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Abstract 
Motor Neurone Disease (MND) is a rapidly progressive and ultimately fatal neurodegenerative 

disease, characterised by the loss of upper and lower motor neurons. The primary proteinopathy 

found in approximately 97% of all cases involves cytoplasmic mislocalisation and aggregation 

of the ubiquitous nuclear protein, TDP-43. Despite the identification of many implicated genes 

during the last few decades, our understanding of the mechanisms involved in the onset and 

propagation of pathology have advanced very little.  

Translatable advancements have likely been limited due a lack of reliable animal models which 

accurately recapitulate this complex disorder. No model has been created to date which 

replicates the progressive motor weakness; characteristic histopathologies; extended pre-

symptomatic phase and subsequent rapid deterioration. Rodents have been the dominant 

species in MND research; however, their anatomy and genetic profile differs fundamentally to 

humans. Crucially, they lack the direct monosynaptic connection between the upper and lower 

motor neurons, unique to primates.  

We have harnessed a novel intersectional genetics approach to induce the overexpression of 

the human TDP-43 protein in a selective spinal motoneuron population in two Rhesus 

macaques. This caused to a focal denervation event in the targeted muscle, followed by signs 

of ongoing denervation and reinnervation in other muscles. In vivo monitoring techniques were 

selected based on their clinical applications and their ease of use and adaptation for primate 

research. Comparable sequences of change were detected using MRI, EMG and nerve 

stimulation, providing compelling evidence for a shared MND-like pathogenesis occurring in 

both animals.  

Focal overexpression of TDP-43 in a spinal motor pool was sufficient to induce the expression 

of pathological phosphorylated TDP-43 throughout the cervical spine and motor cortex. The 

detection of this histopathology in the distant giant cells of Betz in the primary motor cortex 

supports the idea of an axon mediated ‘prion-like’ spread, likely involving the corticospinal 

tract.  
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CHAPTER I. Introduction 
 

Motor Neurone Disease 

Clinical features and diagnosis 
Motor neurone disease (MND) is a rapidly progressive and devastating, adult-onset, 

neurodegenerative disorder affecting around 2 in 100,000 people in the UK (Alonso et al., 

2009). Over 90% of cases occur sporadically in patients with no family history of the 

disease (Gao et al., 2018). There are variable presentations of MND which originate in 

different focal sites, however the predominant form of the disease is primarily characterised 

by the degeneration of both upper motor neurons of the motor cortex, otherwise known as 

corticomotoneuronal (CM) cells, and α-motoneurons (MNs) of the spinal cord and bulbar 

cranial nerve nuclei, referred to clinically as lower motor neurons (Ragagnin et al., 2019). 

For patients diagnosed with this form of MND, mean life expectancy is reduced to 2-3 

years from the first onset of symptoms (Rowland and Shneider, 2001). The clinical features 

of MND include motor weakness and muscle atrophy, without sensory disturbance, with 

heterogeneous progression. Despite the disparities in disease presentation and development 

between patients diagnosed with different focal sites of onset, relatively conserved patterns 

of muscle weakness have been detected, and are often related to sites of pathological 

inclusions (Brettschneider et al., 2013, Ludolph et al., 2020). Cognitive impairments are 

also commonly seen alongside MND, with a sub-set of patients developing frontotemporal 

lobar degeneration (Strong et al., 2017).  

While many genes and proteins implicated in MND have been identified over the last 

couple of decades, there have been no real breakthroughs in terms of treatment. The only 

pharmacological agent thought to affect and slow disease progression, currently available 

on the NHS is Riluzole (Bensimon et al., 1994). This drug is primarily thought to act as a 

glutamate antagonist, and thus a neuroprotective agent against excitotoxicity (Cheah et al., 

2010, Cifra et al., 2011). Analysis of the original trial data found Riluzole to have a limited 

impact on the rate of disease progression, increasing life expectancy of patients by an 

average of three months, and without any real effect on symptom severity (Bensimon et al., 

1994, Miller et al., 2007). Recent retrospective analysis of clinical trials has in fact 

suggested that this drug acts mainly in lengthening the late stage of the disease rather than 

slowing the overall time course of disease progression (Fang et al., 2018), although it has 
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since been postulated that the therapeutic benefits of Riluzole may depend on the stage of 

disease at which it is administered (Geevasinga et al., 2016).  

Due to an absence of effective and reliable biomarkers of the disease and methods in which 

to record them, most diagnoses are made by clinical examination and application of the El 

Escorial criteria with Gold Coast revision (Shefner et al., 2020). The lack of biomarkers 

often leads to a delay in diagnosis and exclusion of patients from clinical trials. 

Electrophysiological techniques, such as electromyography (EMG) and nerve conduction 

studies (NCS) are currently used to facilitate diagnosis and exclude other diseases. Motor 

unit number index (MUNIX) and estimation (MUNE) assessments approximate the number 

and size of motor units in a muscle and can be used as an indicator of lower motor neuron 

health. Needle EMG recordings, with or without ultrasound, can be used to detect 

spontaneous discharges from the muscles, known as fasciculation potentials, which are a 

common feature of MND and demonstrate ongoing denervation (Joyce and Carter, 2013, 

Tsugawa et al., 2018). These techniques provide supportive evidence for diagnosis rather 

than the diagnosis itself, and do not consider the role of upper motor neuron degeneration. 

The loss of intramuscular beta-band coherence, detected using EMG, has been proposed as 

a marker for upper motor neuron health, however further validation is required (Fisher et 

al., 2012). In addition to these electrophysiological methods, neuroimaging techniques are 

gaining popularity. A great deal of effort has been put into developing these and other 

related techniques due to their potential as objective markers of therapeutic success in 

clinical trials.  

Magnetic resonance imaging (MRI), while usually limited to discounting other disease 

pathology, is increasingly utilised to detect changes in signal intensity in the cortex and 

corticospinal tract (CST) using diffusion tensor imaging, thought to reflect changes in the 

tissue organisation (Ciccarelli et al., 2006). Structural differences in the motor cortices 

recorded by MRI have also been used to distinguish MND patients from healthy controls 

(Ferraro et al., 2017). T2-weighted changes, which detect fluid alterations, in this case 

thought to be representative of denervation, have also been used to characterise changes in 

the musculature of MND patients (Kamath et al., 2008). These scans have been applied in 

longitudinal studies alongside MUNIX analysis and have identified that muscle T2 signal 

becomes enhanced progressively alongside muscle weakness and reductions in MUNIX 

values (Jenkins et al., 2020). 
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Aetiology 
The genetic aetiology of MND is yet to be fully elucidated. The genetic contribution to the 

familial MND cases, which are thought to make up approximately 10% of all cases, is much 

better understood than that of the sporadic cases. Of the familial cases, 40% are due to 

hexanucleotide repeat expansions of the C9orf72 gene. The normal function of this gene 

and how its mutation leads to such disastrous neurodegenerative conditions is yet to be 

fully elucidated, however, it is thought that these repeat expansions may interfere in some 

way with RNA processing and metabolism (Renton et al., 2014). The C9orf72 ‘pathogenic 

expansions’ have also been found to account for ~7% of sporadic MND cases and ~25% 

of familial FTLD cases, providing the first clear genetic link between the two commonly 

co-occurring disorders (Lomen-Hoerth et al., 2002, Renton et al., 2011, Majounie et al., 

2012). The second most common genetic cause of familial MND relate to mutations of the 

gene encoding the protein SOD1 (Rosen et al., 1993, Shaw et al., 1997). These mutations 

were the first to be identified and linked to the onset of MND, and account for 20% of 

familial and 3% of sporadic cases. This discovery led to many transgenic rodent studies, 

however in recent years it has become clear that SOD1-MND is separate in its pathology 

and severity from other MND varieties (Mackenzie et al., 2007). For example, this sub-

type lacks the distinctive TDP-43 pathology seen in the majority of MND cases. Other 

mutations, such as of the TARDBP and FUS gene, while accounting for only 2-5% and 4% 

of familial cases respectively, demonstrate the importance of RNA metabolism control in 

the maintenance of neurons (Sreedharan et al., 2008, Yokoseki et al., 2008, Vance et al., 

2009, Kwiatkowski et al., 2009). Both genes encode RNA binding proteins located 

primarily in the nuclear compartment; TAR DNA‐binding protein 43 (TDP-43) and the 

fused in sarcoma (FUS) protein.  

Proteinopathies 
Misfolded, protein-rich inclusions which spread in characteristic patterns throughout 

particular neuronal populations are a molecular hallmark of neurodegenerative disorders. 

The most common MND proteinopathy, found in approximately 97% of all cases, sporadic 

and familial, involves TDP-43, a highly conserved DNA and RNA binding protein involved 

in transcription, pre-mRNA splicing and translation control (Buratti and Baralle, 2008). 

Other proteins, for example SOD1 and FUS, have been implicated to a lesser extent, and 

primarily in familial cases in which the genes encoding these proteins have mutated. In the 

disease state, TDP-43 is lost from the nucleus and becomes mislocalised in the cytoplasm 
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of upper and lower motor neurons, as well as in neurons and occasionally glial cells within 

the frontal and temporal cortices, where it forms into aggregates (Arai et al., 2006, 

Neumann et al., 2006). These aggregates have been shown to be made up of 

hyperphosphorylated TDP-43 (pTDP-43) (Inukai et al., 2008). The histopathology and 

disease symptoms seem to spread between functionally connected regions rather than 

directly connected, neighbouring regions.  

Interestingly, the presentation of pathology differs between the two primarily involved cell 

types. The large α-MNs present with obvious cytoplasmic mislocalisation of TDP-43, 

followed by the formation of pTDP-43 skein-like and dense aggregates (Neumann et al., 

2009). Conversely, within the CM cells, comprising giant cells of Betz and smaller 

pyramidal cells alike, pathology is more likely to present as sequestering of TDP-43 away 

from the nucleus, without the appearance of dense cytoplasmic pTDP-43 aggregates (Braak 

et al., 2017). In fact, the pathology is thought to be primarily exhibited in the long 

descending axons of these cells (Fallini et al., 2012).   

Mechanism of spread 
The question remains of how these proteinopathies spread between the affected cells. One 

theory to explain this phenomenon is a prion-like transmission of the pathological protein. 

This phenomena of self-sustaining aggregation and spreading of disease state proteins is 

thought to be a common feature of the histopathologies of many of the most common 

neurodegenerative diseases (Kanouchi et al., 2012). Along with determining how the 

disease spreads between cells, there is also the question of in which direction it spreads. 

There are three main theories regarding this, referred to as the ‘dying forward,’ ‘dying 

backward’ and ‘dying outward’ hypotheses. These hypotheses suggest that MND begins in 

the cortex and moves down, recruiting the lower motor neurons of the spinal cord, the 

opposite or an integration of the previous two hypotheses respectively. Other theories have 

been proposed which suggest a key role of the peripheral muscles and neuromuscular 

junction (Fischer et al., 2004). 

There is a major body of evidence supporting a corticofugal model of spread, which directly 

implicates the long axons of the corticospinal and corticobulbar tracts in the propagation of 

MND pathology. The direct synapse between the CM cells of the motor cortex and spinal 

and bulbar α-MNs has long been thought to play a key role in the dissemination of 

pathology. This theory is supported by the identification of pTDP-43 pathology in these 
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distinct and remote neural populations in the first pathological ‘stage’ of disease, identified 

in post-mortem tissue samples by Brettschneider et al. (2013). Additionally, characteristic 

sequences of muscle weakness are often observed in patients with similar MND 

presentations, in which the muscles with the strongest CM inputs are disproportionately 

affected (Weber et al., 2000, Khalaf et al., 2019, Ludolph et al., 2020). This model is 

consistent with the functional sparing of the extraocular muscles, as the oculomotor 

motoneurons receive only indirect cortical input (Horn and Leigh, 2011, Iwatsubo et al., 

1990). This theory of trans-synaptic spread mediated by the CM axons does not account 

for the independent level of degeneration which has been recorded to occur in the upper 

and lower motor neuronal populations (Kiernan and Hudson, 1991). It is therefore unlikely 

that one model of spread can account for all MND phenotypes, but rather that multiple 

pathways are involved simultaneously. 

Frontotemporal Lobar Degeneration  
MND and FTLD have long been linked. 50% of MND patients go on to exhibit cognitive 

and behavioural impairments during the course of the disease, and 15% of patients with 

MND are also diagnosed with FTLD. In these patients, FTLD can be either the primary or 

secondary disorder of the two to be diagnosed. FTLD, a condition associated with 

degeneration of neurons and glia within the frontal and temporal lobes, classically 

manifests as a progressive dementia exhibiting mainly behavioural changes and aphasia. 

Both diseases are predominantly classified as displaying pTDP-43 pathology, albeit in 

distinct cortical neuronal populations, and both disorders have been highly linked to 

mutations in the C9orf72 gene (Cairns et al., 2007, DeJesus-Hernandez et al., 2011). It has 

therefore been accepted for some time that these diseases exist at either end of a spectrum.  

Animal models of MND 
Animal models of disease allow a unique opportunity to study the progression of disease 

pathogenesis from a spatially and temporally controlled epicentre. Models of MND may 

aid in the discovery of disease biomarkers, and be used for the development of future 

diagnostic tools and pharmaceutical interventions. These developments require a suitable 

model animal which recapitulates as closely as possible the unique pathology and 

phenotype associated with the disease. Genetic profile and anatomy play an important role 

in the selection of the model animal, as without conserved gene expression or the correct 

anatomical pathways, there is less guarantee of transferability of results.   
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In order to investigate MND pathogenesis and test novel treatments and applications, an 

effective and reliable animal model of the condition is required. The majority of current 

studies use rodents as their model animal, however the rodent motor system differs 

fundamentally from that of humans. Their lack of direct, monosynaptic connection between 

upper and lower motor neurons in the cortex and spinal cord in fact make rodents very poor 

models of this complex condition. In addition, the majority of historic MND models are 

derived from mutant mouse lines overexpressing SOD1 to different degrees. As in patients 

with SOD1 mutations, the transgenic mice display a phenotype devoid of TDP-43 

proteinopathies and with little evidence of cortical motor neuron involvement (Deng et al., 

2006, Ozdinler et al., 2011). These factors have likely contributed to the lack of translatable 

interventions derived from rodent models.  

In an effort to better recapitulate the overarching disease pathology, mouse models 

involving the overexpression or knockout of TDP-43 can be used. Conditional 

overexpression is often implemented due to known issues with embryonic lethality, and 

can be used to temporally limit gene expression with the use of flox sites, or to limit the 

expression to regions targeted in disease by the action of specific promotors, such as the 

Prion Promotor (PrP) (Kraemer et al., 2010, Xu et al., 2010). Mice overexpressing human 

wild-type TDP-43 develop pTDP-43 ubiquitinated aggregates in the cytoplasm, 

progressive weakness in their limbs in combination and also loss of both spinal 

motoneurons and CST axons (Wegorzewska et al., 2009, Wils et al., 2010). While these 

models recapitulate many aspects of the pathophysiology, in most cases they do not 

replicate the presymptomatic phase, or gradual progression of symptoms due to the 

commonly aggressive phenotypes presented in these models.   

Viral transfection 
Altering gene expression in NHPs is a less straight forward task than in rodents. On-going 

developments in viral vector technology provide the opportunity to control gene expression 

in select neuronal sub-populations, study neuronal connectivity and show increasing 

promise in clinical gene therapies. Adeno-associated viruses (AAVs) in particular have a 

number of features which make them ideal candidates for such uses. While other viruses, 

such as herpes simplex virus (HSV) and rabies virus (RABV) have clear applications in 

mapping of neuronal circuitry due to their ability to replicate and transfer between cells 

trans-synaptically, the AAVs are unable to replicate without the addition of a ‘helper virus’, 

for example an adenovirus (AV). AAVs present an ideal option for controlled and focal 
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transfection, as they induce gene expression in only the initially infected cells. These 

viruses have also been shown to be relatively stable long-term, causing less 

immunoreactivity than other viral vectors. For these reasons AAVs are often the first choice 

in clinical trials.  

Eleven natural AAV serotypes have been discovered, each displaying different levels of 

neuronal tropism and transduction efficacy. Recombinant AAVs have been created by 

altering the AAV capsid proteins, merging select features of more than one serotype to 

modify and enhance tropism and transduction. This process is referred to as pseudotyping, 

and has been used to create vectors such as rAAV2, the most commonly used recombinant 

AAV. In addition to individual tropisms, different serotypes are predisposed to favour 

either retrograde or anterograde axonal transport (Salegio et al., 2013, San Sebastian et al., 

2013). Anterograde transduction tends to be favoured by AAVs, however this can be 

overcome with the use of complementary promotors to enhance transportation at sites such 

as the axonal terminals or synapses (Li et al., 2018, Kugler et al., 2003). Additionally, the 

rAAV2 capsid gene has been specifically modified to produce rAAV2-retro with enhanced 

retrograde transmission capabilities (Tervo et al., 2016).  

Further selectivity and efficacy of cell transfection can be controlled by the site of the AAV 

injections. The most classically effective methods of delivery into target neurons involve 

invasive measures, such as intracerebral and intrathecal injections directly into the brain or 

spinal cord. Intravenous administration is also commonly used, especially with the AAV9 

serotype, known to cross the blood brain barrier (Duque et al., 2009). These methods in and 

of themselves often lead to widespread transgene expression throughout the CNS, rather 

than within a targeted cell population. Again, promotors aid with selectivity however these 

are often not sufficient to prevent gene expression in undesired locations (Bevan et al., 

2011, Samaranch et al., 2012). Intramuscular delivery of AAVs has been used to target the 

subset of spinal MNs innervating the transfected muscles in non-human primates 

(Toromanoff et al., 2008, Towne et al., 2010). This technique also has its limitations, with 

evidence of gene expression in the injected muscle and viral particles transported away 

from the injection site to the liver. Promotors, such as the neuron-specific promotor hSyn, 

can be used to restrict transgene expression to the targeted neuronal population (Song et 

al., 2002, Greig et al., 2014). Furthermore, the injection site within the muscle can aid the 

preferential transduction of spinal MNs over myocytes. Tosolini and Morris (2016) found 
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that injecting the virus at the motor end plates greatly improved spinal MN transduction. If 

suitably performed, IM delivery may present the gold standard for spinal MN targeting.  

Our own preliminary studies (unpublished) have demonstrated that intramuscular 

administration of various AAVs (rAAV2-retro, AAV6, AAV8 and AAV9) does not 

provide robust or reliable transgene expression in spinal motoneuron pools of non-human 

primates, with only a limited number of transfected cells identified in the few successful 

efforts. These issues are likely explained by insufficient concentrations of viral particles 

per kg of the animal’s weight (Jackson et al., 2015), and well documented local immune 

response and subsequent formation of neutralising antibodies following intramuscular 

administration of AAVs (Chirmule et al., 2000, Song et al., 2002). These two limitations 

often combine, as higher vector doses are associated with increased immune responses 

(Arruda et al., 2004). Higher doses are better tolerated with intrathecal injections, which 

lead to extensive transfection throughout the CNS (Gray et al., 2013). 

Multiple viruses utilising recombination enzymes can be used in combination to increase 

efficiency of gene transduction while maintaining the specificity of transfection site. The 

cre-loxP recombination system is an example of this inducible, site-specific recombination. 

The FLEx switch tool operates this system to trigger inversion and excision of the DNA 

sequence between the specific lox sites in the presence of Cre recombinase, allowing for 

its transcription. This tool can be incorporated into two viral vectors, confining the 

expression of the gene of interest to cells that contain the anti-sense DNA sequence, flanked 

by lox sites, from the first virus and the site specific recombinase from the second (Saunders 

et al., 2012). A similar dual virus technique has been used to elucidate propriospinal 

contributions to dextrous hand movements in macaques by selectively targeting and 

reversibly blocking the propriospinal neurons (Kinoshita et al., 2012). 

TDP-43 Expressing Models 
AAV mediated gene transfer has been previously implemented, with varying outcomes, to 

create non-human primate models of MND. To date, these models have been created with 

the overexpression of wild type human TDP-43 throughout the CNS following widespread 

intrathecal or intravenous administration of either the AAV1 or AAV9 serotypes. 

Replicating the protocol for TDP-43 overexpression in rats, Jackson et al. (2015) induced 

mild dose-dependent motor deficits and cytoplasmic TDP-43 histopathology in neonatal 

macaques. This model however, lacked any evidence of neuronal degeneration and no 
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discernible muscle wasting, as was present in the rodent model (Wang et al., 2010). 

Aberrant pTDP-43 was not inspected in this NHP model, however expression of other 

histopathological markers, such as p62 or ubiquitin, were identified in the spinal cord MNs. 

The authors of this study have proposed that a higher dose is required in order to enhance 

gene expression to clinically relevant levels.  

A further group have succeeded in recapitulating the classical MND phenotype in adult 

macaques following intrathecal administration of the viral vector. These animals display 

progressive muscle weakness, with onset in the distal muscles of the hand, 

electrophysiological changes such as fasciculation potentials and also cytoplasmic pTDP-

43 inclusions (Uchida et al., 2012). This model demonstrates that an over-expression of 

TDP-43 throughout the CNS is sufficient to produce system-wide MND-like symptoms 

and pathology. The widespread viral transduction and corresponding gene expression 

prevents investigation of the role of TDP-43 in the disease pathogenesis, as the progressive 

decline could be due to spread of virus rather than intrinsic spreading of pathology. Muscles 

from both the ipsi- and contralateral upper limbs displayed significant wasting 4 weeks 

after the virus injections and the animals were ultimately terminated no later than 7 weeks 

after the virus injections, at which point complete muscle paralysis had been recorded in 

the hand muscles of a subset of the animals. This rapid progression does not replicate the 

pre-symptomatic phase of the disease and additionally prevents the application and trialling 

of longitudinal measures in this model. 

Thesis Objective 
The aim of this thesis was to develop a novel non-human primate model of MND in which 

to study the involvement of the ubiquitously expressed protein, TDP-43, in the propagation 

of neuropathology from a focal spinal motor pool.   

Building on previously developed models, but with the application of dual virus 

recombination technology, we investigated the local and system-wide effects of a focal 

TDP-43 overexpression event. Using one virus, carrying Cre recombinase, to target spinal 

motoneurons throughout the rostrocaudal axis of the spinal cord, and a second retrograde 

virus administered intramuscularly, transduction could theoretically be limited to an 

individual motor pool. Temporally and spatially controlled transfection allowed us to track 

and characterise any progressive changes in the virus targeted muscle, as well as in 

neighbouring and functionally connected muscles within the ipsi- and contralateral limb. 
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The generation of this model enabled the assessment and validation of in vivo measures, 

such as MR imaging and electrophysiology, for the detection and tracking of virus mediated 

degeneration and denervation. Simultaneously, these techniques were used to appraise the 

validity of the model. 

The detection of abnormal TDP-43 expression, alongside the presence of a fluorescent viral 

marker, in a subset of spinal MNs would be taken to indicate successful transfection, and 

the detection of TDP-43 proteinopathies, and the locations within which they were found 

indicated the propagation potential of this protein. For example, pTDP-43 limited to the 

transfected motor pool would demonstrate the occurrence of a local pathological event, 

whereas pTDP-43 in additional motor pools, and possibly cortical neurons, would reveal a 

‘prion-like’ spreading capability of this protein. Ultimately, with this model we addressed 

the question of whether a focal overexpression of TDP-43 in a spinal MN population was 

sufficient to induce widespread MND-like changes in a motor system very similar to 

humans.  
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CHAPTER II. General Methods 
 

Animals 
Recordings were performed from two chronically implanted adult female awake behaving 

Monkeys (M. mulatta; Monkeys Mi and Ma, age 6 years, weight 6.1 and 6.9kg at outset). 

All animal procedures were performed under appropriate licences issued by the UK Home 

Office in accordance with the Animals (Scientific Procedures) Act (1986) and were 

approved by the Animal Welfare and Ethical Review Board of Newcastle University.  

Surgical Preparation 
After behavioural training and MRI acclimatisation were complete, both Monkeys 

underwent a sterile implant surgery. After initial sedation with ketamine (10mg·kg-1 IM), 

anaesthesia was induced with medetomidine (3 μg·kg−1 IM) and midazolam (0.3mg·kg-1 

IM). The animal was then intubated and anaesthesia maintained using inhalation of 

sevoflurane (2.5-3.5% in 100% O2) and IV infusion of alfentanil (0.4 μg·kg−1·min−1). 

Methylprednisolone was infused to reduce oedema (5.4mg·kg−1·hr-1 IV). Blood-oxygen 

saturation, heart rate, arterial blood pressure (using a non-invasive blood pressure cuff on 

the leg), core and peripheral temperature and end-tidal CO2 were monitored throughout; 

ventilation was supported with a positive pressure ventilator. Hartmann’s solution was 

infused to prevent dehydration (total infusion rate including drug solutions 5–

10 ml·kg−1·h−1). Body temperature was maintained at 37°C using a thermostatically 

controlled heating blanket and also a source of warmed air. Intraoperative prophylactic 

antibiotics (cefotaxime 20mg·kg-1 IV) and analgesia (carprofen 5 mg·kg-1 SC) were given. 

Nerve cuff electrodes (Microprobe, Gaithersburg, MD, USA) were implanted around the 

median and deep radial nerves bilaterally, and secured with the integral sutures. Each cuff 

contained eight contacts, arranged as two sets of four wires placed radially around the inner 

circumference. A plastic, MRI compatible headpiece (TECAPEEK MT CF30, Ensinger, 

Nufringen, Germany) was manufactured based on a structural MRI scan to fit the skull, and 

fixed using ceramic bone screws (Thomas Recording Inc, Giessen, Germany) and dental 

acrylic. During the same surgery, intramuscular electrodes comprising Teflon-insulated 

stainless-steel wires were implanted in eight arm and forearm muscles bilaterally for gross 

electromyography (EMG) recording. Each EMG electrode was custom made and consisted 

of a pair of insulated steel wires, bared for 1-2mm at their tips, which were sewn into the 
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muscles using silk sutures. The EMG and nerve cuff wires were tunnelled subcutaneously 

to connectors fixed to the headpiece.  

Post-operative care included a full programme of antibiotic (co-amoxiclav, dose as above) 

and analgesics (meloxicam, 0.2mg kg-1 oral plus a single dose of buprenorphine 0.02mg 

kg-1 IM). Nine weeks after the first implant surgery in Monkey Mi, several wires connected 

to the deep radial nerve cuffs bilaterally were broken, and stimulation through these cuffs 

was no longer possible. Replacement cuffs (with three contacts each) were then implanted 

on the radial nerve in the arm bilaterally in a further brief surgery, again with wires 

tunnelled subcutaneously to the head. 

Behavioural Task 
The Monkeys were trained to perform an isometric elbow flexion task with their right arm. 

Monkey Ma was also trained to perform this task with her left arm. The forearm was placed 

into a rigid plastic cast. This was 3D printed from a digital model of the forearm made using 

a laser scanner (Go!Scan, Creaform 3D, Levis, Quebec, Canada), ensuring a close but 

comfortable fit. A further support held the upper arm; the supports were attached to the 

training cage to fix the elbow in 90° flexion, and the forearm in semi-pronation so that the 

radius and ulnar were oriented in a vertical plane. A load cell (LC703-25; OMEGA 

Engineering Inc., Norwalk, CT, USA) attached to the forearm cast registered elbow flexion 

torque. The force (kgF) applied to the load cell was recorded as a voltage signal by a custom 

designed task programme. A calibration factor was determined which allowed for the 

conversion of the voltage signal back into kilogram force (kgF) at a later stage. To 

determine the torque (N·m) produced by the animals, the recorded kilogram force was 

gravity corrected and converted into Newtons (N) and secondly multiplied by the distance 

between the load cell sensor and the elbow pivot joint (0.08m). The Monkey initiated a trial 

by contracting elbow flexors to place the torque within a set window (1.65-3.30 N·m). This 

torque window was kept constant in all sessions, with one exception when the window was 

widened to (1.41-3.30 N·m) to allow Monkey Ma to complete successful trials. The torque 

had to be held in this window for 1 s before releasing to obtain a food reward. Auditory 

cues were used to indicate to the Monkey that the exerted force was within the required 

window, or else that it was too high. Auditory feedback was also given to mark the end of 

the hold period.  
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In vivo assessments 
Both Monkeys underwent weekly awake MRI scanning of their left and right forelimbs and 

awake electrophysiological recordings. The animals were trained to perform an isometric 

elbow flexion task, Monkey Mi just with the right arm and Monkey Ma with both left and 

right arms. The animals performed this task 3 times a week while intramuscular implanted 

EMG electrodes recorded the activity of their muscles. After the task sessions, the radial 

and median nerves in either the right or left arm (depending on which arm the animal was 

performing the task with that day) were stimulated while the intramuscular EMG electrodes 

and a HD-EMG surface electrode grid recorded signals from the stimulated muscles. These 

in vivo assessments were collected every week for a total duration of 7 months following 

the injection of the viruses.  

Virus injection 
While anaesthetised and under sterile conditions, Monkey Mi and Ma received an 

intrathecal injection of AAV9-EF1a-FLEX-FLAG_TDP-43-WPRE (5.71 x 1013vg/ml in 

1ml) into the subarachnoid space of the lumbar thecal sac at the fifth lumbar level following 

palpation of spinal landmarks. This injection was followed by an epidural blood patch to 

minimise the risk of a CSF leak. The animal was moved from the lateral decubitus position 

into the Trendelenburg position, in which the animal lies in a supine position with its head 

facing downwards at a 15-30° angle for 10 minutes. This position has been shown to 

improve transduction efficacy of cervical motor neurons following intrathecal 

administration of AAVs (Meyer et al., 2015). While in this position, the animal was injected 

with rAAV2-retro-pAAV-hSyn-CRE-tdTomato (8.96 x 1012 vg/ml in 500ul) over 5 sites in 

the right BR muscle. These injections were performed at the motor end plates identified 

through electrical stimulation of the muscle (Figure 2.1). 
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Figure 2.1. An intersectional genetics approach was used to overexpress TDP-43 in an 
individual spinal motor pool of two rhesus macaques. (A) The FLEx system exploits Cre 
recombinase to trigger the inversion and excision of the gene of interest from between two 
loxP sites, thus ‘flipping’ the gene into an active configuration. (B) The inactive human 
wild-type TDP-43 protein was injected with an AAV9 vector via lumbar puncture into the 
lumbar thecal sac. The animals were placed in the Trendelenburg position for 10 minutes 
after this injection to facilitate rostral spread of the virus to the cervical segments (Meyer, 
2015). Simultaneously, a second virus, rAAV2 retro, was injected into the right 
brachioradialis muscle. Cre recombinase was encoded in this vector, and thus, the TDP-
43 gene would be switched into the active, readable state in any cells expressing both 
viruses. In this way, transduction was limited to the motoneurons innervating the right 
brachioradialis muscle.  
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Post-mortem assessment 
Following the completion of the study, the animals were anaesthetised to a lethal level by 

administering intravenous propofol. The animals were perfused through the heart with 

phosphate buffered saline (PBS) followed by 10% neutral buffered formalin (NBF). The 

cortex, cerebellum, brainstem and spinal cord were removed and immersed in 10% NBF 

for 16 hours at 4°C before progressing through ascending concentrations of PBS sucrose 

(10%, 20%, 30%) for cryoprotection. A freezing sledge microtome (8000-01, Bright 

Instruments Co. Ltd, United Kingdom) connected to a solid state freezer (53024-01, Bright 

Instruments Co. Ltd, United Kingdom) was used to cut the spinal cord and brainstem into 

40µm coronal sections, and primary motor cortex (M1) into 60µm parasagittal sections. All 

sections were stored free floating in PBS at 4°C until further processing.  
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CHAPTER III. Application of Magnetic Resonance Imaging to 
Identify Onset of Viral Vector Mediated Spinal Motoneuron 

Loss in a Non-Human Primate Model of MND 
 

Introduction 
Muscle denervation is typically diagnosed based on clinical examination and needle 

electromyography (EMG). Clinical applications of EMG, however, can be invasive and 

may not allow for detection of denervation in small or deep muscles (Greenman et al., 

2005). Magnetic resonance imaging (MRI) findings have been documented to parallel 

electrophysiological changes following denervation and throughout the course of muscle 

atrophy or reinnervation (Kullmer et al., 1998, Kamath et al., 2008), and have been used 

both alongside the classical techniques as well as independently to diagnose nerve 

trauma(acute axonal nerve lesions), neuropathies and neuromuscular disorders with 

diagnostic accuracy comparable to the gold standard of clinical and electrophysiological 

examination (Bendszus et al., 2004, Wessig et al., 2004). MRI provides a visual 

representation of the denervated muscles, allowing the exact level and extent of the injury 

to be defined. It can also provide valuable information about the duration of muscle 

denervation. A recent study used MRI as a tool for differentiating denervated from 

reinnervated muscles and also for monitoring motor nerve regeneration (Viddeleer et al., 

2016). 

Denervated muscles exhibit signal intensity changes on MRI, characteristic to the stage of 

the denervation process. Several clinical and experimental studies have demonstrated 

elevated signal intensity and T2 prolongation in acute and sub-acutely denervated muscles 

on fluid sensitive pulse sequences such as short tau inversion recovery (STIR) or T2-

weighted spin-echo based techniques (for example, rapid acquisition with relaxation 

enhancement (RARE) sequences) with no signal changes on T1-weighted MRI images 

(Norris, 2007, West et al., 1994, Fischbein et al., 2001). Abnormal signal changes have 

been reported as early as 24 hours after injury in animal studies and within 4 days in clinical 

studies (West et al., 1994, Bendszus et al., 2002). Chronic denervation has been 

characterised in MRI by muscle atrophy, fatty infiltration and high signal intensity on T1 

weighted sequences, but showing no change in T2 prolongation (Bredella et al., 1999, Kim 

et al., 2011). This prolongation of T2 relaxation time in acutely denervated muscles was 

first described by Polak et al. (1988). By comparing the muscle signal intensities of 
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unaffected and affected muscles over time, it is possible to differentiate between spared, 

denervated and reinnervated muscles. STIR and RARE sequences can therefore be used for 

the diagnosis and tracking of motor denervation (Figure 3.1). Fat saturation methods 

applied to these sequences improve the identification of signal abnormalities and remove 

any fatty infiltration related artefacts, but may limit their usefulness for detection of chronic 

denervation (Viddeleer et al., 2016).  

Individual tissues have different associated T2 relaxation times due to their distinct 

compositions and relative proportions of water, fat and protein macromolecules. Fluids, for 

example, water or CSF, with few macromolecules to bind free water, have long T2 

relaxation times and their signal will appear bright. In tissue such as healthy skeletal 

muscle, where the protons are more tightly bound, the T2 relaxation time is shorter and so 

the MR images appear dark (Mitchell et al., 1987). However, when muscle is denervated, 

the contractile apparatus begins to degenerate and the protons in the muscle tissue become 

less bound. This results in an elongation of the T2 relaxation time and so higher signal in 

the affected muscles. The T2 relaxation time thus provides information about proton 

density within the scanned environment (Yang et al., 2020).  

The enlargement of the capillary bed is thought to be the predominant pathophysiological 

basis for the prolongation in T2 relaxation time in denervated muscles. Enlarged capillaries 

are the first identifiable histopathological change in denervated muscles and have been 

identified as early as 48 hours after denervation, and changes in mean capillary area 

correlate with the variation in T2 relaxation time following injury. In addition, there is an 

increase in extracellular fluid within the denervated muscles. These findings suggest that 

an increase in blood volume and extracellular fluid spaces contributes to the increased 

freedom of protons within the muscle, causing the prolongation of T2 relaxation and 

appearance of enhanced signal in the affected muscles on fluid-sensitive MRI sequences 

(Wessig et al., 2004).  
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Figure 3.1. T2-weighted STIR-MRI scans for tracking regeneration in patients with acute 
denervation. Previous research has been undertaken to assess the validity of using STIR MRI 
techniques to track the regenerative process of transected and surgically repaired peripheral 
nerves in the forearms of human patients. All patients in this study had undergone surgical 
nerve repair within 48 hours of either a median, ulnar or median and ulnar transection. 
Patients underwent regular scanning to assess their post-op recovery and gain of function. (A) 
Scans of the affected hand taken at 1, 3, 6, 9 and 12 months show gradual normalisation of 
hyperintense signal in a patient who had good functinal recovery. (B) STIR-MRI scans detect 
elevated signal intensity in multiple muscles of the affected hand for 12 months following nerve 
repair surgery in a patient with poor functional recovery (Viddeleer et al., 2016).  
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The aim of this study was to determine if T2-weighted RARE-MRI scans could identify 

the onset of muscle denervation in a muscle whose spinal motoneurons were transfected to 

overexpress the protein TDP-43, hypothesised to be the active agent in the disease pathway 

of motor neurone disease (MND). A novel dual virus system was employed in two female 

rhesus macaques, designed to cause overexpression of the disease protein, TDP-43, in only 

the motoneurons that supply one particular forearm muscle, the right brachioradialis (BR). 

By comparing the signal changes in the transfected muscle over the course of 32 weeks to 

that of the adjacent muscles in the same limb and the same muscles in the control (left) 

limb, we aimed to determine whether we could identify the occurrence of a viral-vector 

mediated denervation event in this muscle, as well as assessing the time point and duration 

of denervation. Using this technique, we also hoped to detect any spread of the denervation 

into surrounding muscles in the affected limb indicative of spread of disease pathology to 

adjacent or functionally connected motoneuron pools. To our knowledge, this is the first 

attempt to apply this technique to tracking the onset of a viral vector mediated muscle 

denervation event in non-human primates. 
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Methods 

Animals 
Recordings were performed from two adult female Monkeys (M. mulatta; Monkeys Mi and 

Ma, age 6 years, weight 6.1 and 6.9kg at outset). All animal procedures were performed 

under appropriate licences issued by the UK Home Office in accordance with the Animals 

(Scientific Procedures) Act (1986) and were approved by the Animal Welfare and Ethical 

Review Board of Newcastle University.  

MRI acclimatisation  
Both animals were acclimated to magnetic resonance imaging (MRI) techniques and 

procedures using positive reinforcement training. Scans were performed while the 

Monkeys were awake and behaving. The animals were trained to enter into a specially 

designed MRI compatible training chair, and raise their head through an opening in the 

ceiling of the chair which could be closed and secured around their neck to allow for a loose 

but secure neck-plate restraint. The forearm was placed into a rigid plastic cast 3D printed 

from a digital model of the forearm made using a laser scanner (Go!Scan, Creaform 3D, 

Levis, Quebec, Canada), ensuring a close but comfortable fit. The cast was slid into a 

cylindrical cuff attached to the MRI chair door. This cuff provided support for the forearm 

and also housed the custom radiofrequency (RF) coil. This allowed the coil to be placed 

directly over the region of interest in the forearm. The cast slotted into the rigid cuff, fixing 

the elbow in 90° flexion, and the forearm in semi-pronation so that the radius and ulnar 

were oriented in a vertical plane. The orientation of the forearm was thus kept fixed in a 

consistent position throughout and between each session, allowing for routine scanning to 

study progressive changes. This set up was repeated with right and left arms on different 

days (Figure 3.2A). A camera was attached to the MRI chair for all scans to provide a view 

of the Monkey’s face at all times, and allow for constant monitoring of behaviour. The 

Monkeys were trained to accept fluid rewards while in the bore of the scanner through a 

pump system operated by the investigator. The Monkeys were also trained to accept 

atraumatic head-fixation during scans using posts attached to their implanted headpieces 

(see General Methods). 

Structural MRI 
The MRI scans were acquired using a vertical 4.7 Tesla research MRI scanner (Bruker 

BioSpin, Ettlingen, Germany). A custom transmit and receive coil housed in a cuff around 
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the forearm was used in the scans. T2 weighted Rapid Acquisition with Relaxation 

Enhancement (RARE) scans were used in this experiment. A fat-selective radiofrequency 

pulse was used to reduce signal artefacts produced by fat in the subcutaneous fat layer, 

bone marrow and surrounding the muscles of the forearm. Repetition time (TR) was 

7900ms, and echo time (TE) was 57.3ms. The scans were acquired with axial slices with a 

resolution of 0.55mm, a 128x128 in-plane matrix, and 64 slices with a slice thickness of 

1.88mm. 8 scans were acquired in 18min and combined with a median averaging to 

improve signal to noise ratio and reduce motion induced artefacts.   

Post processing 
Raw Bruker scans were pre-processed, segmented and filtered (median and Gaussian) in 

Fiji ImageJ (NIH). Each scan was then realigned and registered using the mrregister 

function on MRtrix3 (Tournier et al., 2019). Scans from each session were ordered by date 

and concatenated. Each image was normalised against a Gaussian filtered region of interest 

(ROI) measured in the flexor compartment, an area not expected or shown to display virus-

related signal change. The signal intensity was measured from ROIs respectively drawn in 

the brachioradialis (BR) muscle (Figure 3.2B). For all slices along the proximo-distal axis 

(Monkey Mi: 34 slices; Monkey Ma: 40 slices), the brachioradialis muscle was demarcated 

with a hand-drawn contour within which signal intensity measurements were taken. Mean 

signal intensity was computed, by averaging all voxels within the obtained BR ROI. 

Intramuscular blood vessels were masked to remove signal artefacts. Both left and right 

arm scans were analysed using identical methodology.  

Analysis of signal intensity 
Data were analysed using custom scripts written in the MATLAB environment (R2020a, 

MathWorks). Mean signal intensity in the proximo-distal z slices was smoothed with a 

moving window of 5 z slices. Windows of z slices were tested against their respective 

baseline sessions. A total of nine scans spanning sessions prior to and immediately 

following the virus injections contributed towards the baseline period for the left and right 

arms of both animals. The mean signal intensity was collected for the baseline sessions. All 

statistical tests were performed using custom MATLAB scripts. The Benjamini Hochberg 

procedure was performed to correct for false positives discovered in multiple comparisons 

(Benjamini and Hochberg, 1995).  
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Figure 3.2. Experimental framework. (A) Macaques were trained to sit in an upright, 
MRI compatible training cage with their head raised through a neck plate to allow for 
atraumatic head fixation. The forearm was placed into a closely-fitting rigid plastic 
cast, which slides into rigid cylinder, providing support for the forearm and also 
housing the custom RF coil. The coil was connected to a tuning box held on the outer 
door of the cage. (B) Mean signal intensity was measured within a hand-drawn contour 
around the BR muscle in all axial slices along the proximo-distal extent of the muscle. 
(C) The proximo-distal axis of the forearm is displayed in a coronal RARE image. The 
BR muscle extends from the cubital fossa to the wrist.  
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Results 

MRI signal intensity 
The animals’ left and right arms were scanned on different days, every week for the seven 

months following the injection of a pair of viral vectors designed to induce the 

overexpression of the protein TDP-43 in the motor pool of the right brachioradialis (BR) 

muscle. The right BR muscle in both animals showed an increase in signal in T2-weighted 

RARE scans at nine and thirteen weeks, respectively, following the virus injections. The 

progression of signal intensity changes recorded during RARE-MRI scans in in the right 

and left arms of Monkey Mi and Ma are demonstrated in Figure 3.3. Equivalent axial slices 

from left and right forearm scan images taken from different scans in the same week (2 

days apart) are displayed (Monkey Mi: Figure 3.3A-D; Monkey Ma: Figure 3.3E-H). 

Figure 3.3A and E show scans taken prior to virus injection. Signal intensity appeared 

constant throughout the muscles of the forearm, including the BR muscle which has been 

demarcated in red, in all scans at this time point except for in Monkey Mi where the signal 

in the extensor compartment and BR muscle appeared ubiquitously hyperintense. The 

radial nerve of Monkey Mi was injured prior to the outset of the experiments during a nerve 

cuff implantation surgery. This caused a short term reduction in functionality of the right 

forearm, recognised as a one month decrease in EMG activity and compound muscle action 

potential (CMAP) from the muscles supplied by this nerve, including the wrist and finger 

extensors and BR. An increase in signal intensity was observed in RARE-MRI scans, and 

was seen to decrease progressively over the course of six weeks until there was no 

noticeable difference. Using this scanning technique we were able to track the recovery and 

reinnervation of the extensor muscles, including the BR, and thus guide our time frame of 

injecting the virus and so beginning the intervention phase of the project. 

This hyperintense signal in the right BR and extensor compartment in Monkey Mi 

normalised, and no further signal variations were noticed in any muscle group of the two 

Monkeys at six and four weeks post-virus injection (Figure 3.3B and F). Eight and fourteen 

weeks after the viral transfection, bands of high signal began to appear throughout the BR 

muscle and subsequently increased until week twelve and sixteen, at which point the signal 

peaked and began to normalise (Figure 3.3C and G). The elevated signal patterns persisted 

for a total of eight weeks in both animals, after which the BR muscle signal became 

indistinguishable from that in the surrounding muscles or from baseline sessions (Figure 

3.3D and H).  No other scanned muscles displayed this abnormal pattern of signal.  



24 
 

  
Figure 3.3. Muscle signal intensity from T2-weighted Rapid Acquisition with 
Relaxation Enhancement (RARE) scans following the injection of a combination of 
retrograde adeno-associated viruses targeting the right ventral horn brachioradialis 
motor pool. (A, E) images of the left and right arms taken prior to viral transfection. 
The brachioradialis muscle is demarcated with a red boundary. (B, F) No signal 
abnormalities are seen 6 and 4 weeks after virus injections. (C, G) Bands of 
hyperintense signal have begun to spread lengthways throughout the BR muscle. No 
other muscles displayed these changes. (D, H) Signal abnormalities normalised after 
8 weeks in both animals.   
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Mean signal intensity was collected from within the hand-drawn boundaries demarcating 

the BR in every proximo-distal axial slice along the z axis of the muscle. Mean signal 

intensity in the right BR significantly increased compared to the respective mean baseline 

BR signal intensity nine and fifteen weeks after viral transfection in Monkeys Mi (Figure 

3.4A) and Ma (Figure 3.5A) (Monkey Mi: P=0.00034; Monkey Ma: P=0.0000021). Signal 

intensity remained significantly elevated for six and seven weeks in Monkey Mi and Ma, 

respectively, before returning to non-statistically significant levels. These data are 

represented by the calculated t-score values in Figure 3.4A-B for Monkey Mi and Figure 

3.5A-B for Monkey Ma. The dotted lines indicate when t=0.05, 0.01, 0.005 and 0.001. 

Benjamini Hochberg (BH) multiple comparison correction was applied to the data to 

control for false positives. The increased signal intensity in the right-BR muscle of both 

animals passed the BH correction, and so was assessed as statistically significant.  

Interestingly, the signal intensity recorded from the right BR muscle in Monkey Mi showed 

not only this increase in signal intensity, but a later decrease in signal intensity (Figure 

3.4A). This decrease did not pass the BH correction for multiple comparisons (P=0.0009, 

BH threshold P=0.0005). A decrease in mean signal intensity was evident in the left BR of 

Monkey Mi ten weeks after viral injection, seven weeks earlier than the reduction in right 

BR signal intensity (Figure 3.4B). This decrease also failed to pass the correction for 

multiple comparisons (P=0.0011, BH threshold P=0.00063). No significant increase in 

signal intensity occurred in the left BR in either animal (Figure 3.4B, Figure 3.5B).  

Figure 3.4C and Figure 3.5C spatially illustrate the t-score values of Monkey Mi and Ma, 

with the y axis representing the distal to proximal axis along the BR. These plots indicate 

a temporospatial relationship to the signal abnormalities, with the signal increase occurring 

in proximal slices first and progressing distally in later weeks. The significant signal 

intensity increase in the right BR muscle of Monkey Mi was first recorded nine weeks after 

the viral transfection (indicated by the dotted line at time point zero) in only a proximal 

region of the muscle (23-26th smoothed z slices). This increase was followed by two high 

signal peaks, the first occurring proximally (20-25th z slices, ten weeks post-injection) and 

the second occurring two weeks later more distally (15-24th z slices, twelve weeks post-

injection). As the signal began to decrease from these peaks, it continued to move distally 

along the BR axis, at which point it was no longer present in the z slices where it was 

initially recorded (13-20th z slice, fourteen weeks post-injection).  
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Figure 3.4: RARE-MRI scans recorded changes in signal intensity in the BR muscles of monkey 
Mi following intramuscular administration of AAVs into the right BR. (A) A significant increase 
in mean signal intensity compared to baseline was measured right BR of monkey Mi 9 weeks 
after the virus injections. This increase lasted for 6 weeks before normalising. 2 weeks later 
the signal intensity decreased and remained below baseline signal intensity.  (B) No significant 
changes were recorded in the left BR of monkey Mi, however a downward trend in signal 
intensity was noted intermittently from 10 weeks post-injection onwards. (C) Colour maps of 
these data show a spatiotemporal aspect, with 2 independent peaks in signal intensity in the 
right arm as well as a gradual progression from proximal to more distal z slices. The reduction 
in signal intensity in the right BR was clearly limited to the z windows in which a previous 
increase was noted. A decrease in mean signal intensity was evident in the left BR of monkey 
Mi ten weeks after viral injection, seven weeks earlier than the reduction in right BR signal 
intensity. The reduced signal was intermittently present in a more distal region of the left BR 
than the right. The baseline period is indicated in all plots by a grey shaded area, the time 
point of virus injection is indicated by the vertical dotted line.  
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Figure 3.5: RARE-MRI scans recorded changes in signal intensity in the BR muscles of monkey 
Ma following intramuscular administration of AAVs into the right BR. (A) A significant 
increase in signal intensity was also recorded in the right BR of monkey MA following the 
injection of AAVs, however this increase occurred 15 weeks post-injection. This change 
occurred 6 weeks later than that recorded in monkey Mi. This signal increase lasted 7 weeks 
in monkey Ma, and once normalised remained at baseline level without any observed 
reductions in signal intensity. (B) Signal intensity remained unaltered in the left BR for the 
duration of the study. (C) The temporospatial plots again show 2 independent peaks or regions 
of altered intensity in the proximo-distal axis of the monkey. The signal increase occurred first 
in the proximal half of the z windows and increased over the course of 7 weeks while 
propagating distally. The baseline period is indicated in all plots by a grey shaded area, the 
time point of virus injection is indicated by the vertical dotted line. 
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This trend is true for both Monkeys. Two distinct increases in signal intensity were evident 

in the right BR of Monkey Ma (Figure 3.5C). One peak occurred in the most proximal 

slices and decreased within five weeks (28-36th z slices, fifteen weeks post-injection). A 

second discrete zone of high signal intensity was recorded in the same week as the former, 

but in more distal slices (15-26th z slices, fifteen weeks post-injection). Over the next five 

weeks, the second region continued to increase in signal intensity while moving distally 

along the BR muscle, peaking nineteen weeks after the viral transfection. As in Monkey 

Mi, the signal increase in the right BR of Monkey Ma was recorded in almost entirely 

different z slices in final week as compared to the initial week of the signal change event, 

with the signal remaining constantly elevated in only one z slice throughout that time.  

The decrease in signal intensity in the right and left BR of Monkey Mi appeared in clusters 

of z slices over a period of weeks (Figure 3.4C). Two weeks after the signal in the right BR 

returned to levels equivalent to baseline, a decrease was recorded in the proximal half of 

the muscle. This decrease eventually extended throughout 20 z slices (60% of the scanned 

muscle) and did not recover. The reduced signal was intermittently present in a more distal 

region of the left BR, beginning ten weeks after viral transfection and lasting for a further 

eleven weeks.  

The spatiotemporal characteristic of the signal intensity increase in the right BR is clearly 

visible in Figure 3.6A and B for Monkeys Mi and Ma. The proximo-distal z slices were 

split evenly into four groups: most-proximal, mid-proximal, mid-distal and most-distal. 

These groups are displayed in an example coronal slice through the arm of Monkey Mi 

(Figure 3.6C). The mean signal intensity and standard deviation were calculated and plotted 

as a percentage of the deviation from baseline signal for each group (Figure 3.6). The grey 

shaded area in the plots again indicates the sessions included within the baseline 

measurements, and the dotted line represents the time of virus injections. In both animals, 

the signal intensity increased to the greatest extent and first in the mid-proximal group, 

where it then spread to the most-proximal slices before progressing distally. The most-

distal group displayed very little deviation from baseline in both animals.  
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Figure 3.6: Signal intensity increased in a spatiotemporal pattern in both animals. (A, B) The signal 
intensity within the BR first increased in the mid proximal quarter (indicated by the light blue region 
in (C). From this area, the signal first moved into the most proximal area (indicated by the dark 
blue region) before moving distally towards the wrist. The signal intensity in the most distal quarter 
(coloured in green) remained largely unchanged.   
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Discussion 
 

The current study demonstrates that T2-weighted RARE scans can be used to detect the 

onset of a focal denervation event in the BR muscle following adeno-associated virus vector 

mediated gene transfer in spinal cord motoneurons of non-human primates.  

Methodological considerations 
The signal decreases in Monkey Mi pose some questions and considerations regarding the 

validity of these measurements as it is possible that this reflects a change in recording 

conditions. A degradation of the RF coil over time may produce such an effect. The signal 

decrease was not consistent in both arms however, with a seven week difference in onset 

between right and left. Furthermore, this decrease did not affect all proximo-distal slices of 

the arm evenly, as might be expected for a technical artefact. These points may suggest a 

physiological explanation for this decrease in Monkey Mi.  

The acute nerve injury experienced by Monkey Mi prior to the start of the experiments 

caused a diffuse hyperintense signal throughout the muscles supplied by the damaged radial 

nerve. This signal looked very similar to other examples of signal intensity following acute 

trauma picked up by T2-weighted scans (Figure 3.1) (Bendszus et al., 2004). The signal in 

these muscles remained elevated for seven weeks following the injury before normalising. 

The recovery of this signal guided our virus injection schedule, however due to time 

constraints an optimal number of baseline scans were not able to be collected. One month 

of scans taken post-injection were added to the baseline for analysis, however the three 

weeks of scans prior to injection may have raised the mean baseline signal intensity 

measurements, causing the appearance of a reduction several weeks later once the signal 

had normalised to true baseline.  

Fatty infiltration occurring in chronically denervated muscles may cause a reduction in the 

recorded signal intensity in T2-weighted scans, such as RARE, due to the fat-suppression 

module (Kim et al., 2011). As such, it is possible that the decrease in the right BR is an 

indication of the chronic nature of this injury. The decrease noted on the left arm raises 

further questions, however, of the stability of the nerve cuffs. Monkey Mi underwent two 

implant surgeries, the second to replace the first set of radial cuffs which had broken, and 

retained these cuffs for five months longer than Monkey Ma. There is a possibility that this 

prolonged implantation and multiple surgical implantations could have caused a long-term 
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inflammatory response around the nerve, leading to chronic denervation on the left radial 

nerve, marked by a decrease in signal. As the decrease is not observed in Monkey Ma, it’s 

unlikely to be related to the virus action. 

The week-by-week signal intensity was normalised using signal from a reference muscle 

prior to the collection of measurements. For this analysis, a flexor muscle was used as the 

reference. If the TDP-43 pathology initiated by the viruses was to spread in a prion-like 

manner to adjacent or functionally connected motoneuron pools within the ventral horn, 

muscles nearby to the BR may be denervated. Imperceptible signal intensity fluctuations 

or increases in the surrounding muscles, including the flexor reference, could therefore 

skew the results of the signal normalisation. To combat this, as in Viddeleer et al. (2016), 

fluid references could be used in future to ensure a stable reference. 

Differences between the two animals 
There are key similarities and differences between the signal abnormalities recorded in 

right BR muscle of the two macaques. The time at which the bands of hyperintense signal 

first emerged varied in the animals. The first signal increases were detected visually at nine 

and thirteen weeks and reached statistical significance at ten and fifteen weeks for the 

respective animals, giving a difference of four to five weeks between the animals depending 

on the method of detection. Though the development of these signal abnormalities differed, 

the progression and duration were highly comparable. In both animals, the increased signal 

began in the mid proximal region of the BR muscle and spread outwards, first further 

proximally before advancing distally. An identical pattern of progression along a proximo-

distal gradient was seen in both animals (Figure 3.6). The elevated signal remained 

detectable in the scans themselves for eight weeks in both animals, however when 

quantified and averaged was evident for only six and seven weeks in Monkey Mi and Ma. 

These findings may prove useful for monitoring the progression of pathology in virus 

targeted motoneurons.  

Little is known regarding the dose-response relationship of AAV vectors in nonhuman 

primates (NHPs), with countless disparities in transduction efficacy reported depending on 

dosage, routes of administration and even body position (Meyer et al., 2015, Bey et al., 

2020, Liguore et al., 2019). The two animals in this study were dosed with the same viral 

genome number based on an average weight of 5kg. Monkeys Mi and Ma weighed 6.1 and 

6.9kg at the time of virus injection, which may have contributed to the variability in 
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transduction efficacy in the animals, exhibited by the four to five week delay in response 

to the TDP43 expression. Additionally, it is unclear whether the regenerative processes 

occurring in the nerve around the time of the virus injection may have influenced the 

efficacy of virus uptake in any way. We cannot be sure of the extent of the injury to the 

right radial nerve in Monkey Mi and its impact in regards to viral uptake efficacy at the 

motor endplates.  

Source of signal change 
Denervated muscles are thought to display higher signal intensities and a prolongation of 

T2 relaxation time compared to normal muscle due to various histochemical changes, 

including increases in the proportions of extracellular fluid and mean capillary bed area 

(Wessig et al., 2004). The progression and appearance of bands of discrete high signal 

throughout the right BR muscle recorded in this study differed from previously published 

characteristics of denervated muscles (Figure 3.1) (Viddeleer et al., 2016), and also from 

the broad and unspecific increase in signal seen in the muscles supplied by the acutely 

injured radial nerve in Monkey Mi (Figure 3.3A). These bands of high signal first appeared 

in the mid-proximal quarter of the muscle, at which point they spread further proximally 

and into the mid-distal region. The signal intensity in the most distal part of the muscle 

remained largely unchanged in both animals. It is possible that the macaque BR is organised 

similarly to the human BR, which has been shown to have multiple endplate zones along 

the proximo-distal axis and a series-fibered architecture rather than simple parallel 

organisation of fibres (Christensen, 1959, Lateva et al., 2010, Yang et al., 2017) This type 

of fibre organisation causes the grouping of motor units (MUs) in different proximo-distal 

bands, innervated from different sites. 

It is possible that the virus was taken up at an endplate zone located in this mid-proximal 

region, targeting that specific subset of BR motoneurons and thus the fibres specifically 

innervated by these cells. The spreading of hyperintense signal lengthways along the 

muscle is analogous to the orientation and morphology of BR muscle fibres and could 

indicate the propagation of pathophysiological changes throughout the affected motor units 

in response to focal denervation. Park et al. (2015) have recorded similar hyperintense 

signal patterns from T2-weighted MRI scans in leg muscles of their rodent model of 

muscular dystrophy, and shown that these areas correspond to pathological changes 

identified histologically. The similarity of the signal patterns in the NHP model presented 

in this study compared to the rodent muscular dystrophy model, and dissimilarity to the 
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signal seen following acute nerve injury, suggests that the virus has caused biological 

changes in specific motoneurons and so specific motor units only, rather than the entirety 

of the muscle. The location specificity of the signal intensity changes demonstrated in this 

study seems to indicate that the viral vector mediated denervation event is not only limited 

to the injected muscle, but also to a precise subset of motor units presumably supplied by 

the transfected motoneurons.  

Tracking the gradual reduction in diffuse hyperintense muscle signal following acute nerve 

trauma has proven effective for monitoring regeneration in animal and clinical studies 

(Bendszus et al., 2002, Bendszus et al., 2004). It is possible that the timeline of the 

formation, progression and normalisation of the bands of hyperintense signal following 

viral targeting of motoneurons, allows us to track motor unit remodelling and compensatory 

action that occurs following more precise motoneuron loss.  
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CHAPTER IV. Investigating Limb-wide Changes in Voluntary EMG 

Following a TDP-43 Overexpression Event in a Focal Spinal 

Motor Pool in Two NHPs 

Introduction 
The direct corticomotoneuronal (CM) connection between the motor cortex and α-

motoneurons that exists in primates, and is especially developed in humans, is thought to 

be the key driver in the development of fine and dextrous movement. Various studies in 

humans and non-human primates have revealed a preferential connection of the CM 

pathway to particular upper limb muscles (Phillips and Porter, 1964, Palmer and Ashby, 

1992, McKiernan et al., 1998). Evidence of larger post-spike facilitation in a graded pattern 

along the proximodistal axis of the upper limb indicates that CM cells display a greater 

tendency to terminate onto motoneurons (MNs) innervating the more distal muscles 

(McKiernan et al., 1998). Limb muscles are commonly grouped dependent upon the joint 

around which they act, with distal muscles acting around the hand and wrist, and proximal 

muscles around the elbow and shoulder. 

MNs supplying intrinsic hand muscles, in particular the thenar and interossei, receive the 

strongest CM inputs, followed by forearm muscles involved in finger movements, such as 

the ECR (Palmer and Ashby, 1992, Weber et al., 2000). The greater cortical representation 

of these muscles is linked to their functional role in dextrous movements. The most distal 

muscles are not all facilitated equally however, as particular muscles, such as those making 

up the thenar complex are favoured over the hypothenars. Uneven distributions of CM 

inputs are also present more proximally in the upper limb of humans and non-human 

primates (NHPs). Early examination of post spike effects found extensor muscles to receive 

greater facilitation than flexors (Fetz and Cheney, 1980, McKiernan et al., 1998), however 

more recent analysis performed by Park et al. (2004) identified more comparable 

facilitation effects in extensors and flexors in simultaneous EMG recorded during a 

macaque reaching task. Furthermore, there are examples of flexors with larger cortical 

representations than extensors. The flexor, the biceps brachii, and its extensor counterpart, 

the triceps brachii are key examples of this finding (Brouwer and Ashby, 1990). 

Discrepancies in the CM input between functionally related muscles groups are highlighted 

in disorders like Motor Neurone Disease (MND). A ‘split hand syndrome’ is often observed 

at the time of diagnosis (70% of patients), or if not, almost always emerges during the 
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course of the disease (Wilbourn, 2000, Menon et al., 2015). This phenomenon is 

characterised by a preferential loss of CM input to the abductor pollicis brevis (APB) and 

first dorsal interosseous (1DI) muscles, characterised by weakness, while the more medial 

abductor digiti minimi (ADM) muscle remains relatively spared (Kuwabara et al., 2008, 

Fang et al., 2016). This disconnected pattern of degeneration is also observed more 

proximally in the upper limb, in the case of the ‘split elbow’ in which the biceps brachii 

degenerates to a greater degree than the triceps brachii (Khalaf et al., 2019, Vucic, 2019). 

There is a clear tendency of muscles whose MNs receive the greatest CM contribution to 

degenerate selectively in the earlier stages of disease, and the impairment of these muscles 

contributes to the losses of dexterity characteristic of these early stages.  

The imbalance in muscle degeneration contributes not only to the impairment of hand 

dexterity, but also to gait and possibly also speech abnormalities (Barthelemy et al., 2011, 

Eisen et al., 2017). These progressive symptoms, along with functional deficits in strength, 

are often the first signs of disease identified by patients and their clinicians. Due to a lack 

of disease biomarkers, clinical features described by the revised El Escorial criteria have 

been classically used in isolation to diagnose or otherwise exclude alternative disorders of 

the motor system (Brooks et al., 2000). The more recently defined Awaji-Shima and 

subsequent Gold Coast consensus criteria have clarified the importance of 

electrophysiological tests in the diagnosis of MND, in particular the use of EMG and nerve 

conduction studies (de Carvalho et al., 2008, Shefner et al., 2020). Where clinical 

biomarkers are lacking, with further validation, electrophysiological biomarkers may 

facilitate earlier diagnosis. Already the identification of fasciculation potentials using 

needle electromyography (EMG), and the application of nerve conduction studies (NCS) 

for motor unit number estimation (MUNE) techniques are used routinely in clinics, 

however they are not sufficient as yet to provide a diagnosis in isolation (de Carvalho et 

al., 2018). The most effective time during the disease onset and progression for such tests, 

and later for interventions, is as yet unknown.  

In this study, we were able to track the average EMG recorded from eight muscles of the 

upper limb in two macaques during the performance of an isometric elbow flexion task. 

The brachioradialis (BR) muscle of the right limb was selected as the experimental muscle 

in this project. A combination of viruses triggered an overexpression of the protein 

implicated in MND propagation, TDP-43, in the MN pool innervating this muscle. The 

tracking of EMG allowed us to define patterns of change in the right-BR over a seven 
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month period following the virus administration, allowing us to categorise the series of 

events and timeline of impairments. We recorded from several muscles in the limb 

simultaneously in order to identify any similar abnormalities and to ascertain whether any 

spread of disease occurred into neighbouring or distant motor pools.  

The brachioradialis (BR) presented a number of advantages as the experimental muscle. As 

previously mentioned, the CM connection is known to be more developed in the muscles 

involved most in hand and wrist extension. The BR, while primarily considered to be an 

elbow flexor, is part of the radial extensor compartment of the forearm and plays a role in 

wrist pronation in particular postures (Boland et al., 2008, Kleiber et al., 2015). This muscle 

also has a great deal of redundancy, which was important is the design of the project so as 

to allow the animals to lead a functionally normal life in the event of severe degeneration.  
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Methods 

Animals 
Recordings were performed from two adult female awake behaving Monkeys (M. mulatta; 

Monkeys Mi and Ma, age 6, weight 6.2 and 6.7 kg respectively). All animal procedures 

were performed under appropriate licences issued by the UK Home Office in accordance 

with the Animals (Scientific Procedures) Act (1986) and were approved by the Animal 

Welfare and Ethical Review Board of Newcastle University.  

See General Methods for details regarding the isometric hold task, surgical preparation and 

details of virus administration and vector contents. 

Electrophysiological Recordings 
Recordings were made from pairs of intramuscular electromyography (EMG) electrodes 

implanted in eight muscles of the left and right forearms (anterior deltoid, biceps brachii, 

brachialis, extensor carpi radialis, extensor digitorum communis, brachioradialis, flexor 

carpi radialis, flexor digitorum superficialis). Additional recordings (not considered in this 

chapter) were made from the brachioradialis muscle using a high-density surface EMG grid 

(GR04MMI305, OT Bioelettronica, Turin, Italy) with 64 electrodes (spacing 4mm). 

Standard surface adhesive electrodes (Neuroline 720; Ambu A/S, Ballerup, Denmark) were 

placed over the flexor and extensor tendons at the wrist to act as reference and ground for 

the surface grid. The surface grid electrode was connected to a custom printed circuit board 

containing a 64-channel amplifier (gain 192; bandwidth 30Hz - 2 kHz) and an analogue-

to-digital convertor (RHD2164; Intan Technologies LLC, Los Angeles, CA, USA). An 

implanted nerve cuff electrode was used as the ground for the intramuscular electrodes. 

The intramuscular EMG electrodes were connected to a second analogue-to-digital 

converter (Intan Technologies) via a connector mounted onto the headpiece. Digitized 

signals were sent over a serial peripheral interface (SPI) cable to an RHD USB interface 

board (also Intan Technologies). This allowed data to be captured to a computer hard disc 

(5 kSamples/s) along with the elbow torque signal and digital markers signalling the phases 

of task performance and stimulus timing. Voluntary brachioradialis activity was recorded 

from the intramuscular and grid electrodes during performance of the behavioural task. 

Task Analysis 
All analysis was performed offline using custom software written in MATLAB. Triggers 

recorded at the beginning and end of the 1s trial window were used to isolate EMG signals 
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during this period. Data were smoothed over a 150ms window. These signals were rectified 

and an average EMG trace for each muscle was calculated. The mean of this averaged trial 

EMG provided a measure of the average EMG activity recorded per muscle during the task 

contractions in each session. Average EMG from each session following the virus injection 

was normalised against a group of baseline sessions, to provide a percentage deviation from 

baseline EMG across the 7 months following. All baseline sessions were collected prior to 

the injection of the viruses in Monkey Ma. During a nerve cuff replacement surgery 

performed in Monkey Mi, the right radial nerve was injured. The deficits caused by this 

injury can be noted in Figure 4.2. Time limitations meant we had to go ahead with the virus 

injections immediately after the EMG signals had recovered to baseline. Due to this, 

baseline sessions for Monkey Mi were taken as the first 10 sessions immediately following 

the injection, after the EMG signals had recovered to baseline. A two-tailed t-test was 

performed on each data point post-injection against the group of baseline averages. Data 

which reached the alpha significance level set at 0.05 were marked in black and regarded 

as ‘discovery P values.’ Multiple comparisons were corrected within each Monkey using a 

Benjamini-Hochberg (BH) correction with a false discovery rate of 5%; any data which 

passed this more stringent significance criterion was marked in red (see Results) 

(Benjamini and Hochberg, 1995).  

Additionally, t scores were generated from the mean EMG signals of each sampled muscle 

of the working limb and summated to give a Z score, as described in Eq (4.1) and (4.2): 

 

𝑡𝑡𝑛𝑛,𝑐𝑐ℎ =
𝐷𝐷𝑛𝑛,𝑐𝑐ℎ − 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑏𝑏𝑐𝑐ℎ)

𝑠𝑠𝑠𝑠𝑠𝑠(𝑏𝑏𝑐𝑐ℎ)
 

(4.1) 

where the mean of the baseline EMG for each muscle (ch) was subtracted from D, which 

represents the percentage deviation of the mean EMG from the baseline (b) for each session 

(n) and each muscle (ch). This value was then divided by the standard deviation (std) of the 

baseline to give a t score for each muscle per session.  

𝑍𝑍 = �
𝑡𝑡

√𝑐𝑐ℎ
 

(4.2) 
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The t score was divided by the square root of the number of muscles involved, and 
summated to give the Z score.  

This Z score was used to determine any overarching trends in the EMG activity of the 

muscles. These results were analysed with the same two-tailed t-test and subsequent BH 

multiple comparisons correction described above. 

The average torque produced during each trial was examined in a similar way to the 

intramuscular EMG with the goal of determining whether the Monkeys produced differing 

levels of force over time. This measurement also provided a visual interpretation of whether 

any increases or decreases in recorded EMG signals synchronised with changes in torque. 
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Results 
Two animals were trained to perform an isometric elbow flexion task within a set torque 

range (1.65-3.30 N·m), equivalent to 2-4kgF, primarily designed to engage the 

brachioradialis muscle. Using this task we were able to track any changes in muscle activity 

through the use of chronically implanted intramuscular and surface electromyography 

(EMG) electrodes. Both Monkeys were trained to perform this task with their right arms, 

but only Monkey Ma was additionally trained to perform this task with her left arm. A 

schematic of the experimental set up is displayed in Figure 4.1A.  

Chronic intramuscular EMG electrodes recorded signals from eight muscles of the training 

arm (anterior deltoid, biceps brachii, brachialis, ECR, EDC, brachioradialis, FCR and FDS) 

during the task performance. An average rectified EMG trace for each muscle was 

generated per session from the EMG recorded during each task trial (Figure 4.1B). An 

average of 109±44, 135±53 and 124±52 trials (mean±SD) were performed each session by 

Monkey Mi with her right arm, and by Monkey Ma with both right and left arms. The mean 

of the average trace during the hold period was calculated and this value was tracked over 

the course of the project for all eight muscles per training arm (Figures 4.2 – 4.4). The 

average torque produced during a session was measured in the same way (Figure 4.1C). 

The animals performed this task with their training arms, either right arm only or both right 

and left arms, each week for the duration of the project.  

Recordings from eleven sessions were collected for both right and left arms for Monkey 

Ma and averaged to provide a baseline EMG signal for each muscle (indicated within the 

grey shading in Figures 4.2 – 4.4). The pair of viral vectors, designed to induce a focal 

overexpression of TDP-43 in spinal motoneurons (MNs), were injected into the intrathecal 

space and in the right brachioradialis muscle, respectively, once the baseline period was 

complete (indicated by the red dotted line in Figures 4.2 – 4.4). Monkey Mi suffered an 

injury to her right radial nerve during the implantation of a replacement radial stimulating 

cuff. This injury caused a six-week reduction in the average EMG recorded from the right 

BR and EDC muscles, and a shorter term impairment of the right ECR muscle (Figure 

4.2A). At this time, the signals from the anterior deltoid, biceps, brachialis and FCR 

muscles increased presumably to compensate for the deficit in the radial innervated muscles 

in order to allow the animal to continue to perform the task. The signal from each implanted 

radial innervated muscle recovered after six weeks, and this recovery was used to direct the 

beginning of the intervention phase of the project, marked by the delivery of the viral 
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vectors. Due to this injury, the ten sessions immediately following the virus injections were 

taken as a baseline period for Monkey Mi (as marked in grey in Figures 4.2 – 4.4). 

Following the virus injections and baseline period, significant changes occurred in all 

implanted muscles in the right limb of Monkey Mi except for the R-deltoid and R-FCR. 

Average EMG signals recorded from the R-BR and R-ECR decreased to 46 and 64% of 

baseline respectively in one session five weeks after the virus injections, however these 

changes did not pass the BH correction for multiple comparisons. One month later, the R-

ECR again dropped to 65% of baseline, and the average EMG from the biceps increased to 

243%. The biceps EMG increased twice more in irregular sessions without following any 

clear trend (P<0.05). Twenty one weeks after the virus injections, EMG signals from the 

R-EDC, Biceps, BR and FDS all increased to over 200% of their respective baseline 

signals. The elevation in the BR was the only change to pass the BH correction for multiple 

comparisons. After this two week long increase, the signals equilibrated in these muscles 

after which point the EMG recorded from the R-ECR and brachialis decreased to around 

50% of baseline. The R-ECR remained decreased for 4 weeks (P<0.05).  

In order to pull out limb-wide trends in the EMG signals, the t scores from each muscle of 

Monkey Mi’s right limb were summated to give a limb wide Z score (Figure 4.2B). 

Decreases in the sum lined up with those seen in the BR and ECR muscles following the 

virus injections, which when taken together passed the BH multiple comparisons 

correction. These decreases outweighed the increases seen in the biceps which occurred at 

an overlapping time. The summated Z score showed a statistically significant increase, 

passing the BH correction for multiple comparisons, at the time of the rise in the BR, EDC, 

FDS and Biceps. Immediately following this, the summated Z scores were reduced for the 

duration of 5 weeks, before normalising shortly before the termination of the project. The 

drop in the Z score passed the BH correction. The torque produced by Monkey Mi during 

this task decreased 2.5 months following the injection of the virus and remained at the 

lower limit of the range allowed for successful task completion for the entire duration of 

the project (Figure 4.2C). The prolonged reduction in torque passed the BH correction.  

Torque was not recorded prior to or during the nerve injury recovery due to an error in the 

recording system.  
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Figure 4.1. Two animals were trained to perform an isometric elbow flexion task with a 1 
second hold within a set torque range. (A) The animals were trained to place their training 
arm into a rigid plastic cast, 3D printed from a digital model of their forearm, which held 
their forearm in a constant posture between sessions. A load cell connected to the base of 
the cast detected applied torque during the task movement (see Methods for details). (B) 
EMG signals recorded during each trial window were rectified and averaged. The solid 
blue line represents the average trial EMG (n=200 trials), with the standard deviation 
represented as the shading. EMG signals from the 1s hold period were aligned to the end 
hold marker, indicated in red, and extracted for analysis. (C) The torque produced by the 
animals was measured by the load cell and recorded as a voltage signal by a custom 
designed task programme. The solid blue line indicates the mean torque produced during 
one session (n=200 trials), with the standard deviation represented by the shaded area. 
The defined torque range that the Monkey had to hold within is indicated by the grey box. 
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Figure 4.2. Average values per session, measured as a percentage of baseline, of the EMG 
produced by eight muscles of the right arm of Monkey Mi during the performance of an 
elbow flexion task. Due to an accidental injury to the right radial nerve during an implant 
surgery (time of injury indicated by blue dashed vertical line), the baseline period (grey 
shaded area) was collected retrospectively after the virus injections (red vertical line). (A) 
The deficits in the radial innervated muscles, the ECR, EDC and BR, can be seen clearly 
prior to the virus injections, in addition to an increase in activity of the more proximal 
muscles and FDS, presumably to compensate for this temporary weakness. The ECR and 
BR were the first muscles to deviate from baseline (64 and 46%, 5 weeks post injections). 
These reductions met the alpha level of 5%, indicated by black markers, but did not pass 
BH corrections. The next collective change in individual muscle EMG occurred 21 weeks 
after virus injections, when the biceps, FDS, REDC and BR all increased to over 200% of 



44 
 

baseline. Only the increase in the BR passed the BH correction, indicated by red markers. 
After this increase, the brachialis and ECR were reduced (P<0.05). (B) The Z score for the 
right limb identified three periods of change; the first an intermittent reduction in average 
EMG, the second an increase and finally a limb wide reduction which appeared to 
normalise to baseline in the final week of the study. (C) The average torque produced by 
Monkey Mi during each session was reduced 2.5 months after the virus injections and 
remained at the lower limit of the set window for the duration of the project. The increase 
in EMG did not correspond to an increase in torque. The horizontal dashed line indicated 
the baseline mean, and dotted lines 2 standard deviations (SD) of the baseline. The lower 
torque limit is marked in blue (C). 
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Only the EMG signals from the R-deltoid of Monkey Ma’s right arm increased to 

statistically significant levels passing the BH correction for multiple comparison (Figure 

4.3A). The signals from this muscle were increased to over 130% of the average baseline 

EMG for the first five months after the virus injections, at which point they became 

marginally lower than baseline. Six weeks post injection, the R-brachialis and R-FDS EMG 

signals increased to 147 and 133% of baseline for one week, although these changes only 

met the discovery significance limit of 0.05, and did not pass the BH test. Eighteen weeks 

after the virus injections, the EMG recorded from multiple muscles (R-biceps, R-BR, R-

FCR and R-FDS) decreased to between 38-73% of their respective baseline signals. This 

decrease was intermittent, with two distinct periods separated by at least three weeks when 

EMG was similar to the baseline period.  

As before, the mean EMG amplitude from all muscles of Monkey Ma’s right arm were 

summated to provide a Z score. Following the virus injections, the Z score of the right limb 

increased and passed BH multiple comparison correction (Figure 4.3B). The primary 

increase in the summated value corresponded with the increase recorded in the R-brachialis 

and FDS. A second increase was recorded three months following the injection of the 

viruses and remained for two weeks. Following this, the Z score decreased, reaching alpha 

significance levels (0.05) and passing BH correction. The summated EMG signals were 

reduced in two distinct time periods, the first of which occurred 18 weeks after the virus 

injection and the second at 24 weeks, as noted in the individual muscles, and did not 

recover. There were few changes of note in the average torque produced by Monkey Ma 

during her performance of the right arm task for the duration of the project, with a decrease 

to the lower limit of the range recorded in the first session post injection (Figure 4.3C). A 

further decrease was noted in one session, 25 weeks later. In this later session the torque 

window was widened to (1.413-3.295 N·m) to enable the animal to complete the trials 

successfully as she had been presenting difficulty in maintaining the torque within the pre-

defined window.  

As Monkey Ma was trained to perform this task with both arms, a direct comparison could 

be made between the transfected and non-transfected limb. No changes in the EMG signals 

recorded from each implanted muscle of the left arm passed the BH correction for multiple 

comparisons (Figure 4.4A). The signals from the L-deltoid and L-ECR increased to 

between 265-215% of baseline, and reached the alpha significance value of 0.05 at these 

time points. The increases in the L-deltoid EMG were limited to two sessions which 
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occurred ten weeks after the virus injections, while the L-ECR signals increased in three 

irregular sessions, occurring 3, 8 and 21 weeks post injection, in amongst a general 

downward trend. Only the L-brachialis showed other individual muscle EMG changes. One 

month after the viruses were injected in the contralateral limb, the signals decreased to 

between 30-41% of baseline. The signal remained reduced for the duration of the project, 

however none of these sessions passed BH multiple comparison correction.  

The EMG signals of each implanted muscle of the left limb were summated to generate a 

Z score for the left arm, in order to identify an overall trend in the EMG signals. While few 

changes of note were identified in the individual muscle plots, when combined, clear trends 

were identified. Similar to the pattern of change recorded in the right limb, an initial 

increase was followed by a clear downward trend. This decrease began 13 weeks after the 

viruses targeting spinal MNs supplying the contralateral limb were injected, and extended 

for the duration of the project. The left arm Z score identified three distinct periods of EMG 

reduction. The latter two periods both occurred in the same weeks as the two periods of 

reduction recorded in the right limb (Figure 4.3B). The torque produced by the animal 

during the left arm task was significantly decreased at multiple points after the virus 

injections in the right arm, and in fact remained reduced compared to the torque exerted 

during the baseline period. 
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Figure 4.3. Average EMG per session, measured as a percentage of baseline, from eight 
muscles of the right arm of monkey Ma during the performance of an elbow flexion task. (A) 
EMG from all muscles, except the R-ECR and EDC, deviated from baseline (P<0.05), with 
sessions that reached the alpha level of 5% marked in black. Only the changes in the deltoid 
passed the BH correction; marked in red. The signals from the brachialis and FDS were 
elevated 6 weeks after the virus injections, but shortly normalised. 18 weeks after the virus 
injections, EMG signals from the biceps, forearm flexors and BR decreased to between 38-
73% of baseline, with these individual changes reaching alpha levels (P<0.05). (B) The Z score 
for this limb indicated four phases of change. Two distinct increases were recorded followed 
by two more extended reductions. Periods of normalisation to baseline were identified between 
each phase. (C) The average torque produced was relatively unchanged from baseline during 
the study, with the exception of the first session after the virus injections, and a session 28 
weeks post injection during which the lower torque limit was reduced to enable the monkey to 
complete successful trials (P<0.05). The horizontal dashed line indicated the baseline mean, 
and dotted lines 2 SDs of the baseline. The lower torque limit is marked in blue (C). 
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Figure 4.4. Average EMG per session, measured as a percentage of baseline, from eight 
muscles of the left arm of Monkey Ma during the performance of an elbow flexion task. (A) 
Fewer changes in individual muscles were recorded in the left arm of Monkey Ma than the 
right (Figure 4.3). Only deviations in EMG signal from baseline in the deltoid, brachialis 
and ECR reached the 5% alpha level, however these changes did not pass BH correction; 
marked in black. The baseline sessions (grey shaded area) were collected prior to the virus 
injections targeting the contralateral limb, indicated by the red dashed line. (B) The Z score 
for the left limb indicated four phases of change, as in the right arm, however only the first 
phase displayed an increase in EMG. The changes recorded in these phases passed the BH 
correction; marked in red. Again, each phase was separated by a return to baseline. (C) 
The average torque was reduced intermittently throughout the study, with many of these 
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changes surviving BH correction. The horizontal dashed line indicated the baseline mean, 
and dotted lines 2 SDs of the baseline. The torque limits extend the entire y axis (C).  

 

 

 

 

Figure 4.5. Distinct temporal patterns in the EMG changes are present and shared both 
between the two animals and between limbs. (A) Z scores from the right and left limbs of 
Monkey Ma display shared temporal components. The Z scores of the right (blue trace) 
and left arms (red trace), calculated by summating the EMG signals from all sampled 
muscles, both increase for 4 weeks, 1 month after the injection of a combination of AAVs 
designed to target the spinal MNs supplying the right BR muscle. More muscles contribute 
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to the increased right limb Z score, and the increase is more prolonged in the right arm. 
Three distinct reductions in the left limb Z score are recorded after the baseline period 
(grey area), with the latter two aligned to the week that similar reductions occurred in the 
contralateral limb. Again, more muscles were involved in the reduction recorded in the 
right limb. Filled markers represent data that survived the BH correction for multiple 
comparisons. (B) Monkey Mi was unable to perform the isometric task with her left arm, 
and so no inter-limb comparisons can be made in her case. The limb-wide changes in EMG 
signals differed between the two animals, possibly due to ongoing re-innervatory processes 
as a result of the nerve injury sustained by Monkey Mi (initial effect indicated within the 
blue shading). Rather than increasing early after the virus injections, the Z score associated 
with Monkey Mi’s right limb decreased. This reduction could be regarded as two separate 
phases due to the 5 week separation. Rather than two distinct periods of reduction, a period 
of increased EMG preceded a final decrease. This final reduction occurred an equivalent 
stage of the project to the final decrease recorded in the right arm of Monkey Ma. The two 
plots are aligned to their injection time, with equal distance per month in order to clarify 
the conserved temporal pattern. The dashed line indicated the baseline mean, and colour 
coordinated dotted lines 2 SDs of the baseline. 

 

There was temporal conservation of this phasic pattern in the Z scores of each limb even 

between animals. Three or four phasic changes were identified in each training limb, 

beginning around one month after the virus injections (Figure 4.5A, B). The first two of 

phases occurred in the first approximately four months of recordings, and appeared more 

disordered with less clear boundaries between changes and recovery to baseline. 

Differences in the direction of change between the two animals during this time may 

represent individual differences in task performance and muscle involvement. The final 

two phases, recorded approximately four months after the virus injections, with a two week 

delay in Monkey Mi, were temporally aligned both across animals and between 

experimental and control limbs. Both Monkeys also showed a similarly-timed reduction 

prior to the injections. In Monkey Mi this reduction was as a result of the nerve injury, 

however given the timeline for Monkey Ma it is likely a sign of recovery and re-learning 

of the task following the implant surgery which took place one month prior.  
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Discussion 
Two Monkeys were trained to perform an isometric elbow flexion task weekly for between 

seven and eight months after the injection of a combination of viral vectors designed to 

induce the overexpression of the protein TDP-43 in the spinal MNs supplying the right 

brachioradialis (R-BR) muscle. Chronically implanted intramuscular EMG electrodes 

allowed us to record from eight muscles per training arm, including both flexors and 

extensors. By comparing the average EMG signal from these muscles over time we were 

able to track any changes in the output from the transfected muscle, the R-BR, as well as 

surrounding and contralateral muscles.  

Disturbances in the mean EMG amplitude were recorded in the R-BR of both animals 

following the virus injections. The changes in EMG output were not limited to the virus 

targeted muscle, but rather were also recorded in all muscles of the ipsilateral limb and 

even in muscles of the contralateral limb in Monkey Ma. The combinations of muscles with 

altered EMG signals differed in each limb investigated. In the right limb of Monkey Mi, 

the biceps, brachialis, FDS, ECR, EDC and BR all displayed variable deviations from 

baseline mean EMG, although the two week long increase recorded in the R-BR was the 

only change to pass the BH correction. The individual muscles displayed conflicting trends 

with reductions in mean EMG interspersed with increases. These variable trends in the 

individual muscles following the virus injections were recorded in both limbs of Monkey 

Ma. The mean EMG signals from the right deltoid, biceps, brachialis, FCR, FDS and BR 

and left deltoid, brachialis, and ECR increased or decreased at various intervals, with the 

R-FDS EMG first increasing before progressively decreasing.  

Despite the individual muscle variability, when combined together to provide a score for 

the whole limb, similar trends were identified. While the direction of change was often 

reversed in the right arms of the two animals, the timeline of the changes was relatively 

conserved. In the experimental right limb of both animals, changes in more than one muscle 

first occurred six and eight weeks after the virus injections in Monkey Ma and Mi. During 

the first four months after the virus injections, the average EMG was variable, however 

after this time point a clear pattern was revealed. In the right arm of both animals, at 19 and 

21 weeks for Monkey Ma and Monkey Mi respectively, limb wide changes became evident. 

Interestingly, the EMG did not progressively increase or decrease from this time point but 

rather changes were broken up into distinct periods. Three or four phases were identified 

in both animals, the latter two displaying the greatest temporal conservation. These latter 
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two phases were separated by a two to three week return of mean EMG to baseline. 

Interestingly, the direction of change in the first phase of the two animals differed, with the 

limb-wide mean EMG increasing in Monkey Mi and decreasing in Monkey Ma. Monkey 

Ma displayed this phasic reduction in mean EMG in both the left and right arms, with a one 

week delay in the onset of changes in the left arm as compared to the right.  

The phasic change recorded in this study may be indicative of compensatory re-innervation, 

in which spared MNs increase their branching in order to supply muscle fibres which have 

lost their spinal innervation (Martineau et al., 2018). During this process of reorganisation 

it is possible that we may see phases of obvious change interspersed with periods of relative 

normalisation (Hansen and Ballantyne, 1978, Bromberg et al., 1993). The continuation of 

this phasic pattern up until the termination of the study may indicate that a degenerative 

process was ongoing at this time. 

These changes, occurring within two weeks of one another in the experimental arms of the 

two animals, and with a one week delay for the left arm of Monkey suggest a system wide 

disturbance and similar trajectory of disorder occurring throughout the whole system of the 

two animals. The identical reduction in EMG in the left and right arms of Monkey Ma 

indicated the development of a simultaneous impairment. The difference in the direction of 

change recorded during the initial period in Monkey Mi is an important consideration, 

however the corresponding timeline to that seen in Monkey Ma suggests a comparable 

mechanism of action was occurring. It is possible that the nerve injury sustained by Monkey 

Mi prior to the virus injections lead to the altered outcome during the first period. If a degree 

of denervation had occurred due to this injury, it is possible that some MNs and the muscle 

fibres they innervate were already impaired. If this injury led to an irregular loss or 

reorganisation of MUs prior to the virus effects, the increase in mean EMG could be 

explained by altered amplitude cancellation or MU recruitment and rate coding (Day and 

Hulliger, 2001, Dideriksen and Farina, 2019).  

The involvement of the whole limb, rather than just the injected muscle could provide 

evidence of some level of spread of TDP-43 related pathology to the motor pools of 

neighbouring muscles. The EMG changes do not seem to be limited to anatomically 

adjacent muscles, such as the ECR and FCR; functionally connected muscles, such as the 

other radial innervated extensor muscles; or to muscles known to have more CM input 

(McKiernan et al., 1998). Presumably the variability in task performance and adaptation to 
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mounting impairment in combination with possibly varied pathology contribute to the 

differences recorded at the individual muscle level. Changes were recorded in each muscle 

in at least one of the analysed limbs, therefore there was no clear sparing.  

A larger negative Z score associated with the two phases of reduction recorded in the right 

arm of Monkey Ma was indicative of the fact that more muscles displayed changes in this 

limb than in the left. If these changes were in fact due to the spreading of TDP-43 

pathology, these results could indicate that the pathology was able to propagate more 

rapidly to motor pools ipsilateral to the virally transfected pool than to others on the 

contralateral side of the cord. Again, the factors which led to the preference of particular 

muscles in the left limb is unclear. Only the deltoid, brachialis and ECR displayed 

individual changes in this arm, although none passed the BH correction individually.  

It has been well documented that as force generated by a muscle increases, so too does the 

EMG signal (Moritani and Muro, 1987). Interestingly, the torque produced by the animals 

did not follow the same trends as recorded in the EMG. A progressive decline in torque 

was recorded in the right arm of Monkey Mi and left arm of Monkey Ma, however no 

significant changes were recorded in the right arm of Monkey Ma. The elbow flexion task 

used in this project, while specifically designed to activate the BR muscle, did not activate 

that muscle in isolation. We were unable to sample each muscle in the upper limb which 

may be involved in the task and it is possible that their compound activity masks the 

contribution of an individual muscle or selection of muscles in the generated force. 

Additionally, effects of training or small changes in posture may contribute to varying force 

levels exerted by each muscle, therefore the recorded torque should not necessarily be taken 

as a reliable measure of muscle or limb health in this case (Narici et al., 1996, Mogk and 

Keir, 2003, Roman-Liu and Bartuzi, 2013). 

In this project, we were able to track the activity from eight upper arm muscles in order to 

identify any changing patterns as a result of a TDP-43 overexpression event in the right BR 

muscle. We identified a great deal of variability between muscles, but when taken in 

combination, limb wide trends were conserved between the transfected and control limb 

and even between the two animals. It is as yet unclear whether the changes recorded in the 

transfected muscle were in fact caused by pathological changes related to the TDP-43 

overexpression, and in turn whether the limb-wide reductions in mean EMG were 

indicative of a spread of TDP-43 pathology to adjacent and distant spinal motor pools, or 
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perhaps as a result of disrupted processing within the spinal cord. The conserved timeline 

and phasic changes recorded in all three limbs provide compelling evidence for a shared 

pathogenesis in both animals.  
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CHAPTER V. Validation of in vivo Measures of the Health of Spinal 

Motoneurons in NHPs  
 

Introduction 
Accurately estimating the number of motor units (MUs) within a muscle is important to our 

understanding and assessment of the health of particular muscles during ageing and to 

characterise the progression of diseases such as MND. Since the development of the 

incremental counting technique (ICT) by Mccomas et al. (1971), used for collecting 

individual motor unit action potentials (MUAPs) to be used in the estimation of the number 

of MUs within a muscle, much work has been done to validate and advance the technique. 

The different variations of the motor unit number estimation (MUNE) technique all share 

a common theory based around the relationship between the maximal compound muscle 

action potential (CMAP) and an average motor unit action potential (MUAP). Collection 

of the CMAP is relatively straightforward, and involves supramaximal stimulation of the 

nerve. MUAP sampling, on the other hand, poses various challenges to the researcher. 

Different techniques and methods for collecting samples of MUAPs have been utilised for 

MUNE analysis, both clinically and in research animals, however each pose their own 

unique challenges for the researcher.  

MUAPs can be sampled either via needle EMG, a laborious process which yields relatively 

few MUAPS, or more often in recent times by surface EMG electrodes. Individual bipolar 

electrodes and also high density surface EMG (HD-sEMG) electrode grids are used for the 

collection of the MUAPs and also the CMAP, elicited through supramaximal stimulation 

of the nerve proximal to the muscle. MUAP amplitudes are classically collected for MUNE 

analysis by multiple point stimulation (MPS) in which the nerve is stimulated at various 

points along its length. A low current is used in order facilitate the detection of individual 

MUAPs, rather than clusters which fire at similar thresholds. The stimulation intensity is 

held constant until MU alternation has been ruled out in order to confirm the presence of 

only one active “all or none” MUAP, rather than a combination of MUs with overlapping 

depolarisation thresholds (DeForest et al., 2018). This process is repeated at multiple 

positions along the nerve until normally over 10 MUAPs are recorded at each site 

(Mccomas et al., 1971). The extensive sampling required along the length of the nerve 

limits this protocol to the more distal muscles, as the nerves are more easily accessible for 
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stimulation. When grid electrodes covering the surface of the muscle over the skin are used, 

MUAP identification and week-week tracking can be improved by the spatiotemporal 

‘fingerprint’ of the MUAP. Each MUAP is shown to display individual characteristics, 

enabling their separation and decomposition from other MUAPs active at similar stimulus 

intensities (van Dijk et al., 2008, Peng et al., 2016).  

Not only are these MPS or ICT techniques extremely time intensive, as well as invasive 

and uncomfortable when sampling is performed with a needle EMG, but studies have 

shown results to differ session to session due to differences in limb posture, making 

tracking of individual MUs rather challenging. The nature of the collection and MUAP 

isolation technique limits the sampling to lower threshold units with smaller amplitudes, 

potentially biasing any subsequent MUNE analysis. Furthermore, the introduction of any 

voluntary activity during the recording of the MUAPs prevents their identification 

(Maathuis et al., 2008, Boekestein et al., 2012).  

Several research groups have worked to validate MUNE analysis using MUAPs 

decomposed from voluntary activity recorded while participants produce a range of set 

forces. The decomposition methods used in these studies allow for the detection of a wider 

range of MUAPs, including higher threshold units. These techniques are better able to 

isolate superimposed MUAPs than the incremental counting or multiple point stimulation 

methods which require MUAPs to be active in relative isolation. However, the results from 

these studies indicate that as the force produced increases, so too do the MUAP amplitudes 

sampled. The temporal-based decomposition algorithms are less able to detect the low 

amplitude MUAPs as the force produced increases, leading to a reduction in the 

representativeness of the MUAP sample (Peng et al., 2016). Higher forces therefore 

interfere with the MUNE, producing underestimations of the MU number (Boe et al., 2005).  

More recently, a further method introduced by Nandedkar et al. (2004) removes the need 

for the stimulation and sampling of multiple MUAPs. The motor unit number index 

(MUNIX) gives reproducible results in healthy participants (Neuwirth et al., 2011) and has 

also been shown to detect MN degeneration as reliably as MUNE in MND patients, and in 

fact was more sensitive to MN loss (Boekestein et al., 2012, Neuwirth et al., 2015, 

Nandedkar et al., 2011). This approach is much faster than that of MUNE, and relies on the 

CMAP and surface interference potentials (SIPs) recorded while participants perform set 

movements at varying percentages of maximal contraction. An approximation of the 
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number of MUs contributing to the SIPs and CMAP is performed by a mathematical model 

(Nandedkar et al., 2010, Nandedkar et al., 2004). 

The CMAP amplitude and area itself can provide information regarding the health of the 

muscle. The amplitude of the CMAP is lower in MND patients than in healthy controls 

(Argyriou et al., 2006), and these decreases have been shown to correlate with decreases in 

strength, as evaluated by the medical research council strength grade scale (de Carvalho et 

al., 2018). Additionally, the shape of the CMAP stimulus-response curve, referred to as the 

CMAP scan by Maathuis et al. (2013), has been used to track the advancement of disease 

in MND patients, with changes in amplitude and the appearance of ‘steps’ or breaks in the 

curve representing the loss of motor units and involvement of compensatory reinnervation.  

Recent work, however, has shown CMAP amplitude to be a less sensitive measure of MU 

health than MUNE and MUNIX techniques which are able to identify subtle changes in 

MU number prior to abnormalities in the CMAP amplitude (Gunes et al., 2021) and also 

have identified a sharper decline than that of the CMAP during progression of MND 

(Felice, 1997, Boekestein et al., 2012).  

There is conflicting evidence for the use of the CMAP amplitude in tracking disease related 

changes. The amplitude of the CMAP is influenced by compensatory re-innervation which 

takes place alongside the MU degeneration occurring during MND and may contribute to 

the unreliability of this measure clinically, when tests occur fairly infrequently (Mccomas 

et al., 1971). It is possible that more regular collection of the CMAP amplitude may shine 

a light on this degeneration and re-innervation as it occurs. de Carvalho et al. (2018) have 

calculated a ‘Neurophysiological Index’, incorporating a number of measures related to 

motor conduction known to be involved in MND, including the CMAP amplitude but 

excluding MUNE or MUNIX. This index declines comparably to mean-MUNIX values in 

pre-symptomatic limbs of patients with MND, showing that the CMAP amplitude may be 

especially useful when looked at in combination with other factors of motor conduction 

(Escorcio-Bezerra et al., 2017). The benefit of using the CMAP amplitude either in 

isolation or within the Neurophysiological Index is that it is much less time consuming than 

multiple point stimulation or incremental counting technique MUNE, and unlike MUNIX, 

can be performed easily on muscles in late stages of disease where voluntary contractions 

can be difficult to produce.  
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While validation is on-going for the variations of the MUNE technique, there are hopes 

that in time they will be developed into lower motor neuron degeneration biomarkers 

(Benatar et al., 2016). Different methods may provide starkly different MUNE values, due 

to their individual technical limitations and biases. Without the knowledge of the true 

number of MUs to expect in these muscles it is difficult to verify the estimated numbers 

generated from these tests.  

Understanding and monitoring changes in MU number in animal models of MND will be 

very important for the understanding of this complicated disease and for the development 

and testing of future therapeutic interventions. Various incremental counting and multiple 

point stimulation MUNE techniques have been trialled in rodent models of MND, 

confirming results seen in MND patients, for example that the MUNE values begin to 

decrease at an early stage in the course of disease, in some cases predicting disease onset 

(Shefner et al., 1999, Shefner et al., 2006). To our knowledge, no MUNE analysis has been 

performed in NHPs who share markedly similar neuromusculature to humans. In this 

project, we employed an adapted MUNE technique and tracked the MUNE values and the 

CMAP amplitude over the course of seven months in two NHPs virally induced to 

overexpress the protein TDP-43 in the spinal motoneurons which supply the right 

brachioradialis muscle. These assessments were used in order to validate and compare their 

in vivo applicability as a measure of MU health in a NHP model of MND. 
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Methods 

Animals 
Recordings were performed from two adult female awake behaving Monkeys (M. mulatta; 

Monkeys Mi and Ma, age 6, weight 6.2 and 6.7 kg respectively). All animal procedures 

were performed under appropriate licences issued by the UK Home Office in accordance 

with the Animals (Scientific Procedures) Act (1986) and were approved by the Animal 

Welfare and Ethical Review Board of Newcastle University.  

See General Methods for details regarding the isometric hold task, surgical preparation and 

details of virus administration and vector contents. 

Electrophysiological Recordings 
Recordings were made from pairs of intramuscular electromyography (EMG) electrodes 

implanted in two muscles supplied by the median nerve (FCR an FDS) bilaterally, and three 

muscles supplied by the radial nerve (extensor carpi radialis (ECR), extensor digitorum 

communis (EDC) and brachioradialis (BR)) bilaterally. Additional recordings were made 

from the brachioradialis muscle using a high-density surface EMG grid (GR04MMI305, 

OT Bioelettronica, Turin, Italy) with 64 electrodes (spacing 4mm). A bi-adhesive foam 

strip with holes aligned to the matrix was placed on the grid, and the holes filled with 

conductive paste (CC1, OT Bioelettronica, Turin, Italy). This assembly was then stuck to 

the skin over the muscle. To ensure good skin contact the forearm was shaved and cleansed 

with alcohol wipes. The location of the grid on the skin was marked each day with 

permanent marker pen to ensure reproducible placement from session to session. Standard 

surface adhesive electrodes (Neuroline 720; Ambu A/S, Ballerup, Denmark) were placed 

over the flexor and extensor tendons at the wrist to act as reference and ground for the 

surface grid. One of the unused nerve cuff electrodes was used as the ground for the 

intramuscular electrodes. The surface grid electrode was connected to a custom printed 

circuit board containing a 64-channel amplifier (gain 192; bandwidth 30Hz - 2 kHz) and 

an analogue-to-digital convertor (RHD2164; Intan Technologies LLC, Los Angeles, CA, 

USA). The intramuscular EMG electrodes were connected to a second analogue-to-digital 

converter (Intan Technologies) via a connector mounted onto the headpiece. Digitized 

signals were sent over a serial peripheral interface (SPI) cable to an RHD USB interface 

board (also Intan Technologies). This allowed data to be captured to a computer hard disc 

(5 kSamples/s) along with the elbow torque signal and digital markers signalling the phases 
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of task performance and stimulus timing. Voluntary brachioradialis activity was recorded 

from the intramuscular and grid electrodes during performance of the behavioural task. 

Involuntary contractions were recorded by the intramuscular electrodes and the grid 

electrode during the nerve stimulation protocol. 

Nerve cuff stimulation and recording 
Bipolar current pulses (0.2ms per phase) were delivered through the three contact radial 

and median cuffs with a bi-phasic constant current isolated stimulator (Model DS4, 

Digitimer, Hertfordshire, UK). A focal stimulus was delivered by shorting the first and 

third contacts and stimulating relative to the second contact. Stimulus current was delivered 

at supramaximal intensity to elicit a maximum M-wave and ramped down in decrements 

of 0.1μA until it was below threshold intensity. Left and right arms were stimulated in 

different sessions, following recordings of the motor task. Monkeys were gradually 

acclimated to the full length nerve stimulation protocol. No adverse behavioural effect to 

the radial and median nerve stimulation was recorded in either animal, however restlessness 

was noted during longer stimulation studies.  

Compound Muscle Action Potential (CMAP)  
During radial and median nerve stimulation, the intramuscular electrodes collected the M-

wave at each stimulus intensity from the implanted muscles. The peak-peak amplitude of 

the CMAP was collected to produce CMAP amplitude plots, which were used to assess 

qualitatively the health of the stimulated muscle. An average was taken of the maximal 

CMAP amplitude recorded during the plateau period at supramaximal intensity (Figure 

5.1B). This average maximum CMAP amplitude was tracked over the course of the project. 

In the case of radial stimulation, the HD-sEMG grid simultaneously collected the surface 

M-wave from the BR muscle. The CMAP amplitude was measured for each grid electrode 

as previously described. The maximum CMAP amplitude per electrode was used for 

MUNE analysis. The CMAP amplitude from each grid electrode was averaged to provide 

a mean grid CMAP amplitude per session. The maximal CMAP amplitude from each 

session was compared against a mean CMAP amplitude collected during a baseline period 

(shaded in grey in Figure 5.2 – 5.5). Baseline sessions were collected prior to the injection 

of the viruses for Monkey Ma (10 sessions for radial innervated muscles, 5 sessions for 

median innervated muscles), however due to the injury sustained to Monkey Mi’s right 

radial nerve, the first 10 sessions collected after recovery from this injury contributed to 
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the baseline, some of which were collected in the weeks immediately following the virus 

injections.  

In each session, any electrode channels poorly connected to the skin showing a poor signal 

to noise ratio were excluded from further analysis.  

Motor unit decomposition  
Motor unit decomposition was performed on EMG signals recorded from the HD-sEMG 

grid using techniques previously described by our lab in collaboration with colleagues at 

Imperial College London and Friedrich-Alexander-Universität Erlangen-Nürnberg  (Del 

Vecchio et al., 2022). Briefly, HD-sEMG signals recorded from the brachioradialis during 

an isometric elbow flexion task were decomposed into individual MUAPs using a modified 

blind source separation protocol, adapted from (Negro et al., 2016), which utilises the 

unique 2D spatiotemporal features, or fingerprint, of each MUAP to identify their 

individual firing times. This decomposition technique has been used previously for the 

tracking of individual MUs across multiple sessions spanning one month, recorded while 

two NHPs perform an isometric elbow flexion task (Del Vecchio et al., 2022). Spike-

triggered averaging used the MU firing times as triggers to aid in the validation of the 

decomposition, and to align the MUAPs temporally. Scripts for decomposition analysis 

were provided by Prof Alessandro Del Vecchio. 

The number of MUs decomposed during the task performance was recorded for each 

electrode per session. The trigger-aligned MUAPs were averaged per electrode to provide 

an average MUAP pattern across the grid. The peak-peak amplitude of the average MUAP 

was measured and used for later MUNE analysis.  

Motor unit number estimation (MUNE)  
The MUNE calculation followed the protocol proposed by (van Dijk et al., 2008). The 

MUNE value for the grid was calculated using Eq (5.1): 

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = �𝑤𝑤(𝑖𝑖)
𝑖𝑖

CMAP(𝑖𝑖)
mean MUAP(𝑖𝑖)

 

(5.1) 
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where CMAP(i) and mean MUAP(i) are the peak-peak amplitudes of the CMAP and mean 

MUAP recorded from the i'th channel. The weight function w(i), described in Eq. (5.2), 

weights the channel-by-channel MUNE values so as to account for differences in 

amplitude. 

𝑤𝑤(𝑖𝑖) =
mean MUAP2(𝑖𝑖)
∑ mean MUAP2(𝑖𝑖)𝑖𝑖

 

(5.2) 

The MUNE value for each session was tracked over time for each animal, along with the 

average MUAP and maximal grid CMAP peak-peak amplitudes. This analysis was 

performed on the left and right BR muscle of Monkey Ma, but only the right BR of Monkey 

Mi as she was unable to learn the task with her left arm. These measures were compared 

against a mean MUAP amplitude and CMAP amplitude collected from a series of baseline 

sessions. All baseline sessions for Monkey Ma were collected prior to the virus injections, 

while for Monkey Mi, as before, baseline sessions were collected following the nerve injury 

recovery, with some sessions collected in the weeks following the virus injections. Baseline 

sessions are displayed under the grey shaded block in Figure 5.2 – 5.5. 

Statistical analysis 

All data and statistical analysis was performed offline using custom scripts written in the 

MATLAB environment (R2020a, MathWorks). Paired t-tests were performed on all 

measures against their respective baseline periods. Any results that reached the alpha 

significance level, set as 0.05, were marked with black markers in subsequent plots. The 

Benjamini Hochberg (BH) procedure was performed for each muscle, and also for each 

MUNE related measure, to correct for false positives discovered with the use of multiple 

comparisons (Benjamini and Hochberg, 1995), and any sessions which passed the BH 

correction were marked in red. 
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Results 

Compound Muscle Action Potential (CMAP) 
Compound muscle action potentials (CMAP) were collected from chronically implanted 

intramuscular EMG electrodes in eight upper limb muscles, bilaterally, and tracked weekly 

for approximately seven months following the viral targeting of motoneurons innervating 

the right brachioradialis muscle. Figure 5.1A displays an example of the M-waves recorded 

from the intramuscular right BR (R-BR) electrode of Monkey Ma from each stimulus 

intensity in a baseline session. The peak-peak amplitude from each stimulus was measured 

and plotted, displaying the sigmoid-like curve, characteristic of healthy muscles (Figure 

5.1B). The maximal CMAP amplitude was derived from an average of the supramaximal 

values from the flat portion of the sigmoid curve. Nine weeks after the injection of a 

combination of viral vectors designed to target and transfect the spinal motoneurons (MNs) 

supplying the R-BR, the stimulus-response CMAP scans of this muscle began to display a 

stepped appearance such as is often seen in MND patients, and thought to be indicative of 

MU loss (Figure 5.1C) (Maathuis et al., 2013). This stepped appearance was intermittently 

present in scans collected from the R-BR for the duration of the project. The size and pattern 

of the steps frequently changed, presumably due to the compensatory reinnervation. The 

steps appeared in the R-ECR muscle one month after the R-BR, and in fact became very 

pronounced in the last month of the project. The CMAP scans of the L-BR, and particularly 

the L-ECR and L-EDC also began to exhibit the stepped appearance at a similar time to the 

R-ECR.  

Monkey Mi suffered a nerve injury prior to the injection of the AAVs, which caused a much 

more marked and obvious appearance of steps in the CMAP scan. This stepped appearance 

recovered over the course of six weeks, at which point we began the investigation phase of 

the project by injecting the viral vectors (Figure 5.2A). This stepped pattern re-appeared in 

the R-BR of Monkey Mi, one month after the virus injection (Figure 5.2B), and while the 

location and appearance of the steps changed regularly, their presence remained throughout 

the extent of the project (Figure 5.2C-F). Steps were also present in the CMAP scans 

recorded from the L-BR in Monkey Mi two months after the virus injections, however they 

were much less pronounced.   
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Figure 5.1. A series of decremental M-waves, elicited from median and radial innervated 
muscles of the forearm were used to assess the health of the muscles in a NHP model of MND. 
(A) An example series of superimposed M-wave responses recorded from a chronically 
implanted EMG electrode in the right BR of monkey Ma. (B) The peak-peak amplitude of the 
CMAP at each stimulus intensity was used to generate the CMAP scans, with maximal CMAP 
amplitude of each response plotted against stimulus intensity. In healthy muscles, the CMAP 
scan has the appearance of a sigmoid-like curve. Prior to the injection of the AAV vectors, the 
scans collected from the R-BR of monkey Ma showed this continuous, sigmoidal shape, 
however nine weeks after the virus injections a series of breaks or steps became evident in the 
curve (C). This stepped appearance is characteristic of the CMAP scans of patients with MND 
(Maathuis et al., 2013). (D) Simultaneous to the intramuscular recordings, a HD-sEMG 
electrode grid placed over the skin covering the BR muscle recorded surface signals. The 
CMAP is recorded at each electrode site across the grid, adding spatiotemporal information. 
(E) The peak-peak amplitude was measured as before, giving CMAP amplitude scans for each 
contact. D and E refer to an example set of grid recordings from monkey Ma, prior to virus 
injections. No stepped appearance was present in the CMAP amplitude collected from the grid 
at any point during the duration of the project for monkey Ma, but steps did appear in the 
surface CMAP scans collected from the R-BR of monkey Mi one month after the virus injection 
(Figure 5.2).  
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Figure 5.2. CMAP scans collected from the R-BR muscle of Monkey Mi displayed a stepped 
appearance, characteristic of CMAP scans collected from MND patients. (A) Six weeks after 
the accidental nerve injury, and immediately prior to the virus injections, the CMAP scans 
collected from the R-BR of Monkey Mi appeared sigmoidal in shape. (B) Clear steps in the 
CMAP scan emerged one month after the virus injections, indicating the occurrence of MU 
remodelling (Maathuis et al., 2013). The position of the steps, as well as the maximum CMAP 
amplitude were noted to regularly change during the seven months of recording following the 
virus injections (C-F).   
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The peak-peak CMAP amplitude of each muscle was measured each week for the duration 

of the project, which spanned the baseline period and a seven month intervention phase 

once the viruses designed to transfect the BR spinal MNs had been injected. No change in 

the peak-peak amplitude of the CMAP was recorded in the two flexor muscles studied in 

both the right and left arms of Monkey Mi (Figure 5.3A, B; Figure 5.4A, B). The CMAP 

amplitude recorded from the R-BR of Monkey Mi decreased twelve weeks after the virus 

injections and remained so for eleven weeks, before returning to within baseline limits 

(P<0.05) (Figure 5.3E). During this reduction noted in the R-BR, the amplitude of the R-

ECR CMAP increased intermittently (P<0.05). After the same length of time, it also 

normalised (Figure 5.3C). Neither of these changes in the CMAP amplitude passed the BH 

correction for multiple comparisons. The CMAP amplitude of the R-EDC remained very 

low (<200µV) for the duration of the study (Figure 5.3D). It is possible that the nerve fibres 

supplying this muscle were the most damaged during the radial nerve injury sustained by 

Monkey Mi during a cuff implantation surgery. In fact, the CMAP amplitudes for each of 

the radial innervated muscles in the right limb were much lower than those recorded from 

the left limb (Figure 5.4C-E), suggesting a long lasting impact of the injury. 

The CMAP amplitude of the L-BR muscle in Monkey Mi interestingly also decreased in 

the same week as the R-BR (P<0.05) (Figure 5.4E). This reduction lasted the duration of 

the recording period. The CMAP amplitude of the L-EDC was variable, with significant 

fluctuations from baseline recorded both prior to and during the decrease noted in the R-

BR (Figure 5.4D). The first of these increases passed the BH correction for multiple 

comparisons. No differences in CMAP amplitude were recorded in the other muscles 

sampled in the left arm. 
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Figure 5.3. Tracking the intramuscular peak-peak CMAP amplitude in the right forearm of 
monkey Mi. (A,B) The CMAP amplitude of the median innervated flexor muscles did not change 
during the project. The baseline period is indicated by the grey shaded box and the time point 
of the virus injections, which were designed to induce an overexpression of TDP-43 in the right 
brachioradialis (R-BR), is indicated by the red dashed line. (C) The CMAP amplitude in the R-
ECR increased 12 weeks after the virus injections and remained elevated for a further 11 weeks 
(P<0.05). These increases reached alpha significance, but did not pass the BH multiple 
correction test, and so are marked in black. Results which passed the BH test are marked in 
red. (D)Only a very low response was recorded from the R-EDC during the project. It is likely 
that the nerve fibres supplying this muscle were unable to recover following the nerve injury 
sustained by this animal. (E) The CMAP amplitude recorded from the R-BR muscle declined 
at the same time as the increase was recorded in the R-ECR. This reduction was sustained for 
11 weeks (P<0.05). The dashed line indicates the baseline mean, and dotted lines 2 standard 
deviations (SD) of the baseline. 
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Figure 5.4. Tracking the intramuscular peak-peak CMAP amplitude in the left forearm of 
monkey Mi. (A,B) The CMAP amplitude of the median innervated flexor muscles did not change 
during the project. The baseline period and time point of injection are represented as in Figure 
5.3. (C) No change in the CMAP amplitude of the L-ECR muscle was recorded during the 
project. (D) The CMAP amplitude of the L-EDC was variable, with significant fluctuations 
from baseline recorded both prior to and during the decrease noted in the R-BR. The first of 
these increases in the L-EDC CMAP amplitude was the only to pass the BH test for multiple 
comparisons (marked in red). The points that did not pass the BH test but reached the alpha 
level are marked in black. (E) A decrease in the CMAP amplitude of the L-BR was recorded at 
the same time as occurred in the R-BR, however this decrease was sustained for the duration 
of the project, with four sessions reaching the alpha significance level. The dashed line 
indicates the baseline mean, and dotted lines 2 SDs of the baseline. 
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The intramuscular peak-peak CMAP amplitude was measured and tracked in the same way 

in Monkey Ma. No changes were detected in the R-FCR muscle, but as the project 

progressed, increasing fluctuations were recorded in the R-FDS, with both increases and 

decreases in CMAP amplitude passing BH correction (Figure 5.5A, B). The CMAP 

amplitude from the R-ECR and R-EDC radial innervated muscles increased from early in 

the intervention stage of the project, and prior to any recorded changes in the R-BR (Figure 

5.5C-E). The R-EDC CMAP increased shortly after the virus injections and remained 

elevated for the entirety of the project. The CMAP amplitude of the R-ECR primarily 

increased during the study, however a two week long reduction was recorded nineteen 

weeks after the viral targeting of the R-BR muscle. After this period, the CMAP amplitude 

again increased beyond the baseline amplitude. The R-BR CMAP amplitude did not 

increase above baseline levels at any point during the project, and instead three distinct 

periods of reduced amplitude were recorded, each of which passed the BH correction for 

multiple comparisons. The first of these reductions in amplitude occurred eleven weeks 

post virus injections and endured for two weeks. A further decrease occurred six weeks 

later and lasted for four weeks. The second reduction in occurred at the same time as the 

R-ECR CMAP amplitude reduced. During this time, the amplitude of the R-EDC also 

decreased from its elevated state back within baseline limits, though it quickly recovered.  

The median innervated muscles sampled in the left limb of Monkey Ma remained 

unchanged for the approximately seven months in which they were recorded from (Figure 

5.6A, B). In contrast to this, the CMAP amplitudes collected from the L-ECR and L-EDC, 

similar to the contralateral limb, increased well beyond the amplitudes recorded before the 

injection of the viruses targeting the R-BR MNs (Figure 5.6C, D). The amplitude of the 

CMAP recorded from the L-ECR increased six-fold in comparison to the baseline 

recordings. The CMAP amplitude recorded from the L-BR was more variable, with both 

increases and a decrease in amplitude recorded (Figure 5.6E). These changes in amplitude 

did not meet the threshold for significance set by the BH correction, unlike the other two 

radially innervated muscles sampled. The decrease in L-BR CMAP amplitude did however 

occur within the second reduction of amplitude recorded in the R-BR. 
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Figure 5.5. Tracking the intramuscular peak-peak CMAP amplitude in the right forearm of 
monkey Ma. (A) The CMAP amplitude recorded from the R-FCR muscle did not change over 
the course of the project, however increasing fluctuations were recorded in the R-FDS, with 
both increases and decreases in CMAP amplitude passing BH correction (marked in red) (B). 
The points that did not pass the BH test but reached the alpha significance level are marked in 
black. The baseline period and time point of injection are represented as in Figure 5.3. (C, D) 
The CMAP amplitude recorded from both the R-ECR and R-EDC became elevated 4 and 3 
weeks after the injection of the AAV viruses, and remained higher than the baseline period with 
an exception of a 3 week period in which the R-ECR CMAP amplitude became significantly 
smaller than the baseline CMAP and the R-EDC dropped back into the baseline range. (E) The 
CMAP amplitude recorded from the R-BR was decreased in three independent periods, each 
of which passed the BH correction. In these graphs, the middle dashed line represents the mean 
baseline CMAP amplitude, and the lines on either side display 2 standard deviations of the 
baseline mean. The dashed line indicates the baseline mean, and dotted lines 2 SDs of the 
baseline. 
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Figure 5.6. Tracking the intramuscular peak-peak CMAP amplitude in the left forearm of 
monkey Ma. (A, B) The CMAP amplitude recorded from the flexor muscles did not change from 
baseline, with the exception of one session, 6 months after the virus injections where the L-
FCR CMAP amplitude increased (P<0.05). The points that did not pass the BH test but reached 
the alpha significance level are marked in black, whereas those that successfully passed are 
marked in red. The CMAP amplitude recorded from the L-ECR and the L-EDC were 
significantly increased compared to their respective baseline periods, with their values passing 
the BH correction (C, D). They remained elevated for the entire project, at no point crossing 
below the baseline mean, indicated by the middle dashed line. The two lines on either side 
represent 2 standard deviations of the baseline mean. (E) The CMAP amplitude recorded from 
the L-BR was more variable, first increasing 3 months after the injection followed by a 2 week 
decrease 2 months later, and finally a further increase in amplitude (P<0.05). These changes 
did not pass the BH test for multiple comparisons. The dashed line indicates the baseline mean, 
and dotted lines 2 SDs of the baseline. 
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Motor unit number estimation (MUNE) 
During the nerve stimulation protocol, a 64 channel HD-sEMG electrode grid 

simultaneously recorded the responses from the surface of the BR muscle (Figure 5.1C). 

The peak-peak amplitude was measured for each channel as before, and used to produce 

CMAP scan plots (Figure 5.1D). No stepped appearance was evident in the surface CMAP 

scans collected from Monkey Ma, or the left BR of Monkey Mi but was present in those 

recorded from the R-BR one month after the virus injections. Not every electrode across 

the grid displayed these changes, and the position of the affected electrodes was not stable 

over time. The average surface CMAP amplitude across the grid was tracked for the left 

and right BR muscles of both animals, while the maximal CMAP from each electrode 

contact was used for estimating the number of MUs in the muscle.  

Individual MUAPs were decomposed from voluntary activity performed by the animals 

within a set force range. Figure 5.7A and B demonstrate a selection of the lower amplitude 

MUAPs (<800µV) active across the grid. The close up in panel B shows the entire sample 

of MUAPs recorded in that example channel, and clearly shows the variation in the 

amplitude of recorded MUAPs. The individual MUAPs active for each channel of the 

electrode grid were averaged, to generate a mean MUAP for each channel (Figure 5.7C, 

blue trace). The spatiotemporal profiles of the CMAP (red trace) and mean MUAP (blue 

trace), did not perfectly match, suggesting that the MUAP sample may not be representative 

for the entire muscle (van Dijk et al., 2008).  
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Figure 5.7. A modified decomposition protocol detected the individual MUAPs active during 
an isometric task performed by two NHPs. (A) A sample of decomposed MUAPs active in the 
64 electrodes of a HD-sEMG grid recorded during an isometric elbow flexion task performed 
by monkey Ma. 2 high amplitude units (>800µV) were excluded from this figure to improve 
clarity. 12 MUAPs were decomposed from the voluntary activity recorded during the task, all 
units, including the high amplitude units, are displayed in (B). (C) The MUAP (blue trace) and 
CMAP (red trace) were aligned and the scaled MUAP amplitude was divided into the CMAP 
amplitude for each channel. A weighted average was derived to give the motor unit number 
estimation (MUNE) for the total surface CMAP (see Eq (5.1) and (5.2)).   
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Decomposition spike-triggered averaging MUNE analysis was performed on the R-BR of 

Monkey Mi and both the L-BR and R-BR of Monkey Ma. As the MUAP decomposition 

method used in this study relied on HD-sEMG signals recording during voluntary activity, 

we were limited to the muscles which could be sampled. As such, we were unable to 

perform MUNE analysis on the control L-BR of Monkey Mi. There is evidence that 

different levels of force produced during voluntary contractions can impact the MUNE 

values, and so the animals were trained to perform the isometric task within a set force 

range (1.6-3.2 N.m) in order to standardise results (Boe et al., 2005). The mean MUAP 

signal from each electrode site was divided into the maximal CMAP for the respective 

channel, and appropriately weighted, using a formula proposed by van Dijk et al. (2008) 

(Eq. 5.1 and 5.2).  

The accidental injury to the Monkey Mi’s right radial nerve complicated the collection of 

baseline data due to strict time constraints. A group of ten sessions spanning the weeks 

immediately preceding and succeeding the virus injections was collected as baseline 

(marked by the grey shaded boxes). During this time, many fewer MUs were decomposed 

by the algorithm than in the months prior to the injury (marked by the blue shaded area), 

with only one MU identified in two of the baseline sessions (Figure 5.8A). The ongoing 

recovery following the radial re-innervation may contraindicate these sessions for use as a 

baseline. It is therefore relatively unsurprising that following a further six weeks, the 

number of decomposed MUAPs per session increased significantly and stabilised.  

The average MUAP amplitude varied between 200-400µV prior to the accidental nerve 

injury. In the first four months following the nerve injury and subsequent virus injections, 

primarily small amplitude MUAPs were sampled and identified in the HD-sEMG signals 

from the R-BR by the decomposition algorithm for Monkey Mi, with the amplitude of the 

mean MUAP and the total range of MUAPs recorded <150µV (Figure 5.8B). Sixteen weeks 

after the virus injections the amplitude of the sampled MUAPs increased progressively. 

The mean MUAP amplitude remained elevated from this week until the end of the study, 

with the majority of these results passing the BH multiple comparison correction. The 

variability in the identified MUAPs also increased during this time, with amplitudes 

ranging from <40µV to >350µV.  

The CMAP amplitude began to progressively increase the week after the virus injections, 

possibly due to the ongoing recovery of the radial nerve post injury (Figure 5.8C). Ten 
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weeks into the tracking phase of the project, post virus administration, the mean CMAP 

amplitude across the grid began to decrease, at which point it remained towards the lower 

end of the baseline values. While this decline did not reach significance, a clear trend can 

be seen. The decrease in the surface R-BR CMAP occurred in the same week as a reduction 

in intramuscular CMAP was recorded (Figure 5.3E).  

The MUNE values calculated from the sessions at the outset of the experiment were very 

high, ranging from 237-426 in the baseline period (Figure 5.8D). At week ten, the MUNE 

value sharply decreased to <200, and within five weeks had progressively decreased to 

below 20. The MUNE did not then increase above 20 for the duration of the project. Each 

of the MUNE values following the ten week mark passed the BH test for multiple 

comparisons. The significant reduction in the MUNE first occurred in the same week as 

the downward trend in the surface CMAP amplitude became clear, and was followed 

closely by the increase in mean MUAP amplitude.  
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Figure 5.8. MUNE was calculated for the R-BR muscle of Monkey Mi from surface EMG 
signals recorded using a HD-sEMG grid. (A) The number of MUs decomposed during the 
isometric task was higher prior to the nerve injury (16±5), indicated by the blue shaded 
area, than immediately after the injury. Due to time constraints, the baseline period was 
collected during the latter half of the animal’s recovery from the nerve injury. Sessions 
immediately following the virus injections were added to this baseline period in order to 
compensate for the recovery time (grey shaded area). The number of MUs decomposed by 
the algorithm increased 6 weeks after the injections and remained elevated, however they 
were still fewer than the MUs decomposed prior to injury (11±3). The increased numbers 
of MUs decomposed before and after the baseline period reached alpha significance level 
of 0.05 (marked in black), with 9 sessions prior to injury, and 1 session following the virus 
injections also passing the BH correction (marked in red). (B) The average MUAP 
amplitude was over 200µV for all session but one, prior to the nerve injury (blue shaded 
area). The range of MUs decomposed by the algorithm in the first 4 months post-injury 
were all low amplitude units (<150µV). The mean MUAP amplitude increased 16 weeks 
after the virus injections due to an increased decomposition of larger amplitude units. 
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Deviations which reached the alpha significance level (0.05) were marked in black while 
those that also passed the BH correction for multiple comparisons were marked in red. The 
decomposition of larger amplitude units did not prevent the simultaneous isolation of 
smaller amplitude units. (C) No significant changes were recorded in the CMAP amplitude 
compared to baseline, although a downward trend was observed 10 weeks after the virus 
injections. (D) The MUNE values calculated from the mean MUAP and CMAP amplitudes 
recorded across the grid electrode were highly variable, ranging from 237-426 in the 
baseline period. At week 10, the MUNE value sharply decreased to <200, and within five 
weeks had progressively decreased to below 20 where it remained for the duration of the 
study. The reduced MUNE values after week 10 all passed the BH correction. Error bars 
indicate SD, and dashed line represented the baseline mean and dotted lines represent 2 
SDs of the baseline. Due to the accidental breakage of the chronic nerve cuff electrode 
wires, no stimulation data were recorded between Nov 2019 and Feb 2020 while the second 
surgery was planned, performed and subsequently recovered from. CMAP amplitude, and 
so also the MUNE derived from these values, were not recorded during this time (B-D). 
The animal was able to continue performing the trained behavioural task during this time, 
allowing for the decomposition of MUs.  
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A mean of eleven (±3) MUs were decomposed from the R-BR of Monkey Ma during the 

isometric elbow flexion task during the baseline period (marked by the grey box, Figure 

5.9A). This number was fairly stable each session, with the exception of a five week long 

reduction which occurred nine weeks after the virus injections. In this time the number of 

MUs decomposed decreased to as low as three (P<0.05). A further reduction occurred four 

months later, with the number of decomposed units dropping to four. Neither of these losses 

of decomposed MUs survived the BH correction for multiple comparisons. The amplitude 

of the decomposed average MUAP did not change significantly, however the size range of 

the decomposed MUAPs progressively declined until only those with a peak-peak 

amplitude of <200µV were identified (Figure 5.9B).  

The average peak-peak CMAP amplitude across the grid showed a very different result to 

that recorded by the R-BR intramuscular electrodes (Figure 5.5E). No periods of reduction 

were recorded in the surface CMAP amplitude, which instead remained fairly stable for 

seven months of recordings with the exception of one session in which the average 

amplitude was larger than the baseline amplitude (6 weeks post injection, P<0.05) (Figure 

5.9C). In the final weeks of the project, a downward trend in CMAP amplitude began to 

appear, and the inter-channel variability, expressed by the shaded error bars decreased 

indicating a loss of MUAP number or of the high threshold MUAPs, which contribute to 

the CMAP. 

The MUNE values calculated for the R-BR of Monkey Ma were much lower than those 

calculated for the same muscle in Monkey Mi. The MUNE results calculated during the 

baseline period and during the tracking period were not significantly different, with all 

results fluctuating between 15.9 and 44.5 (Figure 5.9D).  
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Figure 5.9. MUNE was calculated for the R-BR muscle of Monkey Ma from surface EMG 
signals recorded using a HD-sEMG grid. (A) A mean of 11 (±3) individual MUs were 
decomposed during the baseline period (grey shaded area) collected prior to the virus 
injections, indicated by the red dashed line. The number of decomposed units decreased 9 
weeks after the virus injections for a duration of 5 weeks, at which time the number of units 
decreased to as low as 3 in one session (P<0.05). A further reduction occurred four months 
later, with the number of decomposed units dropping to four. Deviations from baseline 
which reached alpha significance but did not pass the BH correction for multiple 
comparisons were marked in black.(B) The amplitude of the decomposed MUAPs did not 
change significantly, however the size range of the MUAPs progressively declined until 
only those with a peak-peak amplitude of <200µV were identified. (C) The surface peak-
peak CMAP amplitude did not decrease compared to baseline, as was recorded in the 
intramuscular CMAP. A slight arched trend was noted, with the amplitude in a session 6 
weeks after injections six weeks after virus injection increasing beyond baseline (P<0.05) 
followed by a gradual decline in amplitude in the final month of recording following 6 
months of stability. (D) The MUAP and CMAP amplitudes contributed to the MUNE 
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calculation, which gave small values ranging between 16 and 45. No change from baseline 
MUNE was recorded in the R-BR of this animal. Error bars indicate SD, and dashed line 
represented the baseline mean and dotted lines represent 2 SDs of the baseline. 
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As Monkey Ma also learnt to perform the isometric elbow flexion task with her left arm, 

we were able to implement the MUNE analysis on her L-BR. Similar to the R-BR, a mean 

of twelve (±3) MUs were decomposed during the baseline period, collected prior to the 

injection of the combination of viruses. The numbers of MUs decomposed by the algorithm 

did not change during the project (Figure 5.10A). Only small amplitude MUAPs (<200µV) 

were recorded during the baseline sessions. After the time point at which the viruses were 

injected (marked by the red dashed line), an increased range of MUAPs were decomposed, 

with many larger MUAPs present (Figure 5.10B). The addition of larger MUAPs did not 

bias the algorithm against smaller amplitude units, as the error bars show a wide range 

(<100µV: >600µV). The amplitude of the mean MUAP progressively declined six months 

after the viral administration until no large amplitude MUAPs were decomposed. The 

fourteen MUAPs decomposed during the final session were significantly smaller than those 

recorded during the baseline period (<100µV). The changes in the amplitude of the MUAPs 

recorded in the L-BR of Monkey Ma all passed the BH multiple comparisons corrections 

(indicated by a red marker).  

The CMAP amplitude recorded across the surface of the L-BR muscle exhibited a similar 

arch- like trend to that seen in the R-BR of this animal, with a smaller peak-peak amplitude 

recorded during the baseline sessions and the final month of recordings than the seven 

months following the viral vector injections (Figure 5.10C). The CMAP amplitude 

increased in the final week of January, the same time at which an increase was recorded in 

the R-BR surface CMAP amplitude (Figure 5.9C). The increase in the L-BR was 

maintained for seven weeks (P<0.05), however the increase did not pass the BH multiple 

comparisons test.   

There was greater variation in the MUNE values calculated from the left arm than the right; 

and the values themselves were higher (Figure 5.10D). The MUNE values collected from 

the baseline period ranged from 47.55 to 123.20. Following the virus injections targeting 

the contralateral BR muscle, the MUNE values remained largely between 40 and 100, with 

the exception of a five week period where the MUNE decreased below 30 (P<0.05).  
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Figure 5.10. MUNE was calculated for the L-BR muscle of Monkey Ma from surface EMG 
signals recorded using a HD-sEMG grid. (A) A mean of 12 (±3) MUs were decomposed 
from the baseline period (grey shaded area), collected prior to the injection of the 
combination of viruses (indicated by the red dashed line). (B) The decomposition algorithm 
detected a wider range of MUs after the virus injection, which lead to an increase in the 
mean MUAP amplitude. 6 months after the virus injections, this increase in the mean 
amplitude decreased and ultimately became lower than the baseline mean MUAP 
amplitude. All of the changes in MUAP amplitude passed the BH correction, thus they are 
marked in red. (C) The CMAP amplitude in the L-BR followed a similar trend to that seen 
in the R-BR of Monkey Ma (Figure 5.8D), with an increase in the amplitude recorded 6 
weeks after the virus injections which was maintained for 7 weeks (P<0.05). These 
increases in CMAP amplitude from baseline did not survive the BH test and so are marked 
in black. A downward trend in the CMAP amplitude was noted in the same session as the 
decrease in the MUAP amplitude. (D) The MUNE values calculated from the L-BR were 
higher than the R-BR MUNE values. The MUNE ranged largely between 40 and 100 
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following the virus injections, with an exception of a 5 week period where the MUNE 
decreased to <30 (P<0.05). Error bars indicate SD, and dashed line represented the 
baseline mean and dotted lines represent 2 SDs of the baseline. 

 

 

 

Discussion 
In this study we applied techniques used clinically, such as MUNE and the more 

straightforward tracking of CMAP amplitude for between seven and eight months in two 

macaques overexpressing the protein TDP-43, implicated in the propagation of MND, in 

the spinal MNs supplying their right BR muscle. We were able to track the CMAP 

amplitude in five forearm muscles bilaterally using chronically implanted intramuscular 

EMG electrodes and chronic stimulating cuffs surgically placed around the radial and 

median nerves. Using decomposition techniques recently validated in Monkey, we were 

able to isolate surface MUAPs from the left and right BR muscles with the use of a HD-

sEMG electrode grid (Del Vecchio et al., 2022).This same grid was used to collect the 

surface CMAP across the muscle. These readings allowed us to perform MUNE analysis 

on the BR muscles, an analysis technique which is being incorporated into the clinical 

assessment of MND patients more and more frequently.  

There are various methods of performing MUNE, with most differing in regards to their 

MUAP identification techniques. In order to validate MUNE for its potential use as a 

clinical biomarker, more work must be performed to make sense of the individual 

differences in the values given by the varying techniques. Efficient animal models are 

crucial to the improvement of our understanding, where factors such as posture, electrode 

position and regularity of sampling, all of which have shown to impact MUNE and CMAP 

amplitude values, can be better controlled for than is possible clinically (Boekestein et al., 

2012, Maathuis et al., 2008). We were able to control for these factors by using chronically 

implanted stimulating cuff electrodes placed around the radial and median nerves; 

chronically implanted intramuscular EMG electrodes; a semi-permanent marking of grid 

position that was re-applied daily and an arm cast to position the limb in an identical posture 

each session.  
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Similar studies have been performed in rodent models of MND, using the time intensive 

MPS stimulation method while the animals were anaesthetised (Shefner et al., 2006).  There 

is much debate as to the relevancy of rodent models for such a complex human motor 

disorder, thought to involve the direct corticomotoneuronal pathway that rodents lack. In 

order to recapitulate the disease so as to develop and validate clinical assessments, an 

animal such a non-human primate (NHP) is required. We employed MUNE in our range of 

electrophysiological techniques in the hopes of validating the technique for the assessment 

of a MND-like denervation event and validating our model alike. Due to the nature of 

primate research, adaptations were made to the MUNE protocol. Rather than sampling 

MUAPs using ICT or MPS methods, which may be uncomfortable and would be extremely 

time intensive if the animal were to produce any voluntary activity during the sampling, 

MUAPs were decomposed from voluntary activity collected while the animals performed 

an isometric elbow flexion task within a set force range.   

MUNE produced highly variable results in this longitudinal study in a NHP model of MND. 

Relatively small fluctuations in CMAP or mean MUAP amplitude led to exaggerated 

changes in the estimated MU number (Figure 5.8). Furthermore, the weighting function 

proposed by van Dijk et al. (2008) for multi-electrode MUNE analysis contributed to the 

irregularities. Alterations in the proportion and range of high and low amplitude MUAPs 

collected in each session may bias the weighting factor, leading to the high variability in 

MUNE. This weighting factor was developed to account for noise in MUAPs collected by 

incremental stimulation. It is possible that this technique is not directly transferrable to our 

method, in which MUAP amplitudes, collected from the voluntary activity produced during 

high force movements, often varied between sessions of the same animal.  

The fairly low number of MUs estimated to be present in the left and right BR of Monkey 

Ma, and in the R-BR of Monkey Mi during the latter half of the project were somewhat in 

line with previous research regarding the functionality of MUNE in regards to force levels 

(Boe et al., 2005, Boe et al., 2006, Peng et al., 2016). When MUNE has been tested with 

MUAPs decomposed from voluntary activity at various contraction intensities, as the force 

increases so too does the bias of the decomposition algorithm to higher amplitude units, 

leading to an underestimation of the MUNE. The sampling of units by incremental 

stimulation tends to favour smaller amplitude units, a bias which accounts for 

overestimation of the MUNE (Gooch et al., 2014). The predisposition of the algorithm 

towards the detection of small amplitude units in the first four months of Monkey Mi’s 
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recordings may have contributed to an overestimation of MUNE values in this muscle. The 

values and even the large variation were still in keeping with the literature (Peng et al., 

2016). Without a ‘gold standard’ approach for motor unit estimation with which to compare 

against, it is difficult to say whether the variation seen in this study is truly representative 

of ongoing changes or a limitation of the technique. 

It is likely that the MUNE results were so variable due to the method of MUAP extraction 

used in this study, in which the 6kg animals exerted an equivalent of 2-4kgF during their 

task. A clear drawback of an animal model in this case is the feasibility of defining multiple 

force targets for the animal as a percentage of their maximum voluntary contraction 

(MVC). It is likely that the decomposed MUAPs were not representative of the true average 

MUAP in the muscle. However, the decomposition algorithm employed in this study did 

not display this pre-documented bias towards the higher amplitude units, and was clearly 

able to decompose even the smaller amplitude (<100µV) units alongside larger (>600µV) 

units. The only exception to this was seen during the baseline period of the R-BR from 

Monkey Ma. In this case, when units with an amplitude of >800µV were decomposed, there 

was a dropout of the <100µV units. Therefore it is possible that there is a size threshold at 

which point the decomposition algorithm is unable to isolate temporally superimposed 

MUAPs.   

An obvious alternative to our current method for MUAP sampling would be to perform the 

ICT method developed by Mccomas et al. (1971) or the more updated MPS method. Rather 

than decomposing voluntary activity into single motor unit activity, these methods use 

graded stimulation to identify the progressive recruitment of single units. There are many 

technical limitations associated with these techniques, especially in their application in 

NHP research. Any voluntary activity elicited during the sampling prevents the 

identification of units. In fact, human participants and patients are typically provided with 

visual EMG feedback to aid their suppression of voluntary activity. This is more of a 

challenge in NHP work, particularly during time intensive MPS sessions. This technique 

has been successfully applied on anaesthetised rodents, however the necessity for 

anaesthesia may limit the frequency of sampling and any improvements to the technique in 

such a circumstance could not be clearly transferred to a clinical setting. Furthermore, the 

very nature of these MUAP sampling techniques limits the discovery to low threshold 

MUAPs, as high threshold MUAPs are seldom active in isolation and rather form complex 

signal patterns in combinations with many other simultaneously firing MUs. The MUNE 
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values derived from the R-BR of Monkey Mi exemplify the overestimation produced by a 

sample of low amplitude MUAPs. 

The intramuscular CMAP amplitude, with testing at regular intervals, detected a reduction 

in the R-BR of both animals, as well as other changes in primarily the other extensor 

muscles. This reduction was followed by a recovery, most likely due to compensatory 

reinnervation. It is therefore essential to perform regular sampling in order to appreciate 

the ongoing pattern of denervation and reinnervation. The phasic reduction in  the CMAP 

amplitude of R-BR muscle of Monkey Ma may be indicative of a primary, isolated 

denervation event caused by the loss of the originally transfected spinal MNs, followed by 

a secondary spread of pathology and so further reductions. The CMAP amplitude of the 

neighbouring extensor muscles, as well as the contralateral extensors, were also altered 

during this time. Phasic changes in the CMAP amplitude of these muscles, though not 

always in the same direction, may be indicative of spreading pathology throughout the 

motoneurons supplying both limbs. Alternatively, increases seen in the EDC and ECR 

muscles may represent compensatory action.   

Interestingly, the CMAP amplitude recorded across the grid did not show the same 

fluctuations as was recorded on the intramuscular electrodes. The results from the R-BR of 

Monkey Mi may be an exception to this, as a similar downward trend in the CMAP 

amplitude was detected in the grid, which occurred at the same time point as was detected 

by the implanted electrodes. As the intramuscular and surface electrodes sample different 

populations of MUs, it is possible that the deep MUs were more efficiently targeted by the 

viral vector, which was injected near the endplate regions deep within the BR muscle.  

The hyperintense signal detected in MRI scans of the R-BR (see Chapter III), together with 

the phasic limb-wide changes in voluntary activity during an isometric hold task (see 

Chapter IV) indicated the occurrence of an initial disturbance in the transfected muscle, 

followed by on-going denervation and reinnervation in additional muscles. MUNE and 

CMAP analysis, however, were not efficient in detecting an MND-like denervation event 

in a NHP model of MND. The MUNE values were highly variable between animals and 

between muscles of the same animal, and clear over or underestimations were produced 

with minor changes in MUAP or CMAP amplitude. MUNE analysis is not currently relied 

on clinically due to high variability between healthy participants and longitudinally, 

therefore the variation in MUNE values between the animals and limbs of the same animal 
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was not unexpected. The size of MUAPs is known to increase during the course of MND, 

which in theory could cause an overestimation of the amount of neurodegeneration 

occurring. More research must be performed to understand the subtleties of this analysis 

before it can progress as a clinical biomarker. Technical factors of the MUNE protocol are 

inherently limited in primates, which may contribute to the high variability noted in these 

results. The intramuscular CMAP amplitude proved the most interesting and valuable 

technique for monitoring changes in the muscle health, however regular sampling is 

required in order to identify these changes prior to compensatory reinnervation.  
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CHAPTER VI. Histopathological Changes in the Spinal Cord of a 

NHP Model of MND 

Introduction 
Alpha-motoneurons (α-MNs), Sherrington’s ‘final common path’, located in lamina IX of 

the spinal cord ventral horn, receive direct signals from cortical and subcortical structures 

via pathways such as the corticospinal tract (CST). This pathway provides a monosynaptic 

connection between the α-MNs and corticomotoneuronal (CM) cells of the primary motor 

cortex (M1). An evolutionarily older branch of the CST delivers cortical inputs to 

segmental and propriospinal interneurons, some of which connect to the MNs, providing 

them with indirect cortical signals and modulating their activity. The spinal MNs integrate 

these descending inputs and in turn project to the skeletal muscles of the periphery, thus 

regulating voluntary movement.  

Subsets of α-MNs connect to and supply individual muscles, making up the ‘motor pool’ 

of that muscle. These motor pools are arranged in rostrocaudal columns spanning several 

spinal segments. The motor pools are not anatomically discrete groups, but rather overlap 

with other α-MN pools that innervate functionally similar muscles (Jenny and Inukai, 

1983). The long axons of the neurons within each motor pool travel in bundles, making up 

the peripheral nerves, to terminate within their target muscle. Each motoneuron innervates 

multiple extrafusal muscle fibres within the muscle, making up the motor unit. This 

connectivity allows for the generation of coordinated motor activity within the muscle.  

Other MN subtypes, such as beta- (β-MNs) and gamma-MNs (γ-MNs) are also present in 

the spinal cord. γ-MNs innervate intrafusal muscle fibres located within the muscle spindle, 

providing proprioceptive feedback to the spinal cord regarding the velocity and extent of 

muscle stretch (Hunt and Kuffler, 1951, Kuffler et al., 1951, Matthews, 1981). β-MNs are 

not as well described as the other MN subtypes, however they have been shown to innervate 

both intra- and extrafusal fibres (Barker et al., 1977, Bessou et al., 1965). These subtypes 

are difficult to differentiate histologically. All MNs express choline acetyl transferase 

(ChAT), the enzyme responsible for the synthesis of the neurotransmitter acetylcholine 

(ACh) (Barber et al., 1984). α-MNs are large, multipolar cells found in the well-defined 

rexed laminae IX. The morphological features of this cell type facilitate their identification, 

and there is also evidence that these cells can be identified by their expression of the 

neuronal marker NeuN together with ChAT. β- and γ-MNs, both much smaller than α-MNs, 
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are more difficult to distinguish from each other. NeuN expression can be used to 

differentiate between α- and γ-MNs, as the latter population downregulate this protein 

(Shneider et al., 2009). The receptor protein, Err3, has been used as a selective marker for 

γ-MNs in rodents, and while it has been documented with some success in cultured human 

γ-MNs its broader application in human tissue is unconfirmed (Lalancette-Hebert et al., 

2016, Colon et al., 2017).  

Contradicting their classical definition as large cells, α-MNs are not uniform in size. It has 

been established for some time that variations in MN size are inversely related to their 

electrical activity and recruitment order (Henneman, 1957, Le Masson et al., 2014). 

Differences in size also contribute to varying vulnerability to degeneration in MND. Larger 

MNs, generally in control of larger motor units are thought to degenerate before their 

smaller counterparts (Le Masson et al., 2014, Nijssen et al., 2017). 

a-MN pathology in MND 

Motor neurone disease (MND) is characterised by the rapidly progressing degeneration of 

specific subsets of neurons involved in motor processing and movement. During the 

progression of this disease, the nuclear protein TDP-43 undergoes cytoplasmic 

mislocalisation and becomes phosphorylated, at which point pTDP-43 inclusions form 

(Neumann et al., 2006, Arai et al., 2006). This process culminates in the death of the cell. 

α-MNs, often referred to clinically as lower motor neurons (LMNs), are selectively 

vulnerable in (MND), with pTDP-43 pathology developing in the earliest stage of the 

disease (Brettschneider et al., 2013). CM cells (UMNs), despite their differences in 

location, morphology and neurotransmitter profile from the spinal MNs, are also targeted 

during this initial stage. It has been proposed that TDP-43 neuropathology spreads in a 

characteristic pattern throughout the central nervous system (CNS) (Brettschneider et al., 

2013). This spread has been proposed to propagate using a ‘prion-like’ mechanism of self-

perpetuation due to the nature of the TDP-43 aggregates themselves (Nonaka et al., 2013). 

This pattern of spread appears to avoid particular neuronal subsets. MNs themselves are 

not affected equally, with certain subpopulations displaying increased susceptibility 

compared to others (Nijssen et al., 2017). The aforementioned contribution of soma size 

variability is not limited to α-MNs. The small γ-MNs, for example, are thought to remain 

unaffected during the course of the disease, however this finding is yet to be confirmed in 

patient tissue. Within the spinal cord, MND neuropathologies are primarily found in α-
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MNs, which synapse directly with CM cells, or the upper motor neurons, of the primary 

motor cortex (M1) and the extrafusal muscle fibres. Impairments at any link in the chain 

between the cortex and musculature reflect the clinical manifestations of weakness, atrophy 

and loss of dexterity characteristic of MND. Differences in degenerative susceptibility 

within the population of α-MNs is also affected by the contractile speed of their innervation 

targets. Various rodent models of MND have shown a gradient of degeneration, with MNs 

making up the fast fatigable motor units dying off first and those which supply the slower 

motor units often surviving until late in the disease course (Frey et al., 2000, Hegedus et 

al., 2007, Spiller et al., 2016). This pattern of preferential cell involvement and deterioration 

reflects the clinical phenotype observed in each patient throughout the disease course.  

The aim of this study was to determine whether a viral vector mediated TDP-43 over-

expression event within a focal spinal motor pool, would be sufficient to induce MND-like 

pathology. Of particular interest in this study, was whether any proteinopathies identified 

would be limited to only the transfected MNs, or whether this pathology was capable of 

spreading to contiguous cells. We have developed a novel dual virus approach which has 

enabled us to induce the overexpression of the healthy, human TDP-43 protein in only the 

spinal MNs which innervate the right brachioradialis (BR) muscle. Evidence of TDP-43 

pathology in cells other than those transfected may support the argument for this protein 

acting in a ‘prion-like’ fashion.  
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Methods  

Animals 
Tissue was collected from two chronically implanted adult female awake behaving 

Monkeys (M. mulatta; Monkeys Mi and Ma, age 6 years, weight 6.1 and 6.9kg at outset) 

and one female control animal (age 3 years). All animal procedures were performed under 

appropriate licences issued by the UK Home Office in accordance with the Animals 

(Scientific Procedures) Act (1986) and were approved by the Animal Welfare and Ethical 

Review Board of Newcastle University.  

Immunohistochemistry 
Following the completion of the study, the animals were anaesthetised to a lethal level by 

administering intravenous propofol. The animals were perfused through the heart with 

phosphate buffered saline (PBS) PBS followed by 10% neutral buffered formalin (NBF). 

The cortex, cerebellum, brainstem and spinal cord were removed and immersed in 10% 

NBF for 16 hours at 4°C before progressing through ascending concentrations of PBS 

sucrose (10%, 20%, 30%) for cryoprotection. A freezing sledge microtome (8000-01, 

Bright Instruments Co. Ltd, United Kingdom) connected to a solid state freezer (53024-01, 

Bright Instruments Co. Ltd, United Kingdom) was used to cut the spinal cord into 40µm 

coronal sections. All sections were stored free floating in PBS at 4°C until further 

processing.  

Fluorescent viral tag 
Sections from cervical segments spanning and surpassing those known to supply the BR 

muscle (C4-C8) were labelled with an antibody against red fluorescent protein (RFP) and 

its variants in order to detect tdTomato positive cells. Sections were collected at 960µm 

intervals for anti-RFP immunostaining to detect the tdTomato viral tag (600-401-379, RFP 

Pre-adsorbed Polyclonal Antibody, Rockland; 1:1000). Primary antibody dilutions were 

performed using a PBS solution containing 0.3% Tween-20 (Sigma-Aldrich) and 5% 

donkey serum (Bio-Rad Laboratories). A goat anti-ChAT polyclonal antibody (Sigma-

Aldrich; 1:500) was applied to the sections overnight at 4°C. The sections were washed in 

PBS 3 times before a donkey anti-goat Alexa Fluor 488 (ab150129, abcam; 1:1000) was 

applied as a secondary antibody for 2 hours at room temperature. The sections were 

shielded from light during the secondary incubation and for all subsequent steps to prevent 

bleaching of the signal. The sections were again washed 3 times in PBS before being 
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mounted onto Superfrost Plus slides (Thermo Scientific). Once the sections had dried and 

adhered onto the slides, they underwent the Sudan Black B staining protocol in which they 

were dehydrated in 70% ethanol for 5 minutes before being immersed in Sudan Black B 

(199664, Sigma-Aldrich) dissolved in a 70% ethanol solution for 10 minutes. Following 

this the slides are washed twice in PBS to remove any residual Sudan Black deposits. The 

Sudan Black binds to and quenches the autofluorescent protein, lipofuscin, which builds up 

in the cytoplasm of cells of the CNS with age (Schnell et al., 1999). Fluoroshield mounting 

medium with DAPI (ab104139, abcam) was used to counterstain cell nuclei and coverslips 

were placed.  

Functional TDP-43 
Sections were collected at 960µm intervals for TDP-43 immunostaining (10782-2-AP, 

TDP-43 Polyclonal antibody, ProteinTech; 1:2000). Sections were washed with 0.1M PBS 

before incubated with 3% H202 for 5 minutes to quench any endogenous peroxidase 

activity. Following this, the sections were washed with PBS a further 3 times. Primary 

antibody dilutions were performed using a PBS solution containing 0.3% Tween-20 

(Sigma-Aldrich) and 5% goat serum (Vector Laboratories). A rabbit anti-TDP-43 

polyclonal antibody (ProteinTech; 1:2000) was applied to the sections overnight at 4°C. 

The following day the sections were washed three times with PBS prior to a 30 minute 

incubation with an ImmPRESS HRP goat anti-rabbit IgG polymer reagent (MP-7451, 

Vector Laboratories) at room temperature. The sections were again washed with PBS 3 

times to remove any residual secondary antibody. A DAB substrate (3,3’-

diaminobenzidine) (SK-4100, Vector Laboratories) was applied to the sections until a 

desired stain intensity developed (2 minutes). The DAB substrate produces a brown 

precipitate in the presence of the peroxidase (HRP) enzyme. Tap water was applied to the 

sections for 5 minutes to quench the reaction. At this point sections were mounted onto 

Superfrost Plus slides (Thermo Scientific) and allowed to air dry. Sections were dehydrated 

in ascending ethanol solutions (70%, 90%, 100%) and cleared in histoclear for 10 minutes. 

Sections were coverslipped with VectaMount (Vector Laboratories).  

Phosphorylated TDP-43 
Sections were collected at 320-480µm (Mi = 1/12, Ma = 1/8) intervals for phosphorylated 

TDP-43 (pTDP-43) immunostaining (CAC-TIP-PTD-M01, Anti TAR DNA-Binding 

Protein 43 (TDP-43), phospho-Ser409/410 mAb (Clone 11-9), CosmoBio Ltd; 1:500) 
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(Inukai et al., 2008). Sections were washed with 0.1M PBS before a 3% H202 incubation 

for 5 minutes minutes to quench any endogenous peroxidase activity. Following this, the 

sections were washed with PBS a further 3 times. Primary antibody dilutions were 

performed using a PBS solution containing 0.3% Tween-20 (Sigma-Aldrich) and 5% goat 

serum (Vector Laboratories). A mouse anti-TDP-43 phospho-Ser409/410 polyclonal 

antibody (CosmoBio Ltd; 1:500) was applied to the sections overnight at 4°C. The 

following day the sections were washed three times with PBS prior to a 30 minute 

incubation with an ImmPRESS HRP goat anti-mouse IgG polymer reagent (MP-7452, 

Vector Laboratories) at room temperature. The sections were again washed with PBS 3 

times to remove any residual secondary antibody. A DAB substrate (3,3’-

diaminobenzidine) (SK-4100, Vector Laboratories) was applied to the sections until a 

desired stain intensity developed (2 minutes). Tap water was applied to the sections for 5 

minutes to quench the reaction. At this point sections were mounted onto Superfrost Plus 

slides (Thermo Scientific) and allowed to air dry. Sections were dehydrated in ascending 

EtOH solutions (70%, 90%, 100%) and cleared in Histoclear for 10 minutes. Sections were 

coverslipped with VectaMount (Vector Laboratories).  

Motoneuron labelling 
Spinal cord motoneurons were labelled and identified with a primary antibody for choline 

acetyl transferase (ChAT) (ab144P, Anti-Choline Acetyltransferase Antibody, Sigma-

Aldrich; 1:500). Sections were collected at 360-480µm (Mi = 1/12, Ma = 1/9) intervals for 

ChAT immunoanalysis. Primary antibody dilutions were performed using a PBS solution 

containing 0.3% Tween-20 (Sigma-Aldrich) and 5% donkey serum (Bio-Rad 

Laboratories). A goat anti-ChAT polyclonal antibody (Sigma-Aldrich; 1:500) was applied 

to the sections overnight at 4°C. The sections were washed in PBS 3 times before a donkey 

anti-goat Alexa Fluor 488 (ab150129, abcam; 1:1000) was applied as a secondary antibody 

for 2 hours at room temperature. The sections were shielded from light during the secondary 

incubation and for all subsequent steps to prevent bleaching of the signal. The sections were 

again washed 3 times in PBS before being mounted onto Superfrost Plus slides (Thermo 

Scientific). Once the sections had dried and adhered onto the slides, they underwent the 

Sudan Black B staining protocol in which they were dehydrated in 70% EtOH for 5 minutes 

before being immersed in Sudan Black B (199664, Sigma-Aldrich) solution for 10 minutes 

on a shaker plate. Following this the slides are washed twice in PBS to remove any residual 
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Sudan Black deposits. Fluoroshield mounting medium with DAPI (ab104139, abcam) was 

used to counterstain cell nuclei and coverslips were placed.  

Microscopy and Quantification 
All spinal cord motoneurons were identified by their morphology, as large multipolar 

neurons, and by their location within lamina IX of the ventral horn grey matter. Non-

motoneuronal cell types were excluded from counts based on this criteria. Brightfield 

images of TDP-43 and pTDP-43 labelled sections were acquired using a Zeiss AxioImager 

(Carl Zeiss AG, Oberkochen, Germany) which allowed for tiling using a 10x objective. 

Fluorescently labelled sections were imaged using a Zeiss CellDiscoverer 7 (Carl Zeiss 

AG, Oberkochen, Germany) connected to a highly sensitive Hamamatsu Fusion sCMOS 

camera which allowed for multi slide imaging. Motoneurons labelled for pTDP-43 or 

ChAT were counted using the ImageJ Cell Counter tool (O'Brien et al., 2016) in the left 

and right ventral horn of all cervical segments for both Monkeys. pTDP-43 positive 

motoneurons were considered as cells displaying MND-like pathology.  

Statistical analysis 
Data were analyzed using custom scripts written in the MATLAB environment (R2020a, 

MathWorks). Statistical tests were performed using MATLAB. Paired t-tests were used to 

compare pTDP-43 and ChAT positive cell counts from contralateral sides of each spinal 

segment. The significance level was set at p < 0.05. A two-way ANOVA was used to 

compare both the effects of side (ipsilateral-contralateral) and the effect of segment on 

pTDP-43 counts. To examine the intersegmental effects, pairwise t-tests were performed 

to compare each segment against the group of segments in which reductions in ChAT+ 

motoneurons were counted. Benjamini Hochberg (BH) correction was applied to these 

results to account for multiple comparisons (Benjamini and Hochberg, 1995). 
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Results 

Viral Tag 
The cervical spinal cord of both animals injected with a combination of adeno-associated 

viruses designed to induce overexpression of the protein, TDP-43, in the motor pool of the 

right brachioradialis (BR) muscle was assessed histologically for the expression of various 

proteins once the animals had been terminated, thirty-two weeks following the injection of 

the two viruses. The rAAV2 viral vector with a genetic payload including cre recombinase 

and a fluorescent tag, tdTomato, was injected intramuscularly to retrogradely transfect the 

spinal motoneurons (MNs) that project to the muscle. The AAV9, with a genetic payload 

containing the floxed, inactive TDP-43, was administered via a lumbar puncture to transfect 

all cells within the spinal cord. The TDP-43 is only excised and activated in the cells 

transfected with both viruses as the Cre recombinase is essential for this process. The 

fluorophore, tdTomato, if highly expressed, fluoresces intrinsically without the need for 

histological enhancement. Antibodies have also been developed against this fluorophore in 

order to improve its detection. To ascertain the location of virus expression within the spinal 

cord, we used an antibody against the fluorophore tdTomato, anti-RFP, to infer which cells 

had been transfected with the retrograde virus and were expressing its viral load. We have 

had previous success in our lab with retrograde transfection of spinal motoneurons causing 

the expression of the aforementioned fluorophore following intramuscular administration 

of rAAV2 (Figure 6.1A). No motoneurons were found to express the fluorophore in the 

C4-C8 segments of either animal in this study (Figure 6.1B).  

Evidence of Motoneuron Loss 
Following the absence of viral tag in the spinal cord, the tissue from the transfected animals, 

as well as a healthy control macaque, was stained for choline acetyl transferase (ChAT), an 

enzyme crucial for the synthesis of the neurotransmitter acetylcholine, used by spinal MNs. 

This enzyme has been used as a classical marker for spinal cord MNs, an example of this 

staining in the spinal cord grey matter of Monkey Mi can be seen in Figure 6.1C. ChAT 

positive cells within lamina IX of the left and right ventral horns were counted manually in 

12-18 sections per spinal segment, at intervals of  360-480µm, to provide a measure of 

motoneuron number per side. Left and right counts from each section per segment were 

individually averaged to provide an average left and right motoneuron number for each 

spinal segment (Figure 6.1). MN counts in a healthy control macaque demonstrated a clear 

bell-shaped distribution throughout the cervical spinal cord, with less MNs recorded in C1 
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and T1 segments compared to C4-C8 segments. This increased number of MNs in the 

central cervical segments, with the exception of T1, was in keeping with the location of the 

cervical enlargement (Kuypers, 1981, Dum and Strick, 1996). There were significantly 

fewer MNs on the right side of the cord in spinal segments likely to innervate the BR muscle 

(Jenny and Inukai, 1983); C6 and C7 of Monkey Mi and segments C7 and C8 of Monkey 

Ma (Monkey Mi C6, P=0.000078; Monkey Mi C7, P=0.0062; Monkey Ma C7, P=0.0108; 

Monkey Ma C8, P=0.00074). No significant differences were recorded between the left and 

right counts in the healthy control, while both experimental animals showed significant 

losses on the right side of the spinal cord. The loss of MNs in the segments that supply the 

right BR, together with the lack of any cells expressing tdTomato, was consistent with the 

complete loss of transfected MNs. Furthermore, the control counts indicated a further 

possible loss of MNs in both the right and left side of the cord in the C4-C8 segments of 

Monkey Mi, whose counts were markedly lower than the control. The counts from Monkey 

Ma were more similar to those from the control animal, but did not replicate the same 

smooth distribution, and may also indicate a less advanced degree of MN loss in C6-C8. 

The impact of inter-animal variability may have also played a role in the differences in MN 

counts recorded between the animals. 
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Figure 6.1. Evidence for motoneuron degeneration in spinal segments innervating the 
brachioradialis (BR) muscle. The viral constructs (Fig. 2.1B) included a tdTomato 
fluorescent protein, which should be expressed in motoneurons infected by the rAAV2. A, 
previous studies in our group showed that retrograde viral transfection is effective, and 
that motoneurons express tdTomato when the genetic payload does not include TDP-43, as 
seen in this example image. Arrow indicates MN expressing tdTomato fluorophore. B, in 
the animals used for the macaque motoneuron disease model, no motoneurons with 
tdTomato were visualised. (A, B) Scale bar = 100µm. C, sections were stained for choline 
acetyl transferase (ChAT). ChAT positive cells within lamina IX of the spinal cord were 
counted in 12-18 sections (thickness 40µm) per spinal segment, collected at 320-480µm 
intervals, to provide an estimate of motoneuron number. Scale bar = 200µm. D, 
motoneuron counts for the healthy control macaque. There were no differences in ChAT+ 
cell numbers between the left and right ventral horns at any segment between C1 and T1 
in the healthy control animal. A clear gradual increase in MN number was seen in this 
animal, with C1 and T1 containing the fewest number of ChAT+ cells, with this number 
increasing in segments which fall within the cervical enlargement (C5-C8). E, , motoneuron 
counts for the two Monkeys infected with TDP-43 constructs, as in Figure 2.1.There were 
significantly fewer motoneurons on the right side of the cord for the C6/C7 segments of 
Monkey Mi and the C7/C8 segments of Monkey Ma; these are segments which innervate 
the BR muscle (*, P<0.05; **, P<0.01; ***, P<0.0001).The results are consistent with a 
complete loss of the doubly transfected motoneurons projecting to the BR muscle at the 
32nd  week when animals were killed to examine histology. 
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TDP-43 
In order to determine the cause of this spinal MN loss and to see if any obvious TDP-43 

overexpression had been induced by the viral transfection, we stained the cervical tissue of 

these two animals for the protein TDP-43, using an antibody against the full length 

‘functional’ protein. We saw very high expression of this protein in lamina IX MNs on both 

sides of the spinal cord and throughout all segments analysed. Closer inspection of the 

tissue revealed that this staining was not limited to the MNs but was also present in smaller 

cells, assumed to be interneurons, throughout the grey matter. The protein expression in the 

MNs was not limited to the nucleus, as it is in healthy control macaque spinal cord (Figure 

6.2A and B). A high level of TDP-43 expression was detected throughout the cervical spine 

and first thoracic segment in both animals (Figure 6.2C-H).  

It was noticeable that in C7 and C8, segments which innervate the BR muscle and where 

significant reductions in ChAT expressing MNs had been previously recorded, TDP-43 

proteinopathies were especially prevalent. Enlarged images in Figure 6.2D and H show 

cells with a loss of clear nuclear protein expression and substantial clusters and clumps of 

dense expression throughout the cytoplasm. In segments that do not innervate the BR 

muscle, high expression was detected in both the nucleus and the cytoplasm, where the 

protein was expressed uniformly throughout the cell body and dendrites (Figure 6.2E, F). 

While the morphology of the cells detected in C1-C5 and T1 segments appeared healthy 

and no aggregates were detected, there was a clear difference from the strictly nuclear 

expression detected in the healthy age-matched control animal.  

Following on from this, we stained the tissue for an antibody against the pathological 

phosphorylated TDP-43 serine groups 409/410 to assess whether the high expression levels 

of the functional TDP-43 could be proteinopathic. No phosphorylated TDP-43 (pTDP-43) 

was detected in the healthy control macaque spinal cord, consistent with the findings that 

phosphorylation at these sites on the protein occurs only in pathological conditions (Figure 

6.3A and B) (Inukai et al., 2008). The very light staining detected in the control macaque 

spinal cord was most likely lipofuscin, a lipid protein which accumulates in neurons in 

normal ageing (Schnell et al., 1999, Moreno-Garcia et al., 2018). In animals where TDP-

43 had been overexpressed, pTDP-43 was distributed throughout the spinal cord grey 

matter of all cervical segments, not just the segments known to innervate the BR. This 

expression was also not solely limited to MNs of lamina IX but also in cells of dorsal horn 

and intermediate zone. This protein was highly expressed in the cytoplasm of the MNs, 
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consistent with the characteristic cytoplasmic mislocalisation recorded in the spinal MNs 

of motor neurone disease (MND) patients (Figure 6.3C-H). Some nuclear expression of 

pTDP-43 was also identified, however this was less pronounced in segments which supply 

the BR muscle (Figure 6.3H). The complete absence of pTDP-43 expression in the healthy 

control animal, reaffirmed the causal link between the virus mediated TDP-43 

overexpression in the R-BR motor pool and the ultimately widespread pathological pTDP-

43 expression.  

The pTDP-43 expression on both sides of the spinal cord and throughout the cervical and 

first thoracic segment indicated widespread pathology in the transfected animals. pTDP-43 

positive cells in lamina IX with motoneuron-like morphology were counted manually in 

12-18 sections per spinal segment, at intervals of  360-480µm, to provide an estimate of 

motoneurons expressing pathological changes. The counts per section were averaged to 

provide a mean number of pTDP-43 positive MNs per spinal segment. pTDP-43 expression 

in MNs was detected in all segments of the cervical spine and also in the first thoracic 

segment (Figure 6.4). No significant differences were recorded between the left and right 

ventral horns of each segment analysed. A two-way ANOVA confirmed no ipsilateral or 

contralateral effect of pTDP-43 positive MN numbers (Mi P=0.191; Ma P=0.107) but 

revealed an effect of segment (Mi P=0.00; Ma P=0.00).   

To elucidate the intersegmental effects, pairwise t-tests were performed, comparing each 

segment to the combined two segments in each animal with fewer ChAT positive 

motoneurons (Mi: C6-C7; Ma: C7-C8), segments thought to supply the R-BR muscle. The 

post hoc tests revealed significant differences between the BR innervating segments and 

C1-C3 in Monkey Mi (C1 P<0.0001; C2 P<0.001; C3 P<0.001) and C2-C4 and T1 in 

Monkey Ma (C2 P<0.001; C3 P<0.01; C4 P<0.01; T1 P<0.0001). Higher numbers of 

pTDP-43 positive cells were recorded in the rostral cervical segments than in C6 and C7 in 

Monkey Mi whereas fewer pTDP-43 positive cells were counted in the rostral segments of 

Monkey Ma compared to C7 and C8. There were also fewer average pTDP-43 positive 

MNs in T1 in Monkey Ma than in the BR segments, consisting of C7 and C8. These 

differences survived the BH correction for multiple comparisons. No pTDP-43 expression 

was detected in the cervical spinal cord of a healthy age-matched control (Figure 6.3A, B). 

The expression seen in Monkey Mi and Ma was consistent with a pervasive ‘prion-like’ 

spread of this pathological protein throughout the spinal cord from the focal transfection 

site.  
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Figure 6.2. Spinal distribution of TDP-43, which is labelled in brown using DAB. A, control 
macaque, without virus transfection. Note the light staining, with TDP-43 restricted to the 
nucleus of motoneurons (enlarged view in B). C and G, Monkey Mi and Monkey Ma 
respectively, C7 segment which contains BR motoneurons. TDP-43 is widespread. 
Enlarged images of motoneurons (D and H) show dense staining in the cytoplasm, with 
visible clumps of TDP-43. E, Monkey Mi, C5 segment which does not contain BR 
motoneurons. Staining is still more dense than control. F, enlarged motoneurons show both 
cytoplasmic and nuclear TDP-43. Scale bars: 1000µm in low power images, 100µm in 
high power images. 
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Figure 6.3. Spinal distribution of phosphorylated TDP-43, which is labelled in brown using 
DAB. A, control macaque, without virus transfection. Note the very light staining (enlarged 
view in B). C, Monkey Mi, C6 segment which contains BR motoneurons. pTDP-43 is 
widespread. Enlarged images of motoneurons (D) show staining in both nuclei and 
cytoplasm. E, Monkey Mi, C5 segment which does not contain BR motoneurons. Staining 
is more dense than in control, with both cytoplasm and nuclear staining in motoneurons 
(F). G and H, Monkey Ma, C7 segment which contains BR motoneurons. pTDP43 is 
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widespread. D and H, nuclear staining was less prominent in MNs of segments which 
innervate the BR muscle (indicated by arrows), than more distant segments (F). Scale bars: 
1000µm in low power images, 100µm in high power images. 

 

 

 

 

Figure 6.4. Phosphorylated TDP-43 is widely expressed in motoneurons of the cervical 
spine in transfected animals. pTDP-43 positive motoneuron counts for the two Monkeys 
infected with TDP-43 constructs. Sections were stained for TDP-43 phospho-Ser409/410 
(pTDP-43). pTDP-43 positive cells within lamina IX of the spinal cord were counted in 12-
18 sections per spinal segment (thickness 40µm), collected at 320-480µm intervals, to 
provide an estimate of pTDP-43+ motoneuron number. A two-way ANOVA showed no 
effect of side of the cord on the number of pTDP-43 positive cells, but a significant effect 
of segment. Post hoc t-tests revealed a significant differences between multiple segments in 
both animals compared to the combined segments in which a reduction of ChAT+ MNs was 
recorded (Mi: C6-C7; Ma: C7-C8) Segments significantly different to this group were 
marked with a star (*). Interestingly, in Monkey Mi significantly more cells were recorded 
in the distant segments, while a reduction was recorded in Monkey Ma. The results are 
consistent with prion-like spread of ‘pathological’ pTDP-43 from the transfected 
motoneurons projecting to the right brachioradialis (BR) muscle, located in C6/C7/C8 
segments, to neighbouring motor pools and also distant cervical segments bilaterally. 
Healthy age-matched control animals show no pTDP-43+ motoneurons throughout the 
spinal cord, and therefore no data was displayed for this animal.  
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Discussion 
The results from this study demonstrate that a focal overexpression of healthy TDP-43 in a 

subset of spinal MNs is able to induce widespread changes in TDP-43 expression within 

adjacent and distant cells throughout the spinal cord. The extensive spread of TDP-43 

pathology throughout adjacent, distant and contralateral motor pools supports the theory of 

a self-perpetuating prion-like action of this protein.  

Detection of transfected motoneurons 
A fluorescent tag, tdTomato, was included in the genetic payload of the rAAV2 virus 

administered intramuscularly in order to allow us to detect which spinal cells were 

retrogradely transfected. We have had previous success enhancing the detection of this 

expression for microscopy with the use of an antibody against the family of red fluorescent 

proteins (RFP), however, no tdTomato expression was identified the cervical segments C4-

C8, understood to supply the BR muscle, in the two animals involved in this study (Figure 

6.1A and B). The inability to identify this viral tag raises concerns over the validity of the 

results presented, as we cannot say with certainty that the virus has indeed crossed the 

neuromuscular junction (NMJ) to transfect the spinal MNs. It would be possible to detect 

the AAV vector RNA in homogenised spinal cord tissue by performing a quantitative real-

time polymerase chain reaction (qRT-PCR) assay. While this would prove that both viruses 

successfully reached the cervical spinal cord, it would not be sufficient to determine 

whether they transfected the same cells. Furthermore, with the lack of virus tag and length 

of time between the injections and termination of the animal, it is unlikely that this 

technique could provide definitive results.  

Degeneration of spinal cord MNs 
Once the absence of viral tag had been identified in the spinal cord, we quantified the 

number of motoneurons (MNs) in each cervical segment, as well as the first thoracic 

segment due to its known innervation of forearm muscles involved in wrist and hand (Jenny 

and Inukai, 1983). In segments C6-C7 and C7-C8 in Monkey Mi and Ma respectively, a 

significant reduction in MNs was recorded in the right ventral horn as compared to the left. 

MNs innervating the right BR muscle are thought to be located in columns spanning these 

segments. This corresponding absence of fluorescent viral tag and reduction of MNs in 

these overlapping segments suggests that any doubly transfected MNs have degenerated in 

the seven months between transfection and termination. In addition to this focal loss, a 
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more general loss of MNs had possibly occurred in the segments closest to the site of 

transfection; C4-C8. The MN counts from the healthy control animal indicated the expected 

number per segment, and when compared to the counts from the two transfected animals 

made clear a marked reduction in Monkey Mi with a less prominent reduction in the 

aforementioned segments in Monkey Ma. This difference, particularly obvious between the 

control and Monkey Mi, suggested that a level of MN degeneration in segments within the 

cervical enlargement had already begun at the time at which the animal was terminated. 

The counts collected from Monkey Ma were closer to those of the control animal, which 

may suggest more severe pathology occurring in Monkey Mi compared to Ma. 

TDP-43 pathology is widespread throughout the cervical spinal cord 
In healthy tissue in normal conditions, the ubiquitously expressed TDP-43 is located in the 

nucleus with minor shuttling between the cytoplasm (Figure 6.2A and B). In the transfected 

macaques of this study, TDP-43 is highly expressed in the nucleus and cytoplasm of MNs 

in the left and right spinal cord ventral horns. This abnormal cytoplasmic expression was 

recorded in MNs throughout the rostrocaudal extent of the cervical cord and first thoracic 

segment, revealing extensive abnormal expression not limited to the segments innervating 

the right BR (Figure 6.2E and F). In addition to this, many large MNs from C6 to C8 

segments exhibited a complete loss of defined nuclear staining as well as dense clusters of 

TDP-43 expression in the cytoplasm (Figure 6.2C, D, G and H). These expression patterns 

are consistent with cytoplasmic mislocalisation and accumulation noted in patient cases 

(Neumann et al., 2006, Brettschneider et al., 2014, Arai et al., 2006). The more substantial 

TDP-43 proteinopathies identified in the MNs in these segments, bilaterally, suggests that 

cells from motor pools adjacent to the transfected MNs were further along the degenerative 

pathway.  

Although the expression pattern of TDP-43 in the cytoplasm of the cervical MNs is clearly 

abnormal in comparison to that of the control macaque, where it is strictly nuclear, it is 

important to define whether this TDP-43 is deemed ‘pathological’. In MND, TDP-43 serine 

groups 409 and 410 have been recorded to become phosphorylated (pTDP-43) (Inukai et 

al., 2008). The detection of the pTDP-43 variation therefore allows us to detect any trace 

of pathology within the tissue. Similar to the ‘functional’ protein, pTDP-43 expression was 

detected in MNs of all analysed sections from the cervical and thoracic segments of the 

transfected macaques (Figure 6.2C-F). These findings confirm that the abnormal TDP-43 

expression noted in these cells was in fact pathological, and thus similar to the 
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proteinopathies recorded in MND patients. This same histological process and analysis 

performed on a healthy control macaque cervical spinal cord confirmed that this expression 

was limited to the MNs of the transfected animals. No MNs in the cervical spinal cord of 

the age matched healthy control displayed any TDP-43 abnormalities, with expression 

restricted to the nucleus, and there were no pTDP-43 proteinopathies (Figure 6.2A and B). 

No statistical assessments or comparisons could be made using the control due to this 

complete absence of pathology.  

Counts of MNs positive for pTDP-43 expression revealed no significant differences in the 

number of pathological cells in the right and left ventral horn of each spinal segment 

analysed. Given the reduction of ChAT positive MNs in the right ventral horn of spinal 

segments C6-C8, we might expect to see a corresponding reduction in pTDP-43 positive 

cells in these same segments. The uniform pTDP-43 expression in the left and right of these 

segments may suggest that there has been a greater level of pathological spread to the MNs 

in the immediately adjacent motor pools of the right ventral horn. It is possible that the 

surrounding MNs in the transfected segments were the site of first pathological spread, 

from which it has continued to disseminate evenly to more distant motor pools and across 

the central canal into left ventral horn MNs.  

The intersegmental analysis may further support this idea of a graded spread of pathology 

outwards from the site of transfection. In Monkey Ma, there is a clear stepped gradient of 

pTDP-43 positive MNs outwards from the BR innervating segments, with average counts 

significantly lower in the three furthest rostral segments as well as in the caudal T1 segment. 

The lower number of pTDP-43 positive cells in T1 may suggest that pathology spreads 

caudally at a later stage, involves a different pathway or could in fact be representative of 

differences in the overall number of MNs per segment rather than indicative of varying 

levels of spread. The segmental pattern is quite different in Monkey Mi. While the same 

three most rostral segments are again significantly different to those in which a reduction 

of MNs was recorded, in this animal there are more pTDP-43 immunoreactive cells in these 

rostral segments.   

The absence of the stepped appearance, and comparable number of pTDP-43 positive MNs 

in the more caudal cervical segments in this animal provides an interesting comparison to 

the perhaps more expected pattern recorded in Monkey Ma, described above. From our in 

vivo assessments, in particular the MR imaging (see Chapter III), we have a relatively clear 
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idea that the virus mediated denervation onset occurred six weeks earlier in Monkey Mi 

than in Monkey Ma. It is possible, therefore, that the pathology in Monkey Mi was more 

advanced. If this was the case, pTDP-43 positive cells in the segments containing the 

transfected motor pool may have already begun to degenerate, explaining the apparent 

reduction of pathological cells in these segments. More caudal MNs, within T1 for 

example, may have been in an earlier stage at the time of termination and therefore have 

not yet degenerated.  

There is some histological evidence in the two transfected animals of pTDP-43 expression 

in small intermediate zone cells thought to be interneurons. These findings may suggest a 

role of segmental and propriospinal interneurons, with their bilateral, intra- and 

intersegmental projections crucial for the coordination of motor circuit activity throughout 

the cord, in the propagation of disease pathology (Matsuyama et al., 2006, Bannatyne et 

al., 2009, Butt and Kiehn, 2003). Indeed, previous studies have proven an involvement of 

interneurons in clinical and animal studies of MND, however the chronology of their 

degeneration is not yet understood (Hossaini et al., 2011, Oyanagi et al., 1989, Stephens et 

al., 2006) 

The evidence of a reduction of MNs in the right dorsal horn of the segments containing the 

transfected motor pool, in combination with the lack of the fluorescent viral tag, provided 

evidence for the degeneration of the transfected cells. Any cells that presented with pTDP-

43 pathology in the segments supplying the virus targeted muscle indicated that a secondary 

spread from the transfected cells has occurred. Due to the columnar arrangement of MNs, 

MNs of different motor pools are interspersed within the ventral horn, and therefore not all 

MNs located in these segments will supply the infected BR muscle. Further to this, TDP-

43 abnormalities and pTDP-43 expression were identified in the large MNs of the left 

ventral horn, contralateral to the transfected motor pool and in motor pools in distant 

cervical segments. The extensive evidence of neuropathic changes in the MNs of the entire 

left and right cervical cord support the model of ‘prion-like’ cell to cell transmission of 

MND-like pathology.  

The complete absence of viral tag is a cause for concern. It is to be expected that a 

proportion of the BR motoneurons would be transfected by only the retrograde virus rather 

than both viruses, and so would not express TDP-43. These cells should therefore express 

tdTomato but not degenerate. A possible explanation for the lack of this fluorescent tag in 
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the BR segments could be that cells with the tdTomato genetic payload were more fragile 

and degenerated early when filled with TDP-43 following a prion-like spread. The singly 

transfected cells in the BR motor pool may also have been the first cells targeted by the 

pathological spread, leading to their degeneration shortly after those initially transfected.  

An alternative argument to a ‘prion-like’ spread of this proteinopathy could be spread of 

the virus itself, inducing widespread rather than focal TDP-43 transduction. However, if 

the rAAV2 virus, injected intramuscularly had reached the blood stream and spread in this 

way, we would have expected to see evidence of the fluorescent protein tdTomato 

throughout the CNS. Instead, no fluorescent tag was detected in any of the spinal segments 

or even in the cortex (data not presented in this thesis). Furthermore, a widespread 

transfection would not account for the selective reduction of motoneurons consistent with 

the site of the targeted motor pool. The most likely explanation for the widespread MND-

like pathology, present only in the transfected animals, is a prion-like spread of pathology 

initiated by a focal overexpression of TDP-43. 
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CHAPTER VII. Histopathological Changes in the Primary Motor 

Cortex of a NHP Model of MND 

Introduction 
Motor commands are sent from the primary motor cortex (M1) to the spinal cord via the 

corticospinal tract (CST) to initiate and influence voluntary movement. CST neurons, 

located in M1 cortical layer V, have long axons which descend within this tract to terminate 

in the spinal cord. CST neurons have been identified in the M1 of humans and old world 

primates, which connect both directly and indirectly to spinal cord α-motoneurons (MNs). 

Corticospinal (CS) neurons, conserved in most mammals, make indirect connections with 

MNs primarily via intermediate zone interneurons. A phylogenetically newer subtype of 

CS neuron, cortico-motoneuronal (CM) cells, first described by Bernhard and Bohm 

(1954), connect predominantly monosynaptically to spinal cord MNs in primates, 

providing a direct link between M1 neurons and spinal cord MNs (Rathelot and Strick, 

2009, Witham et al., 2016). The CM cells also connect to spinal MNs disynaptically via 

segmental interneurons and propriospinal interneurons, located in C3-C4 spinal segments 

(Isa et al., 2007). CM cells are thought to play a crucial role in the development of dextrous 

finger and hand movements (Heffner and Masterton, 1975, Isa et al., 2013).  

In their work to define the cortical origins of the direct CST pathway, Rathelot and Strick, 

identified two anatomical subdivisions within the macaque M1 (Rathelot and Strick, 2006, 

Rathelot and Strick, 2009). CST neurons were found in comparable numbers throughout 

M1, however by tracing their termination patterns the researchers were able to determine 

that different subtypes of CST neuron were found in distinct regions of M1. CST neurons 

which almost exclusively terminated monosynaptically onto intermediate zone 

interneurons were located in the rostral region of M1, while CM with direct connections to 

spinal MNs were instead primarily limited to the caudal region of M1, located within the 

bank of the central sulcus. A small number of CM cells were also identified in the primary 

somatosensory cortex, referred to as area 3a, but were proposed to connect to the γ-MNs 

involved in the fusimotor pathways (Rathelot and Strick, 2006). Widener and Cheney 

(1997) however, have provided evidence of an area 3a neuron producing post-spike 

facilitation in spike-triggered averages of electromyography data, suggesting a connection 

to α-MNs.   
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The rostral and caudal divisions of the primary motor cortex, termed ‘old M1’ and ‘new 

M1’, were thus defined based on the presence, or lack thereof, of CM cells. The ‘new M1’ 

region therefore provides direct input of signals from the motor cortex to spinal cord MNs 

in addition to the integrative action of ‘old M1’, whose CS cells act on spinal cord 

interneurons to influence MNs indirectly. These anatomical divisions in the macaque M1 

have been corroborated with electrophysiology, however recent investigations have 

challenged this strict boundary. Direct connections to spinal MNs have also been identified 

in the rostral ‘old M1’, however these monosynaptic inputs are from slower-conducting 

axons than the fast conducting CST axons which are indeed restricted to the more caudal 

‘new M1’ (Witham et al., 2016). The presence of a similar ‘old’ versus ‘new’ anatomical 

divide in humans in the hand-knob region of the motor cortex has been confirmed with the 

use of histochemistry and direct electrophysiology (Geyer et al., 1996, Vigano et al., 2019, 

de Noordhout et al., 1999). 

The occurrence of this anatomical M1 divide is correlated with the appearance and 

evolution of the CM system. The CS neurons and ‘old M1’ area in which they are found 

are conserved across many mammals and are thought to make up the traditional motor area 

(Nudo and Masterton, 1988). CM neurons and the ‘new M1’ area are more recently evolved 

features found exclusively in primates. Humans have the most developed CM system, 

followed by old world primates and some new world primates (Kuypers, 1981, Lemon, 

2008). Other mammals, such as cats and rodents have no functional CM system (Illert et 

al., 1976, Alstermark and Ogawa, 2004).  

The enhancement of the CM system in primates is correlated with the development of 

dextrous and ‘fractionated’ finger movements. Thus, primates with stronger, more 

developed CM connections to MNs are able to perform better in tasks requiring such skilled 

movements (Nakajima et al., 2000). Deficits in the capacity to produce fine finger 

movements can be fully appreciated when observing the fine motor abilities of rodents. 

Macaques are able to perform learnt dextrous tasks with 100% accuracy (Schmidlin et al., 

2011), while rodents, who lack CM cells and so the direct monosynaptic connection 

between motor cortex and spinal cord motoneurons have a much more limited degree of 

manual dexterity (Gu et al., 2017). Lesions to the CST in Monkeys, disrupting the direct 

connection between the CM cells and MNs produce significant deficits in the animals’ 

ability to perform dextrous movements such as a precision grip (Isa et al., 2013, Tohyama 

et al., 2017). From these data, it is clear that the development of this direct monosynaptic 
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connection between motor cortex and spinal cord is crucial for the improvement of refined, 

voluntary movements.  

The CM cells of the primary motor cortex comprise pyramidal cells of heterogeneous shape 

and size located in cortical layer Vb, including the giant cells of Betz, with their 

characteristically long, fast conducting axons and a volume three to twenty times larger 

than that of other pyramidal cells in human and macaque samples, and smaller projection 

neurons (Rivara et al., 2003, Bakken et al., 2021). These cells, often referred to clinically 

as upper motor neurons (UMNs), are selectively vulnerable and show specific pathology in 

Motor Neurone Disease (MND), a disorder characterised by the progressive degeneration 

of both the ‘upper’ and spinal and bulbar ‘lower’ motor neurons (LMNs). While the 

neuropathologies recorded in these two, distinct cell populations varies, they share a mutual 

selective vulnerability and early involvement in MND (Brettschneider et al., 2013).  

Growing evidence implicates Betz cells and the CM system as important contributors to 

the development and spread of disease pathology in MND (Eisen et al., 2017). Many 

pathological changes have been recorded in Betz cells in MND, such as a reduction in soma 

size, degeneration of the apical dendrite, and ultimately loss of the cells during the course 

of the disease (Genc et al., 2017). Brettschneider et al. (2013) in defining the progression 

of neuronal histopathological features of this disease, have differentiated four stages of the 

sporadic disease. In the first stage, phosphorylated TDP-43 (pTDP-43), the pathological 

state of the normal nuclear protein 43-kDa trans-active response DNA-binding protein, is 

found in the Betz cells of M1 and spinal and bulbar α-MNs (Arai et al., 2006, Neumann et 

al., 2006). In both cell types, normal nuclear TDP-43 expression in the cell nucleus is lost, 

however in the Betz cells the pTDP-43 is noted by Braak et al. (2017) not to form into the 

cytoplasmic aggregates characteristically seen in α-MNs. They suggest that the 

proteinopathy may be transmitted along the length of the axons of the Betz cells and across 

the synapse to the directly connected motoneurons, eliciting a ‘prion-like’ spread of disease 

throughout the motor system (Feiler et al., 2015, Fallini et al., 2012, Cushman et al., 2010).  

There are differing theories regarding the direction of degeneration in MND, with some 

postulating that neuronal pathology, specifically TDP-43, present in the overwhelming 

majority of cases, progresses from the neuromuscular junction to the cortex while others 

argue that the onset is cortical in origin (Braak et al., 2013, Menon et al., 2015, Vucic et 

al., 2013). Either way, as integrators of motor information and an effective direct link 
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between the spinal cord and cortex, Betz cells are likely to play an important role in the 

progression and possibly spread of this unforgiving disease.  

In this study we have quantified the number of pTDP-43 positive cells in ‘old-M1’ and 

‘new M1’ throughout the mediolateral extent of M1 in the left and right hemispheres in two 

transfected macaques overexpressing TDP-43 in the spinal α-MNs supplying only the right 

brachioradialis (BR) muscle. The identification of pTDP-43 expression in M1 neurons of 

these animals would indicate a prion-like spread of this protein from the spinal α-MNs to 

the cerebral cortex. By analysing the expression of pTDP-43 throughout the left and right 

M1 hemispheres, we were able to determine whether spread had occurred, and whether it 

was limited only to CM cells likely directly connected to the BR MNs or whether the 

pathology was widespread.  
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Methods  

Animals 
Tissue was collected from two chronically implanted adult female awake behaving 

Monkeys (M. mulatta; Monkeys Mi and Ma, age 6 years, weight 6.1 and 6.9kg at outset) 

and one healthy female control macaque (age 3 years). All animal procedures were 

performed under appropriate licences issued by the UK Home Office in accordance with 

the Animals (Scientific Procedures) Act (1986) and were approved by the Animal Welfare 

and Ethical Review Board of Newcastle University.  

Immunohistochemistry 
Following the completion of the study, the animals were anaesthetised to a lethal level by 

administering intravenous propofol. The animals were perfused through the heart with 

phosphate buffered saline (PBS) followed by 10% neutral buffered formalin (NBF). The 

cortex, cerebellum, brainstem and spinal cord were removed and immersed in 10% NBF 

for 16 hours at 4°C before progressing through ascending concentrations of PBS sucrose 

(10%, 20%, 30%) for cryoprotection. Blocks containing the mediolateral extent of the left 

and right sensorimotor cortex were removed. A freezing sledge microtome (8000-01, 

Bright Instruments Co. Ltd, United Kingdom) connected to a solid state freezer (53024-01, 

Bright Instruments Co. Ltd, United Kingdom) was used to cut the cortical blocks into 60µm 

parasagittal sections (total length along sulcus sectioned: Monkey Mi RM1: 18,180µm, 

LM1: 18,180µm; Monkey Ma RM1: 19,320µm, LM1: 18,600µm). All sections were stored 

free floating in PBS at 4°C until further processing.  

Functional TDP-43 
Sections were collected at 1440µm intervals along the mediolateral axis of the central 

sulcus for TDP-43 immunostaining (10782-2-AP, TDP-43 Polyclonal antibody, 

ProteinTech; 1:2000). Sections were washed with 0.1M PBS before being incubated with 

3% H202 for 5 minutes to quench any endogenous peroxidase activity. Following this, the 

sections were washed with PBS a further 3 times. Primary antibody dilutions were 

performed using a PBS solution containing 0.3% Tween-20 (Sigma-Aldrich) and 5% goat 

serum (Vector Laboratories). A rabbit anti-TDP-43 polyclonal antibody (ProteinTech; 

1:2000) was applied to the sections overnight at 4°C. The following day the sections were 

washed three times with PBS prior to a 30 minute incubation with an ImmPRESS HRP 

goat anti-rabbit IgG polymer reagent (MP-7451, Vector Laboratories) at room temperature. 
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The sections were again washed with PBS 3 times to remove any residual secondary 

antibody. A DAB substrate (3,3’-diaminobenzidine) (SK-4100, Vector Laboratories) was 

applied to the sections until a desired stain intensity developed (2 minutes). The DAB 

substrate produces a brown precipitate in the presence of the peroxidase (HRP) enzyme. 

Tap water was applied to the sections for 5 minutes to quench the reaction. At this point 

sections were mounted onto Superfrost Plus slides (Thermo Scientific) and allowed to air 

dry. Sections were dehydrated in ascending ethanol solutions (70%, 90%, 100%) and 

cleared in histoclear for 10 minutes. Sections were coverslipped with VectaMount (Vector 

Laboratories).  

Phosphorylated TDP-43 
Sensorimotor cortex sections were collected at 720µm intervals for phosphorylated TDP-

43 (pTDP-43) immonstaining (CAC-TIP-PTD-M01, Anti TAR DNA-Binding Protein 43 

(TDP-43), phospho-Ser409/410 mAb (Clone 11-9), CosmoBio Ltd; 1:500) (Inukai et al., 

2008). Sections were washed with 0.1M PBS before a 3% H202 incubation for 5 minutes to 

quench any endogenous peroxidase activity. Following this, the sections were washed with 

PBS a further 3 times. Primary antibody dilutions were performed using a PBS solution 

containing 0.3% Tween-20 (Sigma-Aldrich) and 5% goat serum (Vector Laboratories). A 

mouse anti-TDP-43 phospho-Ser409/410 polyclonal antibody (CosmoBio Ltd; 1:500) was 

applied to the sections overnight at 4°C. The following day the sections were washed three 

times with PBS prior to a 30 minute incubation with an ImmPRESS HRP goat anti-mouse 

IgG polymer reagent (MP-7452, Vector Laboratories) at room temperature. The sections 

were again washed with PBS 3 times to remove any residual secondary antibody. A DAB 

substrate (3,3’-diaminobenzidine) (SK-4100, Vector Laboratories) was applied to the 

sections until a desired stain intensity developed (2 minutes). Tap water was applied to the 

sections for 5 minutes to quench the reaction. At this point sections were mounted onto 

Superfrost Plus slides (Thermo Scientific) and allowed to air dry. Sections were dehydrated 

in ascending ethanol solutions (70%, 90%, 100%) and cleared in Histoclear for 10 minutes. 

Sections were coverslipped with VectaMount (Vector Laboratories).  

Neuron labelling 
Cortical neurons were labelled with the classical neuronal marker NeuN (ab104225, abcam; 

1:1000) (Gusel'nikova and Korzhevskiy, 2015).  Primary antibody dilutions were 

performed using a PBS solution containing 0.3% Tween-20 (Sigma-Aldrich) and 5% 
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donkey serum (Bio-Rad Laboratories). A rabbit anti-NeuN polyclonal antibody (ab104225, 

abcam; 1:1000) was applied to the sections overnight at 4°C. The sections were washed in 

PBS 3 times before a donkey anti-rabbit Alexa Fluor 488 (ab150073, abcam; 1:1000) was 

applied as a secondary antibody for 2 hours at room temperature. The sections were 

shielded from light during the secondary incubation and for all subsequent steps to prevent 

bleaching of the signal. The sections were again washed 3 times in PBS before being 

mounted onto Superfrost Plus slides (Thermo Scientific) and coverslipped with 

Fluoroshield mounting medium with DAPI (abcam). 

Microscopy and Quantification 
Betz cells were identified based on their location in layer V of the motor cortex and their 

large pyramidal cell body. All brightfield and widefield images were acquired using a Zeiss 

AxioImager (Carl Zeiss AG, Oberkochen, Germany) which allowed for the capture of high 

magnification images as well as tiling using a 10x objective. For analysis, the primary 

motor cortex was divided into ‘old M1’ and ‘new M1’ based on anatomical landmarks 

previously described by Rathelot and Strick (2009) and Witham et al. (2016). The presence 

of the giant pyramidal Betz cells was used to demarcate the most rostral border of ‘old M1’ 

and most caudal border of ‘new M1’ for each section analysed. Betz cells positive for 

pTDP-43 immunoreactivity within these regions were counted in every 12th section 

throughout the mediolateral extent of the motor cortex (every 720µm) using the ImageJ 

Cell Counter tool (O’Brien, 2016). The number of counted cells were averaged for each 

area. In order to account for differences in size of ‘old M1’ and ‘new M1’, the density of 

pTDP-43 positive cells was measured. Cell density was calculated by dividing the number 

of counted cells per section by the rostrocaudal length of layer Vb, measured in ImageJ. 

Before the length could be measured, each image was spatially calibrated to convert the 

number of pixels into a real distance in microns (µm). pTDP-43 positive Betz cells were 

considered to be displaying MND-like pathology.  

Statistical analysis 
Data were analyzed using custom scripts written in the MATLAB environment (R2020a, 

MathWorks). Statistical tests were performed using MATLAB. Unpaired t-tests were used 

to compare counts from different hemispheres and between cortical subdivisions. The 

significance level was set at p < 0.05.  
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Results 
The primary motor cortex (M1) of two animals transfected with a combination of viruses 

designed to induce the over expression of the protein TDP-43, responsible for the majority 

of motor neurone disease (MND) pathology, in a focal pool of spinal motoneurons (MNs), 

was analysed histologically to determine whether pathology is able to spread backwards 

throughout the central nervous system. Staining for an antibody against the functional N-

type TDP-43 in the left and right M1 revealed a high level of expression in the large Betz 

cells in cortical layer Vb (Figure 7.1C-F). This expression was not solely limited to the cell 

nucleus but rather was also present at a high level throughout the cytoplasm of these cells. 

This band of TDP-43 positive cells was also present in the control macaque tissue, 

suggesting that Betz cells have a high level of functional TDP-43 expression even in 

healthy animals.  

To determine whether any proteinopathies were present in the M1 of the transfected 

animals the tissue was stained for an antibody against the pathological phosphorylated 

TDP-43 serine groups 409/410 (pTDP-43) (Inukai et al., 2008). A band of pTDP-43 

expression was identified in a region consistent with cortical layer Vb, where the large cells 

of Betz’ are located. This expression was limited to the cytoplasm of the giant neurons, 

with little to no expression present in the cell nucleus (Figure 7.2C-E). The expression 

appeared uniform throughout the cytoplasm and did not show any signs of aggregation or 

clumping, consistent with the findings of Braak et al. (2017) that proteinopathies of the 

Betz cells or upper motor neurons differ from those of the α-motoneurons of the spinal cord 

and bulbar motor nuclei. No pTDP-43 expression was detected in M1 of the healthy 

macaque, suggesting that the transfection of the spinal cord MNs was essential for the 

expression of this pathological protein (Figure 7.2A and B).  

The number of Betz cells positive for the expression of the pathological pTDP-43 protein 

were counted within manually defined subdivisions of M1. Anatomical markers previously 

described by Rathelot and Strick (2009) were used to define the boundary between the more 

rostral ‘old M1’ and caudal ‘new M1’, and the presence of giant Betz cells, or lack thereof, 

used to define their outer borders (Figure 7.3A). pTDP-43 positive cells within cortical 

layer Vb, consistent with the location and size of Betz cells, were counted in 15-22 sections 

spanning the mediolateral extent of each M1 hemisphere per animal (thickness 60µm), 

collected at 540-720µm intervals, to provide an average count of  pTDP-43 positive Betz 

cells per slice number (Figure 7.3). A higher number of pTDP-43 positive Betz cells were 
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counted in ‘new M1’ than ‘old M1’ in both transfected animals. Significantly more pTDP-

43 positive cells were recorded in the right hemisphere of ‘new M1’ compared to the left 

hemisphere in Monkey Ma (P=0.0188) (Figure 7.3B). No significant differences were 

recorded between the right and left hemispheres of Monkey Mi. Counts of pTDP-43 

positive cells were zero in both M1 area in the healthy control animal, and hence no 

statistical comparison between the transfected animals and control could be made. 

In order to account for differences in size of the ‘new M1’ and ‘old M1’, we calculated the 

density of pTDP-43 positive cells in each region to allow for a more direct comparison of 

the areas. The number of cells positive for the expression of the pathological protein was 

divided by the recorded length of layer Vb in each area. The density of pTDP-43 positive 

cells was significantly higher in the ‘new M1’ subdivision as compared to the right ‘old 

M1’ subdivision in the left hemispheres of both Monkey Mi (P=0.0359) and Monkey Ma 

(P=0.0037), while no difference between these subdivisions was recorded in the right 

hemisphere (Figure 7.3C).  
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Figure 7.1. TDP-43 in the sensorimotor cortex. Images show parasagittal sections of the 
cortex in the region surrounding the central sulcus (CS). Pre-central (primary motor 
cortex, M1) and post-central (primary somatosensory cortex, S1) are labelled. Sections 
have been stained to label TDP-43 in brown, using DAB. A, for a control macaque, without 
virus transfection. Note the very light staining (enlarged view in B), largely confined to 
nuclei, although the Betz cells of M1 seem to have low levels of cytoplasmic TDP-43. Betz 
cells are large pyramidal cells in layer V, and are likely to project to the corticospinal 
tract. C and E, Left M1 of Monkey Mi and Monkey Ma, which had received the double virus 
injection shown in Figure 2.1. Staining is more dense, with clear cytoplasmic staining of 
Betz cell cytoplasm and nuclei in the enlarged image (D and F). Arrows indicate TDP-43+ 
Betz cells in cortical layer Vb. Scale bars: 1000µm in low power images, 100µm in high 
power images. 
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Figure 7.2. Phosphorylated TDP-43 in the sensorimotor cortex. Images show parasagittal 
sections of the cortex in the region surrounding the central sulcus (CS). Pre-central 
(primary motor cortex, M1) and post-central (primary somatosensory cortex, S1) are 
labelled. Sections have been stained to label pTDP-43 in brown, using DAB. A, for a 
control macaque, without virus transfection. Note the uniform staining (enlarged view in 
B), with no cells visible. C, representative section from left M1 of monkey Mi, which had 
received the double virus injection shown in Figure 2.1. Staining is more dense, with clear 
cytoplasmic staining of Betz cell cytoplasm and nuclei in the enlarged image (D). E, An 
identical staining pattern is seen in left M1 of monkey Ma. Arrows indicate pTDP-43+Betz 
cells in cortical layer Vb. Scale bars: 1000µm in low power images, 100µm in high power 
images. 
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Figure 7.3. Phosphorylated TDP-43 (pTDP-43) is widely expressed in the large Betz cells 
of cortical layer Vb of the primary motor cortex (M1) in two transfected animals. A, B, 
pTDP-43 positive Betz cell counts in the subdivisions of M1, ‘old’ and ‘new M1’. Sections 
were stained for TDP-43 phospho-Ser409/410 (pTDP-43). pTDP-43 positive cells within 
cortical layer Vb were counted in 15-22 sections spanning the mediolateral extent of the 
M1 per hemisphere per animal (thickness 60µm), collected at 540-720µm intervals. Higher 
numbers of pTDP-43 positive Betz cells were counted in new M1 of both transfected 
animals. A significantly higher number of pTDP-43 positive cells were counted in the right 
‘new M1’ subdivision compared to the left ‘new M1’ area of Monkey Ma (P=0.0188). C-
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F, pTDP-43 positive cell density was calculated by dividing the number of cells positive for 
the protein expression by the length of layer Vb. pTDP-43 positive cell density was 
significantly higher in the left hemispheres of both Monkey Mi (P=0.0359) and Monkey Ma 
(0.0037), while no difference was recorded in the right hemisphere. These results are 
consistent with a ‘prion-like’ spread of ‘pathological’ pTDP-43 from the transfected 
motoneurons projecting to the right brachioradialis (BR) muscle, located in C6/C7 
segments, to the distant Betz cells of the left and right M1. 
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Discussion 
In this study, we have shown that TDP-43 overexpression within a focal spinal motor pool 

is capable of inducing a MND-like pathology throughout the right and left primary motor 

cortices in two female macaques. These results provide the first conclusive evidence of a 

'prion-like' spread of this protein in NHPs, implicating this protein in the propagation of 

pathology in MND.  

Much previous research has implicated the direct branch of the corticospinal tract (CST), 

which connects the corticomotoneuronal (CM) cells of the primary motor cortex and the 

spinal α-MNs, in the spread of neuropathology in motor neurone disease (MND). This 

direct, monosynaptic connection is the only link between these two, otherwise distinct and 

distant neuronal subtypes which are both involved in the earliest stage of the disease 

(Brettschneider et al., 2014). This direct connection is an evolutionary development 

specific to dextrous primates. In order to recapitulate the disease process and accurately 

examine the role this direct pathway may play in disease propagation, a suitable model 

organism must be used. Failures of translatability of previous research into this disease may 

be due in part to the use of inappropriate model animals, such as rodents, which lack this 

direct monosynaptic connection between the two primarily affected cells in this disease. 

The use of macaques, which have also evolved this CM pathway, as a model organism 

allows us to study this disease in a much more physiologically accurate system, thus 

reliably assessing the involvement of this pathway and the cells that it links in MND.  

In two non-human primates (NHPs), the spinal motor pool supplying the right 

brachioradialis (BR) muscle was transfected using a novel, dual virus approach to induce 

the overexpression of the healthy human protein TDP-43. TDP-43 has long been implicated 

in this disease, with pathological inclusions and abnormalities found in the majority of all 

familial and sporadic cases of MND. The animals were terminated seven months post 

injection and histologically analysed for signs of neuropathology throughout the central 

nervous system in order to determine the presence of spreading proteinopathies. Until now, 

despite much debate on the topic, there has been no definitive evidence that this protein 

spreads between cells in a ‘prion-like’ fashion. 

High expression of the functional N-type TDP-43 protein was observed in the large cells 

located in M1 layer V. These cells are consistent with the morphology, size and location of 

the giant cells of Betz (Rivara et al., 2003). These cells, with their giant soma and long 
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axons, are thought to be one of the main sources of descending motor input to the distant 

motoneurons and interneurons of the spinal cord (Catsman-Berrevoets and Kuypers, 1976). 

This expression was present at high levels in both the nucleus and the cytoplasm of these 

cells, in the model animals and in the healthy control macaque M1 (Figure 7.1A and B). 

Interestingly, despite this cytoplasmic TDP-43 expression in the healthy macaque, no 

pathological pTDP-43 was found in the M1 of this animal, signifying that Betz and large 

pyramidal cells have a higher baseline functional cytoplasmic TDP-43 concentration 

(Figure 7.1A and B). This cytoplasmic expression may be involved in the regulation of 

axonal growth and maintenance, providing an explanation of why these cells with their 

lengthy axons may require a higher cytoplasmic expression than previously thought (Fallini 

et al., 2012). Taken together, these observations suggest a higher baseline cytoplasmic 

TDP-43 expression which may in turn contribute to the selective vulnerability of these cells 

to the exposure of TDP-43 pathology.  

In the transfected animals, pTDP-43 was expressed in these same large cells located all 

along M1 cortical layer Vb (Figure 7.2C-E). Much less nuclear staining was observed as 

compared to the functional TDP-43. This observation corresponds to the literature which 

states that pTDP-43 proteinopathies appear less often as dense aggregations in the Betz 

cells but rather as nuclear clearance and general cytoplasmic and axonal accumulation 

(Braak et al., 2017). Betz cells expressing the pathological phosphorylated TDP-43 were 

found throughout the mediolateral extent of both the left and right hemispheres. As no 

pTDP-43 was identified in the healthy control macaque M1, we can be certain that the 

pathology is linked to the virus mediated TDP-43 overexpression in the spinal cord α-MNs.  

Betz cells expressing this pathology were quantified in order to help elucidate the pathway 

by which the disease is spread. By subdividing M1 into its functionally separate ‘old’ and 

‘new’ territories, we hoped to identify whether the direct and indirect branches of the CST 

play differing roles in disease transmission. pTDP43 expression was found in cells of the 

‘old’ and ‘new’ M1, in which the direct and indirect CS neurons are located. Both pathways, 

therefore, may facilitate the spread of this proteinopathy, or perhaps the direct CM 

connection, with its fast conducting axons in ‘new M1’ and slower axons in ‘old M1’ may 

primarily be involved. The number of pathological cells in the cortical subdivisions are 

even between the left and right hemispheres in Monkey Mi, but in Monkey Ma there were 

significantly more pTDP-43 positive cells in the right ‘new M1’ than in the left ‘new M1’. 
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One possible explanation for this could be that cells in the left hemisphere are further 

advanced in the degenerative process compared to those on the right leading to their loss.  

There was a greater density of giant Betz cells expressing the pathological protein, pTDP-

43, in ‘new M1’, the site of the direct, fast-conducting CM cells, than in the ‘old M1’ in the 

left cortex of both animals. This significant difference was not present in the right cortices. 

This suggests that the left new M1, which contains the cells monosynaptically connected 

to the transfected motoneurons that supply the right brachioradialis muscle, received more 

of the pathological protein than the other subdivision of M1 or the other hemisphere. This 

can only be the case if the pathology is spreading preferentially via the direct CST pathway 

mediated by the CM-MN link. At this point, the pathology may have spread throughout the 

mediolateral extent of the cortex and to the contralateral hemisphere. As no other 

significant differences were found it seems logical to think that following this initial spread 

to the left ‘new M1’, the spread outwards to the other regions occurs at a comparable rate. 

It is unclear at this point whether the secondary spread originates from the CM cells, 

modelling a cortiofugal spread and ‘dying-forwards’ mechanism proposed by Eisen and 

Weber (2001), or whether the spinal MN and interneuron circuitry is recruited to aid the 

spread further to more distant ‘new M1’ CM cells and the ‘old M1’ CS cells. The ability of 

TDP-43 neuropathology to spread ‘backwards’ from the MNs to the motor cortex is 

evidenced in this model, and further bolsters the idea of a ‘dying-outwards’ model of MND 

neurodegeneration in which the synapse itself is a key site of vulnerability (Baker, 2014).  

In this novel model of MND, we have proven that TDP-43 overexpression in a subset of 

spinal α-MNs is sufficient to induce a widespread cascade of pathological phosphorylated 

TDP-43 throughout the primary motor cortex. This spread targets the giant Betz cells, and 

primarily those located within the ‘new M1’ subdivision, known to be the source of the 

direct CM pathway. This spread is not limited to just the cortical region representing the 

BR muscle, but instead is widespread throughout M1 demonstrating considerable ‘prion-

like’ propagation of the disease pathology.  
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CHAPTER VIII. General Discussion 
The development of an animal model which accurately recapitulates the symptomatic and 

histopathological complexities of MND is essential to our understanding of this disease. 

Anatomical variability between species must be taken into account when selecting the 

appropriate model animal. Rodents are primarily used for the study of this disease, however 

they lack the crucial monosynaptic connection that links the two principally involved cell 

populations; the corticomotoneuronal (CM) cells located in the primary motor cortex, and 

the α-motoneurons of the spinal cord and brainstem cranial nuclei. This pathway is 

exclusive to primates, and especially developed in humans. Furthermore, there are 

fundamental genetic differences between humans and rodents. With their mostly conserved 

anatomy and network organisation, the next best organism to humans in which to study a 

human disease, is likely to be a non-human primate.  

We hypothesised that inducing the overexpression of TDP-43, the protein implicated in and 

found within the pathological proteinaceous inclusions in ~97% of sporadic and familial 

MND cases, in a focal population of spinal motoneurons innervating one selected muscle 

would be sufficient to generate pathology within those cells similar to that seen in MND 

patients. The detection of phosphorylated TDP-43 (pTDP-43) proteinopathies in additional 

cell populations within the spinal cord, or further afield in the motor cortex, without 

evidence of widespread AAV action, would be taken as an indication that TDP-43 

pathology is able to spread from a focal site. Evidence of cell-cell transmission between 

contiguous, non-contiguous or both populations may provide further support for a prion-

like mechanism of pTDP-43 spread (Nonaka et al., 2013). The selected cell populations 

targeted by the spread of pathology may signal which pathways these proteinopathies are 

capable of utilising for their cell-cell propagation.   

Additionally, we employed an array of in vivo assessments of muscle health and function 

in order to determine whether such techniques would be able to detect signs of onset of 

pathology in the virus targeted motoneuron population, manifesting as muscle weakness 

and denervation, followed by progressive deterioration in the innervated, neighbouring and 

distant muscles. These in vivo measures were to allow for real time assessment of the 

development of pathology, limiting the necessity for sequential culling to assess 

progression of pathology, a necessity in many animal studies, and have the potential for 

better translation into patient studies if validated.  
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MRI 
Structural MRI scans have long been used to assess cortical thinning and, more recently, 

structural differences in the motor cortices have been used to distinguish MND patients 

from healthy controls (Roccatagliata et al., 2009, Ferraro et al., 2017). In addition to these 

cortical assessments, scans of the muscles elucidate processes related to on-going 

degeneration and denervation in MND patients, and have been proposed as a disease 

biomarker (Jenkins et al., 2020). Many variations of diffusion tensor imaging scans have 

been used to determine the health and stability of the muscle fibres. T2-weighted RARE 

scans detect fluctuations in proportion of water within a muscle, displaying increases in 

fluid dynamics as an increase in signal. Following denervation, the cytoarchitecture of a 

muscle is thought to become destabilised and reorganise, leading to an increase in signal 

detected with these scans (Kamath et al., 2008).  

T2 weighted scans detected bands of high signal in the transfected right brachioradialis 

muscle of both animals, which progressively worsened and spread throughout the muscle 

before recovering. The signal fluctuations occurred later than would be expected for 

inflammation associated with the needle penetrations and from the intramuscular virus 

injections and virus-related immune response, and also differed from the diffuse signal 

increase recorded in the entire extensor compartment following an accidental injury to the 

right radial nerve of one of the animals. It is therefore likely that this increased signal 

represented the onset of virus mediated denervation in the muscle. The recovery of this 

signal, which occurred approximately eight weeks after the onset in both animals, was most 

likely indicative of compensatory reinnervation. Of note, while the time of onset differed 

between the two animals, the duration and spatial progression throughout the muscle 

followed an identical pattern. No further indication of denervation was recorded in either 

the virus-targeted muscle or any of the other forearm muscles. The virus induced TDP-43 

overexpression likely provoked wide scale destabilisation throughout the R-BR, however 

later more gradual reorganisation caused by progressive spread may not have generated a 

sufficiently extensive or coordinated event to be resolved with this technique. Alternatively, 

the animals may have been terminated before denervation caused by the spread had 

developed.  
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Electromyography 
Increased importance is being placed on the use of electrophysiological techniques for the 

facilitation of MND diagnoses. The identification of fasciculation potentials and motor unit 

number estimation (MUNE) analysis are commonly employed in clinical settings currently, 

however such techniques can be unreliable and costly on time. A range of 

electrophysiological techniques were applied to validate the model while simultaneously 

assessing the ability of these techniques to identify changes in a muscle exhibiting MND-

like pathology. Time considerations and requirements of voluntary input from the test 

subject, to either produce set movements and forces, or to remain strictly at rest, render 

many of the clinical electrophysiological assessments impractical for use in non-human 

primates.  

A behavioural task involving the voluntary flexion of the elbow within a set force range 

allowed us to study voluntary electromyography (EMG) activity in a range of upper limb 

muscles, including the transfected muscle, over several months. Unlike the MRI findings, 

the EMG changes were not limited to virus targeted muscle. Individual muscle changes 

were highly variable, which is generally unsurprising due to the myriad ways in which the 

animals may engage their muscles to perform the task.  From this task related muscle 

activity, we were able to detect limb-wide changes replicated in the experimental limbs of 

both animals as well as the contralateral ‘control’ limb. Interestingly, the discrepancies in 

muscle activity were not progressive but rather phasic in their appearance. These phasic 

changes were temporally conserved between animals and experimental and control limbs, 

indicating a replicable pathogenesis occurring in both animals. These data provided the first 

indication of a widespread malfunctioning of spinal motoneurons. These changes may 

represent a step of dysfunction occurring prior to motoneuron degeneration, perhaps 

involving the spinal, and even cortical, circuitry as a whole.  

Nerve stimulation 
Nerve conduction studies are regularly performed clinically to exclude other motor 

disorders during MND diagnosis and to ascertain which muscles are affected but pre-

symptomatic. Using surface stimulating and recording electrodes these tests can be 

performed easily in clinics, however some techniques such as MUNE are extremely time 

intensive, or in the case of MUNIX require patients to exert various ranges of force, an 

aspect they may struggle with at later stages of disease. Application of these techniques in 
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animal studies allows for the use of chronic electrodes, enabling the consistent sampling of 

the same motor units. Adaptations are required for the replication of these protocols in 

animal studies in order to accommodate for shorter experimental times and limit the 

necessity of subject input. For example, patients are often required to produce voluntary 

contractions within defined ranges, or in some cases to suppress their voluntary activity 

entirely.  

The maximal CMAP amplitude is often regarded clinically as insufficient in isolation to 

determine changes in the health of the motoneurons. The infrequent testing clinicians are 

often restricted to does not allow for the detection of transient changes in CMAP amplitude 

during on-going denervation and reinnervation. Applying this technique weekly in our 

experimental animals, we were able to detect phases of increased and decreased CMAP 

amplitude over the course of several months, each separated by intermittent recovery of 

amplitude. These changes were predominantly detected in the radial nerve innervated 

muscles in both the transfected and control limbs.  

There are various methods of applying MUNE analysis, each depending on a particular 

method of motor unit action potential (MUAP) extraction. The time consuming nature of 

individual MUAP identification and necessity for restriction of voluntary activity does not 

suit research involving awake animals. We applied an adapted MUNE protocol in which 

MUAPs decomposed during the voluntary task could be used to generate an average 

MUAP. Issues with number and amplitude of MUAPs successfully decomposed by the 

algorithm led to highly variable estimations. Without further validation of these methods 

and comparisons to the true MU numbers per muscle, it is unclear whether these numbers 

represent over or underestimations. It seems clear from these studies that MUAPs 

decomposed during high force voluntary activity do not represent the average MUAP of a 

muscle, although it could equally be said that neither do MUAPs detected from low 

stimulus intensities (Boe et al., 2005).  

Histopathology 
MND is characterised by the degeneration of CM cells of the motor cortex along with spinal 

and bulbar α-motoneurons. These distinct and distant cell types are functionally connected 

by their combinatory role in the direction of movement and physically connected both 

directly and indirectly by means of the corticospinal or corticobulbar tracts and local 

interneuron circuitry. These cell types develop pTDP-43 pathology in the earliest stage of 
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disease, and explain the deficits in dextrous movement and development of weakness and 

atrophy displayed by patients. The mechanisms of action by which this ubiquitous protein 

becomes pathological and spreads between different neuronal populations in MND are as 

yet unclear.  

By inducing the overexpression of human wild-type TDP-43 in a focal population of spinal 

motoneurons, with the use of a novel dual virus approach, we were able to prove that the 

overexpression was sufficient in and of itself to induce the conversion of endogenous TDP-

43 into pathological phosphorylated TDP-43. Evidence of phosphorylated TDP-43 was 

found not only in the originally transfected cells, but also in neighbouring and distant cells 

following the transfection. Pathological pTDP-43 expression was identified throughout the 

cervical spinal cord in adjacent and remote motoneuron pools, and in cells anatomically 

consistent with interneurons, in both the ipsilateral and contralateral sides of the cord. 

Additionally, the presence of pTDP-43 pathology in the giant cells of Betz in the primary 

motor cortex confirmed the ability of a local TDP-43 overexpression event to induce the 

widespread propagation of pTDP-43 pathology. The pTDP-43 pathology was present 

throughout the mediolateral extent of both motor hemispheres, indicating that spread had 

not only reached the CM cells which monosynaptically connect to the transfected right 

brachioradialis motoneurons, but had spread throughout the cortex. Whether this spread 

took place primarily from other transfected spinal MNs backwards to the motor cortex, or 

if pathology spread in multiple directions is yet to be elucidated. A complete lack of this 

proteinopathy in the healthy age-matched control macaque confirmed that the formation of 

these proteinopathies in the spinal cord and M1 neurons was directly linked to spreading 

outwards from the transfected motoneurons.  

As mentioned, one potential cause for changes in mean EMG in muscles throughout the 

upper limbs could be the spread of TDP-43 pathology from the virus transfected cells 

innervating the R-BR. However, an alternative explanation for the limb-wide EMG changes 

could be the spreading of virus into adjacent muscles, thus targeting other spinal motor 

pools, or trans-synaptic spread from the transfected MNs. The latter can be ruled out 

immediately, as AAVs are replication-defective without the addition of a helper virus, such 

as an adenovirus (AV), and so cannot spread trans-synaptically (Atchison et al., 1965). The 

former was controlled for during the intramuscular administration, as low volumes (100µl) 

were injected slowly at multiple sites close to the motor end plates. Identification of the 

end plate zone using electrical stimulation through the needle (see General Methods) 
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provided confirmation that only the R-BR was injected. Of course, there may have been 

some spread of virus via leakage out of the injection sites, although most of this would have 

been controlled for by the small aliquots and their slow injection. Spread to adjacent 

muscles would be unlikely to account for the ultimate EMG changes recorded in the more 

proximal muscles such as the biceps and brachialis, or in the contralateral limb in the case 

of Monkey Ma.  

Additionally, there is a possibility of the virus spreading through the blood stream, and this 

has in fact been reported in neonatal mice with the result of widespread transduction 

throughout the CNS (Chen et al., 2020). This has not been reported in primates, however, 

where intramuscular delivery results in only select retrograde transduction of the 

motoneurons which supply that muscle (Towne et al., 2010, Bohlen et al., 2019).  

A complete lack of fluorescent viral tag in the spinal segments which innervate the 

brachioradialis muscle, in combination with a reduction of motoneurons in the right side of 

the cord in these segments implies that the initially transfected cells have succumbed to the 

TDP-43 overexpression and degenerated. The fluorescent tdTomato tag was also not 

identified in any other cervical spinal segment, the first thoracic segment or in the motor 

cortex. This absence confirms that the intramuscular rAAV2 virus did not spread trans-

synaptically from the transfected right brachioradialis motoneurons, and was also not 

spread around the CNS by the blood stream. The pTDP-43 proteinopathies were therefore 

not caused by widespread transduction of human TDP-43, but rather propagated in a ‘prion-

like’ manner from the selectively transfected motor pool.  

Time course of severity 
Characteristic sequences of changes were detected in both animals, indicating a comparable 

mechanism of pathology. Many factors, for example the location of virus injections within 

the muscle, weight of the animal and upper limb posture during task performance and nerve 

stimulation, may contribute to variability in the outcome in each experimental animal. 

Some expected inter-subject variability was recorded, however, the patterns of in vivo and 

post mortem change were remarkably conserved. Limb-wide phasic changes of 

intramuscular EMG activity and CMAP amplitude were recorded from as early as six 

weeks after the virus injections, in multiple upper limb muscles. During the first half of the 

project, before the electrophysiological trends conserved between animals and limbs 

became clear, the period of MRI signal hyperintensity occurred. It could be argued that the 
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elevated signal represented a standard pathophysiological process in the muscle, as the 

signal changes progressed in the same spatial pattern throughout the muscle and for the 

same number of weeks in both animals.  The changes in task-related EMG and CMAP do 

not necessarily line up, however they both appear in phases emphasising the role of 

compensatory reinnervation in this pathological process.  

The histological changes, on the other hand, paint a picture of widespread, ubiquitous 

pathology, reaching as far as the neurons of the motor cortex. The increasingly phasic 

electrophysiological changes recorded throughout the experimental and control limbs may 

be representative of the pre-symptomatic phase of MND in which compensatory 

remodelling of motor units disguises the severity of the neuronal injury and onset of the 

disease. It is possible that the time point at which we terminated the experiment occurred 

immediately before the ‘tipping point’ when other motoneurons and CM cells began to 

degenerate, reinnervation could no longer keep up and symptoms began to manifest. 

However, it is unknown for how long malfunctioning cells can survive while overloaded 

with pathological aggregates.  

Despite the phenotypic heterogeneity in MND, patients tend to display similar median 

survival times. This is especially so in patients with comparable sites of disease onset. It 

therefore seems plausible that there is a chain reaction that may start and progress using 

variable mechanisms and pathways, but that culminates in a similar end point after a 

reasonably set period of time. This feature of MND could be said to be replicated in our 

model; the two animals demonstrated different onset times, registered by the hyperintense 

MRI signals, but ultimately followed very similar disease trajectories, with altered patterns 

of muscle activity occurring at the same time.   

In our model animals, spinal cord MNs in segments closest, and contralateral to the 

transfected motor pool, as well as the directly connected CM cells showed greater levels of 

pathology than the more distant or indirectly connected cells. The initial site of 

overexpression of TDP-43 in the right brachioradialis MNs therefore likely played a critical 

role in directing the pattern of spread of pTDP-43 seen in the transfected animals. The 

findings from this model suggest that TDP-43 proteinopathies are able to propagate 

outwards in a somewhat orderly fashion from spinal MNs, consistent with Ravits and La 

Spada (2009)’s hypothesis regarding orderly spread. We would therefore posit that if an 

alternative motor pool was induced to overexpress TDP-43, a similar pattern would be seen, 
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but with the focal point and secondarily affected cells shifted accordingly. Had the 

overexpression of TDP-43 been limited to the UMNs, including the Betz cells of M1, rather 

than the spinal cord MNs, the pTDP-43 would likely propagate ‘forwards’ down the CST 

to the monosynaptically connected MNs, and possibly contiguously throughout M1, at 

which point the widespread propagation may begin.  

Future Directions 
To elucidate the timeline of disease progression and to determine the severity of disease 

caused by this TDP-43 overexpression event, it would be useful to assess the presence of 

pathological inclusions in other cortical regions, following the staging criteria set out by 

Brettschneider et al. (2013). We have determined that the animals displayed pathology 

comparable to that of stage one MND pathology, with pTDP-43 proteinopathies present in 

the spinal α-MNs and CM cells of M1, although analysis of the brainstem cranial motor 

nuclei is required to assess if spread has reached these cell populations. It would be of 

interest to track the limits of the pathological spread, to see if the proteinopathies followed 

the categorised stages, with inclusions noted in patients within cortical and subcortical areas 

such as the reticular formation, red nucleus, prefrontal cortex and ultimately, in the latest 

stage of disease, in temporal regions such as the hippocampus. It is also important to rule 

out the presence of pTDP-43 proteinopathies in the oculomotor motoneurons, a cranial 

nucleus generally unaffected in MND patients, in order to confirm the validity and 

representativeness of this pathological spread in modelling MND (Lawyer and Netsky, 

1953).   

It would be very interesting to determine whether pTDP-43 pathology is also present in the 

frontotemporal lobes in our model, as is the case in FTLD. Such a discovery might provide 

further insight into the relationship between these two disorders, thought to exist on either 

end of a spectrum. If this pathology were to be found in this model, in future, a cognitive 

test could be developed in order to assess any signs of impairment to aid with staging of 

this disease.  

MND is phenotypically variable, and it is likely that numerous factors are involved in the 

dysregulation of TDP-43 and that multiple mechanisms of spread work in tandem or 

independently to propagate the proteinopathies between cell populations in disease. This 

model of TDP-43 proteinopathy has created a starting point at which we are able to test the 

possible mechanisms and routes of spread utilised in this disease and dissect the function 
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and role of TDP-43. While we cannot confirm whether pathology spreads in this way 

naturally in disease, we have displayed what an overexpression of wild type human TDP-

43 in a focal motor pool could lead to in a human-like system.  

It would be of great interest to harness this dual virus technology to transfect a small 

population of CM cells in order to record the pattern of pathological pTDP-43 propagation 

when overexpression is initiated at the site of the UMNs, rather than the LMNs. Differences 

in the time course of disease, pattern of spread between cells and ultimately symptom 

severity between different sites of onset in this model would be invaluable for 

understanding phenotypic diversity, as well as deciphering and targeting the mechanisms 

at play in this complex disease. 

There are many potential benefits and applications of a model of this kind. The similarity 

of the motor system and genetic profile of macaques and humans make them an ideal 

animal for the study of this complex disease, and an assumption can be made that any 

disease mechanisms occurring in the model will be similar to that which could occur in 

humans. It is of course impossible to recapitulate the disease processes which occur in 

MND with our current understanding, however replicating the pathological outcomes of 

such diseases in a system near identical to humans allows us to identify novel drug targets 

and gain a better understanding of the disease mechanisms. This model of pTDP-43 

pathology, with evidence of prion-like spread, is an ideal candidate for pre-clinical 

therapeutic trials with the potential for high translatability into human studies.   
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