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Abstract 
Neurological disorders affect one in six people globally (neural.org.uk). These 

conditions are caused by a broad range of factors which ultimately result in 

the altered form and/or function of the nervous system.  The pathology of 

these conditions can vary greatly in terms of aetiology, age of onset and 

duration, but collectively they represent a significant drain on the health care 

system. Due to the nature of these disorders acquisition of samples from 

patients is rare and unfeasible in pre-symptomatic patients, unless a family 

member is diagnosed with an inheritable condition forewarning future 

generations/siblings to the risk. Therefore, in order to progress the 

understanding of any biological condition a model system is established to 

allow researchers to gain a better understanding of pathogenesis and the 

mechanisms involved in disease progression.  Moreover, models also 

provide a platform to identify biomarkers for the condition that could then be 

used to inform on rates of disease progression and the effectiveness of any 

potential therapeutic intervention.  Importantly, the model must faithfully 

translate the disease observed in human patients in order to address 

biological questions and produce efficacious therapeutic targets.   

Small animal models are commonly used to report on various aspects on 

neurological conditions providing much of the groundwork to understand the 

basic disease processes involved.  Unfortunately, there is a high failure rate 

of therapies to translate into effective interventions in human patients when 

moving straight from the assessment in small animal models in human 

patients.  This is likely (amongst many other factors), due to anatomical 

disparities in terms of both scale and complexity of the nervous system. It is 

now becoming widely accepted that a large animal intermediate model 

system is required to leverage more effective translation of neurological 

conditions into the clinic.   
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Here I present a body of published work describing my contributions to the 

field of neurodegenerative research through the analysis of large animal 

neurological systems. I will 1. summarise the state of the field and 

requirement for large animal model systems, 2. Discuss the development of 

specific workflows and considerations which are critical for the analysis of 

samples from such models. 3. describe our investigations into diseases of 

large animals which can be used to inform on human conditions (equine 

grass sickness and ovine scrapie), and 4. Describe the lessons learned from 

our generation of the first ever CRISPR edited ovine model of a human 

neurodegenerative condition. 
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Lay Summary 
Neurological diseases affect millions of people worldwide irrespective of race, 

gender or financial status.  Symptoms can be severe and progressive with 

some patients gradually losing the ability to walk, talk or communicate in any 

form and sadly most of these conditions are fatal. In order to develop viable 

treatments more needs to be known regarding how and why these disorders 

start and progress in patients.  Analysis of samples collected in early disease 

is crucial to understand why these conditions begin however, access to such 

samples in human patients is rare.  One solution to this is animal modelling to 

inform on these disorders enabling examination of samples throughout the 

lifespan/disease course of an animal.   

Rodents comprise of the vast majority of animal models and have helped 

researchers make considerable strides towards understanding the underlying 

disease mechanisms and developing potential therapies.  However, there are 

some noticeable differences between mice and men that include size, 

lifespan and importantly brain structure.  These differences can lead to 

inaccurate/incomplete modelling of neurological disorders, and subsequent 

therapies developed based solely on such systems frequently fail to produce 

similar effects in humans.  This is why larger animals such as sheep and 

pigs, who are more comparable in body composition and brain complexity, 

can help bridge this translational gap.  The closer a model replicates the 

human neurological condition the greater ability to understand the principal 

mechanisms involved and opportunity to develop and evaluate new 

therapies. 

Some human neurological disorders naturally exist in large animal species 

making model selection simple.  Unfortunately, these models are relatively 

uncommon which is why genetic engineering tools have been generated to 

produce disease-specific animal models. It is important to stress that animal 

models are only used or created after careful consideration to determine their 

fundamental requirement which is generally to improve human health.   
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The research in this thesis has shown how examination of naturally existing 

and genetically engineered models can help further our understanding of 

these devastating disorders and provides new methods to assess and 

analyse data in a simple and accurate manner. 
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Chapter 1 Introduction 
I have worked as a research assistant for 20 years. During this time, I have 

developed skills and expertise in pathology, biochemistry and immunology. 

Additionally, I have found that my interests in neurological disease have led 

to me helping to drive and deliver what, in retrospect, is a common set of 

research goals built around: 1) the relevance and requirement for animal 

models of neurological disease, 2) advances in both spontaneous and 

genetically engineered large animal models, 3) emphasis on translational 

validity and 4) customise molecular and histological methods to appropriately 

examine such model systems. I present this collated body of work here for 

consideration as evidence of my growth and development as a scientist. 

 

1.1 Neurological diseases, impact and need for 
models 

Neurological disorders affect one in six people globally (neural.org.uk). This 

equates to nearly 1 billion people worldwide with conditions caused by a 

broad range of factors which ultimately result in the altered form and/or 

function of the central and peripheral nervous systems.  The path of these 

conditions can vary greatly in terms of aetiology, age of onset and duration, 

but collectively they represent a significant drain on the health care system. 

In the UK’s publicly funded National Health Service this equates to an annual 

spend of £4.4 billion for the treatment and management of neurological 

conditions alone (neural.org.uk).  Aside from financial implications there is a 

huge emotional toll placed on not only the patients suffering from any given 

neurological condition but also the families and friends of the patient. Sadly, 

the majority of these conditions cause severe deficits that impact on the 

patient’s quality of life and greatly reduces their life expectancy.  

Due to the nature of these disorders, acquisition of pre-mortem samples from 

patients is rare. Early diagnosis is crucial to obtaining such samples but is 

uncommon unless a family member is diagnosed with an inheritable 
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condition. In this situation, future siblings and generations would therefore be 

forewarned to the increased risk of developing the disorder, allowing testing 

to occur, however pre-symptomatic sampling is most often unfeasible out 

with these circumstances.  These limitations also apply to the acquisition of 

samples from veterinary patients.   

The devastating nature of these long term, progressive and undeniably 

terminal neurodegenerative conditions can render a patient’s quality of life to 

become intolerable.  Consequently, some patients choose to end their life 

prematurely, where their countries law permits, and veterinarians and owners 

can decide to euthanise an animal perceived to be in severe pain.  

Unfortunately, the vast majority of neurological disorders are currently 

incurable, therefore, there is an urgent requirement for the development of 

effective therapeutic strategies.   

In order to develop new and efficacious therapeutics, scientists and doctors 

should have a good understanding of the underlying mechanisms that trigger 

disease onset and how neurological/biological deficits progress thereafter.  

This is why acquisition of samples from patients throughout the course of 

disease progression as well as information from other modalities that inform 

on disease progression, such as imaging, are essential to further knowledge 

of any disorder.   

The most relevant way to study a human or disorders of humans would likely 

be to conduct research in humans, but this is neither ethical nor feasible. 

Animal model systems are therefore established to: 1) better our 

understanding of pathogenesis and the mechanisms involved in disease 

progression, 2) provide a platform to identify biomarkers for the condition that 

could then be used to inform on rates of disease progression and the 

effectiveness of any potential therapeutic and 3) trial biomedical interventions 

that also provide details of effective dose, distribution and persistence of 

therapeutic agents.   
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1.2 Ethics 
The ethical justification of animal based biomedical experimentation is a 

complex topic whose thorough discussion lies out with the scope of this 

document. However, it is probably safe to say that the use of any animal for 

scientific research is a contentious and emotive issue.  This is why the use of 

animals in scientific research is highly regulated to ensure animal welfare is 

at the forefront of any experimental approach and that animal use is 

justifiable and unavoidable.  Government official regulators, such as the 

Home Office Inspectors in the UK will consider many factors in the 

experimental proposal including but not limited to:  if the research questions 

posed answer specific biological questions that need to be addressed, if the 

experimental approach is valid, and if the resulting data will have sufficient 

statistical power (Kilkenny C et al, 2009).   

Establishment of the 3R’s framework (Replacement, Reduction and 

Refinement) nearly 50 years ago has provided further guidance for 

performing more humane animal research and a national centre was 

launched in the UK in 2004 to reinforce the 3R’s mission.  The impact of the 

3R’s objectives should not be underestimated. For instance, there has been 

an approximate 50% reduction in animal use in the Netherlands as a direct 

result of implementation of the 3R’s framework (Hendriksen CM, 2006).  

However, it is imperative that refinement of experimental design is not too 

literal resulting in underpowered studies, which in turn makes data difficult to 

interpret and the use of animals inappropriate (van de Warp et al, 2010).  

What animal systems are available for biomedical modelling? 

Firstly, it is important to define the purpose in generating a biomedical animal 

model.  Models should be produced to address specific biological questions 

and establish efficacious therapeutic targets for human patients however, 

they can also benefit animal patients too (Anderson & Winter, 2019).  A good 

model should have both external and translation validity therefore, it requires 

robust characterisation to determine that a faithful translation of the human 

condition has been achieved (van de Warp et al, 2010).  A combination of 
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factors contribute to a model’s translational validity, thus it is advantageous 

for a model to produce as many of the following criteria to calculate its 

effectiveness; 1) replicability/reliability of the phenotype, 2) production of 

pathological hallmarks, 3) recapitulation of neurobehavioural clinical signs 

and 4) conservation of molecular markers (van der Staay et al, 2009).  

1.3 Model Selection 
1.3.1 Process of model selection 
A multifaceted approach is required when deciding on a suitable model to 

use in any study of human disease.  The decision-making process should be 

extensively reviewed to provide a considered approach which ticks as many 

of the “essential” and “desired” criteria boxes as possible.  These 

considerations should include but are not limited to: 1) determining if a 

natural model of disease already exists, 2) could a transgenic model be 

engineered to recapitulate the disease, 3) what are the financial constraints 

and importantly 4) is it ethical to produce a model of neurodegeneration that 

can cause severe phenotypes to develop in the animal.  

 

Figure 1. Consideration workflow for appropriate model selection. 



Analysis of neurodegenerative disorders across multiple species 

Chapter 1: Introduction  5 

This is a revised version of Figure 1 originally produced in Eaton & Wishart 

2017 (Appendix 1). 

1.3.2  In vitro cell systems 
In vitro cell models can provide an alternative approach to the use of animal 

models to answer basic biological questions (Slanzi A et al, 2020).  

Harnessing the ability of embryonic stem cells (ESCs) to differentiate into 

almost any cell type has been a key development in studying the 

developmental process, the impact of gene targets, as well as the efficacy of 

pharmaceutical and transplantation therapies (Thomson JA et al, 1998., 

Hovatta O et al, 2014).  Moreover, the generation of human induced 

pluripotent stem cell (iPSCs) engineering has provided an opportunity for 

patient specific targeted therapy and has removed the ethical controversy of 

using cells derived from human embryos (McCauley HA & Wells JM, 2017).   

In contrast to animal models, these cells systems produce truly “human” 

physiological responses that are not attributed to be “human-like” (Kim J et 

al, 2020).  Further technological advances have progressed the development 

iPSCs into 3D cell model tissue systems termed organoids (Dutta D et al, 

2020). Organoids can be generated to model an array of tissue types from 

neuronal to gastrointestinal to hepatic (Kim J et al, 2020).  Once established 

human organoids are easy to genetically manipulate and can be used to 

carry out large scale drug and genomic screening (de Souza N, 2018).  

However, this technology is still in its relative infancy with many limitations to 

modelling human disease, especially those affecting complex organs such as 

the brain.  For instance, only region specific neuronal organoids can be 

generated and they lack vasculature, and are therefore devoid of stimuli from 

the blood brain barrier (Slanzi A et al, 2020).  Furthermore, the role of 

immune cell dysfunction, which is often associated with neurodegenerative 

process, is not measurable with these systems, production of organoids can 

also be “batch dependent” and they can become hypoxic over time 

(Chiaradia I & Lancaster MA, 2020). Collectively, these deficiencies from the 

microenvironment is problematic and could outweigh the advantages gained 
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by using human individual patient derived organoids or iPSCs (Kim KJ et al, 

2020). 

This then begs the question what are the essential physiological system 

requirements for modelling any given human neurodegenerative disease?  

Researchers need to understand the impact of neurodegenerative processes 

elicited on the whole body as pathological alterations can occur in multiple 

tissues out with the nervous system, collectively known as multi-system 

deficits.  These deficits may occur prior to, or as a consequence of, 

pathogenesis in central nervous system disorders (as discussed in Chapter 

2).  Therefore, understanding how these additional physiological factors 

contribute to neurodegenerative diseases should also be considered in any 

model and/or therapeutic approach.   

1.4 Small animal models 
Much of the groundwork to understand basic disease processes involved in 

various aspects of neurological conditions has been determined through the 

use of small animal models.  Their widespread use is due, in part, to their 

ease of generation with high reproductive rates, ease of handling as well as 

their relatively low cost for maintenance.  Importantly, since the advent of 

genetic manipulation in the early 1980’s, they have been a vital resource for 

elucidating gene function (Pinnapeurdy AR et al, 2015, Gurumurthy & Lloyd, 

2019).  Moreover, studies performed using transgenic rodent models have 

produced significant discoveries such as the requirement of an animal to 

produce prion protein in order to be susceptible to transmissible spongiform 

encephalopathies (TSE’s) and mutations within the survival motor neuron 

gene (SMN1) were linked to the neuromuscular disease spinal muscular 

atrophy (SMA) (Büeler H et al 1993, Chaytow H et al, 2018). 

Some aspects that make the use of rodent models so appealing, such as 

their short lifespans and lack of genetic variability, can cause potential issues 

when modelling human neurological diseases, especially those associated 

with an age-related risk factor.  Other disparities that include their less 
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complex nervous system and physical scale can reduce the phenotypic 

correlation to human neurological conditions and make sequential tissue 

sampling problematic (Grow DA et al, 2016, Whitelaw CB et al, 2016).  Lack 

of translation in rodent models, with only partial recapitulation of the human 

condition, is one likely reason why the failure rate from drug trial to 

successful clinical therapies is so high (Garner JP, 2014). 

1.5 Rodent models can lack translation  
To be clear, rodent models are still a necessary step to further our 

understanding of biological processes underpinning neurodegeneration. 

However, in order to maximise the gains from rodent models, research 

should be followed up by confirmatory/extrapolative trials in more complex 

animal model system (especially in the case of neurodegenerative disorders) 

so that this smaller model work is not wasted and the impact is maximised.  

The disproportionately high failure rate, 90%, in producing efficacious 

therapeutics derived from the sole use of rodent models in neuroscience is 

both alarming and could be deemed an unethical use of animals (Garner JP, 

2014).  The over reliance in rodent models to elucidate disease processes 

and mechanisms may be one the reasons for this disappointingly low 

translational rate.  Moreover, incorrect assumptions regarding shared 

biological properties that are observed in rodents and are thought to be 

conserved in humans could be one cause of these translation issues.  For 

example, a recent report described how neuromuscular junctions (NMJs) in 

mice and rats are fundamentally different from humans, at both the 

morphological and molecular level, highlights this lack of homology (Jones 

RA et al, 2017, as detailed in Chapter 8).  This important finding could 

question the translation validity of studies that use NMJs in rodents as a 

“model synapse” to study neurodegenerative processes, particularly 

disorders where motor function is severely affected.  For instance, although 

rodent models of Myasthenia gravis have successfully informed on the 

pathogenic mechanisms that cause NMJ impairment in this autoimmune 
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muscular disorder, treatments that translate to human patients have not been 

efficacious (Mantegazza R et al, 2016). 

Mouse models do effectively elicit the majority of immune responses that 

occur in humans, however a few significant differences do exist.  These 

include disparity in blood composition, which could be important when 

studying sepsis and other inflammatory conditions, with neutrophils 

comprising of 50-70% of human blood whereas in mice they only represent 

10-25% of the circulating cell population (Shen F et al, 2017, Mestas & 

Hughes, 2004).  Furthermore, the impact of certain cytokines can also differ 

between species for example, interferon gamma (IFN- ý) exacerbates 

multiple sclerosis pathology in humans yet offers protection in the mice 

model (Mestas & Hughes, 2004).  This failure to translate lead to another 

failed clinical trial.  

Collectively, these divergences in morphology, immune system reactivity and 

molecular make-up highlight the need for more physiological relevant models 

to bridge the gap between the foundation studies carried out in rodents to 

successful clinical outcomes in patients. This does not preclude small animal 

studies for use in biomedical research. On the contrary, their use is essential 

for discovery of gene targets and to address basic biological questions 

however it is necessary to determine whether these discoveries translate in 

more physiologically relevant models prior to testing in human clinical trials.  

Thus, a multi-model approach is particularly valid when carrying out 

neurological research to reduce translational inaccuracy and increase the 

prospect of successful clinical outcomes (Bolker JA, 2019). 

1.6 Larger more physiological relevant animal models  
Neuroscience research in rodents has provided many notable discoveries 

and will continue to be an invaluable model for years to come.  However, 

there are clear translational gaps the rodent model cannot fill, where larger 

more physiologically relevant animal models can.  This can be simply due to 

a rodent’s size proving problematic for sequential sampling and for instance 
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carrying out research in blood, that requires transfusion, whereas a large 

animal model would make this a viable option.  Furthermore, transmission 

studies trying to elucidate the impact of infecting or cannulating a regional 

lymph node would prove extremely challenging in rodents yet applicable to 

large animal models (as shown in Chapter 2).  

1.6.1 Neuroanatomical comparison 
When considering model selection for neurodegenerative diseases it is 

important to note key differences in brain size and cortical structure that 

relate to the complexity of the brain for each species as shown in Figure 2.  

 

Figure 2. Comparison brain anatomy of animals commonly used to model 

neurodegenerative diseases.  This image has been reproduced from the 

University of Wisconsin and Michegan State comparative mammalian brain 

collections and national museum of Health and Medicine.   

Human and larger mammal’s brains, with a brain mass greater than 7g, 

produce a gyrencephalic structure with complex cortical folding whereas 

rodents have a smooth lissencephalic surface (Howells, D.W, 2010, Van 

Essen DC et al, 2019).  Both greater brain size and increased gyrification of 
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the cortices are key evolutionary developments that leads to higher cognition 

with increased computational capacity of the brain due to increased number 

of neurons (Table 1) (Gautam P et al, 2015).  With an increased cortical 

neuronal count, grey matter volume increases and allows superior mental 

development in high order mammals (Mercadante AA & Tadi P, 2020).  A 

model with a complex gyrified brain should therefore, more efficiently 

translate neurological deficits observed in patients and demonstrate cognitive 

decline associated with cortical loss (Romito-DiGiacomo RR, et al 2007., 

Mitchell N, et al 2018).   

 Cortical Volumetric Measurements (ml3) 

Anatomic 
region 

Human NHP * Sheep Pig Dog ** Mouse 

Whole brain 1500 382.9 93.2 111 80.1 0.453 

Grey Matter 
820 

(54%) 

158.3 

(41.3%) 

50.3 

(54%) 
- 

44.4 

(55.4%) 
neocortex 

0.144 

(31.7%) White Matter 
420 

(28%) 

148.8 

(38.9%) 

42.8 

(45.9%) 
- 

35.7 

(44.5%) 

Reference 
Luders et al 

2002 

Sherwood 

2011 

Nitzsche et 

al 2015 

Conrad et 

al 2012 

Frank L et 

al 2018 

Ma Y et al 

2005 

 

Table 1: Cross species comparison of whole brain (WBV) cortical grey (GM) 

and white matter (WM) volume (ml3). Grey matter and white matter volumes 

are also expressed as a percentage of the WBV. * Chimpanzee ** Beagle 
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The cortices are particularly vulnerable in a number of neurodegenerative 

conditions such as Alzheimer’s, Parkinson’s and Batten disease and are also 

adversely affected by traumatic brain injury (Burton EJ et al, 2004, Palmer D 

et al, 2015, Turken AU et al, 2009). To measure the effects of dysfunction or 

deficit, behavioural tasks are employed to determine cognitive capacity and 

provide a basis to understand some of the common structural and learning 

processes in animal models.  Interestingly, McBride and Morton have created 

an algorithm to carry out comparative cognitive assessment (reversal index) 

between different species.  This assessment is a three-stage process that 

evaluates the correlation between cognitive task ability with 

neurophysiological and neuroanatomical metrics (e.g. cranial volume, 

number of cortical neurons, gyrification), devised to directly inform on the 

suitability of each species as models of human brain function.  Their 

comparative cognitive assessment (reversal index) algorithm ranked sheep 

3rd in a table of species after humans and gorillas but before marmoset 

monkeys, dogs and pigs.  

Consequently, the organisation and evolution of the cerebral cortices could 

provide an indication of how well a species could inform on human health 

and disease (Essen DC et al, 2019). 

1.7  Lifespan and genetic background 
The lifespan issue is particularly relevant when modelling neurodegenerative 

disorders like dementias that occur with advanced age. The average rodent 

lifespan is 2 years, a sheep 12 years, a pig 15-20 years and a dog can live to 

around 17 years depending upon breed.  This is reflected in the fact that 

dementias have not been reported in classical strains of wild type mice 

unless they are genetically manipulated with AD genes from another 

organism (Onos KD et al, 2019).  There are only limited reports of dementia 

related diseases in livestock, most probably due to their commercial use with 

an average age of slaughter around 8 months for lambs, 4 years for sheep 

(mutton) and 1 year for pigs, however it is likely they are susceptible. This is 

supported by the fact some Alzheimer’s disease related markers have been 



Analysis of neurodegenerative disorders across multiple species 

  Chapter 1: Introduction 12 

detected in sheep (Reid SJ et al, 2017).  However, reports of dementia-like 

behaviour and pathology has been observed in senior companion animals 

including dogs and cats (Golaszewska A et al, 2019, Ambrosini YK et al, 

2019).   

It is desirable to have a limited number of undeterminable variables in any 

experiment which is one of the reasons why using in-bred rodent lines in 

research is so attractive. However, their inbred genetic backgrounds that lack 

heterogeneity does not truly reflect the variability found in the human 

population.  Again, this is why large animal models, who are largely outbred, 

more accurately translate the diversity observed in human patients.  This 

diversity can be inconvenient leading to varied timings for example; in onset 

of phenotype that can differ within each cohort nevertheless, this does mimic 

what is reported in human disease.  

1.8 Large animal model species 
1.8.1 Primates 
Primates are the most closely related species to humans thus, a natural 

choice to model human health and disease.  They share approximately 99% 

of the sequence similarity and have similar brain volume ratios and cortical 

convolutions, dependent on the species, that correspond to superior 

functional brain processing (van Essen DC et al, 2019).  These similarities, 

however, also mean they share many human attributes such as their 

sentience, consciousness and affective states making it more ethically 

challenging to use them for scientific research (Carvalho C et al, 2019).  

Segregation from their social networks has been reported to negatively 

impact upon their brain development and consequently their cognitive ability.  

Thus, captive primates may not translate all of the deleterious effects seen in 

human patients (Bogart SL et al, 2014).  Furthermore, chimpanzees do not 

undergo age related neurodegeneration of white matter, the corpus callosum 

maintaining volume throughout their lifespan, indicating they are not 

susceptible to all of the pathological processes that affect the human brain 

(Sherwood CC et al, 2011). 
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1.8.2 Companion species 
Canine and feline companion species are also proven models of human 

disease.  A few neurodegenerative diseases naturally occur in dogs and cats 

and their use has proven invaluable for deriving therapies (as discussed later 

Bradbury AM et al, 2020, Gray-Edwards H et al, 2020).  Advantages of their 

companion status is their longevity; they can live up to 20 years, capturing 

age related neurodegenerative effects as mentioned previously.  They also 

share a similar environment to humans and therefore experience common 

stressors. Conversely, the major disadvantage to the use of companion 

animals are emotive, yet some scientists and veterinarians believe privately 

owned animals, diagnosed to have a naturally occurring disease, could be 

used in clinical trials but this then raises issues with study design and 

external validity (Kol A et al, 2016).   

1.8.3 Livestock 
Livestock species are an attractive alternative model with comparative 

physiology and reasonable longevity.  They have complex gyrified brains, 

can live within their social grouping e.g. their herd or flock for the duration of 

a study (unless surgical intervention prevents) and cognitive decline is 

measurable (McBride & Morton, 2018).  Porcine models may be less 

attractive for longitudinal studies due to their gross size in adulthood, 

weighing up to approximately 200kg. However, more manageable mini pig 

models have been generated to fill this gap.  Porcines have long been the 

model of choice for cardiovascular and gastrointestinal studies as well as 

production of organs for xenotransplantation and they also have similar 

toxicological responses to several drugs as humans (Walters & Prather, 

2013).  Equally, ovine models have proven invaluable to elucidate activation 

of immune events and have helped determine how lymphoid cell subsets 

circulate and are distributed between the lymph and blood (Entrican G et al, 

2015). 

Unfortunately, there is no true alternative model to study human health and 

disease, however, the best fit and most likely to translate a human 
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neurodegenerative condition are those with: 1) comparative physiology and 

anatomy, 2) complex central nervous system with gyrencephalic brains, 3) 

outbred genetic backgrounds and 4) longer lifespans.  All of these 

components are encompassed in larger mammalian models, with some 

models already existing in which naturally occurring genetic mutations  give 

rise to similar conditions and other have to be engineered as discussed in 

Chapters 2 and 6.  It should be noted that human stem cell technology is now 

providing a platform to address some of these basic questions surrounding 

human health and disease but as discussed in 3.2, the more sophisticated 

systems capable of recapitulating some of the physiological components are 

still in their infancy are not capable of translating whole organism effects. 

1.9 Spontaneous models  
Spontaneous models are animals that naturally harbour a disease-causing 

mutation producing a comparable phenotype that is observed in human 

patients.  A breeding colony is generally established from an initial low 

number of diagnosed individual animal(s) that can then be crossbred to 

increase genetic heterozygosity and/or to improve the welfare of the animals 

(Ellinwood & Clay, 2020). Not every spontaneous model translates the 

human condition or susceptibility rate.  Those that do provide invaluable 

knowledge that informs on pathogenesis and biomedical interventions. 

1.9.1 Companion animal models 
There are numerous neurodegenerative conditions that have been 

discovered in dogs and cats including but not restricted to: Duchenne’s 

muscular dystrophy (DMD) in golden retrievers, late infantile batten disease 

(CLN2) in daschunds, canine degenerative myelopathy in large breed dogs, 

Alzheimer’s and Sandhoff disease in cats (Kornegay JN, 2017, Katz M et al, 

2014, Story BD et al, 2020, Chamber JK et al, 2015, McNulty MA et al, 

2019). 

Although spontaneous models of DMD have been discovered in mice they 

only cause mild effects and do not impact on lifespan.  Whereas the canine 



Analysis of neurodegenerative disorders across multiple species 

Chapter 1: Introduction  15 

model provides a more intermediary translation of the progression decline 

seen in human DMD however, some dogs stabilise whereby their clinical 

signs do not progress past 6 months of age (Kornegay JN, 2017). Research 

using the canine DMD model has been responsible for establishing 

phenotypic biomarkers including; decrease in stride and increase in a T cell 

subset, that can inform on the efficacy of treatments (Barthélémy I et al, 

2014, Acosta AR et al, 2016).  

The CLN2 canine model produces a null mutation in tripeptidyl peptidase-1 

(TPP1) and exhibits many of the same clinical signs that are observed in 

children suffering from this disease (Awano T et al, 2006).  Pre-clinical testing 

of TPP1 enzyme replacement therapy, Bineura™, in the CLN2 canine model 

has led to rapid approval of Bineura™ and worldwide treatment of CLN2 

patients as discussed later in 11.2 (Katz M et al, 2014). 

1.9.2 Livestock models 
Ovine models of transmissible spongiform encephalopathy (TSEs) and 

neuronal ceroid lipofuscinosis (NCLs also known as Batten disease) have 

informed on many aspects of human neurodegenerative disease.  The 

possibility of contracting Creutzfeld-Jakob disease via contaminated blood 

was previously unknown prior to blood transfusion studies in an endemic 

scrapie flock.  This study determined that transmission of scrapie can occur 

from both symptomatic and importantly asymptomatic donors to recipients 

(Houston F et al, 2002).  Diagnostic markers that have become classic 

hallmarks of neuronal ceroid lipofuscinoses (NCLs) were first observed in 

CLN5 and CLN6 sheep that include identification of regional cortical atrophy 

and identifying the nature of the lipofuscin like storage material (Palmer et al, 

2015).  Recent gene therapy studies in CLN5 and CLN 6 sheep have proven 

a viable treatment option with single administration of the viral vector 

doubling the predicted lifespans (Mitchell N et al, 2018) as discussed later in 

1.13.1. 
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1.9.3 Primate models 
Simian immunodeficiency virus (SIV) was first discovered in non-human 

primates (NHPs) in Africa and is responsible for human immune deficiency 

virus (HIV) (Peeters M et al, 2014). Although SIV and HIV are retroviruses, 

they can cause cognitive impairment and HIV+ individuals have an increased 

risk to dementias (Shepard DP et al, 2019).  The primate model has 

produced several biomarkers detectable in the blood and cerebral spinal fluid 

that correlate with the human condition (Beck SE et al, 2015; Dezzutti CS, 

2015).  Furthermore, SIV primates have been used to inform on combined 

antiretroviral therapies mediated suppression studies to determine their effect 

on viral load and the elicited immune response (Del Prete and Lifson, 2013). 

Spontaneous models have been vital to elucidate pathogenic mechanisms, 

determine biomarkers of disease and also provide suitable intermediary 

model to trial biomedical interventions that inform on efficacy of treatment as 

well on optimal dose and route of administration.  Unfortunately, there is a 

low incidence of spontaneous models of human disease therefore, 

genetically engineered large animal models have been pioneered to fill this 

translational gap.  

1.10 Genetically engineered models  
Transgenic rodent models were first established in the 1980’s and since have 

proven to be a key tool in understanding many human disorders (Gordon and 

Ruddle, 1981).  The first genetically modified large animal models closely 

followed a few years later in 1985 with rabbits, sheep and pigs modified to 

express human growth hormone (Hammer RE et al, 1985).  The transgenic 

rodent models were then widely employed whereas the large animal models 

took more time to develop due to availability of resources and reagents 

(Rogers CS, 2016). Nevertheless, nearly a decade later engineering large 

animal models became more achievable due to technological breakthroughs 

such as somatic cell nuclear transfer (SCNT) cloning, although this 

technology was first pioneered in amphibians in 1962 (Gurdon JB, 1962). 

This gained global recognition when Dolly the sheep was produced using 
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SCNT methodology which meant that every single cell in the cloned animal 

was genetically modified (Campbell K, et al, 1996, Wilmut I et al, 1997).  This 

technology then gave rise to more sophisticated tools in the form of zinc 

finger nucleases, transcription activator-like effector nuclease and most 

recently clustered regularly interspaced palindromic repeats (CRISPR) and 

CRISPR associated 9 (Cas9) nuclease (Whitelaw CB et al, 2015) (Figure 3).  

The field has now developed further to generate bespoke models that are 

tailored to the human condition using human disease specific mutations.  

These genome editing tools now enable targeting and modification of specific 

protein or RNA sequences with unprecedented precision (Naeem M et al, 

2020). 

 

Figure 3. Gene editing toolbox available for biomedical research.  A. 
Timeline for the development of genome editing technologies, somatic cell 

nuclear transfer (SCNT), zinc finger nucleases (ZFN), transcription activator-

like effector nucleases (TALEN) and cluster regularly interspaced palindromic 

repeats (CRISPR). B. Schematic outlining the process of CRISPR/Cas9 

genome editing; identification of the target sequence in the DNA, construction 

of a single stranded guide RNA (sgRNA) that binds to the target genome 

sequence, Cas9 enzyme detects and binds to the sgRNA and creation of a 

double stranded break (Lee K et al, 2020).  
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1.10.1 SCNT model  
Porcine model of ataxia telangiectasia (AT) was generated by researchers at 

Sandford research centre, using homologous recombination and SCNT 

technology to replicate the disruption of the ATM protein that is observed in 

many AT patients (Beraldi R et al, 2015).  This model has more faithfully 

translated the human condition compared with the mouse model by 

demonstrating Purkinje cell loss and has also provided novel insights into the 

development of disease with cerebellar defects observed at birth.  Further 

characterisation of the model has revealed the multi-system nature of this 

disease is replicated with reproductive defects and abnormalities the thymic 

architecture with the latter not observed in the mouse AT models (Beraldi R 

et al, 2017).  The full characterisation has led to novel insights not ethically 

possible to achieve in AT patients regarding birth deficits and provides further 

evidence that biomedical interventions in this model should yield translatable 

results for future clinical trials. 

1.10.2 TALEN model 
Chen et al generated a non-human primate model of the neurodevelopmental 

disorder Rhett syndrome using TALEN gene editing technology (Chen Y et 

al, 2017).  The MECP2 gene mutation in Cynomolgus monkeys caused male 

lethality with only females proving viable similar to what is observed in Rhett 

patients. Characterisation of this model has revealed fragmented sleep 

patterns, a higher pain threshold, impaired reactions to auditory stimuli, 

reduced social interactions and significantly reduced cortical grey matter 

volumes that decrease with age which are all symptoms that are reported in 

Rhett patients.  Bioinformatic analysis, using weighted gene co-expression 

network analyses, examined the MECP monkey blood transcriptome to 

identify correlation patterns between genes which could relate to their 

biological function (Li J et al, 2018).  This analysis identified 3 clusters of 

genes that are distinctly different in the MECP mutants compared to the wild 

type controls.  One of these clusters highlighted potential immune system 

deficits with another showed altered RNA processing.  This model has 

proven to effectively translate the Rhett syndrome phenotype demonstrating 
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the behavioural abnormalities, regional brain atrophy and has also generated 

potential molecular biomarkers. 

1.10.3 CRISPR/Cas9 model 
We have made the first large animal model of neurodegenerative disease 

using CRISPR/Cas9 technology as described in more detail in Chapter 6 

(Eaton SL et al, 2019). The most frequent disease human causing mutation 

(p.Arg151X) in CLN1 disease, a childhood dementia, was inserted into the 

ovine locus to produce the first large animal model of infantile neuronal 

ceroid lipofuscinosis (Kousi M et al, 2011).  Characterisation of the model has 

shown behavioural clinical deficits occur from 6 months of age (unpublished), 

changes in brain volume determined by MRI are detectable at 9 months of 

age (unpublished), the sheep go blind at a year old and their lifespan is 

severely reduced to a humanely defined endpoint at 17 ± 1 month.  Post 

mortem analysis determined significant brain atrophy with a 30% reduction in 

mass and MRI analysis showed significantly increased ventricles and 

decrease in cortical volume.  These behavioural, imaging and pathological 

deficits phenocopy most of the symptoms reported in CLN1 patients 

confirming that it would be a robust model for therapeutic trials and discovery 

of biomarkers. 

Advancement in genetic engineering has allowed precision made large 

animal models specifically tailored to monogenetic (at present) conditions 

that produce comparable phenotypes to those observed in patients.  

Furthermore, some aspects of human disease not observed in rodent models 

has been recapitulated in these genetically modified large animal models and 

novel insights into these conditions have already been reported.  One could 

argue that production of these precision-made models, especially those with 

mutant human gene inserts, may more faithfully translate human disease 

than some spontaneous models. 
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1.11 Characterisation of large animal models 
One of the main reasons for developing a model of any human condition is to 

gain a better understanding of the pathogenic mechanisms that occur 

throughout disease progression.  Generally, patients are only diagnosed due 

to presentation of abnormal symptoms and/or delayed developmental goals 

when the neurodegenerative process is quite advanced.  In order to halt 

and/or slow down disease progression researchers need to decipher the 

insults that initiate the pathogenic process in preclinical phase of disease.  

This is where longitudinal studies using models that recapitulate most or all of 

the human condition are essential and why large animal models gross size 

permits greater sample acquisition.  Analysis of multiple samples throughout 

the lifespan can then help identify the order of pathogenic events that occur 

throughout disease. 

Careful planning of model cohorts is essential to extrapolate the maximum 

data possible and to reduce the overall number of animals required in any 

given study.  This would include serial kills throughout the lifespan at 

determined sequential time points, including at birth, to gain novel insights 

into any developmental processes that may be impacted in utero and 

thereafter. Serial imaging (MRI or Computerised Tomography) and 

sequential blood sampling is also crucial. Any pathological or developmental 

lesion determined in the early serial kills could provide hallmarks of disease 

and may be captured with serial imaging.  Sequential neurological 

assessments by experienced veterinarians can pick up subtle changes that 

may provide regional indications of affected targets that may be 

undeterminable on first inspection of an animal within a pen.  In addition, 

assessment of gait and employment of behavioural tasks can help determine 

any neuromuscular problems and if cognition has declined. 

Biomarkers of disease are important measurable biological indicators in 

tissues or body fluids that can inform on the disease status or risk factors of a 

patient (Mayeux R, 2004). These biological “gauges” can be identified using 

imaging or molecular analysis of a tissue sample, ideally both, and are vitally 
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important for assessing pathogenesis and stage of disease.  The more robust 

the recapitulation of disease in the large animal model, the greater the 

likelihood of discovering a biomarker that translates in human patients. 

Moreover, once therapeutic interventions are in place these biomarkers can 

inform on the efficacy of treatment, e.g. if a certain protein’s expression is 

known to steadily increase from early to terminal disease and therapeutic 

intervention occurs mid-way through disease, and no further increase or even 

a decrease in the protein expression is detected a few weeks after therapy, 

then that biomarker is a potential indicator of treatment outcomes. 

Improved disease translation in large animal models should permit 

identification of altered molecular and physiological mechanisms that 

correlate with human patients and provide novel insights into early 

pathological processes that could be therapeutically targetable.  Large animal 

models have already provided many key insights into human 

neurodegenerative diseases in part due to a more comprehensive 

recapitulation of disease that produces more human pathologies as shown in 

Eaton & Wishart 2017 (link to table 1). 

1.12 Large animal data production 
Researchers need to collate as much data as possible from their large animal 

model as it is a valuable resource that provides the opportunity to discover 

how a disease manifests and spread within an individual.  However, 

acquisition of samples is relatively straightforward, but processing samples 

from larger mammals to obtain qualitative and quantitative data can be 

problematic.  These problems can arise due to the sheer size of tissue 

sample to process for instance, when considering a cross section of a kidney 

from a sheep compared to that from a rodent therefore, it is imperative to 

have standard protocols in place when handling pathological specimens. 

Fixation and processing times will differ substantially, depending upon the 

tissue sample, in comparison to rodent model samples.  Perfusing large 

animal models is more labour intensive than in rodents with litres of 

perfusate, more time consuming and specialised equipment required.  
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Moreover, tissue sections may not fit onto conventional microscope slides so 

purpose bought slides and/or careful sampling to dissect the regions of 

interest must be undertaken.   

Many antibodies that are commercially available, designed for use in western 

blotting and immunohistochemistry, are produced to detect rodents and 

human antigens therefore, have not been tested in livestock or companion 

animals tissue samples. However, antibodies can often cross react with other 

species that are not listed on the manufacturers datasheet. Therefore, time 

consuming trial and error process to determine efficacy and optimal 

concentration with your species must be employed. This is why the table of 

antibodies tested using two different techniques (western blot and 

immunohistochemistry) was published in the equine grass sickness 

manuscript in Chapter 7 to confirm antibodies that cross react with equine 

tissues.  Method development should ideally take place prior to any study to 

optimise any technique required.  Optimised newly developed methods or 

advances that refine more traditional techniques with broad-spectrum should 

then be published as the number of researchers using large animal models is 

steadily increasing therefore the remit for this information is greater.  This is 

why the method development papers in Chapters 2, 3 and 4 are extremely 

relevant as they provide robust protocols that are reproducible, quantitative 

and qualitative and also prevent time consuming method optimisation and 

trouble shooting in a researcher’s laboratory.  

Acquisition of neurological and behavioural data can guide researchers to 

anatomical regions have been affected by disease.  It is advised to try and 

record the assessments to catalogue advancement in disease as well as 

obtain scores from a veterinarian who is experienced in neurological testing. 

Ideally these assessments would be carried out blinded so the scoring is not 

biased but this is not always possible for instance, when an animal has had 

surgical intervention or has an established phenotype.  Filming of these 

behavioural tasks allows further discrimination of the behaviour and for novel 
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findings to be shared with other researchers working with large animal 

models. 

Often methods for data analysis utilised in rodent studies may also be 

applied to large animal models due in part to conservation of protein coding 

sequences and epitopes within cells, most likely due to similar functional 

requirements, with fluctuations in abundances usually caused by activity or 

disease (Weiss M et al, 2010). However, it is important to be aware of some 

of the intricacies involved with sampling handling, acquisition and 

downstream processing due to lack of resources or general morphological 

differences.  

1.13 Therapies 
Screening of therapeutics was radically altered in the 1960’s after the anti-

emetic drug thalidomide was globally prescribed to women, causing 

peripheral neuropathic side-effects and tetralogic birth defects, despite safety 

assurances from the manufacturers (Vargesson N, 2015).   Historically, the 

evaluation process by Bureau of Medicine in the USA (now the Centre for 

Drug Evaluation and Research) was carried out within 60 days with 

automatic approval granted if the decision was not communicated by the 60th 

day (Kelsey FO, 1988). Therapeutic screening tests now have to include the 

use of pre-clinical studies in animal models prior to clinical trials in humans to 

verify their suitability and safety thus avoiding a repeat of this catastrophic 

event (https://www.fda.gov/drugs/drug-information-consumers/fdas-drug-

review-process-continued).  Interestingly, thalidomide does not cause such 

adverse outcomes in mice as it does in the majority of other mammalian 

species (Vargesson N, 2015). 

Until recently the majority of therapies prescribed to patients suffering from 

neurological conditions were prophylactic and help alleviate symptoms but do 

not provide a cure. Often these drugs work for short time frames before 

dosages need to be increased and then are eventually no longer effective so 

another drug combination is tried or the treatment window has passed as the 
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degenerative process is too advanced (Fagiani F et al, 2020).  New 

approaches are essential to produce novel therapeutics or therapies 

assigned to other conditions that target similar molecular cascades.  

1.13.1 Gene therapies  
The production and delivery of gene mediated intervention strategies has 

significantly increased in recent years, especially in the rare 

neurodegenerative disease field, using both lentivirus (LV) or adeno-

associated viruses (AAV) for in vivo delivery to neuronal cells.  Although LV’s 

can deliver greater amounts of genetic material (up to 9kb), they are least 

favoured as they randomly integrate into the host DNA with the associated 

risk of insertional mutagenesis and cell transformation.  In contrast, AAVs are 

maintained episomally but only can deliver up to 5.2kb of genetic packaging 

(Chen SH et al, 2019).  Delivery of the virus vectors via the CNS is favoured 

using either intrathecal (IT), intracerebral ventricular (ICV), intraparenchymal 

(IP) or intra cisterna magna administration to focus therapies on the primary 

neurodegenerative target however, there is minimal benefit derived in other 

tissues.  Moreover, preclinical studies comparing the effect of AAV subtype 9 

systemically delivered in rodent and NHP studies have determined clear 

differences in target cell uptake with widespread neuronal transduction in 

rodents and predominately glia transduction in NHPs (Gray S et al, 2011).  

Again, this highlights the fundamental requirement for preclinical testing in 

large animal models to obtain more translationally relevant data. 

AAV and LV studies in the CLN5 ovine model have shown that by 

administration of virus expressing CLN5 via both the ICV and IP route or, by 

a single AAV ICV injection, there is a significant increase longevity, decrease 

in brain atrophy and slowing of clinical sign progression (Mitchell N et al, 

2018). Yet, the sheep still suffer from visual impairment and their lifespan is 

reduced compared to controls. It is conceivable that sequential gene therapy 

administration could increase longevity further and alternative routes of 

administration such as intravitreal injections could reduce retinal degradation 
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as shown in the CLN2 canine model with enzyme replacement therapies 

(Whiting R et al, 2020).  

Gene therapy using the spontaneous canine model of globoid cell 

leuokodystrophy (Krabbe disease), an incurable neurodegenerative condition 

that causes demyelination in the CNS and peripheral nervous system, has 

successfully altered the longevity and neurological dysfunction associated 

with disease.  Bradbury et al administered an AAV9 vector that encoded 

canine hydrolytic enzyme galactosylceramidase (GALC) to the GALC canine 

deficient model via the cisterna magna at the preclinical and clinical stages of 

disease progression with both high and low doses delivered (Bradbury AM et 

al, 2020).  By delivering a high dose of the AAV9 GALC vector at a preclinical 

time point neurological signs were ameliorated for more than 2.5 years, well 

beyond its 16-week untreated lifespan, with the low dose approximately 

doubling lifespan.  Administration of the high dose at an early symptomatic 

time point significantly extended the lifespan and slowed disease 

progression.  The authors postulate that although the same high dose was 

administered pre and post symptomatically the growth of the pups at the post 

symptomatic time point could have reduced the dose of the vector due to the 

increase in brain growth, which had doubled.   

These pre-clinical studies inform not only the efficacy of the gene therapy 

treatment, but also the dosage, the requirement for further “top up” 

treatments as well as the global effect on the animal.  These intermediary 

translational models are vital as demonstrated by a recent report whereby a 

high dose intravenous delivery of AAV9, carrying a human survival motor 

neuron (SMN) cassette, to NHPs and piglets caused severe dorsal root 

ganglia sensory neuron lesions in NHPs and hepatic toxicity and 

proprioceptive deficits in the piglets (Hinderer C, et al, 2018). 

Some therapies for rare neurodegenerative genetic disorders have limited 

clinical testing in animal models as treatments are derived from the patient’s 

own hematopoietic tissue (Lamsfus-Calle A et al, 2020).  These disorders 

usually occur due to single loss of function mutations, such as X-linked 
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Adrenoleukodystrophy and Wiskott-Aldrich syndrome, and once treated with 

lentiviral mediated hematopietic stem cell (LHSC) clinical symptoms are 

ameliorated (Cartier N et al, 2009., Aiuti A et al, 2013).  The LHSC protocol 

requires: 1) the patients peripheral mononuclear blood cells (PMBC) to be 

primed with granulocyte colony stimulating factor patients before removal, 2) 

selection of CD34+ PMBC, 3) infection of CD34+cells with the HIV lentiviral 

vector that expresses the wild-type protein, and then 4) intravenous infusion 

with the lentiviral treated cells back into the patient (Cartier N et al, 2009).  

Adverse effects can be observed due to the requirement for chemotherapy 

administration prior to infusion but no clinical effect has been observed due to 

the infusions themselves (Lamsfus-Calle A et al, 2020).   

1.13.2 Enzyme replacement therapy 
Although enzyme replacement can be carried out using gene therapy, it can 

also be administered by direct infusion of recombinant human enzyme (rh) 

into the CNS of patients. As previously mentioned preclinical studies where 

repeated combined intraventricular and intrathecal infusions of rhTPP1 

enzyme into the CSF of a spontaneous CLN2 canine model artificially 

increased the circulating enzyme levels and led to a prolonged lifespan with 

significant delay in the onset of disease (Katz M et al, 2014). This study was 

integral to inform on the effect of increase in enzyme on TPP1 deficient 

animals but also the optimal age, dose and route of administration (Katz M et 

al, 2014).  The success of this enzyme replacement therapy (ERT) in the dog 

model has directly impacted on the time for subsequent FDA approval and 

therapeutic use in patients worldwide.  However, the combined 

intraventricular and intrathecal delivery route does not ameliorate retinal 

degeneration in this model therefore, subsequent studies have developed 

additional intravitreal delivery of ERT and have proven to preserve the retinal 

function (Whiting RE et al, 2020). 

1.13.3 Pharmaceutical developments   
Development of therapies using pharmaceuticals does not necessarily 

involve production of a novel drug, but repurposing drugs that target the 
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same molecular mechanisms of a different disease.  This approach is more 

frequently employed with the advent of -omic technologies whereby in silico 

tools determine shared altered pathways in a variety of different diseases.  

For example; thalidomide is now commonly used to treat leprosy, cancers 

and Crohn’s disease (Vargesson N, 2015).  Other approaches to treat 

Alzheimer’s (and other dementias) are being explored due to the lack of 

positive clinical outcomes using drugs that target amyloid  and Tau both 

well-known late stage disease related hallmarks.  This is interesting for 

reasons which will become apparent in Chapter 7 where we demonstrate 

similar late stage/post mortem pathological hallmarks in an equine 

neurodegenerative condition.  

Protein kinase inhibitors routinely used to combat single cancer targets are 

being repurposed to target pathways that disrupt synaptic function and 

neurotoxicity associated with Alzheimers (Fagiani F et al, 2020).  

Furthermore, due to the multi-target effects of these kinase inhibitors, not all 

entirely understood, a more universal therapeutic strategy treating multiple 

pathways could occur or conversely, adverse off-targets complications may 

be observed. 

It is clear that more “outside the box” thinking is required to combat 

neurodegenerative disorders that may have a single more targetable cause 

or multiple unknown aetiologies.  Technological advances combined with pre-

clinical large animal model studies are now emerging and providing novel 

therapies with successful outcomes.  A note of caution must be considered 

when therapeutic strategies are employed to target single primary 

neurodegenerative sites, new conditions may arise as secondary peripheral 

tissues still deficient in the causative gene/enzyme do not benefit from these 

therapies.  

1.14 Rationale and aims  
To summarise, neurodegenerative conditions in their various forms are 

globally on the increase with few treatments currently available (Organisation 
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mondiale de la sante, 2006). In order to progress therapies and intervention 

strategies we must understand how the conditions manifest and what makes 

a person more or less susceptible to suffering from them.  This is why animal 

models are essential to determine genetic, molecular and possible 

environmental influences that cause and progress neurological conditions.  

Rodent models have been invaluable, and will continue to establish the 

groundwork to better understand these disease processes.  However, 

differences in their anatomy, morphology and physiology means they do not 

fully translate human neurological disorders.  This lack of translation is one of 

the main reasons why there is a high failure rate in clinical trials. 

To circumvent these issues large animal models, either spontaneous or 

genetically modified, provide an intermediary model to more faithfully 

recapitulate the phenotypes observed in human patients. The data obtained 

from characterising these models should report on novel insights into disease 

pathogenesis and provide a biomarker discovery platform.  Using these 

models, we can help determine the most efficacious therapies and also 

inform on optimal delivery routes and dosages, which in turn can alleviate the 

time from development in the laboratory to clinical trials and FDA approval for 

patient use.          

Here I present a body of published work describing my contributions to the 

field of neurodegenerative research through the analysis of large animal 

neurological systems. I will discuss: 1. the requirement for large animal 

model systems, 2. the development of specific workflows and considerations 

which are critical for the analysis of samples from such models. 3. describe 

our investigations into diseases of large animals which can be used to inform 

on human conditions (equine grass sickness and ovine scrapie), and 4. 

describe the characterisation of the first ever CRISPR edited large animal 

model of a human neurodegenerative condition. 
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2.1 Author contributions 
All authors were involved in design of experiments and review of this 

manuscript.  

 SLE produced the first draft and subsequent drafts of the manuscript after 

co-author revision.   

 SLE produced and microbiologically tested the scrapie brain pool and 

normal brain pool clarified inoculates using traditional culture methods.  

 SLE (and FC) carried out the post mortem examination with SLE 

collecting all the samples for flow cytometric and histological analysis. 

 SLE produced the Figure 1.   

 SLE carried out the lymph node dissociation, labelling of the liberated 

cells and flow cytometry, subsequent analysis and produced Figure 2.  

 

2.2      Relevance and requirement 
Transmissible spongiform encephalopathies (TSEs), also known as prion 

diseases, are a group of misfolded protein disorders that are characterised 

by long incubation periods, accumulation of aberrant prion protein (PrPsc) and 

vacuolation within the grey matter of the brain. These fatal diseases occur 

naturally in sheep and goats (scrapie), deer (chronic wasting disease), and 

humans (kuru) with scrapie referred to as the prototype TSE. In 1990’s a new 

strain of TSE emerged in humans, variant Creutzfeld Jakob disease (vCJD), 

caused by bovine spongiform encephalopathy (BSE) breaching the species 

barrier, increasing the urgency to develop intervention strategies as the 

frequency of vCJD cases rose sharply.   

The immune system was identified as an early pathological target of prion 

disease in both the sheep and the experimental rodent model (Moredun 

Experiment 7, ME7) and subsequently with vCJD patients.  Moreover, the 
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peripheral lymph nodes are used to deposit and accumulate PrPsc within 

lymphoid follicles prior to neuroinvasion.  Therefore, by understanding how 

and which cells are required for this accumulation to occur a therapeutic 

target could be produced to help prevent disease progression.  The aim of 

this experiment was to characterise changes in the immune cell population 

that occur in the lymph nodes by transmitting scrapie to locally draining 

lymph nodes at specific time points post transmission.  

 

2.3 Manuscripts main hypotheses 
The main hypotheses that were tested in this manuscript are: 

1. Subcutaneous inoculation with a clarified homogenate in the drainage 

area of a lymph node permeates the afferent lymph and reaches the 

lymph node 30 to 300 minutes after inoculation.  

2. Subcutaneous inoculation of a clarified brain homogenate causes 

alterations in immune cell subsets and are detectable in the draining 

lymph node from 30 minutes to 300 minute’s post inoculation. 

3. Subcutaneous inoculation of scrapie brain homogenates elicits a 

different immune response to a brain homogenate that has not been 

prepared from scrapie infected brains.  
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1. Introduction

Scrapie is the prototype ‘‘prion disease’’ or transmis-
sible spongiform encephalopathy (TSE) (Parry, 1983) and
its diagnosis in sheep is normally confirmed post-mortem.
With the discovery of the abnormal forms of prion protein
(termed PrPsc) (Prusiner, 1982) the involvement of the
peripheral lymphoid system prior to neuroinvasion was
established in animals naturally and experimentally
exposed to the scrapie agent (Hadlow et al., 1982).

Susceptibility of sheep to classical scrapie is depen-
dent upon polymorphisms in the PrP gene in addition to
the dose and strain of the scrapie agent (Hunter et al.,

1997; Kratzel et al., 2007; Jeffrey and González, 2007).
The mechanisms involved in the transmission and
spread of the TSE agent are not yet completely under-
stood.

Ante-mortem diagnosis by detection of PrPsc in the
lymphoreticular tissue can be made as early as 5 months of
age in a naturally affected flock (González et al., 2008). The
earliest detection of PrPsc has been detected in draining
jejunal lymph nodes at 90 min post-inoculation when
scrapie-brain homogenate was inoculated directly into the
lumen of the small intestine (Jeffrey et al., 2006).

The importance of the draining lymph node in
peripheral scrapie infection has been highlighted by
Glaysher and Mabbott (2007) who have reported that in
mice inoculated via skin scarification, in which the
draining node is ablated: transmission of scrapie infection
is impeded. Furthermore it has been shown, that the
number of B and T cells increase at 14 and 180 days,
respectively, in the draining lymph node in the pre-clinical
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phase following subcutaneous inoculation of the scrapie-
brain homogenate (Eaton et al., 2007).

These studies indicate that the cells of the immune
system and accumulation of PrPsc might play a role in the
very early events following experimental infection with
scrapie. Understanding these critical early events could
potentially provide the means to develop strategies for
therapeutic intervention and prevention of disease.

This study aimed to characterise the early events in the
draining lymph node up to 5 h post-inoculation with
scrapie-brain homogenate by using flow cytometry triple
colour labelling (Rocchi et al., 2007) and immunohisto-
chemistry.

2. Materials and methods

2.1. Experimental design

Four 1-year-old Romney sheep were obtained from a
DEFRA-owned scrapie-free flock of New Zealand origin.
All sheep were of susceptible PrP genotype, with
ARQ/ARQ (alanine–arginine–glutamine homozygotes)
at codons 136, 154 and 171, respectively. Each sheep
was injected subcutaneously at each of four different
peripheral lymph node drainage sites (submandibular,
prescapular, prefemoral and popliteal) on both the right
and left side. Sites on the left side were each inoculated
with 1 ml of a 5% clarified ARQ/ARQ scrapie-brain pool
homogenate, while those on the right side were each
injected with 1 ml of a 5% ARQ/ARQ clarified scrapie-free
brain homogenate (Eaton et al., 2007) as controls.
Western blot was performed on inocula to allow a
semi-quantitative study of the total PrPsc load present in
each inoculum (Fig. 1a) prior to delivery to the draining
lymph node (Fig. 1b). Inoculations were made at defined
time intervals prior to killing of the sheep by intrave-
nous overdose of pentobarbitone. Thus the popliteal,
prefemoral, prescapular and submandibular lymph
node sites were inoculated 30, 90, 180 and 300 min
before sampling, respectively. All challenged lymph
node samples were removed for immunohistochemical
and flow cytometric examinations to detect PrPsc

accumulation and characterise the immune cell subsets,
respectively.

All animal procedures complied with the Animals
(Scientific Procedures) Act 1986 and were approved by
the experiments and ethics committee at the Moredun
Research Institute, UK.

2.2. Inocula

The original scrapie-brain pool inoculum (Eaton et al.,
2007) has been proven in several ongoing experiments to
infect susceptible recipient sheep resulting in clinical
disease (unpublished). Western blot was carried out on the
scrapie-free brain and scrapie-brain homogenates, which
were taken from two original 20% pools (Eaton et al., 2007)
and prepared in 0.32 M sucrose. Clarification of the inocula
was carried out by centrifugation at 800 ! g for 20 min at
room temperature with the aspirated supernatant termed
as the clarified inocula. A sample from both of the 20%

scrapie-free and scrapie-brain inocula pools, non-clarified
and clarified, were then further diluted (1:4) in 0.32 M
sucrose to produce 5% fractions.

A standard immunoblotting procedure was carried out
on the samples. Briefly, samples were washed with 2% N-
lauryl sarcosine (Sigma) and centrifuged at 22,000 ! g for
15 min. The pellet was re-suspended in lysis buffer (0.5%
sodium deoxycholate, 0.5% NP-40) and digested with
proteinase K (BDH) solution (50 mg/ml) for 1 h at 37 8C.
The digestion was halted using 1 mM pefabloc (Roche) and
the samples spun at 22, 000 ! g for an hour. The pellets
were re-suspended in sample buffer and heated at 100 8C
for 15 min. All samples were run on SDS-PAGE using the
NuPage system and 12% gels (Invitrogen).

Gels were immunoblotted using P4 monoclonal anti-
body (R-biopharm) to ovine PrP and visualised with
Supersignal West Fempto (Pierce) in a Kodak 440 Image
Station. The signal intensity of PrPsc was measured using
densitometric analysis with the Kodak Digital Science 1D
software.

2.3. Sampling at necropsy

Immediately after euthanasia the selected lymph
nodes, which drained the sites of inoculation, were
removed and a representative sample of each was
collected into Hank’s balanced salts solution (HBSS) with
5% FCS and penicillin/streptomycin (100 U ml"1 and
100 mg ml"1, respectively) for use in flow cytometry. In

Fig. 1. (a) Western blot of 5% scrapie-free and scrapie-brain homogenates.
All samples were digested with proteinase K and developed with
monoclonal antibody P4 (1 mg/ml). Lane 1: molecular weight markers in
kDa. Lane 2: non-clarified scrapie-brain homogenate. Lane 3: clarified
scrapie-brain homogenate. Lanes 4 and 5: scrapie-free brain homogenate
non-clarified and clarified, respectively. (b) Quantification of band
intensity from the WB (a) confirms that the non-clarified scrapie-brain
homogenate has approximately a four times stronger signal.
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addition, a block of tissue 5 mm thick was taken through
the middle of each lymph node and fixed in 10% buffered
formalin for immunohistochemistry.

2.4. Immunohistochemistry

Immunohistochemistry was used to detect PrPsc in each
of the lymph node samples as previously described
(González et al., 2002). Briefly, formalin fixed tissues were
embedded in paraffin wax and 4 mm sections were cut
following standard methodology for light microscopy.
Immunohistochemistry for PrP was performed using the
monoclonal antibody R145 at 1/4000 (Jeffrey et al., 2006).
A pre-treatment technique was utilised to aid antigen
retrieval; 98% formic acid for 15 min at room temperature
followed by autoclaving in 0.2% citrate buffer (pH 6) at
121 8C for 30 min.

2.5. Flow cytometry

Leucocytes present in each of the lymph nodes were
analysed by means of flow cytometry. Briefly, the samples
of lymph node were finely minced in HBSS solution
supplemented as above with 5% per cent FCS containing
penicillin/streptomycin (100 U ml"1 and 100 mg ml"1,
respectively), disaggregated with a stomacher (Seward
stomacher 80 biomaster, UK) for 120 s at high power
before being filtered through lens tissue paper (Whatman
100 mm ! 150 mm). Red cell contaminants in the lymph
node cell preparations were lysed using 5 ml of Tris
ammonium chloride (0.144 M NH4Cl, 0.017 M Tris, pH
7.65) solution washes. Cells were then counted using a cell
counter (Beckman Coulter) and their concentration
adjusted to 1 ! 107 cells ml"1.

Flow cytometric triple-labelling (Rocchi et al., 2007)
was performed on cell suspensions using a panel of
monoclonal antibodies directed against prion protein
using anti-mouse 4F2 and anti-mouse FH11; leukocyte
markers CD21, CD8, CD14, CD4, gamma-delta T cells and
ovine MHC Class II (Eaton et al., 2007). Cells were first
labelled with a cluster domain (CD) specific antibody
and then with an antibody against PrP. The CD marker
antibodies were detected with an anti-mouse IgG1
antibody conjugated with alexa fluor 488 (Molecular
Probes, Cambridge, UK), and the PrP antibodies, FH11
and 4F2, with an anti-mouse IgG2b antibody conjugated
with r-phycoerythrin (Caltag MedSystems Ltd., Towce-
ster, UK). The cells were then labelled with a MHC class II
biotinylated-Fab fragment complex (Jackson immunor-
esearch laboratories, Inc., West Grove, USA), which
was detected using anti-rat streptavidin IgG antibody
conjugated with cy5 (Jackson immunoresearch labora-
tories, Inc., West Grove, USA). Unconjugated isotype-
matched irrelevant control Mabs were included in all
experiments.

Cells were acquired and analysed using a 2 laser
FACSCaliber (Becton Dickinson, NJ, USA) as described by
Rocchi et al. (2007). Briefly, CellQuest software was used to
acquire a minimum of 10,000 cells on a forward and side
scatter linear scale with fluorescence measured on a four-
decade logarithmic scale. The instrument was calibrated

prior to each experiment using calibrite beads (Becton
Dickinson) and single colour label controls.

2.6. Statistical methods

To investigate the possible effects of time and scrapie
versus scrapie-free brain inoculation (status) on the lymph
nodes, a linear mixed model was fitted to the data for each
marker separately. Status, time and their interaction
(status ! time) were included in the model as categorical
fixed effects and sheep fitted as a random effect. The
parameters of the model were fitted using the REML
directive in Genstat 10th edition. Unadjusted P-values
from the analyses are quoted, but to allow for the
numerous effects being tested, the P-values were inter-
preted using the false discovery rate (FDR) approach of
Benjamini and Hochberg (1995).

3. Results and discussion

3.1. Immunohistochemistry and analysis of the inocula

PrPsc was not detected in any of the lymph nodes at any
of the time points in our study.

This result conflicts with the observations from Jeffrey
et al. (2006) who have shown that PrPsc could be detected
in the draining jejunal lymph nodes at 90–200 min
following local inoculation of intestinal loops with the
scrapie-brain inocula. However, this discordance is per-
haps not surprising as the inocula used by Jeffrey et al.
(2006) was a non-clarified brain homogenate, whereas we
have used a clarified homogenate from the same scrapie-
brain pool. Furthermore, Western blot analysis has
identified that proteinase K-resistant PrP (PrPres) is present
in the clarified inocula (Fig. 2a) but the densitometric
analysis (Fig. 2b) confirms that it has a four times lower
signal intensity, suggesting a lower PrPres load, in
comparison to the non-clarified inocula. Therefore, PrPsc

derived from the clarified inocula may be present in the
draining lymph node but could be beyond the limit of
detection by IHC at the specific time points measured.
Moreover, the experiment by Jeffrey et al. (2006) mimics
intestinal absorption and transportation of the inoculum
through active, cell-mediated pathways, while our sub-
cutaneous injection might have resulted in a less-efficient,
passive flow of PrPsc through afferent lymphatics.

3.2. Characterisation of immune cells

Flow cytometric analyses was carried out to detect PrP
and MHC II expressed simultaneously on the cell surface of
each cell phenotype investigated (CD4+, CD8+, gd T cell,
CD21+ and CD14+) within the lymph node population. PrP
in the flow cytometry study represents the total PrP
expressed, normal host cellular prion protein (PrPc) and
PrPsc, because aggressive pre-treatments could not be used
on the live cells to discriminate between the two isoforms.
In the statistical analyses, for each cell phenotype, only
those effects that had an associated P-value of less than
0.02 (corresponding to an FDR of 5%) were judged to be of
interest.
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There was no evidence of any interaction effects
(status ! time); each of the markers showed a similar
pattern of responses over time for both the scrapie
challenged and the control lymph nodes. The CD21+

population was the only cell subset to show any
significant difference when comparing the scrapie chal-
lenged and control lymph nodes averaged over time
(Fig. 2a): CD21+ and CD21+/4F2+/MHC II+ cell mean
percentages were significantly higher in the scrapie-free
control lymph nodes (P = 0.002 and P = 0.014, respec-
tively). The CD21+ cells in this study are considered to
consist only of B cells as follicular dendritic cells (FDCs)
which also highly express CD21 do not survive disag-
gregation from the lymph node.

This result conflicts with previous findings at later
stages of infection where the number CD21+ cells increase
in lymph nodes challenged with scrapie (Eaton et al., 2007;
Halliday et al., 2005). It is therefore tempting to suggest
that the scrapie-brain inocula is influencing the number of
CD21+cells present by either decreasing or delaying the
initial number of cells expressed after inoculation.

This effect could be due to interaction of the inocula
with dendrocytes in the dermis. These cells are antigen-
presenting cells (APCs) functionally similar to Langerhan
cells (LCs) and both cell types express CD40 (Caproni et al.,
2007) but are located in different regions of the skin.
Langerhan cells have been shown to impede scrapie
pathogenesis following skin scarification in mice (Mohan
et al., 2005).

However, the status of the host B cells could be
influenced by the scrapie-brain inocula by initially
activating a negative regulator of the B cell receptor
(BCR) which would suppress expression of the CD21
marker (Onodera et al., 2008; von Poser-Klein et al., 2008).
The down regulation of the CD21 molecule, known to be an
activator of the BCR, could potentially produce a weaker
immune response or perhaps even delay its onset by this
mechanism.

The mean percentages of cells that labelled positively
for PrP, using a single parameter analysis of a 3 colour
labelling, with either 4F2 or FH11 antibody were sig-
nificantly higher (P < 0.001) at 30 and 300 min post-
inoculation (m.p.i.) than at 90 and 180 m.p.i. This result
suggests that PrP+ cells or PrP molecules expressed on the
cell surface which decrease at times 90 and 180 m.p.i.
could either be internalised or shed and are re-expressed
on the cell surface by 300 m.p.i. PrP has been demonstrated
to be shed in vitro by lymphoid derived cells with a half-life
of 1.5–2 h (Parizek et al., 2001); which could also account
for the decrease in PrP detected at 90 and 180 min.
However, the study by Parizek et al. (2001) used cultured
cells which were not antigen stimulated so perhaps when
the cells are challenged, surface expression of PrP would
re-establish by 300 min.

The 4F2 antibody labelled almost twice as many cells as
FH11 (approximately 62% on average compared to 33%)
(Fig. 2b) which has been previously reported by Rocchi
et al. (2007) in lymph node cells. Differences in labelling by
prion antibodies is well documented (Barclay et al., 2002)
and is usually related to either the location of the epitope
which is targeted or by the PrP genotype of the host cell
(Thackray et al., 2006).

No significant differences were detected for the CD8+

and gd+ single labelled cells between different post-
inoculation times. However, the proportion of CD8+ cells
that also labelled with PrP and MHC II (Fig. 2c) was found to
vary significantly with time post-inoculation with FH11
antibody labelling twice as many cells in comparison to
4F2 (P < 0.001 and P = 0.014, respectively). This unex-
pected result is possibly due to the positioning of the CD8
molecule near the PrP molecule on the cell. PrPc co-
localises near to the TCR, which the CD8 forms part of, and
the TCR may obscure certain epitopes of the PrP molecule
which could affect the labelling of CD8 cells with PrP
antibodies that target different regions of the peptide
(Isaacs et al., 2006).

In this study, only the CD21+ cell population was
significantly altered following inoculation with the scra-
pie-brain homogenate in the region of the draining lymph
node.

CD21+ cells are intrinsically linked to peripheral scrapie
pathogenesis whether they are working as APCs (Zabel

Fig. 2. Raw means and standard errors of the means from flow cytometric
analysis of target antigens found to have statistically significant effects:
(a) effect of scrapie challenge on CD21+ cells (&) single and CD21+/PrP+/
MHC+ II ( ) labelled cells. (b) Effect of time on PrP labelled cells dual
labelled with either monoclonal antibody 4F2 (&) or FH11 (~). (c) Effect
of time on PrP labelled CD8+ cells labelled with monoclonal antibodies
4F2 (&) and FH11 (~).
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et al., 2007) or as part of a co-receptor complex responsible
for B cell activation (von Poser-Klein et al., 2008) or simply
providing the necessary maturation signals for follicular
dendritic cells (Mabbott and Bruce, 2002) which in turn
mediate prion pathogenesis. This study suggests that, in
sheep, inoculation of scrapie-brain homogenate adjacent
to a lymph node either delays or inhibits the host CD21+

cell numbers within the first 5 h.

Acknowledgements

We are grateful to Dr. H. Simmons of VLA Weybridge for
the supply of scrapie-free sheep used in this work: Dr.
Robin Barclay for the gift of monoclonal antibody 4F2 and
to Dr. David Buxton for his careful revision of the
manuscript. This project was supported financially by
UK DEFRA grant SE1952.

References

Barclay, G.R., Houston, E.F., Halliday, S.I., Farquhar, C.F., Turner, M.L., 2002.
Comparative analysis of normal prion protein expression on human,
rodent, and ruminant blood cells by using a panel of prion antibodies.
Transfusion 42, 517–526.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. R. Stat. Soc.
Series B 5, 289–300.

Caproni, M., Antiga, E., Torchia, D., Volpi, W., del, B.E., Cappetti, A.,
Feliciani, C., Fabbri, P., 2007. The CD40/CD40 ligand system is involved
in the pathogenesis of pemphigus. Clin. Immunol. 124, 22–25.
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2.4 Results and conclusions 
The main result from this pilot study has shown that the CD21+ population 

are the only immune cell subsets, from those that were measured, to show 

any significant difference when comparing the scrapie challenged and the 

control (normal brain challenged) lymph nodes averaged over time. This is 

interesting as follicular dendritic cells (FDCs) and mature B cells display 

CD21 (complement receptor 2) and are known to be early propagators of 

prion pathogenesis when natural and peripheral transmission occurs 

(McCulloch L et al, 2011), Brown KL et al, 2009). CD21+ and the tri-labelled 

CD21+/4F2+/MHC II+ cell mean percentages were significantly higher in the 

scrapie-free control lymph nodes (P = 0.002 and P = 0.014, respectively).  

This suggests that the scrapie infected homogenate has elicited a modified 

expression in the CD21+ cells during this window of time following 

subcutaneous inoculation. A similar effect has been observed in a 

transcriptomic study by Gossner and Hopkins who reported a general down 

regulation of genes that regulate inflammatory responses due to scrapie 

inoculation in the draining lymph node, 10 day’s post inoculation (Gossner & 

Hopkins, 2015). 

The PrP+ cell population comprised of both the normal cellular PrPc cells and 

also cells that had the disease associated marker PrPsc on the cell surface.  

Unfortunately, there are no antibodies that discriminate between these 

isoforms of prion protein and pre-treatments to isolate the PrPsc+ would have 

killed the cells prior to labelling.  There was a detectable difference in the 

number of PrP+ labelled cells at each time point that was demonstrated with 

two separate antibodies that detect different epitopes in the PrP protein. The 

percentage of PrP+ cells detected was significantly higher at the 30 and 300 

minute’s time points (p>0.001).  Thereafter, a decrease in expression is 

observed at the 90 minute time point and is maintained at 180 minutes but 

increases to approximately the same expression level first detected by 300 

minutes.  Histological analysis of a representative portion of the lymph nodes 

did not detect the abnormal form of prion protein PrPsc in any of the lymph 

nodes at any of the time points. 
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The tri-labelled CD8+/MHC II+/PrP+ cell population showed a statistically 

significant general decrease in expression from 30-300 minute’s post 

inoculation.  This decrease was detected with both PrP antibodies, FH11 and 

4F2, but with varying statistical significance (P<0.001 and P=0.014, 

respectively).  There were more CD8+/MHC II+/PrP+ tri-labelled cells 

detected using the FH11 antibody than 4F2 which is in contrast to the 

number of mononuculear cells that were single labelled for PrP, where 4F2 

labelled approximately double the number of cells (60%) compared to FH11 

(30%). 

2.5 Critical Evaluation 
This pilot study has shown that there is some degree of immune cell 

alterations following subcutaneous inoculation with a scrapie brain 

homogenate compared to a normal brain homogenate.  However, due to the 

high number of variables it is impossible to discriminate if this is merely a 

difference detected due to the anatomical location of the lymph node as 

different peripheral lymph nodes were inoculated for each distinct time point.  

Therefore, some improvements should be carried out to decrease the 

number of variables which bring uncertainty to the veracity of the data.  

Firstly, the number of animals needs to be increased from an N of 4, where 

one half of the sheep was used as a control and the other as infected, to an 

N number of 3 per group with two defined groups “control” and “infected”.  

This would ensure “control” and “infected” lymph nodes only received their 

corresponding inocula, normal brain and scrapie-infected respectively.  This 

would eliminate the risk of circulating lymph that containing inocula from the 

contralateral side of the sheep entering the lymph nodes. 

 

Secondly, prior to carrying out this study a smaller pilot study should have 

been carried out to determine the technical efficacy of delivery of the inocula 

to each lymph node via the subcutaneous route. Although there were no 

obvious problems associated with this delivery route, verification that the 
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inocula was delivered to the local lymph nodes within the specified time 

points would be advantageous. This could be carried out by simply 

introducing a dye into the inocula and injecting it subcutaneously in the 

drainage areas of the selected lymph nodes. The lymph nodes would then be 

resected at the pre-determined time points to observe if the dye had reached 

the lymph node and the pattern of diffusion should be noted to see if there 

were targeted distinct locations within the node.  Any pattern observed could 

be indicative of the cells that may or may not be altered as generally there is 

a regional distribution of immune cells within the lymph node.  This could 

possibly be carried out in one animal, to minimise the use of animals in this 

study, with staggered times of injections. 

It would have also been interesting to characterise any molecular changes 

that may have occurred due to inoculation with the scrapie brain inoculate by 

carrying out a proteomic screen of a resected representative portion of each 

the lymph nodes.  This could provide a more comprehensive understanding 

of the pathway of events that are initiated causing an altered expression of 

proteins due to inoculation of the scrapie infected brain homogenate. 

Finally, the time points selected to screen the early events in the lymph node 

were chosen on the basis of a previous experiment carried out in our group 

whereby, scrapie-infected inocula was injected directly into surgically 

produced jejunal loops.  The inoculate was determined to be transported 

across the epithelium within 15 minutes, and up to 210 minutes post 

inoculation, and detected in the lacteal villi and sub-mucosal lymphatics in 

80% of the sheep (Jeffrey M et al, 2006).  However, administration of inocula 

via the subcutaneous delivery route in this pilot study would have slowed the 

rate of the inocula translocation to the local lymph and nodes therefore, the 

time points selected for early detection of immune cell alterations may have 

been too early for changes to have been initiated (Dougherty & Lister, 2015). 

In addition, to the technical delivery experiments I have suggested this study 

would have benefited from investigations into the infectivity titre of the 

clarified and non-clarified scrapie brain homogenates.  This would have 
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provided a more accurate picture of what is delivered to the draining lymph 

node and therefore is likely to elicit a dose-dependent response by the 

immune cells.  A clarified homogenate was inoculated as it is less viscous 

and easier to inject which may also aid delivery to the drainage site (method 

of preparation see manuscript).  

More recent studies have determined a method to label only PrPsc+ cells by 

fixing the cells and then treating with guanidine thiocyanate, the latter is a 

technique used when carrying out PET-blots (Yamasaki T et al, 2018, 

Schulz-Schaeffer et al, 2000).  However, the limitation to this methodology is 

that it only labels cell bodies and damages neuronal processes, therefore the 

remaining dendrite and synapses that could be of interest from such cells as 

neurons, glia and FDCs, are largely removed.   Removal of these processes 

could eliminate evaluation of a large portion of the machinery that is involved 

in prion pathogenesis with: 1) FDCs involved in the early accumulation and 

replication of PrPsc within the gut associated lymphoid tissues and peripheral 

lymph nodes when oral and natural transmission of prion diseases occurs 

(Donaldson D et al, 2015) and 2) neurons, microglia and astrocytes are 

known to accelerate, in the case of microglia, or to be directly impacted upon 

by prion pathogenesis, astrocytes and neurons (Carroll & Chesebro, 2019).   

Consequently, this revised protocol could only provide a semi-quantitative 

analysis of the PrPsc+ population within the samples examined.   

 

2.6 Impact and personal development 
The experiences gained from my first pilot study, and the short comings that 

were recognised in retrospect, have helped me to develop a more critical 

approach that endeavours to provide clear scientific rationale for future 

experiments, design is well considered, and with ethical considerations 

always at the forefront of any decision-making process. I am also careful to 

ensure that any assumptions or results derived from previous similar 
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experiments such as the jejunal loop study are re-evaluated to ensure an 

unbiased critical hypothesis driven design is used. 
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 SLE carried out and analysed the western blots and total protein stains 

and produced Figure 1. 

 SLE carried out the western blots and total protein stain and subsequent 

analysis and production of data.  SLE produced the figures in Figure 2. 

 SLE produced the figures for Figure 3. 

 SLE carried out the western blots, total protein stains and analyses for all 

of protein dilution series for Figure 4.  SLE produced Figure 4. 

 

3.2 Relevance and Requirement 
Western blotting was developed in the 1970’s to detect a protein’s presence 

within a complex biological sample.  The methodology has not significantly 

changed since its introduction, however recent technological advances such 

as proteomics have required a definitive quantitative method for protein 

validation between samples.  A simple presence or absent of signal from a 

protein of interest is no longer sufficient.  Subsequent development of 

infrared (IR) imaging technology has enabled truly quantifiable protein 

detection using fluorescent western blotting to identify subtle changes in 

protein expression to validate proteomic datasets.  It does this by producing: 

1) a high-signal to noise ratio thereby emitting low background and 2) high 

linear dynamic detection range without saturation. The direct IR tag of the 

secondary antibody gives rise to a signal that is directly proportional to the 

protein load which is unlike chemillumunescence where the enzyme reaction 

can change over time thereby not always reflecting the target signal 

abundance.   The caveat to this new sensitive methodology was that simple 

errors in sample loading could skew data.  Moreover, the precision of the -

omic datasets also revealed how commonly used and ubiquitously expressed 

loading control proteins could be altered with disease.  Therefore, the aim of 

this manuscript was to establish a new robust quantifiable technique to 
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determine uniform sample load is achieved that is also compatible with 

infrared imaging of western blots. 

 

3.3 Manuscripts main hypotheses 
The main hypotheses that were tested in this manuscript are: 

1. Housekeeping proteins are not suitable loading controls for use in 

quantitative western blotting as their expression varies:  

1.1) across a broad range of tissues  

1.2) across pathological conditions 

2. Total protein analysis provides a suitable alternative to housekeeping 

proteins as a robust loading control as it is more sensitive and linear in 

expression. 
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Abstract

Western blotting has been a key technique for determining the relative expression of proteins within complex biological
samples since the first publications in 1979. Recent developments in sensitive fluorescent labels, with truly quantifiable
linear ranges and greater limits of detection, have allowed biologists to probe tissue specific pathways and processes with
higher resolution than ever before. However, the application of quantitative Western blotting (QWB) to a range of healthy
tissues and those from degenerative models has highlighted a problem with significant consequences for quantitative
protein analysis: how can researchers conduct comparative expression analyses when many of the commonly used
reference proteins (e.g. loading controls) are differentially expressed? Here we demonstrate that common controls,
including actin and tubulin, are differentially expressed in tissues from a wide range of animal models of
neurodegeneration. We highlight the prevalence of such alterations through examination of published ‘‘–omics’’ data,
and demonstrate similar responses in sensitive QWB experiments. For example, QWB analysis of spinal cord from a murine
model of Spinal Muscular Atrophy using an Odyssey scanner revealed that beta-actin expression was decreased by
19.362% compared to healthy littermate controls. Thus, normalising QWB data to b-actin in these circumstances could
result in ‘skewing’ of all data by ,20%. We further demonstrate that differential expression of commonly used loading
controls was not restricted to the nervous system, but was also detectable across multiple tissues, including bone, fat and
internal organs. Moreover, expression of these ‘‘control’’ proteins was not consistent between different portions of the same
tissue, highlighting the importance of careful and consistent tissue sampling for QWB experiments. Finally, having
illustrated the problem of selecting appropriate single protein loading controls, we demonstrate that normalisation using
total protein analysis on samples run in parallel with stains such as Coomassie blue provides a more robust approach.
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Background

Biochemical analysis using Western blotting is an essential tool
in determining relative protein expression in complex biological
samples. It is often used in conjunction with mass screening
technologies such as proteomics to confirm differential candidate
expression in various models of disease. Together with increasingly
sophisticated in vivo and in vitro biological models, quantitative
protein expression analyses are frequently being employed in
attempts to elucidate the molecular mechanisms regulating cellular
form and function in health and disease.

Traditionally, Western blotting with ECL (enhanced chemillu-
minescence) has been referred to as a semi-quantitative technique
due to the lack of cumulative luminescence linearity and limited
quantitative reproducibility [1]. With the development of more
sensitive fluorescent labelling, which demonstrates a greater
quantifiable linear range, sensitivity and stability in comparison

to conventional ECL detection [2], analysis of protein expression
can be justifiably termed ‘‘quantitative’’. It is therefore imperative
to ensure uniformity of sample loading with an even greater degree
of precision to avoid erroneous data acquisition when using these
higher resolution tools [3]. The leading company in this market is
LICOR and its Odyssey fluorescence imaging scanner appears to
have the most significant market penetration at present with 206
instruments currently installed in the UK alone (Personal
communication; LICOR technical consultants).

In order to accurately measure protein levels in a sample,
‘‘loading control’’ (LC) proteins are commonly used as internal
standards. The loading controls are generally derived from
ubiquitously expressed ‘‘housekeeping’’ genes and have been
widely used due to their presumed consistent level of expression
across a diverse range of samples. Actin and tubulin are two of
most frequently used loading controls in biomedical research,
however an increasing number of studies have suggested they may
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be differentially expressed in animal and experimental models [4–
8]. Furthermore, LCs may also differ in expression from tissue to
tissue or following exposure to infectious agents [9]. Therefore,
normalising data according to loading control protein expression
could further skew results leading to erroneous conclusions.

This study set out to specifically investigate the reliability of
loading controls as internal standards, and characterise a robust,
reproducible and simple method for normalising protein load
when practicing modern quantitative Western blotting. We
present data focusing on the expression levels of commonly used
loading control proteins in the nervous system, as this is our
specific area of research interest. However, we go on to
demonstrate the importance of accurate loading controls for
research on a broad range of biological tissues and demonstrate
that normalisation using total protein analysis (TPA) with stains
such as Coomassie and Instant blue provides a more robust
baseline for performing QWB experiments.

Results and Discussion

Expression Levels of Commonly used ‘‘Loading Control’’
Proteins

In order to obtain an initial estimate for the variability of
expression levels of commonly used loading control proteins in
experimental studies, we first undertook an examination of
published protein expression data from a range of human and
animal model studies including four of our own published datasets
(Table 1; [6,10–16]). With the increased stringency requirements
for mass screening reporting, raw data sets are publicly available
for many experimental comparisons, allowing further examination
of the data for proteins of interest which may not have been
highlighted in the full manuscript. We began with a focus on the
expression levels of commonly used loading control proteins within
the nervous system, as this is our specific area of research interest.
We searched these datasets for expression data on a range of
cytoskeletal proteins (actin, actinin and various tubulin isoforms),
mitochondrial proteins (VDAC1 and VDAC2) and a nuclear
protein (HC1), all of which are commonly used as a loading
control or internal reference proteins for expression value
normalisation in comparative protein quantitation experiments
(Table 1).

This initial analysis revealed evidence for differential expression
of all loading controls assessed using mass screening tools,
including both -array technologies and proteomics. Discrepancies
in expression of loading control proteins were detected across a
diverse range of conditions, including Alzheimer’s disease,
lysosomal storage disorders and the motor neurone disease Spinal
Muscular Atrophy (SMA). Notably, this re-interrogation of
published data also identified differential expression of loading
control proteins across an assortment of tissues sampled, an issue
of potential critical importance for subsequent data normalisation
and post-omics validation.

Actin and Tubulin are differentially Expressed in
Pathologically-affected Tissue from a Mouse Model of
SMA

Given that our analysis of raw data from published protein
expression studies revealed widespread differential expression of
common loading controls in various pathological conditions and
neurological diseases ([10,17], cf. Table 1), we next wanted to
demonstrate that such alterations can also be detected when using
modern QWB techniques. Using spinal cord tissue harvested from
an established mouse model of severe SMA [18–19], we next
quantified levels of b-actin and b-tubulin proteins. We found

altered expression levels of both b-actin and b-tubulin when
comparing the spinal cord of SMA affected mice (SMN:SMN2)
with littermate controls (figure 1a. and 1b. respectively) using
QWB. Both b-actin and b-tubulin expression were significantly
down regulated in SMA compared to control tissue, by 19.362%
and 7.360.5% respectively (mean 6 SEM). Moreover, determi-
nation of total protein load demonstrated a high level of uniformity
with a difference of 1.860.4% (mean 6 SEM) between wild type
and affected mice (n = 6) (figure 1c). Thus, altered LC protein
expression as highlighted by proteomic studies on tissues from
neurodegenerative conditions (including SMA; see Table 1) can
also be detected by quantitative Western blot.

Differential b-actin Expression is Detectable by QWB
across Multiple Tissues from Wild-type Mice

Given that significant alterations in common loading control
proteins can be detected in affected tissues sampled from a range
of disease models (Table 1), we next wanted to establish whether
similar differences in expression could be identified in healthy
(‘wild-type’) tissue, and also establish whether several tissue types
could be differentially affected within the same individual. This
latter issue is particularly pertinent for many neurodegenerative
diseases (including SMA), where multi-system pathology is now
being reported (e.g. [20]). QWB screening of multiple tissues for
expression of candidate proteins is common practice and is an
especially critical procedure when comparing systemic protein
expression profiles, identifying biomarkers for disease progression
in peripherally accessible tissues, or validating regulatory proteins
during genetic or pharmacological manipulation. It is therefore
essential for a loading control to exhibit stable expression across a
wide array of tissues. However, our studies using C57Bl/6 (‘wild-
type’) mice demonstrated that expression of b-actin varied
considerably across different tissues from the same mouse
(figure 2 A & B). In order to verify that the variability of b-actin
expression was not due to loading error, quantification of the
protein load of each tissue was carried out on a series of mass
ranges corresponding to protein electrophoretic migration
(figure 2C). These data demonstrated low individual variation of
protein load across the different tissue samples within the series of
molecular weight ranges measured. Variability ranged from only
1.87% (SEM) in the 40–80 kDa range up to 5.65% for the
broadest mass range of 10–160 kDa across all tissues. Therefore,
consistency of load across each of the tissues was demonstrated
and was independent of the mass range measured (figure 2C).

Expression of b-actin was strikingly different when comparing a
diverse range of tissues (figure 2B & D). An appreciable disparity in
b-actin expression was observed between heart and spleen tissue,
with a difference of 44 arbitrary fluorescence units (AFU)
contrasting with the consistent total protein load demonstrated
in the 40–80 kDa molecular weight range (figure 2D). Critically,
normalising data to b-actin expression for cross tissue comparisons
could therefore result in skewing of data by up to 22 fold when
comparing these tissues. However, there was some homology in b-
actin expression between certain tissues such as bone and fat
(5.33 AFU and 4.99 AFU respectively), and for these tissues it may
therefore be acceptable to use b-actin as an internal control, but
only when comparing these specific samples. Interestingly, a
similar issue regarding b-actin has been raised with cross-tissue
RNA expression profiling. For example, a qRT-PCR study in fish
concurs with our findings suggesting that b-actin is not an ideal
loading control for certain tissue comparisons particularly for
heart, muscle and brain, whereas its expression is more consistent
between kidney and spleen [9]. Our results therefore demonstrate
that it would be advisable to use total protein expression as an

Controlling for Protein Load in QWB
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indication of protein load to accurately perform a comparative
expression analysis across a wide range of tissue samples.

Loading Control Expression is not Homogeneous
throughout Structurally Asymmetrical Tissues

Having demonstrated that expression of common loading
controls such as actin was not necessarily consistent when
comparing different tissues from the same animal, we next wanted
to establish whether or not uniformity of protein expression was
preserved throughout a single tissue from the same animal.
Anecdotally it appears that researchers assume that loading
control protein expression is stable within a given organ or tissue,
with methodology sections of manuscripts routinely detailing gross,
rather than specific, anatomical terms to describe tissue harvesting.
To assess consistency within a biologically-relevant tissue, we
measured and compared b-actin and neurofilament-light (NF-L)
levels in proximal versus distal portions of the same mouse sciatic
nerve using QWB. We found that levels of these LC proteins were
not consistent throughout the two portions of the same nerve
(Figure 3). Once again, we found that total protein load was
consistent when quantified, however b-actin (a predominantly
cytoplasmic isoform; [21] labelling was significantly higher
(p = 0.0045), 52% greater 614.3% (SEM), when comparing the
proximal to distal portion of the sciatic nerve (figure 3C & E). In
contrast expression of neurofilament (NF-L), a major component
of the neuronal cytoskeleton [22], was appreciably higher, nearly 8
fold with up to a 4 fold SEM in the distal portion of the sciatic
nerve (figure 3D & F). Therefore, these results stress that accuracy
and consistency of dissection are crucial, even when evaluating the
same tissues from a single animal for comparative analysis. Whilst
this should be standard practice regardless, it is especially true for
structurally asymmetrical tissues and failure to do so could have

significant consequences for both -omics screens (such as
proteomic comparisons) and for QWB analyses.

Limitations in Standard Loading Controls: b-actin and b-
tubulin Working Range and Sensitivity Explored

The ideal internal loading control protein for QWB must be
abundant with a wide linear range of detection to accommodate
proteins of varying levels of expression. In order to evaluate the
suitability of b-actin and b-tubulin as loading controls for QWB
we tested both their working linear range and sensitivity by
quantifying their expression throughout a dilution series, ranging
from 1 to 40 mg of protein, produced from mouse whole brain
tissue homogenate (figure 4a & b). The working range of b-actin
where linearity was maintained was between 1 and 30 mg of
protein loaded (figure 4a & b). Here, our quantitative Western
blotting data conflicts with that of others who have reported that
the linear range of b-actin was far smaller, only up to 2 mg of
protein before saturation of the signal occurred [4,8]. However
these studies used less sensitive ECL detection methodologies
therefore this disparity is most probably caused by the limitation of
ECL based imaging and ‘‘quantification’’.

When examining b-tubulin, it was evident that this protein was
so abundant in brain extracts that the signal began to saturate out
at less than 10 mg of protein (figure 4 a & b). In order to accurately
determine the precise linear range of b-tubulin a tighter dilution
series of protein load, 0.5 to 14 mg, was employed (figure 4c and d).
Saturation of the b-tubulin signal occurred at 8–10 mg of protein
load. Again, our QWB results conflicted with previous ECL
studies suggesting that the linear range of b-tubulin peaks at 5 mg
[4] and it is assumed that this is also likely due to the limitation of
ECL based imaging and ‘‘quantification’’. Our results suggest that
b-tubulin rather than b-actin would be a more appropriate loading
control when detecting low-abundance proteins in homogeneous

Figure 1. QWB for b-actin and b-tubulin demonstrates altered expression in pathological tissue. QWB for the commonly used loading
controls actin and tubulin in SMA spinal cord extracts. A. Overlay of b-Actin QWB in green (42 kDa) with total protein stained gel (red). B. Overlay of b-
tubulin QWB in green (60 kDa) with total protein stained gel (red). C. Quantification of percentage change in the expression levels of b-actin (black
bar) and b-tubulin (grey bar) when comparing SMA mice (SMA) to wild-type controls (WT). Total protein stain (white bar) is used as a control.
doi:10.1371/journal.pone.0072457.g001
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extracts, however actin has a greater working range of sensitivity.
In addition, our data has emphasised the superior sensitivity of
fluorescent QWB in comparison to ECL as we demonstrate a far
wider working range for both of these commonly used single
protein loading controls.

Total Protein Analysis is an Accurate Measure of Protein
Load

Our analyses detailed above have highlighted several important
variables that need considering when choosing an internal control
for QWB, including but not limited to the linear range of
sensitivity and disparities in expression across different tissue
samples or within portions of the same tissue. Finally, we wanted
to establish whether a total protein analysis approach would
provide a more reliable and accurate measure of protein load for
QWB experiments. To begin, we assessed the detection sensitivity
using a dilution series created using a bovine serum albumin (BSA)
protein standard (Figure 4E & F). BSA has a single band at a
molecular weight of 66.5 kDa. We were able to detect a linear
fluorescence profile across a broad concentration range as
determined by the coefficient of variation (R2 value) of 0.998.
Importantly, as the BSA standard dilution series effectively means
that all of the protein loaded is represented by a single band, this
not only validates the linear nature of detection using this system
but also demonstrates the lack of saturation typically found with
ECL based systems.

Finally, when applied to real biological samples using the
LICOR Odyssey quantitative scanning system, total protein
analysis (using coomassie) was linear in its detection across a
broader range of protein loading than either actin or tubulin (1 to
40 ug; Figure 4G & H). The coefficient of variations for both
Bicinchoninic Acid solution (BCA) assay and total protein analysis
were 0.979 and 0.996 respectively. These R2 values demonstrated
a high degree of linearity in both assays. Moreover, total protein
analysis correlated directly with BCA protein concentration data
(Figure 4G & H) throughout the broad 1–40 mg protein load
dilution series further indicating its reliability as a control for
protein load using the Odyssey quantitative imaging system. We
therefore suggest that the use of total protein analysis provides a
measure of protein load that circumvents many of the problems
associated with the use of single loading control proteins: it is
unchanged when comparing tissues from different models (c.f.
Figure 1); it is consistent across different tissue types (c.f. Figure 2);
and different portions of the same tissue (c.f. Figure 3).

Conclusions

Western blotting has traditionally been a ‘‘semi-quantitative’’
technique using house keeping genes as internal reference
standards. These standards are required to compensate for any
technical errors that may have arisen due to issues such as poor
transfer or unequivocal loading. However, our QWB studies have
demonstrated a critical problem with the use of some common
loading controls for this role. Differential expression of commonly

Figure 2. Comparative analysis of b-actin expression is highly variable across a broad range of tissues. A. Representative images of the
tissue samples in which actin expression was assessed. From left to right: Muscle (Gastrocnemius), heart, bone (femur), calvaria, spleen and fat
(gonadal). Scale bar = 1 cm. B. LICOR image of QWB demonstrating considerable variability of b-actin expression (green) in muscle, heart, bone,
calvaria, spleen and fat extracts. Total protein stain gel image (red) is overlaid on QWB as a control. C. Total protein measurements for different
molecular weight ranges demonstrates the accuracy of protein loading across the different tissue samples. D. Stacked bar graph demonstrating the
comparative variability of b-actin (green bars) and total protein measurements (red bars) for each tissue examined.
doi:10.1371/journal.pone.0072457.g002
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used loading control proteins including b-actin and b-tubulin,
occurs when comparing a wide range of tissues, when examining
different portions of the same tissue and when pathological
conditions arise. Therefore if normalisation (using single protein
loading control expression as a correction factor) of quantitative
Western blotting results is required, all of the resulting data could
be skewed as a result of the differential expression of a single
protein [23].

Total protein analysis is an alternative simple technique in
QWB to accurately determine if equivalent protein loading has
been achieved within a gel [24]. Data obtained by total protein
analysis is independent of the pitfalls that can occur using
‘‘common’’ house keeping genes as loading controls. That is not to
say that housekeeping genes cannot be used as loading controls,
but that they should only be used in a limited fashion once the
researcher has fully investigated sample expression homogeneity
for the gene in question, and if the protein load falls within the
working range of that particular loading control. Consequently, we
propose it would be prudent to use total protein analysis to save
time, resources, increase sensitivity and accuracy as well as the
working range of protein load for quantitative Western blotting.
Total protein analysis should therefore be considered an

alternative standard reference for data normalisation in modern
quantitative fluorescent Western blotting.

Materials and Methods

Tissue Harvesting and Protein Extraction
Ethics statement. All animal experiments were approved by

a University of Edinburgh internal ethics committee and were
performed under license by the UK Home Office (project license
number 60/3891).

Preparation of severe model of Spinal Muscular Atrophy
(SMA) spinal cord homogenates. Spinal cord were harvested
from SMN/SMN2 severe model of SMA and wild-type controls at
P5 and homogenised in RIPA buffer (Sigma, UK) containing 5%
protease inhibitor cocktail (Roche) as previously described [13]. All
SMA based comparisons were therefore Smn2/2;SMN2 (SMA)
compared to wild-type (WT) litter mate controls unless otherwise
stated. Protein was extracted and concentrations determined using
a BCA assay (Pierce) according to manufacturers instructions, as
previously described [10,13,25].

Preparation of range of tissue samples from C57/black
mice. Quadraceps femoris muscle, gonadal fat, heart, calvaria,

Figure 3. Actin & NF-L levels are not stable throughout different regions of the mouse sciatic nerve. Differential expression in proximal
versus distal sciatic nerve preparations. A. Photograph depicting the lower half of a Bl6 mouse with sciatic nerve exposed on the right leg. B. Higher
magnification photograph shows sciatic nerve and subsequent branches (anatomical nomenclature taken from [26]). Scale bar: A = 1 cm, B = 0.5 cm.
C. Representative LICOR overlay image of b-actin QWB (green) and total protein stained gel (red) in proximal and distal portions of sciatic nerve from
the same mouse. D. Representative LICOR overlay image of NF-L QWB (green) and total protein stained gel (red) in proximal and distal portions of
sciatic nerve from the same mouse. E. Stacked bar graph demonstrating the comparative expression of b-actin (green bars) and total protein stain
(red bars) expression in proximal and distal sections of sciatic nerve. F. Comparative expression of NF-L (green bars) and total protein stain (red bars)
expression in proximal and distal sections of sciatic nerve.
doi:10.1371/journal.pone.0072457.g003
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Figure 4. Linear range and sensitivity of total protein stain is greater than the conventional loading controls b-actin or b-tubulin. (A)
Representative LICOR image for a protein dilution series of whole brain homogenate 1, 5, 10, 20, 30, 40 mg demonstrating the working range of b-
actin and b-tubulin when using QWB. (B) Quantification of protein dilution series showing the linear ranges of b-actin (black circle) and b-tubulin
(open triangle). Note that tubulin expression appears to saturate at less than 10 ug of brain homogenate. (C) In order to pinpoint the saturation level
a tubulin specific protein dilution series over a smaller range (0.5, 1, 2, 4, 6, 8, 10,12 and 14 mg) establishing the saturation point of b-tubulin when
using QWB. (D) Quantification of b-tubulin linear range. (E) Total protein stain of dilution series 2, 10, 20, 40, 80 mg made using the bovine serum
albumin standard (2 mg/ml) from the Pierce BCA kit (see methods). BSA molecular weight is 66.5 kDa. Imaging of this dilution series demonstrates
imaging of a broad concentration range without saturation at a single protein mass. (F) Graphical representation of quantification from BSA dilution
series in panel E. This demonstrates wide linear detection and high correlation (0.998) validating the use of total protein measurements as a viable
method for detecting protein load using the LICOR system. (G) Total protein stain of whole brain homogenate dilution series 1, 5, 10, 20, 30, 40 mg
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spleen and tibial bone tissue were dissected from 10 day old
C57Bl/6 mice. Tissues were processed as outlined above.

Preparation of sciatic nerve tissue. Proximal and distal
sections of the sciatic nerve from C57/black mice were dissected in
1xPBS (phosphate buffered saline) and frozen immediately on dry
ice. The samples were homogenised in iTRAQ buffer (6 M urea,
2 M thiourea, 2% CHAPS, 0.5% SDS), sonicated 5610 secs on
ice, and centrifuged at 14 K for 30 minutes. 1:100 dilutions of
supernatant: dH20 were used in a BCA assay following manufac-
turers instructions.

Quantitative Western Blotting
Samples were denatured in NuPageH LDS Sample buffer 4X

(Invitrogen, UK) at 98uC and 15 ug of protein loaded (with the
exception of the protein dilution series) and run on commercially
produced pre-cast 4–12% Bis-Tris gels (Invitrogen). Gels were run
in duplicate in parallel in the same electrophoretic tank at the
same time. One gel was stained using Instant blue (Expedeon) or
coomassie (see total protein stain below) and one was used to
transfer the protein to a polyvinylidene fluoride (PVDF) mem-
brane using the I-BlotH transfer system (Invitrogen, UK) using
programme 3 for 8.5 minutes. Membranes were incubated with
Odyssey blocking buffer (Li-Cor) prior to incubation with rabbit
polyclonal antibodies directed against b-actin (1:1000, Abcam
8226), b-tubulin (1:1000, Abcam 8226) and mouse monoclonal
anti-NF-L (Millipore AB9568) overnight at 4uC. Goat anti-rabbit
IgG (H+L) 800 CW, goat anti-rabbit (680 RD) and/or goat anti-
mouse (H+L) was applied for 90 minutes at room temperature
(1:5000, LI-COR) prior to washing with PBS. Visualisation and
quantification was carried out with the LI-COR OdysseyH scanner
and software (LI-COR Biosciences). Blots (and gels) were imaged
using an Odyssey Infrared Imaging System Scan resolution of the
instrument ranges from 21 to 339 mm, and in this study blots (and
gels) were imaged at 169 mm. Quantification was performed on
single channels with the analysis software provided as previously
described [10,13,25].

Total Protein Gel Stain
All total protein stains within this manuscript have been carried

out on gels and not membranes unless otherwise stated. As such
there are caveats which should be taken into consideration if
comparing total protein stained gels with membranes due to
variables accompanying membrane transfer which are not
accounted for when using this approach (see below). Post
electrophoresis gels (see above) were stained using either Instant
Blue (Expedeon) or Coomassie (0.1% Coomassie R250, 40%
methanol, 10% acetic acid) solution. Gels were left in Instant blue
for 1 hour and washed in dH20 prior to visualisation. Coomassie
stained gels were left in Coomassie solution for 1 hour and de-
stained using several washes in de-stain solution (40% methanol,
10% acetic acid) and then washed in dH20 prior to visualisation.
Stained gels were imaged directly on the Li-COR OdysseyH
scanner using the 700 channel and quantified using the OdysseyH
software. See above. Incidentally the instant blue stain can be
visualised in both the 700 and 800 channels however it has greater
resolution in the 700 channel. For total protein stains to be of use
as loading controls, ideally the membranes to be probed should be
stained directly for load. However, there are limitations with this
in modern fluorescent imaging systems. Coomassie is not as

effective on most PVDF membrane types when compared to
stained gels as the background auto-fluorescence is naturally
higher. If used directly on a membrane coomassie does not strip to
allow for re-probing in the same imaging channel. Ponceau stains
are reversible but staining is difficult to visualise and remains to be
proven linear in its adherence. Moreover, any stain which is not
blue in presentation or does not fluoresce in the 680 or 800
wavelength channels used by the LICOR Odyssey scanner can not
be imaged using this system and measurement scaling will
therefore differ from the quantitative fluorescent blots for
candidates of interest. Parallel commercially produced precast
gels should therefore be used to reduce polyacrylamide matrix
variability; they should be loaded at the same time using the same
‘‘master mix’’ (i.e. protein/water/loading dye) in the same tank
(multi gel capacity) in order to be run from the same powerpack
under the same conditions. A further variable when comparing a
probed membrane to a stained gel are alterations introduced by
variable transfer efficiency. Potential inconsistency in transfer
efficiency generally occurs according to differential molecular
weight rather than inter lane variability i.e. higher efficiency of
transfer with lower molecular weight. The use of commercially
procured transfer packs (such as the I-BlotH stacks; see above)
coupled with a rapid semi-dry fast transfer system as detailed
above should further improve reproducibility. By being aware of
the steps where possible error could be introduced and taking the
appropriate precautions such as those listed here, inter gel
variability and transfer variance should be kept to a minimum,
and appropriate data interpretation can be expected within the
limitations of the system.

Calculation of Linear Ranges of b-actin and b-tubulin
Concentration of protein extracts can be determined in a variety

of ways. The most commonly used may be the Bicinchoninic Acid
assays (BCA). BCA assays involve reduction of copper ions in a
temperature dependant fashion with the level of reduction
correlating with protein concentration. Reduced copper ions bind
to BCA forming a purple product which can be detected at
562 nm. Each run includes a dilution series of a known protein
standard – bovine serum albumin (BSA) as a reference curve to
allow determination of absolute protein concentrations. As each
reaction set can be subtly influenced by incubation time and
temperature, samples which will be grouped together for analysis
should routinely be assayed together against the same standard
curve. Here we employed a series of protein dilutions (1, 5, 10, 20,
30, 40 mg) and (0.5, 1, 2, 4, 6, 8, 10, 12, 14 mg) which were
produced from mouse whole brain homogenate. Preparation of
the dilution series was carried out after the concentration of
protein had been determined using a micro BCA assay (Pierce).
Briefly, two 4–12% Bis-tris gels were loaded; one stained for total
protein (Coomassie or Instant Blue) and the other was transferred
for QWB as above. Visualisation and quantification was carried
out using the Li-COR Odyssey imager and software. See above.

Photography
Photographs of sciatic nerve dissection and organs were taken

using a Nikon D200 camera with 105 mm micro NIKKIOR
F2.8 lens.

demonstrates the broad concentration range detectable without saturation. (H) Correlation between the total protein stain quantification (red line)
and the BCA OD (blue line) for the protein dilution series demonstrates wide linear detection and high correlation (0.996 & 0.979 respectively)
validating the use of total protein measurements as a viable ‘‘loading control’’ for QWB using the LICOR system.
doi:10.1371/journal.pone.0072457.g004
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Data Analysis and Figure Production
QWB data was analysed using Odyssey software as per

manufactures guidelines and as previously described [10]. Data
was graphed and statistical comparisons carried out using
GraphPad Prizm as previously described [25]. Image overlays
were produced using Adobe photoshop to overlay 700 & 800
channels obtained from the Odyssey imager (LICOR Biosciences).
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3.4 Results and conclusions 
Here we challenge the use of ubiquitously expressed housekeeping (HK) 

proteins commonly used as loading controls for western blotting.  The 

proteomic data in table 1 demonstrated how these loading controls were 

differentially expressed across a range of neurological conditions. With 

protein expression differences of 96% determined when using mitochondrial 

protein VDAC in a model of lysosomal storage disorder and up to 4-fold 

changes reported with other HK proteins of neurological conditions therefore, 

a researcher needs to be certain their loading control of choice remains 

unchanged with the particular condition they are studying. 

Actin and Tubulin are two of the most commonly used controls and were 

shown to not only have altered expression in spinal muscular atrophy spinal 

cord extracts from murine models, 20% and 7% respectively, but also have a 

limited range of detection with regard to protein load before saturation of 

signal occurred, 30ug and 14ug respectively, when quantitative fluorescent 

western blotting (QFWB) was applied. The sensitivity and range of signal was 

increased when using QFWB compared with similar published studies that 

had used chemilluminscent detection. 

The expression of housekeeping proteins as loading controls within a range 

of tissues sampled from a single wild type mouse was also shown to be 

extremely variable.  Surprisingly, there was a 20% difference in Actin 

expression in heart compared to femoral muscle yet there was some 

expression homology between bone and fat.  Total protein analysis showed a 

more stable pattern of expression and consistent load across this range of 

tissues with a variability 1.87% (SEM) in the 40–80 kDa molecular weight 

range up to 5.65% for the broadest mass range of 10–160kDa.   

There are also major differences in HK protein expression determined at 

separate proximal and distal sites within the same piece of tissue. Actin was 

significantly higher (52%, p=0.0045) at the proximal end of the sciatic nerve 

and in contrast neurofilament-light expression had increased by 8-fold at the 
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distal end.  This highlighted not only the issues associated with using these 

proteins as loading controls within the same tissue but also the requirement 

for accurate and consistent sampling.  The total protein load and analysis 

was unaffected by asymmetric sampling and was found to be a suitable 

alternative to HK proteins as a control for such analyses. 

Total protein staining and analysis provided a more stable alternative loading 

control to HK proteins with a dynamic linear range of detection that correlated 

with a standard BSA dilution series with correlation to the coefficient 

r2=0.998. Importantly, total protein measures proteins of varying molecular 

weights and not only a single band highlighting the veracity of this method. 

 

3.5 Critical Evaluation 
This manuscript provides comprehensive analyses of why commonly used 

HK proteins should no longer be used as loading controls unless small pilot 

experiments are carried out to ensure: 1) there is no altered expression 

between and within tissues, 2) no differential expression due to pathological 

conditions, and 3) saturation of signal is not observed at the protein load that 

is required. We provide a simple and robust technique, total protein analysis, 

to be used as a quantifiable alternative.  

In retrospect, it may have been useful to show comparable western blots 

using chemillumiscent detection when discussing the issue of saturation of 

signal and not only quoting data from previously published studies.  

Reviewers also noted that there could be a discrepancy between the total 

protein stained gel to the gel which was transferred for blotting as they are 

two separate gels albeit loaded with exactly the same samples and run in the 

same tank.  This method could now be superseded with a total protein 

membrane stain and/or loading gel indicators that have only recently become 

commercially available.  The caveat to both the membrane stain and the 

loading control indicators is that the transfer must be completed uniformly 

throughout the membrane so perhaps the total protein analysis of the gel 
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stain is still required to determine consistency of transfer.  Finally, this 

manuscript highlights the basic need to update standard protocols as 

technology to capture and analyse data advances.  Furthermore, data can be 

difficult to interpret due to tissue and disease heterogeneity so technical 

issues require optimisation prior to addressing specific scientific questions. 

3.6 Impact and personal development  
This paper directly led to an invitation by the Journal of Visual Experiments to 

submit a manuscript that included this robust protocol and a request by the 

Protein Journal to review manuscript submissions.  Furthermore, LICOR 

Biosciences have requested my expertise to trial and give feedback on 

upcoming western blot and total protein products prior to them becoming 

commercially available.  

The significance of this paper is reflected by its metrics as it has been cited 

over 200 times and ranked within the top 10% of PloS One publications. The 

American magazine “The Scientist”, whose coverage includes best practice 

and integrity reports, included coverage of these results in an article 

discussing advances in western blotting. 
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4.1 Author Contribution 
All authors were involved in design of experiments and review of this 

manuscript.  

 SLE produced the first draft and subsequent drafts of the manuscript after 

co-author revision.   

 SLE produced, quantified and analysed the westerns blots and produced 

in Figure 1. 

 SLE carried out the optimal transfer trials, total protein stains of the gels, 

acquisition and analysis plus production of Figure 2. 
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 SLE, TWM and LCG produced the westerns for Figure 3 with SLE 

producing the figure. 

 KJO and CF provided the tissue and produced the westerns for Figure 4.  

SLE produced the Figure 4. 

 TWM and ML produced the westerns and took a screen shot of their 

analysis for Figure 5. 

 SLE produced and the total protein stained gel and analysis and 

assembled Figure 6. 

 ML produced the westerns, restriping and reprobing of the membranes for 

Figure 7. SLE produced the Figure 7. 

4.2 Relevance and requirement 
There are numerous different biological fields that require protein validation 

using western blotting.  Updating technology in any laboratory can be an 

onerous task, therefore having optimised and robust protocols is often a 

crucial step for researchers to revise well characterised and reliable 

techniques.  Often subtleties in implementing a new method can be lost in 

translation leading to variable results and the new methodology being 

discarded. Therefore, the Journal of Visualised Experiments (JOVE) has 

provided a platform whereby researchers can not only read the protocol but 

watch pivotal steps in the process in a film to aid establishment of any new 

technique in the laboratory. The purpose of this manuscript was to provide a 

well-characterised written and visual protocol for scientists to access when 

employing quantifiable fluorescent western blotting in their laboratory and 

also to trouble shoot any common mistakes that can occur.  

4.3 Manuscripts main hypotheses 
This manuscript was purely methodological and was not hypothesis driven. 
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4.4 Results and conclusions 
The aim of this methodological paper was to provide a robust, proven and 

truly quantifiable protocol for fluorescent western blotting.  It also provided 

guidance on how to overcome some of the common pitfalls encountered 

when carrying out western blots. 

The manuscript also provided “good practice” recommendations when 

running western blots.  The first of these was to include a positive control 

sample such a recombinant protein.  The example in Figure 1 describes how 

inclusion of the positive control, that required additional pre-treatment by 

addition of a reducing agent, led to requiring an increase protein load of the 

control sample to achieve a suitable signal. 

The second recommendation was to optimise the transfer time to determine 

the optimal window for the majority of proteins to be transferred to the 

membrane. It provided guidance on how to carry out quantification of proteins 

transferred to the membrane and demonstrated that increasing transfer time 

by an additional minute, using a semi-dry transfer device, led to 45% more 

proteins being transferred to the membrane.  

The next good practice suggestion was to optimise not only primary but also 

secondary antibodies to provide a more efficient system and thereby 

production of a better quality of signal.  Secondary antibodies can cause 

cross reaction which may be dependent on the species of interest or tissue 

type.  Therefore, it is important to validate your secondary to avoid any cross-

reactivity which may impede quantification of a protein of interest’s signal. 

The manuscript also highlighted how the intensity of signal produced by a 

protein may be improved by selecting a secondary antibody that had been 

raised in a different species.  This was demonstrated using different murine 

tissues probed with an ERK primary antibody and then labelled with three 

different secondary antibodies. Two of the secondary antibodies were raised 

in goat, with either a fluorescent or chemiluminiscent detection system, and 

the third used a fluorescent secondary raised in donkey.  The same 
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membrane had been stripped and re-probed with these different secondary 

antibodies and the antibody raised in donkey produced the signal with 

greatest intensity. 

The manuscript also describes how to correctly quantify your bands of 

interest using associated software and how to ensure that the background 

signal is subtracted.  Further good practice recommendations included the 

methodology to produce and quantify total protein gels to ensure equivocal 

protein load and achieve quantifiable results. 

Lastly, there is a short description on the re-use of membranes to ensure 

precious samples can be re-analysed detecting many different protein 

targets.  Moreover, it was highlighted how efficient stripping and reprobing of 

membranes can lead to quantifying up to 6 or 7 different proteins using the 

same membrane without producing inferior quality of signal. 

4.5 Critical evaluation 
This manuscript is specifically produced to provide a well-established and 

proven protocol for quantifying fluorescent western blotting.  This journal also 

films various procedural steps within the protocol to guide the potential 

researcher on technical aspects that may not be apparent in a materials and 

methods section of a published article. 

4.6 Impact and personal development 
The filming experience helped to improve my communication skills by 

delivering the key aspects of my technique in a more simple and concise 

manner to engage with a broader audience.  This has aided not only my 

teaching skills in the lab with students and peers, but also with public 

engagement workshops I have since been involved in.  
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5.1 Author contribution 
All authors were involved in design of experiments and review of this 

manuscript.  

 SLE produced the first draft and subsequent drafts of the manuscript after 

co-author revision.   
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 SLE carried out the production and quantification of IR scan, collation and 

production of IR and ImageJ data into graphical form and construction of 

Figure 1.   

 SLE carried out the dual immunolabelling of tissues, IR scans and 

assembly of images for Figure 2.   

 SLE carried out the fluorophore immunolabelling of tissues, IR capture of 

images, assembled images and produced Figure 3.  

 SLE collated images and produced for Figure 4. 

 SLE carried out the quantification of immunolabelled tissue sections at 

time 0 and 12 months, calculated the expression ratios, produced the 

graphs and assembled the images for Figure 5. 

 SLE carried out the protein extraction and determination, total protein gel, 

quantitative fluorescent western blot, collated the quantified IHC and WB 

data and produced Figure 6. 

5.2 Relevance and requirement 
Immunohistochemical (IHC) labelling of tissues allows an antigen of interest 

to be identified within the local tissue architecture and can be employed to 

diagnose diseases such as cancers.  The intensity of staining is often directly 

proportional to the status of disease i.e. the greater the intensity the more 

advanced the disease progression is.  Thereby scoring of IHC stained tissues 

is vital to ascertain disease status and is generally carried out by highly 

trained pathologists.  However, interobserver/scorer bias can produce 

varying results therefore there is a requirement for an updated method to 

quantify IHC labelled tissues that does not rely on human scorers.  Moreover, 

morphometric analysis of areas of interest in stained tissues is extremely 

time consuming thus, a computational method to directly measure scanned 

images would be advantageous.  The aim of this manuscript was to devise a 
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new quantifiable method of measuring antigen intensity and morphological 

areas of interest within tissue sections.  

  

5.3 Manuscripts main hypotheses 
This manuscript was purely methodological and was not hypothesis driven.  

This investigation was prompted by a basic requirement to achieve truly 

quantifiable and reproducible image analysis of immunolabelled tissue 

sections that was not predisposed to observer bias.  Furthermore, this study 

aimed to achieve quantifiable measurements of areas of interest within 

haemotoxylin and eosin stained tissue sections, which are traditionally used 

to evaluate pathological lesions of various tissue samples, in a timely and 

unbiased approach.  The ultimate objective of this study was therefore, to 

produce truly quantifiable data from areas of interest within tissue sections 

that was quick to achieve, easy to produce and was reproducible with 

multiple operators.  
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Abstract

Quantification of immunohistochemically (IHC) labelled tissue sections typically yields semi-quantitative results.

Visualising infrared (IR) ‘tags’, with an appropriate scanner, provides an alternative system where the linear nature

of the IR fluorophore emittance enables realistic quantitative fluorescence IHC (QFIHC). Importantly, this new

technology enables entire tissue sections to be scanned, allowing accurate area and protein abundance

measurements to be calculated from rapidly acquired images. Here, some of the potential benefits of using IR-

based tissue imaging are examined, and the following are demonstrated. Firstly, image capture and analysis using

IR-based scanning technology yields comparable area-based quantification to those obtained from a modern high-

resolution digital slide scanner. Secondly, IR-based dual target visualisation and expression-based quantification is

rapid and simple. Thirdly, IR-based relative protein abundance QIHC measurements are an accurate reflection of

tissue sample protein abundance, as demonstrated by comparison with quantitative fluorescent Western blotting

data. In summary, it is proposed that IR-based QFIHC provides an alternative method of rapid whole-tissue section

low-resolution imaging for the production of reliable and accurate quantitative data.

Key words: image analysis; infrared fluorescent tags; morphometric analysis; quantitative immunohistochemistry;

tissue section imaging.

Introduction

Immunohistochemistry (IHC) is a widely utilised technique

in scientific research environments and clinical laboratories

(Matos et al. 2010). It is employed to detect the presence

and distribution of proteins in their natural state, and in

particular disease processes. The concept of immuno-visuali-

sation has been with us for nearly a century, beginning

with immuno-staining in the early 1930s using a red stain

conjugated to benzidin tetraedro (Marrack, 1934), and this

was closely followed by the first immuno-fluorescence (UV-

based) applications in the 1940s (Coons et al. 1941). The key

advantage of this technique over other immunological-

based procedures such as Western blotting or flow cytome-

try is that the anatomical relationship between the protein

of interest, its location and spatial distribution are pre-

served, and therefore expression is not simply calculated as

a percentage within a tissue homogenate (Mansfield,

2014).

As a scientific tool, IHC has undergone many subtle

alterations in terms of antibody generation and ‘tags’ for

visualisation. There are now several methodological varia-

tions available that tend to utilise either chromogens

such as diaminobenzidine (DAB) or fluorescence-based

tags as labels with visualisation achieved using either

light or fluorescence microscopy, respectively. Whilst

quantification of standardised IHC experiments should

theoretically be as simple as other immunologically based

assays such as ELISAs, the reality is that interpretation of

results are inherently subjective (Taylor & Levenson,

2006). Many variables can alter the intensity of labelling

throughout application of the methodology. However, a

major difficulty in obtaining truly quantifiable data is

that images are usually collected and scored by human
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operators, thereby creating potential error and subjective

bias. Moreover, inter-observer variability can add a fur-

ther barrier to obtaining accurate reliable data for quan-

tification (Rizzardi et al. 2012). In addition, quantification

of morphological measurements can provide vital infor-

mation for researchers, i.e. when investigating the pheno-

type of gene knockout models or effects of drug therapy

on tumour regression (Henriksson et al. 2009; Acehan

et al. 2011; Gruber et al. 2013).

Recent technological advances in image capture have

allowed digital acquisition, assisting with interpretation

and quantification as a function of pixel-based density or

intensity, which in turn corresponds to the abundance of

protein detected. However, sophisticated IMAGE ANALYSIS

software such as those with red-green-blue (RGB) detec-

tors can be prohibitively expensive. To overcome these

issues, free software such as IMAGEJ has been developed

and can provide semi-quantitative results (Matkowskyj

et al. 2000). For tissue section analysis, this software relies

on the operator to import a single representative file

comprising of numerous magnified serial images, from a

single section, which are aligned and merged using

photo-editing software (such as ADOBE PHOTOSHOP). After

importation into IMAGE ANALYSIS software, an area of inter-

est can be selected for semi-automated analysis of factors

such as pixels intensity (Lehr et al. 1999). Although a use-

ful, inexpensive, albeit time-consuming manner to carry

out quantification, data cannot be termed truly quantita-

tive as the signal measurement from conventional IHC

labels is not necessarily directly proportional to the inten-

sity of the stain (Watanabe et al. 1996; Matos et al. 2010;

van der loos, 2008).

There is therefore a fundamental requirement for a more

efficient method of imaging and quantification that would

allow an accurate overview of protein expression across

large tissue sections (such as whole sagittal or coronal brain

sections) without major economic outlay for complex spec-

tral imaging systems (Taylor & Levenson, 2006). An infrared

(IR) fluorescent imaging system is a possible alternative to

the more traditional image capture and quantification tech-

niques (Kearn, 2004). Whole-tissue sections can be labelled

with IR-tagged secondary antibodies using a standardised

fluorescent IHC protocol, scanned in their entirety with the

data acquired quickly, and analysed using the associated

propriety software. Quantification of fluorescent IHC

(QFIHC), using IR-tagged secondary antibodies, is expected

to be ‘truly quantitative’ as the linear nature of these anti-

bodies has previously been confirmed in the context of

quantitative fluorescent Western blotting (QFWB; Eaton

et al. 2013) and in cell Western blots (Eaton et al. 2014).

Furthermore, multiple separate antigens of interest can be

labelled and quantified in the same experimental run when

using appropriate imagers. For example, the Odyssey system

from LI-COR can detect two separate wavelengths in the IR

spectrum.

In this study, the potential of combining such linear

IR-tagged secondary antibodies with image capture on a LI-

COR Odyssey scanning system for QFIHC was evaluated. It

was demonstrated that the quality of ‘low-power’ images

that can be captured using IR-scanning technology on

whole-tissue sections allows area analyses comparable to

that obtained with a Hamamatsu nanozoomer-XR digital

slide scanner. Furthermore, by assessing the distribution of

two well-characterised antigens in murine whole-brain sec-

tions processed with a range of upstream methodologies, it

can be confirmed that the sensitivity of the system and the

quality of the images obtained are comparable to tradi-

tional IHC, and relatively insensitive to processing method-

ologies. It was confirmed that dual-labelling of sections can

also be carried out and imaged at similar quality and resolu-

tion, and that fluorophores in the 700-nm range are com-

patible with higher resolution confocal microscopy. Finally,

it was demonstrated through comparison with QFWB of

microdissected brain regions that QFIHC-based abundance

measurements are likely to be an accurate reflection of tis-

sue protein content.

Materials and methods

Animals and tissue

In compliance with the 3Rs, no animals were bred specifically for

this project. Where possible all tissue samples used in this current

study were derived from existing archived wild-type (WT) mouse

brains or harvested alongside other ongoing experiments. All

experimental procedures were approved by The Roslin Institute’s

Ethical Review Committee, and conducted according to the strict

regulations of the UK Home Office Animals (Scientific Procedures)

Act 1986 where appropriate.

Haemotoxylin and eosin (H&E) production and
morphological measurements

Wild-type C57BL/6 mice were culled by decapitation and fixed in

4% paraformaldehyde, cryoprotected in a 20% sucrose solution

and snap-frozen in isopentane prior to storage at !80 !C. Sections
were cut at 10 lm and stained with H&E using an automatic stainer

(Autostainer XL; Leica) and coverslipper (CTM6 Coverslipper;

Thermo Scientific, UK). Images were acquired on the LI-COR Odys-

sey imager at 700 nm wavelength and by using Hamamatsu Nano-

zoomer-XR digital slide scanner. Areas of anatomical interest were

identified and measured by drawing around each region using

either IMAGEJ software on the sections scanned with the Hamamatsu

Nanozoomer or IMAGE STUDIO LITE (version 5) software with sections

scanned using the LI-COR Odyssey IR imager.

IHC

To investigate the optimal method of tissue preservation for high-

quality IHC labelling, the following preservation methods were car-

ried out: (i) paraffin-embedded and paraformaldehyde-fixed; (ii)

frozen and paraformaldehyde-fixed; and (iii) paraformaldehyde-
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fixed followed by cryoprotection. A negative control was included

in each experiment by omission of the primary antibody.

(i) Paraffin-embedded tissue. Adult CD1 WT mice brain paraffin-

embedded tissue blocks were utilised, sections (6 lm) were

selected at the level of the forebrain and hippocampus, and

were labelled using a well-established published protocol

(Piccardo et al. 2007). Briefly, slides were de-paraffinised by

immersion in xylene twice and then rehydrated in decreasing

percentages of alcohol (99%, 95% and 70% industrial methy-

lated spirit and then in distilled water). Antigen retrieval was

carried out by autoclaving the sections in distilled water for

15 min at 121 °C, followed by immersion in formic acid for 5

min and then running water for 15 min. Sections were trea-

ted with 70% IMS for 1 min and methanol plus 3% H2O2 for

10 min to quench endogenous peroxidase activity, followed

by immersion in still water for 10 min. Sections were

immunostained with either anti-D2 receptor protein (1 : 500,

raised in rabbit) or anti-Histone H2A.X (1 : 500; Abcam, UK)

overnight at room temperature. Sections were washed then

incubated for 1 h with a biotinylated secondary antibody

(mouse anti-rabbit 1 : 1000 for the D2-labelled and H2A.X-la-

belled sections). Sections were incubated for 30 min at room

temperature with streptavidin solution [Vectastain Elite ABC

kit; Vector Labs, Burlingame CA, USA; 10% avidin plus 10%

biotin in phosphate-buffered saline (PBS) + 5% bovine serum

albumin (BSA)] and then incubated in a 2% DAB solution

plus 0.1% H2O2 for 2–3 min, or until a colour change was

observed. The tissues were counterstained with H&E, dehy-

drated and coverslipped.

(ii) Frozen tissue – paraformaldehyde-treated. Adult CD1 WT

mice brains sections (15 lm) were fixed in 4% paraformalde-

hyde and then blocked in 4% BSA + 0.1% Triton-X/PBS for 1

h at room temperature. The slides were immunolabelled

with either anti-D2 or anti-H2A.X (same concentration as

above and diluted in blocking solution). Post-incubation, the

secondary antibodies were applied (as above) followed by

incubation with ABC solution and then application of DAB

solution (as above). The tissues were counterstained with

H&E, dehydrated and coverslipped.

(iii) Paraformaldehyde-fixed followed by cryoprotection and

storage at !20 °C. Adult C57BL/6 mice brain tissue was fixed

with paraformaldehyde and cryoprotected in a 20% sucrose

solution overnight before storage at !20 °C. Sections (20

lm) were transferred to a 24-well plate containing 1 9 PBS

to carry out the IHC procedure. Endogenous peroxidase

activity was quenched in 3% H2O2 in distilled water, then

the tissues were blocked in 5% normal donkey serum

diluted in 0.3% Triton-X/PBS for 1 h at room temperature.

The tissues were immunolabelled with either anti-D2 or

anti-H2A.X (both at 1 : 500 diluted in 0.3% Triton-X/PBS)

overnight at 4 °C. The secondary antibody was applied

(same concentration as used in the paraffin-embedded pro-

cessing in 0.3% Triton-X/PBS) for 1 h at room temperature.

ABC substrate was applied followed by DAB stain. Sections

were mounted on gelatin-coated slides.

Immunofluorescence for LI-COR imaging

The protocols used were identical to those described above for each

tissue type, up to and including the primary antibody incubation

stage. Two secondary antibodies were applied either the IRDyeTM

800CW conjugated donkey-anti-rabbit IgG (H+L, 1 : 1000) or IRDyeTM

680RD conjugated goat-anti-rabbit IgG (H+L, 1 : 1000), with the for-

mer used for labelling of the H2A.X protein and both IR dyes used

for labelling the D2 receptor. Sections were incubated for 1 h in the

dark, and thoroughly washed in PBS–BSA buffer prior to being cov-

erslipped using Vectashield fluorescence mounting medium (Vector

Laboratories, Peterborough, UK).

Dual-labelled immunofluorescence

Wild-type C57BL/6 mouse brains were fixed in 10% formal saline

and embedded in paraffin. Sections were cut at 6 lm and de-paraf-

finised prior to quenching of endogenous peroxidase activity using

1% H2O2 in methanol. Sections were washed in PBS containing

0.2% BSA before blocking in 5% normal goat serum. They were

immunostained with D2 receptor antibody (1 : 500) followed by

incubation with goat anti-rabbit IR 800CW (1 : 1000; LI-COR, UK) or

goat-anti-rabbit IgG IR 680RD in the dark. All subsequent steps

were performed in the dark. Nuclei were stained with To-Pro"3 (1 :

500; Life Technologies, UK) or DAPI (1 : 500; Life Technologies)

nuclear stain prior for use with the LI-COR imaging or confocal

microscopy, respectively. Slides were mounted using Vectashield

mounting medium (Vector Laboratories).

Image capture from DAB-stained sections with light
microscopy

Labelled sections were analysed on a light microscope (Nikon

Eclipse E800; Nikon, Tokyo, Japan). To create the composite section

image, overlapping serial photographs of one brain hemisphere

were captured at 20 9 magnification (approximately 80 pictures

total per tissue section). The images were then imported into the

Bridge module of ADOBE PHOTOSHOP, aligned and merged to produce

one composite image.

LI-COR imaging

Slides were placed face-down on the scanner surface, scanned at a

wavelength of 700 or 800 nm, or both channels simultaneously with

the laser intensity set at 2.0. An initial low-resolution, low-quality

scan [resolution: 337 lm; quality setting (Q): ‘lowest’] was acquired

of the whole slide to identify sections of interest. A smaller box was

drawn around the tissue sections, the resolution was set at 21 lm
and Q was set at ‘highest’. At these settings, a 1-cm3 area scans in 3

min and 54 s. A single whole-coronal murine adult brain section

scan would be complete in approximately 3 min.

Confocal imaging of D2 receptor

Paraffin-embedded sections labelled with the LI-COR IR dye 680 nm

secondary antibody were imaged with confocal microscopy (LSM

710; Carl Zeiss). Serial images were acquired focused on the CA3/

dentate gyrus (DG) area of the hippocampus at 20 9 and 63 9 oil

immersion. DAPI nuclei staining was visualised using violet laser at

405 nm wavelength and designated a pseudo green colour for

greater contrast with the D2 receptor labelling in red.

LI-COR analysis

Image capture and quantification was carried out using IMAGE STUDIO
"

(version 3.1.4) software. Three specific areas were delineated on the
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paraffin-embedded section labelled for the D2 receptor: the cortex;

the hippocampus; and the striatum with quantifiable data mea-

sured in arbitrary fluorescence units. To assess the stability of the

fluorophores, the sections were archived at 4 °C in the dark for 1

year. Following this, the same sections were re-imaged and quanti-

fied using the original image capture settings and quantification

criteria.

IMAGE J analysis

Densitometry was performed on the D2 (DAB)-labelled paraffin-em-

bedded section to compare relative signal level in the areas

described above. The composite image was imported into IMAGEJ,

threshold levels adjusted to pick up the D2 label only, and the three

areas were delineated and a density percentage was calculated.

QFWB

Three WT BALB/c mice brains were microdissected as previously

described (Wishart et al. 2010), with the hippocampal, striatum and

cortex removed. Protein was extracted and concentrations deter-

mined using a BCA Assay (Pierce) according to manufacturer’s

instructions as previously described (Eaton et al. 2014). Samples

were denatured in NuPage LDS Sample Buffer (4 9; Invitrogen, UK)

at 98 °C, and 30 lg of protein was loaded and run on NuPage 4–
12% Bis-Tris gels (Invitrogen). Gels were run in duplicate in the

same electrophoretic tank, with one gel stained for total protein

(Expedeon) and the other used to transfer the protein to a

polyvinylidene difluoride (PVDF) membrane using the I-Blot2 trans-

fer system (Invitrogen) on programme 3. Membrane was incubated

with Odyssey blocking buffer (LI-COR) prior to incubation with a

rabbit polyclonal antibody directed against D2 receptor protein (1 :

100) overnight at 4 °C. Goat anti-rabbit IgG (H+L) IR 680RD was

applied for 90 min at room temperature (1 : 5000; LI-COR Bio-

sciences). Membranes and gels were imaged and quantified using

the LI-COR Odyssey scanner and IMAGEPRO software, respectively, as

previously described (Eaton et al. 2013, 2014).

Statistical analysis

Unless otherwise stated, data were collected into Microsoft Excel

spread sheets and analysed using GRAPHPAD PRISM software. Unless

otherwise stated, the data presented in bar graphs represent the

mean " SEM. For all analyses, P < 0.05 was considered to be signifi-

cant. Individual statistical tests used are detailed in the Results or

figure legends as appropriate.

Results

IR-based tissue section scanning yields images of
suitable quality for accurate morphometric
measurements

Conventional morphometric analysis following H&E pro-

cessing generally requires time-consuming image tiling

microscopy or whole-tissue section image capture with ded-

icated slide scanners. Here, it was demonstrated that it is

possible to rapidly acquire images from conventional H&E-

stained tissue sections using IR-scanning technology (Fig. 1).

Sections were collected throughout the brain and torso

region of a mouse as shown in Fig. 1A. H&E-processed tis-

sue sections were scanned with a Hamamatsu nanozoomer-

XR digital slide scanner (Fig. 1B) and a LI-COR Odyssey IR

imager (Fig. 1C) to show the image quality that can be

obtained. It was also found that by using the LI-COR-associ-

ated software (IMAGE STUDIO LITE), it is possible to carry

out area-based measurements to calculate the size of

regions/organs of interest. Measurements obtained from

the same tissue sections imaged using the two different

imaging systems were comparable (Fig. 1D). This suggests

that images obtained using IR-scanning technology are

likely to be of suitable quality for conventional morphomet-

ric analyses.

IR fluorophore labelling allows simultaneous low-
resolution dual-target image acquisition

Conventional protein distribution analysis is affected by

many of the same problems as H&E-based morphological

examination as mentioned above. Moreover, standard

DAB-based IHC only allows the distribution analysis of a

single protein. Therefore, the aim was to determine if

multichannel whole-tissue section protein distribution can

be captured with the same quality and speed demon-

strated for H&E in Fig. 1. A standard immunofluorescent

protocol labelling nuclei and dopaminergic neurons in

WT mouse brain sections produced relatively high-quality

images, which were readily reproducible (Fig. 2). Image

capture was carried out simultaneously in both channels

(700 and 800 nm wavelength), and took approximately 3

min to scan each tissue section in its entirety at the high-

est quality capture setting. Each label, the nuclear marker

To-Pro3 captured at 680 nm (red channel) and the D2

receptor at 800 nm (green channel), can be viewed inde-

pendently and quantified separately if required (see

Fig. 2A). Furthermore, individual channels can also be

viewed in grey-scale for higher contrast images (Fig. 2B–
F). This suggests that IR-based scanning may provide an

alternative methodology for rapid multi-target image

acquisition.

IR fluorophores are compatible with higher
resolution imaging by confocal microscopy

Despite the disadvantages and limitations of conventional

IHC image acquisition described above, one advantage of

DAB-based IHC is the ability to return to sections and

examine areas of interest at higher resolution. Therefore,

it was aimed to determine if higher magnification images

with greater resolution can be obtained using conven-

tional image capture equipment on tissue sections labelled

with IR-based fluorophores. The Odyssey imager can

detect two distinct IR dyes simultaneously: 680 and 800

nm wavelengths. These give indistinguishable patterns of
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D2 receptor labelling in either wavelength when com-

pared with DAB-based visualisation on paraffin-embedded

tissue (Figs 3A–D and 4A). Interestingly, as the 680 sec-

ondary fluorophore is compatible with the wavelength

range of most confocal microscopes, it is possible to

obtain higher magnification images of a specific area of

interest (i.e. the DG) initially identified on IR-based QFIHC.

Representative images captured at 63 9 (oil immersion)

on the confocal are compared with ‘high-resolution’ DAB

images captured at 63 9 on a light microscope (Fig. 3F,H

and E,G, respectively). Importantly, this suggests that not

only can whole-tissue sections be rapidly imaged at low

power (3 min acquisition time) to examine overall

distribution patterns, but also that higher magnification

examinations using other imaging systems, such as confo-

cal microscopy, can also be applied to investigate areas of

specific interest.

Protein distribution assessed by IR QFIHC is
comparable to DAB reporter detection regardless of
upstream tissue-processing methodologies

Whilst DAB-based IHC is part of a standard methodology

for assessing protein distribution, many laboratories utilise

paraffin-embedding as part of their upstream tissue-pro-

cessing protocols. Paraffin-embedding typically results in

high ‘background’ staining or autofluorescence when com-

bined with conventional fluorescence imaging. Therefore,

the aim was to determine if IR-based fluorophores would

be affected in a similar fashion by subtle alterations in

upstream tissue-processing techniques. Here, examples of

nuclei identified by H2A.X protein expression and dopamin-

ergic neurones identified by D2 receptor expression were

shown, as detected by IHC either conventional DAB staining

or IR dye secondary antibody-based immunofluorescence.

This was carried out on tissues preserved by three different

methods of pre-sectioning processing: fresh frozen;

paraformaldehyde-fixed; and cryoprotected or paraffin-em-

bedded (see Materials and methods).

The pattern of distribution of both target proteins was

consistent with previous studies (Kearn, 2004; Ford et al.

2011), and similar across both DAB and IR immunofluores-

cence detection methods (Fig. 4). D2 receptor protein dis-

tribution was widespread throughout the coronal sections,

with highest levels of expression visible in the hippocam-

A

D

B C

Fig. 1 IR-based tissue section scanning yields images of suitable

quality for accurate morphometric measurements. H&E tissue sections

can be imaged on an IR scanner. (A) Photographic representation of

approximate murine tissue section levels. Representative sections at

levels 1–6 are shown in (B) and (C). (B, C) Frozen 20-lm-thick tissue

H&E-processed sections were scanned with a Hamamatsu Nanozoo-

mer- XR slide scanner (B) and LI-COR Odyssey imager at 700 nm (C).

Areas of anatomical interest within each section, such as: (1) whisker

pouches in the nose; (2) emergence of the eyes and olfactory cavity;

(3) eye sockets and thalamus; (4) hippocampus; (5) midbrain with

cerebellum; and (6) spinal cord. (D) Measurements from each section

were obtained using either IMAGEJ software applied to Hamamatsu

nanozoomer-XR IMAGES or IMAGESTUDIO LITE software on the LI-COR IR

scanner. Scale bars (black for B and white for C): 1 mm.
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pus, striatum and selected cortical regions with all three-

fixation methods (Fig. 4A–C). Lower levels of expression

were also observed in the thalamus, particularly the ventra

postero medial and lateral thalamic nucleus as well as the

subincertal nucleus, consistent with the published litera-

ture (Amenta et al. 1991; Fig. 4A,B). Expression of the

nuclear marker H2A.X was widespread throughout the tis-

sue sections (as expected), and visible using both the DAB

and fluorescent IHC methodologies (Fig. 4D–F). Similar to

the D2 receptor labelling H2A.X protein expression levels

appeared more abundant in the hippocampus. However,

H2A.X appears more prevalent in the CA1 and the DG

with comparatively little labelling observed in the CA2 or

CA3 area due to cell density. This therefore suggests that

the expression pattern following IR-based image capture is

unaffected by tissue pre-section processing, which is

known to have a dramatic effect on background fluores-

cence with conventional IHC fluorophores (Buchynska

et al. 2008).

IR-based image capture is compatible with
abundance-based quantitative regional analysis

Whilst protein distribution may be informative, research-

ers have continuously sought to be able to analyse pro-

tein abundance within distinct brain regions. Here, the

quantitative nature and reproducibility of the images

obtained was tested by comparing traditional DAB pro-

cessed sections with IR-based fluorescence. Quantification

of D2 receptor expression was carried out using ImageJ

for DAB-labelled sections, or IMAGE STUDIO LITE for fluores-

cently tagged sections captured with the Odyssey imaging

system (Fig. 5A–C). The hippocampus, primary somatosen-

sory cortex and striatum were quantified using compara-

ble measuring tools of the same approximate area.

Expression was quantified using arbitrary measurement

units in both software packages. Similar levels and pat-

terns of expression were observed when comparing the

two labelling methodologies, although some variation

was seen (Fig. 5D). This may be accounted for with intra-

section normalisation. Here, D2 receptor expression in

each brain region was normalised to the area identified

with the highest expression values, the hippocampus. Fol-

lowing normalization, it is clear that the relative expres-

sion for each brain region is comparable with the two

labelling techniques (Fig. 5E).

Interestingly, it was demonstrated that due to the stabil-

ity of the IR fluorophores it is possible to re-image and

quantify from IR-labelled sections up to 1 year after initial

image capture (Fig. 5C). Although a small decrease in arbi-

trary fluorescent units was detectable in the sample

(Fig. 5D), the decrease in fluorescence intensity was uniform

across the brain regions measured, with the expression

ratios nearly identical (only 0.01 AU difference; Fig. 5E). This

therefore suggests that the IR fluorophores are extremely

stable, and that the protein distribution assessment and

quantification obtained with IR-based QFIHC is at least

comparable with conventional IHC processes.

A

D

E

F

B

C

Fig. 2 Multiplex images of WT mouse brain sections. Tissue sections

probed with the nuclear marker To-Pro 3 (700 nm channel; red) and

the dompaminergic D2 receptor (IRDye 800; green) were captured on

the LI-COR Odyssey IR scanner at maximum quality, 21 lm resolution.

(A) Fluorophores compatible with 700 nm (red) and 800 nm (green)

wavelengths can be utilised simultaneously. (B–F) Dual-labelled image

is shown on the left-hand side and a grey-scale image of the nuclear

label is mirrored on the right-hand panel. Scale bar: 1 mm.
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A

D E F

B C

Fig. 4 Protein distribution assessed by IR QFIHC is comparable to DAB reporter staining regardless of upstream tissue processing methodologies.

The effect of fixation on tissue sections immunostained for two well-characterised proteins, the dopamine (D2) receptor (A–C) and the nuclear pro-

tein H2A.X (D–F). Sections were imaged using either conventional DAB-based IHC light microscopy or IR-based scanning. Different tissue fixation

methodologies are shown with: (A, D) tissues fixed in paraformaldehyde (PFA) followed by paraffin-embedding; (B, E) tissues were flash frozen prior

to sectioning followed by paraformaldehyde fixation; and (C, F) tissues have been fixed with paraformaldehyde prior to being stored in a cryopreser-

vative and then sectioned. Each panel consists of DAB-labelled hemispheres (LHS) and IR Dye 800 probed hemispheres (RHS). Scale bar: 1 mm.

A D

E

G

I

F

H

J

B C

Fig. 3 IR fluorophores are compatible with

higher resolution imaging by confocal

microscopy. Representative tissue sections

immunostained for D2 receptor probed with

conventional DAB labelling (A, B, E, G, I) or

IRDye 680 (C, D, F, H, J). (A, B) Whole

coronal reconstructed tissue sections are

shown in colour and grey-scale. (C, D) IR-

captured tissue sections in colour and grey-

scale, respectively. (A, C) An area of the DG

outlined with a white rectangular box,

subsequently imaged at higher magnification

(20 9 e and f; 63 9 g and h) on either a

light or confocal microscope (e and g; f and

h, respectively). (I and J) Close crops taken

from (G and H) using ADOBE PHOTOSHOP. Scale

bar: 1 mm (A–D); 80 lm (E and F); 20 lm (G

and H); 10 lm (I and J).

© 2015 The Authors. Journal of Anatomy published by John Wiley & Sons Ltd on behalf of Anatomical Society.

Infrared imaging of tissue sections, S. L. Eaton et al. 209

Sam Eaton
80



Quantitative analysis by QFWB confirms the accuracy
of QFIHC

The Odyssey IR scanner by LI-COR was designed to image

and quantify Western blots. Whilst IR-based Western blots

are a useful and accurate way of quantifying protein abun-

dance in a complex mixture (Eaton et al. 2013), it does not

provide information on distribution. Here, it is attempted

to demonstrate the efficacy of IR-based scanning technol-

ogy to not only examine protein distribution patterns in a

regional manner, but also to quantify the amount of

protein present within distinct structures. Whilst it is

known that the IR-based fluorophores are linear in their

fluorescence in protein isolates, their behaviour has never

been assessed in tissue sections. Therefore, a preliminary

investigation was attempted to evaluate whether the values

generated by IR-based IHC are representative of what is

present in the tissues examined and therefore determine if

the results can be referred to as quantitative. In order to

address this, microdissected hippocampal and striatal brain

regions were analysed by QFWB (Fig. 6). The upper panel in

Fig. 6A shows that the total protein load (30 lg) was

uniform for both samples; however, the expression of D2

receptor protein (bottom panel) was greater in the hip-

pocampus than in the striatum as determined by QFWB.

Quantitative analysis of the Western blot signal has shown

that when the expression ratio of the D2 receptor protein

was normalised to the hippocampus, D2 is significantly

A

D E

B C

Fig. 5 IR-based image capture is compatible

with abundance-based quantitative regional

analysis. Representative images showing D2

receptor labelling in paraformaldehyde-fixed

and paraffin-embedded tissue sections with

(A) DAB, (B) fluorescent IRDye 800, and (C)

tissue section from (B), re-imaged 1 year

later. (D) Graphical representation of the raw

arbitrary abundance units: a, black circle; b,

black triangle; and c, white triangle. (E) Data

from (D), normalised to the hippocampus.

A B

Fig. 6 QFWB on microdissected brain regions confirms QFIHC accuracy. (A) Example of QFWB for D2 expression within the microdissected

hippocampus (H) and striatum (S) with a total protein loading control (T.P.A.). (B) Bar chart showing ratiometric expression values for D2 receptor

in the striatum (black bars) when the hippocampus (white bars) is normalised to 1. Data representative of whole microdissected hippocampal and

striatal protein extract (QFWB: LHS) and regional measurements from hippocampal and striatal fluorescence intensity from 20-lm-thick tissue

sections (QFIHC; RHS – data re-plotted from Fig 5E). **P = 0.0015, ****P < 0.0001.
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lower in the striatum (left-hand panel of Fig. 6B), with the

same pattern of expression obtained with QFIHC (right-

hand panel of Fig. 6B). The data are comparable with

QFIHC, and it is likely that subtle differences in ratios

between QFWB and QFIHC can be attributed to a whole-

brain region homogenate vs. single plane quantification in

QFIHC. These data therefore suggest that the values

obtained by IR-based QFIHC are likely to be a realistic reflec-

tion of protein abundance within tissue sections.

Discussion

In recent years, digital capture techniques have advanced

image acquisition and analyses to produce truly quantifi-

able data. In turn, this has allowed scientists and clinicians

researching a broad range of conditions to obtain vital data

resulting from morphological analyses and measurements

of protein abundance (Henriksson et al. 2009; Acehan et al.

2011; Gruber et al. 2013). However, advancements in exper-

imental technologies often require revision and re-optimisa-

tion of routine and reliable methodologies giving rise to

reluctance to adapt to such new systems. In this study, it

was set out to determine the utility of IR-based scanning

technology in image acquisition for area and protein abun-

dance measurements in whole-tissue sections.

Measuring tissue area

Here it was demonstrated that conventional H&E-processed

tissue sections can be imaged with IR-scanning technologies

such as the Odyssey from LI-COR, and that the associated

software is suitable for the measurement of area (Fig. 1).

Entire tissue sections can therefore be rapidly imaged at suf-

ficient resolution and quality to carry out area-based mea-

surements without the need for time-consuming tiling of

images, or expensive dedicated slide scanning technologies.

Moreover, the time–cost benefits of whole-section image

acquisition on an IR system (3 min per section) are consider-

able when compared with traditional serial image recon-

struction at 10 9 by light microscopy (approximately 120

min). Comparison of measurements from the same tissue

sections imaged with a dedicated slide scanner (conven-

tional DAB labelling) and the IR scanner (IR fluorophores

labelling) showed little difference between the data

recorded (Fig. 1D).

Measuring protein abundance

In order to determine the quality and resolution of images

that can be produced using an IR imaging system, multi-

channel fluorescence IHC was carried out to ascertain the

suitability of the images for downstream quantification and

publication (Fig. 2). Dual colour images were rapidly and

simultaneously acquired on the imager scanning whole

coronal murine brain sections within 3 min. This produced

images equivalent to approximately 4 9 magnification on a

conventional microscope. The resolution of these images is

suitable for quantification of regional protein abundance

or gross morphological measurements. One potential limi-

tation highlighted by others (Hawes et al. 2015) is that sec-

tions captured in this manner can only be characterised at

the gross regional level. However, it was demonstrated that

this potential issue can be overcome by using the IR680 Dye

tag, which is captured within the wavelength range of most

confocal microscopes as shown in Fig. 3F,H. High-power

confocal images of the 680 IR tag confirm the fluorescent

IHC protocol described here yielded labelling of a quality

comparable to those tissues labelled using conventional

DAB protocol. It was therefore suggested that tissues

labelled with an IR680 Dye can be rapidly scanned to pro-

vide an overview analysis of regional profiling and expres-

sion, but if these images highlight a particular area of

interest requiring a higher resolution investigation, the

sections will also be compatible with confocal microscopy.

Quantification is becoming a prerequisite of IHC and is

more achievable with the advent of digital image capture

systems. Densitometry of pixelated areas labelled using con-

ventional streptavidin/biotin complex IHC methodology

should only provide a semi-quantitative analysis as the pro-

tein abundance is not necessarily directly proportional to

the signal obtained (Taylor & Levenson, 2006). In contrast,

labelling with IR Dyes implies that the signal measured

should be truly representative of the protein abundance.

The fluorescent tag is directly conjugated to the secondary

antibody, and it has previously been demonstrated that this

produces a truly linear readout when applied to tissue sam-

ple homogenates by Western blotting in the authors’ hands

(Eaton et al. 2013). Analysis of D2 receptor labelling in

paraffin-embedded tissue demonstrated that the pattern of

labelling was almost identical between the fluorescent and

DAB staining, confirming that the IR secondaries perform as

expected in terms of signal localisation (Fig. 5A,B). Further-

more, the ability to quantify from IR dye-labelled tissue

sections yielding quantification in the form of arbitrary flu-

orescence units from which relative abundance can be con-

vincingly calculated can be demonstrated (Fig. 5). However,

as this is a relatively novel application of these IR secon-

daries, it is possible that there could be factors that impact

on their reporting sensitivity, such as tissue penetration, etc.

However, by comparing regional expression levels of D2

receptor from whole-brain tissue sections obtained by

QFIHC with the relative expression levels in microdissected

brain regions by QFWB, it can be confirmed that the IR flu-

orophores are indeed likely to be reporting a realistic value

for protein expression in QFIHC (Fig. 6).

Conclusion

This current study reports on a number of interesting

observations with regard to the application of IR tech-
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nology to imaging of tissue sections. Firstly, that fluores-

cent IHC methodology using IR Dyes provides labelling

distribution consistent with traditional streptavidin/biotin

labelling with DAB staining. Secondly, that this staining

is not grossly affected by the method of tissue pre-pro-

cessing. Thirdly, that image capture and subsequent

quantification is far less time consuming and costly than

other methodologies. Fourth, that H&E sections can be

rapidly imaged using the IR scanner and morphometric

analyses can be accurately obtained using the associated

software. Finally, and perhaps most importantly, that

quantification of regional protein abundance by this

methodology appears to yield an accurate representation

of tissue protein expression values. The Odyssey from LI-

COR has already been put to use in viral detection, cell

culture and live animal imaging (Skoch et al. 2005;

Leblond et al. 2010; Weldon et al. 2010; Nadanaciva

et al. 2011; Kumar et al. 2012), and here it was sug-

gested that it has further merit as a reliable application

in whole-tissue section histological processing and quan-

tification.
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5.4 Results and conclusions 
The aim of this methodological paper was to provide an alternative and truly 

quantitative method of analysing immunohistologically labelled tissue 

sections.  This was trialled by using secondary antibodies that were tagged 

with an infrared fluorophore, scanned on an infrared (IR) scanner where a 

digital image was captured, and then quantified using associated IR software.  

This detection system is known to be more sensitive to chemillumiscence 

when carrying out western blots, but had not been examined using other 

techniques such as immunohistochemistry. In order to evaluate this method 

of labelling, several trials were carried out to assess the capability of 

capturing a digital image with good resolution and to quantify using IR and 

importantly to determine any associated limitations.  Success was 

determined when: 1) production of good resolution and quantifiable images 

was determined to be independent of commonly used fixation processes, 2) 

labelling of protein of interests was verified to be as qualitative with the IR 

fluorophore as with traditionally used chromagen, 3) acquisition of high 

resolution images with confocal microscopy as achievable using IR 

fluorophore labelling, 4) quantification obtained from immunolabelled sections 

protein of interests were proportional to data achieved using western blotting 

of the same tissue regions and 5) morhpometeric analysis of tissue sections 

using the IR scanner associated software was accomplished and the data 

was comparable to traditionally acquired analysis using high resolution 

scanner and specific image analysis software. 

The first trial determined whether the method of fixation prior to 

immunolabelling caused any detectable and/or quantifiable differences and to 

compare traditional immunolabelling with diaminobenzidine (DAB) to infrared 

fluorophore labelling. It was important to include serial sections using 

different fixation techniques; 1) paraformaldehyde (PFA) fixed and paraffin 

embedded, 2) flash frozen and then fixed with PFA and 3) PFA and then 

cryoprotected in a 20% sucrose solution, to then assess any potential 

caveats to obtaining quantifiable images.  There were no discernible 

differences detected between the three different fixation methods on the 
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mouse brain tissue used for this trial using either the DAB or infrared 

immunolabelling, therefore demonstrating there are no disadvantages to 

using the fluorophore labelling technique for subsequent downstream 

analysis. 

The second trial was carried out to assess the ease and accuracy of 

obtaining, analysing and quantifying immunolabellled tissues using serial 

sections labelled to detect D2 receptor with either DAB or IR fluorophore 

labels.  The DAB images were compiled using tiling of sections of the image 

that were then aligned and merged to produce one composite image using 

Adobe software prior to quantification with Image J software, whereas the 

sections labelled with fluorophore were scanned at the highest resolution on 

the infrared scanner and quantified using the scanner’s associated software.  

The DAB acquisition and subsequent quantification was notably time-

consuming, whereas the high-resolution IR scan of the mouse brain took less 

than 4 minutes and produced a representative image equivalent to X4 

magnification using a light microscope.  Quantification of the regional 

abundances using the two different methods gave comparable results.  

Furthermore, the stability of the signal obtained from the fluorescent labelled 

tissue sections was not compromised when the tissue sections were stored 

correctly. Although a small decrease in IR signal was detected one year post 

staining, this was uniform throughout the tissue, therefore producing a 

comparable regional specific quantification to the original image acquired. 

A limitation of analysis of digitally captured images on the IR scanner is the 

low resolution of the image produced. To circumvent relabelling of the tissue 

with traditional DAB staining the IR labelled tissues were trialled on a 

confocal microscope to see if the IR fluorophores (680 and 800) were 

compatible for high resolution image acquisition.  It was determined that the 

IR fluorophore, which emits at a wavelength of 680, was compatible with 

confocal laser line 630nm, which is part of most confocal laser detection 

systems.  However, the 800 IR fluorophore would only be detectable using 



Analysis of neurodegenerative disorders across multiple species 

Chapter 5: Quantitative imaging of tissue sections using infrared scanning 
technology  87 

confocal microscopes that include an additional near infra-red light excitation 

laser or using a white light microscope with the correct filters.  

Quantification of protein abundances is generally determined by using 

quantitative western blotting (QWB), however this paper also set to establish 

if the protein abundances quantified by IHC (QIHC) using IR fluorophores 

and the associated IR scanner software were as accurate. The QWB data 

from microdissected regions of interest were found to correlate well with the 

same QIHC regional data.  This high correlation equated to the protein of 

interest (D2) expression ratio of approximately 0.7 and 0.55 for QIHC and 

QWB respectively, with both expression values significant decreased in the 

striatum compared to hippocampal expression (P<0.0001 and P=0.015 

respectively). However, these subtle differences in the normalised data ratios 

are thought to arise from the total size of area being compared, a single 

plane tissue section versus whole brain region homogenate. 

The final trial that was carried out determined if 1) morphometric analysis 

was possible using the IR scanner and software on haemotoxlin and eosin 

stained sections and if 2) this data was comparable to quantification from 

images obtained using a high resolution digital scanner and Image J 

software.  The same 6 sections tissue sections from different body regions 

were scanned, areas of interest were identified and quantified using both 

systems by different operators, with consistent and comparable results 

obtained from each of the different measured areas using both systems. 

Therefore, there was no advantage in using the high-resolution scanner to 

carry out morphometric analysis unless more detailed assessments were 

required using a higher magnification. 

5.5 Critical evaluation 
This method paper demonstrated how a piece of equipment designated for a 

particular use can be utilised for other protocols highlighting the importance 

of keeping up to date with current technology as it could save time and 

increase veracity of results.  The different set of experiments addressed 
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questions with regard to: 1) the influence of upstream tissue fixation 

techniques on the qualitative and quantitative data obtained 2) stability of the 

IR fluorophores throughout the tissue sections for quantitative analysis one 

year post immuolabelling, 3) regional representative protein abundances 

quantified in the section compared with microdissected regions quantified 

using western blot 4) dual colour labelling is possible in the tissue sections at 

low resolution but only the lower infrared fluorophore wavelength (680nm) is 

detectable on a confocal microscope 5) morphometric analysis of gross 

structures/regions within an H&E stained section is possible using the IR 

scanner and associated software. 

Abiding by 3Rs guidelines tissue sections were obtained from previous 

experiments however it would have been interesting to confirm if the IR 

fluorophores were compatible with various different species and different 

tissues such as muscle or immune tissues such as spleen. The software 

produced for the associated IR scanner does not have a wide array of tools 

to carry out quantification of more complicated structures like Image J 

provides. This was highlighted when carrying out the morphometric analysis 

which could only be achieved by carrying out rudimentary scans of blue 

cardboard of a known size (1cm3).  However, if this software was updated 

then some of these baseline morphometric calculations could be carried out 

automatically.  The resolution of the scan achieved was equivalent to a x4 

magnification but not detailed enough to quantify anything more detailed 

such as individual cells hence the need for downstream confocal microscopy.  

It would be advantageous for the producers of the scanner to upgrade the 

software to incorporate freehand capture and to increase the resolution of 

new scanners to make this equipment even more versatile. 

It demonstrated how this could be achieved using reliable IHC protocols then 

simply substituting the secondary antibodies for IR tagged antibodies which 

resulted in 1) time saved in the laboratory and at the microscope/computer 

producing tiled images and 2) produced reliable quantifiable data which was 

not predisposed to observer bias.   



Analysis of neurodegenerative disorders across multiple species 

Chapter 5: Quantitative imaging of tissue sections using infrared scanning 
technology  89 

5.6 Impact and personal development  
This manuscript combined my experience of both, immunohistochemistry 

using various fixation methods and western blotting using an IR scanner for 

image acquisition and quantification, to overcome a time-old issue regarding 

obtaining truly quantifiable data from immunolabelled tissue sections. I have 

trouble-shot the methodology and established a protocol that will now allow 

production of readily reproducible, truly quantitative images that is more 

expedient than traditional image acquisition/quantification.  I can now apply 

this technique to address questions in my current investigations of large 

animal models of neurological diseases and obtain unbiased measurements 

of protein abundances from tissue sections that may not fit onto conventional 

microscope slides. 

This paper was named runner-up best paper of 2016 by the Journal of 

Anatomy and has also be used to advertise the versatility of the IR 

instrument by Licor Biosciences on their website. 
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6.1 Author contribution 
All authors were involved in design of experiments and review of this 

manuscript.  

 SLE produced the first and subsequent drafts of the manuscript after co-

author revision.   
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 SLE and CP produced Table 1. 

 SLE photographed the sheep in Figure 2a, carried out the PPT1 assay in 

Figure 2b, cut, mounted and imaged the spinal cord tissue in Figure 2c.  

SLE produced Figure 2. 

 SLE coordinated and assisted the post mortems, imaged and weighed the 

brains and produced the graph in Figure 3a. SLE carried out volumetric 

ratios and produced the graphs in Figure 3d.  SLE constructed Figure 3.  

 SLE took the pictures, collated the clinical scores, produced the graphs 

and constructed supplementary Figure 2.  

 

6.2 Relevance and Requirement 
CLN1 disease (OMIM 256730) is a member of the neuronal ceroid 

lipofuscinoses family (NCLs).  This group of autosomal recessive 

neurodegenerative conditions are devastating phenotypically and are 

currently incurable.  There are 14 different mutations of the ceroid 

lipofuscinosis, neuronal (CLN) gene which give rise to broadly similar 

symptoms including psychological and motor deficits, loss of vision due to 

optic atrophy, seizures and an untimely death.  The most rapid of these 

conditions, with regard to age of onset and duration, is CLN1 disease where 

a child starts to develop early symptoms at 12 months and on average dies 

within 8 years.  Deficits in CLN1 gene leads to a significant loss of palmitoyl 

thioesterase-1 (PPT1) lysosomal enzyme activity and this can be measured 

in blood leucocytes producing a definitive diagnostic test.  Further disease 

associated hallmarks include accumulation of autofluorescent material within 

the lysosomes and regional specific neurodegeneration specifically affecting 

the cerebral cortex, thalamus, brain stem and cerebellum with a significant 

reduction in grey matter volume. A CLN1 rodent model has been established 

that has produced neuropathology and behavioural changes but not the 

widespread neurodegeneration that occurs in patients.  Therefore, generation 
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of a bespoke ovine model with the most common human disease causing 

mutation p.Arg151X (R151X) was generated to address biological questions 

that were not determinable using rodents and to also importantly establish a 

model for downstream biomedical trials. 

 

6.3 Manuscripts main hypotheses 
The main hypotheses that were tested in this manuscript are: 

Insertion of the human CLN1 gene (R151X) mutation into the ovine locus 

using CRISPR/Cas9 technology causes:    

1) widespread and regional neurodegeneration 

2) reduction in PPT1 enzyme activity 

3) accumulation of autofluorescent storage material 

4) clinical phenotype that mimics that observed in human patients 

5) shortened lifespan 

6) brain atrophy 
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!e neuronal ceroid lipofuscinoses (NCL) are a group of predominantly autosomal-recessive storage disorders 
which mainly a"ect children and young adults, and are notably the most common form of childhood dementia1. 
Children who su"er from this neurodegenerative condition experience psychological and motor de#cits, loss 
of vision and seizures leading to a profound impact upon the CNS and ultimately a premature death. !e age of 
onset and rate of disease progression are governed by which ‘CLN’ gene is de#cient and the precise mutation that 
is present. Mutations in the CLN1/PPT1 gene are responsible for one of the most severe and early onset forms of 
the disease, with clinical onset between 12–24 months of age2. !ese children have a severely reduced lifespan, 
with death occurring at approximately 9 years of age3. Currently there is no cure for the disease.

ͷThe Roslin Institute and Royal (Dick) School of Veterinary Studies, University of Edinburgh, Edinburgh, UK. Centre 
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Diagnosis of INCL can be elusive, however there is a reliable blood test available that can be employed for pre 
and post-natal diagnosis4. !is assay detects a signi#cant reduction in the activity of the enzyme palmitoyl-protein 
thioesterase 1 (PPT1) in leucocytes from CLN1 patients, which is a direct consequence of mutations in the PPT1 
gene5. Many other disease-speci#c hallmarks exist; some are detectable with specialist imaging techniques whilst 
others are more readily seen at autopsy. !ese include, intracellular accumulation of auto$uorescent storage mate-
rial and regional neuroanatomical alterations6.

In order to generate a model of the human condition and enable pre-symptomatic investigations for evalua-
tion of potential therapeutic interventions7, a PPT1 null mutant mouse model was produced8. !ese mice have 
been valuable for de#ning progressive neuropathological and behavioral changes, and for testing experimental 
therapies2. However, the extent of neurodegeneration in these mice, even at disease end stage9,10, does not reach 
the full devastating extent seen in human INCL. Larger animal species have advantages over mice as disease mod-
els, and two naturally occurring cases of CLN1 disease have also been reported in dogs - a male daschund with a 
unique mutation not previously reported in humans and one female cane corso with an alteration detected in 2 
human cases11,12 (NCL Mutation Database, http://www.ucl.ac.uk/ncl/). However, as far as we are aware, neither of 
these unique animals are currently available as models that can be studied. Naturally occurring ovine models of 
CLN5 and CLN6 forms of NCLs do exist and have proved valuable for studying the pathogenesis of these disor-
ders and the pre-clinical development of therapies including viral mediated gene transfer13–16.

In this study we have attempted to reproduce the complex nature of the disease seen in INCL patients by gen-
erating a large animal model that carries disease-causing mutations present in human CLN1 disease. We describe 
how the CRISPR/Cas9 system was used to introduce the commonly occurring human R151X mutation into the 
ovine PPT1 locus5,17. We then demonstrate that the downstream biochemical and regional morphological brain 
alterations commonly reported in human patients are present in this novel ovine model at a humanely de#ned 
disease endpoint. !is is the #rst time that the CRISPR/Cas9 system has been used to generate a model of CLN1 
disease or similar lysosomal storage disorders. !ese novel CLN1 sheep will not only help further our under-
standing of INCL pathogenesis, but also have the potential to enable therapeutic development for this devastating 
pediatric disorder.

�������

����������������ͷ������Ǥ� As homology DNA repair (HDR) is believed to be most e%cient immedi-
ately proximal to a double strand DNA break (DSB), two alternative single stranded guide RNAs (sgRNAs) were 
designed as close as possible to the coding sequence for R151 of sheep PPT1 (Fig.&1A). !e CCTop CRISPR/
Cas9 online tool (https://crispr.cos.uni-heidelberg.de/) predicts a low probability of o"-target cutting by either of 
these guides within exonic sequence of the sheep genome. CRISPR reagents (sgRNA (MEGAshortscript T7 tran-
scription kit, Life Tech.) + ssODN (single strand Oligodioxynucleotide; IDT) + Cas9 mRNA (CRISPR Associated 
protein 9 mRNA; PNA Biosciences)) were microinjected into the cytoplasm of in vitro-derived sheep zygotes as 
previously described18, with no evidence of toxicity observed during subsequent culture. Sixty-six blastocysts 
were transferred to 33 hormonally synchronized recipient ewes18, with 19 (58%) carrying a pregnancy to term. 
Twenty-four lambs were genotyped by PCR of genomic DNA and sequencing (Fig.&1B), revealing 12 (50%) that 
were not edited, 3 (12.5%) had random insertions or deletions (indels) at the target locus, 6 (25%) had undergone 
HDR to introduce the stop codon at the target locus of a single allele and 3 (12.5%) had undergone HDR on both 
alleles (Table&1). All lambs were grossly phenotypically normal at birth.

Figure 1. CRISPR/Cas9 engineering of PPT1 sheep (A) sgRNAs were designed proximal to the PPT1 target 
site on Ovis aries chromosome 1 (indicated by blue arrow). (B) Sheep zygotes were injected with Cas9 mRNA, 
sgRNA1 or sgRNA2 and an HDR (homology directed repair) template (90mer ssODN).

Blastocysts Recipients Pregnancies Lambs

Genotypes

WT Indel
Het 
HDR

HOM 
HDR

sgRNA1 35 17 10 10 3 3 2 2
sgRNA2 31 16 19 14 9 0 4 1

Table 1. Editing the sheep PPT1 locus. Details of blastocysts, recipients, pregnancies and the geneotypes of 
liveborn o"spring for each sgRNA. WT: wild type; Indel: insertion and/or deletion; Het HDR: heterozygous 
homology dependant repair; Hom HDR: homozygous homology dependent repair.
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���Ƥ��������������ͷ����������Ǥ� A one step $uorometric PPT1 enzyme activity assay4 was employed in 
wild type, heterozygote and asymptomatic homozygote PPT1 sheep plasma at approximately 1 year of age (Fig.&2). 
!ere was a signi#cant decrease in PPT1 enzyme activity in homozygous vs. heterozygote sheep (P = 0.0025) 
(Fig.&2), consistent with the near complete reduction in activity observed using this assay in the human patient 
population4. Another characteristic hallmark of CLN1 disease is the accumulation of auto$uorescent storage 
material within lysosomes. !is was also detected in the spinal cords of the homozygote sheep (Fig.&2).

Visual function was assessed via remote observation of navigation and visual tracking alongside menace 
response testing, whilst pupillary light and dazzle re$ex testing was used to assess subcortical responses to light 
and glare, respectively16,19,20. By 12 ± 1 months of age, homozygote sheep were observed bumping into obstacles 
followed by a signi#cant de#cit in the menace response by 17 ± 1 months at the humanely de#ned endpoint 
(Supplementary Fig.&2). Motor performance and vestibular system integrity were assessed remotely by observa-
tion of gait and balance, followed by direct testing of conscious proprioception using hoof placement, knuckling 
and hopping tests, and balance via a ‘push test’20. !ere was a signi#cant increase in proprioceptive de#cit in the 
homozygote sheep (Supplementary Fig.&2).

��������������Ƥ�����������������������������������������ͷ�������������Ǥ� !e homozygote sheep 
and WT controls were euthanised at 17 ± 1 months in accordance with home o%ce speci#cation when a moder-
ate phenotype was observed. Gross morphological assessment of the homozygote resected brains at post mortem 
showed a statistically signi#cant 30% decrease in mass compared with age-matched wild type controls with pro-
nounced regional atrophy of the neocortex (Fig.&3A). Qualitative imaging assessment by MRI identi#ed a global 
reduction in brain volumes, with enlarged ventricles, and thinned grey matter, particularly in sensory regions of 
the neocortex caudal to the central sulcus (Fig.&3B). !e hindbrain, by comparison was relatively normal although 
there appeared to be some atrophy of the neocerebellum (Fig.&3B).

Quantitative Imaging analysis using MATLAB so'ware allowed more detailed volumetric evaluation of spe-
ci#c regions of interest: the motor cortices, triventricular spaces and cerebellum (Fig.&3C). !e volumetric anal-
yses of the homozygous sheep demonstrated signi#cantly lower cerebral volume with an average 20% decrease 
at the time of imaging (Fig.&3D). !e triventricular cerebral spinal $uid (CSF) space in the homozygotes was 
signi#cantly increased on average by 50%, however these sheep had not developed clear di"erences in overall 
cerebellar volumes at this time point (Fig.&3D). Features in this model recapitulate the gross anatomical #ndings 
in a naturally occurring ovine model caused by mutation of the CLN6 gene21.

��������������������������
Here we have shown for the #rst time that CRISPR/Cas 9 engineering can e"ectively produce a large mammalian 
model of childhood dementia by introducing a disease-causing mutation present in human cases. !is new ovine 
model shows a regionally-selective pattern of neurodegeneration, and relevant clinical signs similar to those 
reported in human patients with INCL2. Taken together our data suggest a more robust recapitulation of human 
disease than is shown by the existing CLN1 mouse models. Certainly, even without detailed neuropathological 
assessment, the degree of cortical atrophy is much more pronounced than in PPT1 de#cient mice9,10, perhaps due 
to disparities in rodent brain anatomy when compared to humans22. !ese CLN1 data resemble the much more 
pronounced extent of cortical pathology in CLN6 de#cient sheep compared to nclf mice23,24.

By using CRISPR/Cas9 editing we have successfully incorporated the most common human disease-causing 
mutation in the gene, PPT1, resulting in development of clinical signs and a humanely de#ned endpoint of 
17 ± 1 months, approximately 10% of the lifespan of a wild type control sheep. !is is comparable to the reduced 
lifespan of human INCL patients who on average die at 9 years of age, approximately 11% of the average human 
life expectancy25. By comparison the existing murine model reaches a terminal stage by 8 months which is 
approximately 33% of its potential life span8. Other principal phenotypic characteristics of the human disorder 
observed in this PPT1 sheep model include accumulations of auto$uorescent material, visual impairment and 
brain region-speci#c volume alterations3. !ese CLN1 sheep have an overall di"erence in brain mass of 30% at 

Figure 2. Con#rmation of CLN1 disease. (A) Asymptomatic homozygote PPT1 sheep. (B) PPT1 enzyme 
activity assay tested in plasma (20ug protein) detected signi#cant di"erences between heterozygote and 
homozygote sheep (P = 0.0025). Statistical analyses utilized unpaired two-tailed Student’s t-test. Error 
bars represent the standard error of the mean (SEM). (C) Auto$uoroscent inclusion bodies are detected in 
homozygote sheep scale bar represents 50 microns.
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necropsy. !is again more closely resembles the severity of human disease2, compared to the reductions in brain 
mass observed in the murine model9.

MRI has been informative in following disease progression in INCL patients26. Our imaging data mirror 
those seen in a related naturally occurring CLN5 ovine model, and the dramatic impact of CLN1 disease upon 
the volume of the cerebral cortex27–29 with more subtle e"ects upon the cerebellum. !e onset and progression of 
such regional e"ects upon the CLN1 sheep brain will be important to de#ne, both via imaging and pathological 
studies, and these data will be very informative for the targeting of experimental therapies.

Many of the di%culties associated with neurodegenerative disease research (at the level of understanding 
disease progression and subsequent intervention development) have been attributed to the use of models that 
do not faithfully recapitulate the human condition30. Diseases that naturally occur in large animals are extremely 
useful for determining pathogenic events and drug discovery driven research16,31, and the pre-clinical work done 
in CLN2 de#cient dachshunds prior to FDA approval of ERT exempli#es this31,32. However, with the advent of 
gene editing technologies we are no longer limited to identifying naturally occurring forms of genetic disease, 
which may not bear the same mutations seen in the patient population15. !us, models can now be generated with 
increasing genetic speci#city by recreating human disease-causing mutations33 as we have done for the #rst time 
in CLN1 disease sheep.

Such methods have already proven to be more e"ective in the development of two GM porcine models; 
Huntington disease and Ataxia telangiectasia (AT)34,35. !ese large animal models display disease phenotypes 
inadequately represented in commonly used murine systems for the same conditions. !ese include de#cits in 
cerebellar cytoarchitecture detected at birth in the AT model, and a respiratory di%culty phenotype which is a 
secondary characteristic of human Huntington disease. !us, although the #nancial burden of generating mod-
els in larger animal species is initially high, these models have considerable potential to substantially reduce the 
overall socioeconomic burden of such neurodegenerative disorders.

Figure 3. Selective pattern of neurodegeneration is observed in ovine model of INCL. (A) Gross anatomical 
disparity identi#ed between WT control (le') and PPT1 homozygote (right) brains. Total fresh brain weight is 
signi#cantly reduced in homozygote sheep shown in scatter plot (P = 0.0006). (B) Comparison of orthogonal 
T2-weighted spin echo imaging slices in example wild type (top row) and homozygous (bottom row) animals. 
!ere is global reduction in cerebral volume (red arrows), with ventriculomegaly (blue arrows) and thinning of 
the frontal cortex in the homozygote sheep. Note increased $uid signal between cerebellar folia (green arrows) 
suggestive of neocerebellar atrophy. (C) Volumetric renderings showing regions of interest for bilateral motor 
cortex (red), cerebellum (green), and tri-ventricular cerebrospinal $uid (blue). (D) Scatter plot with bar chart 
of volumetric data for the bilateral motor cortex, triventricular CSF and cerebellum with corresponding 3D 
images above each data point relating to the area and genotype. Statistical analyses utilized unpaired two-tailed 
Student’s t-test. Error bars represent SEM.
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Here we have shown that CLN1 disease sheep, created using CRISPR/cas9 technology to bear a mutation 
causing a human neurodegenerative disorder, recapitulates disease-speci#c hallmarks including clinical signs 
and morphological changes as determined by neuroimaging and gross pathology. Whilst our data from end-stage 
sheep are encouraging, future work including in depth neuropathological, molecular and MRI studies throughout 
the lifespan of a"ected animals will more fully de#ne the validity of this novel model. !ese additional studies 
should permit earlier detection of divergence from normal brain development, and potentially yield more sen-
sitive and speci#c biomarkers for disease progression and landmarks to judge e%cacy in subsequent preclinical 
therapeutic trials.

�������
������Ȁ���Ϳ������������������ͷ������Ǥ� Two sgRNAs were designed and synthesised in order to target 
SpCas9 to the coding sequence for PPT1 R151 on chromosome 1 of the Ovis aries genome (sgRNA1 gagct-
ttctcctgggca and sgRNA2 agatgtgtgagctttctcct). A speci#c ssODN was designed for each of the two alternative 
guides (Supplementary Fig.&1), and sgRNA + ssODN + Cas9 mRNA were co-injected into the cytoplasm of sheep 
zygotes. At day 6–7 post injection blastocysts were surgically transferred to synchronous ewes as previously 
described18, resulting in 19 pregnancies. Genomic DNA was prepared from ear notches of each of 24 lambs. 
Genotyping was by PCR spanning the target site with primers F (ccaagacccaagaggtgaga) and R (gtgacagttccg-
catccttt) to give a 419 bp fragment that was then sequenced.

����������������ƪ��������������������������Ǥ� Cervical, thoracic and lumbar portions of spinal cord 
were excised post mortem and #xed in formal saline for 10 days. !erea'er, tissues were transferred to a 50 mM 
tris, 0.05% azide bu"er (pH7.6) for long term storage at 4 °C. Cervical spinal cord from homozygote and age- 
matched controls were trimmed sagittally into approximately 1 mm thick sections and mounted onto glass slides 
with vectashield $uorescent mounting medium (Dako). Auto$uorescent storage material was visualized using a 
$uorescent microscope at X10 magni#cation (Leica DMLB microscope with Hammamatsu camera ORCA-ER 
attachment). Images were captured using Image J and Micromanager 1.4.18 so'ware with a lumencore spectraX 
light source and GFP #lter at excitation 485 nm and emission 520 nm.

���ͷ�������������Ǥ� Blood was collected by venipuncture. Heparin-treated blood was centrifuged in 
Vacutainers at 1000 ! g for 15 min at 4 °C to isolate the plasma. Protein determination was carried on the plasma 
using micro BCA assay (Life technologies, UK). !e 1 step PPT1 assay protocol was employed as described in4. 
Brie$y, 20ug of plasma was added to 20ul of substrate solution (0.64 mM MU-6S-Palm ß Glc, 15 mM dithioth-
reitol (DTT), 0.375% (w/v) Triton X-100, and 0.1 ß glucosidase from almonds (Sigma) in McIlvain’s phosphate/
citrate bu"er (pH 4.0). !e reaction was incubated overnight (18–24 hours) at 37 °C and terminated by addition of 
0.5 M NaCO3/NaHCO3 (pH 10.7) containing 0.025% TritonX-100. Samples were read on a $uorometer at 405 nm 
(360 nm excitation and 460 nm emission).

���������������������������ȋ���ȌǤ� Imaging subjects. Six animals (3 wild type and 3 homozygous 
mutants, M:F 2:1) were imaged at approximately 480 days. !is time point was selected to provide the most 
animals in a speci#c 2 week period. In addition, this time point was similar to that used in another ovine study of 
naturally occurring CLN6 model (16 month)21.

Anaesthesia. !e sheep was sedated with medetomidine (5µgkg-1; “Medetor”; Chanelle, Berkshire), ketamine 
(1mgkg-1; “Ketamidor”; Chanelle, Berkshire) and midazolam (0.25mgkg-1; “Hypnovel”, Roche, UK) which were 
combined and administered slowly “o" the needle” into the jugular vein. Sternal recumbency developed over 
5 minutes. A jugular cannula was placed and anaesthesia induced with 3mgkg-1 IV propofol (“Propoven 1%”; 
Fresenius Kabi, Cheshire). Once unconscious, the trachea was intubated with an 8 mm endotracheal tube (ETT) 
and the cu" in$ated. Anaesthesia was initially maintained using iso$urane (“IsoFlo”; Zoetis, Surrey) vaporized in 
oxygen (FiO2 > 0.95) administered via a Bain breathing system; the animals breathed spontaneously. Once in the 
scanner, the ETT was connected to a circle breathing system, and anaesthesia maintained with 1.5–2% iso$urane 
vaporized in 2 L/min oxygen. Mechanical ventilation was imposed using an MRI-compatible ventilator (Penlon 
200) to maintain normocapnia. Fractional concentrations of end-tidal carbon dioxide (Fe’CO2) were monitored 
continuously throughout scanning (lasting 40 minutes) but other physiological variables were assessed intermit-
tently because access was limited.

A'er scanning, iso$urane administration was ended, the sheep was removed from the scanner and posi-
tioned in sternal recumbency before IV atipamazole (25µgkg-1; “Antisedan”, Vetoquinol, Buckinghamshire) 
was administered. !e animals continued to breathe 100% oxygen until active chewing/swallowing prompted 
tracheal extubation. !e ETT was withdrawn with the cu" partially in$ated in order to remove accumulated 
oropharyngeo-trachaeal $uid.

Image acquisition. MRI were acquired on a 1.5 T Philips Achieva (Philips, Best, !e Netherlands) using a FlexS 
surface coil. Transverse T2-weighted (T2w) fast spin echo (FSE) images (TR = 5421 ms, TE = 100 ms, NSA = 4, 
slice thickness 3.85 mm, voxel size 0.41 ! 0.41 mm, #eld of view 150 ! 150 ! 100 mm) were acquired, in addition 
to sagittal and dorsal imaging with comparable weighting and imaging parameters. Transverse FLAIR ($uid 
attenuated inversion recovery), and T1-weighted fast spin echo images were acquired before and a'er intravenous 
administration of gadopentetate dimeglumine (0.5 mmol/mL; “Magnevist”, Bayer, Berkshire).

Image analysis. Qualitative assessment was performed by an expert neuroradiologist with 11 years’ experi-
ence (GT). For quantitative volumetric analysis, an in-house pipeline was developed. Using SPM12 (Statistical 
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Parametric Mapping, !e Wellcome Trust Centre for Neuroimaging, University College London, UK) with 
Matlab 2017a (MathWorks, Natick, MA, USA,) the transverse T2w images were up-sampled using linear interpo-
lation to high resolution isotropy, matching the through plane to the in-plane voxel size. !e dorsal and sagittal 
images were linearly co-registered to this with 6 degrees of freedom using SPM12 to produce spatially-congruent, 
uniform, high resolution triplanar orthogonal images36–38. Matlab was used to estimate an isotropic image from 
these using wavelet-based fusion reconstructions39. Expert manual intracranial segmentations were performed 
on all three orthogonal planes of the T2w SE imaging, and the SPM (Statistical parametric mapping) linear trans-
forms were used to produce a high-resolution whole brain mask in isotropic space, binarized by thresholding at 
0.5. In the absence of a bespoke template and atlas for the speci#c breed used here the University of Melbourne 
Corriedale ovine atlas from Liyanage et al. was chosen, since this contained regions of interest (ROI) relevant 
to the expected areas of pathological brain involvement40. !e Melbourne template does not include a T2w 
image, however, and a template including a brain-extracted T2w from INRA (Institut National de Recherche 
Agronomique, France) was chosen to improve accuracy of template-based segmentation41. !e Melbourne 
template was warped into INRA T1w template space using ANTs (Advanced Normalization Tools, Penn Image 
Computing & Science Lab, University of Pennsylvania, USA) di"eomorphic registration with a%ne and SyN algo-
rithms, and cross correlation similarity metric40–43. !e resultant series of transforms produced the Melbourne 
atlas regions of interest in INRA template space. Individual wavelet-reconstructed T2w high resolution isotropic 
images for each sheep were non-linearly warped into INRA T2w template space using ANTs. !e inverse con-
catenation of the resulting linear transforms and nonlinear warps were used to produce native space Melbourne 
atlas segmentations for each subject using nearest neighbor interpolation. Each segmentation was individually 
reviewed for artefact and accuracy. Based on qualitative assessment, and given the sample size, comparisons 
were made between supraventricular cortex (bilateral motor cortex), tri-ventricular CSF, and the cerebellum atlas 
regions. Matlab was used to calculate ROI (Region of Interest) volumes for comparison. Each animal’s regional 
volumetric data was normalised to their individual intracranial volume and converted to a percentage to reduce 
variability44. With two male and one female animal in each group, the e"ect of sex was not examined; in prior 
work with a related naturally-occurring ovine model, sexual dimorphism was shown to contribute less to brain 
volume variance than that expected from pathological di"erences in a"ected sheep21.

Brain atrophy analysis. Brains were excised at post mortem with the pituitary gland detached (Fig.&3). Each 
brain was weighed and a photograph taken on Dispocut white boards (CellPath, UK). Statistical tests were per-
formed in GraphPad Prism so'ware. For all analyses P < 0.005 were considered statistically signi#cant.

Clinical observations. Weekly clinical assessment commenced once a phenotype was observed in the #rst 
homozygote sheep and was performed by veterinary clinicians including a certi#ed or board-eligible veterinary 
neurologist, together with a board-eligible small ruminant specialist. Assessments included hands-o" observa-
tion of mentation, behaviour, gait, balance, and navigation, followed by a general physical examination and full 
neurological examination as described by Crilly et al.20 (See Supplementary Fig.&2). In addition, objective scores 
of clinical abnormality (0–4; where 0 = normal and 4 = severe) were obtained for (i) de#cits in vision and and 
subcortical processing of glare via the menace response and dazzle re$ex45, respectively (a'er con#rming that 
cranial nerve V and VII re$exes were intact), (ii) conscious proprioception via hoof placement, knuckling and 
hopping tests, (iii) body condition scoring, and (iv) spinal cord integrity via cutaneous trunci re$ex testing. In 
accordance with UK Home O%ce regulations (IACUC equivalent) the CLN1 sheep were euthanised once those 
signs reached a humanely de#ned end point with age-matched controls euthanised in parallel with each homozy-
gote. !e humanely de#ned end-point was selected prior to the development of any seizures in the CLN1 sheep 
therefore a “terminal” end-point may occur a few of months later than the humanely de#ned time point.

����������������Ǥ� All animal work was reviewed and approved by the Animal Welfare and Ethical Review 
Board (AWERB) at the Roslin Institute and conducted under the authority of the UK Home O%ce (equivalent 
of IACUC).

�����������������
Material will be made available if appropriate requests are received.
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6.4 Results and conclusions 
Sixty-six blastocysts that were genetically altered using CRISPR/Cas9 

technology, with the R151X PPT1 human mutation, were implanted into 33 

recipient ewes (2 per ewe) which resulted in 29 pregnancies and produced 

24 live lambs. This generated 9 wild type, 6 heterozygote, 3 indel and 

importantly 3 homozygote founding sheep (2 males and 1 female).  The 

homozygote sheep were born with no discernible clinical deficits.  

Biochemical analysis of the plasma revealed the homozygote sheep had 

significantly reduced PPT1 enzyme activity, approximately 10% of the 

heterozygotes activity levels, with the heterozygotes sheep enzyme activity 

reduced to approximately half that of the wild type sheep.  The wild type 

sheep had a high degree in variability of PPT1 enzyme activity which reflects 

what is reported in the human population.  

The onset of clinical signs was observed at 12 ± 1 month of age and within 5 

± 1 months a humanely defined end point was determined as the 

homozygote sheep were devoid of a menace response and also had severe 

proprioceptive deficits. This reduction in lifespan, approximately 10% in the 

CLN1 sheep, was comparable to that observed in human patients (11%) 

whereas the rodent model is only reduced by 33% of its potential lifespan.  

This reduction is gene dose dependent, the heterozygote sheep that harbour 

one copy of the R145 mutation exhibit no clinical manifestations and their 

lifespan is unaffected. Severe brain atrophy, particularly affecting the cortex, 

was evident post-mortem with a statistically significant reduction in mass, 

approximately 30%, from an average of 120g to 80g.  The hallmark 

accumulation of autofluorescent material within the lysosomes was detected 

in the spinal cord of the homozygote sheep only.  

Regional neurodegenerative alterations were determined by magnetic 

resonance imaging (MRI) post mortem.  The acquisition of T1 weighted 

images were analysed to determine the volumetric differences, calculated 

using MATLAB software, that determined a statistically significant reduction 
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in the cortex by 20% and a 50% increase in the triventricular cerebral spinal 

fluid space.  There was some thinning of the cerebellum present but at this 

defined end point it was not significantly different to the age-matched wild 

type sheep. A greater reduction in the cerebellum may have ensued if the 

sheep had been culled at a later time point following a similar 

neurodegenerative trajectory that is observed in human patients.  It should be 

noted that no cerebellar changes have been detected in well characterised 

rodent model. 

This initial characterisation of the 3 founding homozygote sheep has 

demonstrated that generation of a bespoke model of neurodegenerative 

disease in sheep produces a more robust recapitulation of the human 

condition compared to the rodent model with the same genetic mutation.  The 

ovine R151X PPT1 model produces the biochemical, morphological and 

disease specific hallmarks attributable to human CLN1 disease. 

 

6.5 Critical Evaluation 
The requirement for generating and producing any animal model but should 

be thoroughly evaluated with ethical considerations at the forefront of these 

decisions.  The need for this CLN1 model was deemed to be vital for 

biomedical therapeutic interventions and also necessary for repeated 

sampling to allow for biomarker identification that could potentially inform on 

efficacy of treatments.  

The first observed clinical signs were detected at 12 months of age where 

one sheep was reported to bump into objects indicating a visual impairment 

however, this was in the pen where the sheep were housed.  Thereafter, a 

more comprehensive clinical evaluation was carried out in each homozygote 

sheep separated from their flock by a trained veterinarian. The results from 

separated sheep determined that the clinical deficits were more advanced 

than originally observed in the pen.  In order to capture the onset of clinical 

signs where more subtle changes may have occurred individual assessments 
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should have been initiated from around 3/4 months of age when the lambs 

were weaned.  Future cohorts will have monthly clinical scoring carried out 

whilst separated from pen mates shortly after weaning to provide a 

comprehensive impact of disease progression on clinical phenotype. 

The other omission in this manuscript is any pathological characterisation of 

the observed neurodegeneration.  Although volumetric measurements 

determining regional specific alterations were recorded a more in depth 

pathological characterisation of the central nervous system should also be 

carried out.  This would include immunohistochemistry of cell populations 

known to be affected in human patients and the mouse model such as glial 

cells and inflammatory modulators as well as determining synaptic loss using 

synaptic markers such as synapsin1 or PSD95.   Detection of these specific 

markers would determine if the pre-synaptic or post-synaptic compartments 

(using synapsisn-1 or PSD95 respectively), or both, have been lost and if one 

compartment is more vulnerable to the pathogenic process than the other. 

Further clinical longitudinal assessments using Optical Coherence 

Tomography (OCT) could also be employed to provide high resolution in vivo 

data regarding the rate of morphological degeneration of the retina.  This 

could be another potential biomarker of disease and used in addition to 

neurological assessments and MRI imaging to assess the efficacy of 

therapeutics. 

 

6.6 Impact and personal development 
This project has been personally very rewarding for me, working with large 

animal model once more, driving a large proportion of the project to 

characterise the founding homozygote sheep with my PI’s approval.  After 

the first homozygote sheep was reported to have neurological deficits I 

instructed and oversaw all neurological assessments, devised small mazes 

(with consent from the named veterinary surgeon to ensure welfare of the 

animal was not affected) and methods to assess the gait of the sheep.  
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Initially, some of these methods were not well received by the farm staff as 

they were time consuming but they were gradually persuaded. Specifically, 

the gait analysis test therefore I did not gather as much data from the first 

cohort as I would have liked due to time constraints.  I have since developed 

a stronger belief in my convictions and have employed these methods in the 

subsequent cohort providing valuable baseline measurements. 

I have also recognised the impact of the clinical neurological assessments on 

large animal models of neurological disease and have conceived and written 

a manuscript to help advise researchers on the different tests that can be 

performed to inform on deficits and potentially locate any lesions.  This is 

something that is lacking in the current literature with little documented 

procedures to assess the whole animal or inform on what tests can/cannot be 

performed on certain species due to their size or age.  As more large animal 

models of neurological diseases are generated this manuscript should 

provide valuable information and could potentially be well cited. 

I have also presented the data generated for this manuscript at international 

conferences in New Zealand where I forged many potential international 

collaborations.  At this time, I visited our collaborators at Lincoln University 

farm facility where they have sheep with naturally occurring CLN5 and CLN6 

disease. There I approached them with my idea for a biomarker project to 

carry out a proteomic profiling in blood samples, our collaborators agreed 

and began collecting and archiving samples specifically for this project.  On 

return to the UK I applied for a grant with the BDSRA which was successful 

and gained funding, my first funded grant application. 
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7.1 Author contributions 
All authors were involved in design of experiments and review of this 

manuscript.  

 SLE collated the information and produced Table 1. 
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 SLE collated the information and produced Table 2. 

 SLE configured Figure 4. SLE carried out the protein extractions on the 

CCGs for proteomic and western blot (WB) analysis, performed the WB 

and total protein stain, carried out WB and total protein analysis, collated 

the information in prism producing the graphs.  

 SLE trained and supervised student DA to carry out the 

immunohistochemistry (IHC) in Figure 5.  SLE produced the graphs in 

prism. 

 SLE trained and supervised student DA to carry out IHC staining of the 

cervical cranial ganglia (CCG) in supplementary Figure 1. 

 SLE produced supplementary Figure 2.  SLE carried out protein 

extractions, WB, imaging and analysis. 

  SLE produced supplementary Figure 3.  SLE carried out protein 

extractions, sample preparation for acquisition of abnormal form of 

protease resistant prion protein, WB, imaging and analysis. 

 

7.2 Relevance and requirement 
Equine grass sickness (EGS) is a predominately fatal neurodegenerative 

disease with unknown aetiology and affects approximately 2% of equines.  A 

similar condition also affects other mammals including felines, canines and 

lagomorphs with clinical symptoms including ptosis, dysphagia, ileus and 

chronic muscle atrophy.  The patients can be split into three groups: 1) acute 

2) subacute and 3) chronic which relates to the severity of observed clinical 

signs.  The sympathetic and parasympathetic nervous systems as well as the 

lower motor neurons and brain stem are adversely affected with widespread 

chromatolysis observed.  Due to the locality of affected tissues and the 

occurrence of this condition in companion animals, acquisition of samples 

from early symptomatic disease is rare therefore, determining the precise 
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cause of disease remains elusive.  Histological investigations have provided 

an insight to the tissues, cells and organelles that are affected by EGS 

however there is little known regarding the molecular alterations that take 

place.  This aim of this study was to identify and characterise the molecular 

processes involved in EGS patient neurodegeneration from the most 

commonly affected tissue, cranial cervical ganglion (CCG). 

 

7.3 Manuscripts main hypotheses 
The manuscript was not entirely hypothesis driven as this was the first 

proteomic characterisation of this endemic large animal neurodegenerative 

disorder.  Therefore, the main aim was to carry out an unbiased investigation 

to identify altered proteins in the affected proteome of EGS patients neuronal 

tissue.  Identified altered pathways may reflect a degree of conservation with 

patients suffering from other neurodegenerative conditions but this remained 

to be determined. 

 

 

 

 

 

 

 

 

 

 



Proteomic Profiling of Cranial (Superior)
Cervical Ganglia Reveals Beta-Amyloid and
Ubiquitin Proteasome System Perturbations in
an Equine Multiple System Neuropathy*!S

Bruce C. McGorum‡**, R. Scott Pirie‡, Samantha L. Eaton§, John A. Keen‡,
Elizabeth M. Cumyn§, Danielle M. Arnott§, Wenzhang Chen¶, Douglas J. Lamont¶,
Laura C. Graham§, Maica Llavero Hurtado§, Alan Pemberton‡, and
Thomas M. Wishart§!**

Equine grass sickness (EGS) is an acute, predominantly
fatal, multiple system neuropathy of grazing horses with
reported incidence rates of !2%. An apparently identical
disease occurs in multiple species, including but not lim-
ited to cats, dogs, and rabbits. Although the precise eti-
ology remains unclear, ultrastructural findings have sug-
gested that the primary lesion lies in the glycoprotein
biosynthetic pathway of specific neuronal populations.
The goal of this study was therefore to identify the mo-
lecular processes underpinning neurodegeneration in
EGS. Here, we use a bottom-up approach beginning with
the application of modern proteomic tools to the analysis
of cranial (superior) cervical ganglion (CCG, a consistently
affected tissue) from EGS-affected patients and appropri-
ate control cases postmortem. In what appears to be the
proteomic application of modern proteomic tools to
equine neuronal tissues and/or to an inherent neurode-
generative disease of large animals (not a model of human
disease), we identified 2,311 proteins in CCG extracts,
with 320 proteins increased and 186 decreased by greater
than 20% relative to controls. Further examination of se-
lected proteomic candidates by quantitative fluorescent
Western blotting (QFWB) and subcellular expression pro-

filing by immunohistochemistry highlighted a previously
unreported dysregulation in proteins commonly associ-
ated with protein misfolding/aggregation responses seen
in a myriad of human neurodegenerative conditions, in-
cluding but not limited to amyloid precursor protein (APP),
microtubule associated protein (Tau), and multiple com-
ponents of the ubiquitin proteasome system (UPS). Differ-
entially expressed proteins eligible for in silico pathway
analysis clustered predominantly into the following bio-
functions: (1) diseases and disorders, including; neurolog-
ical disease and skeletal and muscular disorders and (2)
molecular and cellular functions, including cellular as-
sembly and organization, cell-to-cell signaling and inter-
action (including epinephrine, dopamine, and adrenergic
signaling and receptor function), and small molecule bio-
chemistry. Interestingly, while the biofunctions identified
in this study may represent pathways underpinning EGS-
induced neurodegeneration, this is also the first demon-
stration of potential molecular conservation (including
previously unreported dysregulation of the UPS and APP)
spanning the degenerative cascades from an apparently
unrelated condition of large animals, to small animal mod-
els with altered neuronal vulnerability, and human neuro-
logical conditions. Importantly, this study highlights the
feasibility and benefits of applying modern proteomic
techniques to veterinary investigations of neurodegenera-
tive processes in diseases of large animals. Molecular &
Cellular Proteomics 14: 10.1074/mcp.M115.054635, 3072–
3086, 2015.

Equine grass sickness (EGS, or equine dysautonomia) is a
predominantly fatal, rapid multiple system neuropathy of
grazing horses with reported incidence rates of 2.1–2.3%
(reviewed by (1, 2)). An apparently identical disease occurs in
cats, dogs, hares, rabbits, llamas, and possibly sheep (3–9).
EGS is associated with chromatolysis of sympathetic and
parasympathetic postsynaptic neurons, particularly in the en-
teric nervous system, as well as autonomic presynaptic and
somatic lower motor neurons in the brainstem and spinal cord
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(10). EGS is subdivided into acute, subacute, and chronic
forms according to the severity of clinical signs that largely
reflect enteric and autonomic neurodegeneration, including
dysphagia, generalized ileus, sweating, salivation, ptosis,
rhinitis sicca, and tachycardia. While the etiology of EGS
remains unknown, some evidence supports it being a toxic
infection with Clostridium botulinum type C or D (11, 12).
Ultrastructural studies suggest that the lesion in EGS pri-
marily involves the glycoprotein biosynthetic pathway of
specific neurons since the rough endoplasmic reticulum and
Golgi complexes are consistently affected, while other or-
ganelles, including mitochondria, appear relatively normal
(13). However, while the ultrastructural and cellular appear-
ance of affected neurons has been studied extensively, little
is known about the molecular mechanisms that contribute
to neurodegeneration.

The overarching aim of this study was therefore to identify
the molecular processes underpinning neurodegeneration in
EGS using a bottom-up approach beginning with the appli-
cation of modern proteomic tools to the analysis of cranial
(superior) cervical ganglion (CCG, a consistently affected tis-
sue) from EGS-affected patients and appropriate control
cases postmortem. The cranial (superior) cervical ganglion
(CCG), which supplies sympathetic innervation to the head
and neck, was selected because chromatolysis of a high
proportion of CCG neurons is a consistent feature of EGS (Fig.
1 and Supplemental Fig. 1 (14)). Here, proteomic analysis was
carried out using isobaric tag for relative and absolute quan-
titation (iTRAQ) tools, which are now well established in small
animal models of human neurodegenerative conditions but
which are not routinely utilized in large animal models or large
animal intrinsic conditions. This proteomic analysis was cou-
pled with quantitative fluorescent Western blotting (QFWB),
immunohistochemistry (IHC), and in silico based techniques in
an attempt to identify the molecular pathways and processes
that may be contributing to neurodegeneration in EGS. Here,
we report widespread changes in the CCG of EGS horses,
including significant disruption to a broad range of functional
pathways clustering around candidates commonly associ-
ated with protein misfolding/aggregation responses in human
neurodegenerative conditions.

This study therefore represents the first application of mod-
ern proteomic tools to equine neuronal tissues and/or to an
inherent neurodegenerative disease of large animals (not a
model of human disease). It is also the first to demonstrate
correlation and conservation spanning the degenerative mo-
lecular cascades from an apparently unrelated condition of
large animals to small animal models with altered neuronal
vulnerability and a range of human neurological conditions
from childhood neurodegenerative conditions such as spinal
muscular atrophy through to diseases associated with ad-
vancing age such as Alzheimer’s. Finally, this study highlights
the feasibility and benefits of applying differential proteomics

techniques to the investigation of the neurodegenerative pro-
cesses in diseases of large animals.

MATERIALS AND METHODS

In accordance with MCP guidelines, more detailed discussion of
experimental design and potential limitations can be found in the
accompanying Supplementary Discussion file. General methodology
is provided below.

Ethics Statement—Tissue samples were collected at necropsy
from horses that were euthanized on humane grounds, with the horse
owners’ consent. The study was approved by the local ethics
committee.

Collection of Ganglia—For proteomics and quantitative fluorescent
Western blotting, CCG were collected from six EGS (median age 6
years, range 3–17) and six control (14, 6–30 years) mixed-breed and
mixed-gender horses within 60 min of euthanasia by administration of
barbiturates (Table I). CCG were selected because chromatolysis of a
high proportion of CCG neurons is a consistent feature of EGS (see
Fig. 1) (14). The heterogeneity in breed, sex, and age of EGS horses
used in the study reflects the spectrum of horses affected by this
spontaneous neurodegenerative disease during the study period.
EGS horses comprised three acute and three subacute cases, as
categorized by McGorum and Kirk (15). The grouping of acute and
subacute cases for proteomic analysis was carried out as there are
only minor differences in clinical features and pathology of these
phenotypes. The main difference is the length of disease process
following diagnosis. All of the samples are from post mortem terminal
patients and the anatomical and cellular hallmarks are consistent at
end stage regardless of case type. Moreover, we can demonstrate
that neuronal density does not differ between acute and subacute
cases (Supplemental Fig. 1). Due to these considerations and the fact
that the initiating insult remains unproven, molecular analyses are
currently performed on pooled samples as an attempt to reduce
“noise” due to interanimal variability through factors such as individ-
ual disease response, age, and breed, among other considerations.
EGS was confirmed in all cases by necropsy, including histopatho-
logical examination of autonomic ganglia (16). Controls were eutha-
nized on humane grounds for reasons other than neurological dis-
ease. Immediately after collection, CCG were rapidly frozen by
immersion in dry ice pellets and stored at "80 °C. For immunohisto-
chemistry, CCG were collected from six EGS (median age 8 years,
range 2–20) and six control (median age 11, 6–15 years) mixed-breed
and mixed-gender horses as described above (Table I) and fixed in
10% neutral buffered formalin and embedded in paraffin wax.

Protein Extraction—Ganglia were partially thawed, the outer fascia
removed by dissection, and a portion macerated with a scalpel before
partial homogenization in either radioimmune precipitation assay
buffer with protease inhibitor mixture (Roche) for QFWB (see below) or
iTRAQ extraction buffer containing 6 M Urea, 2 M thiourea, 2%
CHAPS, 0.5% SDS, and protease inhibitor mixture (Roche) for pro-
teomic processing (see below). Samples were pooled by condition
and manually homogenized in a dounce glass homogenizer. Homog-
enized samples were sonicated in a cup style sonicator six times for
15 s at power level 7.5 with vortexing for 30 s between each round of
sonication. Samples were left on ice for 10 min before being revor-
texed then centrifuged at 20,000 g for 30 min at 4 °C. The resulting
pellet containing proteins insoluble when processed in this manner
was stored at "80 °C, and the supernatant was transferred to a fresh
1.5 ml tube to be processed for iTRAQ labeling as previously de-
scribed (17–20).

iTRAQ Proteomic Analysis—Protein was extracted in iTRAQ ex-
traction buffer (6 M Urea, 2 M thiourea, 2% CHAPS, 0.5% SDS, and
protease inhibitor mixture (Roche, Burgess Hill, UK), (pH 7.4)) before
acetone precipitation and labeling for iTRAQ analysis. The Mass

Proteomic Characterization of an Equine Multiple System Neuropathy

Molecular & Cellular Proteomics 14.11 3073

Sam Eaton
109



spectrometry proteomic data have been deposited to the ProteomeX-
change consortium via the PRIDE partner repository with the dataset
identifier PXD002956.

Protein extracts (n # 6 ganglia per group; see Fig. 2) were precip-
itated with "20 °C chilled acetone (1:4, v/v) and stored at "20 °C
overnight. The precipitates were spun at 4 °C for 10 min then
washed with an acetone:water mixture (4:1, v/v) twice prior to air
drying. The pellets were then resuspended in iTRAQ sample buffer
(25 !l 500 mM tetraethylammonium bromide, 1 !l denaturant (2%
SDS), and 2 !l of reducing agent Tris(2-carboxyethyl)phophine
(TCEP)). The samples were allowed to incubate for 1 h at 60 °C prior
to protein estimation in triplicate (3 $ 1 !l) by microBCA assay
(Pierce, Paisley, UK). Samples were run in duplicate to utilize all four
tags from the 4plex kit and increase peptide identification yield as
previously described (17–20).

Each sample equivalent to 100ug was processed separately using
the filter aided sample preparation (FASP) method prior to digestion
with trypsin (sequencing grade, Roche). After digestion, the samples
were dried using a SpeedVac concentrator and then resuspended in
25 !l of dissolution buffer as provided in the iTRAQ Reagents Multi-
plex kit (AB Sciex, Warrington, UK). The samples were then labeled,
respectively, according to the protocol provided by the manufacturer
(AB Sciex). The four labeled samples (Control-115 and 117, EGS-114
and 116) were then pooled together in equal proportions and subse-
quently dried using a SpeedVac concentrator. The pooled iTRAQ
4plex sample was then desalted using a homemade porous R2 ZipTip
column and then fractionated by Strong Cation eXchange (SCX) using
a Polysulfoethyl A column (2.1 $ 200 mm, 5 !m, PolyLC) on a
Ultimate U3000 (Dionex, Loughborough, UK) hplc system. The fol-
lowing buffer system was used Buffer A: 5 mM KH2PO4 in 20%
CH3CN (pH 2.7) and buffer B: 500 mM NaCl in 5 mM KH2PO4 in 20%
CH3CN (pH 2.7).The flow rate was set to 0.2 ml per minute with a
linear gradient from 0 to 50% B over 25 min then a linear gradient
from 50 to 100% B over 9 min.

Each fraction from the SCX fractionation was then dried using a
SpeedVac concentrator and stored at "80 °C. Stored SCX fractions
of the pooled iTRAQ 4plex sample were then resuspended in 10 !l of
5% formic acid, diluted to 1% formic acid, and then 15 !l aliquots
injected onto an Ultimate RSLC nano UHPLC system coupled to a
LTQ Orbitrap Velos Pro (Thermo Scientific, Loughborough, UK). The
iTRAQ-labeled peptides were injected onto a trapping column (Ac-
claim PepMap 100, 100 !m $ 2 cm, C18, 5 !m, nanoViper) and then

FIG. 1. Equine grass sickness is a predominantly fatal, acute
multiple system neuropathy of grazing horses. (A) Example pho-
tograph of a horse exhibiting typical appearance associated with
chronic EGS. There is ptosis, and generalized muscle weakness as
evidenced by the base narrow stance, low head and neck carriage,
and leaning against a wall for support. Generalized muscle atrophy
and reduced abdominal volume are also evident. (B) Example BIII-
tubulin-stained sections from cranial cervical ganglia (CCG), which
are known to exhibit neuronal perturbations in this disease. The
visible puncta are BIII positive neurons. (C) High power micrographs
stained CCG sections from B showing BIII positive neuronal profiles.
(D) Quantification of BIII positive neurons demonstrates that there is
still equivalent neuronal density in ganglia at terminal stages of the
disease (control 6.25 % 0.12, EGS 6.10 % 0.20 cells per 100 !m2,
mean % Standard Error (S.E) n # 4 cases per condition, n # 116 grids
measured. See Materials and Methods for more information). (E)
Example H and E stained sections from control and EGS-affected
CCG demonstrates that while the neuronal density may be similar,
many of the neurons exhibit chromatolysis. Scale bar # 0.75ft (A), 0.5
cm (B), 35 !m (C), 100 !m (E).
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separated using a 2 h linear gradient from 2–40% B (80% acetonitrile,
0.1% formic acid) on a separation column (Acclaim PepMap RSLC,
75 !m $ 15 cm, C18, 2 !m, nanoViper) at a flow rate of 300 nl/min.

The mass spectrometry parameters were set as follows: Fourier
transform mass spectrometry (FT-MS) (survey scan) resolution was

set at 60,000; the 15 most-intense precursor ions were chosen for
fragmentation by high energy collisional-induced dissociation (HCD);
the precursor isolation window was set at 1.2 Da; and the ms/ms scan
resolution was set to 7,500. Automatic gain control (AGC) values for
FT-MS and FT-MS/MS were set at 1e6 and 5e4 ions, respectively.

TABLE I
Subject information

FIG. 2. Schematic of iTRAQ workflow. Protein was extracted from six individual EGS and control horse CCG. Following separate
extractions, small amounts of each were pooled by condition. Pooled samples were then labeled and run in duplicate to use all of the tags from
an ITRAQ 4plex kit as previously described (17, 18, 19, 25). See Materials and Methods for further detail.
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The maximum fill times for FT-MS and FT-MS/MS were set at 500 and
200 ms, respectively.

The raw data were extracted using Proteome Discoverer (Version
1.4.1, Thermo Scientific) for both quantitation and for identification
by searching against the NCBI mammalia (database: NCBInr
20,121,028–21,171,493 sequences; 7,255,144,311 residues; taxon-
omy: mammalia (mammals) 1,173,629 sequences) and NCBI
bacteria (database: NCBInr 20,130,811–31,351,517 sequences;
10,835,265,410 residues; taxonomy: bacteria (eubacteria) 20,989,102
sequences) databases using the Mascot Search Engine (Version
2.4.1, Matrix Science, London, UK). Search parameters included the
following: enzyme: trypsin/P; fixed modifications (carbamidomethyl
(C)), iTRAQ4plex (N-term); variable modifications: oxidation (M), di-
oxidation (M), acetyl (N-term), Gln-&pyro-Glu (N-term Q), iTRAQ4plex
(K), iTRAQ4plex (Y); peptide mass tolerance % 10 ppm; fragment
mass tolerance % 0.06 Da; maximum of two miss-cleavages. Thresh-
old score/expectation value for accepting individual spectra was
based on Mascot ion score threshold (0.05) as the standard ion score
threshold specifically calculated by Mascot for each database search.
As an indication of identification certainty, the false discovery rate for
peptide and protein matches above identity threshold were calculated
by Peptide Validator at 1.0% (strict) and 5.0% (relaxed), respectively.

Validation of Candidate Proteins—Validation of altered expression
levels for selected candidate proteins was carried out by quantitative
fluorescent Western blotting using CCG protein extracts and by im-
munohistochemistry on CCG sections. See Table II for a list of anti-
bodies and their compatibility with equine neural tissues.

Quantitative Fluorescent Western Blotting (QFWB)—QFWB was
carried out as previously described (21, 22). Briefly, 15 !g of CCG
protein were separated by SDS-polyacrylamide gel electrophoresis
on 4–12% precast NuPage BisTris gradient gels (Invitrogen, Paisley,
UK) and then transferred to PVDF membrane using an iBLOT fast
transfer device (Invitrogen). The membranes were then blocked using
Odyssey blocking buffer (LICOR Biosciences, Cambridge, MA) and
incubated with primary antibodies according to manufacturers’ in-
structions (see Table II). Odyssey secondary antibodies were added
according to manufacturers’ instructions (goat anti-rabbit IRDye 680
and goat anti-mouse IRDye 800). Blots were imaged using an Odys-
sey Infrared Imaging System (LI-COR Biosciences). Scan resolution
of the instrument ranges from 21 to 339 !m, and blots were imaged
at 169 !m. Quantification was performed on single channels with the
analysis software provided. Total protein stain gels, loaded in parallel
with those used for membrane transfer, were used to ensure equiv-

ocal sample loading and were analyzed using the Odyssey Infrared
Imaging System as previously described in (21, 22).

Immunohistochemistry (IHC)—Formalin-fixed, paraffin-wax-em-
bedded CCGs were dewaxed and rehydrated. Antigen retrieval was
performed by heating sections in 0.1 M citrate buffer (pH 6.0) for 15
min in a pressure cooker. The slides were then left to cool for 20 min.
A commercial immunolabeling kit (DakoCytomation EnVision' Sys-
tem-HRP; DAB K4001; DAKO, Ely, UK) was used according to the
manufacturer’s instructions. Slides were rinsed with Tris buffered
saline containing 0.5% Tween (pH 7.5; TBST) and incubated with
peroxidase blocking agent (Dako Real Peroxidase Blocker S2023) for
10 min. Slides were rinsed in TBST and incubated with murine mono-
clonal anti-human synaptophysin (Dako M0776) diluted 1 in 20 in
TBST for 60 min at 25 °C. TBST replaced primary antibody for neg-
ative controls. Slides were rinsed and incubated with horseradish
peroxidase-labeled polymer for 30 min then rinsed and incubated
with substrate chromogen solution (Liquid DAB; ImmPact Dab
SK4105; Vector Laboratories, Peterborough, UK) for 10 min. Slides
were rinsed once in distilled water, counterstained with Harris’s he-
matoxylin (1 min), dipped in Scott’s tap water substitute, dehydrated,
cleared using ethanol then xylene, and mounted under DPX. The
intensity of labeling of CCG neurons was assessed blindly. IHC for
B-APP, total Tau, and ubiquitin was carried out with antibodies de-
tailed in Table II, for 2 h at room temperature, following microwave
pretreatment in citrate buffer (pH 6), then labeled using the EnVision
tracer system. For neuronal cell number assessment BIII-tubulin (Ta-
ble II) IHC was carried out as described above and Neurotrace (Life-
Technologies, Paisley, UK, Table II) was employed following manufa-
cturer’s instructions. Sections were visualized using a Nikon Eclipse
E800 microscope, and whole sections were montaged by aligning
approximately 80 10X images per ganglia section using Adobe Pho-
toshop CS5.1 (V12.4) with the integrated Bridge module. BIII-tubulin
and neurotrace-based neuronal counts were carried out in image j by
overlaying a 10 $ 10 square grid with each individual square meas-
uring 100 !m2 (see Supplemental Fig. 1).

In Silico Protein Network Analysis—To obtain further insight into
potential cellular pathways that may be modified as a result of protein
changes identified in our experiments, the Ingenuity Pathways Anal-
ysis (IPA) application (Ingenuity Systems, Silicon Valley, CA) was used
as previously described (17–20), (23). Pathway analysis has been
demonstrated to highlight causative genes and mechanisms of dis-
ease in carefully conceived experimental paradigms (24). IPA dynam-
ically generates networks of gene, protein, small molecule, drug, and

TABLE II
Antibody information
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disease associations on the basis of “hand-curated” data held in a
proprietary database. More than 90% of the information in this data-
base is “expert-curated” and is drawn from the full text of peer-
reviewed journals. Less than 10% of interactions have been identified
by techniques such as natural language processing. In the current
analysis, candidate interactions were limited to experimentally ob-
served interactions only but could be drawn from any source in the
IPA database. Networks generated by IPA were limited in this study to
ten networks comprising a maximum of 35 members per network. To
enhance the explorative interpretation of data, networks are ranked
according to a score calculated via a right-tailed Fisher’s exact test.
This test outputs a value that takes into account the original input
gene or proteins of interest and the size of the network generated. The
value enables the application to approximate how relevant the net-
work is to the current analysis. It should be noted that this score does
not indicate the biological relevance or quality of the network, which
remains the prerogative of the analyst. Further information on the
computational methods implemented in IPA can be obtained from
Ingenuity Systems (http://www.ingenuity.com/).

Statistical Analysis—Unless otherwise stated, data were collected
into Microsoft Excel spread sheets and analyzed using GraphPad
Prism software. For all analyses p ( .05 was considered to be
significant. Individual statistical tests used are detailed in the results
section or figure legends as appropriate.

RESULTS

Differential Proteomic Analysis of the Cranial (Superior) Cer-
vical Ganglia (CCG) Reveals Widespread Proteome Disruption
in Equine Grass Sickness (EGS)—A Multiple System Neurop-
athy—EGS-affected horse samples were collected immedi-
ately after horses were euthanized on humane grounds due to
disease severity (median 2, range 1–6 days after the first
onset of abnormal clinical signs) (Fig. 1 and Table I). At this
stage of disease, histological examination commonly indi-
cates that the majority of CCG neurons are undergoing acute
neurodegeneration, and although neuronal density remains
unaltered (Figs. 1C and 1D and Supplemental Fig. 1), there is
likely to be a spectrum of stages of neurodegeneration pres-
ent, ranging from neurons in the late stages of acute neuro-
degeneration to those with relatively normal morphology (see
Fig. 1E and (14)).

Using an iTRAQ quantitative proteomic approach, total pro-
tein extracts from six EGS patient CCG and six control sam-
ples were examined (See Fig. 2 and Materials and Methods
section for details). 219,347 individual peptide sequences
were submitted to Mascot (2.2) for identification using two
separate databases (equidae and mammalia) due to the com-
parative lack of annotation within the equidae database. Mas-
cot analysis returned identification of 2,311 proteins (Fig. 3,
left data column and Supplementary Data File 1). Data were
filtered to yield a final list of proteins altered in EGS CCG by
only including those proteins identified by at least two unique
peptides. Moreover, consistent with previously published
methodologies to increase stringency in reporting, a minimum
cutoff of 20% change versus controls was used as previously
described (17–20, 23, 25, 26) (Fig. 3). This process resulted in
the identification of 320 proteins that were considered to have
increased levels in EGS ganglia and 186 with decreased ex-

pression (Fig. 3; Supplemental Tables 1 and 2). We therefore
consider this refined list of 506 proteins to be representative
of the molecular alterations induced by EGS neurodegenera-
tive processes in CCGs. Due to the limited molecular inves-
tigations into EGS to date, the vast majority of proteins iden-
tified here with altered expression had not been previously
associated with this disease.

To determine the veracity of the proteomic data, candidates
were first selected for validation based on factors such as
magnitude of change in the proteomic data set and potential
relevance to neurodegenerative disease from the published
literature. Candidates of immediate interest included BPI fold
containing protein/parotid secretory protein (PSP—3.96 EGS/
control ratio), amyloid beta precursor protein (APP—3.66
EGS/control ratio), and various components of the ubiquitin
proteasome system (UPS; Fig. 3). PSP was of interest as a

FIG. 3. Proteomic analysis identified 506 alterations in EGS
CCG. Scatter plot providing a graphical representation of the filtering
process undertaken on the raw proteomics data in order to generate
a final list of proteins altered in EGS compared with control CCG (26).
Proteomic data were obtained by analyzing six control and six EGS
horse CCG, and data are presented as expression ratios (EGS/control
CCG) with each datum point representing an individual protein. The
red bars indicate the 20% cutoff threshold for being up- or down-
regulated in EGS ganglia compared with controls. Prefiltered (LHS)
and postfiltered (RHS) data. Of the 2,311 proteins that were identified
through iTRAQ analysis only 506 of those were considered differen-
tially expressed following filtering. See Materials and Methods for
further information on data filtering.
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potential serum biomarker to aid diagnosis of EGS. APP was
selected for validation due its repeated association with var-
ious human neurodegenerative conditions, including but not
limited to Alzheimer’s disease (27), prion diseases (28),
tauopathies (29), murine neurodegenerative disease models,
and as part of an acute phase response to neuronal injury (30).
Altered expression of multiple components of the UPS was
identified for follow up as specific ubiquitin cofactors such as
ubiquitin carboxy-terminal hydrolase and PGP permeability
glycoprotein (UCHL1/PGP) 9.5 have previously been reported
in association with altered nasal mucosal and enteric inner-
vation in EGS (31, 32) and various perturbations of the UPS
have been implicated in multiple human neurodegenerative
conditions, including but not limited to spinal muscular atro-
phy, Huntington’s, Alzheimer’s, and Parkinson’s diseases (20,
33–36).

Having selected candidates for validation, we began veri-
fying the accuracy of the proteomic data by performing QFWB
as previously described (17–21, 23). To confirm equivalent
protein loading we carried out a total protein analysis with an
Instant Blue stain (Fig. 4B; (21)). Total protein was used rather
than conventional loading controls as these are frequently
altered in tissue from neurodegenerative conditions and the
EGS CCG proteomic data suggested that beta-actin (fre-
quently used as a loading control) may be down regulated by
22% (0.78 EGC/control ratio; Supplemental Table 2). We can

confirm (as demonstrated by QFWB) that both PSP and APP
are indeed changed in the direction and to the approximate
magnitude indicated by the proteomic data (3.08 % 0.83,
3.82 % 0.8—ratio EGS/control mean % S.E., respectively;
Figs. 4B-4D). Interestingly, it was possible to identify differ-
ential expression alterations in both mono- and multimeric
ubiquitin, confirming that not only are specific UPS compo-
nents altered but also that ubiquitin oligomerization profiles
are different in EGS CCG. Here, we see an increase in “free”
monomeric ubiquitin and a corresponding decrease in multi-
meric (-trimeric) ubiquitin (1.23 % 0.06, 0.58 % 0.09—ratio
EGS/control mean % S.E., respectively; Figs. 4A and 4E). This
QFWB data therefore indicate that the proteomic analysis is
likely to be an accurate reflection of the molecular alterations
occurring in EGS neural tissue.

Cellular Expression and Distribution Profiles of PSP, APP,
and Ubiquitin Are Altered in EGS CCG—Given the status of
proteins associated with misfolded protein responses in the
pathogenesis of a broad range of neurodegenerative condi-
tions in humans, we next wanted to extend the validation of
our proteomic analysis to examine these candidates at the
cellular level. While quantification by QFWB on whole tissue
protein homogenate is a useful technique for determining
relative protein expression levels, in this case, it only provides
an indication of protein abundance irrespective of conforma-
tion or subcellular localization. Given the heterogenous cellu-

FIG. 4. Candidate validation of proteomic data by quantitative fluorescent Western blotting. (A) Representative examples of bands used
for quantification of total protein load, PSP, APP, and ubiquitin. (B–E) Graphical representation (bar charts; mean % S.E.) of relative expression
for total protein load and each candidate are given. Direction and magnitude of changes are consistent with iTRAQ data. All alterations were
statistically significant (n # 4 horses per condition; unpaired two-tailed t test where *P0.05; **p ( .01; ***p ( .001).
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lar nature of the CCG (see Supplementary Discussion file) and
the complex cellular functions of the proteins selected for
validation by QFWB, we next sought to examine their expres-
sion profiles at the cellular level. Here, we carried out DAB-
based IHC with whole plane analysis of reconstructed CCG.
Each staining run and subsequent analysis comprises the
examination of whole reconstructed sections (approximately
80 images at 10X magnification each—see Materials and
Methods) from three EGS (two acute and one subacute) and
three control ganglia (Fig. 5A). Having identified PSP by
proteomic analysis and confirmed its alteration by QFWB, it
appears from IHC that the increased expression is predom-
inantly within cell bodies of EGS CCG (Figs. 3, 4A, 4C, and
5B). APP is a highly conserved protein (37), integral to

cellular membranes and enriched in neurons (38). When we
examined EGS sections for APP expression, there were
obvious increases in cellular APP (Fig. 5C). Interestingly, the
APP immunostaining is not purely membrane bound but
appears as strong diffuse cytoplasmic staining with “rings”
of APP denoting the membrane boundary of the cell. The
staining intensity and subcellular distribution of APP sug-
gests that the increase in APP expression reflects either
increased protein synthesis and/or failure of APP transport
from the perikaryon to the nerve terminus, perhaps corre-
lating with previously reported defects in the Golgi appara-
tus and axonal transport (13).

Ubiquitin is a protein with complex roles within neurons.
Upon further examination by QFWB (Figs. 4A and 4E) an

FIG. 5. Cellular expression of candidates further validates proteomic data confirming disruption of APP and the UPS. (A) Example
whole CCG section reconstruction from one control and one (acute) EGS ganglia. Each reconstruction comprises !80 images captured at 10X
magnification. See methods for further information. (B–D) Representative images of DAB based immunohistochemistry to examine the cellular
expression profiles of candidate proteins, including PSP, APP, and ubiquitin. (E) Quantification of ubiquitin expression demonstrates an
increased trend in cells with diffuse cytoplasmic staining (88.8%% 47.4) and a decrease in dense nuclear staining of 62.3 % 7.2% in EGS CCG
compared with control CCG. (mean % S.E.; n # 3 ganglia per condition (EGS # 2 acute and 1 subacute; 400–600 cells per ganglia) scale bar #
100 !m (B–D).
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increase in “free” mono ubiquitin (see Supplementary Tables;
Fig. 3; (39)) and a resulting reduction in higher-order oligomers
was seen. This is consistent with increased expression of
deubiquitinating proteins such as members of the UCHL fam-
ily (Supplemental Table 1). In neurons, such alterations result
in an increase in diffuse ubiquitin staining (cytoplasmic) and a
reduction in dense nuclear staining (higher-order oligomers)
such as shown in EGS ubiquitin immunostained CCG sections
relative to controls (Fig. 5D). Similar accumulations have pre-
viously been reported in TG22/UCHL1 overexpressing mice
(39). Quantitative assessment of these sections demonstrates
an increased number of cells with strong diffuse perikaryon
staining (88.8%% 47.4; mean % S.E. n # 3 ganglia per con-
dition; 400–600 cells per ganglia) and a decrease in the
appearance of dense nuclear accumulations 62.3 % 7.2%
(mean % S.E. n # 3 ganglia per condition; 400–600 cells per
ganglia) in EGS horses compared with controls. This informa-
tion therefore serves to further verify the robust nature of the
proteomic characterization of the molecular alterations taking
place in EGS ganglia. Moreover, these data represent the first
demonstration that the neurodegenerative processes in EGS
share some molecular characteristics described in other neu-
rodegenerative conditions, including humans and their murine
models such as the accumulation and/or redistribution of
proteins such as APP and ubiquitin.

In silico Analysis Highlights Evolutionarily Conserved Mo-
lecular Neurodegenerative Alterations and Higher-Order
Candidate Clustering in EGS—Having confirmed the verac-
ity of the proteomic data, we attempted to obtain further
insights into potential molecular pathways and processes
that may be modified by explorative in silico analysis using
IPA software (see Materials and Methods). This application
was used to identify direct and indirect molecular interac-
tions, pathway associations, and functional assignments
involving the filtered candidate list (Fig. 3, RHS; Supplemen-
tal Tables 1and 2).

Of the 506 proteins identified as altered in our proteomic
comparison, those differentially expressed proteins that were
adequately annotated to be eligible for in silico analysis, using
the IPA database (Table III), clustered predominantly into the
following higher-order biofunctions: (1) diseases and disor-
ders, including neurological disease (32%), skeletal and mus-
cular disorders (24%), and (2) molecular and cellular func-
tions, including cellular assembly and organization (41%),
cell-to-cell signaling and interaction (18%, including epineph-
rine, dopamine, and adrenergic signaling and receptor func-
tion), and small molecule biochemistry (25%). Interestingly,
closer examination of the diseases and disorders biofunction
suggests that up to 20% of the candidates have previously
been reported in the published literature as being associated
with specific neurodegenerative disease, including but not
limited to Huntington’s, Parkinson’s, and motor neuron dis-
eases (Table IV). To further explore the implication that com-
mon molecular correlates of neurodegenerative processes

have been observed, we carried out a small-scale comparison
of candidates identified here as being differentially expressed
in EGS affected compared with control tissue, with existing
published data from a mouse model of a neurodegenerative
condition (SMA; See (18) for original published dataset) and a
model of neuroprotection (Wlds; see (17) for original published
dataset; Fig. 6). This comparison confirms that several candi-
dates identified in EGS are also altered in both SMA-mediated
neurodegenerative processes (12% of SMA candidates) and
Wlds-mediated neuroprotective processes (8% of Wlds can-
didates). While this overlap in datasets is limited, it does yield
interesting insights, i.e. those that may be contributing to the
degenerative responses (conserved in SMA and EGS), those
that may be generic responses to a neurodegenerative insult
(conserved in Wlds and EGS in direction), and those that may
be regulatory in nature (opposite in Wlds and EGS) (Fig. 6). For
example, members of the catenin family have been implicated
as drugable regulators of degenerative processes in disease
(Supplemental Fig. 2; (20)) and members of the cathepsin
family are known to instigate degenerative processes in lys-
osomal storage disorders (40). This information coupled with
an examination of cellular processes highlighting an associa-
tion with neuronal morphology and function (Table IV) sug-
gests that many of the molecular processes occurring in EGS
ganglia may be consistent with fundamental neurodegenera-
tive processes, likely conserved across different conditions
and species. These data, therefore, highlight the value of
applying differential proteomics techniques to the compara-
tive investigation of neurodegeneration in spontaneous hu-
man and animal diseases.

IPA Analysis of Multiprocess Interactions Highlights an
APP-Centric Network—Coupled with the demonstration that
the ubiquitin system and APP abundance and distribution are
perturbed in EGS (Figs. 3, 4A, 4D, and 5C), IPA-based path-
way analysis highlighted a network that appears likely to
represent a molecular system whose perturbation may be
actively contributing to EGS-induced neurodegenerative pro-
cesses (Fig. 7). This network comprises functions associated
with cell-to-cell signaling and interaction, nervous system de-
velopment and function, and small molecule biochemistry
(n # 38% of candidates from Table III; Fig. 7). In this network,
APP is a central hub with both direct and indirect interactions
encompassing a high proportion of the protein components
(23/35 molecules, or 65%) with more than half of these orig-
inating from APP (14/23 molecules, or 61%). In combination
with the molecular and cellular data provided in this study
demonstrating a perturbation of the abundance and cellular
localization of APP (Figs. 3, 4, and 5) and its existing high
profile associations with a range of human neurodegenerative
conditions (36–38), this, therefore, identifies for the first time
APP as an attractive candidate as a potential regulator for the
processes observed in EGS.

In Silico Analysis Predicts Upstream Regulators of EGS
Identified Alterations—IPA software now provides the tools to
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TABLE III
Proteins compatible with Ingenuity Pathway Analysis Database
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predict potential upstream regulators of the functions that
may be perturbed in the system of interest (24). These poten-
tial upstream regulators (transcriptional or translational) are
correlative with the observed expression differentials in a
specific subset of submitted data and may aid in the identifi-
cation of cascade initiators. Table V lists the top five proposed
upstream regulators ranked by p value. All of the five potential
regulators highlighted by this analysis are interesting pre-
dictions for a number of reasons. They have all been impli-

cated in human neurodegenerative conditions in which pro-
tein aggregation/misfolding is a pathophysiological hallmark
(41–45). Tau is an interesting potential candidate because
of its reported association with a range of human neurode-
generative conditions. Additionally, PP2A, which accounts
for !70% of Tau phosphatase activity, also occupies a
potential regulatory hub in Fig. 7. Other factors that can
regulate neurodegeneration in their own right and degrade
Tau are also decreased in EGS (i.e. cathepsin D, Table III).

TABLE IV
Ingenuity Pathway Analysis of Higher Order Functional Clustering

FIG. 6. Venny-based comparison of EGS protein alterations highlights molecular overlaps with published datasets from systems with
altered neuronal stability. Schematic representation of the overlaps between EGS proteomic data and that from murine models of
neuroprotection (Wlds) and the human neurodegenerative disease spinal muscular atrophy (SMA). SMA is an inherited childhood neurode-
generative condition and data used in this alignment have previously been published in (17). Wlds represents a spontaneous mutation resulting
in a neuroprotective phenotype. The dataset used for comparison here is taken at 2 days following a corticostriatal lesion in which Wlds tissues
demonstrate no signs of neurodegenerative processes. The original data can be found in (18). 12% of SMA candidates and 8% of Wlds
candidates are also found in the EGS analysis indicating overlap with other neurodegenerative processes at the molecular level (18% of viable
EGS candidates). Interestingly, the data highlight candidates that may contribute to the degenerative responses (conserved in SMA and EGS),
those that may be generic responses to a neurodegenerative insult (conserved in Wlds and EGS in direction), and those that may be regulatory
in nature (opposite in Wlds and EGS).
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Here, we can confirm by QFWB that Tau is more abundant
in EGS but only in the acute form (Supplemental Fig. 2). It is
therefore likely that Tau alterations are consequential rather
than causative. Prion protein has previously been consid-

ered as a potential initiator of the disease process in EGS,
but this has never been proven, and prion protein was not
present in our dataset. However, QFWB of CCG protein
isolates from EGS and control horses suggests that there is

FIG. 7. Pathway analysis highlights APP is a central hub interacting with nearly 40% of candidate molecules in EGS. This interaction
network (comprising aspects of cell–cell signaling and interaction, nervous system development, and small molecule biochemistry) involves
38% of IPA viable candidates with modified expression in EGS. Proteins within this network identified as being modified in EGS CCG are
indicated using adjacent circles (red, up-regulated in EGS; green, down-regulated in EGS; clear, absent from our dataset but integral to the
network). Solid connecting lines indicate a direct interaction, and dashed connecting lines indicate an indirect interaction. Blue connecting lines
represent the highlighted interactions of APP. All suggested indirect interactions were confirmed manually using Ingenuity Pathways Analysis
software to identify published evidence indicating an interaction between the two proteins.
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no disease-associated prion protein (PrPres) present (Sup-
plemental Fig. 3). Of the proposed upstream regulators, only
APP appeared in the functional clustering/network analysis
of the proteomic data. This further supports the data pre-
sented above and strengthens the suggestion that APP may
be a key regulatory protein in EGS-related degenerative
processes.

DISCUSSION

Patient Tissue Profiling Yields Insights into Molecular Pro-
cesses that Must Be Considered in Accordance with Disease
Staging—While studies of neurodegenerative diseases utiliz-
ing post-mortem patient tissues remain constrained by sam-
ple availability, the data presented here represent a combined
molecular snapshot of late-stage disease processes from six
horses with a spontaneous multiple system neuropathy (EGS)
in comparison to six unaffected controls. Importantly, signif-
icant perturbations of the cellular proteome are evident even
from analysis of a heterogeneous population of EGS animals
(Table I), suggesting that many of the alterations identified are
likely to be fundamental in the progression of this disease.

At the stage of disease when CCG samples were collected,
histological examination indicates that CCG neurons are un-
dergoing a spectrum of stages of neurodegeneration and that
the majority are undergoing acute neurodegeneration. Con-
sequently, the proteome of EGS CCG extracts will likely re-
flect the overall range of proteins originating from individual
neurons at various stages of degeneration. Therefore, pro-
teins representative of nonspecific neuronal death responses,
as well as representatives of the processes initiating and
regulating the neurodegenerative progression of EGS, will
have been identified (see Fig. 5). The altered expression levels
of distinct neural proteins documented in the current study
may prove helpful not only for deepening our understanding
of the pathophysiology of EGS but also for the future estab-
lishment of a comprehensive molecular signature of the
disease.

To address the, albeit unlikely, possibility that the extracts
from EGS CCG contained a protein neurotoxin derived from a
causal bacterium or fungus, iTRAQ data were also run
through NCBIs all species and bacterial databases. While
Mascot analysis returned identification of 2,301 in the all
species database (Supplementary Data File 1), it only identi-
fied 37 proteins in the bacterial database (Supplementary

Data File 2). However, none of these were known toxins or
were considered to be of relevance to the aetiopathogenesis
of EGS. It is important to note that this does not preclude EGS
being caused by a bacterial or fungal neurotoxic protein. It
remains possible that the coverage of the proteome may be
insufficient to facilitate toxin identification, a toxin may be
present at concentrations below detection limits, or a toxin
may not persist within the CCG of EGS horses.

Equine Proteomic Profiling Reveals Similarities to Other
Neurodegenerative Conditions—Specific alterations in the
EGS CCG proteome included multiple members of the ubiq-
uitin proteasome system (UPS) (Fig. 3). Here, we identified
many ubiquitin expression alterations, including a range of
UCH family members, Ubas, and ubiquinone (Fig. 3, Supple-
mental Tables 1 and 2). Specific ubiquitin cofactors such as
UCHL1/PGP 9.5 have previously been reported in association
with altered innervation in nasal mucosal (31) and autonomic
ganglia (32) in EGS. Ubiquitination is a key regulator of cellular
homeostasis through its involvement in the management of
protein misfolding, sequestration, degradation, and process-
ing, including the processing of APP ((46); ubiquinone—
Supplemental Table 2). Perturbations of the UPS have been
implicated in various human neurodegenerative conditions,
including; Alzheimer’s, Huntington’s, Parkinson’s, and motor
neuron diseases (20, 33–36). Moreover, through pathway
analysis of the data generated in this study, we highlighted
similarities and potentially conserved molecular processes
between these prominent human neurodegenerative condi-
tions and this equine multiple system neuropathy (Table IV,
Fig. 5). Further discussion of specific candidates of specific
interest to the neurodegenerative and equine clinical commu-
nities, which would detract from the focus of the manuscript,
can be found in the accompanying supplementary discussion
text (Supplementary Discussion File 1).

Analysis of Higher-Order Functional Clustering Yielded Sev-
eral, Previously Unreported, Insights into the Processes Un-
derpinning EGS Pathogenesis—For example, one of the cel-
lular processes identified as being significantly altered in
EGS was synaptic transmission (Table IV). The differentially
expressed proteins associated with synaptic transmission,
APOE, APP, SNAP25, and STXBP1, are also involved in
regulating presynaptic terminal stability and synaptic vesi-
cle fusion. Moreover, these proteins have also been re-
ported in association with epilepsy, ataxia, and Parkinson’s

TABLE V
Ingenuity Pathway Analysis - Top Five Predicted Upstream Regulators
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disease (47–51). It is therefore highly likely that dysregula-
tion of these proteins contributes to neurodegeneration in
EGS.

Additionally, it appears that the proteins identified by clus-
tering analysis and proteins whose expression is consistent in
other neurodegenerative diseases (i.e. citrate synthase—CS
in SMA) or correlate with vulnerability status (i.e. cathepsin
D—CTSD in Wlds; see Fig. 5) all share a common upstream
regulator—APP. Upstream regulator analysis of the altera-
tions identified in EGS highlighted a broad range of candi-
dates associated with numerous human neurodegenerative
diseases, many of which are characterized by protein misfold-
ing and/or aberrant accumulation (Table V, Supplemental
Figs. 2 and 3 (52–54)). In combination with confirmation of
altered abundance (proteomics and QFWB), histological dem-
onstration of mislocalization, and its identification as a central
hub interacting with 65% of the members of a functional
network (Fig. 7), APP therefore appears to be the most prom-
ising candidate upstream regulator of the alterations detailed
in the current study. As such, APP is likely to be a regulator of
EGS pathogenesis.

Summary—Reliable markers with potential modulatory abil-
ity are urgently required to improve both diagnostic and ther-
apeutic efficacy, and these remain the key challenges for all
neurodegenerative disease research. This is the first applica-
tion of modern proteomic tools and in silico analytical tech-
niques to equine neuronal tissues and/or to an inherent neu-
rodegenerative disease of large animals (not a model of
human disease). As such, it has facilitated the identification of
more than 500 protein alterations in equine grass sickness
cranial (superior) cervical ganglion, most of which had not
been previously linked with EGS. This is also the first demon-
stration of correlation and conservation for neurodegenerative
molecular cascades spanning from an apparently unrelated
large animal neuropathy, small animal models of altered neu-
ronal vulnerability, and a broad range of human neurological
conditions. Finally, this study highlights the feasibility and
benefits of applying differential proteomics techniques to the
investigation of the neurodegenerative processes in diseases
of large animals.
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7.4 Results and conclusions 
There were 2311 proteins identified using iTRAQ proteomic labelling and the 

mascot mammalia and equidae database. After application of the filtering 

process that identifies proteins with a 20% or greater magnitude of change 

320 upregulated and 186 down regulated proteins were determined as 

differentially expressed.  Histological examination of CCGs from patients 

matching those (as described in table 1) submitted for proteomic analysis 

revealed the neurons had undergone chromatolysis but interestingly the 

neuronal counts between the EGS and control patients were unaltered.  

Western blotting was carried out to validate the veracity of the proteomic data 

with candidate proteins selected on the basis of their degree of expression 

change.  These included: 1) parotid secretory protein (PSP) that had a 3.96-

fold change from control samples and was also a potential serum biomarker 

for EGS, 2) Amyloid pre-cursor protein (APP) which is involved in many other 

neurodegenerative conditions such as Alzheimer’s and had a 3.66 fold 

upregulation and 3) members of the ubiquitin family known to have impaired 

expression in other neurodegenerative disease causing dysregulation of 

protein degradation within the cell, and was found to be increased in 

monomeric and decreased in trimeric ubiquitin 1.23 and 0.58 fold changes 

respectively.  Quantitative fluorescent western blotting (QFWB) validated 

these findings with statistically significant differential expression of these 

proteins observed.  Immunohistochemical analysis of the EGS patients also 

validated the proteomic findings of these proteins with the APP 

immunolabelling demonstrating unusual “rings” of diffuse APP within the 

cytoplasm that were enveloping the membrane boundary of the cells. 

The 506 differentially expressed filtered proteins were examined by in silico 

analysis, using Ingenuity pathway analysis (IPA) software, and found their 

functional disease and disorder clustering to be associated with movement 

disorders, neuromuscular diseases, Huntington disease and dementias. The 

cellular processes clustering revealed that these altered proteins were 

connected with organisation of the cytoplasm, morphology of the nervous 
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system and synaptic transmission. A small number of these proteins were 

conserved with other neurodegeneration conditions such as Spinal muscular 

atrophy and showed divergent directional regulation to a mouse model of 

neuroprotection (Wlds). Pathway analysis also highlighted that APP was a 

central hub protein and interacted directly with nearly 40% of the altered 

proteins in EGS. 

Two further proteins that are indicated as potential upstream regulators of 

EGS and that are involved in many neurodegenerative conditions, Tau and 

prion, were also scrutinised in this dataset.  Tau was found to be more 

abundant in EGS patients but only significantly increased in the acute phase 

of EGS, validated by QFWB, suggesting that this is probably a consequential 

rather than regulatory alteration.  Although prion protein was thought a likely 

upstream regulator of EGS it was not found in the proteomic dataset and 

QWFB of EGS samples determined there was no presence of the protease 

resistant disease associated form (PrPres). 

Historical evidence suggesting clostridium botulinum toxins C and/or D could 

be the disease causing agent(s) of EGS was not supported by the data.  

Fragments of Clostridium botulinum neurotoxin serotype F were identified in 

the CCG EGS extracts however, they were not detected with QFWB even 

when a high protein load was loaded.  This does not however mean that 

neurotoxins are eliminated as possible cause of EGS merely that iTRAQ 

proteomics labelling may not have covered the toxin proteome. 

Novel molecular insights using an unbiased proteomic approach have 

determined a degree of molecular conservation of EGS with other 

neurodegenerative conditions that include but are not limited to Alzheimer’s, 

Huntington and Motor neuron disease as well as small animal models of 

altered neuronal vulnerability. 

 



Analysis of neurodegenerative disorders across multiple species 

Chapter 7: Proteomic profiling of cranial (superior) cervical ganglia  
reveals beta-amyloid and ubiquitin proteasome perturbations in an  
equine multiple system neuropathy 

 125 

7.5 Critical Evaluation 
This manuscript highlights the benefits of using an unbiased proteomic 

approach to identify proteins that are differentially expressed due to the 

disease status of the patient that include: 1) identification of potentially 

targetable pathways that are common to many of the proteins that have 

altered expression due to disease, 2) identifying new novel proteins that had 

not previously been implicated in disease and 3) confirming or disproving 

hypotheses implicating possible disease causing pathogens by determining 

their abundance in patients samples. 

The unavoidable weakness in this experiment was the use of end stage post 

mortem samples from patients.  Ideally, samples would be collected at early 

and late stage disease thereby identifying proteins that are causative in 

triggering disease pathogenesis to those that are only found as a consequent 

of many altered cascades at terminal disease.  It is possible that both sets of 

proteins are present in these end-stage samples but it is impossible to know 

what are causative and what are consequential. 

It would also be interesting to determine if other affected tissues in EGS 

patients have similar or different altered pathways and proteins.  The vagus 

nerve could be an interesting candidate to examine and compare to the 

CCGs as it has immunomodulatory properties over the gut, and as bloating 

and abnormal movement of the gut is a clinical feature of EGS, it seems a 

probable pathogenic target. 

Finally, it would have been noteworthy to discuss some of the novel proteins 

altered with EGS and perhaps not associated in other neurodegenerative 

conditions to provide the field with other possible routes of investigation. 

7.6 Impact and personal development 
Working in any new field of disease always increases your breadth of 

knowledge and expertise.  I was involved in the experimental design of this 

project and my protein expertise was useful when troubleshooting how to 

carryout protein extractions from the CCGs.  These were tough pieces of 
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tissues that, I decided, had to have their outer fascia removed and discarded, 

and were also macerated prior to homogenisation and sonication to yield as 

many soluble proteins as possible.  Although some proteins will have been 

bound to the fascia that could be key to EGS disease, despite this a high 

number of protein identifications were determined thereby justifying this 

additional step in the procedure.  I found working directly with colleagues in 

the vet school also established my significant role within this project and 

thereafter within the institute.  These contacts have strengthened my position 

within the institute allowing to me easily liaise and coordinate with different 

facilities within the Easter bush campus in subsequent studies. 
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8.1 Author contributions 
All authors were involved in design of experiments and review of this 

manuscript.  

 SLE produced the distinct synaptic proteome image within graphical 

abstract. 

 SLE carried out the protein extractions of the NMJ enriched and devoid 

muscle tissues from both mice and human, as well as a proportion of the 

proteomic and bioinformatics analysis in Figure 4. 
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 SLE carried out western blotting and analysis to validate NMJ enrichment 

from each of the 4 groups.  SLE produced supplementary Figure 2. 

 SLE carried out the biolayout expression profile clustering and produced 

supplementary Figure 3. 

 

8.2 Relevance and requirement 
Neurodegenerative diseases (NDs) are increasing worldwide causing huge 

emotional and financial burdens with few therapies currently available.  

Understanding and characterising the early events that initiate the 

neurodegenerative process could provide key therapeutically targetable 

pathways that could prevent or slow down the rate of degeneration.  The 

synapses are a known early pathological target in NDs however little is 

known about the morphological and molecular composition of human 

synapses. Most of the biological properties of the human synapse are 

therefore assumed to be the same as data acquired from mammalian 

models.  Several of these model system studies have used the 

neuromuscular junction (NMJ) as a “model” synapse due to the ease of 

acquisition but also because it is an early pathological target in several 

neurological conditions.  Understanding the morphology and molecular profile 

of human synapses could help elucidate its vulnerability to 

neurodegenerative processes.  Moreover, as many NDs are associated with 

advanced age as a common risk factor it would be beneficial to ascertain the 

stability of the NMJ over the human adult lifespan.  The aim of this study was 

to characterise and compare the molecular and morphological properties of 

healthy human and mouse NMJs.  
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8.3 Manuscripts main hypotheses 
The manuscript hypotheses were: 

1) the human synapse has distinct morphological and molecular 

properties compared to those of mice.  

2) The stability of the synapse in humans differs from rodents over the 

course of their respective lifespan. 

3) Spatial arrangements of proteins with the active zone of the synapse 

are organised differently in the human synapse. 
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SUMMARY

The neuromuscular junction (NMJ) plays a funda-
mental role in transferring information from lower
motor neuron to skeletal muscle to generate move-
ment. It is also an experimentally accessible model
synapse routinely studied in animal models to
explore fundamental aspects of synaptic form and
function. Here, we combined morphological tech-
niques, super-resolution imaging, and proteomic
profiling to reveal the detailed cellular and molecular
architecture of the human NMJ. Human NMJs were
significantly smaller, less complex, and more frag-
mented than mouse NMJs. In contrast to mice, hu-
man NMJs were also remarkably stable across the
entire adult lifespan, showing no signs of age-related
degeneration or remodeling. Super-resolution imag-
ing and proteomic profiling revealed distinctive dis-
tribution of active zone proteins and differential
expression of core synaptic proteins and molecular
pathways at the human NMJ. Taken together, these
findings reveal human-specific cellular and molecu-
lar features of the NMJ that distinguish them from
comparable synapses in other mammalian species.

INTRODUCTION

Synapses play fundamental roles in the form and function of the
nervous system both in health and during disease. Despite
numerous important breakthroughs in our understanding of the
cellular and molecular composition of synapses in animal
models, both historic (Fatt and Katz, 1952; Couteaux and
Pécot-Dechavassine, 1970; Nitkin et al., 1987) and recent (Oh
et al., 2014; Wilhelm et al., 2014; Kasthuri et al., 2015), we
know surprisingly little about the equivalent make up of synapses
in humans. Current studies of synaptic connectivity at the cellular
and molecular level have therefore relied heavily on ‘‘model’’
organisms, both vertebrate and invertebrate, working on the

tacit assumption that the biological principles uncovered can
ultimately be applied to humans.
The neuromuscular junction (NMJ) represents one major sub-

class of synapse in the mammalian nervous system, critical for
the transfer of information between the nervous system (lower
motor neuron) and skeletal muscle. It also epitomizes a ‘‘model’’
synapse (Shi et al., 2012), both conveniently accessible within
the peripheral nervous system and an early target in several
neurodegenerative conditions, including amyotrophic lateral
sclerosis and spinal muscular atrophy (Murray et al., 2010).
Indeed, many of the fundamental principles governing synaptic
form and function in the nervous system were discovered from
early experiments examining NMJs in model organisms (Slater,
2015). More recently, the NMJ has been used to reveal core as-
pects of synaptic form and function in vivo, including the control
of activity-dependent plasticity (Newman et al., 2017), as well as
synaptic development and age-related decline (Liu et al., 2017).
Surprisingly, however, compared to extensive experimental

data from animal models, there is currently a relative paucity of
data concerning the cellular and molecular composition of the
humanNMJ. Ethical considerations and the logistics of obtaining
biopsy material (in contrast to post-mortem sampling) from
healthy individuals during life make it difficult to obtain tissue
samples that are suitably well-preserved to facilitate high-resolu-
tion cellular and molecular analysis (Kay et al., 2013). Here, we
report the development of a tissue harvesting and processing
approach during surgical amputation that has allowed us to
undertake a detailed cellular and molecular characterization of
the healthy human NMJ across the adult lifespan.

RESULTS AND DISCUSSION

Tissue samples were obtained from surgical discard material
from twenty patients undergoing lower limb amputation for a
variety of clinical indications (for full patient details, see Experi-
mental Procedures; summarized in Table S2), including
complications of peripheral vascular disease (PVD) and non-
PVD-related cases (e.g., for chronic pain following previous
orthopedic surgery or chronic osteomyelitis refractory to anti-
biotic treatment). Importantly, samples were obtained from
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non-pathological—otherwise healthy—regions of limb (e.g.,
close to the site of amputation) where the tissue needs to be
free from any disease or pathology in order for sufficient post-
operative tissue healing to occur. NMJs from four anatomically
distinct muscles were harvested: extensor digitorum longus
(EDL), soleus (S), peroneus longus (PL), and peroneus brevis
(PB). For comparison, the same muscles were dissected from
a single litter of young adult CD1 mice. NMJs were immunohis-
tochemically labeled, imaged, and analyzed using a standard-
ized platform: ‘‘NMJ-morph’’ (Jones et al., 2016). For each
NMJ, 21 individual synaptic variables were measured. Baseline
data were obtained for 2,860 human NMJs across seven
decades of life (from the ages of 34–92 years).

Cellular Architecture of the Human NMJ
Initial qualitative observations revealed striking morphological
differences between human and mouse NMJs (Figure 1). Human
NMJs were universally smaller than their mouse counterparts,
with much thinner pre-terminal axons, more rudimentary nerve
terminals, and distinctive ‘‘nummular’’ (formed of coin-shaped
patches) endplates (Figure 1). These observations were
confirmed quantitatively (Table S1). Axon diameter and average
area of AChR clusters showed the greatest differences between
species (3.69-fold**** and 3.33-fold****, respectively; higher in
mice), with over half of the morphological variables studied (12
of 21) showing a fold difference of at least 150% between hu-
mans and mice. The degree of overlap between pre- and post-
synaptic components (the proportion of AChR labeling at the
motor endplate that is directly covered by overlying motor nerve
terminal) was relatively similar between the species (50% in
humans, 64% in mice), in agreement with previous electron
microscopy (EM) studies (Slater et al., 1992). None of the human
NMJs analyzed lacked pre-synaptic boutons overlying AChR
clusters (Figure 1); the only difference was the degree to which
AChRs were dispersed beyond the limits of the nerve terminals.
Thus, each and every individual AChR island at the motor end-
plate was innervated by a corresponding motor nerve terminal
bouton. Importantly, no significant morphological differences
at the human NMJ could be attributed to patient co-morbidities
(diabetes mellitus, vascular disease) (Figure 1; also see Experi-
mental Procedures), and the side of the body examined did not
influence morphology (Figure 1), consistent with our previous
findings in mice (Jones et al., 2016).

Although human NMJs were routinely only half the size of their
mouse counterparts, with axons only a third of the caliber, they

were found to innervate muscle fibers up to twice the diameter
of those in mice (Figure 1). We therefore assessed the relation-
ship between NMJmorphology and pre- and post-synaptic cells
by correlating each morphological variable with motor axon
diameter and muscle fiber diameter respectively. In both
species, NMJ morphology correlated more strongly with motor
axon diameter (Jones et al., 2016) (Figure 1; Table S1). Correla-
tion coefficients (r) were higher in relation to axon diameter for
the majority of NMJ variables in both species (10 of the 18),
with only a minority (6 in humans, 1 in mice) being more closely
correlated with the muscle fiber, suggesting that the morpholog-
ical properties of the motor neuron (as determined by measuring
axon diameter) exerted a stronger influence on synaptic
morphology in humans than morphological properties of the
skeletal muscle fiber.
To confirm that the differences in NMJ morphology we

observed between humans andmicewere a consistent observa-
tion between humans and other mammals, we also compared
our human andmousedatawithNMJs fromadult rats (Figure S1).
Here, NMJ morphology was virtually indistinguishable between
mice and rats across all muscles examined, with both species
being clearly distinctive from humans. In addition, this compari-
son allowed us to establish whether the relatively small size of
human NMJs is simply a consequence of increased body size.
As an adult rat is considerably larger than a comparable mouse
(!10-fold increase in body weight), if NMJ size was inversely
correlated with body size, we would have expected rat NMJs
to be notably smaller than mouse NMJs (e.g., an intermediate
NMJ size, somewhere between mice and humans). As NMJs
from mice and rats were morphologically indistinguishable
from each other, we conclude that the smaller size of human
NMJs cannot simply be a consequence of increased body size
and mass (Figure S1).
Taken together, these findings reveal that human NMJs have a

unique morphology, being significantly smaller and more frag-
mented than comparable synapses from widely used animal
models (mice and rats). This challenges the simplistic assump-
tion that structures in the human nervous system are inevitably
larger and more complex than those in lower mammals.

The Human NMJ across the Lifespan
One area of research that is currently receiving significant
interest concerns an apparent age-related decline in synaptic
stability at the NMJ, manifesting as degenerative changes
affecting both the pre-synaptic motor nerve terminal and the

Figure 1. Unique Morphology of the Human NMJ
(A) Representative confocal micrographs from 4 lower limbmuscles. Human NMJs are smaller, with a thinner axon, less complex nerve terminals and a distinctive

‘‘nummular’’ endplate. Scale bar, 10 mm.

(B) Bar charts demonstrating significant species-specific differences across a range of pre- and post-synaptic variables. Each bar represents the mean (±SEM)

of >600 human NMJs (and 240 mouse NMJs). Unpaired t test and Mann-Whitney test.

(C) Scatterplots showing correlation between nerve terminal area and axon/muscle fiber diameter. Each data point is an individual muscle (mean of 40 NMJs)

(72 human and 24 mouse muscles). NMJ morphology was more closely correlated with structural features of the pre-synaptic cell (motor axon) in both species.

Pearson correlation.

(D) Left/right muscles pairs from the same human casewere compared with 3mouse controls. Each data point (in the pair) is an individual muscle (left or right); the

intervening line is the mean of the 2 sides. Laterality did not influence NMJ morphology in either species.

(E). Effect of co-morbidities on human NMJ morphology. No significant morphological differences could be attributed to either diabetes mellitus (DM) or

peripheral vascular disease (PVD). Unpaired t tests.

****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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post-synaptic motor endplate (Gonzalez-Freire et al., 2014; Liu
et al., 2017). Although findings from animal models (Anis and
Robbins, 1987; Balice-Gordon and Lichtman, 1990; Valdez
et al., 2010; Willadt et al., 2016) suggest that NMJs are inherently
unstable with age, it is unclear whether a similar phenomenon
occurs across the longer human lifespan. We were able to
address this important question as our human tissue samples
incorporated patients from the fourth to the tenth decades of
life, with the individual ages of patients distributed approximately
evenly across the age range (Table S2).

Qualitative analyses of NMJs suggested conservation of syn-
aptic structure across the entire lifespan in humans (Figure 2).
The only change observed with increasing age was a modest in-
crease in axon diameter (r = 0.529****) (Figure 2). Notably, there
was no significant change in muscle fiber diameter or endplate
area with age. Nor were there any age-associated changes in
the degree of overlap between pre- and post-synaptic compo-
nents of the NMJ, or any evidence for age-associated fragmen-
tation of the NMJ (Figure 2). Furthermore, the modest degree of
pre-synaptic remodeling that occurred with age was de-coupled

Figure 2. The Human NMJ Is Stable across the Lifespan
(A) Representative confocal micrographs of human NMJs from the 4th to the 10th decades of life (all from peroneus longusmuscle). Despite the heterogeneity of

individual NMJs, the overall appearance is conserved across the 70+ year age range. Scale bar, 10 mm.

(B) Scatterplots showing correlations between age and a range of individual pre- and post-synaptic NMJ variables. Data are pooled across the 4 muscle groups

(72 individual muscles). Each data point is an individual muscle (mean of 40 NMJs). Although 2 of the pre-synaptic variables shown correlated with age (a modest

increase in the size of the pre-synaptic axon and motor nerve terminal), overall synaptic morphology remained remarkably stable. Pearson and Spearman

correlation.

****p < 0.0001, ***p < 0.001.
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from equivalent changes in the muscle fiber, further supporting
our finding that synaptic morphology is more closely correlated
with the pre-synaptic neuron. Thus, the human NMJ remains
remarkably stable across the adult lifespan, devoid of any of
the age-related degeneration and/or remodeling changes that
have been reported in other mammalian species occurring
over a much shorter time scale (Valdez et al., 2010; Willadt
et al., 2016).

Interestingly, these findings partially contradict an earlier study
suggesting that the human NMJ undergoes changes over the
adult lifespan (Oda, 1984). These differences are most likely
explained by methodological disparities between the studies
and a smaller sample size in the Oda (1984) study. For example,
Oda used relatively low-resolution techniques (e.g., silver and
cholinesterase staining) to study 12 autopsy samples obtained
6 hr after death. Our own preliminary experiments confirmed
that we needed to harvest tissue quickly (e.g., within minutes)
from freshly biopsied material (not post-mortem) in order to
obtain accurate morphological measurements. Moreover, our
findings are in agreement with another smaller study of human
muscle samples where endplate size was found to remain stable
with age (Wokke et al., 1990).

Super-Resolution (Direct Stochastic Optical
Reconstruction Microscopy) Imaging of Active Zone
Proteins at the Mouse and Human NMJ
Given the structural differences we observed between human
and mouse NMJs, we next wanted to establish whether human
NMJs were also distinct from the molecular perspective. In our
initial morphological experiments, labeling of the synaptic
vesicle protein SV2 appeared to be qualitatively different
between human and mouse nerve terminals. Synaptic boutons
in mice were characterized by relative homogeneity of labeling,
whereas motor nerve terminals at human NMJs contained
distinctive ‘‘hotspots’’ of fluorescence (particularly clear exam-
ples can be seen in the 2H3/SV2 greyscale panels for the 4th,
7th, and 9th decade images shown in Figure 2). Because the func-
tional architecture of active zones varies considerably between
species (Ackermann et al., 2015), we hypothesized that the
heterogeneous labeling of SV2 in humans reflected differential
spatial arrangement of active zone proteins/material at human
synapses.

We assessed active zone protein distribution in human NMJs
by performing direct stochastic optical reconstruction micro-
scopy (dSTORM) super-resolution imaging (Huang et al., 2010)
of one key active zone protein (SNAP25). SNAP25 is a compo-
nent of the SNARE complex, a series of structural proteins
responsible for the fusion of synaptic vesicles with the plasma
membrane during exocytosis (Han et al., 2017), that is also
known to be localized to active zones in vivo (Wilhelm et al.,
2014). dSTORM imaging at the mouse NMJ revealed a remark-
ably similar punctate distribution of SNAP25 to that previously
reported from studies of other active zone proteins in a variety
of species using a range of different techniques (Fukunaga
et al., 1983; Meinertzhagen et al., 1998; Nagwaney et al.,
2009). For example, quantitative comparisons between our
mouse SNAP25 data and recent data from STED microscopy
experiments studying the active zone proteins Bassoon and

Piccolo in mice (Nishimune et al., 2016) revealed remarkably
similar subcellular distribution: the average density of Bassoon
and Piccolo ‘‘puncta’’ in the Nishimune et al. (2016) study was
!10 per mm2, with similar analyses of SNAP25 in our study
revealing a density of !15 per mm2.
The finding that dSTORM imaging could be used to reliably

label and quantify SNAP25 distribution at the mouse NMJ
prompted us to apply dSTORM imaging to compare SNAP25
localization betweenmouse and humanNMJs. Parallel dSTORM
imaging of human andmouse NMJs revealed clear differences in
the distribution and intensity of SNAP25 between the two spe-
cies (Figure 3). We quantified a total of 2,945 (human) and
10,666 (mouse) individual SNAP25 puncta, from 50 boutons
(10 NMJs) of 3 individual patients/mice. All four core variables
measured were found to be significantly greater in humans
than in mice: the average area of individual SNAP25 puncta
and their density within each bouton (both **p < 0.01), the total
area of all puncta relative to that of each bouton (****p <
0.0001), and the intensity of SNAP25 labeling (****p < 0.0001).
Given that motor nerve terminals (and hence the ‘‘area of syn-

aptic contact’’) at the human NMJ are significantly smaller than
those in mice (Figure 1; Table S1), we calculated the total area
of SNAP25 labeling per NMJ. This analysis revealed the total
area to be identical in both humans and mice: approximately
15 mm2 of SNAP25 per NMJ (Figure 3). Therefore, although the
human NMJ is significantly smaller than the mouse NMJ, the
total amount of SNAP25 protein (and, by extension, the amount
of molecular active zone machinery) is similar between human
and mouse NMJs, albeit packaged into significantly smaller syn-
aptic boutons in humans. This observation suggests the possible
presence of a homeostatic mechanism that preserves the func-
tional architecture of the synapse in the face of significant
morphological heterogeneity. In conjunction with the extensive
post-synaptic junctional folding demonstrated previously (Slater
et al., 1992), this pre-synaptic specialization could play a role in
effectively maintaining neurotransmission at the smaller human
NMJ. The application of super-resolution imaging to visualize
active zone proteins at the human NMJ reported here paves
the way for future studies that will be able to develop a more
refined and detailed subcellular ‘‘map’’ of synaptic protein distri-
bution and localization across different species. Such studies
may also assist in addressing the apparent discrepancies that
exist between the species-specific differences we report with
respect to the molecular composition of active zones and previ-
ous freeze-fracture studies that suggested more consistent con-
servation of gross active zone structure between human and
rodent synapses (for review see Rogers and Nishimune, 2017).
Of note, we were unable to reliably label human NMJs with anti-
bodies against Bassoon or Piccolo, which may point to species-
specific differences in these antigens.

Molecular Profiling of the Human NMJ
To investigate potential differences in the broader species-spe-
cific molecular composition of the human NMJ, we next utilized
state-of-the-art proteomic techniques (tandem mass tagging) to
undertake comprehensive proteome-wide profiling of human
and mouse NMJs. By establishing the proteomic profile of mi-
cro-dissected NMJ-enriched and NMJ-devoid skeletal muscle
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samples (Figures 4 and S2), we were able to establish and
compare the protein-level composition of NMJs and muscle
fibers in human and mouse samples. Through a combined hu-
man/mouse database search we confirmed the identification of
peptides associated with 6,737 proteins. Application of stringent
filtering parameters in order to ensure reliability of protein identi-
fication subsequently yielded 5,026 proteins for bioinformatics
analyses. This represents a high level of coverage from a single
proteomic analysis and compares favorably with a recent data-
base of human muscle proteins identified by mass spectrometry
that lists 5,431 muscle proteins across 38 peer reviewed scien-
tific publications from 2002–2017 (Gonzalez-Freire et al., 2017).
Moreover, we were able to demonstrate the identification of
synaptic and neuronal proteins within our NMJ-enriched dissec-
tions (Figures S3 and S4).
Comparative bioinformatics analysis of proteomic profiles

from human and mouse skeletal muscle samples (devoid of
NMJs) revealed clear molecular overlap (Figure 4; Table S3),
with the majority (66%) of the 200 known metabolic cascades
identified showing no significant species-dependent differ-

ences. In contrast, the expression profiles for the NMJ-enriched
samples indicated a clear molecular variation between humans
and mice (Figure 4). For example, in silico analysis identified 36
distinct nervous system-related molecular pathways known to
impact on NMJ form and function (including a range of core
synaptic signaling pathways, such as ‘‘integrin signaling,’’
‘‘axonal guidance signaling,’’ and ‘‘CREB signaling in neurons’’)
where proteins were present in both human andmouse datasets.
Surprisingly, 97% of these pathways showed statistically signif-
icant differences in protein expression levels between the two
species (Figures 4 and S4). For example, major differences
were observed in the levels of 24 individual proteins contributing
to agrin signaling pathways at the NMJ (Figure S4). Importantly,
each affected pathway included some proteins that were more
abundant in human samples as well as other proteins that
were more abundant in mouse samples, confirming that the dif-
ferences observed were not simply an artifact of relative enrich-
ment during tissue processing. Thus, these proteomics datasets
provide evidence to suggest that human NMJs have a signifi-
cantly modified molecular composition compared to analogous

Figure 3. Comparative Super-Resolution (dSTORM) Imaging of the Active Zone Protein SNAP25 at Human and Mouse NMJs
(A and E) Composite images of SNAP25-labeled nerve terminals (dSTORM, orange/red) overlaid on BTX-labeled AChRs of the motor endplate (wide-field, gray).

Note that (A) only shows two single synaptic boutons from the human NMJ (not the whole NMJ), and (B) only shows a sub-region of one single synaptic bouton

from the mouse NMJ (again not the whole NMJ). Scale bars, 1 mm.

(B and F) 8-bit greyscale images of single boutons (representing the areas contained within the red boxes in A and E) used to quantify intensity of labeling (I). Note

the increased intensity and density of SNAP25 in the human NMJ. Scale bars, 500 nm.

(C and G) Despeckled, binary versions of (B) and (F) used to quantify the remaining variables (J–L). The boxed areas have been enlarged (D and H) to depict

individual SNAP25 puncta; 10 discrete puncta have been labeled in each image. Scale bars, 100 nm.

(I–L) Bar charts showing dSTORM image quantification of SNAP25 intensity (I), density of SNAP25 puncta (J), average area of SNAP25 puncta (K), and the area of

SNAP25 puncta as a percentage of total bouton area (L), at human and mouse NMJs. All 4 measures of SNAP25 labeling were significantly greater in the human

NMJs. For both human and mouse datasets, n = 50 boutons; bar charts depict mean (±SEM). Unpaired t test and Mann-Whitney test.

(M and N) Bar charts comparing the average size of human andmouse NMJs (nerve terminal area, M) with the total size of their active zonematerial (SNAP25 area

per NMJ, N). Although the humanNMJ is significantly smaller than themouseNMJ (M), the total amount of SNAP25 labeling at the NMJ is the samewhen adjusted

to reflect the total overall size of the synapse (N). Unpaired t test.

****p < 0.0001, **p < 0.01.
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NMJs in mice. This finding is consistent with recent observations
of species-specific gene expression in developing neurons from
humans and mice (Qiu et al., 2016).

Taken together, our findings reveal human-specific features of
the NMJ that distinguish them from comparable synapses in
other mammalian species. These fundamental differences
between synapses in humans and lower mammals must be
taken into careful consideration when interpreting animal-based
studies with respect to their applicability to humans.

EXPERIMENTAL PROCEDURES

Further details and an outline of resources used in this work can be found in

Supplemental Experimental Procedures.

Ethics
Use of anonymous human tissue was granted by the Lothian NRS

BioResource (SR719, 15/ES/0094); prospective tissue collection was

approved by the Lothian Ethics Committee (REC 2002/1/22, 2002/R/OST/

02) following internal (University of Edinburgh) and independent/external

ethical review.

Human Case Series
Human muscle samples were obtained from patients following lower limb

amputation surgery (see above for ethical/institutional approvals). In total, 21

sets of muscle samples were obtained from 20 patients (15 male, 5

female)—1 patient required a bilateral procedure. The clinical details for

each patient are summarized in Table S2. The majority of patients (16 out of

20) underwent amputation for complications of peripheral vascular disease

(PVD), typically either critical ischemia in a non-salvageable limb, or failure of

previous vascular reconstruction. Most of these cases (12 out of 16) were

below-knee amputations (BKA); only four patients required above-knee ampu-

tation (AKA). Of the four non-PVD-related cases, BKA was performed in two

patients for chronic pain following previous orthopedic surgery (49F, 50M),

in one patient for chronic osteomyelitis refractory to antibiotic treatment

(42F) and in a final patient (34M) who required bilateral amputation for acute

ischemia (secondary to thromboembolism from infective endocarditis).

Mean age at surgery was 67 years (range 34–92).

The choice of muscles was primarily dictated by the logistics and reproduc-

ibility of sampling, given the variation in level and quantity of discard material

for each amputation, but with a view to including a range of muscle types

(fast, slow, mixed). The original technique of motor point biopsy (for the pero-

neal muscles) as described by Coërs and Woolf (1959) was used as a guide.

For most of the case series, we were able to obtain a complete set of samples

from the four muscles chosen. In total, 72 individual muscles were analyzed

(EDL = 19, S = 18, PB = 18, PL = 17).

Mice and Rats
To allow direct comparison with human NMJs, equivalent muscles were

dissected from both sides of three CD1 littermate mice (adult, !12 weeks

old) and wild-type rats (adult, !16 weeks old). Animals were euthanized with

isoflurane and the muscles dissected out within 30 min post-mortem and fixed

Figure 4. Unique Molecular Profile of the Human NMJ
(A) Schematic representation of sample micro-dissection used to produce NMJ-enriched and NMJ-devoid (muscle) samples for proteomics and subsequent

bioinformatics analysis. NMJ presence/absence was confirmed by a-bungarotoxin labeling (Experimental Procedures).

(B) Heatmap representation of proteomic data. Abundance is indicated by color intensity, from lowest (darkest blue) to highest (darkest red). Clear differences

exist between the 4 samples, particularly when comparing human and mouse NMJs.

(C) Schematic representation of proteomic data based on Biolayout output (Experimental Procedures). Each sphere represents the entire expression data for an

individual tissue sample, and the proximity and orientation relative to one another indicates the similarity of the datasets; human and mouse muscle samples are

more similar than human and mouse NMJ samples.

(D) In silico analysis identifies canonical cascades relating to neurotransmitter function and nervous system signaling. Ten example pathways are listed. Values

are the percentage (and number) of proteins in each cascade that are upregulated (red) or downregulated (blue) in human cf. mouse. Significance levels are listed

as –log10(p value), i.e., –log10(p < 0.05) z1.3, –log10(p < 0.0001) = 4, etc. Of the 36 pathways identified, only 1 showed no significant species difference (GABA

receptor signaling cascade; not shown).
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in 4% PFA for 1 hr. All animal experiments were performed under the appro-

priate project and personal licenses granted by the UK Home Office.

Statistical Analysis
All statistical analyses were performed in GraphPad Prism. Individual statisti-

cal tests and significance levels are referred to in the relevant text sections and

corresponding figure legends.

DATA AND SOFTWARE AVAILABILITY

The full raw proteomics data files from this study are freely available for down-

load from: https://datashare.is.ed.ac.uk/handle/10283/2937.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, and three tables and can be found with this article online at

https://doi.org/10.1016/j.celrep.2017.11.008.
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8.4 Results and conclusions 
Morphometric analysis of NMJs found several different anatomical 

differences between human and mice (n=20 and n=3 respectively).  This data 

from both human and mice NMJs samples comprised of 4 anatomically 

distinct muscle groups, which gave rise to baseline data from 2860 NMJs 

across 7 decades in the human samples.  Twelve out of the 21 synaptic 

variables examined were found to have significant morphological differences 

between the two species.  These included thinner pre-terminal axons, 

rudimentary nerve terminals and distinctive nummular end plates observed in 

the human NMJ.  The axon diameter and average acetylcholine receptor 

(AChR) clusters were 3.69 and 3.66-fold greater in mice.  However, the 

degree of overlap between the pre- and post-synaptic components were 

similar, 50% in humans and 64% in mice.  The human axons were found to 

innervate muscle fibres up to twice as large as those axons from mice. 

NMJs from rats were also studied and were found to be virtually 

indistinguishable between the mice NMJs, even though an adult rat has a 10-

fold increase in body mass compared to a mouse, which importantly 

discounts body size exerting an influence on NMJ morphology.  Therefore, it 

cannot be concluded that the smaller size of the human NMJ is caused by 

the comparative increase in body mass from small order mammals.   

The stability of the NMJ over the course of an animal’s lifespan has 

consistently been reported to become unstable with advancing age.  By 

contrast, the human NMJs in this study were found to be extremely stable 

over the adult lifespan with data collated from 7 decades of the human 

lifespan and only a slight increase axon diameter was detected with age.  

This contradicts one early study in the 1980’s but this is possibly due to 

different tissue harvesting techniques however, it compliments a smaller 

study that found endplate size to remain stable throughout the human 

lifespan. 
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Immunohistochemical labelling of the human synapse with synaptic vesicle 

protein 2 (SV2) revealed heterogeneous spatial arrangements of active zone 

proteins with intense areas of fluorescence.  Direct stochastic optical 

reconstruction microscopy (dSTORM) was employed to determine the 

difference in the active zone distribution of SNAP25, a synaptic vesicle 

protein.  The collated dSTORM data from 2945 human and 10,666 mouse 

NMJs (n=3 per species) determined the human NMJ to have a greater area 

of puncta relative to each synaptic bouton with a greater intensity of labelling 

detected in the human NMJs.  The total area of SNAP25 labelled puncta from 

each species however was found to be equivalent in each species, 15Pm2 

per NMJ.  

Molecular characterisation of the NMJ was carried out on tissue deemed to 

be “NMJ enriched” or “NMJ depleted” with the former containing NMJs strips 

dissected from muscle and the latter muscle devoid of NMJ material 

confirmed by bungaratoxin labelling of NMJ.  Enrichment of the NMJ samples 

was confirmed by western blot with a significant increase in post-synaptic 

protein PSD95 and decrease in nuclear protein H2AX found in the NMJ 

enriched samples of both species.   Tandem mass tagging (TMT) of these 4 

groups of samples (human and mice NMJ enriched and depleted) identified 

6737 protein using human and mouse MASCOT database.  After the filtering 

steps were applied that discounts proteins with only 1 unique peptide and 

less than 20% change between species 5026 proteins were included in the 

subsequent in silico analysis. 

Bioinformatic analysis of the NMJ depleted muscle samples revealed a clear 

molecular overlap (66%) of cascades between the human and mouse 

samples with 200 metabolic cascades showing no species-specific 

differences.  By contrast there were clear molecular differences determined 

between the human and mouse NMJ enriched samples.  From 36 nervous 

systems pathways that are known to cause NMJ form and function 

alterations there was a 97% difference in protein expression identified 

between the human and mouse NMJs.   
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These included but are not limited to differential expression of proteins in 

agrin, NGF and axonal guidance signalling as well as interestingly in 

amyotrophic lateral sclerosis signalling.   

The combined differential expression of these functional proteins whose role 

include maintenance of AChRs, assembly of NMJ’s and regulation of 

sympathetic neurons, compliment the morphological disparities detected in 

axon and nerve terminals between the two species (Miner & Abrahamson, 

2008, Andres & Bradshaw, 1980).  Thus, given these pathophysiological 

divergences observed it is perhaps less surprising that therapies derived in 

rodent models of amyotrophic lateral sclerosis have not proven to be more 

effective in patients (Alrafiah AR, 2018., Stephenson J & Amor S, 2017). 

These morphological and molecular data collated from human and mouse 

NMJs determine there are fundamental differences between human and 

lower order mammals.  Therefore, assumptions on the biological 

characteristics of NMJs and possibly other tissues cannot be solely derived 

from frequently used rodent models. 

 

8.5 Critical evaluation 
This manuscript highlights the information derived from frequently used 

rodent models to inform on human disease cannot be assumed to be correct 

with no impact caused by interspecies variation.  Due to the difficulties 

associated with human sample acquisition it is nearly impossible to obtain 

samples that were, in this study, amputated due to ongoing health issues of 

the patients.  Although the morphological analysis determined that these 

samples were free from pathological lesions associated with co-morbidities of 

the patients, it cannot be assumed that the molecular changes observed 

were not affected by these ongoing health issues. 
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The stability of the NMJ was measured in the human patient samples over 7 

decades of the adult lifespan however this was not carried out in the mouse 

with samples obtained from young adults.  Evaluation of the mouse NMJ over 

the course of its lifespan, confirming data from previous studies, would have 

given a complete picture for an accurate comparison of NMJ stability. This 

does raise questions regarding the unnecessary use of animals for repeated 

studies however this data would have provided a more complete comparison 

within the same laboratory therefore subject to the same experimental 

protocols resulting in a truly comparative analysis.  

For a more accurate molecular comparative analysis NMJs could have been 

dissected using laser capture dissection.  This would have provided a more 

definitive distinction between the NMJ enriched and depleted samples as the 

supplementary western blots show there was evidence of synaptic material 

with the muscle samples deemed NMJ depleted.  However, this may still 

have occurred but to a much lesser extent when laser capture dissection 

techniques were applied. 

8.6 Impact and personal development 
I wanted to be more involved in the proteomic portion of this study to gain 

expertise and learn some of the basics of large scale omic data handling.  

Initially this study used a different proteomic analysis technique, label-free 

labelling, where I carried out a large proportion of the data analysis.  

However, in order to provide a better proteome coverage TMT analysis was 

performed and for expediency the data was analysed by another more 

experienced member of our group yet I still contributed to design of figures 

and interpretation of the data.  The findings from this study have confirmed 

my opinion that small animal models cannot be relied upon to provide the 

definitive representation of human neurological diseases.  Moreover, further 

studies from large animals are required to determine homology to human 

biology therefore confirming true phenotypic characterisation of human 

disease once model selection is optimised.
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Chapter 9 Discussion and Conclusions 
The publications that comprise of the body work presented in this thesis 

demonstrate 1) the range of technical experience I have accrued in this field 

over the past 10 years, 2) my understanding of the devastating and 

debilitating nature of neurodegenerative conditions, and most importantly 3) 

my personal development as a scientist who can critically evaluate and 

create hypotheses to address the many unanswered questions that remain.  

Two crucial questions that scientists studying neurodegeneration must 

address: 

1. What are the triggering events that enable neurodegenerative conditions 

to progress in patients?   

2. How do we treat these conditions?   

Both questions are equally important and invariably connected.  The majority 

of neurological conditions have a complex and poorly understood aetiology 

which includes disorders where advancing age is an additional risk factor 

such as dementia.  Often there is a genetic component(s) that increases 

susceptibility or determines whether a person will suffer from a given 

neurological disorder, but for most the actual trigger and time of onset still 

remains elusive.  One of the main issues that makes neurodegenerative 

disease so difficult to treat is diagnosis is often late in course of 

pathogenesis. This is largely caused by the brain’s remarkable ability to 

compensate for a high degree of neuronal degeneration therefore, once 

symptoms develop a patient already has considerable neuronal loss (Barrett 

DG et al, 2016). 

At the present time, these questions are best addressed through the use of 

well characterised animal models. Using these models, we can examine an 

array of samples, ranging from blood to brain tissue samples to cerebrospinal 

fluid (CSF), throughout the animal’s lifespan that would include pre-and post-

clinical time points.   This would enable detailed molecular studies that could 
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include, but is not limited to, transcriptomic and/or proteomic analysis to 

examine dysregulated genes/proteins and their impact on downstream 

pathways. Identified molecular perturbance(s) may coincide, or precede, with 

pathological or behavioural changes observed and therefore, these may 

inform on the disease status of the animal and highlight potential therapeutic 

site(s) and time points.  Animal models are also integral to identifying 

biomarkers that are crucial to understanding disease progression and 

determining potential therapeutic sites.  They are essential for preclinical 

testing of therapeutics by assessing efficacy of dose and routes of 

administrations as well as therapeutic persistence.   Consequently, this is 

why it is crucial that any given animal model recapitulates as many features 

of the human neurodegenerative phenotype as possible, providing the best 

platform to address these questions. 

 

9.1     Identification of neurodegenerative risk factors 
9.1.1 Determining onset of disease 
The transmissibility of TSEs to several different susceptible species is an 

extremely useful tool to elucidate these early events as reported in Chapter 

2.  By knowing the precise time and route of infection, local physiological 

measurements can be closely monitored and include pre- and post-infection 

conditions.  The immune system has been a focus in elucidating the early 

course of TSE disease progression having been determined as an early 

pathological target in both spontaneous sheep models of scrapie and 

experimentally infected murine models (Jeffrey & Gonzalez, 2007, Kimberlin 

& Walker, 1979). Moreover, peripheral infections in these models have 

reported how a specific subset of immune cells, dendritic and follicular 

dendritic cells, aid transport, accumulation and replication of PrPsc in the gut 

and lymphoid tissues prior to spread to the central nervous system (Mohan J 

et al, 2004, 2005, Press CM et al, 2004). Yet the trigger for these events still 

remains elusive. 
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9.1.2 Is the gut important in maintaining healthy brains? 
Immune cells within intestinal “hotspots” have been reported to increase 

susceptibility to prion diseases as they facilitate transport of prions across the 

epithelium prior to spread through the periphery (Donaldson D et al 2016, 

Gonzalez et al, 2012).  A similar phenomenon is reported in Parkinson’s 

disease (PD) whereby patients have increased gut permeability due to 

dysbiosis which allows enhanced translocation of bacteria (Baizabal-Carvallo 

2020).  In fact, dysbiosis has been suggested to correlate with worsening of 

motor symptoms in PD patients (Sheperjans et al., 2015, Minato T et al 

2017).  Intriguingly, abnormalities in the gut/brain paradigm are also 

implicated in multiple sclerosis and other psychiatric aspects of human brain 

health, including depression, so why are microbiota so important in 

maintaining a healthy brain and could this be a potential therapeutic target 

(Kohl et al, 2020, Kim & Shim, 2018)? 

Friedland has proposed how an evolutionary mechanism termed “molecular 

mimicry” has facilitated pathogen’s ability to invade their host causing 

disease (Friedland R 2015).  Furthermore, he suggested that molecular 

mimicry of bacterial proteins could be responsible for a vast array of 

neurodegenerative processes such as misfolding, inflammation and cellular 

toxicity and are potential instigators of PD, Alzheimer’s disease and other 

conditions.  Interestingly, colic is one of the first clinical signs in Equine Grass 

Sickness (EGS). Patients present with an absence of gut sounds, reduced 

appetite, abdominal distention and elevated levels of C perfringens detected 

in faecal samples (McGorum & Pirie, 2018).  Collectively, these clinical signs 

suggest that dysbiosis could also be occurring in EGS patients, possibly due 

to pasture derived mycotoxins in the soil, prior to widespread 

neurodegeneration.  
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9.1.3 Is an altered microbiome an early neurodegenerative 
biomarker? 

It is likely that altered gut health could be an early PD biomarker as 

constipation is one of the first PD symptoms and is reported to occur 10 

years prior to motor impairment (Nair AT et al, 2018).  It has yet to be 

determined if altered gut biomes are a result of neurological impairment, or if 

they instigate activation of degenerative pathways, or if they are working in a 

symbiotic cycle that causes and advances neurodegeneration.   However, 

gut dysbiosis could be an indicator of increased susceptibility to 

neurodegenerative conditions thereby acting as an early biomarker and 

possible therapeutic target.   

The use of probiotics to help maintain healthy gut microflora could therefore 

offer some protection to these diseases.  There is evidence to suggest that 

administration of probiotics to depressed and PD patients can lessen 

symptoms and has even lowered the score of PD patients in the PD rating 

scale (Mörkl S et al, 2020, Tamtaji O et al 2019).  However, the use of 

probiotic to treat an array of neurological conditions has been limited, which 

may be due to time of probiotic administration sometime after the therapeutic 

window has passed (Sasmita A 2019).  Fecal microbiota transplants (FMT) 

from healthy donors may offer alternative treatments for age-related 

neurodegeneration. Both FMT’s and ingestion of fecal material have been 

reported to significantly improve immune function, increase lifespan and 

reduce gut dybiosis within ageing mice (Bárcena C et al, 2019., Donaldson D 

et al, 2021.).  Interestingly, it has also been reported that PD patients who 

receive FMT can lessen the severity of motor and non-motor symptoms with 

minimal adverse effects (Huang H et al, 2019, Xue LJ et al, 2020).  It is 

therefore tempting to suggest that treatment of the gut with probiotics and/or 

FMT’s in the pre-symptomatic phase of disease could delay or perhaps even 

halt disease progression. Moreover, identifying when and how these 

damaging alterations to the microbiome and associated immune function 

within gastrointestinal tract occur, may be the key to understanding why the 

neurodegenerative process is “switched on” in PD and Alzheimer’s 
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(Siddharth J et al, 2017, Peterson CT, 2020).  Therefore, further 

investigations are required in models whereby these therapies are delivered 

at sequential time points throughout disease progression, to aid 

determination of molecular targets and optimal therapeutic windows.   

9.1.4 Utilising TSE transmissibility to uncover molecular 
alterations in early neurodegeneration 

It is clear that the gut/brain paradigm is important in the maintenance of brain 

health, yet the exact mechanism of how and why healthy microbiota influence 

this paradigm remains elusive. By utilising the transmissibility of TSE 

infection, it could be possible to the mechanisms involved in this axis and 

help identify the events that initiate the neurodegenerative process.  Gossner 

and Hopkins have carried out preliminary transcriptomic studies to examine 

the effect of subcutaneous scrapie inoculation on gene expression in the 

peripheral lymph node and CNS at two distinct time points post inoculation, 

before PrPsc accumulation and after detection (Gossner & Hopkins 2014, 

Gossner & Hopkins 2015). 

They used the bioinformatic tool, ingenuity pathway analysis (IPA), to identify 

and rank genes in their dataset that are commonly associated with known 

diseases termed “bio-function analysis” (Yu J et al, 2016).  Interestingly, this 

analysis determined that genes associated with gastrointestinal disease were 

highest ranked in the peripheral lymph node at the early time point, with 

neurological disease third.  In contrast at the late time point neurological 

disease associated genes were identified as top   Perhaps somewhat 

unsurprisingly, the CNS data found biological functions associated with 

neurological disease and inflammatory responses were ranked highly at both 

early and late time points.  These results indicate an association with the gut 

in early TSE pathogenesis, day 10 post inoculation (approximately 5% of the 

incubation period), reinforcing the hypothesis that altered gut homeostasis is 

an indicator of early neurological disease.  However, it is important not to 

solely rely on any associations that IPA data analysis can uncover, but also 

examine the raw data which revealed significant upregulation of genes that 
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are inhibitory to proinflammatory cytokines.  This suggests that scrapie 

infection supresses inflammatory responses in the acute phase of disease, 

thereby diminishing the host humoral immune response, which supports 

results of my study where the CD21 population was significantly lower in 

scrapie challenged lymph nodes (Chapter 2).    

Proteomic screens in prion diseases have been carried out to discover pre-

mortem biomarkers in blood, CSF and urine from CJD patients, BSE infected 

cattle and murine models of scrapie. yet, the majority of these studies were 

carried out in the latter stages of the incubation period (Ma & Li, 2012).   A 

post-mortem transcriptomic study that used different TSE susceptible mouse 

strains to elucidate early and late events in the brain reported upregulation of 

the innate and inflammatory response at both the early and late phase of 

disease with downregulation of factors relating to the degenerative synaptic 

process (Kim TK et al, 2020).  However, the molecular pathways responsible 

for the onset of prion diseases still remain elusive, therefore there is scope to 

carry out further molecular characterisation of intestinal mucosa and 

secondary lymphoid tissues which are known early pathological targets, as 

they are first sites of PrPsc accumulation.  These primary studies could then 

inform on common triggers that may be conserved between other 

neurodegenerative conditions such as Batten disease, PD, motor neurone 

disease etc. and could be investigated in other neurodegenerative models.  

Ideally, thereafter a combination of different putative pre-mortem biomarkers, 

molecular, behavioural and imaging could then be used to assess disease 

progression.  It is noteworthy to highlight that these investigations require the 

physiological context of an animal and would not be possible using in vitro 

models.  

9.2      Animal models and patients 
9.2.1 Animal patients 
Animal models are essential to further our understanding of pre-symptomatic 

and early phases of disease as a variety samples can be examined 

throughout disease progression which is not possible with human patients. 
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This is also true of animal patient samples, pets or working animals, yet they 

can provide a useful snapshot of the global perturbed molecular pathways 

and pathology that has occurred due to widespread neurodegeneration but 

they do not reveal the cause of onset or triggering processes. 

However, we can also further our understanding through investigations of 

neurological disorders with similar clinical signs and pathology in veterinary 

patients.  The equine grass sickness (EGS) paper (discussed in Chapter 7) is 

a good example of how a seemingly unrelated neurological condition in a 

different species can have some striking similarities to human disorders. 

Unlike many human neurological disorders there is no known genetic 

component for EGS; horses of all ages and breeds are susceptible.  

However, an environmental influence is possible due to increased 

susceptibility linked to the geographical location of the cases (Newton JR et 

al, 2004).   

The unbiased proteomic approach we used identified dysregulated proteins 

and molecular pathways in a commonly affected cranial cervical ganglion 

(CCG) at terminal disease, when acquisition of this tissue was possible.  

Interestingly, and perhaps unsurprisingly, we found commonalities with 

several human degenerative disorders such as Alzheimer’s disease and 

SMA that includes upregulation of amyloid precursor protein and perturbation 

of isomers within the ubiquitin proteome (Storey & Cappai, 1999 and Wishart 

TM, 2014).  The dysregulation of these particular proteins may merely be a 

consequence of the neurodegenerative process, in effect a by-product, 

therefore elucidating other perturbed molecular pathways within these 

samples could provide a more specific insight into EGS.   

A more collaborative approach between veterinarians, medics and scientists 

would be beneficial to address the many unknowns in the neurological field, 

and feedback any potential therapeutic or prophylactic strategies that could 

be used to treat patients. For example, a successful prophylactic or even 

palliative treatment in an animal patient may only ever be reported as a 

single case study in a veterinary journal which is unlikely to be discovered by 
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a scientist or medic.  Therefore, a more cohesive global approach to improve 

communication of such discoveries between researchers and clinicians could 

aid understanding and treatment of these conditions.  

9.2.2 Characterisation of neurological phenotype 
Initial diagnosis of any patient presenting with a neurological condition will 

only occur once the symptom(s) they are experiencing are assessed to 

provide evidence of location and severity of disease (Willis, 2016). Symptoms 

can vary extensively depending upon the disorder in question and may 

include difficulty sleeping, walking, talking, confusion, swallowing or even 

visual impairment with doctors having the advantage of a patient and/or carer 

being able to communicate these issues.  Collectively, the symptoms provide 

a picture that indicates that the patient has neurological impairment(s) and 

subsequent assessments can be carried out to confirm the initial diagnosis 

and track disease progression.   It is clear however, that the complexity of the 

human nervous system makes full recapitulation of a neurodegenerative 

phenotype in animal models problematic therefore, careful, systematic and 

methodical characterisation throughout a model’s lifespan is crucial.   

Researchers and/or veterinarians assessing a model are at an immediate 

disadvantage as animals are unable to communicate what they are 

experiencing therefore in-depth neurological examinations are essential for 

characterisation of disease.  These investigations need to be sensitive 

enough to detect changes that lead to diagnosis, with animal welfare at the 

forefront of any considered approach.  One key aspect of model 

characterisation is the use of neurobehavioral monitoring to assess reactivity 

of cranial nerves, proprioceptive awareness, demeanour and gait.  These 

tests can provide regional indications of affected targets within the nervous 

system when carried out by experienced veterinarians.  Moreover, subtle 

neurobehavioural changes can be detected when an animal may appear 

clinically normal thus providing indices of early disease progression. 
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Many routine tests have been devised in rodent models that measure a 

variety of different neurobehavioural parameters with wide ranging tests such 

as forced swim tests to measure despair and open field test to detect 

emotional aspects such as anxiety (Vuralli et al, 2019). Assessing cognition 

is important as it is reported a broad range of neurodegenerative conditions 

ranging from dementia to motor neurone disease, PD and lysosomal 

disorders (Huynh W et al, 2020, Terroba-Chambi et al 2020, Masingue M et 

al 2020).   Moreover, cognitive dysfunction is recognised as a diagnostic 

feature of neurological deficit and mild impairment can occur early in disease 

progression therefore, it is desirable to assess decline in any model of 

neurological disease (Silverberg NB et al, 2011).  

The challenges of measuring more “human” aspects of neurodegenerative 

decline in larger animal models such as cognition is considerable.  This is 

why Morton and colleagues have devised a variety of neurobehavioural 

cognitive tests in sheep and have determined that sheep have ability to: 

recognise faces, inhibit and revise responses, perform reverse learning and 

set shifting tasks (Knolle F et al 2017, Perentos N et al 2017, Morton & 

Avanzo 2011).  Although these studies are more demanding to carry out in 

large animal models due to availability of space and time spent habituating 

the animal to the test space and memory trials, these could provide valuable 

indicators of disease progression and inform on therapeutic efficacy (Mitchell 

N et al, 2018). 

Biomedical imaging is a standard tool that clinical neurologists use to help 

diagnose neurodegenerative disease and also track progression in patients 

(Young PNE et al, 2020).  Three separate methods of imaging are widely 

used; magnetic resonance imaging (MRI), computerised tomography (CT) 

and positron emission tomography (PET). MRI and CT use radio 

waves/magnetism and x-ray respectively to view internal anatomical 

structures and PET uses radioactive ligand tracers to determine specific 

attributes such as synaptic integrity or the deposition of tau (Masdeu JC, 

2017).  The use of these tools has also been adopted by veterinarians, 
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particularly MRI and CT, but often individual clinics don’t have access to 

these expensive pieces of equipment, so referrals are required to veterinary 

hubs with these diagnostic imaging capabilities and expertise.   

Aside from assisting diagnosis of neurodegenerative conditions that include 

Alzheimer’s, Parkinson and Batten disease, these imaging modalities can be 

used to identify biomarkers of disease and benchmark the patient’s stage of 

disease progression.  For instance, atrophy of brain cortices and ventricles 

are hallmarks of neuronal ceroid lipofuscinosis (NCL) therefore, measuring 

the integrity of these areas can identify the extent of neurodegeneration that 

has occurred (Santavuori P et al, 2001).  MRI is also used to detect distinct 

brain signatures for different types of Alzheimer’s disease (Young PNE et al, 

2020). Therefore, access to these tools for characterising any model of 

neurodegeneration provides further indices of disease recapitulation and can 

further inform on efficacy of any therapeutic intervention (Rutherford HA & 

Hamilton N, 2019).  

Longitudinal monitoring of an array of parameters in neurodegenerative 

animal models can provide valuable insights into physiological manifestations 

that occur in addition to neuron loss.  Telemetric devices have been used to 

record a broad range of different measurements remotely which could 

include heart rate, physical activity, sleep patterns (Perentos N et al, 2016, 

Baxa M et al, 2019).  In vivo telemetric electroencephalography (EEG) 

measurements in CLN5 sheep has determined homozygote sheep have 

decreased sleep quality and previously undetected epileptic activity in 

preclinical disease (Perentos N et al, 2015).   

It is clear, collation of longitudinal data from animal models can give novel 

insights to several physiological and neurological impairments through the 

use of a broad range of sources that include but are not limited to imaging 

modalities, neurobehavioural and telemetric monitoring.  They then permit 

new biomarkers of disease to be discovered and provide a platform to 

evaluate biomedical interventions.    
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9.2.3 Role of animal models in biomedical interventions 
There are many natural occurring large animal models of human disease that 

have proved vital for progressing our understanding and providing essential 

information regarding transmissibility as well as routes and dose of 

administration for therapeutic interventions.  This information is essential 

when scaling up dosage levels from mice to men which can cause hazardous 

and potentially lethal side effects.  This was observed in non-human primates 

(NHPs) and piglets who received intravenous viral gene therapy causing 

hepatic toxicity in the NHPs and severe proprioceptive deficits in the piglets 

which lead to euthanasia in both models (Hinderer C e al, 2018). 

Aside from therapeutic dosage, the route of administration and transduction 

within the host is another crucial role which large animal models perform in 

preclinical trials.  In order to directly target neurodegeneration within the 

CNS, intracerebroventricular, intraparenchymal and intrathecal injections are 

the favoured delivery routes.  These routes enable lower doses of vector to 

be administered so as to reduce viral transduction.  Although lowered 

transduction can be seen as advantageous by not diluting the vector in the 

periphery, this would exclude tissues outside the CNS from receiving any 

treatment.  This could be problematic as many neurodegenerative conditions 

have secondary multi-organ deficits that would therefore go untreated unless 

additional routes are used (Hinderer C et al, 2018, Maxwell GK et al, 2018, 

Allardyce H et al, 2020, Ross PD et al, 2016).  CNS targeted gene therapy in 

CLN2 and CLN5 spontaneous models has been successful, whereby lifespan 

is prolonged and progression of clinical signs is significantly slowed however, 

secondary or simultaneous treatment routes are required as the animals still 

go blind (Katz M 2014, Mitchell N 2018).  Intravitreal injections are now 

proving successful at addressing the visual deficits in these models but this 

begs the question; will other manifestations be observed as global treatment 

of the host is not addressed (Whiting R 2020)?   
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9.3       Technical advances  
This is an exciting time in biomedical neuroscience with viable options for 

generation of more accurate bespoke models of genetic conditions and 

genetically targeted treatments becoming available for once inevitably fatal 

diseases.  However, the capability of the researchers to collect, collate and 

evaluate data must advance with increasingly sophisticated methods of 

analytic investigation.  Therefore, it is vital that everyday systems we use in 

the laboratory are sensitive and robust enough to test and validate novel 

techniques such as -omic technologies. Although orthogonal validation of 

omic technologies is not essential, it is a widely accepted and often expected 

approach in many peer reviewed publications (Handler DC et al, 2018, Kim S 

et al, 2019).  My recognition of this fundamental requirement is likely why my 

methods papers in Chapters 3, 4 and 5 have been so well cited in the 

literature.  Essential methodologies such as western blotting or 

immunohistochemistry, once termed semi-quantitative, should be updated 

wherever possible so when applied they provide both qualitative and 

quantitative assessments.  This will in turn allow researchers to discriminate 

and evaluate their data with more confidence and determine if subtle or large 

changes observed in experimental samples are genuine.   

9.4 Future Directions 
9.4.1 Large animal neurological assessment protocol 
I continue to work and help drive the CRISPR/Cas9 ovine model of CLN1 

disease project forward.  This has included devising more in depth methods 

of neurobehavioral characterisation in subsequent cohorts of this model and 

liaising with neurological veterinary experts in the field.  Since the 

introduction of additional tests that we now employ once a lamb is weaned at 

3 months, we have observed some subtle proprioceptive deficits occurring as 

early 6 months of age.  I have also identified a gap in the literature regarding 

neurobehavioral testing of large animals with only a few single case reports 

in veterinary journals and the occasional publication relating to scoring for 

specific diseases.  This is why I have recently drafted a publication that 
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details a comprehensive list of neurological assessments that can be applied 

to a variety of different large animal species.  This manuscript should prove 

particularly useful as there are increasing number of genetically engineered 

large animal models being produced therefore, this publication can provide 

guidance on suitable examinations for particular species and the anatomical 

region they are testing.  These tests can help identify neurological deficits 

that could be then be further investigated using imaging modalities and also 

provide guidance on efficacy of therapeutic interventions. 

9.4.2 Biomarker discovery 
In 2019, we were awarded a grant by a Batten disease charity (BDSRA) to 

carry out a biomarker discovery project in ovine models of Batten disease.  

The aim is to identify molecular biomarkers in plasma from CLN1, CLN5 and 

CLN6 models that track with disease progression and identify any cessation 

in progression due to delivery of therapy. Using an unbiased proteomic 

approach, I will also investigate if any of the identified biomarkers are specific 

to each genetic form or if they are conserved between the lysosomal 

disorders.   This work has been put on hold due to the current pandemic. 

9.4.3 Delivery of therapeutics 
We are currently carrying out pilot intervention studies in our ovine CLN1 

model using gene and recombinant enzyme therapies to deliver palmitoyl 

protein thioesterase 1 (PPT1) to our deficient sheep.  Coordinating such 

studies is testing, truly a team effort to successfully deliver the intervention 

and monitor the sheep’s recovery.  I have also had to devise careful sampling 

techniques to ensure that we achieve the most from the data and detect any 

increase in PPT1 signal outside the injection sites.  This required coronal 

sectioning of the brain into 5 distinct equal sections, with approximately 1cm3 

of tissue at three different depths (A, B, C) measured from the brain surface, 

with the posterior sections containing the injections sites. I am coordinating 

neurobehavioural monitoring of animals that receive therapies to assess if we 

can observe any effect on progression of clinical signs.  Unfortunately, due to 

the current pandemic I have not been permitted to be present whilst the 
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clinical scoring is carried out in this study, but I have been collating all of the 

data.  I plan to carry out further cognitive assessments in future cohorts that 

will reside at the large animal research imaging facility (LARIF) which will 

have a greater area allocated for designing mazes.  I am currently planning 

to track the sheep navigating the maze with a GPS device that is accurate 

enough to trace location within a metre of the animal, and observe if sheep 

alter their route with advancing disease and/or therapy.  

 

9.5 Conclusions 
In this thesis, I have highlighted the impact of neurological conditions on the 

patients, families, friends and health care providers as well as the significant 

drain on the public health service for the treatment and management of these 

disorders.   The debilitating nature of these conditions that significantly 

shorten a patient’s healthspan make it imperative that we increase our 

understanding of these disorders in order to ultimately develop reliable 

therapeutics.  When the first paper in this thesis was published in 2009 there 

were no curative therapies to treat neurological diseases and the availability 

of large animal models of neurological diseases were limited to those that 

were spontaneous in nature (Whitelaw CB, et al, 2015).  It is remarkable how 

much the field has developed with gene therapies now currently used to treat 

patients with SMA, giant axonal neuropathy, CLN2 disease and other 

conditions (Al-Zaidy SA, et al 2019, Bailey RM, et al, 2018, Katz M, 2014). 

Within a decade, the technology for engineering bespoke large animal 

models has developed so rapidly that we were able to publish the first 

genetically engineered livestock model of a neurological disease.  During this 

decade, I have worked on multiple projects in the neurological disease field 

developing a greater array of personal technical abilities in biochemistry, 

pathology and latterly behavioural studies that have honed my skillset and 

my critical assessment as a scientist.  The publication within each chapter 

reflects my increasing awareness of the questions that still need addressed 
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and my critical understanding of the processes that require updating. 

Producing this thesis has shown me how these subsequently honed skills 

would allow me to approach some of these studies differently as I have 

identified within the critical evaluation section of each publication chapter.  

It is an exciting time in neuroscience with advances in technologies allowing 

more in-depth molecular profiling, production of bespoke animal models and 

even the prospect of tailored genetic therapies.  These combined approaches 

will not only increase our fundamental understanding of these conditions but 

also potentially provide the urgently required therapies to combat these 

devastating disorders.
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condition can be challenging and expensive. Whilst cellular 
and invertebrate models are frequently used in neurodegen-
erative research and have undoubtedly yielded much use-
ful data, the comparatively simplistic nature of these sys-
tems makes insights gained from such a stand alone model 
limited when it comes to translation. Given the recent 
advances in gene editing technology, the options for novel 
model generation in higher order species have opened up 
new and exciting possibilities for the field. In this review, 
we therefore explain some of the reasons why larger animal 
models often appear to give a more robust recapitulation of 
human neurological disorders and why they may be a criti-
cal stepping stone for e!ective therapeutic translation.

Why do!we need animals to!research neurological 
conditions?

The World Health Organisation specifically “pinpoints neu-
rological disorders as one of the greatest threats to public 
health” (http://www.who.int) due in part by an ever-increas-
ing ageing population coupled with an exponential increase 
in the world’s population. There is therefore a critical 
requirement to improve our knowledge of human neuro-
logical disorders which despite their range and prevalence 
are still remarkably poorly understood. One of the major 
limitations for advancing our understanding of these condi-
tions is that the majority of data acquired from patient neu-
rological tissue are obtained at the late or terminal stages 
of disease, where early markers may still be present but are 
nearly impossible to separate from the late-stage chronic 
molecular and/or cellular pathology evident in these sam-
ples. In order to elucidate the molecular cascades result-
ing from the neurodegeneration inducing insult in ques-
tion, and how they alter throughout disease progression, 

Abstract The world health organisation has declared 
neurological disorders as one of the greatest public health 
risks in the world today. Yet, despite this growing concern, 
the mechanisms underpinning many of these conditions 
are still poorly understood. This may in part be due to the 
seemingly diverse nature of the initiating insults ranging 
from genetic (such as the Ataxia’s and Lysosomal storage 
disorders) through to protein misfolding and aggregation 
(i.e. Prions), and those of a predominantly unknown aeti-
ology (i.e. Alzheimer’s and Parkinson’s disease). However, 
e!orts to elucidate mechanistic regulation are also likely 
to be hampered because of the complexity of the human 
nervous system, the apparent selective regional vulner-
ability and di!erential degenerative progression. The key 
to elucidating these aetiologies is determining the regional 
molecular cascades, which are occurring from the early 
through to terminal stages of disease progression. Whilst 
much molecular data have been captured at the end stage 
of disease from post-mortem analysis in humans, the very 
early stages of disease are often conspicuously asympto-
matic, and even if they were not, repeated sampling from 
multiple brain regions of “a!ected” patients and “con-
trols” is neither ethical nor possible. Model systems there-
fore become fundamental for elucidating the mechanisms 
governing these complex neurodegenerative conditions. 
However, finding a model that precisely mimics the human 
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we must examine repeated samples from model systems 
which are (at least) physiologically representative of three 
key factors: Firstly, the complexity of the human nervous 
system; second, the apparent selective regional vulnerabil-
ity; and third, the di!erential degenerative progression seen 
in human neurodegeneration. Currently, we cannot achieve 
these solely by the use of in silico or in"vitro studies. There 
is therefore an urgent demand for reliable animal models 
that fully mimic neurological disease from genotype to 
phenotype to regional pathophysiology.

The use of animals for scientific research is an emotive 
and often a controversial issue. Nonetheless, without ani-
mal research, it is likely that the mechanisms underpinning 
complex neurodegenerative conditions may never be fully 
understood, new interventions could not be designed and 
drug therapies could not safely be tested. The justification 
for using animals in scientific research is widely accepted 
as a means for improvement of human health either by 
using models to study diseases or for testing the e#cacy of 
drugs or vaccines (Greek and Menache 2013). What is not 
widely publicised is the very low rate of translation from 
drug trial through to successful therapy, with those for neu-
rodegenerative research falling far below the average across 
the biomedical sciences (Stanzione and Tropepi 2011; 
Garner 2014). There is certainly room for improvement as 
the translational statistics (highlighted in detail in Garner 
2014) make uninspiring reading for funding bodies and 
drug discovery companies. Such poor translational figures 
also give rise to ethical concerns regarding the e!ective use 
of animals. To boost both preclinical (animal studies) and 
clinical (human trials) e#cacy at the simplest level, experi-
ments need to have stronger hypotheses (or basis in existing 
data), be better designed in methodology/technique, be car-
ried out with a much higher degree of accuracy/reproduci-
bility leading to a higher predictive value and reduced attri-
tion (Greek and Menache 2013; Garner 2014). Therefore, 
an outstanding question remains: what is the best way to 
make animal studies more accurately translate human neu-
rological conditions?

Animal models of!human diseases

Model selection is not simple. The criteria for selecting the 
most appropriate model are complex and broad, ranging 
from; does this condition already naturally exist in another 
mammalian system, can a transgenic model be engineered 
to recapitulate the disease in its entirety, and of course, 
financial constraints in carrying out pathological time 
course experiments (see Fig."1). Funding is extremely com-
petitive and di#cult to secure with supporters of biomedi-
cal research increasingly focusing on obtaining deliverable 
targets that are not only reproducible but also translate to 

direct therapeutic intervention (Bowen and Casadevall 
2015). Models then need to be carefully selected in terms 
of “validity” and “yield” as well as potential for knowledge 
advancement.

A technique termed reverse translation could be used 
in the first instance where specific biological markers 
with significant clinical consequences are first determined 
in humans and then applied to an animal model to see if 
they exist and that they reflect the same disease status as 
the human condition (Garner 2014). Thereafter, novel bio-
markers can be identified at di!erent stages of disease in 
the animal model and ideally they would harbour drugga-
ble targets that could delay or even halt the pathological 
disease process altogether (Garner 2014). For example, 
the identification and application of biomarkers in human 
psychiatric conditions which were developed in part using 
a combination of rodent and non-human primate models 
have aided the classification of distinct sub-categories of 
psychoses. These are unbiased and are arguably better diag-
nostic indicators than purely symptomatic-based analysis 
(Keifer and Summers 2016).

Reverse translation methods are not always feasible and 
instead more traditional translational studies are carried out 
in animal models prior to testing in humans. Biomarkers 
are still very relevant in these studies, but it is crucial to 
first understand the mechanistic cascades during the initiat-
ing stages of the disease. Thereafter, biomarker identifica-
tion can occur which may lead to early diagnosis and deter-
mination of disease status, as well as strategies for possible 
therapeutic intervention (Wishart et" al. 2012, 2014; Mut-
saers et"al. 2013).

Disorders that occur naturally in both humans and other 
animals with similar aetiology have clear benefits. How-
ever, it is noteworthy that the predictive validity of any 
given animal model of neurodegenerative disease will 
always be impacted upon by physiological and psycho-
logical di!erences that occur between humans and animals 
(Greek and Menache 2013). Such spontaneous models 
allow researchers to study degenerative processes and to 
elucidate and characterise perturbations occurring early in 
the disease process before symptomatic onset in"vivo. This 
is near impossible to do in human patients. Rodents are the 
most commonly used mammalian model for generating 
data from a “large” cohort. They have a relatively short life 
span, rapid breeding cycles, proven transgenic techniques 
available (although technolgies such as CRISPR have par-
tially side-lined this as an advantage) and limited space 
requirements for housing, all of which make them relatively 
inexpensive to fund and thus an attractive option.

Yet, whilst there are many properties of the rodent mod-
els that are advantageous, there are several shortfalls when 
comparing a rodent to a human including but not limited 
to size, anatomy and immunological response to infection 
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(Lorenzen et"al. 2015; Whitelaw et"al. 2016). Furthermore, 
the relevance of rodent use with regard to certain key fea-
tures of neurological disorders such as motor impairment 
and decision making is also questionable due to di!erences 
in neuronal network development/maintenance/complexity, 
reduced white matter content, volume and neuronal density 
of key targeted regions such as the substantia nigra or com-
plete absence of brain regions containing gyrencephalic 
cortex, separate caudate and putamen or subthalamic nuclei 
(Morton and Avanzo 2011; Grow et"al. 2016). Such large 
disparities generally lead to an incomplete recapitulation of 
a human disorder (see Table" 1—detailing the phenotypes 
of some of the current available models with column eight 
and nine representing human pathologies which are not 
recapitulated; Saito et" al. (2014), Zahs and Ashe (2015), 
Philips and Rothstein (2015), Barlow et" al. (1996), Jack-
son et"al. (2013), Wang et"al. (2016), Bible et"al. (2004), 
Pontikis et"al. (2005), Morton et"al. (2013), Dawson et"al. 
(2010), Embourg et" al. (2007), Yang et" al. (2016) and 
Duque et"al. (2015)). It is therefore reasonable to assume 
that basic biological di!erences between human and rodent 

brains may for some cohorts limit our ability to replicate 
neurodegeneration as observed in patients, especially if 
those traits are polygenetic in nature (Chang et" al. 2015). 
It is also likely that the evolutionary process may also con-
tribute to interspecies di!erences observed between mod-
els. For instance, it would be reasonable to assume there 
would be a more robust recapitulation of the human disor-
der in models with a higher degree of genetic homology to 
humans. Although Keifer and Summers (2016) argue that 
core molecular mechanisms may be maintained and share 
common features throughout vertebrates, is this enough to 
discover genetic anomalies that are likely to cause subtle or 
even key di!erences in the disease process? The fact that 
rodents have only 48–66% genetic homology with humans, 
whereas swine and “new world” monkeys have approxi-
mately 80% and “old world” monkeys such as the baboon 
have up to 99%, does beg the question which model is best 
to fully mimic the condition (Grow et"al. 2016; Keifer and 
Summers 2016). We would therefore propose that neurode-
generative studies in rodents (outside of conditions caused 
by conserved monogenetic alterations) should be confined 

Fig. 1  This workflow gives an indication of the many considerations 
which should be accounted for when selecting the most appropriate 
animal in which to model a particular disease. The top priority should 
be to select a model that recapitulates the condition in its entirety; 
however, these are rare and often the price of carrying out such 

experiments can be prohibitive. The green arrows indicate the posi-
tive decisions and possible outcomes, with the red arrows represent-
ing a pathway which has been rejected and the blue arrows indicating 
alterative models
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to addressing specific questions relating to aspects where 
the underlying biology is still relevant such as analysis of 
specific substructures or molecular cascades: For exam-
ple, analysis of the degenerating spinal cord (Hunter et"al. 
2016) or beta-catenin and WNT signalling cascades in neu-
rons (Wishart et"al. 2014), respectively. Moreover, extrap-
olation of results from “lower order” mammals should 
also be limited without adequate evidence of interspecies 
conservation.

There is therefore a requirement for “more biologically 
relevant” larger animal models to either bridge small model 
research with experimental therapeutic trials, or to bypass 
rodent models that do not readily translate the disease in its 
entirety.

Naturally occurring neurological disorders 
observed in!humans and!large animals

When trying to model progressive neurological condi-
tions of humans, the once ideal short life cycle of rodents 
becomes problematic and inbred models cannot truly 
mimic the diversity of any human population. In contrast, 
ovine and porcine models become an appealing alterna-
tive as they are relatively outbred and are perhaps a more 
socially acceptable species to use in research compared 
to close companion animals such as dogs or cats (Pin-
napureddy et" al. 2015). Interestingly, some disorders 
already naturally exist in these animals.

Neuronal ceroid lipofuscinosis

NCLs, commonly known as Batten disease, are a collec-
tion of rare lethal inherited neuropathological diseases in 
children caused by mutations in genes associated with lyso-
some form and function. Currently, 14 mutations have been 
discovered and each gives rise to subtly di!erent forms of 
the disorder, all of which share the majority of pathological 
and clinical profiles but di!ering in age of phenotypic onset 
and duration (Geraets et"al. 2016). Shared phenotypic traits 
include blindness, cognitive and motor impairment, and 
seizures, and all invariably lead to a greatly reduced lifes-
pan (Geraets et"al. 2016).

Several notable discoveries have been determined in a 
naturally occurring ovine model of Batten disease, includ-
ing establishing the nature of the so-called “lipofuscin-
like” storage material and associating neuroinflammation 
with regional cortical atrophy (Pinnapureddy et"al. 2015). 
The ovine model closely mimics the human disorder; there-
fore, any potential molecular targets and therapeutic strat-
egies determined in the sheep could be beneficial across 
multiple genetic variants in humans (Weber and Pearce 
2013; Palmer et"al. 2015). Interestingly, a recent study by 

Amorim et" al. (2015) found that many molecular altera-
tions associated with neurodegeneration identified in dros-
ophila and mice models were also conserved in “vulner-
able” synaptic compartments in the brain of CLN5 sheep. 
Such studies reinforce the idea that combined experiments 
across multiple species, building and refining as we pro-
gress, may make for more robust studies for drug targets 
and subsequent therapies.

Currently, combined lentiviral and Adeno-associated 
viral (AAV) vector gene therapies have shown some suc-
cess in the ovine model, and although they are in their 
infancy, the Batten disease phenotype with combined ther-
apy has not yet been studied (and reported on) at an age 
when end-stage disease normally occurs (Palmer et" al. 
2015). So, whilst a “cure” is still a long way o!, the utilisa-
tion of such large animal models has informed many factors 
such as gene dosage, delivery routes and viral spread which 
are extremely important for human therapeutics.

Prion disease

Scrapie, a naturally occurring disease in sheep, is a proto-
type for Creutzfeldt–Jakob disease (CJD) in humans with 
many phenotypic similarities including ataxia, depression 
and anorexia and sharing typical pathological hallmarks 
including vacuolation, accumulation of the misfolded pro-
tease-resistant form of prion protein as well as neuronal 
loss (Foster and Hunter 1998). Due to the ability of scrapie 
to breach the species barrier, researchers have successfully 
transmitted several strains to more manageable and less 
financially constraining in-bred mouse models. These mod-
els have been used to characterise and elucidate molecular 
and pathogenic mechanisms that help govern progression 
of the disease, yet they also have their limitations (Siso 
et"al. 2012).

The ovine model has been instrumental in determining 
the iatrogenic transmissibility of the disease using blood 
transfusion studies that would not have been physically 
possible to carry out in a rodent model. Multiple sam-
pling throughout the time course of this large mammalian 
model leads to the significant discovery and verification of 
the theory that not only was whole blood infectious during 
various stages of the disease but also that various blood 
fractions harboured infectivity (Yap et" al. 1998; Hunter 
et"al. 2002; Houston et"al. 2008). The use of large animals 
in this context for these vital studies thereby alerted public 
health o#cials to the fact that iatrogenic transmission was 
conceivable when receiving a blood or plasma transfusion 
from a seemingly healthy symptomless donor. In turn, the 
results of this report have dictated legislation and protocols 
regarding blood transfusion donation and surgical proce-
dures in the UK (Checchi et"al. 2016).
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Duchenne muscular dystrophy

Duchenne muscular dystrophy (DMD) is caused by a 
mutation in the dystrophin gene with devastating down-
stream e!ects that include muscle fibre damage and physi-
cal disability and lead to a premature death at around 20 
years of age (Rae and O’Malley 2016). This incurable 
disease a!ects only male patients giving rise to cognitive 
impairment with patients exhibiting a lower intelligence 
quotient (IQ) as well as memory and verbal deficits (Rae 
and O’Malley 2016). A natural model for DMD occurs in 
canines and has been well documented around 50 years 
prior to the development of the currently used genetically 
engineered mice models. To date, there are approximately 
20 canine breeds documented to su!er from DMD, but only 
a couple of these have been well characterised as experi-
mental models most likely due to them being a companion 
animal (McGreevy et"al. 2015). Canine DMD clinical phe-
notype and pathology mimic the human disorder almost 
identically, for example, life expectancy is reduced to 25% 
and there are extensive and progressive fore limb fibrosis in 
both species, whilst in rodent models there is only partial 
recapitulation (McGreevy et"al. 2015). Yet despite this, the 
majority of the research uses rodent models and therapies 
are yet to be forthcoming as a result (Fuller et" al. 2016). 
There is therefore clear scope to design improved longer 
term experiments within the DMD field.

Human immunodeficiency virus

There are a range of neurological disorders associated with 
human immunodeficiency virus (HIV), which can present 
with mild clinical signs such as asymptomatic neurocogni-
tive impairment to severe forms of dementia (Elbirt et"al. 
2015). Often children are more susceptible to cognitive 
dysfunctions compared to adults infected with HIV (Carryl 
et"al. 2015). Although the incidence of these impairments 
has diminished since the introduction of combined anti-
retroviral therapy, the more mild forms still persist and are 
associated with an increased risk in age-related degenera-
tive disorders of the central nervous system (CNS) (Elbirt 
et"al. 2015).

Simian immunodeficiency virus (SIV) in monkeys is 
the prototype for HIV and produces the characteristic 
neuropathological changes observed in humans infected 
with HIV (Peeters and Delaporte 2012). A caveat to using 
SIV-infected monkey models is that only 25% naturally 
produce encephalitis with drawn out and irregular incu-
bation periods proceeding the development of acquired 
immune deficiency syndrome (AIDS) (Beck et" al. 
2015). Although this low proportion of uptake could on 
the one hand be seen as problematic, researchers could 
alternatively benefit from elucidating the mechanisms 

evolved in this natural model to evade transmission of 
the virus (Chahroudi et" al. 2014). However, in order to 
produce and characterise classic lentiviral encephalitis 
in an accelerated manner, monkeys can be infected with 
neurotropic-specific strains of SIV or administered with 
antibodies that deplete certain immune cell subsets (Beck 
et"al. 2015). With the establishment of lentiviral-induced 
neurologic SIV, several biomarkers have been detected in 
blood and cerebral spinal fluid of monkeys, which have 
been found to correlate with the human condition (Beck 
et"al. 2015; Dezzutti 2015). A positive biomarker status 
can flag up the greater possibility of a patient develop-
ing neurocognitive disorders and clinicians can then treat 
accordingly, meaning such work has the potential to ben-
efit millions of people worldwide (Elbirt et"al. 2015).

Genetically engineered large animal models

The advent of numerous scientific and technological 
advances in the twentieth century has resulted in a land-
mark breakthrough in large animal research, with the suc-
cessful cloning of Dolly the sheep in turn leading to the 
cloning of over 20 di!erent species (Pinnapureddy et"al. 
2015). In the past decade, advancements in gene editor 
technology have made the production of genetically engi-
neered large animal models more precise and in some 
cases more “fully” recapitulating human disease (Beraldi 
et" al. 2015; Whitelaw et" al. 2016). Whilst technologies 
such as meganucleases zinc finger nuclease (ZFN), Tran-
scription Activator-Like E!ector Nuclease (TALEN), 
Clustered Regularly Interspaced Palindromic Repeats 
(CRISPR) and CRISPR associated 9 (Cas9) nuclease 
are still in their infancy yet have the potential to rapidly 
create large animal disease models of human neurologi-
cal conditions to order [discussed in detail by Whitelaw 
et" al. (2016)]. This provides an unprecedented tool for 
high-quality research and preclinical testing of novel 
therapeutics.

Monogenetic disorders

Monogenetic models of disease are technically easier to 
produce than polygenetic disorders. Yet, despite the sim-
plified genetic underpinnings of such conditions, here we 
will describe two transgenic large animal models—ataxia 
telangiectasia (AT) and Huntingtonƍs disease (HD)—dem-
onstrating that even for simple disease-inducing perturba-
tions, they are more successful at recapitulating the neuro-
logical disorder in terms of phenotype and pathology than 
their transgenic rodent counterparts.
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Ataxia telangiectasia

AT is an inherited multi-systemic disorder caused by muta-
tions in the ATM gene. Patients su!er from motor impair-
ment caused by purkinje cell loss, and secondary immune 
disorders often develop leading to diminished life expec-
tancy of approximately 20–30 years. Beraldi et"al. (2015) 
have produced an excellent large animal model of AT in 
a pig with homologous mutations of the ATM gene using 
somatic cell nuclear transfer (SCNT) technology. These 
AT pigs have not only demonstrated characteristic motor 
impairment but also Purkinje cell loss in the cerebellum, 
which is a hallmark of the human disease that has never 
been observed in the rodent models (Beraldi et"al. 2015).

It remains unclear why the cerebellum is the target of 
the ATM gene mutation; however, this model has allowed 
researchers to discover for the first time that Purkinje cell 
numbers are reduced at birth. This novel finding has not 
been observed in human patients, due to the nature of sam-
ple acquisition at the terminal phase of disease, and there-
fore further highlights the need to invest in large animal 
models to try and elucidate the cascades and mechanisms 
being initiated in the early stage of disease.

Huntingtonƍs disease

The cause of Huntingtonƍs disease (HD), an autosomal 
dominant inherited invariably fatal disorder, is an expan-
sion of a stretch of the huntingtin (HTT) protein (Howland 
and Munoz-Sanjuan 2014). Pathological aggregation of the 
mutated HTT protein in striatal, cortical, thalamic and hip-
pocampal neurons as well neuronal cell loss is observed 
over the time course of this disease. Typical phenotypic 
hallmarks of HD include severe cognitive deficits, changes 
in personality as well as hyperkinetic movements of the 
limbs which are all extremely distressing to the patients and 
care givers (Ramaswamy et"al. 2007).

There are over 25 transgenic rodent models of HD that 
have been made to date, yet none have accurately mimicked 
the neurodegeneration seen in humans su!ering from this 
condition (Pouladi et"al. 2013; Chang et"al. 2015). The nor-
mal order of production of transgenic models has meant 
large animal models of HD have been produced down-
stream of the rodent models and as a result are still to be 
fully characterised (Howland and Munoz-Sanjuan 2014). 
Although in their infancy, there are early indications that 
non-human primate, ovine and porcine models expressing 
mutant Htt (small N terminal fragment) are more suscepti-
ble to the neurotoxic e!ects of this expression than rodent 
transgenics causing early postnatal death, usually within 
2–3 days of birth depending on fragment expression (Yang 
et" al. 2010; Li and Li 2012; Chang et" al. 2015). Despite 
their premature death, these models have been found to 

display phenotypic and pathologic features such as dysto-
nia and apoptotic cells in the brain, which have not been 
observed in the smaller animal models (Schook et"al. 2015; 
Chang et"al. 2015). Although it is still early days, prelimi-
nary results from these transgenic large animal models of 
HD suggest they are more suitable to accurately determine 
the therapeutic e!ects of drug delivery agents on HD-spe-
cific neurodegeneration.

Polygenetic disorders

Dementia of advancing age is an ever-increasing problem 
in the ageing population with huge social and economic 
costs with Dementia UK estimating an annual financial 
outlay of £26"billion. There is therefore a matter of urgency 
to produce robust models to investigate and understand the 
early mechanisms that lead to the onset of polygenetic dis-
orders such as Alzheimer’s disease (AD) and Parkinson’s 
disease (PD). However, due to their polygenetic nature 
and possible environmental influences, it is extremely dif-
ficult to engineer genetic models that fully translate these 
conditions.

Alzheimer’s disease

Of the many genes associated closely associated with AD, 
APP, PSEN1 and PSEN2 are the focus of many studies 
due to their aberrant processing and clearance in the latter 
stages of AD pathogenesis (Chouraki and Seshadri 2014). 
Many transgenic mouse models have been produced target-
ing a single gene mutation, with varied success, but again 
the short rodent life cycle is problematic for these models 
as age is one of the biggest risk factors for contracting AD 
(Hall et"al. 2015). With this in mind, pigs became an attrac-
tive option for modelling AD disease not only due to the 
anatomical benefits but also because the identity between 
human and porcine APP is high, with identical secretase 
cleavage sites and the production of A$40 and A$42 identi-
cal to that produced by humans (Holm et"al. 2016). Mini-
pigs expressing APP695 or PSEN1 have been engineered 
using handmade cloning and SCNT technology, but have 
failed to show any pathological changes 2 and 3 years, 
respectively, after production (Holm et" al. 2016). How-
ever, the lack of pathology and behavioural changes may 
be a direct result of the early time points selected to sac-
rifice these models. Although researchers aim to unravel 
pathological events occurring in the preclinical phase 
of disease, both of these models were euthanised within 
the first 10% of their lifespan which may be slightly pre-
mature to uncover any modifications as most dementia 
symptoms do not occur usually present until the latter 80% 
of life (van Vliet et" al. 2013; Dolezalova et" al. 2014). In 
contrast, in vitro analysis of radial glial cells from mutant 

Sam Eaton
169



Bridging the"gap: large animal models in"neurodegenerative research  

1 3

APP minipigs has detected some early deficits including 
increased astrogenesis, altered expression of ribosomal and 
cell cycle genes and increased hyperphosphorylation of 
Tau (Hall et"al. 2015). These could serve as potential indi-
cators into the preclinical aetiology of disease and also add 
weight to the theory that the minipigs were examined at too 
early a time point in the incubation period to detect abnor-
malities consistent with AD phenotypes and pathology. 
Evolution would suggest that non-human primates should 
be the most biologically relevant model to study Alzhei-
mer’s disease. There is a high degree of genetic homology 
(99–100%) of A$ in great apes and old world monkeys and 
there are obvious physiological and anatomical similari-
ties (Heuer et"al. 2012). Interestingly, despite such biologi-
cal similarities, there has not been a reported case of AD 
in NHPs (Toledano et" al. 2012). The longevity of NHPs 
has revealed while they do develop senile plaques and mild 
forms of cognitive decline such as loss of recognition mem-
ory, they have not shown the widespread neuronal loss seen 
in AD patients (Heuer et"al. 2012). This further implies a 
complex aetiology underpinning AD which is unlikely to 
be accounted for by aberrations in a single protein.

Parkinson’s disease

Age is one of the biggest risk factors for developing Par-
kinson’s disease (PD) and approximately 1 in 500 people 
in the UK will develop this progressive neurological condi-
tion (Parkinson’s UK). This movement and cognitive disor-
der have many pathologic hallmarks including formation of 
intra-neuronal proteinaceous inclusions, Lewy Bodies and 
the loss of dopaminergic neurons in the Substantia Nigra 
pars compacta (Jagmag et"al. 2015). While there are multi-
ple mutations associated with PD, i.e. alpha-synucleinopa-
thies, there is no single genetic anomaly proven to give rise 
to PD; instead, there are a range of polygenetic and envi-
ronmental factors associated with the disease. As a result, 
many models target either the genetic or toxic induction 
pathway.

Experimentally induced parkinsonian-like states have 
been observed in non-human primates, ovine, porcine 
and feline models by intravenous delivery of the dopa-
mine toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) (Beale et"al. 1989; Frohna et"al. 1995; Mikkelsen 
et"al. 1999; Yun et"al. 2015). MPTP is lipophilic and crosses 
the blood–brain barrier easily. To date, it has been the best 
inducer of Parkinson-like symptomology and pathology in 
animal models, yet its e!ect is transient in most mammals 
with the exception of non-human primates and the Göttin-
gen minipig (Mikkelsen et"al. 1999). However, only the pri-
mate model has shown expression of Lewy bodies in addi-
tion to depletion of dopaminergic neurons in the substantia 
nigra (Mikkelsen et"al. 1999; Yun et"al. 2015).

As there are no single gene mutations solely attributed 
to PD, the many rodent knock-out/in models of single gene 
edits show variable success at PD recapitulation. There are 
no successful large animal models with single gene edits 
that have produced Parkinsonian phenotypes or pathology 
(Holm et"al. 2016). However, a group in China have pro-
duced a polygenetic porcine “PD model” with triple gene 
mutations using CRISPR/Cas9 technology targeting par-
kin/DJ-1/PINK1 gene loci in pronuclear embryos (Wang 
et"al. 2016). The pigs appear clinically normal at 10"months 
of age; nevertheless, similarly to the AD minipigs, this 
would be considered an early point within the incubation 
period. In silico data analysis reported no significant o!-
target cleavages using this delivery system; therefore, the 
application of the technology is assumed to have been 
e!ective and time will determine the clinical phenotype 
(Wang et"al. 2016). If triple targeted genetic manipulation 
proves successful, providing comparable data to the human 
condition, this could potentially bypass the need for rodent 
models and be a major step forward in future investigations 
of therapeutics human polygenetic diseases.

Amyotrophic lateral sclerosis

The majority of neurological disorders with human cor-
relation that spontaneously develop are in larger mamma-
lian species; however, a naturally occurring murine model 
of the polygenetic disorder Amyotrophic lateral sclerosis 
(Holm et"al. 2016) exists. The Wobbler mouse has a spon-
taneous mutation in the Vps54 gene and exhibits progres-
sive upper and lower motor neuron degeneration, neuronal 
hyperexcitability and neuroinflammation making it highly 
comparable to human ALS (Moser et"al. 2013). This model 
has been well characterised in all three phases of the dis-
ease (pre-symptomatic, evolutionary and stabilised) since 
its discovery 60 years ago allowing trials of various com-
pounds including lecithinised superoxide dismutase (Price 
et" al. 1998) (Moser et" al. 2013). Following these experi-
ments, a SOD1 transgenic rodent model of ALS was pro-
duced in the early 1990s and is currently the most com-
monly used experimental model of ALS (Park 2015).

Although there are now known to be 21 genes mutations 
attributed to ALS, the first and most commonly manipu-
lated is still ALS1 or SOD1 which accounts for approxi-
mately 15% of ALS cases (http://www.alsa.org). To further 
the understanding of this highly targeted mutation, Yang 
et" al. have produced a transgenic pig that expresses the 
human SOD1 transgene using the site mutagenesis tech-
nique nearly two decades after the production of the first 
SOD1 transgenic mouse. At the time of publication, the 
oldest pig was only 2"years of age, yet these pigs exhibited 
hind limb motor disorder together with motor neuron death, 
astrogliosis and skeletal muscle atrophy (Yang et"al. 2014). 
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Interestingly, this is the only model of ALS to show some 
nuclear inclusions in motor neurons, located in the interme-
diate zone and ventral horn of the spinal cord, which also 
expressed ubiquitin in the nucleus. Considering this is an 
early time point in the study the larger animal model pro-
duces additional information, pathological deficits, which 
are not observed in the rodent model, and therefore more 
closely models the human condition.

Conclusion

In order to better understand disease mechanisms and 
develop more sophisticated therapeutics, animal models of 
human conditions are a necessity. This is particularly rel-
evant when considering the complex nature of neurological 
disorders. We have highlighted many potential limitations 
of using a rodent to model neurological diseases. These 
include but are not limited to evolutionary distance/segre-
gation, anatomical heterogeneity, disparate life spans, strain 
maintenance/inbreeding and physiological anomalies, and 
can limit our ability to extrapolate to human conditions, 
especially when considering disorders of a polygenetic 
nature. Nevertheless, it is important to note that rodent 
models can and do lead to important discoveries when they 
are employed to address specific questions.

Appropriate model selection for any disorder but espe-
cially those of neurological conditions is a complex pro-
cess that cannot be underestimated (see Fig." 1). Figure" 1 
illustrates several possible pathways to decision making 
of model selection from scientific to economic considera-
tions. With significantly increased competition for fund-
ing (perhaps due in part to the lack of successful down-
stream therapeutics), we have emphasised the importance 
of this selection process and discussed the need for robust 
methodological protocols to increase predictive validity. 
The quality of data derived from these models when tak-
ing such considerations into account should therefore lead 
to more e!ective use of animals in neurodegenerative 
research, more physiologically relevant data generation and 
increased likelihood of translation for therapeutic insights.

Many human neurological disorders naturally exist in 
large animals making them a useful tool for investigating 
early/pre-symptomatic events that can be used as biomark-
ers of disease and/or targets for possible therapeutic inter-
ventions. We highlighted the naturally occurring CLN5 
ovine model of Batten disease as an excellent example of 
how a large animal can not only be used in the identifica-
tion of novel disease determinants, but also in the devel-
opment of potential therapeutics. However, spontaneous 
models are relatively limited and there is, and continues 
to be, a requirement for the production of transgenic mod-
els. Until quite recently, construction of transgenic models 

was only realistic in rodents. However, with the advent of 
pioneering genetic engineering through sophisticated tech-
niques such as TALEN and CRISPR technologies, the pro-
duction of large animal transgenic models is now a reality. 
Although such model production is still in it’s infancy, sig-
nificant advances have already been made in the AT field 
with the generation of a porcine model which has already 
yielded novel insights into embryonic deficits not previ-
ously identified.

Ultimately, the key to any successful model of human 
neurological disease is a robust recapitulation of the condi-
tion. Large animal models can often more closely resemble 
human neurological disorders than their rodent counter-
parts in terms of both phenotype and pathology, providing 
an option for bridging the translational gap between rodents 
and humans.
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