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Amyotrophic Lateral Sclerosis (ALS) is a rapidly progressing degenerative disease which leads to 

muscular atrophy via the degeneration of both upper and lower motor neurons with the majority 

of patient death resulting from respiratory failure. The majority (~90-95%) of ALS cases are non-

inherited or sporadic ALS (sALS), with the remaining 5-10% inherited or familial ALS (fALS). 

ALS presents with a broad heterogeneity, as age of onset, symptoms and rate of disease 

progression are highly variable among patients, and this is further compounded by recent findings 

that ALS sits on a spectrum of diseases together with frontotemporal dementia (FTD) and being 

referred to as ALS-frontotemporal spectrum disorder. Only one drug is currently widely approved 

for the treatment of ALS (Riluzole) with many other drug candidates failing in clinical trials after 

seeing success in preclinical animal models for the disease. 

One of the factors potentially contributing to the discrepancy between outcomes of preclinical 

testing and clinical trials for a new treatment candidate is the impact of the laboratory environment 

on ALS mouse models. Therefore, my initial aim was to assess environmental factors that impact 

on the behaviour of laboratory animals and what effect such factors may have on the validity of 

any particular mouse model for ALS. In a first experimental project, I assessed the effect of two 

techniques for handling mice on behavioural domains including anxiety, sensorimotor gating, and 

associative learning in non-transgenic C57BL/6J mice. Previous research has shown that handling 

mice by the base of the tail - as is commonly performed the majority of animal research facilities 

worldwide - is linked to increased anxiety behaviours in these mice. However, other behavioural 

domains including higher cognitive functioning have not been assessed to date. From these 

experiments, I found that less aversive tunnel handling reduces anxiety in a sex-dependent manner 

and that handling methods can impact on fear-associated memory and sensorimotor gating in mice. 

In a second experimental project, I assessed the effect of two different home caging systems 
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(individually ventilated versus filter top cage systems) on the development and progression of 

disease-relevant phenotypes in the SOD1G93A transgenic mouse model for ALS. I found that the 

type of cage system did not alter the rapid degeneration of motor function characteristic of this 

model, however, housing in individually ventilated cages (IVCs; compared to filter top cage 

housing) improved sensorimotor gating in SOD1G93A females and increased freezing of all mice in 

the cue trial of the fear conditioning test. Therefore, while IVC housing did not impact on the most 

commonly tested ALS-relevant phenotypes of transgenic mouse models, the choice of home cage 

holding system should be a key consideration when assessing relevance of these models to ALS-

frontotemporal spectrum disorder phenotypes. 

A recent gene-wide association study indicated a number of novel fALS mutations including one 

in the retromer subunit VPS29 that is seen to co-localise with TDP-43 in the neurons of ALS 

patients. As such, to investigate possible gene-gene interactions, in a third experimental project, I 

evaluated the occurrence of gene-gene interactions in the iTDP-43A315T mouse model for 

ALS/FTD. For this, I investigated motor function, exploratory behaviours and anxiety in iTDP-

43A315T transgenic mice when exposed to overexpression of human wild type or mutant VPS29 

protein. Interestingly, only overexpression of human wild type VPS29 led to reduced weight gain 

in the iTDP-43A315T mice compared to wild type controls. Neither protein led to an exacerbation of 

the ALS-relevant motor phenotype, however, iTDP-43A315T mice overexpressing mutant VPS29 

exhibited hyperlocomotion in the open field, and an anxiolytic-like phenotype in the elevated plus 

maze in a sex-dependent manner, indicating a proof of concept that this novel VPS29 mutation 

may serve to promote an FTD-like phenotype in these mice. 

Finally, in a fourth experimental project, I evaluated a new treatment candidate for ALS. The 

endocannabinoid system is implicated in the progression of ALS as the cannabinoid receptor 2 is 
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upregulated in spinal cord of end-stage ALS mouse models and patients. Particular cannabis 

constituents have been shown to delay the onset and slow progression of motor function decline. 

Thus, I evaluated the therapeutic potential of cannabidiol (CBD) for ALS in SOD1G93A transgenic 

females.  When started at symptom onset (15 weeks of age), 50mg/kg CBD administered via daily 

intraperitoneal injections was not seen to affect the progression of motor function deficits in these 

mice. These results imply that the age at which treatment is started in ALS models as well as dose 

and route of administration are also a key consideration in the translatability of prospective 

interventions. 

In conclusion, the work presented in this thesis shows that mouse handling and mouse cage 

systems used for ALS transgenic mouse models can impact on anxiety and behaviours such as 

fear-associated learning and sensorimotor gating. These findings can have implications for the 

validity of these mouse models for research into human diseases as well as the particular 

experimental strategy chosen. Additionally, my work provides new insights into ALS-relevant 

gene-gene interactions that are capable of influencing behavioural phenotypes in established 

mouse models for the disease. Finally, I provide evidence that administration of 50mg/kg CBD as 

a novel treatment is not effective in female SOD1G93A mice with the chosen parameters. Ultimately, 

laboratory environments / procedures should always be considered as potential test confounders 

and therefore be specifically selected for any preclinical research project. It is important to realise 

that these factors can impose on the validity of mouse models for ALS - even small alterations to 

the onset or progression of disease-relevant phenotypes can impact on experimental outcomes and 

thereby influence the translational potential of e.g. novel treatments in diseases with narrow 

treatment windows such as ALS.   
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Chapter 1: Introduction 

1.1 Amyotrophic Lateral Sclerosis (ALS) 

1.1.1 Classification of ALS 

Amyotrophic Lateral Sclerosis (ALS) is the most common category of motor neuron diseases 

(MND) and is a rapidly progressing degenerative disease which leads to muscular atrophy via the 

degeneration of both upper and lower motor neurons with the majority of patient death’s resulting 

from respiratory failure. Whilst seen as a rare disease (median incidence rates of approximately 

2.74 patients per 100,000 people 1,2), the individual burden of patient costs on the healthcare system 

is high, with advanced disease averaged at AUD$1.13 million per person for care in 2015 3. The 

majority (~90-95%) of ALS cases are non-inherited or sporadic ALS (sALS) and are usually found 

to have onset at around 55-65 years of age. Making up the remaining 5-10% and showing an onset 

of symptomology on an average of 10 years earlier than that of sALS is inherited or familial ALS 

(fALS) 4,5.  

ALS presents with a broad heterogeneity, as age of onset, symptoms and rate of disease 

progression are highly variable among patients. Spinal onset ALS is commonly defined as a 

presentation of limb weakness in either the upper or lower limbs and accounts for 65% of all ALS 

cases 6,7. Patients may experience cramping and muscular fasciculations for extended periods of 

time reaching months to years prior to the onset of muscle weakness and atrophy 6. Upper motor 

neuron or bulbar onset ALS patients show symptoms of dysphagia, the inability to swallow, or 

dysarthria, and slow or slurred speech. Muscle weakness in the limbs usually also develops at the 

same time or shortly after bulbar symptoms appear 6. Bulbar onset ALS accounts for 30% of 

diagnosed ALS patients 7. The remaining 5% of ALS cases present with respiratory difficulty 

(typically termed as ‘respiratory onset’) followed by progression of spinal motor neuron 



2 
 

degeneration soon after. Both spinal and bulbar onset ALS have a prognosis of approximately 3-5 

years after disease presentation and diagnosis with respiratory onset ALS patients having an 

average lifespan of 2 years after diagnosis. 

There are also phenotypical imitations of ALS, though they vary in the severity of motor neuron 

dysfunction and prognosis. However, these imitations, listed in the following, are also prone to 

develop into full ALS progression. 

1. Progressive bulbar palsy (PBP), which initially impairs speech and the ability to swallow. 

Patients affected with this phenotype have a life expectancy of 2-3 years with aspiration 

pneumonia being the leading cause of death 8. 

2. Primary lateral sclerosis (PLS), where patients initially present with only upper motor 

neuron symptoms such as muscle spasticity and weakness and symptoms can stabilize 

thereafter 9. PLS yields an expected prognosis of greater than 20 years if there is no further 

progression. However, >75% of patients diagnosed with PLS go on to develop full ALS 

pathology 9-11. 

3.  Progressive Muscular Atrophy (PMA), only lower motor neurons are affected and a 

decrease in muscle tone and muscular atrophy is characteristic for this form. Patients with 

PMA face a better prognosis (≥20 years) compared to other motor neuron diseases, 

however, up to 30% of patients go on to develop full ALS pathology 12. 

1.1.2 Pathogenesis of ALS 

The development of ALS is presently believed to be resultant of an interplay of pathogenic cellular 

mechanisms such as oxidative stress 13, mitochondrial dysfunction 14,15, impairment of axonal 

transport 16, protein aggregation 17, abnormal RNA processing 18, and neuroinflammation 19. 

Excitotoxicity as a result of excessive glutamate receptor activation on neurons appears to play a 
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major role as glutamate levels in the cerebrospinal fluid are increased in some patients with ALS 

20 likely due to a reduction in glutamate reuptake as a result of reduced glutamate transporter 

expression in the synapses of ALS patients 21. Genetic risk factors appear to play a significant role 

in the development of ALS pathogenesis and will be outlined in the following. Furthermore, the 

evidence for environmental risk factors is contradictory: a review of case-control studies has found 

that smoking 22 as well as highly physical, occupations such as military service 23, ‘blue collar’ 

occupations i.e. tradespeople 24 and professional full contact sports 25,26 may be associated with an 

increased risk of developing of ALS with other environmental factors such as alcohol 

consumption, physical activity and living in rural areas, playing little to no role 27. Moreover, 

findings from the field have reported the opposite in that strenuous occupations and physical 

activity do not increase the risk of developing ALS and may provide protection against its 

development 28-31.  

Recent advances in the field now indicate that many ALS-relevant polymorphisms sit on a 

spectrum of disorder with frontotemporal dementia (FTD) 34 with many ALS/FTD-relevant genes 

sharing the same pathological mechanisms as those mentioned above. However, the factors 

predicting which side of the ALS/FTD spectrum a given patient will fall on are still relatively 

unknown. The following list of genes are categorised along the spectrum from ALS to ALS/FTD. 

Notably the models listed are predominantly focus on familial mutations found in the patient 

population as the cause of sporadic disease is largely unknown and therefore difficult to model. 

However the models presented exhibit characteristics relevant for both familial and sporadic forms 

of the disease.  
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 1.2 Genetic Risk Factors for ALS 

1.2.1 Copper-Zinc superoxide dismutase (SOD1)  

Initially discovered in 1993 35, missense mutations in the Copper-Zinc superoxide dismutase 

(SOD1) gene are one of the leading genetic causes for ALS accounting for approximately 20% of 

familial ALS. However, of the 100+ mutations discovered during investigation into SOD1, no 

definite predilection or clustering on the gene has been observed 36. Insights into SOD1 biology 

and function underpin the majority of our knowledge regarding the mechanisms behind ALS 

pathogenesis. SOD1 is a ubiquitous cytoplasmic enzyme that catalyzes the breakdown of reactive 

oxygen species (ROS) thereby preventing harmful oxidative stress to cells and neurons 35. Initial 

hypotheses posited that mutant SOD1 caused ALS due to a loss of the dismutase activity 37 and 

consequential increase in ROS production. However, studies using SOD1 knockout mice revealed 

that a loss of function was not the cause for ALS symptoms 37 as these mice did not show any loss 

in motor neurons nor exhibit an ALS-like phenotype by 6 months of age, however motor neuron 

loss was observed after axonal injury in these SOD1 knockout mice indicating that SOD1 is 

required following injury. Rather a toxic gain of enzymatic function in a mouse model for repeat 

copies of a missense SOD1 point mutation of glycine 93 to alanine (G93A) was believed to cause 

increased formation of the strong ROS, peroxynitrite, and ultimately presented with motor neuron 

degeneration representative of human ALS 38. Supporting this, increased mitochondrial ROS 

formation and ultimately dysfunction has recently been observed in response to SOD1G93A 

overexpression in the mouse 39. 

The most commonly used mouse model for SOD1 is the SOD1G93A transgenic mouse line which 

shows early disease onset at around 90-110 days of age with rapid degeneration of motor neurons 

with mice surviving until 4-5 months of age 40, mimicking what is seen in human fALS patients 
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with the same mutation in which disease onset is observed at 55-63 years of age and a rapid disease 

progression 41. SOD1 mouse models also develop many of the features of ALS such as progressive 

neuromuscular dysfunction, gliosis and the loss of motor neurons as well as rapid loss of body 

mass (for overview see Table 1.1). However, disease onset, rate of progression and maximum 

survival age are dependent on the specific SOD1 mutation as well as gender and the level of SOD1 

transgene expression 42 (see Table 1.1).  
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utation Background Sex Onset  Survival Phenotype Ref 

G37R C57BL/6J x 

C3H/HeJ 

NR 4-6 

months 

13-14 

months 

Major motor deficits:  

- Reduced spontaneous movement  

- Hind limb clasping  

Poor grooming.  

Sensory motor deficits at 8 and 11 months of age.  

43 

H46R C57BL/6 x 

DBA/2 F1 

Male 5 

months 

6 

months 

Hindlimb weakness.  

Ubiquitin positive inclusions found in effected motor 

neurons.  

Degeneration found throughout the entire white matter. 

Degeneration in motor function tested by rotarod.  

Female mice not used.  

44 

D83G C57BL/6J x C3H Male & 

female 

2 

months 

18-21 

months 

Loss in body weight from 4 weeks. 

Progressive loss of muscle strength.  

Motor deficits in accelorod. 

45 
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utation Background Sex Onset  Survival Phenotype Ref 

Female onset earlier than male. 

G85R C57BL/6J x 

C3H/HeJ 

NR 7.5 

months 

8 

months 

Rapid degeneration after onset resulting in near total 

paralysis 2 weeks after onset.  

46 

D90A C57BL/6JBom NR 12.5 

months 

14.5 

months 

Hind limb tremors. 

Slow developing ALS phenotype.  

Bladder distension as seen in the human disease.  

47 

G93A* C57BL/6 x SJL NR 3.5 

months 

4-5 

months 

Presents with inability to extend hind-limbs when held by 

the tail. 

Rapid motor function degeneration. 

48 

L126Z C57BL/6J x 

C3/HeJ 

NR 7-9 

months 

10-12 

months 

Eosinophilic inclusions. 

Motor neuron loss.  

Hind limb paralysis. 

49 

G127X C57BL/6JBom NR 9 

months 

9 

months 

Rapid disease progression  

SOD1 ubiquitin inclusions.  

50 

Table 1.1: Overview of established SOD1 transgenic mouse models and their main phenotypic characteristics. * Mouse model used 
for this thesis project. NR: not reported 
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1.2.2 Tar DNA binding protein (TARDBP) 

Encoded by the Tar DNA binding protein (TARDBP) gene, the TDP-43 protein was initially 

identified as a transcriptional repressor of the human immunodeficiency virus (HIV-1) disease. 

The protein’s exact function is unknown but is seen to play key roles in important cellular 

mechanisms such as splicing and gene expression, neuronal development and embryogenesis 51,52. 

In line with this, a homozygous knockout of TARDBP leads to early embryonic cell death 53. 

Mutant TDP-43 has been found in ~5% of familial ALS cases. Whilst normally a nuclear protein, 

TDP-43 is uncharacteristically found in the cytosol and often as a constituent of protein inclusions 

in diseased motor neurons. While a number of missense TARDBP mutations have been discovered 

leading to pathogenic TDP-43 in the cytosol, the mechanisms leading to ALS pathogenesis are 

currently unknown, although studies have identified a number of cellular dysfunctions related to 

the mutant TDP-43 protein, such as abnormal neuron function 54, increased boutons at the 

neuromuscular junction 55 and proteasome dysfunction 56. Furthermore, TDP-43 inclusions have 

also been linked to the development of frontotemporal dementia and cognitive decline in addition 

to ALS in some patients 57, initially paving the way for investigation into the now termed ALS-

frontotemporal spectrum disorder 18. 

Multiple rodent models of mutant TDP-43 have been generated, which exhibit large variability in 

phenotypical presentation, frontotemporal lobar degeneration related cognitive deficits such as 

impaired spatial working and long term memory and impaired associative memory 58 and extent 

of cytosolic TDP-43 inclusions 59. Much like other mouse models for ALS, symptom onset and 

severity are dependent on the promoter that is used and the level of TDP-43 transgene expression 

60 (see Table 1.2). However, unlike SOD1 transgenic models, TDP-43 mouse models develop 
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predominantly axonal changes with limited motor neuron degeneration 60 and do not progress to 

an ‘end stage’ phenotype, although overexpression of TDP-43 (human wild type, human 

transgenic, or mouse transgenic) exhibits toxicity in a dose-dependent manner in these mice in 

which higher levels of transgene expression are linked to a more severe phenotypical 

presentation60. Though current belief is that any overexpression of TDP-43 in mice inhibits normal 

function of the protein 61. 
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Mutation Background Sex Onset Survival Phenotype Ref 
 

    
 

 

A315T* C3H x C57BL/6 NR 7 

months 

No ‘end 

stage’ 

Motor dysfunction starting at 8 months. 

Contextual learning deficits from 7 months. 

62 

Q331K C57BL/6 x C3H NR 3 

months 

No ‘end 

stage’ 

Hindlimb tremors.  

Weaker hindlimb grip strength.  

Worse accelorod performance. 

63 

M337V C57BL/6 x C3H NR 10 

months 

No ‘end 

stage’ 

Tremors at 10 months of age. 63 

G348C C3H x C57BL/6 NR 7 

months 

No ‘end 

stage’ 

Motor dysfunction starting at 8 months. 

Contextual learning deficits from 7 months. 

62 

Human WT C57BL/6 x C3H NR 3 

months 

No ‘end 

stage’ 

Development of tremor.  

No progressive degeneration.  

62 

Table 1.2: Overview about established TDP-43 transgenic mouse models and their phenotypic characteristics. * Mouse model used 
for this thesis project. NR: not reported 
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1.2.3 ‘Fused in sarcoma’ (FUS) 

Mutations in the ‘Fused in sarcoma’ (FUS)  gene account for approximately 5% of familial ALS 

cases 64,65  and are linked to abnormal RNA metabolism. FUS is normally located in the nucleus 

where it plays a role in DNA and RNA metabolism and it is also believed to contribute to 

tumorigenesis 66. Mutated FUS is typically found in the cytosol and  has been correlated with an 

earlier, juvenile onset (i.e. onset of under 25 years of age 67) ALS compared to adult/middle age 

onset observed in the other major causative familial polymorphisms 68. Mutant FUS has also been 

associated with a higher presentation of lower motor neuron symptoms and basophilic protein 

inclusion found in neurons located in the dorsal horn of the spinal cord 69. 

Presently, there are four reported mouse models of FUS, two human FUS knock-out (KO) models 

show that FUS is vital for animal survival with homozygous KO mice failing to thrive 70,71. 

However, models of overexpressed and abnormal human FUS present a distinct phenotypic disease 

presentation ranging from motor involvement with denervation of muscles 72,73, spinal motor 

neuron degeneration 72,73, to memory impairment and hippocampal degeneration (see overview in 

Table 1.3). Furthermore, FUS models are characterized by higher numbers of ubiquitin inclusions 

in affected motor neurons when compared to models of the other major polymorphisms, which 

lead to neuronal cell death 72. The severity of symptoms and disease progression are dependent on 

the level of transgene expression and the promoter used to generate the model (see Table 1.3). 
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 Mutation Background Sex Onset Survival Phenotype Ref 

KOFUS(+/-) C57BL/6J Male  12 No “end 

stage” 

Homozygous KO mice failed to thrive.  

Home cage hyperactivity.  

Anxiolytic-like behaviour observed in elevated plus 

maze.  

Vacuolation in the hippocampus, 

70 

KOFUS(-/-) C57BL/6 NR   Death after 24 hours with chromosomal abnormalities.  71 

hFUSWT C57BL/6 x SJL NR 1 

month 

3 

months 

Failure to gain weight.  

Tremors.  

Paralysis at 10-12 weeks of age.  

Spinal MN loss was also seen.  

74 

R521G C57BL/6 NR 2 

months 

1-3 

months 

Impaired motor function.  

Early mortality. 

Impaired bodyweight progression. 

Hind limb clasping. 

Impaired sociability in the resident intruder test. 

75 

Table 1.3: Overview about established FUS mouse models and their phenotypic characteristics. NR: not reported 
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1.2.4 Chromosome 9 open reading frame 72 (C9ORF72) 

The GGGGCC hexanucleotide repeat expansion found in the non-coding region of chromosome 9 

open reading frame 72 (C9ORF72) gene has been found to be causative for 40-50% of all familial 

ALS cases and 2% of sporadic cases 76. Though the function of the protein encoded by C9ORF72 

is still unknown, its role potentially lies in membrane trafficking. In 90% of healthy humans, the 

level of hexanucleotide repeats is low with less than 10 repeats 77. However, in ALS patients, this 

number of repeats reaches into the hundreds or even thousands 78 although there is contention 

whether or not the number of repeats present is disease modifying with studies finding that repeat 

length may be positively correlated with age of ALS onset 79, and conversely that repeat length 

has no bearing on onset and progression 78. These long repeat transcriptions are believed to 

interfere with normal RNA binding dependent on the number by creating nuclear foci that 

sequester RNA binding proteins 80. Clinically, patients with significant repeat expansion are 

reported to have a higher incidence of bulbar onset ALS when compared to those without 81. 

Whilst initially thought to be causative of ALS via a loss of function 82, c9orf72 knockout mouse 

models have shown no degeneration of motor neurons. In contrast, human C9ROF72 repeat 

expansion mouse models have been shown to develop behavioural abnormalities such as anxiety, 

hyperactivity and antisocial behaviours alongside the classical motor deficits present in other ALS 

animal models 83. Mouse models with a high number of hexanucleotide repeats display repeat 

length-dependent motor phenotypes with mice carrying less than 100 repeats exhibiting no signs 

of limb weakness whereas mice carrying in excess of 500 repeats show limb weakness within 25 

weeks of age (for overview see Table 1.4), in this regard as test mice are bred to express many 

repeat expansions, controls are often non-transgenic animals of the background strain. 
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No. Repeats Background Sex Onset Survival Phenotype Ref 

66 C57BL/6 Male & 

Female 

6 

months 

Not 

reported 

RNA-foci found in brains at 6 months. 

Anxiety in the open field. Impaired sociability. 

lower latency to fall from the rotarod  

Female mice seen to have a repeat length-dependent 

decrease in body weight.  

83 

450 C57BL6/C3H Male 12 

months 

No ‘end 

stage’ 

RNA foci and loss of hippocampal neurons. 

Increased anxiety with age. 

Impaired spatial working and reference memory in Barnes 

maze and radial arm maze.  

Motor impairment not observed 

84 

500 FVB/NJ Male & 

Female 

1-1.5 

years 

No ‘end 

stage’ 

Neuromuscular junction loss. 

Motor neuron degeneration with TDP-43 inclusions.  

Anxiety & motor impairments in the open field test.  

30-35% of female mice develop acute rapidly progressing 

disease at 20-40 weeks.  

85 

Table 1.4: Overview of established C9ORF72 mouse models and their phenotypic characteristics. 
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1.3 Gene-Gene interactions 

The idea of ‘gene by gene’ interactions, known also as “epistasis” (the ability for one gene to 

interact with and/or silence another) is not a new idea and has been prevalent for over 100 years 86 

and was originally used as a tool to help explain deviations from Mendelian genetics 87. Along this 

line, it is no stretch to infer that gene-gene interaction can play a role in the formation of complex 

diseases, especially those with a heterogeneous symptomatology such as ALS. Genome-wide 

association studies have typically focused on single loci for causative polymorphisms 88, a 

limitation that is thought to be one of the contributing factors to the inability to replicate observed 

genetic mutations to phenotypes found in the human disease. Indeed, a comprehensive review of 

gene association studies focusing on common human disease found that of 166 commonly studied 

(reported three or more times) disease-associated polymorphisms, only six were consistently 

replicated 89. These findings are indicative that interactions with disease-associated 

polymorphisms may prove more important for the cause of these diseases than single loci 

polymorphisms. Furthermore, whilst many single nucleotide polymorphisms have been identified 

as potentially causative for ALS, there is growing evidence for causative gene interactions 90,91 due 

to the heterogeneity of ALS presentation and onset. Thus, it is prudent to test these interactions to 

increase our understanding of the complex genetic contributors to ALS development. Moreover, 

recent work by Farrawell and colleagues has indicated that 3 of the common pathological protein 

inclusions observed in ALS, those being SOD1, TDP-43 and FUS, may also variably interact with 

each other to form combined protein aggregates, indicating that there is large scope for the 

investigation of these interactions 92. Interestingly, this does not seem to be a result of interaction 

of gene expression and RNA but the propensity for mutant proteins to sequester wild-type proteins 

to further inhibit cellular function 92. 
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A genome-wide association study into rare causes of fALS identified a novel polymorphism in the 

gene encoding for VPS29. Moreover the mutant VPS29 protein was observed to co-aggregate with 

mutant TDP-43 in spinal cord protein inclusions of ALS patients (personal communication with 

Dr. Shu Yang from Macquarie University, lead researcher studying the role of VPS29 in ALS). 

This indicates that there may be an interplay or gene-gene interaction between these two 

polymorphisms and needs further investigation.  

 

1.3.1 ‘Vacuolar protein sorting-associated protein 29’ (VPS29) 

Vacuolar protein sorting-associated protein 29 (VPS29) in combination with VPS35 and VPS26 

forms what is known as the retromer complex 93. Found on the endosomal membrane, the retromer 

plays a key role in recycling transmembrane receptors 94 and transport of proteins between the 

endoplasmic reticulum and the Golgi apparatus 94. Whilst initially thought to be something of a 

‘bystander’ protein, recent work indicates that VPS29 may potentially serve as a scaffold for the 

retromer complex and may modulate the sorting response of individual proteins 95. Interestingly, 

exome sequencing on an Austrian family found a polymorphism in VPS35 to be a rare cause of 

late onset Parkinson’s disease 96. Furthermore, knockout of Vps35 and Vps26a for the purposes of 

animal modelling have proven to be embryonically fatal 97,98, with knockout of Vps26b leading to 

lower expression of both Vps29 and Vps35 due to the absence of the completed retromer complex 

99 indicating that disruption of the retromer complex may have implications for both the motor 

system and viability as a whole. 

1.4 The Validity of Modelling ALS using Laboratory Mice 

ALS animal models that are used to understand the condition and guide treatment methodologies 

also exhibit a heterogeneity of disease relevant phenotypes similar to the human disease. However, 
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the modelling of these pathological genes in complex models is currently the best method we have 

at gaining a better understanding of the causative mechanisms. As patient databases and gene-wide 

association studies continue to unearth new and potentially causative polymorphisms, the use of 

in vitro and, more importantly, in vivo modelling is key to determine the biological function of 

genes identified and to clarify whether or not these polymorphisms mediate disease-relevant 

phenotypes and further, whether or not they provide a valid model for  testing novel therapeutics 

[comprehensively reviewed in 100-102].  

In order for an animal model to be considered valid for research into human diseases, it must reflect 

the cause, presentation, underlying pathology and the outcome of treatments as is known for the 

human disease in question. An animal model of disease can be said to show construct validity if 

the underlying pathophysiological mechanisms are similar if not the same as the human disease. 

Subsequently a model can be described as showing face validity for a disease if the model mimics 

the symptoms and behaviours seen in the human disease. This is often limiting in the case of ALS 

models (especially since the recent prominence of research into ALS-frontotemporal spectrum 

disorder) as behavioural testing is often limited primarily to motor function with more complex 

cognitive behaviours rarely being assessed. However there is evidence that even in supposed ‘pure’ 

ALS models, such as the SOD1G93A mouse model, cognitive impairments in learning and memory 

are present before the onset of ALS relevant phenotypes 103,104. When discussing the outcome of 

interventions, a model can be determined to have predictive validity if the treatment, especially 

pre-existing medication for the disease is effective in the model 105,106.  

Simple animal models such as Caenorhabditis elegans, Drosophila melanogaster and Danio rerio 

with their short life cycle, ease of transgenic model creation and relative commonality with the 

human genome, provide an excellent precursor to mouse models as a screening tool for 
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determining the construct validity of phenotypes. These models often present ALS-relevant 

pathologies, however, due to the simple nature of these models, more complex behaviours are 

difficult to discern 107. In this regard, transgenic mouse models allow for the assessment of disease 

progression, associated behavioural symptoms beyond motor impairments (those being FTD 

relevant phenotypes such as anxiety and spatial and associative memory impairments seen in ALS-

Frontotemporal spectrum disorder yet largely unstudied in assumed ‘pure’ ALS models) and the 

efficacy evaluation of new treatments (see Tables 1.1-4) in a complex system with efficient 

throughput and ease of transgenic modification.  

 

1.4.1 Impact of laboratory environments on mouse model validity 

The impact environmental factors such as housing cage systems, cage enrichment, and the 

handling of animals may have on the development and presentation of clinically relevant mouse 

model phenotypes is a largely underreported area of preclinical research. Many facilities have seen 

a  change from the established open or filter-top (FT) cage system to the more recently developed 

individually ventilated cage (IVC) systems in an effort to provide a more stable microbiome 108 

and reduce breeding stress 109,110, as well as reduce health and work risks for animal facility staff. 

However, this change has had unforeseen consequences on the validity of these strains. 

Behaviourally, inbred laboratory mice housed in IVC cages are prone to lower locomotor activity 

and exploration 111 as well as increased anxiety and sociability 112. Physiologically, compared to 

FT cages, IVC systems have caused lower bodyweight (without changes in feeding habits) 111, 

induce cold stress 113 and increased dopamine and serotonin turnover in mice 111. Furthering on 

from this, home cage enrichment, usually termed ‘environmental enrichment (EE)’, is the use of 

structures or ‘toys’ in the home cage of the animal to provide sensory and cognitive stimulation 
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that has been shown to increase brain weight 114, dendritic branching 115, improve plasticity 116, as 

well as improve cognitive functions in behavioural test such as the Morris water maze 117 and T-

maze 118. These diverse findings across standard inbred strains of laboratory mice suggests that 

transgenic models of human neurodegenerative disease are also likely to be impacted by these 

factors. Indeed, first studies evaluating the effects of IVCs on the validity of transgenic models 

found that individually ventilated cage systems diminished schizophrenia-relevant behaviours in 

neuregulin 1 transmembrane domain mutant mice, an established genetic mouse model for 

preclinical research into schizophrenia 119. Furthermore, IVC housing has confounded an 

established fear extinction impairment phenotype of serotonin transporter knockout rats 120, and 

prompted the re-establishment protocols for a widely used and well-established maternal immune 

activation (MIA) model for schizophrenia 121. 

Mouse handling methods, may also present another confounding factor in behavioural testing as 

routine tail handling is reported to induce anxiety-like behaviours across test paradigms, aversive 

behaviours towards investigators 122-124, and induce anhedonia 125 when compared to less aversive 

handling (e.g. use of a tunnel to pick up mice from the home cage). On a larger scale, past research 

has also shown evidence that testing facility affects established behavioural differences between 

common inbred and outbred laboratory strains. Differences in anxiety and locomotion between 

strains were observed in some but not all facilities where identical test protocols were used 126,127. 

Notably, the effect of different handling approaches on the phenotype of ALS mice has yet to be 

investigated. 

Previously studies in to environmental effects in ALS modes have found that EE in the SOD1G93A 

model found that female SOD1G93A mice in enriched housing conditions reached and “end-stage” 

phenotype sooner than their standard-housed littermates. 128. Furthermore, in a recent study in the 
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SOD1G93A mouse model, mice exposed to a disrupted day/night cycle in the holding room to 

emulate circadian rhythm disfunction were found to have earlier onset of symptoms, more rapid 

degeneration of motor function, and increased number of inflammatory markers when compared 

to their normal light/dark cycle counterparts 129. These studies indicate that environmental factors 

can indeed affect the development and progression of ALS-relevant mouse phenotypes and 

therefore need careful consideration when planning preclinical research into ALS. However, there 

is a lack of studies into the effects of many more environmental factors inherent to animal facilities. 

1.5 Current treatments available for ALS and novel candidates 

Presently, Riluzole is the only widely available disease-modifying drug that has been shown to 

prolong life in ALS patients, though only for 2-3 months 130. However, it has presented conflicting 

preclinical results as both increases in life expectancy in SOD1G93A mice 131, as well as no changes 

in the lifespan of not only the SOD1G93A mouse model, but TDP-43A315T and FUS(1-359) models 

132 without effecting phenotype onset in either case, indicating the pressing need for more effective 

treatments. Riluzole preferentially acts on tetrodotoxin-sensitive sodium channels implicated in 

damaged neurons 133. There is also some evidence that it is able to act as an N-methyl D-aspartate 

(NMDA) pathway antagonist as it interferes with NMDA receptors, increases the reuptake of 

NMDA, and inhibits its release from vesicles 134. Whilst the clinical effect of Riluzole is largely 

unknown, it’s mechanism of action and ability to inhibit glutamate signaling 135 may indicate that 

it is beneficial in partially ameliorating the excitotoxicity seen in ALS. Recently gaining approval 

in both Japan and America is the free radical scavenging drug Edaravone 136,137. Initially developed 

for the treatment of ischemic stroke, Edaravone has shown promise by significantly slowing the 

degeneration of motor function in a subset of Japanese ALS patients, however, the mechanism of 

action of this drug with regard to ALS and how it may be beneficial is presently unknown 136,137.  
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A significant number of other neuroprotective and immune-modifying drugs have been tested 

preclinically using in vitro and in vivo models, with the most common in vivo models being 

genetically modified mice 138. Whilst many of these novel treatment candidates have shown 

promising results as single therapy primarily in the SOD1G93A mouse model, for example 

dexpramipexole 139, minocycline 140 and thalidomide 141,142, there have been no drug candidates 

thus far that have been successful in phase II or III clinical trials [this is further reviewed in 138]. 

In the case of the antibiotic minocycline, while effective in extending life in preclinical models, an 

extended treatment paradigm hastened disease progression in human phase III clinical trials, there 

have been no drug candidates thus far that have been successful in phase II or III clinical trials143. 

Gene therapies are another treatment methodology that are presently being assessed in ALS, 

having already been shown to enhance patient survival in other neurodegenerative diseases such 

as Alzheimer’s 144 and Parkinson’s disease 145. Though presently limited to preclinical models, 

adeno-associated viral (AAV) delivery systems for insulin-like growth factor 1 (IGF-1) and glial 

cell line-derived neurotrophic factor (GDNF) have shown promise in extending the lifespan of 

SOD1G93A transgenic mice due to their role in the proliferation, differentiation and survival of 

spinal neurons affected in ALS 146,147. On the other hand, stem cell therapy where multiple types 

of stem cells were transplanted to replace atrophied motor neurons in vivo showed a delay in the 

onset of symptoms 148 and an increase in lifespan of SOD1G93A transgenic mice 149-152. However, 

other than the inherent risk of teratoma formation that stem cell therapy carries with it, there are 

doubts as to whether a single treatment with stem cells will be effective due to the progressive 

nature of ALS 152. 

In the wake of poor drug translation and limitations of current stem cell therapy approaches, new 

strategies for the treatment of ALS are needed. Due to their anti-excitotoxic and neuroprotective 
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effects, cannabinoids have been identified as a treatment option for diseases similar in nature to 

ALS, such as multiple sclerosis (MS). For example, Sativex is a cannabis-derived therapy, which 

contains a close to equal mix of the phytocannabinoids ∆9-tetrahydrocannabinol (THC) (~27 

mg/ml) and cannabidiol (CBD) (~25 mg/ml) and has shown efficacy in the management of 

neuropathic pain and muscle spasticity in MS 153,154. The following chapter will outline basics of 

the endocannabinoid system and studies exploring whether cannabinoids are potentially valuable 

candidates for comprehensive, in-depth discovery research into the treatment of ALS. 

1.5.1 The Endocannabinoid system 

Endocannabinoids are synthesised and released into the synapse when needed for the regulation 

of dopaminergic activity and CNS activation 155 and is rapidly transported via carrier-mediated 

uptake into nerve endings and glia 156 where they are metabolised once again within minutes 157. 

In addition to the modulation of neurotransmitter release 158, endocannabinoids also act to prevent 

the release of pro-inflammatory mediators such as interleukins and tumor necrosis factors 159. The 

two main endocannabinoids are anandamide (AEA) and 2-arachidonoylglycerol (2-AG) and both 

have been found to be elevated in the spinal cord of SOD1 and TDP-43 transgenic mice 160,161. 

However, this finding has yet to be confirmed in human ALS patients. Endocannabinoid activity 

is primarily mediated by the CB1 and CB2 G-protein coupled receptors 162, although 

endocannabinoids also have an affinity for, among others, peroxisome proliferator activated 

receptors (PPAR) 163,164 and transient receptor protein (TRP) channels, namely TRPV1 165,166, and 

G-protein coupled receptor 55 (GPR55) 167. 

The synthesis of anandamide at the nerve terminal occurs via the hydrolysis of N-arachidonoyl 

phosphatidylethanolamide (NAPE) by a NAPE-specific phospholipase D enzyme 167. Anandamide 

is an agonist of CB1 receptors and whilst evidence shows potential CB2 receptor binding, it does 
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so with a low affinity and may instead act as an antagonist 168. 2-AG is synthesized via the action 

of diacylglycerol (DAG) lipase from DAG 169. 2-AG primarily elicits effects thought the CB1 

receptor where it has roles in the management of appetite 170, pain management 171 and is also 

believed to play a role in CB1 receptor mediated neuronal plasticity in the hippocampus 172.  

1.5.2 Phytocannabinoids and Synthetic Cannabinoids with Treatment Potential for ALS Mouse 

Models 

Exogenous cannabinoids extracted from the cannabis sativa plant (i.e. phytocannabinoids) and 

synthetic cannabinoids have been found to have potential as disease-modifying therapeutic agents 

in ALS mouse models. In the SOD1G93A mouse model, THC has not only been shown to delay 

disease progression, but treatment with 10/20 mg/kg  also led to a significant  increase in the 

survival of these mice by an average of 4.9 and 6.1days respectively compared to control treated 

mice173. Cannabinol (CBN) has been shown to delay the onset of disease progression in the same 

model without effecting survival, this was thought to be either as a result of CBN acting as an 

antispasmodic thereby masking early symptoms, or a potential acute toxicity 174 (which has since 

been observed in zebrafish 175) and the synthetic CB2 receptor-specific agonist AM1214 prolonged 

survival of SOD1G93A mice when treatment was started at symptom onset 176. 

CBD is a main constituent of the cannabis sativa plant that has been seen to elicit anti-convulsive 

177, anxiolytic-like 178, anti-nausea 179 and anti-inflammatory actions 180 without possessing 

psychoactive-like properties seen in THC (i.e. CBD is not known to be intoxicating). CBD has 

also been found to have weak binding activities at both CB1 and CB2 receptors when compared to 

other cannabinoids such as WIN-55,212-2 and Δ⁹-THC 181. However, CBD also functions as an 

agonist on the GPR55 and the vanilloid receptor type 1 (VR1), indicating a potential anti-

inflammatory effect usually elicited by capsaicin at these receptors 182. Interestingly, CBD also 
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appears to protect against NMDA receptor-mediated neurotoxicity when assessed in the brain 

tissue of Sprague-Dawley rats 183. When tested in in vitro ALS model systems using mesenchymal 

stromal cells, exposure to CBD triggered changes in the expression of ALS-relevant genes and up-

regulation of tumor necrosis factor (TNF)-related proteins, TNF receptor associated protein 1 

(TRAP1) and nuclear factor, erythroid 2 like 2 (NFE2L2), both of which are known to inhibit 

excitotoxicity related cell death 184. Importantly, increased CB2 receptor expression in the spinal 

cords of male and female SOD1G93A mice, as well as an increase in the N-

acetylphosphatidylethanolamine-hydrolysing phospholipase D (NAPE-PLD) enzyme in male 

mice has been observed 185. Treatment with a “Sativex-like” formulation (containing a combination 

of THC and CBD) in this model reduced symptom progression and extended the lifespan of these 

mice indicating that the cannabinoid system potentially provides a valid novel treatment target. 

Importantly, CBD alone has not yet been tested in animal models for ALS. 

1.5.3 Clinical trials evaluating cannabinoid therapy 

Whilst there has been limited testing of cannabinoids in human clinical trial, the focus has been on 

the management of pain, cramping and muscle spasticity in ALS patients 186. One trial assessing 

the effects of chronic oral THC (dronabinol) administration (i.e. 5 mg twice daily) found no 

beneficial effects of cannabinoid treatment on these symptoms 187. However, when assessing a 

~1:1 ratio combination of CBD and THC (nabiximols) administered intranasally, patients reported 

an improvement in pain and spasticity (though improvements in spasticity were not confirmed via 

objective methodology, clinical trial ID: NCT01776970) 188, indicating that both of these 

cannabinoids may be necessary for the symptomatic improvement of pain and spasticity. 

Interestingly, in a survey conducted on an ALS community website investigating the personal use 

of cannabis sativa for the treatment of muscle spasticity, pain and appetite, cannabis was reported 
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to be mildly effective in the management of these symptoms. However, it must be noted that the 

sample size of the survey was limited as from 131 participants only 13 reported personal use of 

marijuana within the last 12 months 189. Thus, the potential for cannabinoids as a single or adjunct 

therapy to influence the disease progression of ALS when initiated at symptom onset has yet to be 

explored. 

1.6 Aims 

In this thesis, I will evaluate i) how two different handling methods effect mouse behavioural 

domains and ii) whether IVC or FT cage systems impact on disease-relevant phenotypes of the 

SOD1G93A transgenic mouse model. These initial steps are necessary as the Karl laboratory has 

only recently started testing ALS transgenic mouse models in their new phenotyping test facility 

at Western Sydney University. Following on from this initial work, I will have the opportunity to 

investigate a new genetic risk factor for ALS (i.e. ALS-associated polymorphism) and its 

potentially disease-modifying impact on an established genetic mouse model for ALS, i.e. when 

co-expressed in the established TDP-43 transgenic mouse model of ALS. Finally, I will also 

determine the therapeutic properties of CBD in the SOD1G93A mouse model of ALS 

Aim 1: To evaluate if the choice of handling method, i.e. tail handling compared to tunnel 

handling, affect baseline behaviours of laboratory mice in a newly established mouse testing 

facility 

Hypothesis 1: I hypothesise that the use of less aversive handling methods will positively alter the 

behaviour of mice when exposed to a test paradigm assessing exploration and anxiety-like 

behaviours. 
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Aim 2: To determine if individually ventilated cages (IVC) compared to filter top (FT) cages, 

effect the development and progression of the behavioural phenotype of the established SOD1G93A 

transgenic mouse model 

Hypothesis 2: That the use of the newer ‘IVC’ cages will impact on the progression of the ALS-

like phenotype seen in the SOD1G93A mouse model. 

Aim 3: To determine the disease-modifying potential of a novel VPS29 polymorphism in the TDP-

43 transgenic mouse model of ALS and FTD 

Hypothesis 3: That the overexpression of human mutant VPS29 in the TDP-43A315T mouse model 

for ALS will accelerate the development of disease-relevant motor phenotypes in this mouse. 

Aim 4: To determine if cannabidiol (CBD) is an effective intervention in the progression of motor 

degeneration of SOD1 G93A mice 

Hypothesis 4: That the administration of CBD in SOD1G93A mice at symptom onset will delay the 

progression of motor function decline and possibly extend lifespan 

 

1.7 Research methods 

Aim 1: To evaluate if the choice of handling method, i.e. tail handling compared to tunnel 

handling, affect baseline behaviours of laboratory mice in a newly established testing facility 

Prior to the start of testing in transgenic animals we will assess if the method by which animals are 

handled impacts (and to what extent) on several complex behavioural domains 103. C57BL/6J wild 

type-like mice of both sexes will be assigned to either tail (Fig. 1) or tunnel (Fig, 2) handling 
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methods. Mice will be housed in groups of 2-3 provided with nesting material and water and lab 

chow ad libitum. 

Behavioural assessment: I have screened cohorts of male and female C57BL/6J mice (n=12 per 

experimental factor) in tests for locomotion, exploration and anxiety behaviours (open field and 

elevated plus maze paradigms) in addition to the assessment of sensorimotor gating (prepulse 

inhibition test), fear-associated memory (fear conditioning test), sociability, and social recognition 

memory (social novelty/preference test). Detailed methodology and experimental timelines 

provided in section 2.2 of this thesis titled: Materials and methods. 
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. 

 

Figure 1.1 Supported tail handling 

 

Figure 1.2 Tunnel handling. 
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Aim 2: To determine if housing conditions, i.e. individually ventilated cages (IVC) compared 

to filter top (FT) cages, effect the development and progression of the established SOD1G93A 

phenotype. 

Subsequent to the establishment of SOD1G93A breeding pairs at Western Sydney University, pups 

will be assigned to one of either IVC (Fig. 3) or FT (Fig. 4) housing conditions post weaning and 

genotyping (PND 30±5). Both males and females will be housed in groups of 2-3 provided with 

nesting material and water and lab chow ad libitum. All mice will be weighed weekly to assess 

bodyweight development. Disease-relevant behavioural testing will begin at 15 weeks of age (in 

line with Kreilaus, F. et Al. 87).  

Behavioural assessment: I will assess the motor function of four cohorts of male and female 

SOD1G93A transgenic mice (n=12 per experimental condition) weekly from 15 weeks of age using 

tests of motor co-ordination and endurance (accelerod and pole test paradigms) as well as the 

assessment of sensorimotor gating (prepulse inhibition test), fear associated memory (fear 

conditioning test), sociability, and social recognition memory (social novelty/preference test). 

Detailed methodology and experimental timelines provided in section 3.2 of this thesis titled: 

Materials and methods. 
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Figure 1.3 Individually Ventilated Cage (IVC). 

 

 

Figure 1.4 Filter Top (FT) cage. 
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Aim 3: To determine the validity of a novel VPS29 mutation in the TDP-43 mouse model of 

ALS and FTD. 

To achieve this aim, we will work in collaboration with colleagues at Macquarie university to 

determine the face validity of a novel potentially disease modifying mutation of VPS29 in the TDP-

43 transgenic mouse model of ALS. Separate cohorts of these mice containing both WT and 

transgenic VPS29 and Green Fluorescent Protein (GFP) controls will be injected with their 

respective virus at PND 0-1 and then tested in from 1-week post weaning (age 4 weeks). 

Behavioural assessment: We will systematically screen cohorts of male and female WT and TDP-

43 transgenic mice expressing WT or transgenic VPS29 or GFP as control (n = 12) in fortnightly 

tests of motor co-ordination, endurance (accelerod and pole test) and a singular test of locomotion 

and anxiety (elevated plus maze and open field paradigms). Detailed methodology and 

experimental timelines provided in section 4.2 of this thesis titled: Materials and methods. 

Aim 4: To determine if cannabidiol (CBD) is an effective intervention in the progression of 

motor degeneration of SOD1 G93A mice 

I will carry out a pilot study in female SOD1G93A mice to evaluate the therapeutic properties of 

chronic treatment with 50 mg/kg CBD [due to the increased cannabinoid receptor proliferation at 

this dose 195 and effectiveness in Alzheimer’s models 196, as well as the lack of toxicity seen at this 

dose] prior to the onset of ALS-relevant phenotypes and disease progression. ALS transgenic mice 

will be treated daily for three weeks prior to testing and during the testing period with vehicle or 

CBD via i.p. injections starting at PND100. The effect of CBD will be characterized across 

behavioural domains. All mice will be assessed in ALS-relevant behavioural tests for motor 

deficits. 
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Behavioural Assessment:  

We will assess the motor function and other behavioural domains in female SOD1G93A transgenic 

females (n = 6-7 per condition) weekly from 100 days of age using tests of motor co-ordination 

and endurance (accelorod, grip endurance and pole test paradigms). Brains, spinal cords and whole 

blood will be collected post testing for potential analysis of CBD levels, cannabinoid receptor 

levels and SOD1 inclusion pathologies in case CBD shows therapeutic effects on behavioural 

deficits. Detailed methodology and experimental timelines provided in section 5.2 of this thesis 

titled: Materials and methods. 
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Chapter 2: Evaluation of the effect of handling method on the 

baseline behaviours of laboratory mice in a newly established testing 

facility. 

2.1 Introduction 

An often-neglected area in mouse research is the impact laboratory housing conditions, such as 

holding cage systems and cage enrichment structures, can have on the neuro-behavioural 

phenotype of laboratory mice 1-3, and in particular on genetic mouse models for human diseases 4-

6. Most recently, the method of handling laboratory mice for general husbandry or experimental 

purposes has been identified as another environmental factor which could potentially confound 

experimental test outcomes. Hurst and colleagues found that ‘tail handling’, which involves the 

picking up and restraining of laboratory mice by the base of the tail, elicits an aversive response 

from the test mouse and this aversion actually increased in severity over the course of a testing 

period 7. The team found that, once habituated, using plastic tunnels or cupped hands to pick up 

laboratory mice increased the voluntary interaction of test mice with the researcher in the home 

cage, decreased anxiety in the elevated plus maze (EPM), and increased exploration of a 

dishabituated stimulus in an open arena 8 when compared to standard handling procedures 7,9. This 

effect of non-aversive handling was investigated further by other groups and, in addition to the 

behaviours previously mentioned, tunnel-handled mice showed a prohedonic response to a sucrose 

reward compared to tail-handled mice, indicating a potential depressive-like effect of tail handling 

compared to other handling alternatives 10. Furthermore, handling using the ‘cupped hand’ method 

has decreased anxiety measures in the EPM, improved glucose tolerance, and lowered serum 

corticosterone levels 8,11. Importantly, a study performed by Gouveia and co-workers reported that 
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tunnel handling reduces variation in test results across mice within individual behavioural tests in 

the ICR mouse strain when compared to tail handling 12. Thus, prior to the commencement of 

testing with transgenic animals of human disease, it was prudent to establish what effects, if any, 

less aversive handling would have in our newly established facility. As such we assessed the effect 

of tail handling versus the less aversive tunnel handling (handling via the use of cupped hands was 

not assessed due to the potential for inter-investigator variability in the procedure used and the 

potential for olfactory confounds) on C57BL/6Tac mice in a standard battery of behavioural test. 

We also evaluated potential sex differences in the response to handling as this perspective had not 

been a factor in prior research performed in this domain. 
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2.2 Materials and methods 

2.2.1 Animals 

Experimental animals were male and female C57BL/6Tac mice bred at the Australian 

BioResources [ABR Moss Vale, Australia. Breeding colonies at ABR were housed in individually 

ventilated cages (Type Mouse Version 1; Airlaw, Smithfield, Australia; air change: 90-120 times 

per hour averaged; passive exhaust ventilation system)]. The test mice were transported to the 

animal facility at Western Sydney University (School of Medicine, Campbelltown, Australia) at 3 

months of age. Mice from the same litter were group-housed (2-3 per cage) in filter top cages 

(1144B: Techniplast, Rydalmere Australia) with corn cob bedding (PuraCob premium: Able 

Scientific, Perth Australia), tissues for nesting material and a red igloo (Bioserv, Frenchtown, NJ, 

USA). Mice were kept on a 12h light/dark cycle (9am – 9pm/9pm – 9pm respectively and tested 

during the first 5 hours of the light phase) and food and water were provided ad libitum. Prior to 

the start of the experiments, mice were only handled during fortnightly cage changes using the tail 

handling method. For the social preference test, sex-matched, adult A/JArc mice from the Animal 

Resources Centre (ARC: Cunning Vale, Australia) were used as social conspecifics. 

All research and animal care procedures were approved by the Western Sydney University Animal 

Care and Ethics Committee (#A11746) and were in accordance with the Australian Code of 

Practice for the Care and Use of Animals for Scientific Purposes. 

 

2.2.2 Handling habituation 

The two different handling procedures were started when mice were 25.5 ± 2.5 weeks of age. Mice 

were assigned a handling method in a quasi-randomised fashion per cage and handled by their 

designated handling method for the entire experimental period. Prior to each handling session, 
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nesting material and environmental enrichment were removed from the cage. Handling techniques 

used were adapted from the research performed by Hurst and coworkers 7-9. Tail handling 

‘training’ consisted of grasping the mouse at the base of the tail between the thumb and forefinger, 

the mouse was then supported on the back of the opposite hand and held for 30 s before being 

released back into the cage. Tunnel handling ‘training’ consisted of guiding the mouse into a cage 

specific tunnel (used for the duration of the testing period and cleaned at the end of each session; 

opaque grey PVC tunnels: 200 mm x 40 mm) which was then held above the cage for 30 seconds 

before releasing the animal back into the cage. Handling training was carried out twice a day, with 

a 60 seconds inter-trial interval, for a total of 10 days before any behavioural testing commenced. 

From the start of handling habituation, all cages were changed twice weekly by the investigator 

using the assigned handling method. 

 

2.2.3 Behavioural testing 

After 10 days of handling training, mice (n = 10-14 per experimental condition, see Table 1) were 

tested in a standard battery of behavioural domains. During all behavioural testing, mice were 

placed into and retrieved from the apparatus via their assigned handling method. On non-testing 

days, mice were handled in the same way as during their handling training. Test order, sample 

sizes, and test ages are outlined in Table 1. 

2.2.3.1 Open Field (OF) 

To assess locomotion and exploration 13 in response to handling, mice were placed into infrared 

photobeam controlled OF test chambers (MED Associates Inc., St Albans, USA) for 30 minutes. 

The test area (43.2 cm x 43.2 cm) was divided into a central and peripheral zone (MED software 

coordinates for central zone: 3/3, 3/13, 13/3, 13/13); total distance travelled, and vertical activity 
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were automatically measured (locomotion defined as two infrared beam breaks in a 100ms 

window). In addition, the ratio of distance travelled, time spent in the central zone and velocity 

over the test duration were used to analyse anxiety-related behaviours. All measures were analysed 

at both 10 and 30 minutes 

2.2.3.2 Elevated Plus Maze (EPM) 

The EPM measures anxiety-related behaviours as well as exploration and locomotion 14. Mice 

were placed in the centre of the apparatus (Elevated Plus Maze, No. 7001-0316; San Diego 

Instruments, San Diego, USA) facing the closed arm and allowed to explore for a total of 5 

minutes. The number of entries, total time and total distance spent in the open arms and closed 

arms was automatically scored using Any-MazeTM tracking software (Stoelting Co.; Illinois, 

USA). Manual scoring was used for exploratory behaviours such as rearing and risk assessment 

behaviour (i.e. stretch-attend postures). Time spent on open arms as well as percentage locomotion 

on open arms (as a percentage of total time spent on open arms / percentage total distance travelled 

on arms) were used to assess anxiety-like behaviours. 

2.2.3.3 Social Preference Test (SPT) 

The SPT was used to measure if handling impacted on social approach behaviour and social 

recognition memory. The apparatus consists of three connected chambers: a central chamber 

(length: 10 cm, width: 19 cm and height: 20 cm) and two outer chambers (17 cm x 19 cm x 20 cm) 

with clear Plexiglas dividing walls with square passages (height: 4 cm and width: 4 cm). One 

circular enclosure (height: 15 cm, diameter: 7 cm; bars spaced 0.5 cm apart) was placed into each 

outer chamber to allow contact between mice but prevent fighting. Fresh bedding was added to all 

chambers prior to each test trial. Test animals were isolated for 1 hour prior to testing in a new 

cage with fresh nesting material. Test mice were then allowed to habituate to the apparatus for a 

period 5 minute before being removed. For the test of social novelty, an unfamiliar social 
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conspecific (i.e. a sex-matched, adult A/J mouse), was placed in one of the two opponent outer 

chambers in a quasi-randomised manner before the test mouse was returned to the central chamber 

and allowed to explore freely for 10 minutes. Finally, test animals were observed in a 10 minutes 

social recognition test trial in which a second unfamiliar opponent A/J mouse was placed in the 

chamber that was previously empty during the social preference trial so that the test mice could 

explore either the familiar mouse (from the previous trial) or the novel, unfamiliar mouse. Any-

MazeTM tracking software was used to determine the time the test mice spent in the different 

chambers during the trial. 

2.2.3.4 Fear Conditioning (FC) 

FC measures the association of a previously neutral stimulus (e.g. a tone or a context) with an 

aversive stimulus (e.g. an electric foot shock). The FC task occurred over three days [methods 

adapted from previous work in our lab 14]. On the first day (i.e. conditioning day), mice were 

placed in a test chamber (Med Associates product: MED-VFC-SCT-M) with a vanilla scent cue 

for 120 seconds, with no sound (i.e. baseline period), before an 80 dB conditioned stimulus (CS) 

was presented for 30 s co-terminating with a 0.4 mA 2 second foot shock (unconditioned stimulus). 

This procedure was repeated with an inter-stimulus interval of 120 s with the test concluding 120 

seconds later. On the second day of testing (context test), mice were returned to the apparatus for 

7 minutes with vanilla scent cue and no sound. On the third day of testing (cue test), mice were 

placed in an altered environment (i.e. a triangular insert added to the chamber to change its overall 

shape with no scent cue present) for 9 minutes. After 120 seconds (pre-CS/baseline), the CS was 

continuously presented for 5 minutes with the test concluding 120 seconds afterwards (i.e. no cue 

presentation in the last 2 minutes). Time spent freezing per minute (and as a total per trial) was 

measured in all three trials using the video-freezeTM software (freezing threshold of 15 frames). In 
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addition, the freezing response to the cue was also assessed by comparing average freezing for 2 

minutes prior to cue presentation to the average freezing for the 5 minutes during cue presentation.  

2.2.3.5 Sensorimotor gating - Prepulse inhibition (PPI) 

Sensorimotor gating, as indicated by the attenuation of the startle response by a non-startling 

stimulus 15, was measured using SR-LAB startle chambers (San Diego Instruments, San Diego, 

USA). Mice were initially habituated to the apparatus for three days prior to the test by being 

placed into the test chamber and exposed to 70 decibel (dB) white background noise for a period 

of 5 minutes. The PPI test consisted of an initial habituation period with the presentation of 70 dB 

white background noise for 5 minutes. Following this, 97 trials presented in a pseudorandom order: 

5 x 70 dB trials (background); 5 x 100 dB trials; 15 x 120 dB trials [startle; separated into blocks 

of 5 startle trials each (first, middle and last startle block)] and 4 sets of 12 trials including a 

prepulse of either 74, 82 or 86 dB presented at 32, 64, 128 or 254 milliseconds (variable 

interstimulus interval: ISI) prior to a startling pulse of 120 dB (PPI response). The interval between 

trials differed randomly between 10-20 seconds. Acoustic startle response was calculated as the 

mean amplitude to all startle trials. Percentage of PPI (%PPI) was calculated as: [mean startle 

response (120 dB) - PPI response / mean startle response (120 dB)] x 100. PPI was averaged across 

ISIs to produce a mean % PPI for each prepulse intensity. 

 

2.2.5 Statistical analysis 

Data were initially analysed using two-way analysis of variance (ANOVA) for the main test 

parameters ‘Sex’ and ‘Handling’. Three-way repeated measures (RM) ANOVAs were also carried 

out for within factors ‘chamber’ (SPT), ‘time’ and ‘cue’ (FC), as well as ‘pulse’ and ‘prepulse’ 

(PPI). When significant interactions were detected, we split by the corresponding factor. Data are 
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shown as means ± standard error of the mean (SEM) and only presented separately for males and 

females in cases where we found significant interactions of ‘Sex’ and ‘Handling’. F-values and 

degrees of freedom are presented for ANOVAs and significant handling effects are shown in 

figures and tables as ‘*’ (*p < 0.05, **p < 0.01 and ***p < 0.001). Sex effects are indicated using 

‘#’ (#p < 0.05, ##p < 0.01 and ###p < 0.001) and interactions between ‘Sex’ and ‘Handling’ are 

shown as ‘+’ (+p < 0.05, ++p < 0.01 and +++p < 0.001). Sociability testing was analysed via 

independent samples t-test versus a chance level of 50%. Significant effects versus 50% ‘chance’ 

are shown in figures as ‘^’ (^p < 0.05, ^^p < 0.01 and ^^^p < 0.001). All analyses were performed 

using IBM SPSS Statistics v24 and were run discreetly for this reported cohort.  
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2.3. Results 

2.3.1 Locomotion and exploration: 

Two-way ANOVA found effects of ‘Sex’ on total distance travelled in the OF with male mice 

travelling less than female mice [trend at 10 mins: F(1,44) = 3.91, p = 0.054 - significant at 30 

mins: F(1,44) = 4.44, p = 0.041] (Fig. 2.1A-B). Exploration (i.e. vertical activity) was significantly 

higher in male mice compared to female mice after 10 minutes [F(1,44) = 10.98, p = 0.002] as well 

as 30 minutes of testing [F(1,44) = 7.921, p = 0.007] (Fig. 2.1C-D). Overall, tunnel-handled mice 

had higher levels of exploration compared to tail-handled mice in the first 10 minutes of testing 

[F(1,44) = 7.77, p = 0.008, Fig. 2.1C], however, no significant impact of Handling on exploration 

was found after 30 minutes [F(1,44) = 3.26, p = 0.08] (no ‘Sex’ by ‘Handling’ interactions, p’s > 

0.28). Tunnel handling also led to an increase in average locomotion speed in the first 10 minutes 

of testing [F(1,44) = 4.64, p = 0.037; Table 2.2] compared to the control condition (not evident 

when assessing full 30 min test period, p = 0.25). No ‘Sex’ effects (all p > 0.198) or ‘Sex’ by 

‘Handling’ interactions (all p > 0.168) were observed for locomotion speed at either time point. 

In the EPM, no main effects or interactions of ‘Sex’ and ‘Handling’ were seen for total entries into 

an arm (all p’s > 0.05; Table 2.2). A trend for ‘Handling’ on explorative behaviours was evident, 

as tunnel-handled animals tended to spend more overall time head dipping [F(1,44) = 3.57, p = 

0.065; Fig. 2.1E] compared to tail-handled animals. Additionally, an significant ‘Sex’ by 

‘Handling’ interaction for total rearing time [F(1,44) = 4.87, p = 0.032; Fig. 2.1F]  was present 

with male tunnel-handled animals showing higher levels of exploration than tail-handled males 

[‘Handling’ effect when split by Sex: F(1,25) = 6.15, p = 0.02]. This handling effect was absent in 

female mice [F(1,19) = 0.6, p = 0.45]. 
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Figure 2.1A-F: Locomotion and exploration in the open field (OF) and elevated plus maze (EPM): 
Total distance travelled [cm] (A/C) and total vertical activity (i.e. rearing frequency) [n] (B/D) after 10 
minutes (A/C) and (B/D) 30 minutes of OF testing as well as average time spent head dipping (E) and 
rearing (F) on the EPM. Data are shown for tail-handled (tail) and tunnel-handled (tunnel) C57BL/6Tac 
mice (split for sex as main effects of ‘Sex’ were evident). Data are presented as mean ± SEM. Main handling 
effects are shown as ‘*’ (**p < 0.01) and main sex effects are shown as ‘#’ (#p < 0.05, ##p < 0.01). A trend 
for a main effect of ‘Sex’ for locomotion during the first 10 minutes has been indicated as well (p = 0.054) 
(Fig 1A). A trend for ‘Handling’ in average time head dipping in the EPM is indicated by p = 0.065 (Fig. 
3B). Interaction of ‘Sex’ and ‘Handling’ for rearing in the EPM indicated by ‘+’ (+p < 0.05). 
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2.3.2 Anxiety-related behaviours: 

Two-way ANOVA revealed a trend for a ‘Sex’ effect [F(1,44) = 3.66, p = 0.062] after 10 minutes 

of OF testing as male mice travelled a higher percentage in the centre zone than female mice [not 

evident at 30 minutes; F(1,44) = 2.95, p > 0.09] (Fig. 2.2A-B). The method of Handling did not 

have an effect on percentage centre distance travelled (F(1,44) = 1.92, p = 0.17; Fig. 2.2A) or 

percentage centre time (F(1,44) = 0.89, p = 0.35; Fig. 2.2C) after 10 minutes. However, after 30 

minutes, a main effect of ‘Handling’ was evident for both measures [i.e. % centre distance: F(1,44) 

= 8.39, p = 0.006, Fig. 2.2B - % centre time: F(1,44) = 5.5, p = 0.024, Fig. 2.2D] indicating that 

tunnel-handled animals displayed reduced aversion of the centre zone compared to tail-handled 

mice. Supporting these findings, in the EPM, two-way ANOVA found that tunnel-handled animals 

travelled a higher percentage [F(1,44) = 8.86, p = 0.005; Fig. 2.2E] and spent a higher percentage 

of time [F(1,44) = 6.96, p = 0.01; Fig. 2.2F] on the open arms compared to tail-handled mice 

overall. Sex did not affect these EPM behaviours (no overall effect of ‘Sex’ and no ‘Sex’ by 

‘Handling’ interactions: all p’s ≥ 0.146). 
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Figure 2.2A-F: Anxiety behaviours in the open field (OF) and the elevated plus maze (EPM): 
Percentage distance travelled for male and female mice as well as percentage time spent [%] in the OF 
centre at (A/C) 10 minutes and (B/D) 30 minutes, percentage distance travelled on the open arms [%] 
(combined for males and females as no ‘Sex’ by ‘Handling’ interactions were detected) at (E) 10 minutes 
and (F) 30 minutes. Data are shown for tail-handled (tail) and tunnel-handled (tunnel) C57BL/6Tac mice 
as mean ± SEM. Main handling effects are shown as ‘*’ (*p < 0.05, **p < 0.01, ***p < 0.001). 
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2.3.3 Sociability testing: 

Sociability test:  

All mice spent more time in a chamber with a mouse compared to an empty chamber [three-way 

RM ANOVA: F(1,44) = 52.7, p < 0.001]. There were no main effects of ‘Sex’ or ‘Handling’ for 

total time in mouse chamber and no interactions with ‘Chamber’ (all p’s > 0.291). In line with this, 

two-way ANOVA revealed no main effects or interactions of ‘Sex’ or ‘Handling’ for percentage 

time spent in the mouse chamber (all p’s > 0.237 Fig. 2.3A). Finally, single sample t-tests against 

chance levels for percentage time in the mouse chamber confirmed that all mice developed a 

preference for a mouse over an empty chamber [Male: Tail: t(13) = 3.87; p = 0.02 - Tunnel: t(14) 

= 5.6; p < 0.001; Female: Tail: t(10) = 2.62; p = 0.03 - Tunnel: t(10) = 3.822; p = 0.004, Fig. 2.3A].  

Social recognition memory:  

All mice spent more time nosing the novel mouse [F(1,44) = 25.1, p < 0.001]. No main effects of 

‘Sex’ or ‘Handling’ or interactions with ‘Chamber’ were detected for total time nosing the novel 

mouse (all p’s > 0.187, Fig. 2.3B). Two-way ANOVA revealed no main effects of ‘Sex’ or 

‘Handling’ nor an interaction for percentage time nosing a novel mouse either (all p’s > 0.27). 

Interestingly, single sample t-tests against chance levels for percentage time nosing the novel 

mouse revealed that all male mice developed a preference for the novel mouse [Tail: t(13) = 3.05; 

p = 0.01 - Tunnel: t(14) = 3.1; p = 0.009; Fig. 2.3B] whereas in females, only tail-handled mice 

tended to develop a preference for the novel mouse [Tail: t(9) = 2.1; p = 0.07 - Tunnel: t(10) = 

0.83; p = 0.42; Fig. 2.3B].  
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Figure 2.3A-B: Sociability and social recognition memory in the Social Preference Test (SPT): (A) 
Percentage time [%] spent with a mouse over empty chamber (i.e. sociability) and (B) percentage time [%] 
nosing a novel mouse over a familiar mouse (i.e. social novelty preference/memory). Data are shown for 
tail-handled (tail) and tunnel-handled (tunnel) C57BL/6Tac mice separated by sex as sex effects are often 
evident in this test paradigm 16. Single sample t-test results versus 50% chance levels are shown as ‘^’ (^^p 
< 0.01, ^^^p <0.001). A weak trend for social novelty preference is indicated by p = 0.07 (Fig. 3B). 
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2.3.4 Fear-associated memory: 

Two-way ANOVA found no differences in baseline levels of freezing in the first 2 min of the 

conditioning session between sex or handling methods used (all p’s > 0.08; Table 2.3). 

Additionally, three-way RM ANOVA across 1-min blocks during conditioning showed an 

increased freezing response to consecutive foot shocks in all mice [‘Time’: F(6,264) = 55.8, p < 

0.001] and no effects or interactions of ‘Sex’ or ‘Handling’ with ‘time’ were detected (all p’s > 

0.187; data not shown). 

In the context test, three-way RM ANOVA across 1-min blocks revealed no differences in 

contextual freezing between sex or handling methods (no main effects) and no interactions thereof 

or with ‘Time’ were detected either (all p’s > 0.251; Fig. 2.4A). In the cue test, three-way RM 

ANOVA revealed that male mice exhibited lower cue freezing across the test period compared to 

females [main ‘Sex’ effect: F(1,44) = 4.12, p = 0.049; Fig. 2.4B/C]. In addition, a strong trend for 

a ‘time’ by ‘Sex’ by ‘Handling’ interaction for time spent freezing across 1-min blocks was 

observed [F(8,352) = 2.26, p = 0.05]. Thus, data were split by sex, and a trend for a ‘Time’ by 

‘Handling’ interaction [F(8,200) = 2.22, p = 0.068] was evident in male mice (Fig. 4B). Freezing 

at cue presentation appeared to be initially higher in tunnel-handled males and then diminished 

more rapidly once the cue presentation had finished compared to tail-handled littermates (Fig. 

2.4C). 

Analysing the freezing response to the cue (i.e. comparing average freezing pre-cue with average 

freezing during cue presentation) revealed that all mice showed a significant response to the cue 

regardless of experimental condition [F(1,44) = 256.87, p < 0.001; Fig. 2.4D]. No main effects of 

‘Sex’ or ‘Handling’ or interactions with ‘Cue’ were detected (all p’s > 0.094).  
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Figure 2. 4A-F: Fear-associated memory in the fear conditioning (FC) test: (A) Time spent freezing 
[s] per 1-min block during context testing, (B,C) Time spent freezing [s] per 1-min block during cue testing 
(data separated for male (B) and female (C) mice], and (D) average freezing prior to and during cue 
presentation. Data are shown for tail-handled (tail) and tunnel-handled (tunnel) female C57BL/6Tac mice. 
Data are presented as mean ± SEM. A strong trend for interaction of ‘Time’ ‘Sex’ and ‘Handling’ (p = 0.05) 
for time spent freezing across 1-min blocks in the cue was also detected. A trend for interaction of ‘time’ 
and ‘Handling’ (p = 0.068) for time spent freezing across 1-min blocks in the cue was seen for male mice 
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2.3.5 Sensorimotor gating 

Acoustic startle response (ASR): All mice responded to increasing acoustic startle pulse intensities 

with increasing ASRs [three-way RM ANOVA ‘pulse’: [F(2,88) = 78.03, p < 0.001; Fig. 2.5A]. 

An interaction of ‘Pulse’ and ‘Handling’ [F(2,88) = 6.37, p = 0.007] suggested that tunnel-handled 

mice had a reduced response to increasing startle pulse intensities compared to tail-handled mice. 

Split by ‘Pulse’, this handling-dependent reduction was most evident at 120dB [F(1,44) = 5.50, p 

= 0.024. Split by handling, two-way RM ANOVA revealed a main effect of ‘Sex’ [F(1,23) = 6.6, 

p = 0.017] in tunnel-handled mice as male mice exhibited an overall stronger startle response 

compared to female mice. This sex effect was not present in tail-handled animals [F(2,42) = 0.34, 

p > 0.621]. However, both tail- [F(2,42) = 35.54, p < 0.001] and tunnel-handled [F(2,46) = 75.9, 

p < 0.001] groups exhibited increasing startle response with increasing ASR dB levels indicating 

intact startle response in all mice (no ‘Pulse’ by ‘Sex’ interaction for either handling condition, p 

> .05).  

Prepulse inhibition (PPI): Three-way RM ANOVA revealed that all mice exhibited increasing 

PPI with increasing prepulse intensities [‘prepulse’: F(2,88) = 364.6, p < 0.001]. Furthermore, an 

interaction of ‘Prepulse’ and ‘Sex’ [F(2,88) = 3.82, p = 0.04] was seen as male mice exhibited a 

larger increase in PPI across increasing prepulse intensities compared to female mice (Fig. 5B). In 

addition, a trend for a ‘Prepulse’ by ‘Handling’ interaction was also observed [F(2,88) = 3.1, p = 

0.07] as tunnel-handled animals tended to have a lower increase in PPI compared to tail-handled 

animals (Fig. 5B). Split by ‘Sex’, both male [‘Prepulse’: F(2,50) = 264.8, p < 0.001] and female 

[‘Prepulse’: F(2,38) = 123.5, p < 0.001] animals showed an increase in %PPI with increasing 

prepulse intensities. No handling effects or interactions with ‘Prepulse’ were observed in male 

mice (all p’s > 0.43). Tunnel-handled females tended to exhibit a lower increase in PPI with 
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elevating prepulse intensities compared to tail-handled littermates [trend for ‘Prepulse’ by 

‘Handling’ interaction: F(2,38) = 3.6, p = 0.056]. No effects or interactions were seen when 

assessing PPI averaged across prepulse intensities (all p’s > 0.311, Fig. 2.5B). 
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Figure 2. 5A-B: Acoustic startle response (ASR) and sensorimotor gating behaviours in the prepulse 
inhibition test (PPI): (A) Average startle response across startle intensities, and (B) prepulse inhibition per 
prepulse intensity and averaged across intensities. Data are shown for tail-handled (tail) and tunnel-handled 
(tunnel) C57BL/6Tac mice. Data are presented as mean ± SEM (PPI data separated for sex). A significant 
interaction of ‘pulse’ and ‘Handling’ for startle response across intensities is indicated by ‘+’ (++p < 0.01) 
as tunnel-handled animals had a lower increase in startle response compared to tail-handled animals. A 
main effect of ‘Sex’ was also evident in tunnel handled animals as male mice had increased startle response 
compared to female mice (p = 0.017). An interaction of ‘Prepulse’ and ‘Sex’ (p = 0.04) for %PPI over 
prepulse intensities is indicated by ‘+’ (+p < 0.05). A trend for ‘Prepulse’ by ‘Handling’ interaction is 
indicated by p = 0.07 as tunnel-handled mice tended to show a lower increase in PPI over prepulse 
intensities. Additionally a trend for ‘prepulse’ by ‘Handling’ interaction in female mice (p = 0.056) was 
seen as tunnel-handled mice tended to show a lower increase in PPI over prepulse intensities.
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2.4. Discussion 

This experiment investigated the impact of two different handling methods on the behaviour of 

C57BL/6 mice whilst also considering sex differences in our new mouse phenotyping facility at 

Western Sydney University. Tunnel handling increased locomotion speed (first 10 minutes of OF 

testing), explorative behaviours more generally, and also decreased spatio-temporal anxiety 

behaviours. Furthermore, tunnel handling exhibited a moderate effect on the time course of cue 

freezing in male mice attenuated the startle response to increasing startle pulse intensities. Finally, 

tunnel-handled females tended to show a reduced PPI response to increasing prepulse intensities 

compared to tail-handled animals. Compared to female mice, males regardless of handling 

condition exhibiting reduced OF locomotion, increased OF exploration, increased locomotion in 

the more aversive OF centre, lower levels of cue freezing as well as a more robust social novelty 

preference and a stronger PPI response to increasing prepulse intensities. 

Tunnel handling had no effect on total locomotive distance but increased exploratory behaviours 

and locomotion speed. Previous studies also found an increase in exploratory behaviours in the 

habituation-dishabituation test of odour discrimination whereas tail-handled mice showed little 

motivation to explore the odour stimuli 8. However, it should be noted here that the explorative 

parameter investigated in the earlier study was ‘sniffing’. Effects of handling on rearing behaviour 

have not been considered in any detail in previous work in the field, indicating that the findings in 

this study are novel. The observed sexually dimorphic effect of tunnel handling on rearing in the 

EPM may be a result of how male and female rodents perceive the respective test paradigm. For 

example, activity is the most important factor for female Wistar rats when being tested in the EPM, 

whereas males appear predominantly driven by their anxiety response during EPM testing 17. Thus, 

tunnel handling may have reduced anxiety and thereby stimulated exploration in male C57BL/6J 

mice whereas this anti-anxiety effect may be less important for explorative tendencies of female 
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mice. Tunnel handling has previously been seen to increase locomotor activity in male C57BL/6 

mice compared to tail-handled controls 10. This increase was not seen in the current study, although 

locomotor velocity was increased by tunnel handling in both the current as well as the 

aforementioned study. Females had not been tested in this earlier work, prompting our 

investigation into potential sex effects.  

The finding of this study that tunnel handling reduced anxiety-like responses across behavioural 

paradigms and regardless of sex confirms the initial work by Hurst and colleagues 7-9,11. The results 

are in line with the idea that mice perceive tail handling as a more stressful, aversive handling 

method – potentially somewhat similar to a predatory attack 7. Supporting this idea, hyperthermia 

18, increased corticosterone levels 19,20, and immunosuppression 21 are often seen after routine 

laboratory procedures 22 including tail handling or moving the home cage 23,24. Furthermore, tail 

handling (compared to tunnel handling) has been found to elicit anhedonia in male C57BL/6J mice 

10, a behavioural response similar to the one of mice which are exposed to unexpected chronic mild 

stress 25,26 or restraint stress 27.  

In the social preference test, all mice exhibited intact sociability and male mice regardless of 

handling method also developed a preference for a novel mouse. However, tail-handled females 

only tended to show a preference for the novel mouse which was not present in female handled 

animals. Interestingly, two different stress paradigms, those being chronic variable stress and 

unexpected chronic mild stress, have shown an increase in sociability in stressed compared to 

unstressed female C57BL/6NCrl 28 and CD1 29 mice respectively and is potentially due to the 

effect of ‘social buffering’ in which socialisation reduces anxiety and lowers activation of the 

hypothalamic–pituitary–adrenocortical axis 30. Furthermore, Sex-specific differences in the social 

preference test have been found in previous studies 31 and are likely due to social hierarchies being 
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more competitive in male mice but based on unknown intrinsic qualities in female mice, indicating 

that females may not spend more time with animals simply because they are novel 22,32,33. 

Tunnel handling did not impact on contextual fear-associated memory. However, this is an 

interesting finding as lower levels of corticosterone, which have been observed in tunnel-handled 

animals, in adrenalectomized Long-Evans hooded rats led to impaired contextual fear memory 34. 

However, this is speculative as further investigation into corticosterone levels in tunnel handled 

mice pre and post fear conditioning should be investigated. With regard to this finding, the current 

test protocol included an olfactory cue during conditioning and context. Importantly, the rodent 

olfactory system is directly linked to the cortico-amygdaloid group 35 and odors used as an 

additional conditioning stimulus results in highly salient fear-associated memory in mice 36. Thus, 

the vanilla scent present in the current protocol may have acted as a secondary conditioned 

stimulus and thereby interfered with the test outcomes in the context test. 

Tunnel handling modulated the cue association in male mice with tunnel-handled males displaying 

an initially higher response to the cue presentation which diminished more rapidly than their tail-

handled counterparts post cue presentation. This novel finding is likely due to lower levels of stress 

and stress hormones seen in the tunnel-handled animals 24 as it has previously been shown that 

stressful experiences (i.e. 30 min acute restraint stress) following the conditioning of fear can 

increase the consolidation of fear memory and dendritic spine density in the amygdala 37. In 

addition, brief forced swim stress 24 hours prior to testing impaired fear extinction in male 

C57BL/6J mice compared to non-stressed controls 38. However, it is important to mention there 

that assessment of the average response to the cue (i.e. percentage freezing prior and during cue 

presentation) suggests that the initial association with the cue is intact in all experimental test 

groups.  
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All mice responded to increasing startle stimulus intensities with increasing ASR but this response 

was attenuated in tunnel-handled mice. Interestingly, there is a positive correlation between stress 

hormone levels such as corticotropin and elevated ASR 39 indicating that less stressful pre-test 

handling lowered the startle response in tunnel handled mice due to lower levels of stress hormone 

release 23. Tunnel-handled male mice showed a higher overall startle response compared to tunnel-

handled female mice averaged across the startle intensities.  

All mice exhibited intact PPI, however, tunnel-handled mice and in particular tunnel-handled 

females showed a reduced elevation in PPI across increasing prepulse intensities. This is a novel 

finding as the effect of handling on sensorimotor gating has not previously been assessed. 

Interestingly, another environmental modification, home cage environmental enrichment has also 

been seen to reduce the PPI response in both male and female Sprague-Dawley rats 40  as well as 

C57BL/6J mice 41. However, this effect was thought to be mediated by a combination of long 

exposure to the enriched environment (12 weeks) post-weaning when compared to similar studies 

in which rats were only exposed to EE for 2 42 or 8 43 weeks, the age at which animals were first 

exposed, and the age at which they were tested. Notably, dopamine is seen to be a key modulator 

of sensorimotor gating in the brain 44 and disruption of which interferes with prepulse inhibition. 

Moreover, previous studies have seen reductions in dopaminergic neurons and thereby lower 

expression of dopamine transporters in the striatum of environmentally-enriched animals 45-47 

indicating that laboratory conditions can induce PPI-relevant physiological changes which may 

ultimately lead to disrupted prepulse inhibition. 

Finally, it was found in this experiment that, irrespective of the method of handling used, male 

mice showed increased exploratory behaviours and lower levels of anxiety in the open field 

compared to female mice. Similar sex differences in open field anxiety have previously been found 
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for C57BL/6 mice 48. Furthermore, sexually dimorphic responses to fear conditioning paradigms 

are evident in both rats 49 and mice 50 with males exhibiting higher levels of freezing than their 

female counterparts, similar to what has been observed in this study. The study also detected a 

stronger PPI response to increasing prepulse intensities in male mice, a phenomenon attributed to 

the effects of sex hormones and the stage of the estrous cycle at which female animals are tested 

51. The finding is important as some previous work confirms this sex effect in Wistar rats 52 whereas 

other studies, for example in Sprague Dawley rats, did not observe such a difference 53.  

Overall, handling method appears to constitute an important environmental factor which can 

modulate a variety of behavioural domains including locomotion, exploration, anxiety, socability 

and the acoustic startle response in a sex-dependent manner. Presently, one of the main detractions 

from the implementation of less aversive handling methods, including tunnel handling, is the time 

necessary to training animal staff and the animals themselves. However, in a recent paper by 

Gouveia et al., it has been reported that a 2-second-exposure is sufficient to habituate mice to 

tunnel handling 54. Therefore, when assessing anxiety and stress-related behaviours, it may be 

prudent to use less aversive handling methods to avoid confounding any e.g. stress-related 

responses of animals, which include behavioural but also physiological or immunological 

parameters. The data also suggest that handling methods can have implications for the validity of 

mouse models which are characterized by small effect sizes.   
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2.8. Tables 
 

Table 2.1: Test biography and test age [weeks] of male and female C57BL/6Tac animals. Ages 

are presented as average weeks ± days. Sample sizes are indicated. 

  

Handling Tail Tunnel 

 Male (n = 13) Female (n = 10) Male (n = 14) Female (n = 11) 

Start Handling 27 ± 11 25 ± 10 27 ± 11 27 ± 8 

Open Field 28 ± 11 27 ± 10 29 ± 11 29 ± 8 

EPM 28 ± 11 27 ± 10 29 ± 11 29 ± 8 

Social Preference 29 ± 11 28 ± 10 29 ± 11 29 ± 8 

Fear Conditioning 29 ± 11 28 ± 10 30 ± 11 30 ± 8 

Prepulse Inhibition 30 ± 11 29 ± 10 31 ± 11 30 ± 8 
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Table 2.2: Locomotion in the open field (OF) and elevated plus maze (EPM). Data are presented 

as mean ± SEM for C57BL/6Tac mice. Significant main effects of tunnel handling compared to 

tail handling are shown by ‘*’ (*p < 0.05) 

 

Table 2.3: Average baseline freezing during first two minutes of FC conditioning trial for all 

mice. Data are presented as mean ± SEM for C57BL/6Tac mice.  

Handling Tail Tunnel 

OF   

Velocity [cm/s]   

10 minutes 15.42± 0.18 16.34 ± 0.34* 

30 minutes 15.94 ± 0.20 16.47 ± 0.32 

EPM   

Total arm entries [n] 20.67 ± 1.12 22.91 ± 1.1 

Handling Tail Tunnel 

 Male  Female  Male  Female  

Fear Conditioning     

Baseline freezing [s] 0.92 ± 0.48 0.4 ± 0.27 0.724 ± 0.32 0 ± 0 
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Abstract 

Environmental factors inherent to animal facilities can impact on the neuro-behavioural phenotype 

of laboratory mice and genetic mouse models for human diseases. Many facilities have upgraded 

from traditional ‘open filter top’ cages (FT) to individually ventilated cage (IVC) systems, which 

have been shown to modify various behavioural responses of laboratory mice. Importantly, the 

impact of IVC housing on the G93A superoxide dismutase 1 mouse model of amyotrophic lateral 

sclerosis (ALS) is currently unknown. Male and female wild type-like (WT) and heterozygous 

SOD1G93A mice were group-housed in FT or IVC systems from PND 30±5 onwards. Body weight 

and motor function were assessed weekly from 15 weeks onward. Mice were also tested for 

cognitive abilities (i.e. fear conditioning and social recognition memory) and sensorimotor gating 

(i.e. prepulse inhibition: PPI). SOD1G93A mice lost body weight, and their motor function 

degenerated over time compared to control littermates. Motor impairments developed faster when 

SOD1G93A females were housed in IVCs. Context and cue freezing were increased in SOD1G93A 

females compared to controls, whereas all SOD1G93A mice exhibited lower acoustic startle and PPI 

than WT mice. IVC housing led to an increase in cue freezing in males and reduced the severity 

of PPI deficits in SOD1G93A females. Overall, IVC housing impacted moderately on the SOD1G93A 

phenotype. Still, central behavioural deficits were evident across housing conditions. Nonetheless, 

our findings indicate the importance of assessing the effect of cage system in genetic mouse models 

as these systems can modulate the magnitude and onset of genotypic differences. 
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3.1 Introduction 

In the past few decades, there has been increasing interest in understanding the effects of 

environmental factors prevalent in animal facilities on the validity of genetic mouse models of 

human disease. We know that environmental enrichment 1, the gender of the investigator carrying 

out experiments 2 and standard procedures like routine handling 3-5 may impact on the neuro-

behavioural phenotype of laboratory mice tested within one research facility, not to mention 

phenotypic differences observed when the same mouse model is evaluated across multiple test 

facilities 6. 

Many facilities have upgraded facilities from traditional ‘open top’ or ‘open filter top’ cage 

systems (FT) to individually ventilated cage (IVC) systems. IVC housing has been introduced to 

reduce the costs of mouse model research, increase breeding productivity, reduce microbiological 

monitoring requirements, and increase work health and safety of staff in those holding facilities. 

Indeed, IVC cage systems allow for increased cage density of mice (i.e. more IVC holding cages 

fit into the same space compared to FT systems) 7 and time between cage changes (i.e. due to 

measurably lower levels of intra-cage ammonia) 8, reduce the chance of airborne infection 

transmission, and lower allergen levels in holding rooms 9,10. However, the caveat to these 

improvements is the fact that IVCs provide a different housing environment than FT cage systems. 

IVC systems using active ventilation systems have increased airflow, which may lead to cold stress 

in animals 11, and can generate vibrations in the rack with presently unknown effects on mice 12,13. 

Importantly, increased caged density in IVCs could potentially also lead to low-grade hypoxia 14. 

Additionally, compared to FT systems, IVCs (both passive and active airflow systems) may 

decrease climbing opportunities as some systems use Perspex lids rather than wire lids 15 and 
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present a more stimulation-deprived environment (i.e. a form of isolation) as intercage exchange 

of olfactory and auditory cues is very limited or completely absent in IVCs 16. 

Mice are born, raised, and held for their full life cycle in these cage systems so it is no stretch to 

hypothesize that these environmental differences may impact on the phenotype of mice held in 

these cages. Indeed, IVC housing can induce anxiety-like phenotypes, reduce body weight, impact 

on body temperature 17, exploration and social behaviours 13,15,17,18 and increase the sensitivity of 

mice to the locomotion-stimulating effects of the N-methyl-D-aspartate (NMDA) antagonist MK-

801 19.  Most important for preclinical research into human diseases is the finding that IVC systems 

can compromise well-characterized and established disease-relevant behavioural deficits in 

genetic rodent models, e.g. for the schizophrenia risk gene neuregulin 1 20 and the serotonin 

transporter (5-HTT) 21, as well as  neurodevelopmental mouse model of schizophrenia [i.e. 

maternal immune activation (MIA) using polyI:C] 22. 

Amyotrophic lateral sclerosis (ALS) is a rapidly progressing neurodegenerative disease 23. The 

majority of ALS cases are sporadic (90-95%), the remaining 5-10% of ALS cases are inherited or 

familial (fALS). Accounting for approximately 20% of fALS, mutations in copper-zinc superoxide 

dismutase 1 (SOD1) are one of the primary genetic causes of fALS (Parton et al 24, Turner et al 25). 

Recent promising human clinical trials for the use of antisense oligonucleotide 26 and adenosine 

associated viral vector 27 therapies in SOD1-mutant ALS patients confirm the continuing relevance 

of the well-established SOD1G93A transgenic mouse model for research into ALS therapies. 

Unfortunately, inconsistent reporting (and consideration) of sex effects 6, age of onset/death 28, 

and a lack of studies evaluating the effect of holding facility conditions on this model has been 

evident. Importantly, as discussed above, these factors can confound experimental outcomes and 

thereby the validity of preclinical research models. This gap in knowledge is surprising as 
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environmental factors such as home cage enrichment 29 are known to accelerate the progression of 

disease-relevant parameters in SOD1G93A transgenic mice 30 showing the sensitivity of this mouse 

model to environmental factors. Thus, we systematically compared the onset and severity of the 

behavioural phenotype of SOD1G93A transgenic mice of both sexes kept in either FT or IVC 

housing from weaning onwards. Recent genetic evidence suggests that ALS and frontotemporal 

dementia overlap 31 and form an ALS- frontotemporal spectrum disorder, which includes motor 

and cognitive symptoms 31. Indeed, our previous work discovered sex-specific sensory and spatial 

memory deficits in SOD1G93A transgenic mice 31. Thus, our behavioural evaluation utilised a more 

comprehensive behavioural evaluation strategy compared to most previous ALS mouse model 

studies.  
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3.2 Materials and Methods  

3.2.1 Animals 

Test animals were male and female heterozygous G93A superoxide dismutase 1 transgenic mice 

[SOD1G93A: B6-Tg(SOD1-G93A)1GUr/j; The Jackson Laboratory Stock Number: 004435] as well 

as wild type-like control littermates (n = 11-16). Mice were bred at the animal facility of the School 

of Medicine, Western Sydney University (Campbelltown, New South Wales, Australia). Breeding 

pairs were housed in IVC cages in a temperature (22-24°C), and humidity (50-70%) controlled 

room in the facility. Pups born were weaned at around postnatal days 18-21 and remained in IVC 

housing in the breeding room until the completion of genotyping, at which point they were moved 

to their dedicated cage system in the test animal holding room (further info under 2.2 Housing). 

Adult A/JArc mice were purchased from the Animal Resources Centre (ARC: Cunning Vale, 

Australia) as age- and sex-matched conspecifics for the social preference test. 

 

3.2.2 Housing 

Once genotypes were confirmed (30±5 days of age), control and SOD1G93A transgenic mice were 

group-housed (2-3 mice per cage) in a quasi-randomized manner in either FT (1144B: Techniplast, 

Rydalmere Australia) or IVC cage systems (GM500 Green, Techniplast Australia Pty Ltd, 

Rydalmere, Australia; system uses active airflow of 75 air exchanges per hour). The cage 

environment for both methods of housing included corn cob bedding (PuraCob Premium: Able 

Scientific, Perth, Australia) with tissues and ‘crinkle nest’ as nesting materials but no further 

enriching structures were provided. Food and water were provided ad-libitum. Mice were housed 

in their respective cage system within the same holding room until the end of the experiment. 
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3.2.3 Behavioural phenotyping 

Mice were tested during the first five hours of the light phase: motor function testing started at 15 

weeks of age, prepulse inhibition (PPI) and fear conditioning (FC) were carried out at 17 weeks of 

age and social preference testing (SPT) at 19 weeks of age (inter-test interval of at least 24 h). 

Animals were examined using a number of behavioural tests with relevance to ALS and FTD in 

line with a previous report from our lab 31. Body weights were recorded weekly. At the completion 

of testing all test devices were thoroughly cleaned with 80% ethanol. A minimum inter-test-

interval of 24 hours was used when mice were tested in different paradigms within one week, such 

as in the case of accelerod and pole test. Sample sizes for all test paradigms are as follows: male 

FT [WT(13), SOD1G93A(11)], male IVC [WT(16), SOD1G93A(14)], female FT [WT(14), 

SOD1G93A(13)], female IVC [WT(11), SOD1G93A(12)]. 

 

3.2.3.1 Accelerod 

To assess motor coordination and across time in the ALS phenotype, mice were first trained on 

the rotarod apparatus (ENV-574M, MED Associates Inc., St Albans, VT, USA) at a fixed speed 

of 12 rotations per minute (RPM) for two minutes. This training was repeated a total of three times 

one day prior to the first test to ensure that the mice understood the task. On the test day, mice 

were placed on the rotarod apparatus at a starting speed of 4 RPM, after which an acceleration 

program of 4-40 RPM ran for 300 seconds (i.e. reaching the top speed at 270 seconds). The latency 

for mice to fall from the rod was recorded. The test was performed twice with a 1-hour inter-trial 

interval (ITI); the average run time from both trials was analyzed. The accelerod was run weekly 

from 15-21 weeks of age.  
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3.2.3.2 Pole test 

The pole test was used to assess the degeneration of gross motor co-ordination, balance and motor 

function in line with our previous paper 32. Mice were placed (facing upwards) on a vertical pole 

(diameter: 1 cm; length: 51 cm) and the latency to reach the platform was recorded. Mice were 

allowed 60 s to complete the test; animals not completing the test (i.e. were unable to turn or climb 

down or fell from the pole) were awarded the maximum test time. The test was performed twice 

with a 30-minute ITI; the average latency to reach the platform was analyzed. The pole test was 

run weekly from 15-21 weeks of age.  

 

3.2.3.3 Sensorimotor gating – Prepulse inhibition (PPI) 

Acoustic startle response (ASR) and sensorimotor gating, as indicated by the attenuation of the 

startle response by a non-startling stimulus 33, was carried out as follows: test mice were placed in 

Plexiglas mouse enclosures of the startle chambers (SR-Lab: San Diego Instruments, San Diego, 

USA) and allowed to habituate to the enclosure and test apparatus for 5 min over three consecutive 

days prior to PPI testing with a consistent background noise of 70 dB. The 30 min PPI test session 

consisted of a 5 min acclimation period to 70 dB background noise, followed by 97 trials presented 

in a pseudorandomised order: 5 × 70 dB trials; 5 × 100 dB trials; 15 × 120 dB trials to measure the 

acoustic startle response (ASR) and 15 sets of 5 trials comprising of a prepulse of either 74, 82 or 

86 dB presented 32, 64, 128, or 256 ms (variable interstimulus interval: ISI) prior to a startle pulse 

of 120 dB to measure the PPI response. The intertrial interval (ITI) varied randomly from 10 to 20 

s. Responses to each trial were calculated as the average mean amplitude detected by a 

piezoelectric accelerometer on the base of the enclosure. ASR was calculated as the mean 

amplitude to all startle trials. For ASR habituation, blocks (i.e. averaged across 5 trials) of the ASR 
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to 120 dB startle pulses presented at the beginning, in the middle and at the end of the PPI protocol 

were used to determine the effect of ‘startle block’. Percentage PPI (%PPI) was calculated as 

[(mean startle response (120 dB) − PPI response)/mean startle response (120 dB)] × 100. %PPI 

was averaged across ISIs to produce a mean %PPI for each prepulse intensity. We analysed both 

the %PPI for the mean startle response across all 120 dB startle trials (i.e. 15 trials) as well as 

%PPI for the mean startle response across only the middle 120 dB startle trials (i.e. 5 trials).  

 

3.2.3.4 Fear Conditioning (FC) 

Fear conditioning was used to assess the impact of housing condition on the decline in associative 

memory in the SOD1G93A model previously seen in our lab 32. FC measures the association of a 

previously neutral stimulus (e.g. a tone or a context) with an aversive stimulus (e.g. an electric foot 

shock). The FC task occurred over three days [methods adapted from previous work in our lab 34]. 

On the first day (i.e. conditioning day), mice were placed in a test chamber (Med Associates 

product: MED-VFC-SCT-M) which contained a vanilla scent cue for 120 seconds, with no sound 

(i.e. baseline period), before an 80 dB conditioned stimulus (CS) was presented for 30s co-

terminating with a 0.4 mA 2-s foot shock (unconditioned stimulus). This procedure was repeated 

once with an inter-stimulus interval of 120 s and the conditioning test concluding 120 s later. On 

the second day of testing (context test), mice were returned to the apparatus for 7 minutes still 

containing the vanilla scent cue, but no sound was played. On the third day of testing (cue test), 

mice were placed in an altered environment (i.e. same chamber but including a triangular insert 

and no scent cue present) for 9 minutes. After 120 s (pre-CS/baseline), the CS was continuously 

presented for 5 minutes with the test concluding 120 s afterwards (i.e. no cue presentation in the 

last 2 minutes). Time spent freezing per minute (and as a total per trial) was measured in all three 
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trials using the video-freezeTM software (freezing threshold of 15 frames). In addition, the freezing 

response to the cue was also assessed by comparing average freezing for 2 minutes prior to cue 

presentation to the average freezing for the 5 minutes during cue presentation.  

 

3.2.3.5 Social Preference Test (SPT) 

The SPT was used to measure social approach behaviour and social recognition memory. The 

three-chamber apparatus was similar to previous studies 31. Test animals were isolated for 1 hour 

prior to testing in a new cage with fresh nesting material. They were then allowed to habituate to 

the test apparatus for a period 5 min before being removed. For the test of sociability, an unfamiliar 

social conspecific (i.e. a sex-matched, adult A/J mouse), was placed in one of two circular 

enclosures (allowing sniffing contact between mice but prevented fighting) in a quasi-randomized 

manner before the test mouse was returned to the central chamber and allowed to explore freely 

for 10 minutes. Finally, test animals were observed in a 10 minute social recognition memory (i.e. 

novelty preference) test trial in which a second unfamiliar opponent A/J mouse was placed in the 

previously empty enclosure so that the test mice could explore either the familiar mouse (from the 

previous trial) or the novel, unfamiliar mouse. An inter-trial interval of 5 minutes was used 

between each stage of the test. Any-MazeTM tracking software was used to determine the time 

the test mice spent in the different chambers during the test trials and assisted in the analysis of the 

more relevant time spent nosing the social conspecific (i.e. for social novelty preference testing).  

 

3.2.4 Statistical analysis 

Data were initially analyzed using three-way analysis of variance (ANOVA) for the main between 

test parameters ‘Sex’, ‘Genotype’ and ‘Housing’ as well as four-way repeated measures (RM) 
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ANOVA for the within measures: ‘week’ (body weight development and motor function tests 

across weekly testing), ‘pulse’ and ‘prepulse’ (PPI), and ‘1-min block’ and ‘cue’ (FC). Where 

significant interactions were found data were split for corresponding factors and further analyses 

carried out (e.g. for main three-way ANOVA effect of ‘sex’: data are split by ‘sex’ and then a two-

way ANOVA for ‘genotyping’ and ‘housing’ is carried out). In line with Rothman 35 and Perneger 

36 the data were not adjusted for multiple comparisons and were interpreted as such in the 

discussion. The social preference test (SPT) was analyzed using single sample t-tests versus a 

chance level of 50%. Data are shown as means ± standard error of the mean (SEM) and data were 

deemed significant if p < 0.05. F-values and degrees of freedom are presented for ANOVAs and 

significant genotype effects versus corresponding WT are shown in figures and tables as ‘*’ (*p < 

0.05, **p < 0.01 and ***p < 0.001). Housing effects are indicated using ‘#’ (#p < 0.05, ##p < 0.01 

and ###p < 0.001) and interactions between ‘genotype’ and ‘housing’ are shown as ‘+’ (+p < 0.05, 

++p < 0.01 and +++p < 0.001). For the SPT testing, significant t-test effects versus 50% ‘chance’ are 

shown in figures as ‘^’ (*p < 0.05, ^^p < 0.01 and ^^^p < 0.001). All analyses were performed in 

IBM SPSS Statistics v24. 
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3.3 Results 

3.3.1 Body weight development 

3.1 Body weight development 

Male mice were overall heavier than females [three-way ANOVA for ‘Sex’: F(1,94) = 577.2, p < 

0.001] and SOD1G93A transgenic mice were lighter than control littermates [‘Genotype’: F(1,94) = 

112.7, p < 0.001] (Fig. 1A-B). When body weight was analysed across weeks using four-way RM 

ANOVA, SOD1-related body weight differences were more pronounced in male than female mice 

[‘Sex’ by ‘Genotype’ interaction: F(1,94) = 5.3, p = 0.023]. When split by ‘Sex’, both male 

[‘Genotype’ by ‘Week’ interaction: F(6,288) = 19.413, p < 0.001] as well as female [F(6,276) = 

10.7, p < 0.001] SOD1G93A transgenic mice lost body weight over the testing period regardless of 

housing condition whereas control mice gained weight (Fig. 1A-B). This difference was not 

affected by housing condition (no ‘Genotype’ by ‘Week’ by ‘Housing’ interactions for either sex, 

p’s > 0.08). Interestingly, a ‘Week’ by ‘Housing’ interaction was detected in male mice [F(6,288) 

= 2.2, p = 0.047] indicating that IVC housing impacted on body weight development in males 

(Fig. 1A).  

To clarify these findings further, the percentage change in body weight across weeks was analysed. 

Similar to overall body weight development, male [‘Genotype’ by ‘Week’ interaction: F(6,288) = 

13.44, p < 0.001] and female [F(6,276) = 4.65, p < 0.001] SOD1G93A transgenic mice lost body 

weight over the testing period regardless of housing condition (no ‘Genotype’ by ‘Week’ by 

‘Housing’ interactions for either sex, p’s > 0.05) (Fig. S1A-B). Again, an interaction of ‘Week’ by 

‘Housing’ was detected in male mice [F(6,288) = 2.5, p = 0.049] as IVC-housed males exhibited 

a moderately slower change in body weight across weeks compared to FT-housed males (Fig. 

S1A). 
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Figure 3. 1A-B Body weight progression over the testing period: Body weight per week [g] is shown 
for male (A) and female (B) G93A superoxide dismutase 1 transgenic mice (SOD1G93A) and non-transgenic 
wild type-like (WT) control littermates kept in filter top (FT) or individually ventilated cage systems (IVC). 
Data are presented as mean ± SEM. ‘Week’ by ‘Genotype’ interactions are indicated by +++p < 0.001 and a 
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‘week’ by ‘Housing’ interaction is shown by ^p < 0.05. Overall ‘Sex’ (p < 0.001) and ‘Sex’ by ‘Genotype’ 
interactions (p = 0.023) were observed for body weight 

3.3.2 Motor function 

Accelerod: Four-way RM ANOVA detected a ‘Week’ by ‘Sex’ by ‘Genotype’ by ‘Housing’ 

interaction [F(5,480) = 2.6, p = 0.031] (Fig. 2A-B). To clarify this interaction, we split data by 

‘Sex’. SOD1G93A animals of both sexes exhibited progressively worsening motor performance (i.e. 

lower latencies to fall) compared to WT counterparts [‘Week’ by ‘Genotype’ interaction; males: 

F(5,250) = 33.0, p < 0.001 – females: [F(5,230) = 27.8, p < 0.001]. Importantly, a ‘Week’ by 

‘Genotype’ by ‘Housing’ interaction was detected in female mice [F(5,230) = 2.6, p = 0.025 - p > 

0.08 in males] indicating that this progressive impairment was more pronounced in IVC-housed 

females (Fig. 2B). However, split by ‘Housing’, a significant ‘Week’ by ‘Genotype’ interaction 

was still evident for both IVC [F(5,105) = 24.4, p < 0.001] and FT housing conditions [F(5,125) = 

9.3, p < 0.001]. Interestingly, when splitting the female data by ‘Genotype’, a significant ‘Week’ 

by ’Housing’ interaction was seen in SOD1G93A females [F(5,115) = 2.4, p = 0.042] whereas no 

significant interaction was evident in WT mice [F(5,115) = 2.3, p = 0.053]. IVC-housed SOD1G93A 

females had a moderately accelerated motor degeneration compared to transgenic mice in FT 

housing (Fig. 2B). 

Pole test: Total time to reach the platform revealed that SOD1G93A mice took significantly longer 

to complete the test compared to WT littermates [‘Genotype’ effect: F(1,96) = 123.5, p < 0.001] 

which progressively worsened over time [‘Week’ by ‘Genotype’: F(5,480) = 39.2, p < 0.001] (Fig. 

2C-D). In addition, a ‘Week’ by ‘Sex’ by ‘Genotype’ interaction [F(5,480) = 3.8, p = 0.004] 

suggests that this genotype difference was influenced by sex. Indeed, split by ‘Sex’ and ‘Week’, 

SOD1G93A transgenic males began to show motor deficits at 16 weeks of age whereas female 

SOD1G93A mice exhibited motor impairments from 18 weeks of age onwards when compared to 
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WT littermates (Fig. 2C-D). In addition, over the testing period, an ever-increasing percentage of 

SOD1G93A animals fell from the pole and were unable to complete the test (Table 1). 
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Figure 3.2A-D Motor function assessment over the testing period: (A/B) Average latency to fall from 
the accelerod [s] and (C/D) average total test time in the pole test [s] are shown as mean ± SEM for male 
(A/C) and female (B/D) G93A superoxide dismutase 1 transgenic mice (SOD1G93A) and non-transgenic 
wild type-like (WT) control littermates kept in filter top (FT) or individually ventilated cage systems (IVC). 
‘Week’ by ‘Genotype’ interactions are indicated by +++p < 0.001 (main effects of Genotype across Housing 
conditions are indicated by *p < 0.05,  ***p < 0.001)  and a ‘week’ by ‘Genotype’ by ‘Housing’ interaction 
is shown by ^p < 0.05. A ‘week’ by ‘Sex’ by ‘Genotype’ by ‘Housing’ (p = 0.031) interaction for accelerod 
(A/B) and a ‘week’ by ‘Sex’ by ‘Genotype’ interaction (p = 0.004) for pole test were observed (C/D). 
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3.3.3 Acoustic startle response and sensorimotor gating 

Acoustic startle response: Four-way RM ANOVA revealed a main effect of ‘Intensity’ [F(2,196) 

= 180.1,  p < 0.001] as all animals responded to increasing dB levels of startle stimuli with male 

mice exhibiting a more pronounced startle response than female mice [‘Intensity’ by ‘Sex’: 

F(2,196) = 13.9, p < 0.001] (Fig. 3A/B). All SOD1G93A exhibited a significantly reduced increase 

in startle response across intensities compared to WT littermates [‘Intensity’ by ‘Genotype’: 

F(2,196) = 75.5, p < 0.001] but this genotype effect was affected by sex as it appeared less 

prominent in females [‘Intensity’ by ‘Sex’ by ‘Genotype’ interaction: F(2,196) = 3.4, p = 0.036]. 

Split by ‘Sex’ and ‘Intensity’ there was no difference seen in any mice of either sex at 70dB 

baseline startle (all p > 0.08), whereas at 100dB, while female SOD1G93A did indeed show 

significantly reduced startle compared to WT (p = 0.046), this was not to the same magnitude as 

seen in male mice (p < 0.0001), at 120dB the startle response for both male and female SOD1G93A 

was drastically lower than WT littermates (both p’s < 0.0001). 

Sensorimotor gating: Four-way RM ANOVA revealed a main effect of ‘Prepulse’ [F(2,196) = 

359.8, p < 0.001] as %PPI increased with increasing prepulse intensities in all animals indicating 

that the protocol was effective regardless of experimental test condition (no interactions of ‘Sex’, 

‘Genotype’ or ‘Housing’ with ‘Prepulse’: all p’s > 0.08; data not shown). When analyzing %PPI 

averaged across prepulse intensities, a main effect of ‘Genotype’ [F(1,98) = 59.1, p < 0.001] was 

found with SOD1G93A transgenic mice exhibiting lower PPI than WT animals regardless of sex (no 

‘Genotype’ by ‘Sex’ interaction, p > 0.08; Fig. 3C-D). Importantly, a ‘Genotype’ by ‘Housing’ 

interaction [F(1,98) = 6.3, p = 0.014] indicated that SOD1G93A genotype differences were less 

severe (but still evident) in IVC-housed females compared to females in FT housing – this was not 

evident in male mice (no ‘Genotype’ by ‘Housing’ by ‘Sex’ interaction, p > 0.08, Fig. 3A-B).  
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Figure 3. 3A-D Acoustic startle response (ASR) and sensorimotor gating (i.e. prepulse inhibition, 
PPI): (A/B) Average ASR across startle intensities [arbitrary units] and (C/D) percentage PPI [%] averaged 
across prepulse intensities [%PPI] are shown as mean ± SEM for male (A/C) and female (B/D) G93A 
superoxide dismutase 1 transgenic mice (SOD1G93A) and non-transgenic wild type-like (WT) control 
littermates kept in filter top (FT) or individually ventilated cage systems (IVC). Main Genotype effects 
across housing conditions versus WT are shown as ***p < 0.001 (A-D). ‘Intensity’ by ‘Genotype’ 
interactions are indicated by xxxp < 0.001 (A/B) and a ‘Genotype’ by ‘Housing’ interaction is indicated by 
+p < 0.05 (D). The ASR response of mice was sex-dependent, as evidenced by ‘intensity’ by ‘Sex’ (p < 
0.001) and ‘intensity’ by ‘Sex’ by ‘Genotype’ (p = 0.036) interactions (A/B). 
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3.3.4 Fear-associated memory  

Three-way ANOVA found no differences in baseline levels of freezing in the first 2 min of the 

conditioning session across sex, genotypes or housing methods (all p’s > 0.08; data not shown). 

Contextual fear conditioning: Main effects of ‘Sex’ [F(1,98) = 11.7, p = 0.001] and ‘Genotype’ 

[F(1,98) = 12.547, p = 0.001] were seen for total freezing during context testing with male mice 

exhibiting lower contextual freezing compared to female mice and SOD1G93A mice showing 

increased contextual freezing compared to WT mice (Table 2). However, a ‘Sex’ by ‘Genotype’ 

interaction clarified [F(1,98) = 12.5, p = 0.001] that only female SOD1G93A mice exhibited 

increased freezing to the context compared to control females [F(1,46) = 19.9, p < 0.001]. Indeed, 

split by sex, no main effects or interactions were seen in male mice during the context test (all p’s 

> 0.08), whereas a main effect of ‘Genotype’ was evident in female mice [F(1,46) = 19.9, p < 

0.001] with SOD1 females showing increased total contextual freezing compared to WT littermates 

(Table 1). 

Cue fear conditioning: Looking at total freezing during the 9-min cue test session, female mice 

froze overall more than males [F(1,98) = 12.35, p = 0.001] (Table 1). Split by ‘Sex’, no significant 

interaction for ‘Genotype’ by ‘Housing’ [F(1,52) = 3.5, p = 0.069] was seen in male mice although 

IVC-housed SOD1G93A males appeared to freeze more than their IVC-housed WT littermates, 

whereas this phenomenon was not evident in FT housing (i.e. total freezing: Table 1). Female 

SOD1G93A mice exhibited increased total cue freezing compared to control females [F(1,46) = 17.3, 

p < 0.001; Table 1]; no effects of housing were evident (all p’s > 0.08). 

Analysing freezing per 1-min block over the test period, a ‘1-min block’ by ‘Sex’ by ‘Genotype’ 

interaction was detected [F (8,784) = 2.2, p = 0.044] as genotype differences in cue freezing across 

time appeared only evident in female mice (Fig. 4A-B). Indeed, analysing cue freezing across time 
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for each sex, a ‘1-min block’ by ‘Genotype’ interaction was evident in female mice [three-way 

RM ANOVA: F(8,368) = 4.2, p < 0.001 - p > 0.08 in male mice] (Fig. 4A-B). Two-way ANOVAs 

split by ‘1-min block’ confirmed that SOD1G93A transgenic females froze more than WT females 

in the first two 1-min blocks of cue testing as well as from minute 6 onwards (Fig. 4B). Housing 

had no effects in female mice (all p’s > 0.08). In male mice, a ‘1-min block’ by ‘Housing’ 

interaction was found [F(8,368) = 4.2, p < 0.001]. IVC-housed males developed higher levels of 

freezing over the test period when compared to FT-housed males, and this was most evident in the 

first two 1-min blocks of cue testing (Fig. 4A). 

Looking at average freezing prior to cue presentation compared to the average freezing during 

cue presentation, a ‘Cue’ by ‘Housing’ interaction was detected in male mice [F(1,52) = 6.4, p = 

0.014 - p > 0.08 in female mice] (Fig. 4C-D). IVC-housed males regardless of genotype (no 

significant ‘Cue’ by ‘Housing’ by ‘Genotype’ interaction, p > 0.08) showed a weaker response to 

the cue than males kept in FT. This appeared to be driven by the increased freezing of IVC males 

in the first 2 min of cue testing (Fig. 4C). Indeed, when assessing average freezing prior to cue 

presentation separately, a main effect of ‘Housing’ was observed [F(1,53) = 7.25, p = 0.01] with 

IVC-housed males freezing more than their FT-housed littermates.  

  

 

 

 

 

 



98 
 

 

 

 

Figure 3. 4A-D Fear-associated memory: (A/B) Time spent freezing [s] in the cue test across 1-min 
blocks (total of 9 min test session) and (C/D) average freezing [s/min] in the 2 mins prior to cue presentation 
compared to average freezing during the 5 minutes of cue presentation. Data are shown as mean ± SEM for 
male (A/C) and female (B/D) G93A superoxide dismutase 1 transgenic mice (SOD1G93A) and non-
transgenic wild type-like (WT) control littermates kept in filter top (FT) or individually ventilated cage 
systems (IVC). Main Genotype effects across housing condition versus WT (total or per 1-min block) are 
shown as ‘*’ (*p < 0.05, **p < 0.01, and ***p < 0.001). Housing effects across Genotype versus FT (per 
1-min block) are shown as ‘#’ (#p < 0.05, ##p < 0.01). A ‘1-min block’ by ‘Sex’ by ‘Genotype’ interaction 
(p = 0.044) was evident for cue freezing across time (A/B). There was also a ‘Time’ by ‘Genotype’ 
interaction for cue freezing across 1-min blocks in females (+++p < 0.001) (B) and a ‘Time’ by ‘Housing’ 
interaction for the cue response for males ( xp < 0.05) (C). 
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3.3.5 Social preference test: 

The social preference test was analyzed split by sex as our previous research has found that the 

response to the test protocol is highly sex-specific 38-40. 

Sociability: Single sample t-tests against 50% chance levels revealed that all male mice regardless 

of experimental condition showed intact sociability, i.e. all males except for IVC-housed WT 

males exhibited a preference for a mouse over an empty chamber [WT FT: t(12) = 4.4; p < 0.001; 

SOD1G93A FT: t(11) = 2.6; p = 0.03; WT IVC: t(15) = 1.9, p = 0.075; SOD1G93A IVC: t(13) = 5.4; 

p < 0.001; Figure 5A]. In females, all experimental groups except FT-housed WT females [t(13) 

= 1.2, p = 0.12] displayed intact sociability [SOD1G93AFT: t(12) = 3.1; p = 0.01; WT IVC: t(10) = 

2.3; p = 0.04; SOD1G93A IVC: t(10) = 2.3; p = 0.046; Fig. 5B]. 

Social novelty preference: All male mice exhibited intact social recognition memory regardless of 

the experimental condition [i.e. all mice showed an above chance level preference (i.e. time spent 

nosing) for the novel mouse: WT FT: t(12) = 2.8; p = 0.016; SOD1G93A FT: t(11) = 2.3; p = 0.041; 

WT IVC: t(15) = 2.3, p = 0.006; SOD1G93A IVC: t(13) = 5.2; p < 0.001; Fig. 5C]. Interestingly, in 

females, only FT-housed SOD1G93A transgenic females showed intact social recognition memory 

[t(12) = 3.3, p = 0.006] whereas all remaining experimental groups failed to show a preference for 

the novel mouse (all p’s > 0.08) (Fig. 5D). Data for the less relevant chamber time are presented 

as supplementary info (Supplementary Figure 2A-B). 
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Figure 3. 5A-D Sociability and social recognition memory: (A/B) Percentage time spent interacting with 
a mouse over an empty cage [%] and (C/D) percentage time interacting with a novel mouse over a familiar 
mouse [%]. Data are shown as mean ± SEM for male (A/C) and female (B/D) G93A superoxide dismutase 
1 transgenic mice (SOD1G93A) and non-transgenic wild type-like (WT) control littermates kept in filter top 
(FT) or individually ventilated cages (IVC). Significant preferences above chance levels (i.e. 50%, indicated 
by dotted line) are shown as ‘^’ (^^p < 0.01, ^^^p <0.001). 
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3.4 Discussion 

We investigated the impact of two different home caging systems on the development of 

behavioural characteristics of SOD1G93A transgenic mice. SOD1G93A mice regardless of 

experimental condition progressively lost body weight, whereas WT mice did not lose any weight. 

IVC-housed males exhibited a moderately slower body weight loss compared to FT-housed males. 

Both male and female SOD1G93A mice showed degenerating motor performances across tests.  The 

development of an impaired motor performance of SOD1G93A females was accelerated when 

housed in IVCs compared to FT housing. In the pole test, SOD1G93A males showed motor deficits 

earlier than female SOD1G93A transgenics. SOD1G93A mice presented impaired ASR at 100dB and 

120dB (less prominent in female mice at 100dB). Additionally, a PPI deficit was seen in all 

SOD1G93A transgenic mice, which was less severe in SOD1G93A females when housed in IVC 

systems. SOD1G93A females exhibited increased contextual as well as cue freezing. IVC housing 

increased cue freezing of males over the test period (most evident in the first 2 min of testing). 

Social preference testing revealed no differences across male test groups, whereas sociability was 

deficient in FT-housed WT females and social recognition memory was only intact in FT-housed 

SOD1G93A transgenic females.  

SOD1G93A transgenic mice exhibited progressively declining body weight over the testing period, 

which was more pronounced and started earlier in male transgenic mice compared to female 

SOD1G93A mice. This finding is representative of the established phenotype of the SOD1G93A mouse 

model 30,42-44. We found that IVC-housed males regardless of Genotype showed a delayed increase 

in body weight across ageing compared to male mice housed in the FT cage system. This delay 

suggests that food intake or metabolic pathways of mice may be affected in IVCs. Interestingly, 

studies in wild type-like mice detected IVC-induced changes to body weight development which 
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did not appear to be related to changes in food intake although increased water intake was observed 

12,17,20. 

Motor function declined over time in all SOD1G93A transgenic mice, which was in line with 

previous studies. The decline commenced earlier in males than females in a manner similar to what 

has been reported in most other studies [42,44,45 but see also 46]. Indeed, a meta-analysis examining 

the onset and progression of motor impairments across a variety of SOD1 transgenic mouse models 

suggests that whilst sex does seem to play a role in both, the genetic background of the mouse 

models seems to be critical as to whether sex differences are evident 47. Importantly, IVC housing 

moderately accelerated the progression of motor deficits in SOD1G93A females when being tested 

in the accelerod test. This finding could be related to the inherent nature of at least some actively 

ventilated IVCs to impose chronic cold stress 11. Importantly, regulation of core temperature when 

exposed to cold is impaired in the SOD1 mouse model in the latter stages of the phenotype 48. 

SOD1G93A transgenic mice also exhibit defective energy homeostasis largely as a consequence of 

skeletal muscle hypermetabolism 49, a phenomenon which is thought to lead to the destruction of 

the neuromuscular junction and ultimately neuronal apoptosis 50. Therefore, chronic housing in a 

colder environment which innately requires a further increase in energy expenditure could 

potentially increase motor neuron vulnerability and hasten the progression of the motor 

impairment phenotype in this model. 

The acoustic startle response was impaired in all SOD1G93A mice in line with previous findings 

from our and other laboratories 31,51. This impaired response may be attributed to hearing deficits, 

but genotype-related muscle weakness and consequential reduced ability to flinch the body should 

also be considered as the latter has been implicated in reduced ASR in rats 52. Importantly, in our 

study, motor impairments were evident in male SOD1G93A mice starting from 16 weeks of age and 



103 
 

less severe in SOD1G93A females (significant impairments evident at 18 weeks of age albeit of 

lesser magnitude than in male mice). In the week of FC and PPI testing (week 17), motor 

performance was not evaluated making it difficult to clarify if the emerging deficit was already 

evident in female mice at 17 weeks of age. It is interesting to note that the ASR deficit of transgenic 

females at 100dB was not of the same magnitude as in male SOD1G93A mice. Future research will 

have to clarify the exact nature of the ASR deficit in more detail, but this phenotype appears to be 

driven by more than just muscle weakness. 

We also detected a pronounced PPI impairment in both male and female SOD1G93A animals 

confirming previous results seen in our lab 31. The housing condition affected this sensorimotor 

gating deficit in a sex-dependent manner in an opposite manner as work previously performed in 

our lab 20, as the PPI deficit of SOD1G93A females was less severe but still evident when housed in 

IVC cages. Interestingly, brain regions such as the superior colliculus (SC), ventral tegmental area 

(VTA) and caudal pontine reticular nucleus (PnC) have been shown to play key roles in PPI 53. In 

line with this, neuronal damage and increased inflammation have been observed in the SC and 

VTA of SOD1G93A transgenic mice 54 and neuronal hypofunction is evident in the PnC of these 

mice as well 55. In addition, dopaminergic dysfunction is evident in these brain regions in this ALS 

model 54 and deregulated dopamine signalling, as well as neuroinflammation has been found to 

impair sensorimotor gating 56,57. Furthermore, the stronger effect of IVC housing on PPI in 

SOD1G93A females may be linked to the finding that IVCs have been found to increase c-Fos levels 

in mice in the limbic region 58 and to ameliorate PPI deficits in a genetic mouse model for 

schizophrenia 20. Interestingly, c-Fos is seen as not only a marker for neuronal activity but also a 

regulator for cellular mechanisms mediating neuronal excitability and survival 59and is indeed 

down-regulated in SOD1G93A transgenic animals 60. In line with our findings on sex specificity, 
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another study also found that ‘beneficial’ effects of environmental factors (i.e. physical exercise) 

on disease-relevant parameters are more prominent in female SOD1G93A transgenic mice 61. This 

effect may not be evident in male mice due to their more rapid degeneration compared to female 

transgenic mice 62 and the fact that estrogen plays a neuroprotective role in ALS and specifically 

SOD1G93A transgenic animals 63 and that estrogen receptors are abundant in brain regions such as 

the VTA 64.  

SOD1G93A females regardless of housing condition exhibited increased context and cue freezing. 

This is a novel finding as increased freezing behaviours have previously only been observed in 

younger male mice in our lab 31. Interestingly, abnormal prelimbic and infralimbic neurons were 

found in the medial prefrontal cortex of SOD1G93A mice 65 and correlated with impaired fear 

extinction memory in younger male mice 65. Thus, the stronger freezing phenotype in the cue test 

could be related to impaired fear extinction. Interestingly, levels of the insulin-like growth factor-

binding protein 2 (IGFBP2), which plays a role in cognitive development and neuronal plasticity 

66, are decreased in the hippocampus of symptomatic 18-week-old SOD1G93A mice 67 providing a 

potential additional mechanism behind the increased freezing seen in our mice. IVC-housed males 

exhibited increased cue freezing over time, however, this phenotype appeared to be predominantly 

linked to the first 2 minutes of the test (i.e. no cue presentation). Indeed, average freezing during 

the cue presentation was not different from FT-housed animals. IVC housing is known to interfere 

with established freezing phenotypes. For example, IVCs led to a loss of an impaired fear 

extinction phenotype previously seen in serotonin transporter knockout rats 21, which was 

hypothesized to be due to elevated baseline anxiety in these mice caused by increased airflow and 

noise in this cage system 21. In line with this, increased anxiety-relevant open field behaviour has 

been linked to IVC housing 17.  
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Sociability was intact across experimental conditions except for IVC-housed WT males and FT-

housed WT females. All male mice also exhibited intact social recognition memory, but only FT-

housed SOD1G93A females developed a preference for the novel mouse. Interestingly, younger 

(PND82) but not older (PND 120) SOD1G93A male mice exhibited impaired sociability in our lab 

31 suggesting that social impairments of SOD1G93A mice may be dependent on age and sex. Sex 

differences in social paradigms have previously been reported, both in our lab 38 and by others and 

is thought to be dependent on the methods of social hierarchy formation in males (i.e. competitive) 

compared to females (i.e. intrinsic) 68. Further studies should be performed in this area to elucidate 

the true nature and development of social deficits in SOD1G93A transgenic mice of both sexes. 

In summary, we found that the IVC cage system can impact on the SOD1G93A transgenic mouse 

model phenotype established in filter top cages and in a sex-dependent manner, though not in a 

uni-directional manner as this was found to be specific to the test used. These effects were 

moderate and did not alter the severity of motor degeneration in these mice in a biologically 

relevant manner. Most important is the effect of IVC housing on sensorimotor gating and fear-

associated memory as it may compromise the face validity of the model. Furthermore, potential 

physiological changes imposed by the cage system used may impact on the testing of interventions, 

especially those with small effect sizes. Therefore, whilst changing cage system to suit the model 

may not be a feasible solution, researchers should at least be aware of potential effects when 

changing cage systems and report the cage system used in their study in detail in line with the 

recently updated ARRIVE guidelines for reporting on animal research 69 to further enhance the 

understanding of these effects in the field. This is not only relevant for behavioural studies but also 

in pharmacological studies (as IVCs can shift drug sensitivity 19) and endocrinological and 



106 
 

immunological experiments (as IVCs can impact on stress hormones and e.g. pro-inflammatory 

cytokine levels 22). 
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3.7 Tables 

 

 

Table 3.1: Percentage [%] of male and female superoxide dismutase 1 transgenic mice (SOD1G93A) unable 
to complete the pole test due to falling from the apparatus (two runs per test week). All WT control mice 
regardless of sex completed the task successfully. 

 

  

Sex Male SOD1G93A  Female SOD1G93A 

Housing Filter Top (FT)  
Individually Ventilated 

Cage (IVC)   
Filter Top (FT)  

Individually 

Ventilated Cage (IVC)   

Age [weeks] Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 

15 7.69 15.38 13.33 6.67 0.00 0.00 0.00 0.00 

16 23.08 15.38 0.00 13.33 0.00 0.00 0.00 8.33 

18 76.92 76.92 53.33 53.33 15.38 30.77 33.33 33.33 

19 83.33 91.67 80.00 86.67 38.46 46.15 58.33 66.67 

20 100.00 100.00 86.67 93.33 69.23 76.92 100.00 100.00 

21 100.00 100.00 93.33 93.33 92.31 92.31 100.00 100.00 
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Table 3. 2: Total time spent freezing in context (7-min test duration) and cue testing (9-min test duration) 
of the fear conditioning paradigm (FC). Data are presented as mean ± SEM for male and female superoxide 
dismutase 1 transgenic mice (SOD1G93A) and non-transgenic wild type-like (WT) control littermates. Main 
effects of genotype were found in female mice for both context and cue testing (both p’s < 0.001). A 
significant ‘Sex’ by ‘Genotype’ interaction was evident for context freezing (p = 0.001). In addition, a main 
effect of ‘Sex’ (p = 0.001) and a ‘Sex’ by ‘Genotype’ interaction (p = 0.001) were detected for context 
freezing as well as a main effect of ‘Sex’ (p = 0.001) for cue freezing. 

 

  

Sex Male  Female 

Housing Filter Top (FT)  

Individually 

Ventilated Cage 

(IVC)   

Filter Top (FT)  

Individually 

Ventilated Cage 

(IVC)   

Genotype WT SOD1G93A WT SOD1G93A WT SOD1G93A WT SOD1G93A 

Total context 

freezing [s] 

85.9 ± 

8.48 

98.9 ± 

14.88 

119.4 ± 

12.36 

106.5 ± 

16.16 

106.5 ± 

12.72 

167.2 ± 

21.75 

96.3 ± 

12.25 

187.1 ± 

18.34 

Total cue 

freezing [s] 

169.4 

± 

21.83 

183.5 ± 

20.01 

229.7 ± 

18.62 

168.7 ± 

20.27 

189.7 ± 

13.49 

277.9 ± 

22.48 

200.9 

± 

12.25 

288.5 ± 

30.99 
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3.7 Supplementary data 
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Figure 3S. 1 A-B Percentage rate of body weight change: Body weight change per week [%/wk] is 
shown for male (A) and female (B) G93A superoxide dismutase 1 transgenic mice (SOD1G93A) and non-
transgenic wild type-like (WT) control littermates kept in filter top (FT) or individually ventilated cage 
systems (IVC). Data are presented as mean ± SEM. ‘Week’ by ‘Genotype’ interactions are indicated by 
+++p < 0.001 and a ‘week’ by ‘Housing’ interaction is shown by ^p < 0.05. 
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Statistical analysis – time spent in chamber during social novelty preference testing: In males, 

only SOD1G93A mice in IVC housing [t(13) = 3.14; p < 0.01] and WT mice in FT housing [trend: 

t(12) = 2.06; p = 0.06] displayed a preference for the novel mouse) (all other groups: p’s > 0.08; 

Fig. S2A). In females, only FT-housed SOD1G93A transgenics showed intact social recognition 

memory [t(12) = 3.3, p = 0.006] whereas all remaining experimental groups failed to show a 

preference for the chamber containing a novel mouse (all p’s > 0.08) (Fig. S2B). 
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Fig. S2A-B Social recognition memory: Percentage time spent in the chamber containing a novel mouse 
over a familiar mouse [%]. Data are shown as mean ± SEM for male (A) and female (B) G93A superoxide 
dismutase 1 transgenic mice (SOD1G93A) and non-transgenic wild type-like (WT) control littermates kept 
in filter top (FT) or individually ventilated cages (IVC). Significant preferences above chance levels (i.e. 
50%, indicated by dotted line) are shown as ‘^’ (^p < 0.05, ^^p <0.01) and a trend is indicated as well. A 
trend for WT FT males to spend a higher percentage of time in the chamber containing a novel mouse is 
indicated by ‘p = 0.06’. 
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Chapter 4: Assessment of the potentially disease-modifying effects of 

a novel VPS29 polymorphism in the TDP-43 transgenic mouse 

model for Amyotrophic Lateral Sclerosis 

4.1 Introduction 

Traditional genome-wide association studies have typically focused on single loci for causative 

polymorphisms 1; however, such a narrow focus likely contributes to the inability to replicate many 

of the complex features of human disease. Indeed, an analysis of over 600 gene association studies 

to assess replicability of genetic targets identified found that of those in which the same gene 

candidate was assessed, only six were able to replicate findings out of the 166 assessed 2. Thus, it 

is essential to not only evaluate single gene candidates but to also consider gene-gene interactions 

(and gene-environment interactions) as those may be equally or more important for disease 

development than single loci polymorphisms 3. For example, interactions between fibroblast 

growth factor 20 and monoamine oxidase B in Parkinson’s disease and complex interactions seen 

with apolipoprotein E in Alzheimer’s 4. In ALS, there is growing evidence of gene-gene 

interactions 5,6, and due to the large number of potentially causative polymorphisms in both fALS 

and sALS 7, it is prudent to identify possible gene-gene interactions and evaluate / characterise 

those potential interactions in vivo, for example by using established mouse models for the disease. 

A large proportion of preclinical research into understanding ALS since 1994 has involved the use 

of mouse models for SOD1 polymorphisms, with the most prevalent among them being the 

SOD1G93A mouse model (as outlined in previous chapters). However, in the human ALS 

population, SOD1 causative ALS is somewhat rare with mutant SOD1 being relevant for only 20% 
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of familial cases and 2% of sporadic ALS cases. Additionally, SOD1-related ALS exhibits 

different pathophysiology, that being the presence of misfolded pathogenic SOD1 aggregations 8. 

however  the majority of ALS cases exhibit protein aggregations in motor neurons largely 

containing pathological or abnormal TAR DNA-binding protein 43 (TDP-43) 9 though mutations 

in the TARDBP gene encoding TDP-43 only account for 4-5% of fALS and approximately 1% of 

sALS cases 10. TDP-43 is normally located in the nucleus and is able to shuttle to and from the 

cytosol, and though the whole gamut of TDP-43’s functions is still emerging, it is seen to play key 

roles in important cellular mechanisms such as splicing, gene expression, neuronal development 

and embryogenesis 11,12. Contrary to this, disease inducing mutant TDP-43 in the cytosol is found 

as a constituent of ubiquitinated protein inclusions in diseased motor neurons and has been linked 

to a number of cellular dysfunctions such as abnormal neuron function 13, synaptic defects 14 and 

proteasome dysfunction 15. The presence of TDP-43-containing protein inclusions are a notable 

shared pathological feature of ALS and frontotemportal dementia (FTD) contributing significantly 

to the ALS-Frontotemporal spectrum disorder 16. Thus, mouse models overexpressing mutant or 

human wild type TDP-43 are prone to both the cognitive and anxiety phenotypes of FTD and the 

motor phenotypes of ALS 17. 

Recently, a genome-wide association study into rare causes of fALS identified a novel 

polymorphism in the gene encoding for vacuolar protein sorting-associated protein 29 (VPS29) 

which was observed to co-localise with mutant TDP-43 in the spinal cord of ALS patients 

(personal communication with Dr. Shu Yang, Macquarie University, data not published yet). 

VPS29, in combination with VPS35 and VPS26, forms what is known as the retromer complex 18 

that is structurally conserved across eukaryotic species including mice and humans 19. Found on 

the endosomal membrane, the retromer plays a key role in the recycling of transmembrane 
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receptors 20 and the transport of proteins between the endoplasmic reticulum and the Golgi 

apparatus 20. Whilst initially thought to be something of a ‘bystander’ protein, recent work 

indicates that VPS29 may potentially serve as a scaffold for the retromer complex and may 

modulate the sorting response of individual proteins 21. Interestingly, exome sequencing of an 

Austrian family found a polymorphism in VPS35 to be a rare cause of late onset Parkinson’s 

disease 22 indicating that disruption of the retromer complex may have implications for the motor 

system. 

As VPS29 is seen to co-localise with mutant TDP-43 in pathogenic protein inclusions, we 

hypothesized that there is the potential for disease-modifying interactions (i.e. an earlier onset of, 

and faster progression of motor impairments) when both are present. Therefore, in this experiment 

I assessed the disease-modifying potential of overexpressed human wild type and mutant VPS29 

via AAV administration on the behavioural phenotype of the iTDP-43A315T transgenic mouse 

model for ALS.  
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4.2. Materials and Methods  

4.2.1. Animals 

Test animals were male (M) and female (F) heterozygous iTDP-43A315T (TDP-43) transgenic mice 

[mThy1.2-tTA(41)] as well as wild type-like (WT) control littermates administered eGFP (GFP), 

wild type VPS29 (VPS29-WT) or mutant VPS29 (VPS29-MUT) [WTGFP(M = 14, F = 8); TDP-

43GFP(M = 6, F = 12); TDP-43VPS29-WT(M = 14, F = 5); TDP-43VPS29-MUT(M =7, F = 9)] inbred on 

a C57BL/6J background, the creation of which has been described previously 23. Mice were bred 

at the animal facility of Macquarie University (Sydney, Australia). Tail tips were taken at PND14 

and genotyping was performed by polymerase chain reaction amplification of selective amplicons 

for tet and iTDP-43A315T. Control and iTDP-43A315T transgenic mice were group-housed (3-5 mice 

per cage) in Airlaw EVC mouse cages (PPC Moulding services: Villawood, Australia) with corn 

cob bedding (PuraCob premium: Able Scientific, Perth, Australia) and tissues for nesting material 

as well as a red igloo (Bioserv, Frenchtown, NJ, USA) and wooden chew stick for enrichment. 

Mice were kept on a 12 h light/dark cycle (6am - 6pm/6pm – 6am respectively) and food and water 

were provided ad libitum. All research and animal care procedures were approved by the Animal 

Ethics Committee of Macquarie University (ARA: 2018/019) and were in accordance with the 

Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. 

 

4.2.2. Adeno-associated virus (AAV) production and administration 

Plasmid creation and AAV packaging were performed by the Macquarie University Dementia 

Research Centre viral core (Sydney, Australia). The wild type (AAV-PHP.B CAG-VPS29-WPRE-

bGHpA WT) and mutant (AAV-PHP.B CAG-VPS29-WPRE-bGHpA MUT) forms of VPS29 

were expressed using the CAG promoter of the AAV9.PHP.B capsid as detailed in 24 (hereafter 
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referred to as VPS29-WT and VPS29-MUT). Similarly, the control vector was expressed using 

Green Fluorescent Protein (AAV-PHP.B CAG-EGFP-WPRE-bGHpA; referred to as GFP). 

For packaging of AAV particles, HEK293T cells were transfected in complete Dulbecco's 

Modified Eagle Medium (DMEM, Sigma) with 10% foetal bovine serum (FBS) at 70–80% 

confluence (as described 25). Culture medium was changed to Iscove's modified Dulbecco's 

Medium (IMDM, Sigma) with 5% FBS 3 h prior to transfection. Transfection was performed with 

viral genome-containing plasmid, AAV9-PHP.B plasmid containing rep and cap sequences using 

polyethyleneimine-Max (PEI-Max, Polysciences) and pFdelta6 as the helper. Cells and 

supernatant were harvested 72 h post transfection. Supernatant was clarified by adding 40% 

PEG8000/2.5 M NaCl to a final concentration of 8% PEG8000/0.5 M NaCl and incubated at 4 °C 

for at least 2 h. Clarified supernatant was centrifuged at 2000g for 30 min. Combined precipitate 

from clarified supernatant and cell pellet was treated with sodium deoxycholate (final 

concentration of 0.5%) and benzonase (~ 500 U) at 37 °C for 40 min. After addition of NaCl, 

incubation at 56 °C for 40 min and freeze–thaw cycle, the solution was centrifuged for 30 minutes 

at 5000g at a temperature of 4 °C. Purification of supernatants was performed using iodixanol 

gradient by ultracentrifugation (475,900g for 2 h at 18 °C). AAV particles were concentrated and 

exchanged into phosphate buffered saline (PBS) in an Amicon 100 kDa 15 ml concentrator at 

5000g at a temperature of 4 °C. Titres were determined by quantitative polymerase chain reaction 

(qPCR) and aliquots were stored at − 80 °C.  

AAV vectors were administered by Dr. Annika Van Hummel of the Macquarie University 

Dementia Research Centre (Sydney, Australia) prior to the commencement of my behavioural 

testing. 1.2 μl of GFP (5x 1013 vg/ml), VPS29-WT (2.39 x 1013 vg/ml) or VPS29-MUT (5x 1013 

vg/ml) vector was injected at 2 sites each bilaterally and the cerebellum into the brains (Fig. 4.i) 
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of cryo-anesthetised neonatal postnatal day (P) 0 iTDP-43A315T mice as per 26. Likewise, eGFP was 

injected into the brains of TDP-43 non-expressing littermates a control. 

 

Figure 4.i Placement of AAV injections into the brain of cryo-anesthetised P0 pups 

This methodology has previously been published to show an even spread of AAV throughout the 

brain 27, however, an increased number of animals were used to account for any variance which 

may be present. 

 

4.2.3 Behavioural phenotyping 

Mice were tested during the first five hours of the light phase (6am-11am) with a minimum inter-

test interval of 24 hours. Animals were tested in a number of behavioural tests with relevance to 

ALS-Frontotemporal spectrum disorder such as motor function in the accelerod, pole test and open 

field paradigms and anxiety in the elevated plus mas and open field. At completion of testing all 

test devices were thoroughly cleaned with 70% ethanol. Mice were tested in motor function 

paradigms fortnightly starting from 6 weeks of age and continued until 14 weeks to track the 

development and progression of motor symptoms. Mice were also tested in the open field at both 

6 and 12 weeks of age and the elevated plus maze was carried out at 13 weeks of age (Fig. ii).  

Mice were weighed weekly from the ages of 4-13 weeks and bodyweight was analysed across 

time. Due to the pilot nature of this project, a limited number of tests were selected to allow for a 

quick turnaround for many animals as well as repeated testing to assess the progression of disease-
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relevant phenotypes, and changes thereof, in these animals. At the conclusion of testing, brain and 

spinal cord tissue were for paraffin sectioning, additionally, cerebellum, hippocampus and cortex 

were snap frozen proteomics assessment. 

 

Figure 4.ii Timeline of AAV administration and subsequent behavioural phenotyping 

 

4.2.3.1 Accelerod 

To assess motor coordination across time mice were placed on the rotarod apparatus (Ugo Basile, 

Gemonio, Italy) at a starting speed of 4 RPM, after which an acceleration program of 4-40 RPM 

ran for 300 seconds (i.e. reaching the top speed at 270 seconds). The latency for mice to fall or 

loop (defined as when the animal holds on to the rod and spins freely on the rod five consecutive 
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times) was recorded. The test was performed two times with a 1-hour inter-trial interval (ITI), the 

average latency from both trials was analysed.  

 

4.2.3.2 Pole test 

The pole test was used to assess the degeneration of gross motor co-ordination, balance and motor 

function in line with our previous paper 28 and what has been observed in this model previously. 

Mice were placed (facing upwards) on a vertical pole (diameter: 0.8 cm; length: 51 cm) 23. Mice 

were allowed 120 s (cut off time) to complete the test. Latency to reach the platform was recorded. 

Mice who did not complete the test (i.e. were unable to turn, climb down, or fell from the pole) 

were awarded the maximum test time of 120 s. The test was performed two times with a 1-hour 

ITI, the total time to complete the test was analysed.  

 

4.2.3.3 Open Field (OF) 

To assess locomotion and exploration 29, mice were placed into square red Perspex test chambers 

for 30 minutes with infrared house lights and infrared cameras for test recording 23. Test videos 

were analysed using Any-MazeTM tracking software (Stoelting Co.; Illinois, USA) with the test 

area divided into a central (25 x 25 cm) and peripheral zone (40 x 40 cm); total distance travelled 

was automatically measured. In addition, the ratio of distance travelled, time spent in the central 

zone and velocity over the test duration were used to analyse anxiety-related behaviours. 

 

4.2.3.4 Elevated Plus Maze (EPM) 

The EPM measures anxiety-related behaviours as well as exploration and locomotion 30. Mice 

were placed in the centre of the apparatus (Ugo Basile, Gemonio, Italy) facing the open arm and 
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allowed to explore for a total of 5 minutes 23. The number of entries, total time and total distance 

spent in the open arms and closed arms was automatically scored using Any-MazeTM tracking 

software (Stoelting Co.; Illinois, USA). Manual scoring was used for exploratory behaviours (i.e. 

head dipping) and risk assessment behaviour (i.e. stretch-attend postures). Time spent on open 

arms as well as percentage locomotion on open arms (as a percentage of total time spent on open 

arms / total distance travelled on arms) were used to assess anxiety-like behaviours. During the 

course of the testing period, it became apparent that iTDP-43A315T mice were prone to falling off 

the EPM apparatus. As such, mice who fell were excluded from the test. To be able to analyse 

some anxiety behaviours, only the first 3 minutes of the test were used for analysis the amended 

test groups are as follows: WTGFP(M = 14, F = 8); TDP-43GFP(M = 5, F = 11); TDP-43VPS29-WT(M 

= 7, F = 3); TDP-43VPS29-MUT(M =3, F = 3) 

 

4.2.4 Statistical analysis 

Data were initially analysed via two-way ANOVA for ‘Sex’ and ‘Genotype’ in addition to three-

way repeated measures ANOVA for ‘week’, ‘Sex’ and ‘Genotype’ in the case of motor function 

testing over time. Where ‘Sex’ effects and interactions were observed, data were then split for 

‘Sex’ and analysed by one-way ANOVA for ‘Genotype’ and two-way RM ANOVA for ‘week’ 

and ‘Genotype’ for males and females separately. Overall findings from relevant ANOVA tests 

are presented below the figure, ‘Genotype’ effects versus WTGFP are shown in figures as ‘*’ (*p < 

0.05, **p < 0.01 and ***p < 0.001). To assess differences between genotypes where a ‘Genotype’ 

effect was found, post-hoc tests were run using Fisher’s LSD test. Post-hoc ‘Genotype’ effects of 

TDP-43VPS29-MUT compared to TDP-43VPS29-WT is indicated in figures as ‘^’ (^p < 0.05, ^^p < 0.01, 

^^^p < 0.001), ‘Genotype’ effects of TDP-43VPS29-WT and TDP-43VPS29-MUT compared to TDP-
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43GFP is indicated in figures as ‘#’ (#p < 0.05, ##p < 0.01, ###p < 0.001). All analyses were 

performed in IBM SPSS Statistics v24. 
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4.3 Results 

4.3.1 Bodyweight per week 

Three-way RM ANOVA revealed an interaction of ‘Age’ by ‘Sex’ by ‘Genotype’ [F(27,477) = 

5.37, p < 0.001], therefore data were analysed split by ‘Sex’. An ‘Age’ by ‘Genotype’ interaction 

[F(27,252) = 13.16, p < 0.001] was seen for bodyweight per week in male mice and the data suggest 

that iTDP-43A315T mice gained less weight as they aged over the test period compared to WTGFP 

(all p’s < 0.001). When data were split by ‘Genotype’ all experimental groups gained weight over 

the testing period [RM ANOVA for ‘age’: WTGFP F(9,90) = 167.7, p < 0.001; TDP-43GFP F(9,27) 

= 74.24, p < 0.001; TDP-43VPS29-WT F(9,81) = 138.7, p < 0.001; TDP-43VPS29-MUT F(9,54) = 65.57, 

p < 0.001]. Importantly, when data were split by ‘Age’, one-way ANOVA revealed a main effect 

of ‘Genotype’ in each week (all p’s < 0.001). Further post-hoc analysis using Fisher’s LSD 

indicated that iTDP-43A315T groups regardless of vector condition were lighter than WTGFP males 

from 5 weeks of age onward (all p’s < 0.001; Fig. 4.1A). Furthermore, TDP-43VPS29-WT mice were 

lighter than all other iTDP-43A315T groups from 4 weeks until the end of testing (Fig. 4.1A), no 

difference was seen between TDP-43GFP and TDP-43VPS29-MUT mice at any of the weeks analysed 

(all p’s > 0.05). 

Similarly, an ‘Age’ by ‘Genotype’ interaction [F(27,225) = 2.14, p  0.013] was detected for 

bodyweight per week in female mice suggesting that all iTDP-43A315T groups gained weight slower 

than WTGFP littermates. When data were split by ‘Genotype’ all females were seen to gain weight 

over the testing period [RM ANOVA for ‘Age’: WTGFP F(9,45) = 98.49, p < 0.001; TDP-43GFP 

F(9,72) = 90.5, p < 0.001; TDP-43VPS29-WT F(9,36) = 65.49, p < 0.001; TDP-43VPS29-MUT F(9,72) = 

108.5, p < 0.001]. Split by ‘Age’, an effect of ‘Genotype’ was seen at each age (all p’s < 0.001; 

Fig. 4.1B). Further post-hoc analysis revealed that TDP-43GFP and TDP-43VPS29-WT females 
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weighed less than WTGFP littermates at all ages (all p < 0.047; Fig. 4.1B) whereas this was only 

the case from 8-13 weeks of age for TDP-43VPS29-MUT mice. Furthermore TDP-43VPS29-WT females 

weighed less than all other iTDP-43A315T groups over the testing period; Fig. 4.1B). 
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Figure 4.1 A-B Bodyweight progression over testing period: Average weight [g] for male (A) and female 
(B) mice over the testing period. Data are shown for green fluorescent protein (GFP), wild type VPS-29 
(VPS29-WT) and mutant VPS-29 (VPS29-MUT) administered iTDP-43A315T transgenic mice (TDP-43) 
and non-transgenic wild type-like (WT) control littermates. For bodyweight analysis cohort numbers were 
as such WTGFP(Males = 11, Females = 6); TDP-43GFP(Males = 4, Females = 9); TDP-43VPS29-WT(Males = 
10, Females = 5); TDP-43VPS29-MUT(Males = 7, Females = 9). Data are presented as mean ± SEM. 
Interactions of ‘Age’ by ‘Genotype’ (as iTDP-43A315T mice gained less weight than WTGFP) are indicated 
by +++p < 0.001. Post-hoc ‘Genotype’ effects of TDP-43GFP and TDP-43VPS29-MUT compared to TDP-43VPS29-

WT are indicated as ‘#’ (#p < 0.05, ##p < 0.01, ###p < 0.001). 
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4.3.2 Motor function 

Accelerod:  

Three-way RM ANOVA did not detect an interactions of ‘Sex’ by ‘Age’ [F(4,268) = .259, p = 

0.90] or ‘Sex’ by age’ by ‘Genotype’ [F(12,268) = 1.19, p = 0.29] for average latency to fall from 

the accelerod so data were analysed across sex. 

When analysing the average latency to fall from the accelerod across test ages, two-way RM 

ANOVA revealed an interaction of ‘Age’ and ‘Genotype’ [F(12,268) = 1.97, p = 0.027]. Split by 

‘Genotype’, the motor performance of groups did not significantly change across test weeks for 

WTGFP, TDP-43GFP or TDP-43VPS29-WT (all p’s > 0.09). However, TDP-43VPS29-MUT mice tended to 

improve their motor performance in the accelerod over the testing period [RM ANOVA for ‘Age’: 

F(4,56) = 2.37, p = 0.064]. Split by ‘Age’, one-way ANOVA revealed an overall ‘Genotype’ effect 

for each age (all p < 0.001). When further assessed by Fisher’s LSD tests, all iTDP-43A315T mice 

regardless of vector condition exhibited lower latencies to fall from the accelerod compared to 

WTGFP in all test weeks (all p’s < 0.006) except from 6 weeks of age when TDP-43VPS29-WT mice 

did not show a difference to WTGFP (p = 0.089). Furthermore, TDP-43VPS29-MUT mice exhibited 

lower latency to fall compared to TDP-43VPS29-WT at 6 weeks of age (all p’s > 0.09 for all other test 

weeks).  

Pole test: 

Three-way RM ANOVA detected an ‘Age’ by ‘Sex’ by ‘Genotype’ interaction [F(12,268) = 1.91, 

p = 0.034] for the latency to reach the platform. Thus, data were split by sex. A trend for an 

interaction was seen for ‘Age’ by ‘Genotype’ in male mice [F(12,148) = 1.74, p = 0.064] as iTDP-

43A315T mice (in particular TDP-43VPS29-WT and TDP-43 VPS29-MUT) tended to exhibit a more rapidly 

increasing latency to reach the platform compared to WTGFP mice. However, all male mice needed 
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increasingly longer to reach the platform over the testing period regardless of vector condition 

[RM ANOVA for ‘Age’: WTGFP F(4,52) = 2.7, p = 0.041; TDP-43GFP F(4,20) = 8.25, p < 0.001; 

TDP-43VPS29-WT F(4,52) = 11.3, p < 0.001; TDP-43 VPS29-MUT F(4,24) = 15.65, p < 0.001] (Fig. 

4.2A). When data were split by ‘Age’, an effect of ‘Genotype’ was seen for each week when 

analysed by one-way ANOVA indicating male iTDP-43A315T mice exhibited increased latency to 

reach the platform compared to WTGFP mice. Further post-hoc testing revealed that this was from 

the age of 8 weeks onwards, with a notable exception at 10 weeks of age at which TDP-43VPS29-

WT (p = 0.055) and TDP-43 VPS29-MUT (p = 0.051) only tended to exhibit higher latency to reach the 

platform compared to WTGFP and TDP-43GFP (Fig. 4.2B). 

In females, a significant ‘Age’ by ‘Genotype’ interaction was found [F(12,120) = 2.93, p = 0.001] 

(Fig. 4.2C). Importantly, split by ‘Genotype’, all iTDP-43A315T mice (strong trend in TDP-43 VPS29-

MUT) regardless of vector condition had worsening latency to reach the platform over the test period 

[RM ANOVA for ‘age’: TDP-43GFP F(4,44) = 16.1, p < 0.001; TDP-43VPS29-WT F(4,16) = 11.2, p 

< 0.001; TDP-43 VPS29-MUT F(4,32) = 2.61, p = 0.054] whereas this motor performance decline was 

not evident in WTGFP mice [F(4,28) = 2.14, p = 0.1]. Split by ‘Age’, an overall ‘Genotype’ 

ANOVA effect was seen at each age starting at age 8 weeks (all p < 0.037). Fisher’s LSD testing 

revealed that female iTDP-43A315T mice exhibited a significantly longer latency to reach the 

platform compared to WTGFP mice,from the age of 8 weeks old onwards. Only exception was week 

10 in which only TDP-43 VPS29-MUT females exhibited higher latency to reach the platform 

compared to WTGFP (Fig. 4.2C) 
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Figure 4.2 A-C Motor function assessment over testing period: (A) Average latency to fall from the 
accelerod [s] (B,C) Average total test time in the pole test [s]. Data are shown for green fluorescent protein 
(GFP), wild type VPS-29 (VPS29-WT) and mutant VPS-29 (VPS29-MUT) administered iTDP-43A315T 
transgenic mice (TDP-43) and non-transgenic wild type-like (WT) control littermates. Data are presented 
as mean ± SEM. Interactions of ‘Age’ by ‘Genotype’ as iTDP-43A315T mice exhibited worsening 
performance compared to WTGFP are indicated as ‘+’ (+++p < 0.001). A post-hoc effect of ‘Genotype’ is 
indicated by ‘^’ (^p < 0.05) as TDP-43 VPS29-MUT mice exhibited lower latency to fall compared to WTGFP 
and TDP-43VPS29-WT mice at 6 weeks (A). A ‘Age’ by ‘Sex’ by ‘Genotype’ interaction was found for total 
time in the pole test. (C) A trend for female TDP-43VPS29-WT (p = 0.055) and TDP-43 VPS29-MUT (p = 0.051) 
to exhibit marginally higher latency to reach the platform compared to WTGFP is indicated by ‘&’ 
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4.3.3 Open field 

Locomotion: Two-way ANOVA did not detect a main effect of ‘Sex’ for the total distance travelled 

in the OF carried out at six [F(1,67) = 0.45, p = 0.50] and twelve [F(1,67) = 0.012, p = 0.91] weeks 

of age so data were analysed across sex. A main effect of ‘Genotype’ was seen at both ages [six 

weeks: F(3,67) = 35.31, p < 0.001 (Fig. 4.3A) - twelve weeks: F(3,67) = 64.58, p < 0.001 (Fig. 

4.3B]. Fisher’s LSD tests showed that all iTDP-43A315T mice regardless of vector condition 

exhibited hyperlocomotion compared to WTGFP mice at six weeks of age (Fig. 3A). Furthermore, 

TDP-43VPS29-MUT mice exhibited significantly higher levels of locomotion compared to TDP-

43VPS29-WT (Fig. 4.3A). Similarly, at twelve weeks of age, all iTDP-43A315T mice regardless of 

vector condition exhibited hyperlocomotion compared to WTGFP mice (Fig. 4.3B) and TDP-

43VPS29-MUT mice had significantly higher locomotion scores than TDP-43VPS29-WT animals. In 

addition, the TDP-43VPS29-WT mice exhibited lower locomotion compared to TDP-43GFP mice at 

that age (Fig. 4.3B). 

Anxiety behaviours: Two-way ANOVA did not detect main effects of ‘Sex’ for anxiety-related OF 

behaviours at either age tested (all p’s > 0.327) so data were analysed across sex. A main effect of 

‘Genotype’ for total time spent in the centre zone was evident at both six weeks [F(3,67) = 34.14, 

p < 0.001 (Fig. 4.3C)] and twelve weeks [F(3,67) = 11.55, p < 0.001 (Fig. 3D)]. Post hoc testing 

confirmed that all iTDP-43A315T mice regardless of vector condition spent less time in the OF centre 

zone compared to their WTGFP counterparts at both ages tested. In addition, TDP-43VPS29-MUT mice 

spent more time in the centre zone than TDP-43GFP at six weeks of age (Fig. 4.3C) whereas no 

further group differences were detected at twelve weeks (Fig. 4.3D). Similarly, a main effect of 

‘Genotype’ was also evident for OF centre distance ratio at both six weeks [F(3,67) = 136.27, p < 

0.001 (Fig. 4.3E)] and twelve weeks [F(3,67) = 50.33, p < 0.001 (Fig. 4.3F)] of age and post-hoc 
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testing confirmed that all iTDP-43A315T mice regardless of vector condition exhibiting reduced 

centre locomotion ratios compared to WTGFP mice. No other post-hoc differences were detected 

(all p’s > 0.39). 
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Figure 4.3 A-F Open field assessment: Average total distance [m] travelled at (A) 6 and (B) 12 weeks of 
age. Average time spent in the centre zone [s] at (C) 6 and (D) 12 weeks of age. Average percentage of 
time spent in the centre zone [%] at (E) 6 and (F) 12 weeks of age. Data are shown for green fluorescent 
protein (GFP), wild type VPS-29 (VPS29-WT) and mutant VPS-29 (VPS29-MUT) administered iTDP-
43A315T transgenic mice (TDP-43) and non-transgenic wild type-like (WT) control littermates. Data are 
presented as mean ± SEM. Effects of genotype versus WTGFP are indicated by ‘*’ (*p < 0.05, **p < 0.01, 
***p < 0.001). Post-hoc ‘Genotype’ effects of TDP-43VPS29-MUT compared to TDP-43VPS29-WT are indicated 
in figures as ‘^’ (^p < 0.05, ^^p < 0.01, ^^^p < 0.001), ‘Genotype’ effects of TDP-43VPS29-WT and TDP-
43VPS29-MUT compared to TDP-43GFP are indicated in figures as ‘#’ (#p < 0.05, ##p < 0.01, ###p < 0.001). 
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4.3.4 Elevated plus maze  

Exploration: Two-way ANOVA did not detect main effects of ‘Sex’ for exploration-related 

behaviours in the EPM (all p’s > 0.55) so data were analysed across sex. A main effect of 

‘Genotype’ [F(3,46) = 6.83, p = 0.001] for frequency of head dipping was evident. Post-hoc testing 

indicated that all iTDP-43A315T mice regardless of vector condition showed more exploration than 

WTGFP mice (Fig. 4.4A). No difference in head dipping frequency was evident between iTDP-

43A315T groups (all p’s > 0.05). Furthermore, a main effect of ‘Genotype’ [F(3,46) = 4.46, p = 

0.008] was seen for time spent head dipping and post-hoc testing revealed that TDP-43VPS29-MUT 

mice spent significantly more time head dipping compared to all other experimental groups (Fig. 

4.4B).  

Anxiety behaviours: Two-way ANOVA did not detect main effects of ‘Sex’ for stretch attend 

postures in the EPM (all p’s > 0.052) so data were analysed across sex. A main effect of ‘Genotype’ 

[F(3,46) = 4.07, p = 0.012] was detected for the frequency of stretch attend postures. Fisher’s LSD 

testing revealed that TDP-43VPS29-WT mice showed less stretch attend postures compared to WTGFP 

and TDP-43GFP controls (Fig. 4.4C). When analysing time spent in stretch attend postures a 

‘Genotype’ was evident [F(3,46) = 7.37, p < 0.001] with post-hoc testing revealing that all iTDP-

43A315T mice spent less time in stretch attend postures compared to WTGFP counterparts (Fig. 

4.4D).  

Behavioural performance on the open arms was also analysed. Two-way ANOVA detected a ‘Sex’ 

by ‘Genotype’ interaction for percentage time spent on the open arms of the EPM [F(3,46) = 3.91, 

p = 0.014] (Fig. 4.4E-F). Thus, data were split by sex. In male mice, an overall effect of ‘Genotype’ 

on percentage open arm time was evident [F(3,25) = 6.93, p = 0.001]. Post-hoc testing revealed 

that all iTDP-43A315T spent more time on the open arms compared to WTGFP (Fig. 4.4E). In female 
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mice, ‘Genotype’ had a similar effect [F(3,21) = 7.58, p = 0.001] with  TDP-43GFP and TDP-

43VPS29-WT mice spending more time on the open arms compared to WTGFP mice and TDP-43VPS29-

WT females spending more time on the open arms compared to all other iTDP-43A315T groups (Fig. 

4.4F). 

When analysing percentage distance on the open arms, two-way ANOVA detected a ‘Sex’ by 

‘Genotype’ interaction [F(3,46) = 5.38, p = 0.003] (Fig. 4.4G-H). Thus, data were split by sex. A 

‘Genotype’ effect was evident for male mice [F(3,29) = 7.37, p = 0.001]. Further post-hoc testing 

indicated that only TDP-43VPS29-MUT mice showed significantly increased open arm locomotion 

compared to all other groups. No main effect of ‘Genotype’ was observed in female mice 

[‘Genotype’: F(3,21) = 0.7, p = 0.56] (Fig. 4.4H). 
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Figure 4.4 A-H Elevated plus maze assessment: Average (A) head dipping instances [n] and (B) time 
spent head dipping [s]. Average (C) stretch attend instances [n] and (D) time spent in stretch attend posture 
[s]. (E,F) Average percentage of total test time spent on the open arm [%]. (G,H) Average percentage of 
arm distance travelled on the open arm [%]. Data are shown for green fluorescent protein (GFP), wild type 
VPS-29 (VPS29-WT) and mutant VPS-29 (VPS29-MUT) administered iTDP-43A315T transgenic mice 
(TDP-43) and non-transgenic wild type-like (WT) control littermates. Data are presented as mean ± SEM. 
Effects of Genotype versus WTGFP are indicated as ‘*’ (*p < 0.05, **p < 0.01, ***p < 0.001). Post-hoc 
‘Genotype’ effects of TDP-43VPS29-MUT compared to TDP-43VPS29-WT are indicated in figures as ‘^’ (^p < 
0.05, ^^p < 0.01, ^^^p < 0.001), ‘Genotype’ effects of TDP-43VPS29-WT and TDP-43VPS29-MUT compared to 
TDP-43GFP are indicated in figures as ‘#’ (#p < 0.05, ##p < 0.01, ###p < 0.001). A ‘Sex’ by ‘Genotype’ 
interaction was found for percentage time spent on the open arm (E/F) and percentage distance travelled 
on the open arm (G/H). 
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4.4. Discussion 

In this study I evaluated potentially disease-modifying gene-gene interaction of human wild type 

and mutant VPS29 on the behavioural phenotype of iTDP-43A315T transgenic mice while also 

considering sex effects. All iTDP-43A315T experimental groups gained less weight compared to 

WTGFP across age. TDP-43VPS29-WT mice of both sexes were lighter and gained less weight than 

other iTDP-43A315T groups. All iTDP-43A315T mice exhibited motor function impairments on the 

accelerod with TDP-43VPS29-MUT mice exhibiting more severe motor deficits early compared to 

TDP-43VPS29-WT littermates. In the pole test, all iTDP-43A315T mice exhibited worsening motor 

performance across test weeks, although this was observed in all male mice. All iTDP-43A315T 

groups regardless of sex exhibited OF hyperlocomotion. Importantly, this phenotype was more 

prominent in TDP-43VPS29-MUT mice at six weeks of age compared to other iTDP-43A315T groups. 

Interestingly, opposing anxiety phenotypes were detected in the OF and EPM as iTDP-43A315T 

mice displayed an anxiogenic OF phenotype which was less prominent in younger TDP-43VPS29-

WT mice compared to TDP-43GFP. All iTDP-43A315T mice showed lower anxiety behaviour as 

measured by protected stretch attend postures compared to WTGFP. However, open arm activity 

was sex dependent as all iTDP-43A315T males spent longer on the open arm compared to WTGFP, 

whereas this was only seen in TDP-43VPS29-WT females. Moreover, TDP-43VPS29-MUT males 

travelled more on the open arm compared to all other male groups, this phenotype was not seen in 

female mice. 

When analysing bodyweight progression, all iTDP-43A315T experimental groups did not gain as 

much weight and were therefore lighter than their WTGFP littermates regardless of sex. This well-

established difference in bodyweight gain in iTDP-43A315T mice compared to controls has been 
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linked to progressive muscular atrophy in the transgenic mice 23 and is also found in other models 

including iTDP-43M337V transgenic mice 31 as well as alternate mouse models for the TDP-43A315T 

mutation 32. Interestingly, TDP-43VPS29-WT overexpressing animals did not gain as much 

bodyweight as the other transgenic groups. This is a novel finding as studies focusing on disease 

mediated alterations to the retromer complex have not reported alterations to murine bodyweight, 

though it must be noted that this measure was not explicitly investigated. Importantly, the retromer 

complex plays a role in the transport of glucose transporter isoform 4 (Glut4) in adipocytes 33 and 

lowered expression of VPS35 is observed in mouse models for type 2 diabetes 34 indicating that 

alterations to retromer subunit expressions may impact on bodyweight as mice were seen to be 

obese. The finding that the wild type from of human VPS29 appears to play a role in bodyweight 

development in mice requires further investigation, such as the investigation of diabetes-relevant 

metabolic endpoints and post-mortem fat-pad analysis should be used to further understand 

VPS29’s function in metabolism and bodyweight gain. 

iTDP-43A315T mice of both sexes exhibited motor impairments in the accelerod across weeks. 

Interestingly, at six weeks of age (start of testing), TDP-43VPS29-MUT mice exhibited a lower latency 

to fall than TDP-43VPS29-WT counterparts, which is first proof of concept that mutant VPS29 may 

affect behavioural domains in interaction with the TDP-43A315T mutation. Motor function deficits 

in the accelerod are a characteristic of the iTDP-43A315T mouse model 23, however, our findings 

provide novel insights into this phenotype as the original publication on these mice found 

impairments only at twelve weeks but not four weeks of age 23 (the original study did not test mice 

at six weeks). Though it must be noted that the test facility may have impacted the advanced 

development of this motor phenotype for two reasons: firstly, the protocol that was used in the 

current experiment involved more of a prolonged acceleration of the rotation speed compared to 
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the initial study (i.e. 4-40 RPM over 300 seconds versus 5-60 RPM over 120 seconds 23) which is 

less challenging for the mice but may be more exhausting as the test duration is significantly 

longer. Indeed, acceleration rate and ultimate speed influence the sensitivity of the accelerod test, 

for example, a more rapidly accelerating paradigm unsurprisingly led to lower latencies to fall 

compared to slower acceleration protocols when tested in Withdrawal Seizure-Control mice 35. 

Importantly, rapid acceleration may compress fall latency data and hide small effects sizes of 

motor deficits. Moreover, the effect of test experience or motor learning over trials is seen to 

increase latency to fall 35. In line with this, the lower average latency of TDP-43VPS29-MUT mice to 

fall at six weeks of age as a result of gene-gene interactions in these mice may be indicative of 

either an earlier onset of motor deficits or delayed motor learning, as their latency to fall improved 

once these mice were experienced with the test paradigm. In this context it should be noted that 

the early deficit observed in the current study may not have been observed in the initial experiments 

due to the ‘best run of five’ being recorded on the testing day, so motor learning may have already 

taken place. Interestingly, whilst overt motor dysfunction in the accelerod at young age has not 

been observed in this model, gait irregularities are present in these mice as early as at four weeks 

of age 36. Another reason for the detection of motor impairments at six weeks of age could be based 

on differences between test laboratory environments of the two relevant studies. The current 

experiment was conducted in the Macquarie university (MQ) animal facility whereas the initial 

behavioural studies were conducted at the University of New South Wales (UNSW). Importantly, 

there are differences in the home cage systems used between these two test sites. Mice at UNSW 

were housed in Allentown XJ cages (Allentown Inc.) with wire bars running the length of the cage 

which allowed for increased climbing opportunities. Housing at MQ is in Airlaw EVC mouse 

cages (PPC Moulding services: Villawood, Australia) which only include vertical wire bars from 
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the food hopper thereby reducing climbing opportunities. Thus, the comparatively sedentary 

conditions, which provide less opportunity for training motor functions in the home cage, may 

have played a role in the early motor function impairments seen in TDP-43VPS29-MUT mice in this 

experiment. Indeed, when 10-week-old C57BL/6 mice were housed in cages that prevented lid 

climbing, impairments in motor coordination, grip strength and muscle stamina were observed 

when tested five and ten weeks later 37. This suggests that a more ‘depriving’, i.e. less motor 

behaviour-stimulating, environment may trigger an earlier onset of motor deficits in TDP-43 

transgenic mice, in particular if these mice are challenged further by exposing them to another risk 

variant for the disease. In line with this rationale, previous studies of forced and voluntary running 

wheel exercise in the SOD1G93A transgenic mouse model have shown that motor skill ‘training’ 

can delay the onset and progression of disease-relevant phenotypes 38-40 as well as preserve motor 

neurons when initiated in 70-day-old pre-symptomatic SOD1G93A mice 41. Thus, opportunities to 

‘practice’ motor skills constitute an important confounding factor for the development and 

progression of ALS-like phenotypes and their severity and onset in mouse models. 

iTDP-43A315T mice also exhibited a progressively worsening motor phenotype in the pole test 

similar to what has been reported in the initial studies on the pole test 23. Importantly, all male 

mice including WTGFP mice exhibited increased latencies to reach the platform whereas in females, 

only iTDP-43A315T female mice progressively worsened across weeks. The progressive impairment 

in iTDP-43A315T mice of both sexes is in line with the literature 23,36. The worsening motor 

performance in male but not female WTGFP mice may be due to the effects of the home cage on 

motor co-ordination and stamina of male mice in particular (as discussed above) as they are 

consistently heavier than female mice and bodyweight can negatively impact on the motor 

performance in mice 42. It should also be noted here that past studies in the iTDP-43A315T mice have 
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thus far have only assessed motor function at two discrete ages, those being four and twelve weeks 

of age 23,36, as such, the current study is the first in which motor function has been assessed 

longitudinally in these mice allowing for a more in-depth look at how motor function progresses 

in the iTDP-43A315T mouse model. 

iTDP-43A315T mice regardless of sex exhibited a hyperlocomotive OF phenotype. This behaviour 

was decreased in TDP-43VPS29-WT mice at six weeks of age compared to TDP-43VPS29-MUT mice 

and at twelve weeks of age compared to TDP-43GFP and TDP-43VPS29-MUT animals. Notably, the 

lower levels of locomotion in TDP-43VPS29-WT mice indicate a gene-gene interaction of VPS29-

WT with iTDP-43A315T that serves to moderately reverse the hyperlocomotion evident across 

iTDP-43A315T experimental groups. Similar to the motor phenotype findings, the initial studies into 

the iTDP-43A315T mouse model found a hyperlocomotive phenotype at twelve weeks but not four 

weeks of age 23. Thus, the detection of hyperlocomotion already in 6-week-old iTDP-43A315T mice 

is novel and highly relevant for the potential planning of early intervention studies as early 

treatment initiated prior to phenotype onset show the most favourable therapeutic outcomes 43.  

iTDP-43A315T animals also exhibited altered exploratory behaviours across tests with transgenic 

mice showing circling behaviours in the periphery of the OF test arena and increased exploratory 

behaviours on the EPM evidenced by increased head dipping frequency, compared to WTGFP. 

Though abnormal circling exploration in the OF was noticed in the original study 23, this gives 

credence to the presence of an abnormal exploration phenotype in these mice as has  been observed 

in the C9orf72 44 mouse model for FTD, which present with TDP-43 pathology. This is the first 

time exploration on the EPM has been assessed in iTDP-43A315T mice and notably, only TDP-

43VPS29-MUT mice spent considerably more time head dipping compared to all other mice. This 

indicates that overexpression of mutant VPS29 alters the exploratory phenotype in the iTDP-
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43A315T model giving evidence of a gene-gene interaction on this behavioural domain. Increased 

exploratory behaviour could be thought of as disinhibited or impulsive behaviour and may 

potentially be a sign of impaired risk assessment behaviour 45 (in line with the findings on reduced 

protected stretch attend postures in the EPM discussed in the following paragraph). Interestingly, 

some studies do report impulsivity in the EPM being linked to less EPM anxiety 46 as is also 

evident in our study, however, other studies found reduced anxiety-like behaviours in addition to 

lower impulsivity (as measured by entries in to the EPM centre zone) 47. These are important 

considerations as disinhibitory behaviour is a key symptom of frontotemporal dementia 48 and 

notably mutations in TDP-43 are observed to sit on of the spectrum between ALS and FTD 49. 

Moreover, acute stress is seen to increase impulsivity and reduce inhibition in human FTD patients 

50, thus the FTD-like disinhibition seen in this model on the EPM looks to be highly exacerbated 

and interact with mutant VPS29. 

Interestingly iTDP-43A315T mice presented with dichotomous anxiety-like behaviours, spending 

less time in the centre zone of the open field indicating an anxiogenic-like phenotype but exhibiting 

reduced anxiety on the EPM as they spent less time in protected stretch attend posture and showed 

more activity on the open arms compared to WTGFP littermates. This anxiety-like phenotype in the 

OF has been observed in the initial iTDP-43A315T mouse study 23, but again only at twelve but not 

four weeks of age. Importantly, the increased time spent and distance travelled on the open arms 

of the EPM were sex-specific and are novel in that no such sex effects were seen in initial studies. 

In line with the current finding, in the TDP-43Q311K knock-in mouse model, behavioural deficits in 

female transgenic mice presented later in life and with less severity than their male counterparts 

51. This sex specificity could be linked to estrogen-mediated neuroprotection. Estrogen receptors 

are abundantly expressed in the central nervous system and play a role in cognitive maintenance 
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and injury response 52 potentially delaying the degeneration in female TDP-43 transgenic mice. 

Importantly, only male TDP-43VPS29-MUT mice travelled further on the open arms compared to all 

other male experimental groups, an effect that was not seen in any female mice. This indicates that 

the gene-gene interactions from overexpression of mutant VPS29 might prove to have some sex-

dependent characteristics as the overexpression of human wild type VPS29 in these mice 

exacerbated the development of behavioural deficits in male animals only. However, that sex 

effects should be considered in more detail in future studies. 

Finally, some considerations for potential mechanisms involved in the observed gene-gene 

interactions on behavioural domains. The retromer complex, of which VPS29 forms a key 

component, plays a role in the intracellular transport of sortilin 53. Sortilin is a type I membrane 

bound glycoprotein abundantly expressed in the central nervous system 54 where it functions as a 

protein transporter between the plasma membrane, endo/lysosome and Golgi apparatus 55. It also 

acts as a receptor and mediator for the endocytosis of progranulin, a protein which is seen to aid 

the clearance of TDP-43 from the cytosol 56. Haploinsufficiency of progranulin has been linked to 

the causation of TDP-43-linked FTD 57. This is important as in vitro knockdown of VPS29 led to 

retromer fragility and easier degradation by proteasomes 58. Furthermore, loss of the retromer 

complex has been shown to increase sortilin in the endosome 59. Thus, the co-localization of 

pathogenic TDP-43 and the mutant VPS29 modelled in the current study may impact on retromer 

function and lead to lower membrane levels of sortilin causing a reduction in intracellular PGRN 

and a more robust FTD-like phenotype in the TDP-43VPS29-MUT mice.  

In conclusion, the overexpression of a novel VPS29 mutation in the established iTDP-43A315T 

mouse model for ALS-frontotemporal spectrum disorder did not exacerbate the ALS-relevant 

phenotype but may impact on motor learning. Moreover, the exaggerated disinhibitory behaviour 
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observed in mutant VPS29 overexpressing mice in the elevated plus maze may indicate a gene-

gene interaction that shifts the iTDP-43A315T phenotype further to the FTD end of the disease 

spectrum and therefore this is a proof of concept for this model and further behavioural testing for 

ALS/FTD relevant domains such as memory and cognition should be assessed in the future in this 

model. 
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Chapter 5: The therapeutic potential of cannabidiol in the 

superoxide dismutase 1 transgenic mouse model for Amyotrophic 

Lateral Sclerosis – a pilot study 

 

5.1 Introduction 

Amyotrophic lateral sclerosis (ALS) is a rapidly progressing neurodegenerative disease which 

damages both upper and lower motor neurons leading to muscular atrophy and ultimately death. 

However, as a result of unclear causative mechanisms the condition is poorly treated with only 

one widely available disease-modifying drug, Riluzole, though it is only minimally effective in 

extending life by a clinically insignificant 2 months1 in the terminal phase of the disease; and one 

recently approved treatment, Edaravone, that seemingly slows the progression of the disease but 

only when initiated early 2.  

Whilst a significant number of other neuroprotective and immune-modifying drugs have shown 

initially promising results in mice expressing pathological SOD1, there have been no successful 

candidates thus far coming out of phase II and III human clinical trials 5, with some such as 

minocycline even accelerating disease progression 6. Cannabinoids have recently been identified 

as a novel treatment option for diseases similar in nature to ALS such as multiple sclerosis (MS), 

due to their anti-excitotoxic and neuroprotective effects and the symptomatic management of the 

disease 7. For example, Sativex is a cannabis-derived therapy, which contains a close to equal mix 

of the phytocannabinoids ∆9-tetrahydrocannabinol (THC: dose of ~27 mg/ml) and cannabidiol 

(CBD: dose of ~25 mg/ml) and has shown efficacy in the management of neuropathic pain and 

muscle spasticity in MS 8,9. Thus, cannabinoids may potentially provide valuable candidates for 
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the treatment of ALS. Supporting this idea, the two main endocannabinoids anandamide (AEA) 

and 2-arachidonoylglycerol (2-AG) have been found to be elevated in the spinal cord of SOD1 and 

TDP-43 transgenic mouse models for ALS 10,11. Furthermore, increase in cannabinoid receptor 2 

(CB2) expression is seen in human forms of ALS 12 as well as in the preclinical mouse models 13 

and treatment with a “Sativex-like” (containing a mixture of THC and CBD) formulation increased 

CB2 receptor proliferation in male and female SOD1G93A mice 14. Indeed, naturally occurring 

cannabinoids extracted from the cannabis sativa plant (i.e. phytocannabinoids) as well as synthetic 

cannabinoids have been found to have potential as disease-modifying therapeutic agents in ALS 

mouse models. In the SOD1G93A transgenic mouse model, THC not only delayed disease 

progression, but to also marginally increase the survival of these mice 15. Additionally, the 

synthetic CB2 receptor-specific agonist AM1214 prolonged survival of mice when treatment was 

started at symptom onset 13.  

Importantly, CBD, the primarily non-psychoactive extract from the cannabis sativa plant which 

elicits anti-convulsive 17, anxiolytic 18, anti-nausea 19 and anti-inflammatory actions 20 has not been 

tested alone in animal models for ALS. Thus, I ran a pilot study assessing the potential therapeutic 

benefit of remedial CBD in the SOD1G93A transgenic mouse model. CBD treatment with a dose of 

50mg/kg started at symptom onset and SOD1G93A transgenic mice were tested weekly for their 

motor performance and bodyweight to assess the potential for chronic CBD treatment to reverse 

or slow down the progression of ALS-relevant phenotypes of this transgenic mouse model. For 

this pilot study, I focused on female SOD1G93A mice due to the well documented later symptom 

onset and slower rate of motor function degeneration in females compared to male SOD1G93A mice 

21, which enables a more sensitive assessment of potentially small treatment effects on this ALS 

transgenic model.   
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5.2 Materials and Methods  
 

5.2.1 Animals 

Test animals were female heterozygous superoxide dismutase 1 G93A transgenic mice [SOD1G93A: 

B6-Tg(SOD1-G93A)1GUr/j; The Jackson Laboratory Stock Number: 004435] as well as wild 

type-like control littermates (n = 6-7). Mice were bred at Australian BioResources (ABR Moss 

Vale, Australia). Genotyping was performed post weaning (postnatal day 21) by polymerase chain 

reaction amplification of selective amplicons for the knockout allele. Breeding colonies at ABR 

were housed in individually ventilated cages (Type Mouse Version 1; Airlaw, Smithfield, 

Australia; air change: 90-120 times per hour averaged; passive exhaust ventilation system). The 

test mice were transported to the animal facility at Western Sydney University (School of 

Medicine, Campbelltown, Australia) at six weeks of age. Control and SOD1G93A transgenic mice 

were group-housed (2-3 mice per cage) in a quasi-randomised manner in IVC cages (GM500 

Green, Techniplast Australia Pty Ltd, Rydalmere, Australia; system uses active airflow of 75 air 

exchanges per hour) with corn cob bedding (PuraCob premium: Able Scientific, Perth Australia) 

and tissues and ‘crinkle nest’ for nesting material. Mice were kept on a 12h light dark cycle (9:00-

21:00) and food and water were provided ad libitum. All research and animal care procedures were 

approved by the Western Sydney University Animal Care and Ethics Committee (#A12905) and 

were in accordance with the Australian Code of Practice for the Care and Use of Animals for 

Scientific Purposes. 

5.2.2 Drug preparation and administration 

Powdered cannabidiol was initially dissolved in 100% ethanol followed by Tween80 in equal parts 

and finally diluted with 0.9% biological saline. Ethanol and Tween80 comprised 10% of the final 

volume. The vehicle control was made via the same method without the addition of powdered 
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CBD. Vehicle (VEH) or CBD at a dose of 50 mg/kg were administered via intraperitoneal (i.p.) 

injection using a volume of 10 ml/kg. The dose of 50 mg/kg was chosen as it had shown efficacy 

in previous studies performed in our lab in a transgenic model for Alzheimer’s disease 22. 

WT and SOD1G93A female mice were assigned in a quasi-random manner to either VEH or CBD 

(WT-VEH n = 7; WT-CBD n = 6; SOD1G93A -VEH n = 6; SOD1G93A -CBD n = 6) and treated daily 

commencing at 15 weeks ± 1 week of age and continuing until the completion of the experiments 

in week 22 ± 1 (total of 49 days of treatment). Injections were administered in the afternoon 

between 1400-1600 to avoid acute effects of CBD during behavioural testing, which was carried 

out in the morning (09:00-14:00; i.e. first half of the light phase). Mice were weighed every six 

days to ensure correct CBD dosage. 

5.2.3 Behavioural phenotyping 

At 15 weeks (±1 week) of age mice were initially tested in all behavioural paradigms to establish 

a baseline phenotype (drug-free, VEH / CBD administration only started after completion of the 

initial motor phenotype assessment in week 15). Following this, all mice received treatment for 3 

weeks (i.e. week 15 – week 18) before behavioural testing was resumed at 18 weeks of age. 

Behavioural paradigms were run weekly (day 1: accelerod; day 2: pole test, PaGE test) and ran 

concurrently with daily treatments (testing in the morning, treatment in the afternoon) until 21 

weeks of age (Fig 5.i.). Mice were tested during the first five hours of the light phase (09:00-14:00) 

with a minimum inter-test interval of 24 hours. Animals were tested in a number of behavioural 

test with relevance to motor impairments in ALS which are established in our lab 23. Mice were 

assigned to treatment groups prior to the start of testing as bodyweights were required to determine 

injection volumes, weight was then recorded every six days to inform these volumes. Age and 
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order of testing are described in Table 1. At completion of testing all test devices were thoroughly 

cleaned with 80% ethanol. 

 

Figure 5.i Timeline of CBD treatment and behavioural testing. 

5.2.3.1 Accelerod 

To assess the potential for CBD to improve motor coordination across time in the S ALS model, 

mice were first trained on the rotarod apparatus (ENV-574M, MED Associates Inc., St Albans, 

VT, USA) at a fixed speed of 12 rotations per minute (RPM) for two minutes similar to work 

previously performed in our lab 23. This training was repeated a total of three times one day prior 

to the first test to ensure that the mice understood the task. On the test day, mice were placed on 

the rotarod apparatus at a starting speed of 4 RPM, after which an acceleration program of 4-40 
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RPM ran for 300 seconds (i.e. reaching the top speed at 270 seconds). The latency for mice to fall 

from the rod was recorded. The test was performed three times with a 1-hour inter-trial interval 

(ITI), the average run time from both trials was analysed.  

5.2.3.2 Pole test 

The pole test was used to assess the degeneration of gross motor co-ordination, balance and motor 

function in line with our previous paper 24. Mice were placed (facing upwards) on a vertical pole 

(diameter: 1 cm; length: 51 cm) similar to work previously performed in our lab 23. Mice were 

allowed 60 s (cut off time) to complete the test. Latency to reach the platform was recorded. Mice 

who did not complete the test (i.e. were unable to turn or climb down, or fell from the pole) were 

awarded the maximum test time of 60 s. The test was performed three times with a 1-hour ITI, the 

average time to turn on the pole and average total test time were analysed.  

5.2.3.2 Paw grip endurance (PaGE) test 

To mor specifically assess the effects of CBD treatment on grip strength and grip endurance, the 

PaGE test was adapted from Weydt Et al. 25. Mice were initially placed on a 1 cm x 1 cm wire grid 

and gently pulled by the base of the tail to ensure gripping of the bars. Once attached, mice were 

inverted on a frame ~70cm above an empty cage containing fresh bedding. Mice were assessed for 

the duration they were able to hold on to the wire grid with a maximum allowed time of 90 seconds. 

Mice who did not complete the test (i.e. were unable to grip the wire grid or hold until the timer 

was started) were awarded the minimum test time of 0 seconds. The test was performed three times 

with a 1-hour ITI, the average of the three runs was analysed.  

5.2.4 Statistical analysis 

Data were initially analysed using two-way analysis of variance (ANOVA) for the main between 

test parameters ‘Genotype’ and ‘treatment’ as well as three-way repeated measures (RM) ANOVA 
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for the within measures: ‘age’ (weekly body weight development and motor function tests across 

age). Where significant interactions were found data were split for corresponding factors and 

further analyses carried out. Mice were analysed in their assigned treatment groups from the 

beginning of the experiment prior to CBD administration. Data are shown as means ± standard 

error of the mean (SEM). F-values and degrees of freedom are presented for ANOVAs and 

significant ‘Genotype’ effects versus corresponding WT females are shown in figures and tables 

as ‘*’ (*p < 0.05, **p < 0.01 and ***p < 0.001). Treatment effects versus corresponding VEH 

group are indicated using ‘#’ (#p < 0.05, ##p < 0.01 and ###p < 0.001) and interactions between 

‘Genotype’ and ‘treatment’ are shown as ‘+’ (+p < 0.05, ++p < 0.01 and +++p < 0.001). All analyses 

were performed in IBM SPSS Statistics v24. 
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5.3. Results 

5.3.1 Bodyweight development 

Prior to the start of treatment (at 15 weeks of age), two-way ANOVA revealed a main effect of 

‘Genotype’. SOD1G93A transgenic mice had a lower initial bodyweight [F(1,21) = 5.36, p = 0.031] 

compared to their WT littermates (Table 5.1), no effect of assigned future treatment was observed 

(p > 0.87). 

Across the experimental treatment period, three-way RM ANOVA revealed an interaction of ‘age’ 

by ‘Genotype’ [F(8,180) = 13.1, p = 0.002] as SOD1G93A animals lost weight during the seven 

weeks of testing whereas WT mice did not (Figure 5.1). This difference was confirmed when data 

were split by ‘Genotype’ - an overall effect of ‘Age’ on bodyweight was seen in SOD1G93A animals 

[two-way RM ANOVA: F(8,72) = 7.67, p = 0.009] but not WT control mice [F(8,88) = 7.67, p = 

0.57]. Two-way ANOVA split by ‘Age’ revealed that SOD1G93A mice displayed significantly 

lower bodyweights each week from an age of 15 weeks onwards compared to control littermates 

(Figure 1). CBD treatment did not affect the bodyweight development of either experimental group 

over the treatment period (no main ‘Treatment’ effect and no interactions with ‘Age’ or ‘Genotype’ 

or both: all p’s > 0.1). 
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Figure 1 

 

Figure 5. 1- Bodyweight development across time: Bodyweight per week [g] for vehicle-treated (VEH) 
and cannabidiol-treated (CBD) female superoxide dismutase 1 transgenic mice (SOD1G93A) and non-
transgenic wild type-like (WT) control littermates. Data are presented as mean ± SEM. Two-way ANOVA 
main effects of ‘Genotype’ versus corresponding WT females are shown as ‘*’ (*p < 0.05, **p < 0.01, ***p 
< 0.001). A significant three-way RM ANOVA interaction between ‘Age’ and ‘Genotype’ is shown as xxxp 
< 0.001. 
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5.3.2 Motor function 

3.2.1 Baseline – prior to start of CBD treatment: 

Two-way ANOVA for latency to fall from the accelerod prior to the commencement of 

CBD/vehicle treatment revealed a main effect of ‘Genotype’ as SOD1G93A transgenic mice 

exhibited worse motor performance on the accelerod compared to WT littermates [F(1,21) = 47.1, 

p < 0.001] (Table 5.1), no main effects or interactions for pre-assigned ‘Treatment’ groups were 

observed (p > 0.65). In the pole test, when assessing average time to turn on the pole, two-way 

ANOVA revealed a main effect of pre-assigned treatment [F(1,21) = 6.14, p = 0.022] as mice 

assigned to the future CBD treatment group showed an initially faster time to turn compared to 

those assigned to receive vehicle (Table 5.1). No effects of or interactions with genotype were seen 

(all p > 0.05). Analysis of the average latency to reach the platform revealed no main effects or 

interactions of ‘Genotype’ or pre-assigned treatment (Table 1). Finally, in the PaGE test, SOD1G93A 

mice exhibited worse grip endurance compared to WT littermates [F(1,21) = 11.75, p = 0.003] 

(Table 5.1). No main effect of CBD or interactions with pre-assigned ‘Treatment’ were observed 

(p > 0.92). 
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Table 5. 1- Baseline phenotype: Bodyweight and motor function for all experimental groups prior to 
commencement of CBD treatment at 15 ± 1 weeks of age. Data are presented as mean ± SEM for female 
superoxide dismutase 1 transgenic mice (SOD1G93A) and non-transgenic wild type-like (WT) control 
littermates. Two-way ANOVA main effects of ‘Genotype’ are shown as ‘*’ (*p < 0.05, **p < 0.01, ***p < 
0.001) and ‘Treatment’ effects are shown as ‘#’ (#p = 0.022). 

 

  

Treatment Vehicle  Cannabidiol (CBD) 

Genotype WT SOD1G93A WT SOD1G93A 

Bodyweight     

Pre-treatment 

bodyweight 

[g] * 

21.871 ± .629 21.217 ± .681 22.673 ± .466 20.603 ± .523 

Accelerod     

Latency to 

fall [s] *** 
301.62 ± 5.034 200.944 ± 17.38 291.83 ± 9.738 203.83 ± 19.78 

Pole test     

Time to turn 

[s] # 

15.92 ± 5.734 16.68 ± 3.935 7.25 ± 2.643 5.60 ± 0.868 

Time to reach 

platform [s] 

23.16 ± 5.774  23.71 ± 3.716 14.18 ± 2.994 19.42 ± 5.337 

PaGE test     

Latency to 

fall from grid 

[s] ** 

89.76 ± 0.238 57.29 ± 12.73 87.94 ± 2.056 57.46 ± 14.18 
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3.2.2 After 3 weeks of CBD administration 

Accelerod: Three-way RM ANOVA revealed that SOD1G93A mice developed progressively 

worsening motor performance over weekly testing compared to WT littermates [‘Age’ by 

‘Genotype’: F(3,63) = 11.87, p < 0.001]. This was confirmed when data were split by ‘Genotype’. 

SOD1G93A transgenic females exhibited a significant decline in latency to fall off the accelerod 

across weeks [F(3,30) = 26.94, p < 0.001] whereas WT did not [F(3,33) = 0.53, p = 0.67]. When 

data were split by ‘Age’ a significant effect of ‘Genotype’ was seen for all weeks after the initial 

treatment phase (all p’s < 0.01) (Figure 5.2). No main effect of CBD or interactions with 

‘Genotype’ or ‘age’ were observed (all p’s > 0.68).  
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Figure 5. 2- Accelerod assessment over testing period: Average latency to fall from the accelerod [s] 
after the initial 3-week CBD treatment period. Data are shown for vehicle-treated (VEH) and cannabidiol-
treated (CBD) female superoxide dismutase 1 transgenic mice (SOD1G93A) and non-transgenic wild type-
like (WT) control littermates. Two-way ANOVA main effects of genotype versus corresponding WT of the 
same week are shown as ***p < 0.01. A significant three-way RM ANOVA interaction between ‘Age’ and 
‘Genotype’ is shown as xxxp < 0.001. 
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Pole test: In the pole test, a significant ‘Age’ by ‘Genotype’ interaction was found [F(3,63) = 6.14, 

p = 0.005] as SOD1G93A mice took progressively longer to turn compared to WT littermates with 

increasing age (Figure 5.3A). Indeed, split by ‘Genotype’, a main effect of ‘age’ [F(3,30) = 5.8, p 

= 0.003] was evident in SOD1G93A females whereas WT females did not change performance 

across time [F(3,33) = 1.61, p = 0.21]. When data were split by ‘Age’ a significant two-way 

ANOVA main effect of ‘Genotype’ was seen for all weeks (all p’s < 0.01). No CBD main effects 

or interactions with ‘Genotype’ or ‘Age’ were seen (all p’s > 0.05). 

Analysing the average latency to reach the platform over the testing period, three-way RM 

ANOVA revealed a strong trend for an ‘Age’ by ‘Genotype’ interaction [F(3,63) = 2.68, p = 0.055] 

as SOD1G93A transgenic females tended to take increasingly longer to finish the test than their WT 

littermates (Figure 5.3B). When data were further split by ‘Age’, a significant effect of ‘Genotype’ 

was seen for each week after the initial 3-week CBD treatment phase (all p’s < 0.01).  No CBD 

main effect or interactions with ‘age’ or ‘Genotype’ were observed (all p’s > 0.05). 
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Figure 5.3A-B - Pole test assessment over testing period: Average latency [s] to turn on (A) and reach 
the platform (B) in the pole test after the initial 3-week CBD treatment period. Data are shown for vehicle-
treated (VEH) and cannabidiol-treated (CBD) female superoxide dismutase 1 transgenic mice (SOD1G93A) 
and non-transgenic wild type-like (WT) control littermates. Two-way ANOVA main effects of Genotype 
versus corresponding WT of the same week are shown as ‘*’ (*p < 0.05, **p < 0.01, ***p < 0.001). A 
significant three-way RM ANOVA interaction between ‘Age’ and ‘Genotype’ is indicated by xxp < 0.01. A 
trend interaction between ‘Age’ and ‘Genotype’ is shown as &p = 0.055. 
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PaGE test: In the PaGe test, SOD1G93A transgenic females showed progressively worsening grip 

endurance as measured by the latency to fall from the wire grid over the testing period [three-way 

RM ANOVA ‘Age’ by ‘Genotype’ interaction: F(2,42) = 19.37, p < 0.001]. Indeed, split by 

genotype, SOD1G93A mice worsened over weeks [F(2,20) = 16.18, p < 0.001] whereas WT 

counterparts did not show changes to their grip endurance performance across test weeks [F(2,22) 

= 2.15, p = 0.14] (Figure 5.4). When data were split by ‘age’, a significant effect of ‘Genotype’ 

was seen for all weeks after the initial 3-week treatment phase (all p’s < 0.01).  Once again, no 

CBD main effect or interactions with ‘age’ or ‘Genotype’ were observed (all p’s > 0.05). PaGE 

test was only assessed until 20 weeks of age as at 21 weeks of age SOD1G93A mice were unable to 

grasp the wire grid for the test to start. 
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Figure 4 

 

Figure 5.4- Grip test assessment over testing period: Average latency to fall from the the grip strength 
test [s] after the initial treatment period. Data are shown for vehicle-treated (VEH) and cannabidiol-treated 
(CBD) female superoxide dismutase 1 transgenic mice (SOD1G93A) and non-transgenic wild type-like (WT) 
control littermates. Two-way ANOVA main effects of genotype versus corresponding WT of each week 
are shown as ***p < 0.001. A significant interaction between ‘age’ and ‘Genotype’ is indicated by xxxp < 
0.001. 
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5.4 Discussion 

In this pilot study I evaluated the ability of remedial chronic CBD to delay or ameliorate 

bodyweight decline and / or motor degeneration in female SOD1G93A transgenic mice. Behavioural 

testing prior to the commencement of CBD treatment at around 15 weeks of age revealed initially 

lower bodyweight as well as impaired motor abilities in SOD1G93A mice compared to WT 

littermates. Across the 6-week CBD treatment period, SOD1G93A transgenic mice lost bodyweight 

and showed progressively worsening motor performance in the accelerod, pole test and PaGE test 

compared to WT littermates. CBD did not change any of the test parameters recorded in this pilot 

study and also did not change any SOD1 genotype-dependent differences in bodyweight 

development or motor test performance. Ultimately, chronic treatment with 50mg/kg CBD at 

symptom onset was not effective in ameliorating or delaying the ALS-like phenotype in the 

SOD1G93A mouse model. 

At 15 weeks of age SOD1G93A females exhibited lower bodyweight compared to WT littermates, 

which progressively declined further with increasing age. This decline in bodyweight is one of the 

key characteristics of SOD1G93A transgenic mice26 but also other mouse models of ALS including 

Ubiquilin-2 (UBQLN2) 27 and Profilin1 (PFN1) 28. The rapid weight loss of ALS transgenic mice 

is thought to be a consequence of a combination of muscle hypermetabolism and disrupted energy 

homeostasis 29 in these mice. Furthermore, oral motor dysfunction and dysphagia contribute to 

weight loss in human ALS patients 30 and similar phenotypes have indeed also been observed in 

SOD1G93A mice 31. Chronic CBD treatment did not influence the bodyweight development of mice 

regardless of genotype. There is contention in the field as to the effect of cannabinoids on 

appetitive behaviours in mice. Previous studies have shown that acute CBD administration (i.p., 

10 mg/kg CBD) in male C57BL/6  mice 32 as well as a sub-chronic CBD treatment (for 14 days, 
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i.p., 5 mg/kg CBD) of male Wistar rats 33 led to a significant although small reductions in food 

intake and bodyweight gain. Interestingly, these effects were absent when evaluating chronic CBD 

treatment (for 42 days, i.p., 20 mg/kg CBD) in C57BL/6J mice, which was argued to be a result of 

developing tolerance to chronic cannabinoid exposure 34. Interestingly, CBD appears to be a non-

competitive negative modulator of the CB1 receptor 35. CB1 receptors can be found in adipocytes 

and are seen to play a role in peripheral energy homeostasis and in hepatic lipogenesis in response 

to high fat diets. Furthermore, agonism of CB1 receptors by leptin increases food intake in 

C57BL/6 mice but not their CB1 receptor knockout transgenic littermates 36. Tolerance to chronic 

cannabinoid exposure is mediated by downregulation of CB1 receptor expression and reduced G-

protein coupled receptor sensitivity 37 which may account for the lack of effect of chronic CBD 

treatment on bodyweight.  

Female SOD1G93A mice showed progressively worsening motor performances across test 

paradigms. The latency to fall from the accelerod decreased in ALS transgenic females across age 

compared to WT mice 23. A similar decline in motor abilities was also observed for both the pole 

test, in which SOD1G93A mice were unable to turn without falling, and the PaGE test which was 

required to be stopped one week early as ALS transgenic mice were not able to even hold on to 

the wire anymore which is a requirement for the test to start. The findings are in line with previous 

reports about the progression of motor deficits in SOD1G93A mice 23 regardless of sex when 

assessed previously in our laboratory and a feature of the model in general 25. Rapid motor function 

degeneration is a major characteristic of the SOD1G93A mouse model due to aggregation of 

misfolded SOD1 protein ultimately leading to progressive motor neuron cell death 38.     

An effect of ‘treatment’ group was observed for the latency to turn on the pole test and this was 

evident prior to the start of any actual CBD treatment. This is an interesting finding as every 
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attempt was made to ensure this experiment was as standardised as possible, e.g. same cage system 

for all mice, standardised test protocols shown to be effective previously in our laboratory 23, and 

treatment administration post testing, unfortunately, the results in this experiment were only 

analysed after test and treatment completion. As such, the unexpected bias seen between treatment 

groups could not be adjusted for. However, these initial ‘treatment’ effects on motor function were 

not evident once CBD treatment had actually started and also did not affect any other motor 

paradigm, one of the reasons why a comprehensive motor testing strategy had been applied. 

Finally, as animals were quasi-randomized across treatment groups, this ‘pseudo-treatment’ effect 

is likely related to the phenomenon that even laboratory mice of inbred strains can exhibit 

individual behavioural responses. Indeed, whilst the expectation is for genetically identical inbred 

mice to behave identically, this is often not the case as uncontrollable factors such a pre- 39 and 

post-natal 40 nutrition as well as social status 41 can be different across individuals of one litter and 

thereby impact on individual behavioural responses later in life.  

Ultimately, in this study, treatment with 50 mg/kg CBD did not impact on any aspect of motor 

coordination or function tested. However, this dose has previously shown beneficial effects on the 

phenotype of 12-month-old AβPPswe/PS1ΔE9 Alzheimer’s disease model mice 22in our lab. 

Conversely, whilst not as comprehensively investigated, CBD’s inability to alter motor impairment 

phenotypes has previously been observed in the TAU58/2 transgenic mouse model for dementia 

where CBD was administered chronically at the same 50 mg/kg dose as used in the current 

experiment 42. Furthermore, acute CBD effects on motor function were not to be expected in this 

study as previous investigation has revealed no change in open field locomotor activity when 

administered at the same dose 43. CBD’s potential to alter motor impairments is of interest as the 

phytocannabinoid displays agonistic activity at the peroxisome proliferator-activated receptor-γ 
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(PPAR-γ) to enact anti-inflammatory and neuroprotective effects 44. Importantly, activation of 

PPAR-γ (e.g. by synthetic agonists such as pioglitazone) significantly delays the onset and 

progression of the SOD1G93A mouse model motor phenotype and extends life expectancy when the 

treatment is started prior to noticeable hind-limb tremors 45. Another PPAR-γ agonist, the 

cannibigerol quinone derivative VCE-003.2, also delays disease onset and progression, 

ameliorates bodyweight decline, and extends the lifespan of SOD1G93A mice when administered 

chronically from PND60 onwards 46. Furthermore, a meta-analysis of studies in which 

pharmaceutical candidates were therapeutically successful in preclinical testing (often in the 

SOD1G93A mouse) but failed to translate in human clinical trials suggests that the age at which 

treatment starts is a major factor for treatment success; animals treated prior to the onset of clinical 

symptoms (e.g., hind limb tremor, abnormal gait, abnormal hind leg splaying) had improved odds 

of later onset, slower phenotype progression and longer survival compared to animals for which 

treatment started at or after symptom onset (the latter being similar to our treatment design, which 

was chosen for logistical reasons as our breeding and test facilities are in different locations) 47. 

One previous preclinical study evaluated the properties of cannabinoid therapy for ALS. Sativex, 

a 1:1 combination treatment of Δ9-THC and CBD at a dose of 40 mg/kg (20 mg/kg each of Δ9-

THC and CBD), administered i.p. in SOD1G93A mice from 10 weeks of age onwards resulted in a 

delay of ALS-relevant phenotype onset and also a slower disease progression (as measured by 

clinical score) to the disease end stage although the treatment did not affect the overall lifespan 48. 

It is interesting to speculate whether the observed therapeutic effect is based on synergistic effects 

of the two cannabinoids combined or linked to the findings in some but not all studies that CBD 

potentiates the actions of Δ9-THC by delaying its degradation thereby allowing for longer lasting 

action 49. However, it is important to mention here that this CBD-mediated potentiation appears 
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highly dependent on the ratio and overall dosage of CBD and Δ9-THC. As an example, CBD has 

been seen to potentiate locomotor suppression and attenuate hypothermia induced by threshold 

levels of Δ9-THC at a ratio of 1:1 CBD:Δ9-THC 50 but potentiate both of these effects when 

administered at a ratio of 10:1 and 50:1 51.  

Furthermore, CBD has been seen to enhance the signalling of the endocannabinoid system by 

moderately delaying the breakdown of anandamide and alleviating psychotic symptoms when 

tested in human schizophrenia patients 52, this is important as increased levels of anandamide have 

also been seen to help control muscle spasticity in the ‘chronic relapsing experimental allergic 

encephalomyelitis’ (CREAE) model for multiple sclerosis 53, a key feature in both human ALS 

and models for the disease.  

Interestingly, treatment with phytocannabinoids such as Δ9-THC 15 and CBN 16, as well as 

synthetic cannabinoids such as the CB2 receptor agonist AM1241 13 and the cannabinoid receptor 

agonist WIN55,212-2 54 have proven to effectively delay progression in the SOD1G93A transgenic 

mouse model when administered alone around the onset of hind-limb tremors. This ability to 

impede disease progression at such a late stage indicates that activation of the main cannabinoid 

receptors (CB1/2) is required for this effect. Indeed, inquest into the pharmacodynamics and 

pharmacokinetics of cannabinoids has revealed that Δ9-THC, CBN and AM1241 are potent 

agonists of the CB2 cannabinoid receptor 55, with WIN55,212-2 acting centrally as a potent agonist 

at CB1 receptors 56 indicating that the activation of these receptors (at which CBD shows only 

weak inverse agonism57) may be key to ameliorate the ALS-like phenotype seen in these mice. 

In conclusion, this pilot study provides first insights into the effect of chronic 50 mg/kg CBD 

treatment in female SOD1G93A mice, when started at symptom onset. CBD did not affect 

bodyweight decline or motor function impairments in this ALS mouse model. However, this may 
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be due to multiple factors inherent to this study such as the dosage used and the time at which 

treatment was initiated. In future studies, it would be interesting to evaluate the therapeutic effects 

of additional doses of CBD thereby also considering preventative treatment strategies. 

5.5 Limitations 

As the largest benefit has been seen in treatment regimens that are initiated prior to the onset of 

ALS-like symptoms 47, it is possible that CBD treatment in the current study was started too late 

in this experiment to adequately prevent degeneration and protect the remaining vulnerable motor 

neurons. Further limitations of this study include the use of only female mice in a model with 

demonstrated sex-specific phenotypes. Indeed, the CB2 receptor agonist AM1241 was effective in 

delaying motor function degeneration in male but not female mice 58 which was thought to be due 

to the already slower disease progression seen in female mice 59 and the potential estrogenic effects 

of cannabinoids 60. Additionally, the effect of CBD treatment on cognitive impairments seen in the 

SOD1G93A mouse model 23 were not assessed due to the pilot nature of this study, limiting the 

potential for this experiment to discuss therapeutic aspects of CBD in the context of ALS-

frontotemporal spectrum disorder. Finally, this study was not pursued any further (i.e. increasing 

animal numbers or indeed testing male mice) due to animal welfare concerns at the later stages of 

the experiments as safe injections in SOD1G93A mice became increasingly difficult as mice lose 

significant body fat and display hind limb clasping and rigidity, increasing the potential for 

inaccurate placement of the needle.  
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Chapter 6: General Discussion 

6.1 Validity of preclinical research into ALS  

For preclinical research to provide insight into the mechanisms, presentation, and potential 

treatments of human diseases, both in vitro and in vivo modelling must present a high degree of 

validity for the disease in question and consider all factors potentially impacting this validity. Thus, 

appropriate model selection and experimental design including test protocol selection are of utmost 

importance at the experimental planning stages.  

6.1.1 Mouse model validity in the context of research into ALS 

Assessing mouse model validity for diseases with multitude impacted mechanisms and 

heterogeneity in presentation such as ALS is a complex prospect, further compounded by recent 

advances in the understanding of the existence of a ALS-Frontotemporal spectrum disorder 1. 

Indeed, recent research in my lab which I was involved in identified that the SOD1G93A transgenic 

mouse model, thought of as a model presenting a ‘pure’ ALS-relevant mouse phenotype, exhibited 

impairments in spatial memory and associative learning 2 which are both relevant to FTD 3. Indeed 

in a studied Istro-Romanian family, the leu144phe mutation in the SOD1 gene was observed to 

lead to a rare case of ALS coupled with dementia 4 and a prospective case study in which cognitive 

decline was observed in a patient expressing the SOD1I113T mutation 2 years prior to the onset of 

motor function degeneration 5. It is therefore prudent to assess aspects of both diseases in 

preclinical research targeting risk factors or new therapeutics, as the human patient population is 

likely to experience aspects of both sides of the spectrum, for example: ALS patients are likely to 

exhibit executive dysfunction manifested as impairments in cognitive flexibility 6, working 

memory 6 and reading of social cues 7, and a non-insignificant number of FTD patients are likely 
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to suffer from concomitant motor neuron pathology leading to fasciculations and mild muscle 

wasting 8 during the course of their disease. Presently, the Superoxide Dismutase 1 mouse model 

for ALS 9, has led the way for investigations into ALS development and pathophysiology and is 

still the most widely used model in preclinical ALS research 10. However, onset and progression 

of disease-relevant phenotypes can differ from what is seen in the human disease. For example, 

SOD1A4V, the most commonly observed mutation in SOD1-causative human fALS with a rapidly 

progressing phenotype (survival average of 1.2 years compared to 2.5) 11,12, exhibits a slow 

progressing phenotype in mouse models for the mutation 13. These differences are likely due to the 

need for overexpression of the mutant genes 10-30 times in excess of what is observed in human 

ALS patients13 in addition to large differences seen in the upper motor neurons between humans 

and murine models 14.   

A number of models of the ALS/Frontotemporal spectrum disorder (or any other disorder) display 

an endophenotype for the disease rather than the full spectrum of symptoms evident in humans. 

For example, transgenic mouse models for TDP-43 exhibit ubiquitinated inclusions in neurons 17, 

rapid motor function deficits, and low survival but no motor neuron loss 18. Notably, disease-

relevant endophenotypes in mouse models for other neurodegenerative disorders such as 

schizophrenia are seen to be influenced by environment 19 and sex 20. Thus, these often under-

reported factors are potentially key to understanding the differences seen between studies using 

the same mouse model. For example environmental enrichment was observed to accelerate ALS-

relevant phenotypes in SOD1G93A
 female mice but not males prompting my investigation into 

potentially confounding factors in Chapter 1 and 2 of this thesis. 
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6.2 Factors affecting the validity of preclinical mouse models.  

To echo the quotation of the statistician George Box in 21, “Remember that all models are wrong; 

the practical question is how wrong do they have to be to not be useful?” 22, certainly an important 

question when it comes to the validity of transgenic models and how both controllable (i.e. home 

cage conditions 23,24, animal husbandry 25,26 and test selection 27,28, inter-investigator variation 29,30) 

and uncontrollable (i.e. social hierarchy 31) factors affect the desired phenotypes in these models. 

These effects are further compounded when assessing complex models of human disease as often 

these models are susceptible to gene-environment interactions 32 so the conditions in which the 

animals are kept and tested may in some cases be as important as the genetic polymorphism(s) 

which are investigated in those models as has been observed in both my lab 33 and others 34. In the 

following, I will outline in more detail, how some of these environmental factors impact on 

behavioural domains and thereby potentially confound the face validity of ALS-relevant transgenic 

mouse models.  

6.2.1 Handling  

As has been discussed in the first experimental Chapter of this thesis, I found that handling using 

the tunnel method increased locomotion speed and exploration as well as reduced anxiety-like 

behaviours in a sex-dependent manner in the open field and elevated plus maze. This is an 

interesting finding as whilst it did replicate many of the findings of non-aversive handling methods 

found in initial studies on C57Bl6 and BALB/c inbred and ICR(CD-1) outbred mouse strains 35-38, 

this is the first evidence of sex specificity of handling effects as this was not seen in previous 

studies in this domain 35,36,39. Also interesting is that results gained from the open field and elevated 

plus maze test can be somewhat likened to what is seen in studies focusing on environmental 

enrichment (such as attenuation of anxiety and stress 40). This implies that less aversive handling 
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can have positive effects in these animals and thus are recommended to be a permanent feature of 

the cage environment as this is when the strongest anxiolytic effects of non-aversive handling have 

been observed 36.  

My research also provided first evidence that handling methods can affect more complex 

behavioural processes such as Pavlovian fear conditioning and sensorimotor gating. It is likely that 

at least some effects of handling seen on these domains are linked to the effects handling has on 

stress circuits, as standard laboratory handling of C57BL/6J mice was seen to vastly increase 

plasma corticosterone levels 41. Thus, the method of handling used should be considered during 

project planning for example, if stress is relevant for domains to be tested, consider the use of less 

aversive handling methods or habituate test animals to handling prior to the start of testing. 

6.2.2 Housing and Environmental Enrichment 

The cage system in which laboratory animals are housed can have an impact on not only the 

behavioural characteristics of a validated mouse model (for example, significant changes to the 

phenotype of an established genetic mouse model for schizophrenia, i.e. neuregulin 1 mutant mice,  

when filter top housing was compared to individually ventilated cages 33 ), but can also alter 

important neurotransmitter turnover rates 42 as well as physiological factors such as blood 

thickness 43 and white cell count 43. As explored in Chapter 3 of this thesis, whilst the main motor 

phenotype of SOD1G93A transgenic mice was not seen to be affected the cage systems evaluated, 

the moderate impacts of these systems on the prepulse inhibition and fear conditioning tests 

indicate that the assessment of housing conditions in models with a stable phenotype is still valid 

and the characterization and reporting of these effects will allow for better inter-study comparisons 

in particular when disease-relevant phenotypes are investigated more comprehensively (as they 

should for SOD1G93A transgenic mice as outlined in earlier study from our laboratory 2). 
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To add to this discussion more broadly, the effects that items/objects added to these cage systems, 

known as ‘environmental enrichment (EE)’, may have on both the physiology and behaviour of 

laboratory rodents has been widely studied. As such, the addition of EE leads for example to 

increased overall activity in the home cage 44 and  reduced exploration in the open field and T-

Maze 45,46. Physiologically, environmental complexity has been seen to increase astrocytes and 

oligodendrocytes 47 and increase dendritic spine density and connections in rats 48,49. With 

relevance to transgenic mouse models, EE leads to slower disease progression 50 and ameliorates 

protein deficits 51 in R6/2 and R6/1 Huntington’s disease mice respectively. This effect of home 

cage setup was important for my work as even a loss of climbing opportunities in the home cages 

of mice in my investigation into gene-gene interactions in TDP-43 mice may have impacted on 

motor performance over the testing period. 

6.2.3 Standardization in preclinical research 

In light of the vast number of variables that have been observed to impact on the validity and 

reproducibility, standardization of both animal facilities and testing environment was initially 

proposed to improve the comparison of data within and between laboratories as well as reduce 

variation seen in the field. However, even when exhaustively controlled for as many variables as 

possible, including shipping times, housing, test protocols and apparatus, across three facilities, 

Crabbe et. al 52 saw differences in behaviours across test sites when animals of the same strain 

were tested 52. Thus, the rigid control of variables surrounding the environment mice are kept and 

tested in is unlikely to lead to more comparable results. Additionally, one of the contentious issues 

surrounding the variability of preclinical data is the reliability of the tests themselves. A review by 

Wahlsten, D. 53 on the subject of behavioural testing standardization, noted that for tests such as 

the open field, elevated plus maze and the Morris water maze there is a wide array of differing 
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apparatus configurations for what are regarded as ‘common’ or ‘standard’ tests in the field 53 Such 

differences are no doubt a confounding factor when attempting to compare studies. Therefore, 

more comprehensive reporting of all factors involved in mouse testing will allow preclinical 

researchers to sort through the noise and find those that really make a difference to better inform 

experimental design and potentially improve translatability from animal studies. With regard to 

models of ALS, specifically the SOD1 model, the priority measure thus far has been decline in 

weight and gross motor function, however there is evidence to show that alterations to gait appear 

weeks prior to these more noticeable symptom presentations 54, thus ALS models may need to be 

studied sooner than what would be expected. In light of this, the collection and collation of national 

and international data on mouse models of disease comparing the severity and progression of 

phenotypes in the context of housing and testing conditions would prove an interesting and 

valuable future endeavor. 

6.3 Investigation into Risk Factors and Therapeutics using mouse models for ALS 

6.3.1 Translational value of preclinical research into ALS 

In recent years there has been something of a ‘crisis of translation’ in which up to 96% of novel 

treatment candidates identified in preclinical research from multiple fields were not successful 

when evaluated in human clinical trials 55. Failures of translation have also been extensively seen 

from preclinical research into novel ALS treatments as in the 25 years since the regulatory approval 

of Riluzole, only one other drug (Edaravone 56) has recently been approved for the treatment of 

ALS. Thus, almost all of the potentially novel treatments have failed to make it into clinical use 

usually failing in phase 2 or 3 clinical trials 57,58 after showing initial preclinical success. One of 

the major arguments surrounding this relatively poor translation from bench-to-bedside, is the 

irreproducibility of findings within and across laboratories. The variability seen in how 
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environmental factors inherent to animal housing facilities 59,60, animal husbandry and investigator 

61, and biologically relevant test and protocol selection 53 influence the endophenotype in 

preclinical research models is important to therapeutic evaluation which often use such measures 

for therapeutic efficacy as differences across test sites/studies can impact on findings. In line with 

this it must also be stated that recently the issue of publication bias and thereby the overstating of 

positive preclinical treatment results is a further challenge for translational research. For example, 

of 525 unique publications selected in meta-analysis for the preclinical assessment of animal stroke 

studies, only 6 (1.2%) did not report a significant finding 62.  

6.3.2 Preclinical evaluation of gene-gene interactions  

One avenue of addressing the translatability of modern animal models of ALS is the creation of 

models with a high level of validity for the human disease. As previously mentioned, this is a 

complex prospect due to the multi-faceted nature of mutations and resultant phenotypes in the 

ALS-frontotemporal dementia spectrum. Such challenges are usually present due to differential 

penetrance of familial-associated mutations as well as heterogeneity in presentation within 

families, for example the P506S mutation in ubiquilin-2 (UBQLN2) presented with rapid decline 

in motor function and cognitive impairments in one female family member whereas two male 

members (brother and cousin) presented only with less severe motor phenotypes 63. Thus, the 

problem is not inherent to mouse model studies only. 

The existence of potential gene-environment interactions in ALS is still controversially discussed 

in the field due to inconsistent reporting surrounding impact on the presentation and progression 

of ALS/FTD-relevant phenotypes in both human patients and hard to model factors for mouse 

models for the disease64. Regardless, the investigation of gene-gene interactions may be another 

good strategy to improve the validity of current mouse models for ALS and could pave the way 
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for more translatable models for the disease in the future. Presently, many studies of gene-gene 

interactions in the field are centered around the potential benefit of gene-modifications in antisense 

oligonucleotides 65 and small interfering RNA 66, however, even with the large number of causative 

mutations known, studies of disease-modifying interactions in multi-transgenic models are 

somewhat rare and predominantly in models of various SOD1 mutations 67-69. Thus, further 

assessments of these interactions in other than SOD1 transgenic mouse models, e.g. in models of 

more commonly observed ALS-relevant mutations, such as mutant TDP-43 are important. This 

rationale is in line with the strategy chosen for Chapter 4 where I investigated the effects of 

overexpressing mutant (as well as wild type) VPS29 on the behavioural phenotype of iTDP-43A315T 

transgenic mice. I found several gene-gene interactions for a variety of behavioural domains with 

partial relevance for ALS and FTD (i.e. altered motor learning and anxiolytic-like behaviours) 

with some of those being sex-specific. This proof of concept provides a rationale to better model 

the heterogeneity seen in ALS/Frontotemporal spectrum disorder in future studies and to evaluate 

gene-gene interactions more often thereby also considering sex effects which will allow for better 

characterization of the human disease and potentially more translatable therapeutics.  

Recent widespread application of RNA-seq has allowed for the investigation into differences in 

gene expression in transgenic mouse models of ALS. Most commonly seen is the upregulation of 

proinflammatory apoptotic genes in SOD1 and FUS/TDP-43 mice70,71. Importantly, the differential 

expression of genes in SOD1 mice does appear to be mutation and age related. RNA-seq analysis 

of pre-symptomatic SOD1G85R mice revealed few genes with altered regulation that did not impact 

on the disease state 72, whereas early microarray analysis of SOD1G93A mice indicated that 

increased expression of lipid and carbohydrate genes as well as those serving translation and 

transcription function at the pre-symptomatic stage (60 days) whereas at late stage (120 days) these 
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functions were downregulated 73. These findings indicate that gene-gene interactions are highly 

variable depending on the model used and mutation studies, and therefore should be considered 

during the phenotyping of novel models and testing of novel treatments. 

6.3.3 Preclinical evaluation of potential new therapeutics  

Ultimately, the goal for mouse models of human disease is to provide a model system to understand 

mechanisms behind the disease, identify risk factors for the disease, and test potential new 

treatment candidates. Recently, ALS treatment trial candidates have met with mixed success as 

phase 2 and 3 trials in erythropoietin 74 and creatine 75 did not alter the disease progression in ALS 

patients whereas trials in the Anti-glutamatergic drug  Talampanel 76 and the skeletal muscle 

troponin activator Tirasemtiv 77 while not halting disease progression, have shown promise to 

delay motor decline in early trials. In 2019 a phase III clinical trial was initiated in Queensland 

investigating the therapeutic potential for cannabis-based medical extracts in ALS patients using 

a high ratio CBD:THC (25:<2) extract given three times daily for a total daily dose of 375mg after 

the initial 2-week titration period. The rational for this trial was the preclinical efficacy of 

cannabinoids such as Δ9-THC 78, Sativex 79 and AM1241 80 to delay the onset and progression of 

ALS-relevant phenotypes in mice. Importantly, no studies to date have investigated the therapeutic 

potential of CBD alone in ALS transgenic mouse models. As such, I took the opportunity to run a 

pilot study assessing the chronic administration of 50 mg/kg CBD in symptomatic female 

SOD1G93A mice. I found that at this dose, when started at symptom onset, CBD did not affect the 

ALS-relevant phenotype in these mice focusing only motor phenotypes as well as body weight 

progression. 

This is especially important in models with rapidly progressing phenotypes such as ALS as the 

factors of background strain, sex and animal age at treatment start are all implicated in the 
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effectiveness of preclinical treatment testing 81. Interestingly a computer-modelled re-analysis of 

treatment candidates which were effective in ALS mice but subsequently failed testing in the clinic 

found that often the relevant mouse studies were underpowered (n = 4 - 10)and conclusions that 

were drawn were due to ‘noise’ in the data as a result of slower disease progression mice 

expressing a lower number of transgene copies compared to the rest of the cohort and the recording 

of deaths that were not as a result of the ALS-like phenotype 82. Ideally, treatment of patients with 

ALS should start prior to the onset of symptoms, and while this is possible in familial ALS with a 

known family history, this is not an option for the vast majority of cases which present sporadically 

and often with unknown or multiple mutations being involved in the development of ALS. Thus, 

until the factors predisposing human patients to sporadic ALS are elucidated, treatments which are 

able to halt or at least drastically slow disease progression in mouse models for familial ALS are 

still the only system available to evaluate new candidates. However, this will only be possible with 

more comprehensive reporting of factors surrounding preclinical testing in addition to timely 

testing and characterization of gene-gene/gene-environment interactions affecting these models. 

 

6.4 Limitations 

The experimental strategies for the various chapters in this thesis were affected by some 

limitations. Firstly, I was unable to make comparisons of the effects of handling on the behaviour 

of ALS mouse models as the breeding of the SOD1G93A transgenic animals that were used in 

subsequent chapters was still in the early stages based on an adverse event at our breeding facility 

(mouse colony needed to be re-established) and thus SOD1G93A transgenic mice couldn’t be used 

for this first experiment. Secondly, in Chapter 4, the disease-modifying potential of mutant or wild 

type VPS29 in the iTDP-43A325T mice was impacted by low sample size and in a limited number 
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of tests. However, this was done to allow repeated testing of mice across age and to minimize the 

number of tests for each mouse. Furthermore, this project was carried out late in my candidature 

but provided an excellent opportunity to generate first insights into the role of the newly discovered 

VPS29 variant in ALS. Furthermore, it gave me the opportunity to gain insights into working with 

the iTDP-43A325T mouse model and to carry out a research project in another laboratory 

environment. Thirdly, my assessment of CBD was limited in that only female animals at the age 

of 15 weeks were used for treatment and testing (due to limited availability of test animals at the 

time – see above). Thus, sex-specific responses to the treatment could not be analysed, which is 

important to note as sex differences in the behavioural response to cannabinoids have previously 

been documented 83,84. Furthermore, the commencement of CBD treatment after the onset of the 

ALS phenotype in these mice could have impacted on the potential efficacy of the CBD treatment 

to reduce ALS-relevant behavioural deficits. Finally, the i.p. administration of CBD in this 

experiment was challenging during the end stages of the experiment, as SOD1G93A transgenic mice 

at that age not only show significant bodyweight loss but also hind limb spasticity which made it 

difficult to deliver CBD safely (as the hind limbs clasped when mice were handled for injections 

limiting the accessibility of the abdomen). For animal welfare reasons we decided against 

increasing the sample sizes of these experimental cohorts further. This is relevant as computer 

modelling of power and effect sizes in therapeutic studies recommended a minimum of 24 mice 

per condition when using ALS transgenic mice 82. 

 

6.5 Future directions 

In the context of the findings and limitations of the work presented in this thesis further relevant 

work in the domains investigated should follow up on the effect of handling methods in the 
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SOD1G93A transgenic mouse model. Furthermore, the sample size of experiments in Chapters 3 and 

4 could be increased and more behavioural domains tested (using separate test cohorts) to better 

understand gene-gene interactions of VPS29 and TDP-43, and further investigate the therapeutic 

properties of CBD in the SOD1G93A mouse model in both male and female mice. For the latter 

project, treatment should commence as early as possible as a preventative intervention and an oral 

administration route should be considered.    

 

6.6 Overall Conclusion 

In conclusion, I found that environmental factors such as handling methods and the home cage 

system used have the potential to influence mouse behaviours in domains relevant to ALS-

Frontotemporal spectrum disorder and often in a way that is sex-dependent and should therefore 

be a consideration for experimental planning. Furthermore, overexpression of mutant VPS29 

interacts with mutations of TDP-43 to influence FTD-related behavioural domains, however, if 

these are relevant to ‘pure’ ALS as well requires further investigation. And finally, CBD as 

evaluated to date in this thesis has no therapeutic effect on the progression of ALS-relevant 

phenotypes in SOD1G93A females, however, limitations of the study design may have impacted on 

this and thus require further testing. 
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