(Nath et al., 2009). This was established by performance of Q-RT-PCR for TNFα on brain 

homogenates (Nath et al., 2009). We therefore would perform Q-RT-PCR to assess the levels 

of TNFα in the spinal cords of metformin treated and control SOD1
G93A

 mice.  
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Performance of the experiments outlined above should give us an indication of whether the 

activation of AMPK and the expression of PGC1α are changed as a consequence of 

pathology in SOD1
G93A

 mice and furthermore whether metformin was able to augment the 

activation/expression of these proteins respectively.  Additionally they would allow us to 

analyse whether metformin was able to bring about the reductions in inflammation and 

oxidative stress and the increase in mitochondrial biogenesis that we hypothesised would be 

protective in SOD1
G93A

 mice. If metformin was not able to bring about these effects then this 

would help to explain the absence of any long-term benefits in SOD1
G93A

 mice.  

  

6.1.2 Further experiments to establish potential reasons for the lack of benefit of 

oral trehalose treatment in SOD1G93A mice 

6.1.2.1 Re-counting USOD positive motor neurons in SOD1G93A spinal cords using a 

system accounting for USOD distribution and intensity within motor neurons  

In our trehalose dose-response survival study, we observed that trehalose was unable to bring 

about any beneficial effect on the onset of neurological symptoms, disease progression or 

survival in SOD1
G93A

 mice. Furthermore, we observed that trehalose was unable to reduce 

SOD1 misfolding and aggregation in the motor neurons of these mice and instead showed a 

trend towards increasing SOD1 misfolding/aggregation (particularly in females). Although 

this trend was not significant, we felt that it may be valid, particularly in females, owing to 

our observations of an increased intensity and broader distribution of USOD staining within 

USOD positive motor neurons in treated mice. This conclusion was further reinforced by our 

observations of increased levels of extracellular USOD staining in trehalose treated female 

mice, which we hypothesized may represent secreted misfolded SOD1 species. Although this 

was not possible within the timeframe represented by this thesis, we would have liked to have 
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recounted USOD-stained sections from 5% trehalose-treated and control SOD1
G93A

 mice 

using a counting system that took into consideration the intensity and distribution of USOD- 

staining within motor neurons. This would give us a clearer picture of whether trehalose 

significantly affected SOD1 misfolding and/or aggregation. In this new counting system we 

would count the number of motor neurons in equivalent levels of the sciatic motor pool 

falling into each of the categories outlined below. Statistical analyses would then be 

performed to compare the number of motor neurons in each category in control and treated 

mice.  

 Motor neurons showing diffuse, low intensity USOD staining throughout 

 Motor neurons showing discrete patches or puncta of low intensity USOD staining 

 Motor neurons showing discrete patches or puncta of intense USOD staining and/or 

intense USOD staining around vacuoles.  

 Motor neurons showing intense USOD staining throughout the cell body (which may 

be interrupted by the presence of vacuoles)  

 

Considering our observations of extracellular USOD staining in the ventral horns of the 

lumbar spinal cords of some, particularly trehalose treated, mice, it would also be interesting 

to employ a graded counting system for this observation.  Possible categories for this could 

be: 

 Spinal cord section contains no extracellular USOD staining in ventral horn 

 Spinal cord section contains moderate extracellular USOD staining in ventral horn 

 Spinal cord section contains extensive extracellular USOD staining in ventral horn 
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As outlined by Ludolph and colleagues, it is important to use an n of at least five per group, 

with each group representing the same proportion of each gender, when performing 

histological analyses in SOD1
G93A

 mice (Ludolph et al., 2010). Although n-numbers used for 

USOD positive motor neuron counts in this study met this criterion (n=4 SOD1
G93A

 males, 

n=4 SOD1
G93A

 females, n=4 trehalose-treated SOD1
G93A

 males and n=5 trehalose-treated 

SOD1
G93A

 females), we felt that it was important to consider male and female data separately 

as trehalose may interact differently with the male and female systems. Consequently it 

would have been preferable to have an n of at least 6 of each sex per group in our study. If 

more time was available we would therefore treat an additional cohort of mice with 5% 

trehalose in order to generate more spinal cords for analysis. As before, we would use 

littermate controls as far as possible for these analyses to minimise the effects of genetic 

variations between mice. We would also collect spinal cords from 75 day old SOD1
G93A

 mice 

treated with 0.5% or 2% trehalose from 35 days of age (n=6 males and 6 females for each 

dose) in order to investigate the possibility of a dose-dependent effect of trehalose on SOD1 

misfolding and/or aggregation.  

 

6.1.2.2 Investigating the autophagy system in the motor neurons of SOD1G93A mice 

In a recent publication, Zhang and colleagues revealed that the mTOR dependent autophagy 

enhancer, rapamycin, accelerates motor neuron degeneration, increases SOD1 aggregation 

and shortens lifespan in SOD1
G93A

 mice (Zhang et al., 2011). As discussed in Chapter 6 

section 6.3, they concluded that these negative effects of may have resulted from 

exacerbation of a pre-existing impairment in the autophagy system (in particular in the 

clearance of autophagosomes).  In light of these observations, we concluded that should an 

impaired autophagy system exist in SOD1
G93A

 mice, this could have been, at least partially, 
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responsible for the failure of trehalose to show any benefit in our SOD1
G93A

 mice. 

Consequently, if more time had been available, we would have liked to investigate whether 

similar increases in the levels of the autophagic protein marker LC3-II and p62/SQSTM1 (a 

marker of autophagic flux) could be seen the spinal cord motor neurons of trehalose-treated 

animals as those reported by Zhang et al., in rapamycin-treated animals. In the short term we 

would look at these autophagic markers in the spinal cords of the 75 day old 5%-trehalose 

treated mice that we have available.  We would then also investigate the effects of trehalose 

on these autophagic markers at equivalent time points (90 and 120 days) to those investigated 

by Zhang and colleagues, in order to afford direct comparison between our data and theirs.  

 

Although, Zhang and colleagues proposed that autophagosomal degradation may be defective 

in SOD1
G93A

 mice (potentially through impaired retrograde transport of these vesicles from 

their site of synthesis at the axonal terminal to the lysosomes where they would be degraded), 

their study did not include any experiments to confirm whether or not this is the case. This is 

likely to have resulted from the fact are currently few robust assays available for measuring 

autophagosomal degradation in an in vivo setting (Barth et al., 2010). This is however an 

emerging field and suitable assays are likely to be developed in the near future. Indeed 

autophagic flux has recently been measured in the TA muscles of live mice via in vivo 

bioluminescent imaging (Ju et al., 2009).  This was carried out through electroporation of 

both polyQ80-luciferase and polyQ19-luciferase expression constructs into these muscles 

(polyQ = poly glutamine).  PolyQ80 readily aggregates and is an autophagy substrate 

whereas polyQ19 does not form aggregates.  Measurement of the change in the ratio of 

polyQ80-luciferase to polyQ19-luciferase signals in the TA muscles before and after 

autophagic stimulation or inhibition, therefore allowed measurement of autophagosomal 
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degradation of polyQ80 in these muscles (Ju et al., 2009).  Although this method may not be 

ideal in SOD1
G93A

 mice, considering the implications of introducing additional protein 

aggregates into a system already overloaded with aggregated SOD1 and also the challenge of 

delivering luciferase constructs to motor neurons in the spinal cord, it demonstrates that novel 

assays are continuously being developed to study autophagy in vivo.  Should an impairment 

in autophagy be identified in SOD1
G93A

 mice in future studies, it would also be interesting to 

investigate this in TDP-43 and FUS/TLS-related animal models. This would give some 

indication of whether impaired autophagy was solely a feature of ALS caused by mutations in 

SOD1 or a more widespread defect (potentially occurring in both sporadic and familial cases 

of ALS). Early evidence in support of widespread defect in autophagy in ALS patients has 

come from recent reports of increased autophagy (as measured by an increase in double-

membraned autophagosomes) in degenerating motor neurons over surviving motor neurons in 

the spinal cords of 16 sporadic ALS patients and no evidence of autophagy features in 

controls (Sasaki, 2011). However, much additional work is clearly required before firm 

conclusions about the role of autophagy in ALS can be drawn.    

 

6.1.2.3 Investigating the levels of trehalose in the spinal cords of trehalose treated 

and control SOD1G93A mice. 

Although the strong trend towards increased SOD1 misfolding/aggregation that we observed 

in the motor neurons of the sciatic motor pool in trehalose treated SOD1
G93A

 female mice was 

likely not an artefact, we cannot rule out this possibility. If this trend was indeed an artefact, 

then this combined with the absence of any trehalose induced benefits on neurological 

symptoms or survival in SOD1
G93A

 mice could put into question whether trehalose was able 

to reach the spinal cords of SOD1
G93A

 mice when administered via the drinking water in our 
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study. This is a particularly important consideration as ingested trehalose is thought to be 

hydrolyzed in the small intestine by the enzyme trehalase, into two d-glucose molecules, 

which are subsequently absorbed and metabolized (Richards et al., 2002). Consequently, if 

trehalose was completely digested to glucose in the small intestines of treated mice before 

reaching the blood stream, then it would not have reached the spinal cord. However, it is 

known that there is a small degree of intestinal permeability (though passive diffusion) to 

other disaccharides, including lactulose and sucrose, in humans (van Elburg et al., 1995). It is 

therefore possible that a fraction of the trehalose ingested by our SOD1
G93A

 mice reached the 

bloodstream through this passive diffusion process. However, it must also be noted that 

trehalase activity has been found in the liver, plasma and kidney in mammals (Richards et al., 

2002). Consequently if trehalase is also present in these locations in mice, this could have 

reduced the levels of any trehalose molecules reaching the bloodstream.  

 

The persistence of some trehalose molecules in the bloodstream, despite the actions of 

trehalase, would be supported by the fact that trehalose (administered  at doses or 1 or 2% via 

the drinking water) has been shown to have significant beneficial effects in the central 

nervous systems of mouse models of both parkinsonism/ tauopathies (Rodríguez-Navarro et 

al., 2010) and Huntington‟s disease (Tanaka et al., 2004) and also in the muscles of a mouse 

model of oculopharyngeal muscular dystrophy (Davies et al., 2006). Indeed it was these 

promising positive results that prompted us to test trehalose in our SOD1
G93A

 mice, despite 

our concerns over how much trehalose would reach the CNS in these animals and the lack of 

robust measurements of trehalose levels in target tissues in these previous studies. We were 

further influenced by experiments in which Tanaka and colleagues showed that treating their 

R 6/2 mouse model of Huntington‟s disease with 2% glucose via the drinking water, did not 
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recapitulate the beneficial effects that they had seen with trehalose in the same model. This 

suggested to them that the beneficial effects of trehalose seen in R 6/2 mice were not derived 

from increased glucose absorption through hydrolysis of trehalose to two glucose molecules 

in the small intestine (Tanaka et al., 2004).  However it must be noted that a more appropriate 

dose of glucose to test in this instance may have been 4% glucose considering that the 

hydrolysis of trehalose results in the production of two glucose molecules for every one 

trehalose molecule.   

 

Although we initially tested trehalose in our SOD1
G93A

 mice on the basis of its positive 

results in models of other disorders involving protein aggregation, the disparity between our 

results and those of other studies prompted us to consider the formal possibility that the 

positive results seen in other studies were derived from experimental error rather than 

genuine positive results.  Our reasoning behind this was that if false positives can occur 

though inappropriate experimental design in SOD1
G93A

 mice, this could also be the case for 

other disease models. As we took measures to ensure that the chance of obtaining false 

positives/negatives was kept to a minimum in our studies, we feel confident in the validity of 

the results obtained. However, without investigating the study designs used in other disease 

models further, we could not be sure that this was also the case for these studies. We 

therefore analysed these previous studies in order to investigate whether they had been 

designed in such a way to keep the possibility of error low.  

 

Although these studies overall appeared to be performed in a reasonable manner, there were 

some aspects of study design which could have been improved. For example, when studying 

Trehalose in the R 6/2 model of Huntington‟s disease (Tanaka et al., 2004), Tanaka and 
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colleagues used n-numbers that were substantially lower than those recently calculated by 

Menalled and colleagues to be required for 30% effect using similar behavioural assessments 

in the same model (Sasaki, 2011). Furthermore they did not perform their study in a blinded 

fashion and did not mention whether groups were balanced for sex. The absence of sex 

balancing is worrying considering differences between drug absorption and response to 

treatment have been observed between male and female R6/2 mice in other pre-clinical 

studies (Menalled et al., 2009). Additionally, the endpoint used for survival analyses was not 

described. If a uniform end-point was not used for all mice (as suggested for studies in 

SOD1
G93A

 mice (Scott et al., 2008)) then this could have introduced error into survival 

results.  Finally, the mutation that causes Huntington‟s disease is an expansion of a CAG 

repeat in the first exon of the gene encoding the protein Huntingtin. (MacDonald et al., 1993). 

It is now known that the CAG repeats in the Huntingtin transgene in R6/2 mice are unstable 

and that this can result in drifts in CAG length in individual colonies (Menalled et al., 2010). 

Such changes in the number of CAG repeats have been identified to bring about changes in 

the onset and severity of disease in R6/2 mice (Dragatsis et al., 2009). It has therefore 

recently been recommended that CAG lengths for individual R6/2 mice in preclinical studies 

are measured and balanced across groups (in addition to groups being balanced for gender, 

litter and weight) to avoid the occurrence false positives or negatives (Menalled et al., 2010). 

Consequently if CAG length was not accounted for in experiments performed by Tanaka and 

colleagues and groups were not appropriately balanced, this could have been a potential 

source of error.   

 

Studies performed with Trehalose in OPMD mice  and in parkin-deleted/tau overexpressing 

mice by Davies and Colleagues and Rodriguez-Navarro and colleagues respectively were 
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more difficult to analyse as both were performed using transgenic mouse lines that were 

generated in house and are therefore less well characterised in terms of appropriate n-

numbers and potential sources of error (Davies et al., 2006, Rodríguez-Navarro et al., 2010). 

However, we identified certain aspects of experimental design which could have been 

improved upon, for example, neither study appeared to balance experimental groups for litter 

and both studies used very low n-numbers (as low as 2 in one study) for certain important 

histological analyses. N-numbers for behavioural analyses were initially reasonably high in 

both studies (≥15) but dropped to less appropriate numbers at later time points. Finally 

behavioural analyses performed by Rodrigues Navarro and colleagues did not appear to be 

performed in a blinded fashion (Rodríguez-Navarro et al., 2010).  

 

As described above, each of the studies in which trehalose had previously been shown to 

have a beneficial effect on disease pathology had some short-comings in experimental design. 

If these shortcomings did result in false positives then this would lend weight to the 

possibility that trehalose may not reach the CNS at therapeutic levels when administered via 

the drinking water. In light of this possibility, it would be interesting to carry out experiments 

to measure trehalose levels in the brains and spinal cords of trehalose-treated and control 

SOD1
G93A

 mice. However, it must also be noted that if trehalose was found not to reach the 

CNS in SOD1
G93A

 mice, this may not necessarily mean that this would also be the case in the 

other disease models discussed. Indeed it may be that there are strain and model specific 

differences in the degree of absorption of trehalose into the bloodstream and indeed in the 

response to trehalose, which could have resulted in the discrepancy between our results and 

those in other disease models. However, if trehalose was determined to reach the CNS in our 

SOD1
G93A

 mice, then this would lend support to our hypothesis that the apparent increases in 
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SOD1 misfolding/aggregation in the motor neurons of trehalose treated animals were a direct 

result of trehalose-treatment and not chance.  

 

When researching possible methods for measuring trehalose levels in target tissues, we 

identified that it might be possible to carry out direct measurements via high performance 

liquid chromatography (HPLC) followed by electrochemical detection, as has previously 

been described (Wannet et al., 2000). However, a discussion with Dr Terry D. Butters at the 

Oxford Glycobiology Institute revealed that quantification of trehalose in tissues using such a 

chromatography method presents several difficulties, including extraction efficiency, 

separation of potential cross-contaminants and detection of low levels (which would probably 

be the case in the brains and spinal cords of SOD1
G93A

 mice). Performance of these HPLC 

experiments would therefore require considerable optimisation time in order to gain 

meaningful results.  Consequently, we have considered other methods for trehalose detection 

which may be more cost and time effective.  

 

As discussed in above, trehalose treatment has been tested in the R6/2 model of Huntington‟s 

disease by Tanaka and colleagues (Tanaka et al., 2004). In this publication, Tanaka and 

collaborators claimed that they confirmed the presence of trehalose in brain homogenates of 

treated mice to be 0.11 ± 0.02 nmol/μg protein and in the livers of these mice to be 11.6 ±1.1 

nmol/μg protein.  These values were determined by measuring glucose concentrations in 

brain and liver homogenates of trehalose-treated mice before and after treatment with the 

enzyme trehalase. As trehalose is composed of two glucose molecules, halving the increase in 

glucose derived from trehalase treatment would indicate the amount of trehalose present 

(providing all other metabolic processes that may change glucose concentration were 
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disabled during the assay). Unfortunately however, these measurements were only made in 

trehalose-treated mice and therefore baseline levels of trehalose in these tissues were not 

established. Furthermore, n-numbers used were not described and an in depth discussion of 

methodology was not made. We therefore contacted Tanaka and colleagues to establish 

further information about their methodology and controls used, however they could not offer 

any further clarification. We therefore feel that these measurements require further 

confirmation.  The method used by Tanaka and colleagues to measure trehalose levels has 

been used by several other groups in saccharomyces cervisiae (Kienle et al., 1993, Lee and 

Goldberg, 1998). On the basis of these results, we reasoned that provided appropriate controls 

were put in place, this could be a relatively simple method to investigate the levels of 

trehalose reaching the spinal cords of our mice. The methods that we would use for 

optimising this assay are outlined in appendix 3:  

 

6.2 Future perspectives for the development of effective therapeutics 

for ALS 

As discussed throughout this document, a huge number of therapeutics have been tested and 

shown to be moderately successful in pre-clinical studies of ALS, however, all but one of 

these therapeutics (Riluzole) have failed to show any benefit in ALS patients in the clinic. 

Furthermore, Riluzole is at best only able to prolong the survival of patients by a few months 

(Miller et al., 2007). Various reasons have been proposed for the discrepancy between 

successful preclinical results and failed clinical trials, including but not limited to: a failure to 

design preclinical studies in such a way that false positives are avoided (Scott et al., 2008), 

the testing of therapeutics in the clinic that were unable to alter disease progression in 

preclinical studies (Zinman and Cudkowicz, 2011), a potential inconsistency between disease 



274 

 

characteristics in high copy SOD1
G93A

 mice and familial ALS patients  (who would only have 

one copy of the mutant SOD1 gene) and additionally between disease characteristics in 

SOD1
G93A

 mice and sporadic ALS patients without mutations in SOD1, and finally, a failure 

to account for differences in corticospinal anatomy, pharmacokinetics and 

pharmacodynamics between mice and humans when designing dosing and administration 

regimes for clinical trial.   

 

The failure of so many therapeutics in the ALS clinic to date also indicates that we have 

likely not yet managed to elucidate and target toxic mechanisms far enough upstream in 

disease pathology to have significant therapeutic effect in ALS patients. Furthermore, many 

of the toxic processes implicated in motor neuron degeneration in ALS have been shown to 

be interrelated and to exacerbate each other. It may therefore be that targeting a number of 

these toxic processes at the same time is required to bring about a successful treatment effect 

(in the absence of a therapy that can address the primary trigger(s) for motor neuron 

degeneration in this disease). 

 

Although the most upstream mechanisms leading to motor neuron degeneration have to date 

been elusive, I feel that we are entering a time in ALS research, where the possibility of their 

elucidation is stronger than ever. This is largely the result of the recent discoveries of 

causative mutations in the RNA-binding proteins TDP-43 and FUS/TLS in both familial and 

sporadic ALS patients, coupled with the discovery that one or other of these proteins 

aggregates in most sporadic ALS patients.  These discoveries have lead to the development of 

various new models in which to carry out ALS research and have also opened up a new 

avenue of research, in terms of the role of RNA-metabolism in ALS. Furthermore, very 
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recently the field of ALS research has taken a huge leap forward in the discovery by Renton 

and collaborators and DeJesus-Hernandez and colleagues that a large hexanucleotide 

(GGGGCC) repeat expansion in the first intron of the C9ORF72 gene on the short arm of 

chromosome 9 is causative for ALS and responsible for approximately a third of  familial 

ALS cases  (Renton et al., 2011, DeJesus-Hernandez et al., 2011). Although it is not yet clear 

how the hexanucleotide repeat expansion in the non-coding region of the C9ORF72 gene can 

cause ALS and FTD, Renton and colleagues propose that it may affect the function of 

C9ORF72, whose cellular role is as yet unknown. However, they also hypothesise that RNA 

generated from the repeat expansions could disrupt transcription by sequestering normal 

RNA and proteins involved in transcription regulation, as has previously been proposed for 

other repeat expansion mutations (Wojciechowska and Krzyzosiak, 2011). This hypothesis 

fits nicely into the increasingly proposed role for defects in RNA metabolism in ALS. Indeed 

in a previous publication by Lin and colleagues, samples from ALS patients in a family that 

have subsequently been shown to possess the chromosome 9 hexanucleotide mutation, 

showed evidence of aberrant RNA metabolism of the astroglial EAAT2 glutamate transporter 

(Lin et al., 1998), whose altered expression levels have implicated as a potential pathological 

mechanism in ALS (Ilieva et al., 2009).    

 

In addition to the exciting discovery of hexanucleotide mutations in chromosome 9 in 

familial ALS patients, mutations in UBQLN2, which encodes the ubiquitin-like protein 

ubiquilin 2, have recently been discovered to be capable of causing dominantly inherited, 

chromosome-X-linked ALS and ALS/FTD (Deng et al., 2011). Ubiquilin 2 is a member of 

the ubiquilin family, which regulates the degradation of ubiquitinated proteins. Accordingly, 

functional analysis performed by Deng and colleagues, showed that mutations in UBQLN2 
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lead to an impairment of protein degradation in vitro and the formation of intracellular 

aggregates in the spinal cords of patients with these mutations. Interestingly, these 

intracellular aggregates were found to be positive for ubiquilin 2 as well as TDP43 and FUS 

but not SOD1 in post-mortem samples from affected patients. This lead Deng and colleagues 

investigate whether ubiquilin 2 was a component of intracellular inclusions in other types of 

ALS. To do this they examined 47 post-mortem spinal-cord samples, including cases of 

sporadic ALS (n = 23), familial ALS without mutations in SOD1, TDP43 and FUS (n = 5), 

ALS with dementia (n = 5), familial ALS with SOD1 mutations (n = 7 (A4V, n = 4; G85R, n 

= 2; E100G, n = 1)), familial ALS with a G298S mutation in TARDBP (n = 1), and controls 

without ALS (n = 6). Fascinatingly they discovered ubiquilin-2-positive inclusions in all ALS 

cases investigated, indicating that ubiquilin 2 is a common component of proteinaceous 

inclusions in a wide variety of ALS. These observations strongly support a contributory role 

for impaired protein turnover in ALS and also suggest that defects in protein turnover and 

perturbations in RNA-processing in ALS may be interrelated.   

 

Discoveries of repeat expansion mutations in chromosome 9 and x-linked UBQLN2 

mutations in familial ALS will undoubtedly lead to the generation of murine models 

harboring these mutations. Once these models are established, their comparison to models 

expressing mutant or WT forms of TDP-43, FUS/TLS and SOD1 is likely to be instrumental 

in allowing researchers to tease out the primary mechanisms responsible for ALS. In 

particular, if common pathological processes can be identified in these models, then these are 

likely to play important roles in ALS pathology as a whole. Early experiments in two 

different transgenic mouse models made to express human WT TDP-43 in the CNS have 

already provided one example of this. Specifically, these investigations revealed alterations in 
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mitochondrial ultrastructure as well as clusters of swollen mitochondria in motor neuron cell 

bodies and reduced numbers of mitochondria at motor neuron terminals (Shan et al., 2010, 

Xu et al., 2010), that are remarkably similar to defects in mitochondrial morphology and 

distribution recently characterised by Vande Velde and colleagues in SOD1
G37R 

and 

SOD1
G85R 

mice, crossed to mice expressing mitochondrially targeted eGFP (Hb9-MitoEGFP 

mice) (Vande Velde et al., 2011).  This suggests a potential common defect in the ability of 

mitochondria within motor neurons to regulate their size, morphology and distribution in 

these models, which I plan to investigate further in my post doctoral studies with the Vande 

Velde group. 

 

 

 As mutations in proteins involved in the processes of mitochondrial fission and fusion, can 

themselves cause neurodegenerative disorders such as Charcot-Marie-Tooth type 2A  (a 

peripheral neuropathy affecting sensory and motor neurons of the distal extremities (Zuchner 

et al., 2004)) and autosomal dominant optic atrophy (a degeneration of retinal ganglia cells 

that leads to optic nerve atrophy (Alexander et al., 2000)), it seems likely that defects in 

mitochondrial fission and fusion could play a primary role in ALS pathology if these are 

found to be a common occurrence in TDP-43 and SOD1 models. Furthermore, should 

common mitochondrial defects be found in TDP-43 and SOD1 models it would also be 

interesting to investigate the potential existence of these defects in FUS/TLS models 

(although the production and characterisation of FUS/TLS models is at this stage slightly less 

advanced than the production/characterisation of TDP-43 models (Da Cruz and Cleveland, 

2011)) 
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Should commonalities in pathological mechanisms occurring in SOD1, TDP-43 and 

FUS/TLS models (and potentially in novel models harbouring repeat expansion mutations in 

chromosome 9 or UBQLN2 mutations) be found in the future and therapeutics be identified to 

target them, then the ability to test these therapeutics in a number of these models rather than 

just SOD1-related models will be highly advantageous. Specifically, if a therapeutic is shown 

to be successful in robust preclinical studies set up in multiple models, it is probably more 

likely to show success in the clinic than a therapeutic that only shows success in one model 

(unless it is specifically targeted to a particular mutation).  Furthermore, WT TDP-43 and 

FUS-overexpressing models may provide a better representation of pathology in sporadic 

ALS-patients than SOD1 models and this could be beneficial considering that the majority of 

ALS patients enrolled in clinical trials have sporadic forms of the disease. However the 

upmost care must be taken to design meaningful studies for the testing of potential 

compounds for these studies, in terms of ensuring that; analysis of optimal dosing is 

performed, adequate n-numbers are used, confounding variables are controlled for and 

relevant parameters for ALS patients (particularly the effect of therapeutics on disease 

progression) are addressed.  

 

Interestingly, in a recent publication, Mead and colleagues proposed a novel method for the 

preclinical testing of therapeutics for ALS which they suggest may increase throughput for 

reduced costs, whilst reducing the severity of the experimental procedures involved (Mead et 

al., 2011). In this publication they described the production of an inbred C57BL/6 mouse line 

from the original mixed background (SJLxC57BL/6) SOD1
G93A

 transgenic line and revealed 

that these mice were less prone to background noise than mice on the mixed genetic 

backgrounds. In line with this, power calculations revealed that less than half of the mice 
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required on the mixed genetic background were required on the inbred background to obtain 

a 10% effect on survival (Mead et al., 2011).  Although using inbred genetic backgrounds has 

the disadvantage that some potential therapeutic effects may be missed, the ability to use 

fewer mice and to have a lower risk of noise in experiments is clearly advantageous 

(providing that sources of error associated with genetic drift are controlled for (Taft et al., 

2006)).  Mead and colleagues revealed that in these mice, a robust and reproducible, decline 

in motor function as measured by rotarod performance could be detected at the very early 

time point of 40 days of age, over a month prior to the onset of visible clinical signs of 

disease. They also detected early and progressive changes in hind-limb muscle volumes using 

magnetic resonance imaging (MRI) and in certain aspects of gait using a catwalk gait analysis 

system (Mead et al., 2011). On the basis of these observations they propose the use of the 

following pre-clinical screening protocol to assess the potential of therapeutics in this early 

window of loss of motor function and hind-limb muscle innervations. They suggest that 

implementing this screening process would reduce the number of animal experiments that 

would need to be taken through to phases of disease in which SOD1
G93A

 mice would 

experience the most distress (i.e. symptomatic and end stages) (Mead et al., 2011). 

 

1) Use 14 litter and sex matched mice in each of two groups (control dosed and active dosed), 

dosed from day 21 onwards (weaning), with weighing at each dose. 

 

2) Assess from day 35 twice per week for motor performance using rotarod testing following 

3 days consecutive training on ~days 30–33. 

 



280 

 

3) At day 60 assess hind-limb muscle volumes using MRI in 7 mice per group and collect 

tissue from the same mice to assess percentage innervation of motor end-plates in the 

gastrocnemius muscle. 

 

4) Assess the remaining 7 mice per group, 3 times per week for onset of clinical signs from 

60 days of age to day 90 (if necessary) and gait analysis using the catwalk gait analysis 

system at 63, 77 and 91 days of age (9, 11, and 13 weeks). Collect tissue at day 91 for further 

analysis of histological readouts. 

 

Although we feel strongly about implementing methods in ALS research that minimise the 

number of animals required and the distress caused to the animals by these methods, we are 

concerned that this screening protocol may not be the most meaningful for ALS patients. As 

Appendix 1 shows, there is little correlation between the ability of therapeutics to influence 

disease onset and survival in SOD1
G93A

 mice. Consequently, if therapeutics were shown to 

have benefit at the early time points investigated in the screening protocol proposed by Mead 

and colleagues, this would give little information about whether they would have any effect 

on the most relevant parameter for ALS patients, disease progression. Furthermore if 

therapeutics were shown not to be beneficial at these early stages, this would not necessarily 

mean that they wouldn‟t have an effect on disease progression and this could lead to 

therapeutics with the potential to help ALS patients being missed. Finally, any therapeutics 

that were found to be beneficial at the early time points involved in the Mead et al., protocol 

would have to be tested at later time-points in an additional cohort of mice before they could 

be used in clinical trials, which would effectively double the number of mice required. I 

therefore feel that the guidelines for preclinical testing of therapeutics for ALS proposed by 
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Scott and colleagues and used in this thesis are still the best to follow (Scott et al., 2008). 

However, these could be supplemented by the early assessment of rotarod performance 

proposed by Mead and colleagues as well as longitudinal catwalk analysis should the 

facilities for this be available, as knowledge of the effect of therapeutics early on in the 

disease course would be useful. Furthermore the use of inbred lines, as suggested by Mead 

and colleagues, would permit the use of fewer mice which would make performance of more 

lengthy tests such as rotarod and catwalk analysis more manageable (particularly when 

testing multiple doses). As MRI facilities are expensive and not readily accessible to many 

researchers we consider that these would not be essential, however, they would be interesting 

if facilities and finances were available. In addition to the longitudinal monitoring of 

neurological symptoms, histological and biochemical analyses of the mechanisms of action of 

therapeutics being tested in tissues collected from an additional cohort of mice would be 

beneficial. 

 

Finally, in addition to improving preclinical studies of potential therapeutics for ALS, it will 

also be important to work on improving the clinical testing of these compounds. One area 

with great potential for the improvement of the clinical testing of therapeutics for ALS is the 

elucidation of relevant biomarkers to permit the earlier diagnosis of ALS as well as the 

tracking of disease progression in ALS patients. Historically, the most frequently used 

primary outcome measure in phase-III clinical trials in ALS patients has been survival (de 

Carvalho and Swash, 2011). However, using survival as the primary outcome measure, 

makes for long and expensive trials which may cause patients and their families considerable 

stress if the therapeutic appears not to work (de Carvalho and Swash, 2011). Furthermore, the 

possibility of receiving placebo in these clinical trials is understandably a great concern for 
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ALS patients as they would then have no hope of increased survival, although the potential 

use of historical controls in such studies is being debated as a potential measure to avoid this 

problem (Zinman and Cudkowicz, 2011). Should suitable biomarkers for ALS pathology be 

identified in the future then this would permit the investigation of whether potential 

therapeutics interact with their intended targets, are being administered at the most 

appropriate dose and/or affect disease progression in smaller, shorter, early-phase trials. This 

would mean that only those therapeutics and dosing regimens shown to be efficacious in 

these quicker screening studies would need to be tested in long and expensive Phase III 

studies. Biomarkers could then further be used to provide supportive or even primary 

evidence for efficacy in these late-phase trials (and potentially facilitate decisions to 

terminate trials should sufficient modulation of disease progression not be seen) (Hersch and 

Rosas, 2011) . Furthermore, if relevant ALS biomarkers were to be found, these may allow 

the earlier diagnosis and therefore earlier recruitment of patients into clinical trials as well as 

potentially facilitating the selection of more homogeneous cohorts of patients for clinical 

trials (Zinman and Cudkowicz, 2011).  Although we are not yet at a stage where suitable 

biomarkers for ALS have been fully characterized, several candidates, or panels of candidates 

that may provide an ALS signature are under investigation (de Carvalho and Swash, 2011). 

For example Ganesalingam and colleagues recently conducted a study in which they 

measured and compared levels of various cytoskeletal proteins and inflammatory markers in 

the cerebrospinal fluid (CSF) of ALS patients, disease controls and healthy subjects.  

Through these analyses they found that the ratio of the levels of phosphorylated 

neurofilament heavy chain compared to complement C3 (pNFH/C3) could identify ALS 

samples with 87.3% sensitivity and 94.6% specificity in a total of 71 ALS subjects, 52 

disease control subjects and 40 healthy subjects.  They also revealed that the level of CSF 
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pNFH correlated with survival of ALS patients (Ganesalingam et al., 2011). Although these 

initial results are promising, future prospective studies incorporating pNFH and pNFH/C3 

analysis of CSF will be important to establish the diagnostic accuracy and clinical utility of 

these biomarkers.  

6.3 Optimising the design of my future preclinical studies for ALS Performing two survival 

studies in SOD1
G93A

 mice during this PhD has instilled in me the fact that pathology in SOD1 

mice (and likely ALS patients) is highly aggressive and hence without elucidating toxic 

processes that are early on in the pathological cascade in this disease we are unlikely to 

identify highly effective therapeutics. It is therefore my aim to work on the elucidation of the 

most upstream mechanisms leading to ALS in my postdoctoral studies and to only carry out 

the preclinical testing of therapeutics once I have identified a mechanism to target that I feel 

is sufficiently far upstream. Following identification of such a mechanism I would plan to 

employ a high throughput screening method to identify compounds which most robustly 

target this toxic mechanism. Various model systems are adaptable to high throughput screens 

including, cell based systems (Benmohamed et al., 2011) as well as zebrafish(Walker et al., 

2012) and c-elegans (Desalermos et al., 2011). If efficacious compounds were found in such 

a high throughput screen I would then plan to test them in the most relevant murine models of 

ALS available. Although this was something that was not done during this PhD owing to 

logistical and time constraints, I would select biochemical analyses that would give me the 

best possible indication of whether my candidate compounds could target the toxic 

mechanism in question in the transgenic line(s) selected. These could involve techniques such 

as Q-PCR and western blots on tissue samples collected from treated animals to look for 

changes in expression of key molecules and could also be used to aid selection of optimal 

doses. However it would have to be ensured that these drug-target studies were designed in 
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such a way that they were sufficiently powered and avoided any confounding variables 

associated with the model in question. Should several candidate drugs be tested in these drug-

target studies, the most effective drug would be selected for a full survival study. Considering 

the lower n-numbers required for inbred strains over those on missed backgrounds in survival 

studies, I would use an inbred strain as this would free up more time for performing 

additional longitudinal analyses on top of those performed in this study.  I feel that the 

longitudinal analyses performed in the studies in this document are sensitive and highly 

capable of detecting positive and negative effects of administered therapeutics, in particular 

when employed in dose-response studies. However, there has not been a published study in 

which these longitudinal analyses have been directly compared to other, more traditional 

longitudinal analyses such as rotarod and grip strength. I would therefore like to incorporate 

the rotarod test from an early timepoint as suggested by Mead and colleagues in order to 

compare whether the data that can be obtained from the different longitudinal analyses are 

complementary. This will be of great benefit to the ALS field. Finally, as would have been 

performed for the studies described in this thesis had more time been available, I will carry 

out histological and biochemical analyses, to back up the results from the longitudinal 

analyses performed during survival studies. For example if slowed disease progression is 

found in a survival then this will be backed up by motor neuron counts at key time points etc. 

Finally if I perform motor unit estimation via electrophysiology again, I will ensure that the 

baseline for measurements remains constant, that motor units are counted during as well as 

after the measurement procedure and that the phenomenon of alternation is taken into 

consideration,  
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6.4 Overall conclusions  

This study has permitted the designing and implementation in our laboratory of an optimised 

study format for the preclinical testing of potential therapeutics for ALS in the SOD1
G93A

 

murine model of this disease. In this study design, optimal mouse husbandry conditions are 

outlined to ensure the generation of consistent results and the minimisation of animal 

suffering. Using this study format we were able to identify that metformin and trehalose, 

when administered orally, do not represent promising candidates for clinical trial in ALS, 

despite showing promise in models of other neurodegenerative diseases. Furthermore, we 

identified several themes for continued research, including (1) the relationship between ALS 

and diabetes and the way in which metformin treatment modifies this relationship and (2) the 

role of autophagy in the pathogenesis of ALS. Finally, performing these preclinical studies 

has instilled in me the critical importance of identifying the primary triggers/mechanisms 

responsible for motor neuron degeneration in ALS in order to have more likelihood of 

identifying therapeutics that will be successful in ALS patients. The emergence of new 

models of ALS through identification of mutations/alterations in TDP-43, FUS/TLS, 

C9ORF72 and ubiquilin 2 biology in ALS will undoubtedly help with the identification of 

these primary mechanisms. Furthermore a commitment to improving the preclinical testing of 

therapeutics for ALS as well as the efficiency of clinical trials for this disease will be 

instrumental in tackling the urgent need for suitable therapeutics for ALS patients.   
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7. Appendices  

7.1 Appendix 1: Summary of therapies tested to date in mutant SOD1-

based murine models of ALS  

Agent  
 

Model  
 

Gender  
 

Dosology  
 

Start 
(days)  
 

Onset 
change 
(%)  
 

Survival 
change 
(%)  
 

Reference  
 

Anti-oxidant 

 N-acetylcysteine SOD1
G93A G1L

 
m/f  
 

500 mg/kg/d, sc 120 ns ns 
(Jaarsma et al., 
1998) 

 
SOD1

G93A G1L
 

m/f 
 

10 mg/ml, water 120 ns ns 
(Jaarsma et al., 
1998) 

 
SOD1

G93A
 

nd 
 

2 mg/kg/d, water 28–35 ↑ ↑ 7 
(Andreassen et 
al., 2000) 

Apocynin SOD1
G93A

 
m/f (n=13-
63) 

20, 150, 300, water 14 ↑ 
↑45

c
, 65

c
, 

90
c 

(Harraz et al., 
2008) 

 AR-R 17338, 18512 SOD1
G93A

 nd 
250, 150 mg/ml, 
water 

30 ns ns 
(Upton-Rice et 
al., 1999a) 

 AR-R 17477 SOD1
G93A

 
nd  
 

40 μg/ml, water 30–40 nd ↑ 10 
(Facchinetti et 
al., 1999) 

 
SOD1

G93A G1L
 

nd 
 

40 μg/ml, water 30–40 nd ↑ 13 
(Facchinetti et 
al., 1999) 

 Ascorbate SOD1
G93A

 
m 
 

0.8% diet 50 ns ↑ 8 
(Nagano et al., 
2003) 

 Aspirin SOD1
G93A

 
m 
 

100–160 mg/kg/d, 
water 

35 ↑ ns 
(Barnéoud and 
Curet, 1999) 

 Aspirin SOD1
G93A

 
m 
 

100–160 mg/kg/d, 
water 

91 ns ns 
(Barnéoud and 
Curet, 1999) 

 Baicalein SOD1
G93A

 
m/f 
 

3.7, 7.4 nmol/kg/d for 
5 weeks, sc 

63–77 nd nd 
 (Ignacio et al., 
2005) 

 Carnitine SOD1
G93A G1L

 
m/f 
 

50 mg/kg/d, water 112 ↑ ↑ 
 (Kira et al., 
2006) 

 
SOD1

G93A G1L
 

m/f 
 

5 mg/kg/2d, sc Onset nd ↑ 
(Kira et al., 
2006) 

 Carnosine SOD1
G93A

 
m/f 
 

2.2, 11 μmol/kg/d for 
5 weeks, ip 

63–77 nd nd 
(Ignacio et al., 
2005) 

Carnosic acid  SOD1
G93A

 f (n=13-22) 
0.13 mg/kg, ip, twice 
weekly  

63 ns ns 
(Shimojo et al., 
2010) 

 Catalase SOD1
G93A

 
m/f 
 

720–900 U/d, sc 30–46 ↑ 12 ns 
(Reinholz et al., 
1999) 

 
SOD1

G93A G1L
 

m/f 
 

60,000 U/kg, 2 times a 
week, ip 

30–45 ↑ 7 ns 
(Reinholz et al., 
1999) 

 Catalase-putrescine SOD1
G93A

 
m/f 
 

720–900 U/d, sc 30–46 ↑ 26 ns 
(Reinholz et al., 
1999) 

 
SOD1

G93A G1L
 

m/f 
(n=13-18) 

60,000 U/kg, 2 times a 
week, ip 

30–45 ↑ 15 ns 
(Reinholz et al., 
1999) 
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Agent  
 

Model  
 

Gender  
 

Dosology  
 

Start 
(days)  
 

Onset 
change 
(%)  
 

Survival 
change 
(%)  
 

Reference  
 

 
SOD1

G93A G1L
 nd 450 U/d, sc 35–42 ↑ 6 ↑ 12 

(Poduslo et al., 
2000) 

CDDO ethylamide 
(Nrf2/ARE activator) 

SOD1
G93A

 m/f (n=18) 80 mg/kg/day diet 
30, onset 
(80-90) 

nd ↑17, ↑14 
 (Neymotin et 
al., 2011) 

CDDO 
trifluoroethylamide 
(Nrf2/ARE activator) 

SOD1
G93A

 m/f (n=18) 80 mg/kg/day diet 
30, onset 
(80-90) 

nd ↑ 14, ↑ 
 (Neymotin et 
al., 2011) 

 Celastrol SOD1
G93A

 nd 2, 8 mg/kg/d, diet 30 ↑ 15, nd ↑ 9, 13 
(Kiaei et al., 
2005b) 

 Creatine SOD1
G93A

 nd 1, 2% diet 70 nd ↑ 9, 18 
(Klivenyi et al., 
1999) 

 
SOD1

G93A
 

nd  
n=25-32 

2% diet 76-80 nd nd 
(Choi et al., 
2009) 

 DMPO SOD1
G93A

 nd 
5 mg, 3 times a week, 
ip 

70 nd ↑ 
 (Liu et al., 
2002) 

 DP-109, DP-460 SOD1
G93A

 nd 
5, 10 mg/kg/d, water 
for DP-109 and DP-
460 respectively 

30 

↑ 8, 10 
for DP-109 
and DP-
460 
respectivel
y 

↑ 10, 9 
for DP-109 
and DP-
460 
respectivel
y 

(Petri et al., 
2007) 

 Genistein SOD1
G93A G1L

 m/f 
16 mg/kg, 2 times a 
day for 5 × week, ip 

nd ↑ m ↑ m 
 (Trieu and 
Uckun, 1999) 

 Ginko biloba SOD1
G93A

 m/f 
200, 400 mg/kg/d, 
diet 

21 nd ↑ 9, 10 m 
 (Ferrante et 
al., 2001) 

 Ginseng SOD1
G93A

 nd 
40, 80 mg/kg/d, 
water 

30 ↑ 19
d 

↑ 5
d  (Jiang et al., 

2000) 

 Green tea SOD1
G93A

 nd 2.9, 5.8 mg/kg/d, po 60 ↑ 12, 11 ↑ 16, 17 
 (Koh et al., 
2006) 

 
SOD1

G93A
 nd 10 mg/kg/d, po 42 ↑ 9 ↑ 11 (Xu et al., 2006) 

Light SOD1
G93A

 
nd (n=11-
12) 

140-mW output 
power, 1.4 cm2 spot 
size, 120s treatment, 
12 J/cm2 energy 
density per treatment 
site/day (3 treatment 
sites across CNS and 
spinal cord) 

51 nd ns 
(Moges et al., 
2009) 

 Lipoic acid SOD1
G93A

 nd 100 mg/kg/d, diet 28 nd ↑ 6 
(Andreassen et 
al., 2001) 

 Melatonin SOD1
G93A

 f 0.5 mg/ml, water 28 ns ↑ 5 
(Weishaupt et 
al., 2006) 

 L-NAME  
SOD1

G93A
 nd 50, 200 μg/ml water 30 nd ns 

(Facchinetti et 
al., 1999) 

 

SOD1
G93A

 m (n=10) 3.3mg/d, sc 60 nd
f 

nd 
(Martinez et 
al., 2008) 

 

SOD1
G93A

 m (n=10) 3.3mg/d, in 60 nd
f 

nd 
(Martinez et 
al., 2008) 

 Neu2000 SOD1
G93A

 nd 30 mg/kg/d, diet 56 ↑ 14 ↑ 15 
(Shin et al., 
2007) 

 7-nitroindazole SOD1
G93A

 nd 25 mg/kg, 2 times a 60 nd ns (Facchinetti et 
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Agent  
 

Model  
 

Gender  
 

Dosology  
 

Start 
(days)  
 

Onset 
change 
(%)  
 

Survival 
change 
(%)  
 

Reference  
 

day, sc al., 1999) 

 D-penicillamine SOD1
G93A

 
nd 
 

0.1 g/kg, 5 times a 
week, po 

30 ↑ 8 ↑ 8 
(Hottinger et 
al., 1997) 

 
SOD1

G93A
 

nd 
 

0.1% diet 30 ns ↑ 7 
(Hottinger et 
al., 1997) 

 Fe-porphyrin SOD1
G93A

 nd 1 mg/kg/d, ip 40 nd ↑ 5 
(Wu et al., 
2003) 

 
SOD1

G93A
 nd 

1 mg/kg, 2 times a 
day, ip 

Onset na ↑ 
(Wu et al., 
2003) 

 Mn-porphyrin SOD1
G93A

 nd 

5mg/kg loading dose 
on 1

st
 day of 

symptom onset then 
daily maintenance 
dose of 2.5 mg/kg/d, 
ip 

Onset na ↑ 26 
(Crow et al., 
2005) 

 
SOD1

G93A
 nd 2.5 mg/kg/d, ip Onset na ↑ 11 

(Petri et al., 
2006b) 

 
SOD1

G93A
 nd 

5mg/kg loading dose 
on 1

st
 day of 

symptom onset then 
daily maintenance 
dose of 2.5 mg/kg/d, 
sc 

Onset na ↑ 28 
(Crow et al., 
2005) 

 Pyruvate SOD1
G93A

 nd 1 g/kg/week, ip 70 ns ↑ 10 
(Park et al., 
2007) 

 
SOD1

G93A
 nd 500 mg/kg/d, ip 70 ns ns 

(Esposito et al., 
2007) 

 Co-enzyme Q10 SOD1
G93A

 nd 200 mg/kg, diet 50 nd ↑ 
(Matthews et 
al., 1998) 

 Red wine SOD1
G93A

 nd 20 mg/d, po 43–66 nd ↑ 6 
(Esposito et al., 
2000) 

 
SOD1

G93A
 nd 20 mg/d, po 30–40 nd ↑ 15 

(Amodio et al., 
2006) 

Riboflavin SOD1
G93A

 
nd (n=11-
12) 

12 mg/kg diet 51 nd ns 
(Moges et al., 
2009) 

Rosemary extract SOD1
G93A

 f (n=22-24) 
3 mg/kg, ip, twice 
weekly 

63 ns ↑ 
(Shimojo et al., 
2010) 

Rosmarinic acid SOD1
G93A

 f (n=14-22) 
0.13 mg/kg, ip, twice 
weekly 

63 ns ↑ 
(Shimojo et al., 
2010) 

salicylaldehyde 
isonicotinoyl 
hydrazone (an iron 
chelator) 

SOD1
G37R

 
m/f (n=12-
18) 

50mg/kg, ip, once 
weekly or twice 
weekly 

~240 nd ↑7, 10 
(Jeong et al., 
2009) 

SK-PC-B70M SOD1
G93A

 nd (n=6-9) 100 ,400 mg/kg/day 56 ns,  ↑ nd 
(Seo et al., 
2011) 

 SS-31  SOD1
G93A

 m/f 5 mg/kg/d, ip 30 ↑ 8 ↑ 9 
(Petri et al., 
2006a) 

 SOD1-catalase 
mimetic 

SOD1
G93A G1L

 nd 
33 mg/kg, 3 times a 
week, ip 

60 ns ↑ 10 
(Jung et al., 
2001) 

 Trientine SOD1
G93A

 nd 
400, 800 mg/kg/d, 
water 

28 nd ↑ 6, 8 
(Andreassen et 
al., 2001) 
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SOD1

G93A
 m 0.5% water 50 ns ↑ 5 

(Nagano et al., 
2003) 

 
SOD1

G93A
 m 0.5% water 

Onset of 
hindlimb 
weakness 

ns ns 
(Nagano et al., 
2003) 

 Tomato SOD1
G93A

 nd 10% diet 29 ns ns 
(Esposito et al., 
2007) 

 Vitamin E SOD1
G93A

 m/f 200 IU/kg diet 30 ↑ 14 ns 
(Gurney et al., 
1996) 

Anti-glutamatergic 

 Carboxyfullerene SOD1
G93A

 nd 

15 mg/kg/d, ip 
(continuous infusion 
via mini osmotic 
pump) 

73 ↑ ↑ 
(Dugan et al., 
1997) 

 Ceftriaxone SOD1
G93A

 nd 200 mg/kg/d, ip 42 ↑ ↑ 11 
(Rothstein et 
al., 2005) 

 Gabapentin SOD1
G93A

 m/f 3% diet 50 ns ns 
(Gurney et al., 
1996) 

 
SOD1

G93A G1L
 m/f 3% diet 50 nd ↑ 5 

(Gurney et al., 
1996) 

 GCPII inhibitor SOD1
G93A G1L

 nd 30 mg/kg/d, po 37–39 ↑ ↑ 15
c
 

(Ghadge et al., 
2003) 

 GPI-1046  SOD1
G93A G1L

 nd 
50 mg/kg, 2 times a 
day, po 

150 ns ↑ 12 
(Ganel et al., 
2006) 

 Ivermectin SOD1
G93A

 m/f 4.8, 12 mg/L, water 50 nd ↑ 6, 9 
(Andries et al., 
2007) 

L-arginine SOD1
G93A

 m (n=20) 6%, water 30, 70 ↑, na ↑ 20, 9 
(Lee et al., 
2009) 

L-745,870 (dopamine 
receptor antagonist) 

SOD1
H46R nd (n=13-

17) 
 10, 20 mg/kg/d, ig 84 ↑4, 4  ↑10, 7 

(Tanaka et al., 
2008) 

 
SOD1

H46R
 

nd (n=12-
16) 

4, 10, 20 mg/kg/d, ig 
~126 
(onset) 

na ↑6, 8, 6 
(Tanaka et al., 
2008) 

 Memantine SOD1
G93A

 nd 
10 mg/kg, 2 times a 
day, sc 

70 ns ↑ 7 
(Wang and 
Zhang, 2005) 

 
SOD1

G93A
 nd (n=10) 30, 90 mg/kg/d, water 75 na ↑ 5 

(Joo et al., 
2007) 

 Mg pidolate SOD1
G93A

 nd 5.2, 10.3 mg/d, water 42 ns ns 
(Pamphlett et 
al., 2003) 

methionine 
sulfoximine 
(glutamine 
synthetase inhibitor) 

SOD1
G93A

 nd (n=15) 
20 mg/kg thrice 
weekly 

50 +/- 2 nd ↑ 8 
(Ghoddoussi et 
al., 2010) 

 NBQX SOD1
G93A

 nd 
8 mg/kg, 5 times a 
week, ip 

70 ↑ ↑ 10 
(Van Damme et 
al., 2003) 

 Nordihydroguaiaretic 
acid 

SOD1
G93A

 m/f (n=17) 
1mg/d for 30d, via sc 
implant 

90 na ns 
(Boston-Howes 
et al., 2008) 

 Riluzole SOD1
G93A

 m/f 50 mg/kg/d, po 50 ns ↑ 10 
(Gurney et al., 
1996) 

 
SOD1

G93A
 m/f 24, 44 mg/kg/d, diet 42–43 ↑ ↑ 10, 9 

(Gurney et al., 
1998) 

 
SOD1

G93A
 m/f (n=10- 25mg/kg/d, po 49 ns nd (Sekiya et al., 

http://www.sciencedirect.com/science/article/pii/S0301008208000026#tbl6fn3
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22) 2009) 

 RPR 119990 SOD1
G93A

 nd 3 or 2 × 3 mg/kg/d, sc 50 ↑ ↑ 7, 13 
(Canton et al., 
2001) 

 Topiramate SOD1
G93A

 nd 50 mg/kg, po 30 nd ns 
(Maragakis et 
al., 2003) 

 ZK 187638 SOD1
G93A

 nd 
140 mg/kg, once in 2 
days, po 

77 ↑ ↑ 
(Tortarolo et 
al., 2006b) 

Anti-aggregation 

 Arimoclomol SOD1
G93A

 m/f 10 mg/kg/d, ip 35 ↑ ↑ 22 
(Kieran et al., 
2004) 

 
SOD1

G93A
 m/f 10 mg/kg/d, ip 70 nd ↑ 18 

(Kieran et al., 
2004) 

 
SOD1

G93A
 m/f 10 mg/kg/d, ip 75,90 na 

↑ 8 m 
↑ 9 f 

(Kalmar et al., 
2008) 

 Hsp70 SOD1
G93A

 m/f 
20 μg, 3 times a week, 
ip 

50 ↑ 12 ↑ 7 
(Gifondorwa et 
al., 2007) 

 
SOD1

G93A
 m/f 

20 μg, 3 times a week, 
ip 

30 ↑ ↑ 12 
(Gifondorwa et 
al., 2007) 

 
SOD1

G93A
 m/f 

20 μg, 3 times a week, 
ip 

90 na ns 
(Gifondorwa et 
al., 2007) 

 Noscapine SOD1
G93A

 m/f 100 mg/kg/d, ip 70 ns ↑ 14 
(Fanara et al., 
2007) 

Rapamycin  SOD1
G93A

 nd( n=10) 2mg/kg/d, ip 64 ↓ 8 ↓ 18 
 (Zhang et al., 
2011) 

Anti-apoptotic 

 CGP3466 SOD1
G93A

 nd 0.1 mg/kg, po 28 nd ns 
(Andreassen et 
al., 2001) 

 
SOD1

G93A
 m/f 

0.39–390 μg/kg, 3 
times a week, sc 

50 ns ns 
(Groeneveld et 
al., 2004a) 

 Desmethylselegiline SOD1
G93A

 nd 10 mg/kg/d, sc 28 nd ns 
 (Andreassen et 
al., 2001) 

 Lithium SOD1
G93A

 nd 200 mg/kg/d, diet 56 ↑ 16 ↑ 6 
(Shin et al., 
2007) 

 
SOD1

G93A
 

m/f (n=6 
sex and 
littermate 
balanced) 

60 mg/kg twice daily, 
ip 

30 ↑ 9 ns 
(Feng et al., 
2008) 

 
SOD1

G93A
 m 6.94 mg/kg/d , ip 75 ↑ 8 ↑ 34 

(Fornai et al., 
2008) 

 
SOD1

G93A
 

m and f 
(n=27-28 
age, sex, 
weight, 
littermate 
balanced) 

6.94 mg/kg/d , ip 50 ns m or f ns m or f 
(Gill et al., 
2009) 

 
SOD1

G93A
 f 6.94 mg/kg/d , ip 75 ns ns 

(Pizzasegola et 
al., 2009) 

 PARP inhibitor SOD1
G93A

 nd 40 mg/kg/d, diet 28 nd ns 
(Andreassen et 
al., 2001) 

 Rasagiline SOD1
G93A G1L

 nd 2 mg/kg/d, po 60 nd ↑ 14 (Waibel et al., 
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2004) 

 PBA SOD1
G93A

 m 200, 400 mg/kg, ip 21 ↑ ↑ 9, 22 
(Ryu et al., 
2005) 

 
SOD1

G93A
 nd 400 mg/kg/d, ip Onset na ↑ 13 

(Petri et al., 
2006b) 

 Semapimod SOD1
G93A

 nd 
4 mg/kg, 5 times a 
week, ip 

70 ns ↑ 5 
(Dewil et al., 
2007) 

TAT-modified BCL-XL SOD1
G93A

 
m (n=12-
15) 

1.4 nmol, it over 28 
days via mini pump 

91 ↑10 ↑11 
(Ohta et al., 
2008) 

 WHI-P131 SOD1
G93A

 nd 
12.5 mg/kg, 5 times a 
week, ip 

60 nd ↑ 49
c
 

(Trieu et al., 
2000) 

 zVAD-fmk SOD1
G93A

 nd 
15 mg/kg, for 2 
months, icv 

60 ↑ 20 ↑ 22 (Li et al., 2000) 

 VPA SOD1
G93A G1L

 m 460–600 mg/kg/d, po 45  ns ↑ 8 
(Sugai et al., 
2004) 

  SOD1
G93A G1L

 m 460–600 mg/kg/d, po Onset ns ns 
(Sugai et al., 
2004) 

 
SOD1

G86R
 nd 150–400 mg/kg/d, ip 60 ↑ ns 

(Rouaux et al., 
2007) 

 
SOD1

G93A
 

m/f (n=6 
sex and 
littermate 
balanced) 

300 mg/kg twice 
daily, ip 

30 ns ↑ 10 
(Feng et al., 
2008) 

Immunomodulatory 

 Celecoxib SOD1
G93A

 nd 1,500 ppm diet 28 ↑ ↑ 25 
(Drachman et 
al., 2002) 

 
SOD1

G93A
 m/f 0.012% diet 30 nd ↑ 19 

(Klivenyi et al., 
2004) 

CD40L-blocking 
monoclonal antibody 
MR1 

SOD1
G93A

 
m/f (n=44-
45) 

loading dose of 5.22 
mg/ kg in f and 6.75 
mg/kg in m, then 
weekly injections of 
1.0 and 1.34 mg/kg in 
f and m, respectively 

50 ns ↑ 7 
(Lincecum et 
al., 2010) 

 
SOD1

G93A
 m/f (n=?) 

loading dose of 5.22 
mg/ kg in f and 6.75 
mg/kg in m, then 
weekly injections of 
1.0 and 1.34 mg/kg in 
f and m, respectively 

80 ns ns 
(Lincecum et 
al., 2010) 

 Cyclosporin-A SOD1
G93A

 nd 25 μg/2 d, icv Onset na ↑ 
(Keep et al., 
2001) 

 
SOD1

G93A
 nd 0.8–1 mg/kg/week, icv 65 ↑ 10 ↑ 13  

(Karlsson et al., 
2004) 

 
SOD1

G93Aa
 m and f 

4 mg/kg, once in 2 
days, ip 

35 nd 
↑ 12m 
ns f 

(Kirkinezos et 
al., 2004) 

 FK506 SOD1
G93A

 nd 1, 5 mg/kg/d, ip Onset ns ns 
 (Anneser et al., 
2001) 

Folic Acid  SOD1
G93A

 nd (n=9) 4mg/kg/d, po 42 ↑ 6 ↑ 7 
(Zhang et al., 
2008) 

 Glatiramer acetate SOD1
G93Ab

 nd 75 μg, sc initial 60 ↑ ↑ 25 (Angelov et al., 

http://www.sciencedirect.com/science/article/pii/S0301008208000026#tbl6fn3
http://www.sciencedirect.com/science/article/pii/S0301008208000026#tbl6fn1
http://www.sciencedirect.com/science/article/pii/S0301008208000026#tbl6fn2


292 

 

Agent  
 

Model  
 

Gender  
 

Dosology  
 

Start 
(days)  
 

Onset 
change 
(%)  
 

Survival 
change 
(%)  
 

Reference  
 

injection then 
12.5 mg/kg/d, water 

2003) 

 
SOD1

G93A
 m/f 

75, 150 μg, sc every 
28 days 

45 nd ns 
(Habisch et al., 
2007a) 

 
SOD1

G93A
 m/f 

75 μg/week or 
month, sc 

50 ns ns 
(Haenggeli et 
al., 2007) 

 
SOD1

G93Ab
 m/f 

75–500 μg/week or 
month, sc 

42 nd ns 
(Haenggeli et 
al., 2007) 

 
SOD1

G37R
 nd 

75 μg/week or 
month, sc 

180–270 nd ns 
(Haenggeli et 
al., 2007) 

 GSK-3 inhibitor SOD1
G93A

 nd 
2,4 mg/kg, 5 times a 
week, ip 

60 ↑ 12, 16 ↑ 12, 17 
(Koh et al., 
2007a) 

IL-1 receptor 
antagonist 

SOD1
G93A

 nd (n=?) 150, 75 mg/kg/d ip 70 nd ↑ 3, 4 
(Meissner et 
al., 2010) 

 Lenalidomide SOD1
G93A

 nd 100 mg/kg/d, po 30 ↑ ↑ 19 
(Kiaei et al., 
2006) 

  SOD1
G93A

 nd (n=18) 100 mg/kg/d, diet 80-90 na ↑12 
(Neymotin et 
al., 2009) 

 LPS SOD1
G37R

 nd 
1 mg/kg, once in 
fortnight for 2 
months, ip 

180 nd ↓ 8 
(Nguyen et al., 
2004) 

Mellitin (peptide in 
bee venom) 

SOD1
G93A

 m (n =11) 100 µg/kg, sc 98 nd ns 
(Yang et al., 
2011a) 

Bee Venom  SOD1
G93A

 m (n=11) 
0.1 μg/g, sc twice 
weekly  

98 nd ↑12 
(Yang et al., 
2010) 

 Minocycline SOD1
G37R

 nd 1 g/kg diet 210–270 ns ↑ 6 
(Kriz et al., 
2002) 

 
SOD1

G93A
 nd 10 mg/kg/d, ip 35 ↑ 21 ↑ 9 

(Zhu et al., 
2002) 

 
SOD1

G93A
 nd 11 mg/kg/d, ip 42 nd ↑ 10 

(Zhu et al., 
2002) 

 
SOD1

G93A
 f 

25, 50 mg/kg, 5 times 
a week, ip 

70 ↑ ↑ 10, 16 
(Van Den Bosch 
et al., 2002) 

 
GFAP-
luc/SOD1

G93A
 

m/f (n=8) 100mg/kg in diet 75 nd ↑ 7 
(Keller et al., 
2011) 

 
GFAP-
luc/SOD1

G93A
 

m/f (n12-
17) 

100mg/kg in diet 90, 105 nd ns 
(Keller et al., 
2011) 

Monoclonal antibody 
against misfolded 
SOD1 (D5H5 
antibody) 

SOD1
G93A

 f (n=8) 
3.6µg/d for 42 and 26 
days, respectively, icv  

65, 85  ↑, nd ↑,↑ 
(Gros-Louis et 
al., 2010) 

Fab fragment of 
monoclonal antibody 
against misfolded 
SOD1 (D5H5 
antibody) 

SOD1
G93A

 f (n=8 
3.6µg/d for 42 days, 
icv 

65 nd ↑ 
(Gros-Louis et 
al., 2010) 

Monoclonal antibody 
against misfolded 
SOD1 (A5C3 
antibody) 

SOD1
G93A

 f (n=8) 
3.6µg/d for 42 days, 
icv 

65 nd ns 
(Gros-Louis et 
al., 2010) 

 Myostatin mAb SOD1
G93A

 m 20–40 mg/kg/week, ip 28 nd ns 
(Holzbaur et al., 
2006) 

http://www.sciencedirect.com/science/article/pii/S0301008208000026#tbl6fn2
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 NDGA SOD1
G93A

 m/f 2,500 ppm diet 90 ↑ ↑ 
(West et al., 
2004) 

 Nimesulide SOD1
G93A

 nd 1,500 mg/kg diet 49 ↑ ns 
(Pompl et al., 
2003) 

 Pioglitazone SOD1
G93A

 nd 1,200 ppm diet 30 ↑ ↑ 13 
(Kiaei et al., 
2005a) 

 
SOD1

G93A
 m 40 mg/kg/d, diet 57 ↑ 10 ↑ 8 

(Schutz et al., 
2005) 

Resveratrol SOD1
G93A

 
m/f (n=10-
11) 

25 mg/kg/d, diet 47 ns ns 
(Markert et al., 
2010) 

 Rofecoxib SOD1
G93A

 m/f 0.005% diet 30 nd ↑ 21 
(Klivenyi et al., 
2004) 

 
SOD1

G93A
 f 

2.5, 5 mg/kg, 3 times a 
week, ip 

60 ↑ ns 
(Azari et al., 
2005) 

 Ro 28-2653 SOD1
G93A

 nd 100 mg/kg/d, po 30 ↑ 7 ↑ 11 
(Lorenzl et al., 
2006) 

 
SOD1

G93A
 nd 100 mg/kg/d, po 90 nd ns 

 (Lorenzl et al., 
2006) 

 SOD1
G93A

 vaccination SOD1
G37R

 m/f 

50 μg initial dose then 
2 further 50 μg doses 
at 3 week intervals 
then 50µg dose at 180 
days, sc 

60 ↑ 6 ↑ 8 
(Urushitani et 
al., 2007) 

 
SOD1

G93A
 nd 

Described as same 
protocol as for 
SOD1

G37R
 mice above 

but presume final 
dose was not possible 
as mice would not 
have been alive at 
180 days. 

60 ns ns 
 (Urushitani et 
al., 2007) 

SOD1
G93A apo

 
vaccination 

SOD1
G93A G1L

 
nd (n=9-
13) 

50 μg initial dose then 
2 further 50 μg doses 
at 3 week intervals 
then 50µg dose at 180 
days, sc 

60 ↑ 9 ↑ 4 
(Takeuchi et 
al., 2010) 

SOD1
WT apo

 
vaccination 

SOD1
G93A G1L

 
nd (n=12-
13) 

50 μg initial dose then 
2 further 50 μg doses 
at 3 week intervals 
then 50µg dose at 180 
days, sc 

60 ns ↑ 7 
(Takeuchi et 
al., 2010) 

 SOD1 pAb SOD1
G93A

 nd 1.8 μg/d/mo, icv 85 nd ↑ 6 
 (Urushitani et 
al., 2007) 

 Sulindac SOD1
G93A

 nd 300 ppm diet 30 ↑ ↑ 10 
(Kiaei et al., 
2005c) 

 Thalidomide SOD1
G93A

 nd 50, 100 mg/kg/d, po 30 ↑ ↑ 12, 16 
(Kiaei et al., 
2006) 

 uPA inhibitor SOD1
G93A

 nd 10 mg/kg/d, ip 30 ns ↑ 7 
(Glas et al., 
2007) 

 Vincristine SOD1
G93A

 nd 
0.1 mg/kg/fortnight, 
ip 

68 ns ↑ 12 
 (Bruce et al., 
2004) 

Vitamin B12 SOD1
G93A

 nd (n=9) 0.2mg/kg/d, po 42 ns ns (Zhang et al., 
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2008) 

Wen-Pi-Tang SOD1
G93A

 m/f (n=22) 100, 200 mg/kg/d, po 49 ns, ↑ 8 ns 
(Sekiya et al., 
2009) 

Neurotrophic 

 ADNF SOD1
G93A

 m/f 30 nmol/2d, icv 80 ↑ ns 
(Chiba et al., 
2004) 

 
SOD1

G93A
 m/f 30 nmol/2d, icv 80 ↑ 6 ns 

(Chiba et al., 
2006) 

 ADNF (colivelin) SOD1
G93A

 m/f 0.01, 1 nmol/2d, icv 80 ↑ 9, 11 ↑ 8, 6 
(Chiba et al., 
2006) 

 AIT-082 SOD1
G93A

 m/f 1–100 mg/kg/d, water 30 ns ns 
(Jiang et al., 
2006) 

 BMP-7 SOD1
G93A

 nd 10 μg, single, ic 80 ns ns 
(Dreibelbis et 
al., 2002) 

 EGF SOD1
G93A

 nd 0.5 μg/d/week, is 100 na nd 
(Ohta et al., 
2006) 

 FGF2 SOD1
G93A

 nd 0.5 μg/d/week, is 100 na nd 
(Ohta et al., 
2006) 

 EGF + FGF2 SOD1
G93A

 nd 0.5 μg/d/week, is 100 na nd 
(Ohta et al., 
2006) 

 Erythropoietin SOD1
G93A

 m/f 
8.3 μg/kg, 2 times a 
week, ip 

47 
↑ f 
ns m 

ns  
(Grunfeld et al., 
2007) 

 
SOD1

G93A
 f 4000 U/kg/d, sc 49 nd ns 

(Grignaschi et 
al., 2007) 

 
SOD1

G93A
 nd 

2500, 
5000 U/kg/fortnight, 
ip 

60 ns, ↑ 8 ↑ 8, 10 
 (Koh et al., 
2007b) 

 bFGF SOD1
G93A

 nd 
15–500 μg/kg, 2 times 
a week, ip 

30 ns ns 
(Upton-Rice et 
al., 1999b) 

 Galectin-1 oxidised SOD1
H46R

 nd 
0.25 mg/kg, 1 times a 
week, im 

70 ↑ 4 ↑ 7 
(Chang-Hong et 
al., 2005) 

GCSF (Pegfilgrastim) SOD1
G93Ab

 
m (n=8-9) 
littermate 
balanced 

300µg/kg/weekly, ip 84 ns 7 
(Pollari et al., 
2011) 

GCSF (filgrastim) SOD1
G93Ab

 
f (n=17-18) 
littermate 
balanced 

30µg/kg/d, sc, 
osmotic pump, for 8 
weeks 

77 ↑ 20 ↑ 7 
(Pitzer et al., 
2008) 

 IGF-1 SOD1
G93A G1L

 nd 0.1, 1 mg/kg/d, is 140 ↑ 10, 15 ↑ 8, 11 
(Nagano et al., 
2005) 

IGF-1 plasmid SOD1
G93A

 nd 
200 μl (1 μg/μl) 
plasmid, im 

70 na 

na, but 
increased 
muscle 
strength, 
motor unit 
and motor 
neuron 
number at 
120 d 

(Riddoch-
Contreras et 
al., 2009) 

IGF-1:TTC fusion 
protein 

SOD1
G93A

 f (n = 7-11) 
0.4, 1.2, 4 mg, im at 
60 days and 70days 

60 ns ns 
(Chian et al., 
2009) 

IGF-1:TTC fusion SOD1
G93A

 m (n =8- 25, 110 µg/d, it 60 ns ns (Chian et al., 
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protein 37) infusion for 7-10 days 2009) 

MGF plasmid SOD1
G93A

 nd 
200 μl (1 μg/μl) 
plasmid, im 

70 na 

na, but 
increased 
muscle 
strength, 
motor unit 
and motor 
neuron 
number at 
120 d 

(Riddoch-
Contreras et 
al., 2009) 

 LIF SOD1
G93A

 m/f 25 μg/kg/d, ip 60 ↑ ns 
(Azari et al., 
2003) 

 
SOD1

G93A G1L
 m/f 10 μg/kg/d, sc 168 ns ns (Feeney et al.) 

 
SOD1

G93A G1L
 m/f 25 ng/d, im 168 ns ns (Feeney et al.) 

 
SOD1

G93A G1L
 m/f 3 μg/kg/d, is Onset ns ns (Feeney et al.) 

 Neurophilin ligands SOD1
G93A

 m/f 26.5–79 mg/kg/d, po 30 ns ns 
(Shefner et al., 
2001) 

 p75
NTR

 antagonist SOD1
G93A

 m/f 
1 mg/kg, 3 times a 
week, ip 

70 ns ns 
(Turner et al., 
2004a) 

SUN N8075 SOD1
G93A

 nd (n=12) 30 mg/kg/d, sc 70 ↑ ↑ 11 
(Shimazawa et 
al., 2010) 

 TGF-β2 SOD1
G93A

 nd 
2 μg, 3 times a week, 
ip 

84 ↑ nd 
 (Day et al., 
2005) 

 TRO19622 SOD1
G93A

 m/f 3, 30 mg/kg/d, sc 60 ↑ ↑ 10, 8 
(Bordet et al., 
2007) 

 VEGF SOD1
G93A

 f 
1 μg/kg, 1 times a 
week, ip 

74 ↑ 10 ↑ 8 
(Zheng et al., 
2004) 

Non-glutamatergic neurotransmission 

 Acetyl-L-carnitine SOD1
G93A

 m/f 3.5 mmol/kg/d, diet 40 nd ns 
(Crochemore et 
al., 2005) 

 Cannabinoid SOD1
G93A

 m 10 mg/kg/d, ip 60 ↑ ↑ 5 
(Raman et al., 
2004) 

 
SOD1

G93A
 m 20 mg/kg/d, ip 75 ↑ ↑ 5 

(Raman et al., 
2004) 

 
SOD1

G93A
 m/f 1 mg/kg/d, ip 75 na ns 

(Kim et al., 
2006) 

 WIN-55,212 SOD1
G93A

 nd 5 mg/kg/d, ip 90 na ↑ 
(Shoemaker et 
al., 2007) 

 AM-1241 SOD1
G93A

 nd 0.3,3 mg/kg/d, ip 90 na ↑ 
(Shoemaker et 
al., 2007) 

 Cannabinol SOD1
G93A

 m 5 mg/kg/d, sc 42 ↑ ns 
(Weydt et al., 
2005) 

 Clenbuterol SOD1
G93A

 m/f 1.5 mg/kg/d, ip 56 ↑ ↑ 10 f
c
 

(Teng et al., 
2006) 

 Clozapine SOD1
G93A

 f 
2.5, 7.5 mg/kg, 3 
times a week, po 

60 ns ns 
(Turner et al., 
2003d) 

 5-Hydroxytryptophan SOD1
G93A

 m/f 
50 mg/kg, 3 times a 
week, ip 

60 ↑ 15 ↑ 11 
(Turner et al., 
2003a) 

 Morphine SOD1
G93A G1L

 nd 25 mg/kg/d, ip 50 ↑ 40 ↑ 30 
(Chritin et al., 
2006) 

 Nortriptyline SOD1
G93A

 m/f 10, 20 mg/kg/d, ip 42 ↑ 7, 13 ↑ 7, 6 (Wang et al., 

http://www.sciencedirect.com/science/article/pii/S0301008208000026#tbl6fn3
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Agent  
 

Model  
 

Gender  
 

Dosology  
 

Start 
(days)  
 

Onset 
change 
(%)  
 

Survival 
change 
(%)  
 

Reference  
 

2007) 

 Pramipexole SOD1
G93A

 m/f 3 mg/kg/d, water 45 nd ns 
(Danzeisen et 
al., 2006) 

 Promethazine SOD1
G93A

 m/f 10, 20 mg/kg/d, ip 42 ↑ 8, 10 ns 
(Wang et al., 
2007) 

 SND919CL2X SOD1
G93A

 m/f 100 mg/kg/d, water 45 nd ↑ 6 
(Danzeisen et 
al., 2006) 

 Tianeptine SOD1
G93A G1L

 nd 20 mg/kg/d, ip 50 ↑ 20 ↑ 18 
(Chritin et al., 
2006) 

 WIN55,212-2 SOD1
G93A

 m/f 5 mg/kg/d, ip 90 nd ns 
(Bilsland et al., 
2006) 

Gene and antisense therapy 

 GDNF plasmid SOD1
G93A

 nd 
50 μg plasmid, 
fornightly, im 

63 ↑ ns 
 (Yamamoto et 
al., 2001) 

 AV-CT-1 SOD1
G93A

 nd 1 × 10
8
 units, im 5–6 ↑ 21 ↑ 8 

(Bordet et al., 
2001) 

 AV-GDNF SOD1
G93A

 nd 5 × 10
9
 units, im 5–7 ↑ 7 ↑ 12 

(Acsadi et al., 
2002) 

 AAV-Bcl-2 SOD1
G93A

 nd 1 × 10
8
 units, im 35 ↑ 8 ns 

(Azzouz et al., 
2000) 

 AAV-GDNF SOD1
G93A

 nd 1 × 10
11

 units, im 63 ↑ 13 ↑ 14 
(Wang et al., 
2002b) 

 
SOD1

G93A
 nd 1 × 10

10
 units, im 60 ↑ 18 ↑ 9 

(Kaspar et al., 
2003) 

 
SOD1

G93A
 nd 1 × 10

10
 units, im 90 nd ↑ 6 

(Kaspar et al., 
2003) 

 AAV-Follistatin SOD1
G93A

 nd 1 × 10
11

 units, im 40 nd ns 
(Miller et al., 
2006) 

 AAV-IGF-1 SOD1
G93A

 nd 1 × 10
10

 units, im 60 ↑ 34 ↑ 30 
(Kaspar et al., 
2003) 

 
SOD1

G93A
 nd 1 × 10

10
 units, im 90 nd ↑ 18 

(Kaspar et al., 
2003) 

 
SOD1

G93A
 m/f 5 × 10

10
 units, is 60 ↑ 20 m ↑ 10 m 

(Lepore et al., 
2007) 

AAV4-IGF-1 SOD1
G93A

 
m/f (n=30-
35) 

8 x 10
10

 units, icv 85 nd 
↑ 10 m

c 

↑ 10 f
c 

(Dodge et al., 
2010) 

 AAV-shRNA SOD1
G93A

 nd 1 × 10
7
 units, im 40 ↑ nd 

(Miller et al., 
2006) 

AAV6-shRNA SOD1
G93A

 

m/f (n= 
≥20 age, 
sex and 
litter 
balanced) 

Injection into, tongue 
hindlimb, forelimb, 
intercostal and facial 
muscles and within 
the thoracic cavity. 
Units injected not 
clearly defined.  

P1-P5 
(P15 for 
tongue) 

nd ns 
(Towne et al., 
2011) 

AAV6-shRNA SOD1
G93A

 

m/f (n=10 
sex and 
litter 
balanced) 

2 x 10
11

 viral 
genomes, iv 

42 ns ns 
(Towne et al., 
2008) 

AAV2-siRNA-GFP SOD1
G93A

 nd (n=10) 
Injection into right 
lower hind limb 

45 nd na 
(Miller et al., 
2005) 
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Agent  
 

Model  
 

Gender  
 

Dosology  
 

Start 
(days)  
 

Onset 
change 
(%)  
 

Survival 
change 
(%)  
 

Reference  
 

AAV4-VEGF-165 SOD1
G93A

 
m/f (n=30-
35) 

8 x 10
10

 units, icv 85 nd 
↑ 8 m

c 

↑ 17 f
c
 

(Dodge et al., 
2010) 

pCMV-BDNF SOD1
G93A

 
m/f (n=10 
littermate 
balanced) 

300 µg plasmid, im 56 ns ns 
(Calvo et al., 
2011) 

pCMVTTC SOD1
G93A

 
m/f (n=10 
littermate 
balanced) 

300 µg plasmid, im 56 ↑22 ↑12 
 (Calvo et al., 
2011) 

 
SOD1

G93A
 

Balanced 
m and f, (  
n=20) 

300µg plasmid, im 56 ↑5 ↑10 
(Moreno-Igoa 
et al., 2010) 

 EIAV-VEGF SOD1
G93A

 nd 1 × 10
8
 units, im 21 ↑ 30 ↑ 30 

(Azzouz et al., 
2004a) 

 
SOD1

G93A
 nd 1 × 10

8
 units, im 90 nd ↑ 15 

(Azzouz et al., 
2004a) 

 EIAV-shRNA SOD1 SOD1
G93A

 nd 1 × 10
8
 units, im 7 ↑ 115 ↑ 77 

(Ralph et al., 
2005) 

 LV-shRNA SOD1 SOD1
G93A

 nd 90 ng p24 antigen, is 40 ↑ 20 nd 
(Raoul et al., 
2005) 

 LV-shRNA SOD1 SOD1
G93A

 nd 1 × 10
7
 units, im 40 ns nd 

(Miller et al., 
2006) 

 PNA GluR3 SOD1
G93A

 m/f 
2.5 mg/kg, 3 times a 
week, ip 

50 ↑ 9 ↑ 9 
(Rembach et 
al., 2004) 

 PNA p75
NTR

 SOD1
G93A

 f 
2.5 mg/kg, 3 times a 
week, ip 

60 ↑ 10 ↑ 8 
(Turner et al., 
2003b) 

 siRNA Fas SOD1
G93A

 nd 1 mg/kg/d, is 90 ↑ ↑ 14 
(Locatelli et al., 
2007) 

Cell replacement 

 Myoblast-GDNF SOD1
G93A

 nd 5 × 10
4
 cells, im 42 ↑ 17 nd 

(Mohajeri et 
al., 1999) 

 hMSCs SOD1
G93A

 nd 3 × 10
6
 cells, iv 56 ↑ 11 ↑ 12 

(Zhao et al., 
2007) 

 
SOD1

G93A
 f  (n = 18) 5 x 10

6 
cells, icsf 56 ns ns 

(Zhang et al., 
2009) 

 
SOD1

G93A
 f (n = 21) 

5 x 10
6 

cells, icsf at 56, 
70 and 84 days 

56 ↑ 6 ↑ 10 
(Zhang et al., 
2009) 

 
SOD1

G93A G1L
 

m/f (n=12-
25) 

1 x 10
5
 cells, is 

transplant 
196 

m↑ 
f ns 

m ↑ 
f ns 

(Vercelli et al., 
2008) 

hMSCs (from an ALS 
patient) 

SOD1
G93A

 
nd 
(n = 27-29) 

2 x 10
5
, 1x10

6
 cells, ic   60 ns, ns ↑5, 7 

(Kim et al., 
2010) 

 hNT neurons SOD1
G93A

 nd 1.5 × 10
5
 cells, is 49 ↑ ns 

(Garbuzova-
Davis et al., 
2002) 

 
SOD1

G93A
 nd 1.5 × 10

5
 cells, is 56 ↑ ns 

(Willing et al., 
2001) 

 
SOD1

G93A
 nd 1.5 × 10

5
 cells, is 105–112 na ns 

(Garbuzova-
Davis et al., 
2001) 

 
SOD1

G93A
 m 

1.5 × 10
5
 cells, 3 

times, is 
61 nd ns 

(Garbuzova-
Davis et al., 
2006) 
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Agent  
 

Model  
 

Gender  
 

Dosology  
 

Start 
(days)  
 

Onset 
change 
(%)  
 

Survival 
change 
(%)  
 

Reference  
 

 hNSCs SOD1
G93A

 m/f 

8 × 10
4
 cells, is 

(combined with 
immunosuppression 
with 1µg/g each of 
FK506 plus 
rapamycin, ip from 55 
days) 

56 ↑ 17 ↑ 9 
(Yan et al., 
2006) 

 mNSCs SOD1
G93A

 m/f 2 × 10
4
 cells, is 70 ↑ ↑ 16 

(Corti et al., 
2007) 

hNPs SOD1
G93A

 
m/f (n 
=16-124) 

10µl cells, ic
e 

75 nd ns 
(Park et al., 
2009) 

hNPs expressing 
BDNF by AAV 

SOD1
G93A

 
m/f (n 
=18-124) 

10µl cells, ic
e
 75 nd ns 

(Park et al., 
2009) 

hNPs expressing IGF-
1 by AAV 

SOD1
G93A

 
m/f (n 
=22-124) 

10µl cells, ic
e
 75 nd ns 

(Park et al., 
2009) 

hNPs expressing 
VEGF by AAV 

SOD1
G93A

 
m/f (n 
=29-124) 

10µl cells, ic
e
 75 nd ns 

(Park et al., 
2009) 

hNPs expressing 
GDNF by AAV 

SOD1
G93A

 
m/f (n 
=46-124) 

10µl cells, ic
e
 75 nd ns 

(Park et al., 
2009) 

hNPs expressing 
GDNF by LV 

SOD1
G93A

 
m/f (n 
=21-23) 

10µl cells, ic
e
 75 nd ↓8 

(Park et al., 
2009) 

 hUCB cells SOD1
G93A

 nd 3.5 × 10
7
 cells, iv 56 nd ↑ 17 

(Ende et al., 
2000) 

 
SOD1

G93A
 nd 7.0 × 10

7
 cells, iv 49 nd ↑ 31 

(Chen and 
Ende, 2000) 

 
SOD1

G93A
 nd 1.0 × 10

6
 cells, iv 63 nd ns 

(Garbuzova-
Davis et al., 
2003) 

 
SOD1

G93A
 nd 1 × 10

5
 cells, is 45 ns ns 

(Habisch et al., 
2007b) 

 OB-NPCs SOD1
G93A

 m 1 × 10
5
 cells, is 70 ns ↑ 

(Martin and 
Liu, 2007) 

 BM cells SOD1
G93A

 m/f 3 × 10
7
 cells, ip 28 nd ↑ 9 

(Corti et al., 
2004) 

 
SOD1

G93A
 m/f 5 × 10

6
 cells, iv 42 ns ns 

(Solomon et al., 
2006) 

 
SOD1

G93A
 nd 1 × 10

5
 cells, is 45 ns ns 

(Habisch et al., 
2007b) 

 
SOD1

G93A
 f (n =7-10) 

6 x 10
7
 cells from 84 

day old eGFP mice, 
ibm  

~84  na ↑ 10 
(Ohnishi et al., 
2009) 

 
SOD1

G93A
 f (n =8-10) 

6 x 10
7
 cells from 84 

day old SOD1
G93A

 m 
mice, ibm 

~84 na ns 
(Ohnishi et al., 
2009) 

 Sertoli cells SOD1
G93A

 nd 1 × 10
5
 cells, is 55–65 ns ns 

(Hemendinger 
et al., 2005) 

Combinatorial 
AAV4-IGF-1 and 
AAV4-VEGF-165 

SOD1
G93A

 
m/f (n=30-
35) 

4 x 10
10

 units of each 
AAV, icv 

85 nd 
↑ 8 m

c 

↑ 8 f
c
 

(Dodge et al., 
2010) 

pCMV-BDNF-TTC SOD1
G93A

 
m/f (n=10 
littermate 

300 µg plasmid, im 56 29 15 
(Calvo et al., 
2011) 
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Agent  
 

Model  
 

Gender  
 

Dosology  
 

Start 
(days)  
 

Onset 
change 
(%)  
 

Survival 
change 
(%)  
 

Reference  
 

balanced) 

 Creatine + celecoxib SOD1
G93A

 m/f 2%/0.012% diet 30 nd ↑ 29 
(Klivenyi et al., 
2004) 

 Creatine + rofecoxib SOD1
G93A

 m/f 2%/0.005% diet 30 nd ↑ 31 
(Klivenyi et al., 
2004) 

 
SOD1

G93A
 nd 2%/0.005% diet Onset na ↑ 4 

(Crow et al., 
2005) 

 Creatine + riluzole SOD1
G93A G1L

 m/f 
2% diet/100 μg/ml 
water 

40 ↑ nd 
(Snow et al., 
2003) 

Folic acid + Vitamin 
B12 

SOD1
G93A

 nd (n=9) 4/0.2mg/kg/d, po 42 ↑8 ↑10 
(Zhang et al., 
2008) 

Light+ Riboflavin SOD1
G93A

 
nd (n=11-
12) 

Light:140-mW output 
power, 1.4 cm2 spot 
size, 120s treatment, 
12 J/cm2 energy 
density per treatment 
site/day (3 treatment 
sites across CNS and 
spinal cord)/ 
Riboflavin: 12mg/kg 
diet 

51 nd ns 
(Moges et al., 
2009) 

Lithium + Valproic 
acid 

SOD1
G93A

 

m/f (n=6 
sex and 
littermate 
balanced) 

60/30 mg/kg twice 
daily, ip 

30 ↑14 ↑15 
(Feng et al., 
2008) 

 Minocycline + creatin
e 

SOD1
G93A

 nd 
2% diet/22 mg/kg/d, 
ip 

21/28 ↑ 30 ↑ 25 
(Zhang et al., 
2003) 

 Minocycline + riluzole
 + nimodipine 

SOD1
G37R

 nd 
80–100/30–40/30–
40 mg/kg, diet 

240–270 ↑ 11 ↑ 13 
(Kriz et al., 
2003) 

 Mn-
porphyrin + creatine +
 rofecoxib 

SOD1
G93A

 nd 
2.5 mg/kg/d, 
ip/2%/0.005% diet 

Onset na ↑ 24 
(Crow et al., 
2005) 

 Mn-porphyrin + PBA SOD1
G93A

 nd 2.5/400 mg/kg/d, ip Onset na ↑ 19 
(Petri et al., 
2006b) 

 Morphine + tianeptin
e 

SOD1
G93A G1L

 nd 25/20 mg/kg/d, ip 50 ↑ 23 ↑ 18 
(Chritin et al., 
2006) 

 Neu2000 + lithium SOD1
G93A

 nd 30/200 mg/kg/d, diet 56 ↑ 23 ↑ 21 
(Shin et al., 
2007) 

 Noscapine + pioglitaz
one 

SOD1
G93A

 f 
100 mg/kg/d, 
ip/40 mg/kg/d, diet 

70 ↑ ↑ 26 
(Fanara et al., 
2007) 

 Rasagiline + riluzole SOD1
G93A G1L

 nd 0.5, 2/30 mg/kg/d, po 60 nd ↑ 18, 20 
(Waibel et al., 
2004) 

 Trientine + ascorbate SOD1
G93A G1L

 nd 0.2% water/0.8% diet 45 ↑ 8 ↑ 10 
(Nagano et al., 
1999) 

 
SOD1

G93A
 m 0.5% water/0.8% diet 50 ns ↑ 7 

(Nagano et al., 
2003) 

 Vitamin E/exercise 
(running wheel) 

SOD1
G93A

 m/f 200 U/kg diet 30/45 ↑ 16 ns 
 (Gurney et al., 
1996) 

 AAV-IGF-1/exercise 
(running wheel) 

SOD1
G93A

 m/f 6 × 10
10

 units, im 90/40 nd ↑ 70
c
 

 (Kaspar et al., 
2005) 

Other 

http://www.sciencedirect.com/science/article/pii/S0301008208000026#tbl6fn3
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Agent  
 

Model  
 

Gender  
 

Dosology  
 

Start 
(days)  
 

Onset 
change 
(%)  
 

Survival 
change 
(%)  
 

Reference  
 

Human recombinant 
angiogenin 

SOD1
G93A

 
m/f sex 
matched 
(n=12-15) 

1µg/d, ip  50, 90 nd ↑ 10, 9 
(Kieran et al., 
2008) 

Ammonium 
tetrathiomolybdate 
(copper chelator) 

SOD1
G93A

 
m/d 
(n=28-34) 

5mg/kg/d, ip 28 ↑20 ↑25 
(Tokuda et al., 
2008) 

 WT APC 
(enzymatically active) 

SOD1
G93A

 
m, (n=10-
19) 

40 µg/kg/d, ip 
7 days 
after 
onset 

nd ↑ 10 
(Zhong et al., 
2009) 

3K3A-APC 
(enzymatically active) 

SOD1
G93A

 
m, (n=11-
19) 

40 µg/kg/d, ip 
7 days 
after 
onset 

nd ↑ 13 
(Zhong et al., 
2009) 

5A-APC 
(enzymatically active) 

SOD1
G93A

 
m, (n=10-
19) 

100 µg/kg/d, ip 
7 days 
after 
onset 

nd ↑ 25 
(Zhong et al., 
2009) 

5360A-APC 
(enzymatically 
inactive) 

SOD1
G93A

 
m, (n=10-
19) 

100 µg/kg/d, ip 
7 days 
after 
onset 

nd ns 
(Zhong et al., 
2009) 

 Cu SOD1
G93A

 nd 400 ppm in diet  21 nd ns 
(Jonsson et al., 
2006) 

 Dietary restriction SOD1
G93A G1L

 nd 
30–40% diet 
reduction 

42 ns ↓ 
(Pedersen and 
Mattson, 1999) 

 
SOD1

G93A
 m/f 60% diet reduction 40 ↓ 10 ns 

(Hamadeh et 
al., 2005) 

 
SOD1

G93A
 m/f 

transient 60% diet 
reduction from 40-55 
days 

40–55 ↓ 3 m ↓ 7 m 
(Hamadeh and 
Tarnopolsky, 
2006) 

 
SOD1

G93A
 

m/f (n=22-
31 not 
gender or 
litter 
balanced) 

60% diet reduction 40 ↓ 6 ↓ 9 
(Patel et al., 
2010) 

 High-energy diet SOD1
G86R

 nd 
21% fat, 0.15% 
cholesterol diet 

42 nd ↑ 20 
 (Dupuis et al., 
2004) 

 Exercise SOD1
G93A

 m/f 
Low, 390 m, 5 times a 
week 

49 nd ↑ 8 m 
(Kirkinezos et 
al., 2003) 

 
SOD1

G93A
 m/f 

Moderate, 720 m, 5 
times a week 

56 ns ↑ f 
(Veldink et al., 
2003) 

 
SOD1

G93A G1L
 m/f 

Moderate, 720 m, 5 
times a week 

56 ↑ f ns 
(Veldink et al., 
2003) 

 
SOD1

G93A
 m/f 

High, 405–990 m, 5 
times a week 

40 ns ↓ m 
(Mahoney et 
al., 2004) 

 
SOD1

G93A
 m/f High, 1400 m, d 35 ns ns 

(Liebetanz et 
al., 2004) 

Environmental 
enrichment 

SOD1
G93A

 
m (n=9-11) 
f (n=7-8) 

Larger cage, 
enrichment changed 
twice weekly, access 
to extra exploratory 
area for one hour 
3x/week from 30 days 
of age. 

28 nd 
f↓10 
m, ns 

(Stam et al., 
2008) 

 Hypoxia SOD1
G93A

 nd 10% O2 for 21 days, 60, 100 nd ns (Van Den Bosch 
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Agent  
 

Model  
 

Gender  
 

Dosology  
 

Start 
(days)  
 

Onset 
change 
(%)  
 

Survival 
change 
(%)  
 

Reference  
 

10% O2 from 100 days 
till end stage 

et al., 2004) 

 Ketogenic diet SOD1
G93A

 m 60% fat diet 50 ↑ ns 
(Zhao et al., 
2006) 

Lead-acetate SOD1
G93A

 
m  
(n =8 ) 

200ppm, water  21-25 ns ↑10 
(Barbeito et 
al., 2010) 

 Ovarectomy SOD1
G93A

 f na 40 ns ↓ 8 
(Groeneveld et 
al., 2004b) 

 
SOD1

G93A
 f 

17β-estradiol, 
1 mg/kg/d, water 

50 ns ↑ 6a 
(Groeneveld et 
al., 2004b) 

 
SOD1

G93A
 f (n=10) na 50 ns ↓ 5 

(Choi et al., 
2008) 

 
SOD1

G93A
 f (n=10) 

0.18 mg of 17β-
estradiol released 
over 60 days from sc 
implant starting at 60 
days of age 

50 ns ↑ 6a 
(Choi et al., 
2008) 

Soluble activin 
receptor type IIB 

SOD1
G93A

, 
SOD1

G93Ab
 

m/f (n=18), 
(n=24-26) 

10 mg/kg, ip, twice 
weekly 

60, 90 11, na ns, ns 
(Morrison et 
al., 2009) 

Trichostatin A (TSA, a 
histone deacetylase 
inhibitor) 

SOD1
G93Ab

 
m (n =16-
18) 
littermates 

1mg/kg/d 5 days a 
week ip until 120 days 

90 nd ↑ 7 
(Yoo and Ko, 
2011) 

 ZnSO4 SOD1
G93A

 nd 375 mg/kg/d, water 50 ns ↓ 8 
 (Groeneveld et 
al., 2003) 

 
SOD1

G93A
 m 6–8 mg/kg/d, water 50 nd ns 

(Ermilova et al., 
2005) 

 Zn restriction SOD1
G93A

 m/f <2 ppm diet 50 nd ↑ b 
(Ermilova et al., 
2005) 

-Age of disease onset specified by authors using clinical signs, locomotor or grip strength deficit. 

-Abbreviations: m, male; f, female; ibm, intra-bone marrow; icv, intracerebroventricular; ic, intracisternal; 

ig, intragastric; im, intramuscular; in, intranasal; ip, intraperitoneal; is, intraspinal; it, intrathecal; iv, 

intravenous; po, per os (oral); sc, subcutaneous; na, non-applicable; nd; not described, ns, not significant, 

↑, increased; ↓, decreased; a, cf. ovariectomised mice; b, cf. Zn supplemented mice, AAV, adeno-

associated virus; APC, Activated protein C; ADNF, activity-dependent neurotrophic factor; BMP-7, bone 

morphogenic protein-7; BM, bone marrow; CMV, cytomegalovirus ; CT-1, cardiotrophin 1; BDNF, bone 

derived neurotrophic factor; EGF, epidermal growth factor; EIAV, equine infectious anemia virus; FGF, 

fibroblast growth factor; GCSF, granulocyte colony stimulating factor; GDNF, glial cell-derived 

neurotrophic factor; GluR3, glutamate receptor subunit 3; GSK-3, glycogen synthase kinase-3; Hsp70, heat 

shock protein 70; IGF-1, insulin-like growth factor; LIF, leukemia inhibitory factor;  L-NAME, nitro-l-

arginine methyl ester;  LPS, lipopolysaccharide; LV, lentivirus; MSC, mesenchymal stromal cell; NSC, 

neural stem cell; hNP, human neural progenitor cell; OB-NPC, olfactory bulb neural precursor cell; PBA, 

phenylbutyrate; PNA, peptide nucleic acid; SOD1
G93A

, high copy SOD1
G93A

 mice (25 predicted copies); 

SOD1
G93A G1L

, low copy SOD1
G93A

 mice (8 predicted transgene copies);
 
siRNA, small interfering RNA; 

TAT-modified BCL-XL, protein transduction domain derived from the human immunodeficiency virus 

TAT protein fused with an antiapoptotic modified Bcl-XL protein; TCC, non-toxic C-terminal fragment of 

tetanus toxin ; TGF-β2, transforming growth factor-β2; UBC, umbilical blood cells; uPA, urokinase-type 

plasminogen activator; VEGF, vascular endothelial growth factor; VPA, valproate. 

-
a
 SOD1

G93A
 × Mdr1a/b

−/− 
mice. 

-
b
 B6.Cg-Tg(SOD1*G93A)1Gur/J strain or equivalent. 

-
c
 Median survival.  
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-
d 

There were no differences in disease onset and survival between the two ginseng doses tested in this 

study and hence disease onset and survival data for both doses were combined when performing statistical 

comparisons to untreated controls.  

-
e
 The number of hNPs injected (ic) was not defined in this study. 

-
f
 Onset and survival not defined but no benefit on disease progression. 
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7.2 Appendix 2. Optimising survival studies in SOD1G93A mice  

 

7.2.1 The requirement to address animal husbandry and welfare issues when 

performing survival studies in SOD1G93A mice.  

When designing our metformin dose-response survival study (discussed in detail in Chapter 

4) it was critically important to us to employ a study format that minimized error introduced 

by confounding variables including non-ALS deaths, low copy transgenics, littermate 

clustering and gender imbalance (in order of influence) in experiments involving SOD1
G93A

 

mice (Scott et al., 2008). We therefore followed guidelines produced by Scott and colleagues 

at the ALSTDI that were designed to bring error resulting from these variables to a virtual 

zero (Scott et al., 2008). This allowed us to be confident that the results produced in our study 

were meaningful. Specifically, in order to control for the variability introduced by non-ALS 

deaths, we closely monitored the health of mice throughout the study (via twice weekly 

monitoring of weight and neurological score and then daily monitoring from 100 days 

onwards) and excluded relevant data from any mice observed to experience a non-ALS death. 

In order to control for transgene copy number losses, we checked for potential copy number 

variations in any mice displaying outlying disease progression or survival characteristics by 

Q-PCR (Alexander et al., 2004) and were prepared to exclude any mice which had lost copies 

of the transgene.  To prevent the negative effects of litter clustering, we balanced all 

experimental groups for litter and starting weight and finally to control for the effect of 

gender, we considered results for male and female mice separately and ensured that all 

experimental groups began with near identical numbers of male and female mice. The 

minimum n-number for survival studies in SOD1
G93A

 mice
 
on a mixed-hybrid background 
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(providing mice experiencing non-ALS deaths or loss of copy number are excluded and 

groups are balanced for litter, weight and gender) has been calculated by Scott and colleagues 

to be 12 males and 12 females per group (Scott et al., 2008). We ensured that we met these 

requirements by beginning the study with 14 males and 15 females per group.  

 

Having never performed survival studies in SOD1
G93A

 mice, we found guidelines produced 

by Scott and colleagues very useful in terms of overall study design to ensure meaningful 

results. However, we found it hard to find information about optimal husbandry conditions 

for SOD1
G93A

 mice during these studies in the literature. We also encountered several 

unpredicted welfare issues for which we have now employed standard operating procedures 

(SOPs) in order to minimize animal suffering. We feel that standard operating procedures for 

husbandry and welfare in survival studies in SOD1
G93A

 mice are critical in order to ensure 

that mice enrolled in survival studies are well cared for and furthermore that error is not 

introduced into results through environmental variations or non-ALS-related health issues.  

We have outlined below many of the husbandry and welfare issues encountered and the 

methods we employed to overcome them. Finally we have outlined a set of optimal 

husbandry conditions for survival studies in SOD1
G93A

 mice that are now employed for all 

survival studies in our group.  

 

7.2.2 Minimising fighting between male mice 

Although several studies have indicated that singly housed mice so not suffer undue stress 

(Hunt and Hambly, 2006, Arndt et al., 2009)  it has been shown that mice prefer the presence 

of cage mates (Van Loo et al., 2004, Jennings et al., 1998). Consequently we elect to avoid 

housing mice singly as far as possible in all our experiments.  In our metformin survival 
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study, mice were arranged into cages of either 4 or 5 for males and 5 for females (there were 

14 males and 15 females per group in this study). As we were treating mice via the drinking 

water and were performing litter mate balancing between groups, it was necessary to mix 

mice from different litters within cages. In our laboratory, we normally wait until mice are 

weaned (at 21 days of age) before taking an ear biopsy for the purposes of genotyping. 

Consequently, mice enrolled in our metformin survival study were genotyped post weaning 

and then re-housed into their experimental groups at 35 days of age when metformin 

treatment commenced and genotyping was completed. In their natural habitat, male mice live 

in social groups consisting of one dominant male, females with their progeny and a number 

of subordinate males. In these groups, the dominant male defends his territory which includes 

resources such as females, food and a nesting site.  Although a number of subordinate males 

are often tolerated within the territorial boundaries of the dominant male, aggression is used 

when required to establish and maintain the social structure. Additionally, the dominant male 

is likely to react with aggression to any unfamiliar males entering the territory (Van Loo et 

al., 2003).  As in the wild, male laboratory mice also develop a hierarchical social structure 

(Hayashi, 1993) and it is therefore not possible to mix male mice after they have reached 

puberty as this can lead to severe fighting (Jennings et al., 1998).  Although we were aware of 

this fact, we thought that at 35 days of age, mice would not yet have reached puberty and 

therefore that aggressive behaviour could be avoided. We were also not concerned about 

mixing female mice as non-breeding females normally live harmoniously together (Jennings 

et al., 1998).  As predicted, we did not have any problems mixing female mice at this stage, 

but unfortunately experienced considerable problems with fighting between male mice upon 

sorting them into their groups. The onset of puberty in male and female mice can vary greatly 

between strains (Silver, 1995) and we therefore concluded that in our SOD1
G93A

 mice, the 
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onset of puberty in males may occur prior to 35 days of age. Although it is preferred to take 

ear biopsies from mice post weaning, it is also possible to biopsy mice from two weeks of age 

onwards, as their ears are usually sufficiently developed by this stage (Robinson et al., 2003). 

Consequently, we decided to take ear biopsies (for the purposes of genotyping and 

identification) from mice at two weeks of age in any future survival studies involving 

treatment of mice via the diet or drinking water, as this would allow them to be weaned 

directly into their experimental groups. This was successfully performed in our subsequent 

trehalose survival study (discussed in detail in Chapter 5) and was observed to considerably 

reduce fighting.  

 

When faced with fighting in male mice in our metformin survival study, we employed several 

methods to reduce the severity of this fighting. These were as follows:  

1. Cages of male and female mice were moved to opposite sides of the holding room, as 

exposure to female odours can promote aggression in male mice as a consequence of 

their tendency to compete for opportunities to breed (Hurst, 2005).   

2. To further minimise exposure of male mice to female odours, gloves were changed 

between handling female and male mice and surfaces were cleaned between working 

with mice of different sexes.  

3. The role of enrichment materials in promoting/reducing aggression in male mice is 

complex and highly dependent on the nature of the enrichment (Van Loo et al., 2002), 

however, it has been shown that provision of nesting material, which mice can 

actively arrange and shape, reduces aggression between male mice (Van Loo et al., 

2002). We therefore provided nesting material in all cages (both male and female). 

The nesting material chosen was Enviro-Dri from Lillico, a highly absorbent paper 
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wool that requires less frequent changing than traditional paper wools. Less frequent 

changing of nesting material is advantageous as it has been shown that transferring 

existing nesting material from old cages to fresh cages when male mice are cleaned 

out, substantially reduces fighting (Van Loo et al., 2000).  Consequently, we always 

transferred over some nesting material when cleaning out male cages.   

4. In addition to providing nesting in all male cages, we provided two fun tunnels 

(Lilico) which mice could move, arrange and chew as they pleased. Our reasoning for 

including the fun tunnels was that it has been suggested that laboratory mice that are 

living in a cage without enrichment may be unable to respond to each other in a way 

that is socially normal for them. Subordinate mice are for example unable to escape 

from the most dominant male‟s sight, or to migrate out of his territory. This may 

cause the dominant male to respond with more extreme aggression than usual, in an 

attempt to achieve the desired effect (i.e. disappearance of the subordinate) (Van Loo 

et al., 2003). We felt that inclusion of fun tunnels would provide opportunity for 

subordinate males to hide as well as provide entertainment that may reduce boredom-

induced fighting.  

5. If fighting became so severe in individual cages that we felt that injuries sustained 

may severely affect the welfare of the mice or influence weight and neurological 

score data collected from them, we removed the dominant male from the affected 

cage. The removed male was then housed singly for the remainder of the study. This 

is a common practise when working with aggressive strains of laboratory mice (Van 

Loo et al., 2003) and worked well in this instance. However, we were keen to avoid 

having to separate males at this early stage in future studies as we wanted to keep 

cage conditions between experimental groups as uniform as possible.  If individual 
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mice sustained such severe fighting injuries that their disease course could be 

affected, they were excluded from analyses from the timepoint at which the injury 

occurred.  

 

7.2.3 Employing the ALSTDI neurological scoring system 

7.2.3.1 Establishing the difference between a score of 0 and a score of 1 

During our metformin survival study, we employed a neurological scoring system developed 

by the ALSTDI (Scott et al., 2008, Gill et al., 2009, Lincecum et al., 2010), to assess the 

onset and progression of neurological symptoms and survival in SOD1
G93A

 mice. This 

scoring system was as follows:  

 

0 Full extension of hind legs away from lateral midline when mouse is suspended by it tail 

and mouse can hold this for 2 seconds, suspended 2-3 times.  

1 Collapse or partial collapse of leg extension towards lateral midline (weakness) or 

trembling of hind legs during tail suspension.  

2 Toes curl under at least twice during walking of 12 inches or any part of foot is dragging 

along cage bottom  

3 Rigid paralysis or minimal joint movement, foot not being used for forward motion.  

4 Mouse cannot right itself within 30s of being placed on a side  

 

Although we found criteria used to determine scores 2, 3 and 4, distinct and easy to determine 

without ambiguity, we initially found the distinction between scores 0 and 1 for individual 

hindlimbs more difficult to establish. Specifically, it was difficult to determine how widely 



309 

 

splayed a mouse‟s hindlimbs needed to be upon suspension of the mouse by its tail to warrant 

the description of „full extension of hind legs away from lateral midline‟. Consequently, 

neurological score curves for mice in our metformin survival study (Figures 23 and 25) 

fluctuated between 0 and 1 at early time-points (between approximately 41 and 76 days of 

age) rather than starting low and continuously rising.  In order to overcome this problem we 

analysed the nature of the hindlimb splay upon suspension by the tail of a number of WT 

mice in the age range of 35 to 80 days ,when SOD1 mice would normally be scored either 0 

or 1.  Through analysis of these wild type mice and comparison to SOD1
G93A 

mice at varying 

stages of pathology, we realized that even in healthy WT mice, there is variation in how 

widely splayed a mouse‟s hindlimbs will be upon suspension by the tail. However, the critical 

indicator of collapse to the midline in SOD1
G93A 

mice is that the mouse no-longer holds its 

hindlimbs out straight and instead bends them at the ankle and the knee. This bend is initially 

subtle and becomes more pronounced as the disease progresses. Figure 34 shows a 

photograph of a WT mouse being suspended by its tail and a SOD1
G93A

 mouse next to it, also 

being suspended by its tail. In these photographs the WT mouse shows a classic healthy 

hindlimb splay where both hindlimbs are held straight and away from the lateral midline, 

whereas the SOD1
G93A

 mouse shows a full collapse to the midline with both hindlimbs bent 

and tucked in towards the body. As a consequence of our observations in WT and SOD1
G93A 

mice, we decided that if a mouse could hold a hindlimb out straight without tremor for 2 

seconds when suspended 2-3 times by its tail, this hindlimb should be awarded a score of 0. 

Conversely, if a mouse‟s hindlimb was bent to any extent upon suspension of the mouse by 

its tail, a score of 1 was awarded for this hindlimb. Scores were assigned to each hindlimb 

individually and in some instances one hindlimb was given a score of 0 and the other a score 

of 1. After establishing the hindlimb bending criterion for hindlimb collapse to the midline, 
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we found that scores 0 and 1 could be assigned with confidence.  This is evidenced in 

neurological score curves for our subsequent trehalose dose-response survival study (Figures 

29 and 31) where neurological scores show a much smoother progression from low to high.    
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Figure 34: Characteristics of pathology in SOD1
G93A

 mice compared to WT mice 

(Figure adapted from Turner & Talbot, 2008). 

The left panel shows a SOD1
G93A

 mouse at a symptomatic time point in its pathology. Comparison of 

this mouse to the WT mouse above it highlights the muscle wasting, atrophy and kyphosis that occurs 

as a result of motor neuron degeneration in SOD1
G93A

 mice. Additionally, this SOD1
G93A

 mouse 

shows abnormal white material around its right eye and an inability to open the eye fully. We 

observed similar eye problems to this in a number of SOD1
G93A

 mice approaching the humane end 

stage in our survival studies. We determined, through sending a swab of the white material around the 

eye for analysis, that these eye problems were not the result of eye infections.   While WT mice are 

able to hold their hindlimbs out straight and away from the lateral midline when suspended by their 

tails (as evidenced by the WT mouse in the right panel), SOD1
G93A

 mice find it increasingly more 

difficult to do this as their muscles become weaker and paralysis progresses. This results in a 

progressively worsening bending and collapsing of hindlimbs to the lateral midline upon suspension 

by the tail (as is demonstrated by the SOD1
G93A

 mouse in the right panel of this figure, which shows a 

full collapse of the hindlimbs to the lateral midline).  
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7.2.3.2 Determining the existence of toe curling in SOD1G93A mice non-invasively. 

In order for the hindlimb of a SOD1
G93A

 mouse to be assigned a score of 2 in the ALSTDI 

neurological scoring system, the toes on the foot of this hindlimb must curl under at least 

twice during walking of 12 inches or part of the foot must be dragging along the cage bottom. 

During our metformin survival study, we found that as mice became more advanced in their 

pathology, they were less likely to voluntarily walk along the bottom of the low sided empty 

cage used for neurological scoring assessments (an empty cage without bedding was used for 

these assessments as the presence of bedding made it difficult to see the toes and feet of the 

mice as they walked). We felt that encouraging mice to walk by nudging them or tapping the 

cage was excessively invasive and may cause distress. Furthermore, we noticed that mice 

encouraged to walk by these measures, walked differently to those walking voluntarily. 

Consequently, we developed a system in which a cardboard tube (Fun tunnel, Lillico) was 

placed in front of the mouse and then slowly dragged away from the mouse across the cage 

bottom. Invariably the mouse would begin to crawl into the tunnel and then follow the tunnel 

as it was being moved across the cage.  As the mouse was walking to follow the tunnel it was 

easy to observe whether its toes were curling under or whether its feet were dragging. 

Furthermore, when following the fun tunnel, mice walked in a straight line, which made it 

much easier to confirm that they had walked 12 inches. We therefore highly recommend this 

non-invasive method for observing the walking of SOD1
G93A

 mice when employing the 

ALSTDI neurological scoring system.  
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7.2.3.3 Determining the humane end stage of SOD1G93A mice in conditions that are 

relevant to the home cage environment. 

When we reached a stage in our metformin survival study at which it was necessary to begin 

testing the righting reflexes of the mice, we carefully considered the surface on which we 

should perform the righting reflex test i.e. table top, home cage, empty cage, cage containing 

the same bedding as home cage. Eventually we decided that a clean cage containing the same 

bedding on its base as the mouse‟s home cage would be the most appropriate. Our reasoning 

behind this was that there were usually other mice within the mouse‟s home cage, which 

interfered with the assessment of the mouse‟s righting reflex and therefore the home cage was 

not appropriate. However, we felt that it was important to check that a mouse could right 

itself within the conditions that it lived in, as if it could not, this would be a welfare issue. We 

therefore concluded that a separate cage containing the same bedding as the home cage would 

allow us to establish this without the interference of other mice. We did not include nesting or 

enrichment material in this extra cage as being slightly propped up by this nesting/enrichment 

material or pushing against it with the forelimbs could help mice right themselves quicker 

than in a cage without nesting material.  

 

7.2.4 Changing bedding and enrichment conditions to accommodate advancing 

pathology in SOD1G93A mice. 

We began our metformin survival study with each cage containing gold chips bedding (a 

form of sawdust bedding) as well as a handful of nesting material (initially standard paper 

wool, then Enviro-Dri paper wool when fighting was observed in males) and two fun tunnels 

(all bedding and nesting material was purchased from Lillico). Although these cage 

conditions were appropriate for SOD1
G93A

 mice in pre-symptomatic and early symptomatic 
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stages in their pathology, we found that as mice began to show paralysis in their hindlimbs, 

they began to get these hindlimbs caught up in the nesting material. Furthermore, mice with 

reduced strength and mobility sometimes became stuck between the wall of the cage and a 

fun tunnel. We therefore made the decision that Enviro-Dri paper wool and fun tunnels 

should be removed from the cages when mice began to experience hindlimb paralysis and/or 

reduced mobility.  Ideally we would have liked to have removed these items from all cages at 

the same time to keep cage conditions consistent between groups. However, considering the 

problems we had had with fighting in male mice, we were concerned about taking nesting 

and enrichment material away from cages in which male mice were still relatively healthy, as 

we felt that this may lead to increased fighting. Consequently, we removed nesting and 

enrichment material from all female cages from 110 days of age onwards and from any male 

cages in which a mouse was showing signs of reduced mobility or hindlimb paralysis from 

this point forward. Although this removal of bedding/enrichment material prevented mice 

becoming caught up or trapped, we became increasingly concerned that mice may become 

cold and/or distressed without any form of nesting material in their cages, particularly when 

they became thinner and less mobile and could therefore not hold their temperature as well. 

We therefore, with the help of staff at the RVC BSU, conducted a search for any types of 

bedding/enrichment material that mice would not get caught up in, but that would afford 

them some warmth and shelter. We were fortunate to find nestlets (Lillico, Figure 35), which 

are 5 x 5cm squares of pulped, virgin cotton fiber, which mice can pull apart/shred and shape 

to form nests if they desire.  The material used to form the nestlets is soft, non-desiccative 

and breathable and we therefore felt that it would be ideal for SOD1
G93A 

mice at varying 

stages in their pathology. In order to confirm that the nestlets would be suitable for SOD1
G93A 

mice at late symptomatic time points, we provided nestlets in several test cages of late- 
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symptomatic SOD1
G93A

 mice that were not enrolled in the study. We found that mice did not 

become caught up in the nestlet material, even when it had been pulled out completely to 

form a large cotton wool-like nest and furthermore that they chose to spend most of their time 

within the nesting material. We therefore concluded that two nestlets should be provided to 

every cage from this time point forward. When observing the behaviour of the SOD1
G93A

 

mice in the presence of the nestlets, we were pleased to observe that they afforded adaptation 

of the nesting material to the pathological time-point of the mice in the cage. Specifically, 

healthy mice could spend their time pulling apart and shaping the nestlets to form large nests 

that mice at later pathological time points could find it harder to navigate around. Whereas 

mice at later pathological time points would spend less time pulling apart the nestlets and 

instead lie on top of them and only pull them apart slightly, therefore creating bedding 

conditions which were easier for them to manoeuvre around. We therefore decided that 

nestlets should be provided from the start to the end of any future survival studies performed 

and that fun tunnels should be provided initially but removed at 100 days of age when mice 

were likely to begin to become less mobile and start dragging hindlimbs.  
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Figure 35: Lillico Nestlets 

Nestlets are 5 x 5cm squares of pulped, virgin cotton fiber, which mice can pull apart/shred to 

form nests. We found these to be ideal nesting material for SOD1
G93A

 mice at all stages in 

their pathology as the less mobile the mice were, the less they would pull apart the nestlets 

and therefore the less of an obstacle the nestlets provided within the cage, whilst still 

providing a warm and dry surface to lay on. (Image taken from 

http://www.lillicobiotech.co.uk/bedding_nesting/bedding_2nd/nestlets/nestlets.php) 
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7.2.5 The correct time to introduce long sipper tubes and a mashed diet in 

survival studies in SOD1G93A mice. 

In mid- late symptomatic time points when SOD1
G93A

 experience hindlimb weakness and/or 

paralysis, it is not possible for them to stand on their hindlegs in order to reach the short 

sipper tubes that are normally used to cap their drinking water bottles.  Consequently, we 

decided to follow the recommendation of the ALSTDI and purchase longer sipper tubes 

(Techniplast) which reached down far enough within the cages that mice could access them 

without having to stand on their hindlegs or bend their head too far upwards (we noticed that 

late-symptomatic SOD1
G93A

 mice had a smaller range of head motion and could therefore not 

bend their heads as far upwards as WT mice). An example of a long sipper tube is shown in 

Figure 36.  We also decided to provide mice with food pellets soaked in water or drug 

solution (a mashed diet) in addition to their normal dry pellets as we felt that this would 

provide an additional easy source of hydration for the mice. We placed the mashed food 

pellets on the low sided lids of plastic petri dishes to avoid the bedding sticking to the pellets. 

After an initial period of caution following the introduction of the petri dish lids, mice 

became used to eating mash from them. We also ensured that we pushed the petri-dish lids 

into the corner of the cage to reduce the risk of mice becoming stuck between the cage wall 

and the lid.  We initially decided to introduce a mashed diet and long sipper tubes at 100 days 

of age in our metformin survival study, when mice began to start showing signs of hindlimb 

weakness and paralysis. However, at this stage, all cages contained Enviro-Dri paper wool 

and many mice were still very mobile.  Consequently we experienced problems with mice 

pushing this nesting material up against the long sipper tubes as they were in some cases 

initially distressed by the appearance the new fixture within the cages. In many cases this 

caused the cages to become flooded.  At this stage we were already considering removing the 
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Enviro-Dri paper wool from the cages as symptomatic mice had begun to get their legs 

caught in it (see section 7.2.4) and the occurrence of leaks helped to confirm that this was the 

right decision. Once the paper wool was removed, the occurrence of leaks was greatly 

diminished. As an additional measure, we also reduced the depth of the golden chip bedding 

placed on the bases of the cages.  This increased the distance between the bedding and the 

sipper tube just enough that the bedding did not come into contact with the sipper tube whilst 

still allowing mice to reach the sipper tube. We also established that placing a few food 

pellets in the water bottle holder of the cage lid could allow adjustment of the depth to which 

the sipper tube fell within the cage. This meant that the sipper tube could be raised up for 

healthier mice that may push their bedding against it and lowered for less mobile mice. After 

introducing nestlets into the cages (see section 7.2.4) we were pleased to see that the nests 

that mice made with nestlets were more contained and of a lower height than those made with 

paper wool. This meant that the occurrence of leaks with nestlets was far lower than with 

Enviro-Dri paper wool. This confirmed our decision that nestlets should be the nesting 

material of choice in future survival studies and that long sipper tubes and a mashed diet 

should still be introduced at 100 days of age, providing careful monitoring of the distance 

between the bedding and the sipper tube was carried out to prevent the occurrence of leaks.  

 

Although provision of long sipper tubes and a mashed diet in our survival studies ensured 

that dehydration was a rare occurrence, we carefully monitored mice throughout these studies 

and gave any mice showing signs of excessive dehydration an intra peritoneal injection of 

sterile saline (100ml/kg/24 hrs which worked out as 300-400l every two hours) and closely 

monitored their health thereafter.   
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Figure 36: Techniplast long sipper tube  
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7.2.6 Eye problems in SOD1G93A mice at late symptomatic time points. 

As mice began to approach the humane end stage (inability to right within 30s of being 

placed on a side) in our metformin survival study, we observed that some mice began to 

develop a sticky discharge around one or both of their eyes. This sometimes prevented them 

from opening the affected eye fully. We had not read about this phenomenon in the literature 

and consequently became concerned that these mice had contracted an eye infection. We 

therefore took swabs from the eyes of several affected mice and sent them away for 

pathological analyses. The results of these analyses revealed no signs of infection. We 

therefore concluded that the eye problems were likely have resulted from mice being less able 

to groom themselves efficiently in order to keep dust from bedding material etc. out of their 

eyes. This is particularly relevant for mice approaching end stage as they spend a larger 

proportion of time lying down with their heads in contact with the bedding. In order to 

understand these eye problems further, we contacted colleagues in the ALS field who also 

perform survival studies in SOD1
G93A

 mice. Interestingly, Dr Richard Mead, a member of 

Professor Pamela Shaw‟s team at the Academic Neurology Unit, University of Sheffield, 

informed us that they observe similar eye problems in their colony of SOD1
G93A

 at late 

symptomatic time points. They, like us have concluded that these eye problems are not 

caused by infection and that they may be derived from irritation of the eye through the 

inability to groom appropriately. In order to overcome these problems, Dr Mead and 

colleagues, have implemented an SOP involving the replacement of bedding in the cages of 

affected mice with a piece of absorbent tissue paper (to minimize dust) and the daily cleaning 

of the eyes of affected mice with sterile saline. They have also included a section in their 

home office project license detailing the occurrence of these eye problems and the methods 

that should be employed to treat them. Interestingly, Figure 34, which was adapted from a 
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publication by Turner and Talbot, also shows a SOD1
G93A

 mouse with a slightly closed eye 

surrounded by white discharge (Turner and Talbot, 2008) . This further indicates that eye 

problems are not an abnormal occurrence in SOD1
G93A

 mice.  

 

In order to overcome the eye problems observed in our mice, we began to clean affected eyes 

with sterile saline and sterile tissues/cotton buds, twice daily. We also put Tears Naturale eye 

drops (Alcon) into the eyes of affected mice twice daily to soothe and lubricate the eyes. 

Furthermore, with the help of staff at the RVC BSU, we conducted a search for bedding 

materials that may produce less dust and therefore less eye irritation than the golden chips 

(Lillico) bedding used for our metformin survival study.   Though this search we found 

ALPHA-dri bedding (Lillico) which is dust free, and formed from 5mm width squares of 

highly absorbent pure cellulose fibre (Figure 37). We conducted a test with this bedding in 

non-experimental late-symptomatic SOD1
G93A

 mice and found it to be easy for mice to 

manoeuvre across and very good at keeping cages dry, clean and dust free. We therefore 

decided to use ALPHA-dri bedding throughout for all future SOD1
G93A

 survival studies. 

Although we still experienced eye problems in SOD1
G93A

 mice approaching end stage in our 

subsequent trehalose survival study in which ALPHA-dri bedding was used (Chapter 5), 

these were less frequent. Additionally, we felt that the bedding was overall more comfortable 

for the mice as it kept their environment dryer, cleaner and easier to navigate.   
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Figure 37: Lillico ALPHA dri bedding 

ALPHA-dri bedding is formed from 5mm width squares of highly absorbent pure cellulose 

fibre. It is dust free and we therefore hypothesised that it may minimise eye irritation in 

SOD1
G93A

 mice. (Image taken from:  

http://www.lillicobiotech.co.uk/bedding_nesting/bedding_2nd/alpha_dri_plus/alpha_dri_plus

l.php) 
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7.2.7 Separating SOD1G93A mice at late symptomatic time points from healthier 

cage mates to prevent over grooming and hindlimb mutilation. 

SOD1
G93A

 mice used in our metformin survival study and subsequent survival studies were 

bred on a mixed-hybrid genetic background. Consequently, there was a degree of variation in 

the disease course between individual mice within the same treatment groups. This meant that 

at any one time, one or more mice in a cage could be experiencing hindlimb paralysis and 

approaching the end stage, while others were still moving around the cage with relative ease. 

As mice began to show hindlimb paralysis, we noticed (particularly in females) that healthier 

cage mates would spend a lot of time grooming and lying next to or on top of those mice that 

were more advanced in their pathology. We began to become concerned that the actions of 

these healthier cage mates may be detrimental to those mice that were more advanced in their 

pathology. This was confirmed when we were distressed to find a mouse which appeared to 

have had several of the toes on one of its hindlimbs bitten off. Hind limb mutilation and 

autophagia has been shown to occur in laboratory rats after spinal cord injury (Zhang et al., 

2001) and therefore we considered it possible that this mouse had bitten its own toes upon 

experiencing paralysis in this hindlimb. However, considering the relatively low mobility of 

this mouse, we found it surprising that the mouse would be able to reach its toes in order to 

bite them. Female mice can sometimes cannibalise their own newborn litters when under 

stress (Poley, 1974). We therefore considered it possible that a healthier cage mate may have 

become distressed by the injured mouse‟s hindlimb becoming paralysed and therefore bitten 

the toes off on this abnormal leg. When a second female mouse experienced a less severe bite 

injury on her hindlimb (one that she quickly recovered from once she was placed in a 

separate cage and the foot was cleaned with chlorhexidine (Hibiscrub)), we considered it 

essential that any further injuries were prevented. We therefore began to place any mice that 
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were dragging a hindlimb or receiving undue attention from a healthier cage mate in their 

own separate cage. Following this we did not experience any further problems with hindlimb 

mutilation. This suggested to us that the hindlimb injuries sustained were caused by other 

healthier mice rather than through autophagia. We therefore concluded that in any future 

survival studies, mice should be separated from their cage mates as soon as they began to 

show signs of hindlimb paralysis.     

 

7.2.7 The importance of twice daily checks in survival studies in SOD1G93A mice at 

late symptomatic time points.  

Although mice in our metformin study were carefully checked over twice weekly when 

weighing and neurological scoring was being performed, we considered it critical to check 

mice daily once they began to show signs of hindlimb paralysis or loss of righting reflex. 

This was particularly important considering our observations of leaks as a result of long 

sipper tubes, eye problems and maltreatment of mice by their healthier cage mates. In our 

metformin survival study, the first occurrence of a mouse reaching the humane end stage was 

at 103 days of age. Following the death of this mouse we decided to check all mice daily for 

their righting reflex as we did not want to miss the correct end stage of any mice. As we had 

already begun putting mash in all cages everyday from 100 days of age, this was an easy 

transition to make. Once more mice began to approach the end stage of the inability to right 

themselves within 30s of being placed on a side, we began to realize that when mice were 

approaching this end stage, they could deteriorate very rapidly from one hour to the next. For 

example a mouse that was able to right itself in the morning may not be able to right itself in 

the evening. Consequently, in order to prevent mice from spending excessive time at end 

stage, we decided that it was necessary to perform a morning check and an afternoon check 
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for all mice. This was carried out for the remainder of the metformin survival study and is 

now standard protocol in our laboratory.  

  

7.2.8 Optimising the humane end point used for SOD1G93A mice in survival studies.  

When planning our metformin dose response survival study, we decided to employ the most 

commonly used end point of the inability of mice to right within 30s of being placed on a side 

(Scott et al., 2008). Having not performed survival studies in SOD1
G93A

 mice before, we felt 

that it was best to begin with a format that had previously been shown to be successful and 

then to carry out detailed observations throughout this study to see whether the end point 

could be refined in any way to minimize the suffering of the mice. In our metformin survival 

study, we observed that in the majority of cases, mice that could not right themselves within 

20s, continued to remain on their sides to reach the threshold of 30s. However, some mice 

still managed to right after 20s and were consequently kept for another day. When comparing 

the overall condition of these mice to those that had remained on their sides for 30s, we felt 

that there was little difference and therefore that waiting for these mice to reach the 30s 

threshold did not offer any experimental advantage and prolonged suffering. We therefore 

decided that for any future studies, the end point employed should be the inability of mice to 

right themselves within 20s of being placed on their side. We additionally noticed that the 

speed with which mice deteriorated from late symptomatic time points involving hindlimb 

dragging/paralysis to the end stage of the inability to right within 30s of being placed on a 

side was sometimes very rapid. Consequently we became worried that mice which took over 

15 seconds to right in an evening check, may reach the end stage at some point throughout 

the night. Although there were not many mice which met this criterion, we made detailed 

observations any of mice taking 15s and above to right on the evening check and found that 
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in the majority of cases, these mice would be at end stage the next morning. We therefore 

made the decision that in all future studies, any mice that took over 15s to right in the evening 

check should be culled then and their survival recorded as the next day. This was employed 

successfully in our trehalose survivals study. 

 

After completion of our metformin survival study, we carefully reviewed the data generated 

and observations made during the study in order to see whether an endpoint earlier than the 

loss of righting reflex could be used to generate the same information. However, we found 

that the pathological route via which mice reached the loss of righting reflex was very 

heterogeneous between individual mice. For example, some mice experienced bilateral 

hindlimb paralysis and some only unilateral, some mice lost more weight than others before 

reaching end sage and some mice spent many days dragging their hindlimbs but remained 

highly alert and mobile (via movement of their forelimbs) throughout, whereas others 

reached end stage immediately after the onset of hindlimb paralysis. It was therefore difficult 

to find an earlier unifying end point that could be identified in all mice. Furthermore, it is 

increasingly becoming clear that different pathological mechanisms are in play at different 

phases in the disease (Yang et al., 2011b). It is therefore possible that a particular drug may 

be of benefit at one phase in the disease but not at others. Consequently to exclude the end 

stage of the disease, represented by the inability of mice to right themselves, may result in the 

loss of important information about the effect of a particular drug on the length of time spent 

at the symptomatic phase of the disease prior to end stage. In light of this we decided to keep 

the end stage as the inability of mice to right themselves within 20s of being placed on their 

side for future studies.    
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7.2.9 Optimal husbandry for survival studies in SOD1G93A mice 

Considering all the issues discussed above, we have developed the following optimal 

husbandry conditions when employing survival studies in SOD1
G93A

 mice:  

 If mice from different litters are to be combined within the same cages, mice should 

be genotyped prior to weaning and weaned directly into their experimental groups.   

 Males should be housed in groups of three, as this has been shown to be the optimal 

group size to minimise fighting (Van Loo et al., 2001) 

 Male and female mice should be weaned into cages as far as possible from each other 

to avoid the exposure of males to female odours.  

 Gloves should be changed and work surfaces cleaned between the handling of male 

and female mice. 

 All cages should contain ALPHA dri bedding, 2 nestlets and 2 fun tunnels. Fun 

tunnels should be removed at 100 days of age when mice may begin to show signs of 

hindlimb weakness and paralysis.  

 Existing nesting material should be kept as far as possible when cleaning out male 

cages (new nestlets can be provided, as long as a handful of the old nestlet material is 

still included) 

 Cages should be fitted with long sipper tubes and mash provided daily (on a petri dish 

lid pushed into the corner of the cage) from 100 days of age.  

 The depth to which long sipper tubes descend into the cage, should be controlled so as 

to prevent contact with bedding/nesting material and therefore leaks.  

 The general health of mice as well as their righting reflex should be checked twice 

daily (AM and PM) from 100 days of age or the earliest time-point at which a mouse 

appears to be approaching end stage.  
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 If mice are seen to experience eye problems, the affected eyes should be cleaned with 

sterile saline twice daily and Tears Naturale eye drops (Alcon) should be provided to 

lubricate the eyes.  

 If mice are seen to become dehydrated, they should be given an intraperitoneal 

injection of sterile saline (100ml/kg/24 hrs which works out as 300-400l every two 

hours) and closely monitored. 

 Mice should be separated from their cage mates as soon as they show signs of 

hindlimb paralysis or undue attention from healthier cage mates.  

 The humane end stage should be the inability to right within 20s of being placed on a 

side and any mice, taking longer than 15s to right in the evening check should be 

culled and one day added to their survival. 

 All animal technicians and investigators should be aware of the optimal husbandry 

conditions to ensure that mice are always well cared for.  
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7.3 Appendix 3. Potential method for assessing the ability of orally 

administered trehalose to reach the CNS.  

 

Trehalose levels in mouse tissues (Tanaka et al., 2004) and in saccharomyces cervisiae 

(Kienle et al., 1993, Lee and Goldberg, 1998) have previously been determined by measuring 

glucose concentrations in these samples before and after treatment with the enzyme trehalase. 

As trehalose is composed of two glucose molecules, halving the increase in glucose derived 

from trehalase treatment indicates the amount of trehalose present (providing all other 

metabolic processes that may change glucose concentration are disabled during the assay). 

We reasoned that providing appropriate controls were put in place, this would be an 

appropriate method for determining whether trehalose, when administered orally, can reach 

the CNS. We therefore planned the following method for implementing this assay:   

 

 Dr Butters at the Oxford Glycobiology institute informed us that his laboratory 

frequently uses a Glucose (GO) Assay Kit (GAGO-20, Sigma) for measuring glucose 

levels in cells and tissue homogenates. In this kit, glucose is oxidised to gluconic acid 

and hydrogen peroxidase by glucose oxidase. The hydrogen peroxidase produced then 

reacts with o-dianisidine in the presence of peroxidase to form a coloured product. 

This coloured oxidised o-dianisidine then reacts with sulphuric acid to form a more 

stable pink-coloured product. The intensity of this pink product, measured at 540nm is 

proportional to the original glucose concentration.   

 Trehalase purified from porcine kidney can also be purchased from Sigma (product 

number T8778). It has been shown to have a high level of purity, having ≤1% 
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contamination with enzymes such as α-glucosisase, invertase and amylase, which 

could bring about non-trehalose dependent increases in the glucose concentration in 

tissue homegenates if present at significantly high levels.  

 The basic assay procedure that we would employ using the Sigma Glucose (GO) 

Assay Kit and trehalase enzyme described, would be as follows (we based this assay 

procedure on previously described assays using similar reagents (Lee and Goldberg, 

1998, Kienle et al., 1993)):  

o Crush tissues of interest in liquid nitrogen using a pestle and mortar (note: 

while we would ideally want to measure trehalose levels in the spinal cord, we 

were aware of the possibility that it might be difficult to collect enough spinal 

cord tissue from each mouse to be within the limits of detection for changes in 

glucose concentration post trehalase treatment in our assay. Consequently, we 

decided that if sufficient tissue could not be obtained from spinal cords, then 

we would perform the assay on brain homogenates as this would still give us 

an indication of whether trehalose reached the CNS).   

o Resuspend crushed tissue in a suitable volume of water (no more than 0.5ml) 

in an eppendorf tube on ice.  

o Quickly take out and freeze at -80
o
C, a small aliquot of the tissue homogenate 

on which to perform a Bradford DC protein assay (Biorad).  

o Immediately transfer remaining tissue homogenate to a hot block at 95
o
C for 

10 minutes in order to denature endogenous enzymes and prevent further 

glucose metabolism (keeping the water volume in which crushed tissue is 

resuspended below 0.5ml ensures that the heating process will be quick and 
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denaturation of enzymes that could change the glucose concentration will be 

rapid).   

o Centrifuge homogenate for 15-20 minutes at 15000g then collect supernatant.  

o Split the collected supernatant between two eppendorfs and add a suitable 

amount of trehalase (see below) to one tube whilst leaving the other 

untouched. Incubate both tubes at 37
o
C for 8 hours.  

o Carry out Sigma Glucose (GO) Assay (as per the manufacturer‟s instructions) 

on both the untouched aliquot and the aliquot exposed to trehalase.  

o Using the concentration of protein measured for the original tissue 

homogenate, determine the amount of glucose per µg of protein present in the 

tissue homogenate pre-and post incubation with trehalase. Halving this 

difference will indicate the amount of trehalose originally present in the tissue 

homogenate (per µg protein).  

 Prior to performing this assay on tissue samples collected from trehalose-treated and 

control animals, we would first need to optimise the assay using the following steps: 

o Validate the accuracy and sensitivity of detection of the Sigma Glucose (GO) 

Assay kit on WT mice, ensuring that the amount of glucose measured in the 

tissue of interest is relatively consistent between mice. 

o Optimise the amount of trehalase enzyme required to break down any 

trehalose present in tissue homogenates. Do this by calculating the maximum 

possible amount of trehalose that could have reached the tissue of interest in 

treated mice by analysing the daily dose of trehalose per gram of tissue that a 

mouse would receive, assuming it drank  5.8 ml of trehalose solution per day 

and all ingested trehalose was absorbed into the bloodstream (note: 
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Bachmanov and colleagues have described the average water intake across 28 

strains of mice to be 5.8+/-2 ml/mouse/day(Bachmanov et al., 2002)). Then 

incubate this maximum amount of trehalose with increasing amounts of 

trehalase enzyme for 8 hours at 37
o
C and perform a Sigma Glucose (GO) 

Assay on the product.  This will allow determination of how much trehalase 

enzyme is required to completely digest the maximum possible amount of 

trehalose present. The incubation time of 8 hours was selected as this has 

previously been described to be suitable (Lee and Goldberg, 1998), however, 

different incubation times could be tested to further optimise trehalose 

digestion conditions.  

o Once the Sigma Glucose (GO) Assay has been optimised for WT tissue and 

the amount of trehalase required has been determined, spike WT tissue 

homogenates with the maximum possible amount of trehalose that could reach 

this tissue. Measurement of the amount of trehalose in these samples using our 

assay system should then reveal the efficacy of the assay (as the true amount 

of trehalose in the samples is already known).  

o Once the assay has been fully optimised on trehalose-spiked WT tissue 

homogenates, move on to performing the assay on tissues taken from WT and 

early symptomatic SOD1
G93A

 mice treated with either 0.5, 2 or 5% trehalose 

(the doses used in our trehalose survival study) via the drinking water for 2 

weeks (treating for two weeks allows mice to become used to the taste of 

trehalose and therefore drink a normal amount). Comparison of the amount of 

trehalose in tissues of interest in trehalose-treated and control mice, should 
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allow determination of how much of the trehalose administered via the 

drinking water reached the tissue of interest in the mice.  
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