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Neurodegeneration

• Brain (Alzheimer disease) and/or           
spinal cord (motor neuron disease) 

• With/without dementia (Parkinson disease)

• Genetic (Huntington disease) or ‘sporadic’ 
(most Alzheimer disease)



• 50 million people with dementia, globally
• $1 trillion per year
• AD, No.1 killer in England and Wales
• AD, new case every 3 seconds globally
• 10 million people have Parkinson’s disease

• 66% people with dementia are in low-, middle income countries
• 1 in 10,000 newborns born with Type 1 spinal muscular atrophy, 

will die usually before 5 years old

Neurodegeneration



Amyotrophic lateral sclerosis   
ALS, motor neuron disease

• 1:300 lifetime risk

• Loss upper & lower motor neurons
• Focal progressive weakness
• Cognitive changes…50% of patients….. 

....15% frontotemporal dementia (FTD)

• Mean age of onset 55 years
• Death ~3-5 years from diagnosis
• No treatment/cure



ALS  

1880 Canadian physician Sir William Osler     
recognized Farr family of Vermont          

dominant ALS, Erastus Farr, farmer, died 1835

1874 French neurologist Jean-Martin Charcot



• SOD1, superoxide dismutase, 
• 1993, Bob Brown, Harvard, USA
• Dominant, toxic gain of function

ALS ~90% sporadic, ~10% familial
…genetics – a route in…



More than 25 different genes for ALS
…genetics – a route in…
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Find the gene, 
create the mouse model, 
understand the mechanisms,     
target the treatment…



Amyotrophic lateral sclerosis
Research resources
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Why work with disease models?
• Difficult: human tissue at all disease stages
• Difficult: human tissue from embryo through to old age
• Difficult: human tissue QUICKLY for RNA/protein studies

• Difficult: ALS involves interactions between cell types

• Difficult: do primary drug screens



Mouse and humans: 
this is grandma 
Eomaia scansoria (climbing dawn mother) 
early Cretaceous 
125 million years old 
fossil from China
10 cm in length, weight ~25g. 

From Wikipedia…

The mouse:
a cousin,
only 75 million years from humans

http://en.wikipedia.org/wiki/Image:Eomaia_amnh_cast.jpg


Mice are not mini-humans
• 1% mouse, human genes not in the other species
• Gene copy number e.g. SMN1, SMN2 humans, Smn mice
• Splice variants ~3.4 per human gene, ~2.4 per mouse gene
• Biochemistry e.g. human SOD1 more ‘aggregatable’ than mouse SOD1
• Anatomy e.g. upper to lower motor neurons monosynaptic in humans, not in mice
• Lifespan, heart rate, etc.

BUT, 
Evolutionarily conserved MECHANISMS  

Fisher and Bannerman 
Sci. Transl. Med. 11, eaaq1818

(2019) 22 May 2019



• Transgenic mice 
• Knock out mice
• Knock in mice
• ENU mutants
• Chromosome engineered mice
• Gene edited mice
• Conditional mutants
• Inducible mutants
• Chimeras mouse:mouse, mouse:human

Mouse models 



Transgenic mouse models of ALS…

• Fast phenotype, SOD1 G93A,136 days on C57BL/6J

• Overexpression artefacts 
• Insertion site mutations

Genome Research
2019



SOD1 transgenics…translation
• 2% ALS patients…
• SOD1 appears to be an outlier

• Antisense oligo therapies
n.b. need ‘humanized’ mice…



Endogenous gene models…
physiological expression*
• Chemical mutagenesis
• Gene targeting

• Slow phenotypes…

*ALS: 
RNA binding proteins exquisitely dosage sensitive               
(despite autoregulation)



• Chemical mutagenesis
• Gene targeting



Chemical mutagenesis

• N-ethyl-N-nitrosourea, ENU
•
• F1 males carrying                                                             
~50 random point mutations

• 10,000 DNAs for screening, sperm frozen



Human
TDP43 ALS 
mutations

Chemical mutagenesis                      MRC Harwell

Allelic series Tardbp point mutations    M323K

Prasanth Sivakumar



TDP43 LCDmut GOF
spinal cord motor neurons die
Behavioural, physiological, histopathological deficits 
by 24 months, progressive

Bernadett Kalmar, Pietro Fratta (UCL)
Abraham Acevedo Arozena (Tenerife)

Motor neuron loss
Gold Standard for our ALS models



skiptic exons, GOF

Prasanth Sivakumar, Pietro Fratta (UCL)
Abraham Acevedo Arozena (Tenerife)

LCD mutant TDP-43



TDP43-ALS  patient fibroblasts
G298S, A382T

skiptic exons, GOF

Prasanth Sivakumar, Pietro Fratta (UCL)
Abraham Acevedo Arozena (Tenerife)



TDP43

Pietro Fratta (UCL)
Abraham Acevedo Arozena (Tenerife)The EMBO Journal e98684 | 2018



• Chemical mutagenesis
• Gene targeting



Knock in the human gene

‘Genomic humanisation’
• Human protein chemistry                                                             

APP, SOD1 more ‘aggregatable’
• Human mRNA splice complexity/regulatory sequences

Zhu, F., Nair, R.R., Fisher, E.M.C.*, 
Cunningham, T.J. (2019) Humanising 
the mouse genome piece by piece. 
Nature Comms, 
doi.org/10.1038/s4167-019-09716-7



FUS (Fused in sarcoma) ALS

• ~5% fALS, rarely FTD
• Dominant
• FET protein/RBP
• ALS mutations, C-terminal

Translation

Splicing

miRNA processing

Stress granules

RNA transport

Translation

Transcription

Nucleocytoplasmic 
shuttling

DNA  damage 
response



FUS knockin partially humanised
• FUS ‘Delta14’ human ALS; onset 20 y.o., duration 22 months
• Exon 14 missed, frame shift exon 15

Anny Devoy, Pietro Fratta

FUS Delta14 
antibody!!



FUS Delta14 heterozygotes
• Physiological expression mRNA/protein
• Mislocalisation

wtFUS fsFUS merge
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9 month lumbar spinal cord

Anny Devoy, Bernadett Kalmar, Pietro Fratta



FUSDelta14 heterozygotes 
progressive loss motor neurons

Wildtype FUSDelta14

14% 20%0%

3 months 12 months 18 months

Lumbar L3-4 spinal cord
18 months



FUSDelta14 mouse

Devoy et al, (2017) Brain 140:2797–2805

• Partial humanisation
• Dominant
• NMJ, muscle changes
• Mid-life onset MN death underway by 12 months
• Looks an extremely good model 
• EARLY DISEASE EVENTS

• Freely available from EMMA



FUS Fully humanised

• ATG to end of 3’ UTR

• Hom wildtype (~7 months, n=23)
• P525L breeding onto C57BL/6J, to N5
• Q519Ifs poor health….few mice

Tom Cunningham, Anny Devoy, Lydia Teboul

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15



Knock in the human gene
‘Genomic humanisation’

Zhu, F., et al. (2019). Nature Comms, 
doi.org/10.1038/s4167-019-09716-7

• FUS 
• SOD1
• TDP43
• C9orf72






What are we?
• Genetics
• Environment
• Ageing
• Luck
• Metaphysics...

• Variability!

by Emily Young



ALS is highly variable

Swinnen and Robberecht, The phenotypic variability of ALS. Nat. Rev. Neurol (2014)

30 random patients, 
first visit to death,
ALS Functional Rating Scale



Translation…genetic variation
• Mice: we minimise genetic variation

• Humans: we’re rather genetically variable

• Sexual dimorphism

• Change our mouse genetic backgrounds, known variability



Genetic variation
Mouse genetic backgrounds 
known variability,  
IDENTIFY MODIFYING LOCI



Environmental variation

Stress in grandparents, stress in utero, early life stress,              
birth order, temperature, food, microbiome, environmental 
enrichment, loneliness, who’s in your cage, etc., affect phenotype                
[Mind body dualism is dead, sorry Decartes, read John Bowlby]

Fisher and Bannerman 
Sci. Transl. Med. (2019)



SOD1G93A transgenic…

Nature August 2019



Ageing and luck
• Capture snapshots over time, for disease trajectory
• Lessons from modelling cancer…



Mice...ideally…
• Match the model to the question
• What is a good mouse model? MN degeneration
• Physiological models for early disease processes                          

but need funding… and cellular phenotypes…

• Human:mouse chimeras
• New analyses (e.g. Home cage videos with machine learning)

• Human trial stratification 
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