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1. Introduction 

Diseases of the nervous system of different etiology are common in human medicine 

as well as in veterinary medicine. Electrodiagnostic testing is performed routinely 

during the diagnostic workup of human neurological patients but it has also become a 

valuable diagnostic aid in veterinary neurology (KOTHARI et al. 1998; CUDDON 

2002). The acronym “MUNE” (Motor Unit Number Estimation) stands for 

electrodiagnostic techniques that allow an estimated quantification of the number of 

motor units within a muscle of interest (MCCOMAS et al. 1971a; MC COMAS 1995). 

Various studies have evaluated the benefit of MUNE in human patients and rodent 

models suffering from neurodegenerative diseases such as amyotrophic lateral 

sclerosis (ALS). ALS, representing the most common motor neuron disease in 

human adults, is characterized by degeneration of upper and lower motor neurons in 

the brain and spinal cord. This results in spasticity, hyperreflexia, muscle weakness 

and atrophy and paralysis. Failure of the respiratory muscles and diaphragm 

relentlessly leads to the patient’s death within 3-5 years (CLEVELAND u. 

ROTHSTEIN 2001). ALS is usually not diagnosed during the clinically unapparent 

stage of disease since there is no reliable method for early diagnosis (BROOKS et al. 

2000; ROBELIN u. GONZALEZ DE AGUILAR 2014). MUNE has proven to be 

capable of identifying subclinical changes in motor unit number before onset of 

clinical signs in rodent models (ZHOU et al. 2007; MANCUSO et al. 2011). Hence, 

the potential role of MUNE techniques for diagnosis, monitoring of disease 

progression and response to treatment of ALS is of particular interest (EISEN u. 

SWASH 2001; GOOCH et al. 2014).  
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Therefore, the major objective of this study was a comparative electrophysiological 

analysis of two murine models of ALS by MUNE. The first, well- described SOD1G93A 

mouse model (GURNEY et al. 1994) has already been examined in various MUNE 

studies. In a first step, a version of the incremental  MUNE technique (MCCOMAS et 

al. 1971a; MANCUSO et al. 2011) was applied to this mouse strain in order to 

reproduce the data and then to transfer the exact same technique to another strain, a 

mutant TDP-43 mouse model that has not yet been assessed by MUNE. Since 

MUNE techniques have hardly gained attention in veterinary medicine, and only one 

study has applied MUNE to healthy dogs (VASQUEZ et al. 2010),	   the current study 

also intended to clarify whether the incremental MUNE method is generally 

applicable to dogs and it tried to evaluate its potential use in canine neurology.   
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2. Literature 

2.1 Amyotrophic lateral sclerosis (ALS) 

Amyotrophic lateral sclerosis (ALS), often referred to as Lou Gehrig’s disease or 

motor neuron disease, is an incurable neurodegenerative disorder primarily affecting 

the motor system. ALS, first described in 1869 by the French neurologist Jean-Martin 

Charcot, is clinically dominated by progressive paralysis of skeletal muscles and 

eventual death from respiratory failure typically within three to five years resulting 

from the selective loss of upper motor neurons in the motor cortex and lower motor 

neurons in the brainstem and the spinal cord (MULDER et al. 1986; CLEVELAND u. 

ROTHSTEIN 2001). With a yearly incidence of 1.5 to 2.7 in 100.000 and a 

prevalence of approximately 2.7 to 7.4 in 100.000 individuals (WORMS 2001), ALS 

represents the most common adult-onset motor neuron disease (CLEVELAND u. 

ROTHSTEIN 2001). Disease onset usually occurs at an age between 55 - 65 years 

(HAVERKAMP et al. 1995) with males being more frequently affected than females    

(1.6:1) (MITCHELL u. BORASIO 2007). The mechanisms underlying ALS 

pathogenesis remain to be fully elucidated but a multifactorial etiology including 

genetic and environmental factors as well as multiple pathogenic molecular pathways 

is suspected (SHAW 2005; COZZOLINO et al. 2008). The majority of ALS cases 

occur sporadically without obvious genetic background (sporadic form, sALS). 

However, in 10% of cases there is clear indication of genetic inheritance, typically in 

an autosomal- dominant manner (familial form, fALS) (MULDER et al. 1986). 

Throughout the last decades, various genetic mutations have been identified that 

might provoke fALS (CHEN et al. 2013; RENTON et al. 2014).   
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In the current study, we focused on two animal models based on the mutations in the 

Cu/Zn superoxide dismutase (SOD1) gene and the TAR DNA- binding protein of 43 

kDa (TARDBP-43) gene. SOD1 serves as a free radical scavenging enzyme by 

catalyzing toxic superoxide radicals into hydrogen peroxide and molecular oxygen 

(JULIEN u. KRIZ 2006). A study by Rosen et al. in 1993, revealed that approximately 

20% of familial ALS cases are associated with a mutation in the SOD1 gene (ROSEN 

et al. 1993). This finding paved the way for the development of a transgenic mouse 

model overexpressing a human SOD1- mutation with glycine substituted by alanine 

at position 93 (G93A) (GURNEY et al. 1994). These mice show clinical signs similar 

to those seen in ALS patients such as weakness, tremor and motor impairment 

expressed through dragging of the hindlimbs, eventual limb paralysis and the inability 

to right themselves (GURNEY et al. 1994; HEIMAN-PATTERSON et al. 2005). Main 

pathohistological findings consist of astrogliosis, activated microglia and loss of motor 

neurons in the spinal cord, comparable to the changes in human ALS (BRUIJN et al. 

2004). It is assumed that the loss of motor neurons results from a toxic gain of 

function rather than a loss of function of the mutant enzyme. This hypothesis is 

supported by the fact that SOD1- deficient mice do not develop an ALS-like 

phenotype (REAUME et al. 1996; BRUIJN et al. 1998). In 2006, TDP-43 was 

identified as the major disease protein in ALS as well as in frontotemporal lobar 

degeneration (FTLD) (NEUMANN et al. 2006). TDP-43 [43 kDa transactivation 

response (TAR) DNA- binding protein] is an RNA- / DNA- binding protein (BURATTI 

u. BARALLE 2001) playing a role in transcription, RNA- splicing and micro- RNA 

biogenesis (WANG et al. 2004; BURATTI u. BARALLE 2009).   

Neumann and coworkers discovered in CNS tissue of ALS patients that TDP-43 
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accumulates in cytoplasmatic inclusions whereas under physiological conditions, 

TDP-43 is predominantly located in the nucleus (NEUMANN et al. 2006). Further 

studies revealed that these inclusions occur in sporadic as well as in familial ALS 

cases (MACKENZIE et al. 2010), apart from familial cases associated with mutations 

in the SOD1 gene (MACKENZIE et al. 2007). Moreover, missense mutations in the 

TDP-43 gene have been identified that account for approximately 1-5 % of fALS 

(ROBBERECHT u. PHILIPS 2013). Several TDP-43 mouse models have been 

established in order to study its role in the pathogenesis of ALS (WEGORZEWSKA 

u. BALOH 2011; Y. C. LIU et al. 2013). The cause for TDP-43 accumulation and its 

consequences as well as the question whether a gain of toxicity or loss of function is 

involved still remain to be fully deciphered (LEE et al. 2012).   

Sporadic ALS and fALS are clinically indistinguishable and a common pathogenesis 

is assumed. Therefore, studies in transgenic mouse models might aid to unravel the 

underlying disease mechanisms of both ALS forms (BRUIJN et al. 2004). Current 

hypotheses have frequently been reviewed. They involve e.g. glutamate 

excitotoxicity, oxidative stress, mitochondrial dysfunction, impaired axonal transport, 

aberrant RNA- processing, protein aggregation, deficits in neurotrophic factors and 

dysfunction of signaling pathways (CLEVELAND u. ROTHSTEIN 2001; ROWLAND 

u. SHNEIDER 2001; BRUIJN et al. 2004; WIJESEKERA u. LEIGH 2009; REDLER u. 

DOKHOLYAN 2012; PETERS et al. 2015). ALS is a clinical diagnosis and lacks a 

disease- specific biomarker. Diagnosis is based on the patient’s anamnesis, clinical 

examination, electrophysiological findings and the exclusion of overlapping 

conditions (ROBELIN u. GONZALEZ DE AGUILAR 2014). The revised ‘El Escorial’ 

criteria (‘Airlie House’ criteria) provide standardized diagnostic criteria to classify ALS 
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patients primarily for research studies (BROOKS et al. 2000). According to those 

criteria, ALS must be suspected in case of coexisting upper and lower motor neuron 

sings together with a history of progression of symptoms. Electrodiagnostic testing, 

mainly EMG, represents the most important diagnostic tool for confirmation of the 

clinical diagnosis of ALS by sensitive detection of disseminated sings of acute 

denervation indicating lower motor neuron damage (BEHNIA u. KELLY 1991). In 

many cases, the diagnostic delay from onset of clinical signs to diagnosis is about 

one year (13 to 18 months) (MILLUL et al. 2005; ZOCCOLELLA et al. 2006). At 

present, there is no causal therapy for ALS due to the suspected multifactorial 

pathogenesis. The glutamate antagonist Riluzole is the only FDA- approved 

treatment which prolongs survival by only a modest period of time of  2- 3 months on 

average (BENSIMON et al. 1994; MILLER et al. 2012).  

2.2 The motor unit  

The concept of a single motor unit representing the basic functional unit within the 

peripheral nervous system (PNS) was originally established in 1925. Further 

amendments led to the contemporary definition of a motor unit consisting of one 

alpha- motor neuron located in the anterior horn of the spinal cord, the ventral nerve 

root, its motor axons, the neuromuscular junction and all the muscle fibers it 

innervates (LIDDELL u. SHERRINGTON 1925; BURKE 1980). Thus, the motor unit 

serves as a link between the nervous and the musculoskeletal system. Motor units 

are classified according to their different types of muscle fibers. They are divided into 

slow-twitch, fatigue-resistant (S); fast-twitch, fatigue-resistant (FR) and fast-twitch, 

fatigable (FF) fibers according to their physiological function  (BURKE et al. 1974). 
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Referring to their metabolic properties, it may be distinguished between fast glycolytic 

(FG), fast oxidative glycolytic (FOG) and slow oxidative (SO) fibers (PETER et al. 

1972). Another approach to differentiate between muscle fiber types is based on their 

myosin heavy chain (MHC) profile (SCHIAFFINO et al. 1989).  

Consequently, the concept of the motor unit is fundamental for the understanding of 

muscle physiology and control of movement. 

2.3 Electrodiagnostic testing 

The structures of interest within the scope of electrophysiology are muscles and 

nerves harnessing their electrical excitability for diagnostic purposes                     

(MCLEOD 1968; J. LIU et al. 2014). In order to record the electrical activity, needle or 

surface electrodes are inserted into/ placed over the belly of the muscle. Surface 

electrodes are usually not used in veterinary medicine due to the hair coat causing 

insufficient electrode- skin contact (CUDDON 2002). Action potentials are displayed 

as visual and acoustical signals by amplifying the electrical signals and routing the 

output to an oscilloscope (MCLEOD 1968). Electrodiagnostic (EDX) testing of the 

peripheral nervous system is performed as a part of the diagnostic evaluation of 

human and veterinary patients with clinical sings attributable to the lower motor 

neuron (WATKINS 1958; KOTHARI et al. 1998; CUDDON 2002). Amongst others, 

one of the main intentions of EDX studies is to disclose information about the 

localization and characterization of disorders affecting the peripheral nervous system. 

Accordingly, EDX techniques may contribute to the differentiation between 

neurogenic and myopathic lesions. Furthermore, they offer valuable clues to the 

distribution (e.g. focal, multifocal, generalized), the age (acute, subacute, chronic) 
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and the severity of the lesion. However, EDX examinations do not provide the 

etiology of a disease. It is therefore crucial to perform a meticulous diagnostic workup 

including medical history, a general physical and neurologic examination and further 

diagnostic tests such as cerebrospinal fluid evaluation, bloodwork or biopsies if 

needed (CUDDON 2002; KOO et al. 2012; MOHASSEL u. CHAUDHRY 2015). 

Electromyography (EMG) and nerve conduction studies (NCS) are most commonly 

performed as routine EDX examinations in neuromuscular disorders (MOHASSEL u. 

CHAUDHRY 2015). EMG is not going to be explained in further detail. 

2.3.1 Nerve conduction studies (NCS) 

Peripheral nerve conduction studies aim to evaluate electrical signal propagation 

along a nerve of interest following its electrical stimulation. It is commonly 

distinguished between motor and sensory nerve conduction studies. Both of them 

intend to determine different metrics such as latency, conduction velocity and 

compound muscle action potential (CMAP) / sensory nerve action potential (SNAP) 

providing information about the condition of peripheral nerves and their myelinated 

axons (BROWNELL u. BROMBERG 2010). Below, solely the basic principles of 

motor nerve conduction studies are going to be elucidated. Within NCS, the nerve of 

interest is stimulated at least at two different sites trying to elicit the following 

parameters: 1. The CMAP representing synchronous muscle fiber action potentials, 

2. proximal/ distal latency that indicates the time between stimulus and onset of 

CMAP, 3. conduction velocity providing information about the signal propagation 

along a nerve segment of the fastest motor axons and 4. the duration defined as the 

time from CMAP onset to first negative to positive baseline crossing 
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 (FALCK u. STALBERG 1995; MOHASSEL u. CHAUDHRY 2015). In order to obtain 

the nerve conduction velocity (NCV), the nerve is stimulated at two different sites and 

the distance between these two stimulation sites is measured. Subsequently, the 

NCV (m/s) is calculated by dividing the distance of the proximal and distal stimulation 

sites by the difference of proximal and distal CMAP latencies (VAN NES 1986). 

Results of nerve conduction studies may indicate pathophysiological processes such 

as axonal degeneration and demyelination within the peripheral nerves and may 

therefore contribute to the diagnostic and prognostic evaluation of neurologic patients 

(FALCK u. STALBERG 1995; BROWNELL u. BROMBERG 2010). 

2.3.2 Motor Unit Number Estimation (MUNE) 

The term motor unit number estimation (MUNE) describes electrophysiological 

methods for an estimated quantification of the number of motor units innervating a 

single muscle or muscle group (BROMBERG u. ABRAMS 1995). Alan McComas 

was the first to introduce an electrophysiological technique that provided a numeric 

estimate of the number of functional motor units within a muscle of interest. The 

original MUNE method is the incremental stimulation technique (MCCOMAS et al. 

1971a). Various MUNE methods have been developed throughout the last decades, 

e.g. multiple point stimulation MUNE, statistical MUNE and the spike-triggered 

averaging method that are not going to be explained in further detail here 

(BROMBERG 2007; GOOCH et al. 2014). Nevertheless, all of them rely on the 

concept of the original McComas technique which assumes that the increase of the 

amplitude of the maximal compound muscle action potential (CMAP), reflecting all 

motor units firing together (GOOCH et al. 2014),  is based on a stepwise addition of 
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single motor unit potentials (SMUPs). Therefore, by knowing the size of the CMAP 

and the average SMUP, the estimated number of motor units within a muscle of 

interest may simply be calculated by dividing the mean SMUP amplitude into the 

maximum CMAP amplitude (MCCOMAS et al. 1971a; GOOCH et al. 2014). The only 

difference between the MUNE techniques is the varying way of how to obtain the 

sample of SMUPs used to derive the average SMUP (BROMBERG 2007). The 

incremental technique attempts to successively determine a sample of mostly 5-10 

SMUPs at one point along the nerve by constantly increasing the stimulation 

intensity. Consequently, the response increases in quantal fashion with each 

increment representing an additional motor unit being recruited.  The mean SMUP is 

calculated by averaging the sizes of the 5-10 SMUPs. The final calculation 

mentioned above provides the estimated number of motor units within the muscle of 

interest (MCCOMAS et al. 1971a; SHEFNER 2001; DAUBE 2006). The phenomenon 

termed alternation is of major concern for the application of the incremental 

technique. Since different motor units have overlapping thresholds, an incremental 

increase in the CMAP amplitude might either be due to the recruitment of an 

additional motor unit or it might reflect the alternating activation of two motor units 

already being recruited (SHEFNER 2001). By these means, alternation may 

influence the result of the MUNE examination to the extent that the number of motor 

units is misleadingly overestimated (BROWN u. MILNER-BROWN 1976). To 

overcome this problem, the incremental technique has been modified and new 

MUNE methods have been developed (RASHIDIPOUR u. CHAN 2008). Another 

approach to minimize the influence of alternation is to only accept incremental 

increases of a certain height. For instance, Mancuso and coworkers suggested to 
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only record increases  > 50 µV in the CMAP amplitude to assure that the increment 

really results from recruitment of an additional motor unit (MANCUSO et al. 2011). 

Different studies in human patients and rodent models have shown that MUNE 

provides important information about axonal loss in neurodegenerative diseases. It 

may, moreover, indicate compensatory effects in terms of collateral reinnervation due 

to an increased size of the mean SMUP (XIONG et al. 2008). Collateral 

reinnervation, also termed axonal sprouting, describes the compensatory effect of 

new collaterals growing from surviving motor axons in order to supply denervated 

muscle fibers (MCCOMAS et al. 1971b). As a result, the size of the mean SMUP 

increases because of the enlargement of individual motor units (SHEFNER 2001; 

SARTUCCI et al. 2007; XIONG et al. 2008). Besides, various studies in murine 

models have demonstrated that MUNE might detect decline in motor unit number 

before onset of clinical symptoms (AZZOUZ et al. 1997; SHEFNER et al. 1999; 

ZHOU et al. 2007; MANCUSO et al. 2011). Based on these studies, MUNE is 

considered to be a potentially valuable diagnostic aid with regard to diagnosis, 

monitoring of disease progression and response to treatment of neurodegenerative 

diseases (SHEFNER 2001; RASHIDIPOUR u. CHAN 2008; GOOCH et al. 2014).
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3. Materials and Methods 

3.1 Animals 

3.1.1 Rodent models 

All experiments were carried out in accordance with the internationally accepted 

principles in the care and use of experimental animals, approved by the local 

Institutional Animal Care and Research Advisory Committee and permitted by the  

Lower Saxony State Office for Consumer Protection and Food Safety (permit 

number: AZ 13_1070). 

Transgenic male mice overexpressing the human SOD1G93A mutation 

[(B6SJLTg(SOD1-G93A)1Gur/J), high copy number)] (GURNEY et al. 1994) and 

wildtype female mice (B6SJLF1/J) were obtained from The Jackson Laboratory (Bar 

Harbor, ME, USA). By mating transgenic (tg) males with wildtype (wt) females, 

transgenic G93A hemizygotes were maintained. Animals were genotyped at weaning 

(between 21 and 28 days of age) and genomic mutant SOD1- DNA was identified by 

PCR assay of DNA extracted from the tail tissue. Throughout the entire experiment, 

mice were kept under controlled conditions with free access to food and water at the 

Central Animal Facility of the Institute for Laboratory Animal Science of Hannover 

Medical School. Transgenic mice overexpressing a murine TDP-43 mutation with 

methionine substituted by valine at position 337 (M337V) [B6Tg(TDP43M337V)MSD] 

were developed by the group of Prof. Sendtner from the Institute of Clinical 

Neurobiology, Würzburg, Germany using the ubiquitin promoter. Those animals do 

not develop any apparent disease phenotype and only mild histological abnormalities 

(20% spinal motor neuron loss compared to their wildtype littermates) may be found 
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at approximately 18 months of age. Transgenic mice were sent to the Central Animal 

Facility in Hannover and mated with wildtype Black 6 mice (C57BL/6J) in order to 

maintain transgenic hemizygotes. Another group of animals obtained from the 

Institute of Clinical Neurobiology, Würzburg, included two- year old transgenic 

TDP-43M337V and wildtype TDP-43 overexpressing  mice. The tail tissue of all TDP-43 

mice was sent to Würzburg for PCR analysis to identify the genotype. TDP-43 mice 

were housed under the same conditions as the SOD1 mice. 

3.1.2 Canine patients 

The 12 dogs included in the MUNE study were divided into two groups. 7 of them 

were randomly recruited from the appointment schedule of the small animal clinic on 

the basis of necessity of general anesthesia for further diagnostics and treatment of 

their diseases that were not expected to interfere with the results of electrodiagnostic 

testing. In this way, they represented a heterogeneous group in terms of different 

breeds and body weights. 5 healthy Beagle dogs, owned by the Department of Small 

Animal Medicine and Surgery, formed a homogeneous group due to their 

comparable signalement. The enrollment of the client-owned dogs in the study 

required a written consent from the owners to prolong their dog’s anesthesia for the 

electrodiagnostic procedure. The examination of the laboratory Beagle dogs was 

approved by ethical review and licensed by the Lower Saxony State Office for 

Consumer Protection and Food Safety (permit number: 33.19-42502-05-15A533).  
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3.2 Anesthesia/ drugs 

The electrodiagnostical examination required the animals to be anesthesized. Hence, 

all of them had to undergo general anesthesia.   

3.2.1 Mice 

To begin with, mice were weighed using a plastic bowl and a portable digital scale 

ranging up to 800g in 0.1g steps (Tomopol p800, Tomopol GmbH, Lindlar, Germany). 

Afterwards, mice were placed each at a time into an induction chamber (proprietary 

construction, designed by Forschungswerkstätten, Hannover Medical School, 

Hannover, Germany) which was flooded with 5% Isoflurane (Baxter AG, 

Unterschleißheim, Germany) in pure oxygen (5L/ min) for anesthesia induction. As 

soon as the righting reflex that refers to the animal’s inability to return to an upright 

position and indicates the loss of consciousness (CAMPAGNA et al. 2003) was 

absent, the mouse was retrieved from the chamber, placed on a heating pad 

[proprietary construction, 12 Volt, direct current used with temperature switch TSM 

125 (H-Tronic GmbH, Hirschau, Germany)] and its nose and mouth were covered 

with an inhalation mask (Small rodent face mask, 25 mm diameter, Molecular 

Imaging Products, Bend, OR, USA). Thus, anesthesia was maintained throughout 

the examination using 1.5 – 2% Isoflurane in pure oxygen (1L/ min). Absence of the 

withdrawal reflex implied surgical tolerance (H. N. ALVES et al. 2010) and allowed 

placement of the electrodes. Furthermore, each mouse received a subcutaneous 

injection of 5 mg/ kg Carprofen (Rimadyl®, Pfizer GmbH, Karlsruhe Germany) diluted 

1:100 with 0.9% NaCl solution (NaCl 0.9% isotone sodium chloride solution for 

injection, 10ml Mini Plasco® Connect, B.Braun Melsungen AG, Melsungen, 
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Germany). In order to prevent corneal dehydration, eye ointment was applied to the 

animal’s eyes (Bepanthen® Augen- und Nasensalbe, Bayer Vital GmbH, 

Leverkusen, Germany). During the electrodiagnostic examination, rectal body 

temperature was regularly examined and recorded (CENTER 300 – Thermometer, 

Type K, Center Technology Corp., New Taipei City, Taiwan; modified for use in 

mice). 

3.2.2 Dogs 

The dogs’ anesthesia included three components. They initially received an 

intravenous premedication via permanent venous catheter (VasoVet®, B.Braun 

Melsungen AG, Melsungen, Germany) that was composed of 0.5 mg/kg Diazepam 

(Diazepam®-Lipuro, B.Braun Melsungen AG, Melsungen, Germany ) and 0.2 mg/kg 

Levomethadon (L-Polamivet®, Intervet Deutschland GmbH, Unterschleissheim, 

Germany). Subsequently, Propofol (Narcofol®, CP-Pharma, Burgdorf, Germany) 

given to effect was used for anesthesia induction and intubation (Rüsch® Super 

safetyclear, Teleflex Medical GmbH, Kernen, Germany).  

1.5 - 2.5% Isoflurane (Baxter AG, Unterschleißheim, Germany) in pure oxygen was 

applied through a semi- closed anesthesia breathing system (Dräger Primus, Dräger 

Medical AG&Co KG, Lübeck, Germany) to maintain anesthesia throughout the 

electrodiagnostic procedure. All vital signs and rectal body temperature were 

constantly examined and recorded. 

3.3  Electrophysiological examination 

The aim of the electrophysiological examination was to determine the nerve 

conduction velocity of the sciatic- tibial nerve in TDP-43M337V and SOD1G93A mice and 
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to obtain the number of motor units of the cranial tibial muscle (and in the  

TDP-43M337V also of the gastrocnemius muscle) in those mice as well as in the dogs. 

All electrodiagnostic studies in both species were performed using a Natus Keypoint 

Focus NT EMG equipment with Keypoint.net 2.32 software including the appropriate 

programs (Natus Europe GmbH, Planegg, Germany), a conventional laptop (DELL 

Inc., Latitude E5540; Round Rock, TX, USA) and disposable monopolar needle 

electrodes. Recordings were filtered through standard amplifiers with a bandpass of 

20 Hz to 10 kHz. 

3.3.1 Nerve conduction velocity in mice 

The examination was performed in an operating room of the Central Animal Facility. 

Usually, the left pelvic limb was examined. Anesthesized mice were placed in prone 

position, left pelvic limb and sacral region were shaved (Sterile disposable shaver, 

Pfm Medical AG, Köln, Germany). The same kind of electrodes with identical length 

and diameter was used for stimulation, reference and ground electrodes (Spes 

Medica disposable monopolar needle electrode, 13mm x 33G, GVB geliMED KG, 

Bad Segeberg, Germany). CMAPs were recorded from two different muscles: the 

cranial tibial muscle and the gastrocnemius muscle. In order to percutaneously 

stimulate the sciatic nerve, the first stimulation electrode (proximal stimulation site) 

was placed at the sciatic notch. The second stimulation electrode (distal stimulation 

site) was placed in the popliteal fossa. The distance between both stimulation 

electrodes was measured. Reference electrodes were inserted subcutaneously a few 

millimeters apart from the stimulation electrodes. The recording electrode was placed 

in the belly of the cranial tibial muscle/ gastrocnemius muscle, its reference was 
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inserted into the fourth toe. The ground electrode was inserted subcutaneously at the 

lateral thoracic wall (Figure 1). The sciatic- tibial nerve was successively activated 

through proximal and distal stimulation resulting in two CMAP amplitudes. For both 

CMAPs, baseline-peak amplitude was measured. Proximal/ distal latency was 

automatically displayed at defined settings (time from stimulus to the onset of first 

negative deflection). After obtaining these parameters, the nerve conduction velocity 

was automatically calculated. The following table gives an overview of mice included 

in the NCS. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Overview of mice included in nerve conduction studies 

 
 

Mouse strain 
(age) 

 
Number of 

animals and 
genotype 

 

 
 

Number of trials 

 
 

Muscle of interest 

 
SOD1G93A 

group 1 
(4 to 18 weeks) 

 
 

7 wt, 5 tg 

 
Starting in week 4 
up to week 18, at 
intervals of two 

weeks 
 

 
 

 
 
 
 
 
 
 

Gastrocnemius 
muscle and cranial 

tibial muscle1 

 
TDP-43M337V  

group 1           
(4 to 18 weeks) 

 
 

5 wt, 7 tg 

 
Starting in week 4 
up to week 18, at 
intervals of two 

weeks 
 

 
TDP-43M337V  

group 2           
(26 months) 

 

 
 

7 wt, 6 tg 

 
 

once 

 
TDP-43M337V  

group 4           
(15  months) 

 

 
 

6 wt, 4 tg 

 
 

once 

wt, wildtype;  tg, transgenic; 1 applies to all groups 
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Figure 1: Position of needle electrodes. 1: Ground electrode (green); 2a: Proximal stimulation 
electrode (red) and its reference electrode (2b, yellow); 3a: Distal stimulation electrode (red) and its 
reference electrode (3b, yellow); 4a: Recording electrode (black) within cranial tibial muscle (left 
picture) / gastrocnemius muscle (right picture) and its reference electrode (4b, white). 

 

3.3.2 Motor unit number estimation in mice  

The MUNE examination was performed subsequent to the nerve conduction study if 

applied. Otherwise, all necessary preparations were conducted as previously 

described (see 3.3.1). The same kind of electrodes with identical length and diameter 

was used for stimulation, reference and ground electrodes (Spes Medica disposable 

monopolar needle electrode, 13mm x 33G, GVB geliMED KG, Bad Segeberg, 

Germany). In order to percutaneously stimulate the sciatic nerve, the stimulation 

electrode was placed at the sciatic notch. The reference electrode was inserted 

subcutaneously a few millimeters apart from the stimulation electrode. The recording 

electrode was placed in the belly of the cranial tibial muscle/ gastrocnemius muscle, 

its reference was inserted into the fourth toe.  
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The ground electrode was inserted subcutaneously at the lateral thoracic wall 

(Figure 1). A version of McComas’ manual incremental stimulation technique 

(MCCOMAS et al. 1971a) was used. Initially, the compound muscle action potential 

(CMAP) was evoked applying supramaximal (BROMBERG 2007) continuous 

stimulation (1 Hz, 0.1ms monophasic stimuli) (Figure 2A). The resulting amplitude 

reflected the potential which was generated by all motor units firing together 

(GOOCH et al. 2014). Afterwards, potentials of 10 single motor units (SMUPs) were 

obtained (Figure 2B) to determine the average size of a single motor unit potential 

(mean SMUP). In order to evoke the first all-or-none response which represented the 

first motor unit being recruited (SHEFNER 2001), the stimulus intensity was gradually 

increased starting from subthreshold level. During the further procedure, the 

stimulation intensity was constantly increased (single pulse stimulation) trying to elicit 

the remaining 9 SMUPs. SMUPs were observed for stability by trying to record each 

response two or three times. For both, CMAP and SMUPs, baseline-peak amplitude 

was measured, and only increases > 50 µV in the amplitude were recorded trying to 

minimize the influence of alternation (MANCUSO et al. 2011). The sizes of the 10 

SMUPs were averaged in order to determine the size of the mean SMUP amplitude. 

In the end, the estimated number of motor units within the cranial tibial muscle/ 

gastrocnemius muscle was calculated by dividing the mean SMUP amplitude into the 

maximum CMAP amplitude. The following table gives an overview of mice included 

in the MUNE study. 

 

 



Materials and methods 
 

	   20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Table 2: Overview of mice included in MUNE examination 

 
 

Mouse strain 
(age) 

 

 
 

Number of animals 
and genotype 

 

 
 

Number of trials 
 

 
 

Muscle of interest 

 
SOD1G93A 

group 2 
(4 to 18 weeks) 

 
 

 5 wt, 5 tg 

 
Starting in week 4 
up to week 18, at 
intervals of two 

weeks 
 

 
 

Cranial tibial muscle 
 
 
 

 
TDP-43M337V  

group 1           
(4 to 18 weeks) 

 
 

5 wt, 7 tg 

 
Starting in week 4 
up to week 18, at 
intervals of two 

weeks 
 

 
 

Cranial tibial muscle 

 
TDP-43M337V  

group 2           
(26 months) 

 

 
 

6 (5) wt, 6 tg1 

 
 

once 
 

 
 

Cranial tibial 
muscle3; 

gastrocnemius 
muscle 

 

TDP-43M337V  
group 3 

(12  months) 

 
 

5 wt, 6 tg 
 

 
 

once 
 

 
 

Cranial tibial 
muscle; 

gastrocnemius 
muscle 

 
 

TDP-43M337V  
group 4           

(15  months) 
 

 
 

6 (5) wt, 4 tg2 

 
 

once 
 

 
 

Cranial tibial 
muscle; 

gastrocnemius 
muscle 

 
wt, wildtype; tg, transgenic ; 1 MUNE within cranial tibial muscle of 6 wt mice, within 
gastrocnemius muscle of 5 wt mice ; 2 MUNE within cranial tibial muscle of 5 wt mice, within 
gastrocnemius muscle of 6 wt mice; 3 examined twice at an interval of two weeks, results were 
averaged. 

!
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Figure 2: MUNE procedure. Initially, the compound muscle action potential (CMAP) was obtained (A) 
followed by the recording of 10 single motor unit potentials (SMUPs) (B). 

 

 

3.3.3 Motor unit number estimation in dogs 

MUNE was performed in a shielded room in the small animal clinic designed for 

electrodiagnostical examinations (Farraday cage) before or after the primary surgical/ 

diagnostical intervention. In order to examine the cranial tibial muscle of the right 

pelvic limb, the dogs were brought into left lateral position. 

The stimulation electrodes (Vyasis disposable monopolar needle electrode, 55mm x 

26G,	  Viasys Healthcare GmbH, Höchberg, Germany) were inserted percutaneously 

between the tuber ischiadicum and trochanter major allowing to stimulate the sciatic 

nerve.  
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The recording electrode (Natus disposable concentric needle electrode, 25mm x 

30G, Natus Europe GmbH, Planegg, Germany) was placed in the belly of the cranial 

tibial muscle. Reference electrodes (Spes Medica disposable monopolar needle 

electrode, 13mm x 33G, GVB geliMED KG, Bad Segeberg, Germany) were placed 

subcutaneously a few millimeters apart from the stimulation/ recording electrodes. 

The ground electrode (Spes Medica disposable monopolar needle electrode, 13mm x 

33G, GVB geliMED KG, Bad Segeberg, Germany) was placed subcutaneously at the 

level of Th1 to Th3. The actual MUNE procedure was identical to MUNE in mice (see 

3.3.2). Each dog was only examined once. For detailed information about the 

signalement of each dog, see manuscript (4.3). 

3.4 Assessment of general condition and body weight in mice 

Transgenic mice were monitored by using a general condition score and by regular 

weighing in order to determine the time of visible disease onset and to evaluate 

disease progression. 

3.4.1 General condition score (GCS) 

Transgenic SOD1G93A  and TDP-43M337V (group 1) mice were evaluated daily starting 

from 85 days of age (week 13). Daily scoring was stopped for TDP-43M337V (group 1) 

mice at week 18. TDP-43M337V mice of group 2, 3 and 4 were evaluated daily as soon 

as they were released from quarantine (group 2) or two weeks prior to the MUNE 

procedure (group 3 and 4). Those three groups were daily examined until two weeks 

post electrodiagnostic testing. The score system (VERCELLI et al. 2008; 

KNIPPENBERG et al. 2010) ranged from 1 to 5 as follows:  
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5: healthy without any symptoms of paralysis, 4: slight signs of destabilized gait and 

paralysis of the hind limbs, 3: obvious paralysis and destabilized gait, 2: fully 

developed paralysis of the hind limbs, animals only crawl on the forelimbs, 1: fully 

developed paralysis of the hind limbs, animals predominantly lie on the side and/ or 

are not able to straighten up after turning them on the back within 5 seconds or lost 

more than 20% (LIEBETANZ et al. 2004) of their initial weight. 

As soon as a score of 2 was reached, macerated food was provided ensuring easy 

access to food and hydration. The deterioration from 5 to 4 indicated the time of 

visible disease onset. Reaching a score of 1, the animals were immediately 

euthanized.  

 

3.4.2 Body weight 

Transgenic SOD1G93A  and TDP-43M337V (group 1)  mice were weighed weekly starting 

at 10 weeks of age using a plastic bowl and portable digital scale ranging up to 800g 

in 0.1g steps (Tomopol p800,Tomopol GmbH, Lindlar, Germany). Weekly weighing 

was stopped for TDP-43M337V (group 1) mice at week 18. TDP-43M337V mice of group 

2, 3 and 4 were weighed weekly as soon as they were released from quarantine 

(group 2) or two weeks prior to the MUNE procedure (group 3 and 4). Those three 

groups were examined weekly until three weeks post electrodiagnostic testing. 

Animals were euthanized as soon as more than 20% (LIEBETANZ et al. 2004) of 

their initial body weight was lost.  
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3.5 Assessment of motor performance in mice 

Motor performance was comparatively analyzed in wildtype and transgenic SOD1G93A   

and TDP-43M337V mice by rotarod- and footprint- tests. These examinations were 

applied to group 1 of TDP-43M337V mice in order to compare the results to those of the 

SOD1G93A mice. However, group 2, 3 and 4 were not tested mainly because there 

was still no evident disease phenotype and the mice, particularly those of group 2, 

were quite old. Therefore, further stress such as transportation and adaptation to 

rotarod procedure was avoided. The behavioral tests mentioned above intended to 

determine the onset of symptomatic disease as well as further progression of motor 

deficits during the course of the disease (KNIPPENBERG et al. 2010). 

 

3.5.1 Rotarod performance 

Rotarod performance is commonly applied to evaluate motor coordination, strength 

and balance (ZHOU et al. 2007). It was tested on a rotarod apparatus designed for 

mice and rats  (IITC 755 Rotarod, IITC Inc. Life Science, Woodland Hills, CA, USA) 

that allowed up to five animals to be examined simultaneously. Mice were placed on 

a motionless textured drum facing towards the experimenter. Afterwards, the rotarod 

was activated and the rod accelerated from 1 to 18 revolutions per minute (rpm) 

within 180 seconds. As soon as animals fell off, their drop was sensed by landing 

platforms functioning as magnetic switches at the bottom of each lane. The display 

showed the time of drop/ time on the rod for each animal position at the end of the 

experiment. The time that the animals were able to remain on the rod was recorded 

representing their competence of motor function. Animals were trained prior to the 

actual testing in order to get used to the procedure and to avoid variations due to 
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motor learning and motivation (ZHOU et al. 2007). Therefore, mice were trained 

twice a week starting in week 7. The rotation speed was slowly increased from 12 to 

18 rpm. When animals fell off, they were immediately placed back on the rod. After 

this adaption period, mice were tested weekly from 10 to 18 weeks of age. For each 

test day the animals were given three trials and the longest latency without falling 

was recorded. The performance level of week 10 was set as 100% and did serve as 

a reference to the results of the following weeks. 

 

3.5.2 Footprint analysis 

Footprint analysis was performed in order to determine the step length and runtime of 

each animal. Therefore, the animal’s hind paws were dipped into black finger paint   

(Mucki finger paint, Kreul, Hallerndorf, Germany) to record walking patterns while 

running on a 50 cm gangway, bordered to both sides and covered with conventional 

masking tape (Tesa masking tape 05286 Premium Classic, 50mm x 50m, Hamburg, 

Germany). The 50 cm of masking tape were cut into three pieces, glued to a 

prepared sheet of paper and scanned (Konica minolta, bizhub C224e, Tokyo, Japan) 

into FOOTPRINTS 1.22 program (KLAPDOR et al. 1997). With the help of this 

software, step length could be analyzed. The performance level of week 10 was set 

as 100% and did serve as a reference to the results of the following weeks. 

Furthermore, the time animals needed to run along the 50 cm track was recorded. 

Time measurement started when mice were released and stopped as soon as they 

reached the end of the bordered area with their head or at a maximum of 25 

seconds. Footprint analysis and recording of runtime were performed weekly starting 

the same week as rotarod testing after mice had learned to walk on the gangway. 
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3.6 Statistical analysis 

Statistical calculations and graphs of all test results were performed and created 

using GraphPad Prism software (GraphPad software Inc., version 5.02, San Diego, 

CA, USA). All data in the text were expressed as mean ± SEM and p< 0.05 was 

considered to indicate a statistically significant difference. Results of different groups 

of nonrecurring examinations were compared by either student t-test or Mann-

Whitney non-parametric test after testing for normal distribution. Two-way repeated 

measures ANOVA followed by Bonferroni post- hoc analysis of means was applied to 

evaluate differences between parameters of groups over a specific period of time. 

Linear regression analyses were carried out for assessment of correlation between 

MUNE parameters. 
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4. Results 

4.1 Results in SOD1G93A mice 

4.1.1 Results of electrophysiological testing 

Nerve conduction after stimulation of the sciatic nerve was recorded from the cranial 

tibial and the gastrocnemius muscles of 7 wt and 5 tg mice (group 1 of SOD1 mice). 

While distal motor latency did not significantly (p> 0.05) differ between wildtype and 

transgenic mice, transgenic animals showed significant decrease of their nerve 

conduction velocity recorded from the cranial tibial muscle in week 12 (p< 0.05) as 

depicted in figure 3. In week 18, only 2 transgenic animals could be included in NCS 

since 3 out of 5 transgenic mice had died prior to the last examination day. 

Therefore, statistical analysis could not be performed for week 18. 

Figure 3: Analysis of distal motor latency (A) and nerve conduction velocity (B) recorded from the 
cranial tibial and the gastrocnemius muscle of transgenic SOD1G93A mice (group 1) compared to their 
wildtype littermates. Note that statistical analysis of results from week 18 could not be performed since 
only two transgenic animals were included. NCV, nerve conduction velocity. Wt, wildtype; tg, 
transgenic. Values are mean ± SEM; *p< 0.05 

 

In order to obtain MUNE of the cranial tibial muscle, another group of 5 wt and 5 tg 

mice was examined (group 2 of SOD1 mice). Results of transgenic mice were 

compared to those of their wildtype littermates.  
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The number of motor units of the transgenic group declined progressively starting in 

week 10/ 12 up to week 18.  

A significant difference between both groups (p< 0.001) was observed from the 

beginning of week 14 up to week 18 (Figure 4A). Decrease of CMAP amplitude was 

recorded concurrently to the reduction of motor units reaching a significant difference 

already at week 12 (p< 0.01) and becoming more severe in the following weeks  

(p< 0.001) (Figure 4B). However, there was no increase/ decline of the mean SMUP. 

Throughout the whole examination period, there was no significant deviation between 

both groups (p> 0.05) and the mean SMUP appeared to be a comparatively stable 

parameter (Figure 4C). 
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Figure 4: MUNE parameters- Evaluation of functional motor units, CMAP and mean SMUP recorded 
from the cranial tibial muscle of transgenic SOD1G93A mice (group 2) compared to their wildtype 
littermates. Whereas the number of motor units and the CMAP within the transgenic group showed a 
distinct decline, there was no decrease or increase of the mean SMUP. CMAP, compound muscle 
action potential; SMUP, single motor unit potential; Wt, wildtype; tg, transgenic. Values are mean ± 
SEM; *p< 0.05, **p< 0.01,***p< 0.001 

 

Since MUNE parameters did apparently correlate, linear regression analyses were 

performed in order to assess the correlation between number of motor units and the 

CMAP as well as the number of motor units and the mean SMUP in the transgenic 

(Figure 5A-B) and the wildtype group (Figure 5C-D).  
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Results revealed significant correlation (p< 0.0001) between the size of the CMAP 

amplitude and the estimated number of motor units in the transgenic (Figure 5A) as 

well as the wildtype group (Figure 5C). Significant correlation (p< 0.0001) was also 

found between motor unit number and mean SMUP within the wildtype group (Figure 

5D).  This could not be confirmed for the transgenic group (p> 0.05) (Figure 5B). 

Figure 5: Correlation analysis between the number of motor units and the CMAP as well as the 
number of motor units and the mean SMUP of transgenic (A-B) and wildtype (C-D) SOD1 mice. The 
decrease of motor unit number significantly correlated to the decline of the CMAP amplitude in both 
groups (A&C). Significant interaction between motor unit number and the mean SMUP was found in 
the wildtype group (D). CMAP, compound muscle action potential; SMUP, single motor unit potential. 
Values are mean ± SEM 

 

The following table presents an overview of electrophysiological results of SOD1G93A 

mice including MUNE and NCS from week 4 up to week 18. 
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4.1.2 General condition score and body weight 

General condition of transgenic SOD1G93A mice was assessed applying the general 

condition score explained in 3.4.1. Mice were examined daily starting at 85 days of 

age (week 13). Onset of clinical symptoms was observed in week 17 marked by a 

transition from a score of 5 to a score of 4 (p< 0.05). The subsequent aggravation of 

symptoms was accompanied by progressive decline of the general condition score 

resulting in a score of 1 at the beginning of week 20 (p< 0.001) (Figure 6A). Animals 

were immediately euthanized as soon as they reached a score of 1.  

The body weight of these mice was controlled weekly starting at 10 weeks of age. It 

appeared to be stable throughout the examination period. Only at the very late 

disease stage (week 19), a significant decrease (p< 0.05) in body weight within the 

transgenic group compared to their wildtype littermates was observed (Figure 6B). 

 

Figure 6: General condtion score (A) and body weight (B) of transgenic SOD1G93A mice compared to 
their wildtype littermates. The general condition score of the transgenic group already started to 
decline in week 17, whereas their body weight was not found to be significantly different until week 19. 
Wt,wildtype; tg,  transgenic. Values are mean ± SEM; *p< 0.05, **p< 0.01,***p< 0.001 
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4.1.3 Results of rotarod and footprint analysis 

Rotarod performance of wildtype and transgenic SOD1 mice was tested weekly 

starting in week 10. Performance level was defined as 100% if animals were able to 

keep up with their performance level of week 10 or better. Deterioration started in 

week 16 and was significant from week 17 (p< 0.01). While wildtype animals were 

able to perform at a level of 100 %, transgenic mice showed 73.4 ± 15.36 %. In week 

18, transgenic mice performed at a level of 37.6 ± 15.36 %, whereas their wildtype 

littermates still showed a perfomance level of 100 % (p< 0.001) (Figure 7). 

 

 

 

Footprint analysis  aimed to examine the animals’ step length and the time needed to 

run along the 50 cm gangway. Testing was performed weekly subsequent to the 

rotarod perfomance. The outcome of the step length analysis revealed a significant 

difference (p< 0.001) between transgenic and wildtype mice in week 18. Mean step 

length within the wildtype group was 93.80 ± 5.04 %. In contrast, transgenic mice 

showed a step length of 48.80 ± 14.72 % (Figure 8).   

Figure 7: Rotarod perfomance of  
transgenic SOD1G93A mice compared 
to their wildtype littermates. Wt, 
wildtype; tg, transgenic. Values  are 
mean ± SEM; *p< 0.05, ***p< 0.001 
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Similar results were observed concerning the runtime. In week 18, wildtype animals 

needed 2.35 ± 0.15 s to run along the 50 cm gangway, whereas transgenic mice 

needed 12.36 ± 3.37 s for the same distance (p< 0.001) (Figure 9). 

 

 

 

 

 

  

 

Figure 8: Analysis of step length of  
transgenic SOD1G93A mice compared 
to their wildtype littermates. Wt, 
wildtype; tg, transgenic. Values are 
mean ± SEM; ***p< 0.001 

 

Figure 9: Analysis of runtime of  
transgenic SOD1G93A mice compared 
to their wildtype littermates. Wt, 
wildtype; tg, transgenic. Values are 
mean ± SEM; ***p< 0.001 

 

Figure 10: Footprint analysis of a 
transgenic SOD1G93A mouse aged 18 
weeks (left picture) compared to a 
wildtype littermate of the same age  
(right picture). 
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4.2 Results in TDP-43M337V mice 

4.2.1 Results of electrophysiological testing 

Nerve conduction  after stimulation of the sciatic nerve was recorded from the cranial 

tibial and the gastrocnemius muscle of 5 wt and 7 tg mice of group 1 (4 to 18 

weeks). Throughout the whole examination period, there was neither significant 

discrepancy in distal motor latency nor in the nerve conduction velocity between 

wildtype and transgenic animals (p> 0.05) (Figure 11). 

Figure 11: Analysis of distal motor latency (A) and nerve conduction velocity (B) recorded from the 
cranial tibial and the gastrocnemius muscle of transgenic TDP-43M337V mice compared to their wildtype 
littermates (group 1, 4 to 18 weeks). No significant deviation between wildtype and transgenic animals 
in either parameter could be shown. NCV, nerve conduction velocity; Wt, wildtype; tg, transgenic. 
Values are mean ± SEM 

 

Motor unit number estimation was performed in the cranial tibial muscle of the 

animals of group 1 following the nerve conduction studies. MUNE was studied once 

every two weeks starting at 4 up to 18 weeks of age. The examination revealed that 

there was no significant (p> 0.05) decrease of motor unit number (Figure 12A) or 

CMAP (Figure 12B) within the transgenic group compared to their wildtype 

littermates. In addition, there was no significant (p> 0.05) decrease or increase in the 

mean SMUP (Figure 12C). 
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Figure 12: MUNE parameters- Evaluation of functional motor units, CMAP and mean SMUP recorded 
from the cranial tibial muscle of transgenic TDP-43M337V mice (group 1, 4 to 18 weeks) compared to 
their wildtype littermates. Neither significant differences in motor unit number (A) and CMAP (B), nor 
significant deviations of the mean SMUP (C) could be detected. CMAP, compound muscle action 
potential; SMUP, single motor unit potential; Wt, wildtype; tg, transgenic. Values are mean ± SEM 

 

 

Linear regression analyses were carried out in order to evaluate the correlation 

between number of motor units and the CMAP as well as the number of motor units 

and the mean SMUP within the transgenic (Figure 13A-B) and the wildype group 

(Figure 13C-D). The outcome showed a significant correlation (p< 0.0001/ p= 0.001) 

between both parameters within both groups. 
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Figure 13: Correlation analysis between the number of motor units and the CMAP as well as the 
number of motor units and the mean SMUP of transgenic (A-B) and wildtype (C-D) TDP-43M337V mice 
(group 1, 4 to 18 weeks). The decrease of motor unit number significantly correlated to the decline of 
the CMAP amplitude within both groups (A&C). Significant interaction between motor unit number and 
the mean SMUP was found within the transgenic (B) and wildtype group (D). CMAP, compound 
muscle action potential; SMUP, single motor unit potential. Values are mean ± SEM 

 

 

 

 

 

 

The following table presents an overview of electrophysiological results of 

TDP-43M337V mice including MUNE and NCS from week 4 up to week 18. 
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In total, group 2 consisted of 13 TDP-43M337V mice aged 26 months. 

Nerve conduction after stimulation of the sciatic nerve was recorded once from the 

cranial tibial and the gastrocnemius muscle of 7 wt and 6 tg mice of group 2. Mean 

values for the distal motor latency and the nerve conduction velocity recorded from 

the gastrocnemius muscle of wildtype animals were 0.90 ± 0.04 ms and 53.04 ± 7.23 

m/s, respectively. The corresponding mean values of the transgenic mice were 

0.85 ± 0.02 ms and 46.58 ± 6.05 m/s, respectively.  

Mean values for distal motor latency and nerve conduction velocity recorded from the 

cranial tibial muscle of wildtype animals were 0.84 ± 0.05 ms and 46.56 ± 5.31 m/s, 

respectively.  

The corresponding mean values of the transgenic mice were 0.90 ± 0.06 ms and   

48.58 ± 8.49 m/s, respectively.  

There was no significant (p> 0.05) increase of latency or decrease of nerve 

conduction velocity in transgenic mice compared to their wildtype littermates as 

demonstrated in figure 14. 

 

 

Figure 14: Analysis of distal motor latency (A) and nerve conduction velocity (B) recorded from the 
cranial tibial and the gastrocnemius muscle of transgenic TDP-43M337V mice compared to their wildtype 
littermates (group 2, 26 months). No significant deviation between wildtype and transgenic animals in 
either parameter could be shown. NCV, nerve conduction velocity; Wt, wildtype; tg, transgenic. Values 
are mean ± SEM 
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In order to obtain MUNE of the cranial tibial muscle, 12 mice of group 2 (6wt, 6tg) 

were examined. The examination was performed twice at an interval of two weeks 

and the results were averaged. Mean MUNE, CMAP and SMUP values of the 

wildtype animals were 85 ± 9, 32.10 ± 1.07 mV and 0.397 ± 0.027 mV, respectively.  

 

Mean MUNE, CMAP and SMUP values of the transgenic mice were 80 ± 7, 39.22 ± 

2.99 mV, 0.568 ± 0.102 mV, respectively. The number of motor units as well CMAP 

amplitudes of wildtype and transgenic animals did not significantly differ from each 

other (p> 0.05) (Figure 15A-B). However, the mean SMUP was significantly 

(p< 0.05) increased within the transgenic mice compared to the wildtype animals 

(Figure 15C). Additionally, MUNE was recorded in the gastrocnemius muscle of 

these mice (5wt, 6tg). Mean MUNE, CMAP and SMUP values within wildtype animals 

were 82 ± 6, 30.88 ± 3.71 mV, 0.372 ± 0.026 mV, respectively. Mean MUNE, CMAP 

and SMUP values of the transgenic mice were 38 ± 11, 29.25 ± 2.50 mV,  

1.693 ± 0.729 mV, respectively. Comparing the results of wildtype and transgenic 

mice, the number of motor units within the gastrocnemius muscle of the transgenic 

animals showed a significant decrease (p< 0.05) (Figure 15A), whereas their mean 

SMUP was significantly increased (p< 0.05) (Figure 15C). The CMAP, however, did 

not show any significant deviation (p> 0.05) (Figure 15B). 
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Figure 15: MUNE parameters- Evaluation of functional motor units, CMAP and mean SMUP recorded 
from the gastrocnemius and cranial tibial muscle of transgenic TDP-43M337V mice (group 2, 26 months) 
compared to their wildtype littermates. Whereas the number of motor units within the gastrocnemius 
muscle of the transgenic group was significantly reduced, the CMAP remained unaffected. The mean 
SMUP showed a significant increase within both muscles. CMAP, compound muscle action potential; 
SMUP, single motor unit potential; Wt, wildtype; tg, transgenic. Values are mean ± SEM; *p<0.05 

 

 

Figure 16: Individual values for the 
mean SMUP in cranial tibial and 
gastrocnemius muscles of each 
transgenic TDP-43M337V mouse as 
well as mean SMUP value ± SEM 
calculated from all transgenic 
animals of group 2. SMUP, single 
motor unit potential. 
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Motor unit number estimation was performed once within the cranial tibial and the 

gastrocnemius muscle of group 3 (12 months; 5wt, 6tg). Mean MUNE, CMAP and 

SMUP values within the cranial tibial muscle of the wildtype mice were 80 ± 10, 29.47 

± 1.54 mV and 0.385 ± 0.036 mV, respectively. Mean MUNE, CMAP and SMUP 

values of the transgenic group were 76 ± 7, 30.59 ± 3.95 mV and 0.410 ± 0.034 mV, 

respectively. The corresponding values within the gastrocnemius muscle of the 

wildtype mice were 97 ± 9, 39.14 ± 3.51 mV and 0.404 ± 0.022 mV, respectively. 

Those of the transgenic animals were 85 ± 10, 39.14 ± 4.90 mV and 0.459 ± 0.014 

mV, respectively. The mean SMUP within the gastrocnemius muscle was found to be 

significantly higher (p< 0.05) in the transgenic group compared to the wildtype mice 

(Figure 17C), whereas motor unit number and CMAP remained unaffected. Referring 

to the cranial tibial muscle, no significant difference between wildtype and transgenic 

mice could be detected in either parameter (p> 0.05) (Figure 17A-C).  
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Figure 17: MUNE parameters- Evaluation of functional motor units, CMAP and mean SMUP recorded 
from the gastrocnemius and cranial tibial muscle of transgenic TDP-43M337V mice (group 3, 12 months) 
compared to their wildtype littermates. The mean SMUP within the gastrocnemius muscle of the 
transgenic group was found to be significantly increased, whereas the mean SMUP within the cranial 
tibial muscle as well as the other parameters in both muscles remained unaffected. CMAP, compound 
muscle action potential; SMUP, single motor unit potential; wt, wildtype; tg, transgenic. Values are 
mean ± SEM; *p<0.05 
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Mice of group 4 (15 months) were the same as in group 3. 6 wt and 4 tg animals 

were included in the nerve conduction studies of the sciatic nerve recorded from the 

cranial tibial and gastrocnemius muscle. Mean values for distal motor latency and 

nerve conduction velocity recorded from the gastrocnemius muscle of wildtype 

animals were 0.71 ± 0.10 ms and 44.58 ± 5.66 m/s, respectively. The corresponding 

mean values of the transgenic mice were 0.82 ± 0.10 ms and 61.20 ± 5.90 m/s, 

respectively. Mean values for distal motor latency and nerve conduction velocity 

recorded from the cranial tibial muscle of wildtype animals were 0.56 ± 0.09 ms and 

40.45 ± 7.14 m/s, respectively. The corresponding mean values of the transgenic 

mice were 0.69 ± 0.02 ms and 48.23 ± 4.61 m/s, respectively. There was no 

significant (p> 0.05) increase of distal motor latency or decrease of nerve conduction 

velocity in transgenic mice compared to their wildtype littermates as demonstrated in 

figure 19. 

 

Figure 18: Individual values for the 
mean SMUP in cranial tibial and 
gastrocnemius muscles of each 
transgenic TDP-43M337V mouse as 
well as mean SMUP value ± SEM 
calculated from all transgenic 
animals of group 3. SMUP, single 
motor unit potential	  



Results 
 

	   45 

 

Figure 19: Analysis of distal motor latency (A) and nerve conduction velocity (B) recorded from the 
cranial tibial and the gastrocnemius muscle of transgenic TDP-43M337V mice compared to their wildtype 
littermates (group 4, 15 months). No significant deviation between wildtype and transgenic animals in 
either parameter could be shown. NCV, nerve conduction velocity; Wt, wildtype; tg, transgenic. Values 
are mean ± SEM 

 

 

MUNE was studied once within cranial tibial and gastrocnemius muscles of group 4 

[6(5) wt, 4 tg]. Mean MUNE, CMAP and SMUP values in the cranial tibial muscle of 

the wildtype mice were 65 ± 5, 28.33 ± 1.50 mV and 0.434 ± 0.032 mV, respectively. 

Mean MUNE, CMAP and SMUP values of the transgenic group were  75 ± 12,  

32.04 ± 2.95 mV and 0.459 ± 0.079 mV, respectively. The corresponding values in 

the gastrocnemius muscle of the wildtype mice were 73 ± 7, 32.06 ± 3.56 mV and 

0.438 ± 0.018 mV, respectively. Those of the transgenic animals were 58 ± 5, 34.53 

± 2.20 mV and 0.627 ± 0.053 mV, respectively. The mean SMUP in the 

gastrocnemius muscle was found to be significantly higher (p< 0.01) within the 

transgenic group compared to the wildtype mice (Figure 20C), whereas motor unit 

number and CMAP remained unaffected. Referring to the cranial tibial muscle, no 

significant difference between wildtype and transgenic mice was encountered in 

either parameter (p> 0.05) (Figure 20A-C). 
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Figure 20: MUNE parameters- Evaluation of functional motor units, CMAP and mean SMUP recorded 
from the gastrocnemius and cranial tibial muscle of transgenic TDP-43M337V mice (group 4, 15 months) 
compared to their wildtype littermates. The mean SMUP within the gastrocnemius muscle of the 
transgenic group was found to be significantly increased, whereas the mean SMUP within the cranial 
tibial muscle as well as the other parameters in both muscles remained unaffected. CMAP, compound 
muscle action potential; SMUP, single motor unit potential; Wt, wildtype; tg, transgenic. Values are 
mean ± SEM; **p< 0.01 

 

 

 

 

Figure 21: Individual values for the 
mean SMUP in cranial tibial and 
gastrocnemius muscles of each 
transgenic TDP-43M337V mouse as 
well as mean SMUP value ± SEM 
calculated from all transgenic 
animals of group 4. SMUP, single 
motor unit potential 
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4.2.2 General condition score and body weight 

General condition of TDP-43M337V mice was evaluated using the general condition 

score explained in 3.4.1. Group 1 was examined daily starting at 85 days of age 

(week 13) until week 18, whereas groups 2, 3 and 4 were evaluated daily as soon as 

they were released from quarantine (group 2) or from two weeks prior to two weeks 

post MUNE examination. Besides, they were checked on a regular basis during the 

months and weeks before and after the actual MUNE examination by the 

experimenter and the keepers of the animal facility. Throughout the whole 

examination period, no phenotypical abnormalities were observed in either group of 

TDP-43M337V mice. Therefore, all of them represented a score of 5 at all times. 

The monitoring of their body weight was also dependent on the different groups. 

Group 1 was examined weekly starting from week 10 until week 18. Group 2, 3 and 4 

were controlled weekly as soon as they were released from quarantine (group 2) or 

from two weeks prior to three weeks post MUNE examination. The outcome revealed 

that there was no significant difference (p> 0.05) between the body weight of 

transgenic and wildtype animals in either group at any time (Figure 22). 

 

  



Results 
 

	   48 

Figure 22: Examination of body weight of transgenic TDP-43M337V mice compared to their wildtype 
littermates within group 1 (A), group 2 (B), group 3 (C) and group 4 (D) at different time points.  
a: release from quarantine/ week 2 prior to MUNE; b: week 1 prior to MUNE; c: week 1 post MUNE; d: 
week 2 post MUNE; e: week 3 post MUNE. No significant differences were observed in either group at 
any time. Wt, wildtype; tg, transgenic; MUNE, motor unit number estimation. Values are mean ± SEM  

 

4.2.3 Results of rotarod and footprint analysis 

In order to completely compare SOD1G93A and TDP-43M337V mice, group 1 of  

TDP-43M337V mice had to undergo rotarod and footprint analysis following the scheme 

applied to SOD1G93A mice. None of these examinations showed significant 

differences between transgenic and wildtype animals (p> 0.05). In week 18, wildtype 

and transgenic mice were comparably able to keep up their rotarod performance 

level of 98.20 ± 1.20 % and 99.29 ± 0.71 %, respectively (Figure 23). The step length 

in week 18 within the wildtype group was 100 ± 0 % and 97.71 ± 3.34 % within the 

transgenic group (Figure 24). The results of the runtime in week 18 showed that 
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wildtype animals needed 2.30 ± 0.12 s and transgenic mice 2.52 ± 0.19 s to run 

along the 50 cm track (Figure 25). 

 

 

 

  

Figure 23: Rotarod perfomance of  
transgenic TDP-43M337V mice 
(group 1) compared to their wildtype 
littermates. Wt, wildtype; tg, 
transgenic. Values are mean ± SEM 

 

Figure 24: Analysis of step length of  
transgenic TDP-43M337V mice 
(group 1) compared to their wildtype 
littermates. Wt, wildtype; tg, 
transgenic. Values are mean ± SEM 

 

Figure 25: Analysis of runtime of  
transgenic TDP-43M337V mice 
(group 1) compared to their wildtype 
littermates. Wt, wildtype; tg, 
transgenic. Values are mean ± SEM 
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4.3   MUNE in dogs 

The results of the MUNE examination in dogs were published in the following paper: 

 

 

THE POTENTIAL ROLE OF MOTOR UNIT NUMBER ESTIMATION AS AN 
ADDITIONAL DIAGNOSTIC AND PROGNOSTIC VALUE IN CANINE 

NEUROLOGY 

 

Julia Kauder1*, Susanne Petri2 , Andrea Tipold1 , Veronika M. Stein1 

 

1Department of Small Animal Medicine and Surgery, University of Veterinary 
Medicine Hannover, Hannover, Germany 

2Department of Neurology, Hannover Medical School, Hannover, Germany 
  

 

 

 

 
 
 

Published November 10th, 2015 in Front.Vet.Science 2:53 

Doi: 10.3389/fvets.2015.00053  
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Furthermore, it intends to evaluate to what extent MUNE might be considered a 

reliable additional parameter concerning diagnosis and prognosis of canine 

neurologic patients.  
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Thus, quantal increases in the response were recorded (9).  
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5. Discussion 

5.1 Comparative MUNE analysis of mutant SOD1 and TDP-43 mice  

The major aim of this study was to determine whether MUNE is able to detect 

changes in motor unit number of transgenic TDP-43M337V mice even though these 

animals do not develop any apparent disease phenotype and to compare the results 

to those obtained from transgenic SOD1G93A mice. In a first step, the well- described 

SOD1G93A mouse model (GURNEY et al. 1994) was examined using the incremental 

technique, thereby following the approach of Mancuso and coworkers (MANCUSO et 

al. 2011) in order to reproduce their data. Subsequently, this technique was 

transfered to the TDP-43M337V mice providing data for a comparative MUNE analysis 

of both models.   

The results of NCS of transgenic SOD1G93A mice showed significant reduction of 

NCV recorded from the cranial tibial muscle in week 12 but no significant differences 

or further deterioration at later time points. Due to the circumstance that 3 out of 5 

transgenic mice had died prior to the last examination day and therefore only two 

transgenic mice could be included in NCS in week 18, these results could not be 

statistically assessed. Hence, solely a vague tendency towards an increase in distal 

motor latency and decrease of NCV within transgenic mice in week 18 could be 

shown. This is comparable with NCV results in ALS patients as demyelination is not 

primarily characteristic of ALS and motor nerve conduction velocity usually is within 

normal range, at least in early stages prior to substantial axonal damage 

(EISEN u. SWASH 2001).  
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The distal motor latency is mainly dependent on the integrity of the largest and 

fastest- conducting axons (MOHASSEL u. CHAUDHRY 2015).  

In terminal stages of ALS represented by week 18 in SOD1G93A mice, slowing of NCV 

may indicate preferential loss of the largest and fastest- conducting motor axons, in 

line with our results (EISEN u. SWASH 2001). However, NCV represents a 

parameter that is calculated from the proximal latency, distal latency and the distance 

between stimulation electrodes. Thus, NCV is prone to technical difficulties as 

follows. Increase of latency can occur due to reduced temperature of the nerve 

segment (FALCK u. STALBERG 1995) which should be considered whenever 

general anesthesia is applied. Besides, it may be influenced by the position of needle 

electrodes that determines the onset of the CMAP (EISEN u. SWASH 2001). Other 

studies assessing NCV in ALS mice have reported controversial results: Mancuso et 

al. found an increase of latency recorded from the cranial tibial muscle of SOD1G93A 

mice already in week 12 (MANCUSO et al. 2011), whereas others reported very early 

increase of latency and decrease of NCV recorded from the gastrocnemius muscle 

from 20 days post partum (C. J. ALVES et al. 2011).   

Onset of clinical symptoms in the transgenic SOD1G93A mice assessed by general 

condition score, body weight and behavioral testing was not observed before 17 

weeks of age. MUNE of the cranial tibial muscle, however, disclosed significant 

motor unit loss at the beginning of week 14 that showed progressive decline up to 

week 18. Significant reduction of the CMAP was found already in week 12. This 

coexisting decrease of the CMAP combined with a comparatively smaller decline in 

motor unit number results from predominant loss of large motor units (MANCUSO et 

al. 2011). Throughout the whole examination period, there was no significant 
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increase in the mean SMUP most likely reflecting the lack of collateral sprouting 

which compares favorably with results reported in the literature. Previous studies 

have demonstrated that transgenic SOD1G93A mice do not show any or ineffective 

compensatory motor unit expansion as an expression of axonal sprouting 

(HEGEDUS et al. 2007; HEGEDUS et al. 2008; MANCUSO et al. 2011; MANCUSO 

et al. 2014). The proportional decline in motor unit number and CMAP in this study 

proves that no relevant collateral reinnervation is present (SHEFNER et al. 2001) and 

therefore supports the findings of the studies mentioned above that axonal sprouting 

does not or negligibly occur in SOD1G93A mice. In ALS patients, on the contrary, 

normal CMAP amplitudes and preservation of muscle strength can occur in spite of 

significant loss of motor units due to compensatory increase of motor unit size 

caused by sprouting processes (SHEFNER 2001; DAUBE 2006).  

We limited our study to only one muscle as the studies mentioned above have 

comparatively analyzed different fast- twitch muscles such as gastrocnemius, cranial 

tibial and plantar muscle and axonal sprouting was shown in neither of them or 

appeared to be ineffective within slow- twitch muscles. Taking into account the 

histological results of recent studies (MANCUSO et al. 2011; NGO et al. 2012), it 

may be concluded that MUNE is capable of detecting subclinical changes in motor 

unit number of transgenic SOD1G93A mice already at a time point when solely 

histological abnormalities can be found but behavioral assessments of motor function 

are still normal.   

In contrast, results of the examination of TDP-43M337V mice revealed an entirely 

different picture. To begin with, the outcome of phenotypical analyses of different age 

groups including GCS, body weight and behavioral testing showed that transgenic 
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TDP-43M337V do not develop any apparent disease phenotype which confirms the 

observations made from the group of Prof. Sendtner from the Institute of Clinical 

Neurobiology in Würzburg. Furthermore, distal motor latency and NCV were found to 

be within normal range in wildtype and transgenic animals in the youngest group 

(group 1) as well as in the elder groups (group 2 and 4). These findings strongly 

indicate the integrity of the largest and fastest- conducting motor axons (EISEN u. 

SWASH 2001). Since MUNE results of the individual groups differed from each other, 

they will be discussed separately. Group 1 consisted of the youngest animals and 

was examined first. No significant differences between transgenic and wildtype 

animals in motor unit number, CMAP and mean SMUP of the cranial tibial muscle 

were encountered. Results of this group are attributable to the fact that motor neuron 

loss has not been detected by the group of Prof. Sendtner before 18 months of age 

(personal communication, publication in preparation). Consistently, MUNE was not 

able to detect any abnormalities within transgenic mice. Despite of these 

expectations, the detailed examination of clinically and histologically asymptomatic 

animals was performed for the purpose of comparison to SOD1G93A mice. We then 

analyzed group 2 consisting of mice considerably older than 18 months. First, the 

cranial tibial muscle was examined and significant increase in the mean SMUP of the 

transgenic group was encountered whereas motor unit number and CMAP appeared 

to be well- preserved. This enlargement of motor unit size is most likely an indicator 

of collateral reinnervation. In order to verify whether similar effects may be seen in 

another muscle, the gastrocnemius muscle was studied showing the most striking 

result of group 2. Significant increase in the mean SMUP of transgenic mice 

combined with significant reduction of motor unit number and a well- preserved 
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CMAP amplitude were observed. This combination of findings argues for the 

presence of collateral reinnervation (SHEFNER 2001; DAUBE 2006). Thus, it is 

assumed that axonal sprouting occurs in both muscles but that loss of motor units is 

less pronounced in the cranial tibial muscle. As a consequence, group 3 and 4 were 

examined in order to find out if these signs of axonal sprouting also emerge in 

transgenic mice younger than 18 months. Indeed, results of both groups revealed 

potential collateral reinnervation within the gastrocnemius muscle expressed by an 

increased mean SMUP. Motor unit number and CMAP were comparable to those in 

wildtype animals and the cranial tibial muscle remained completely unaffected. 

Based on the results of the current study, various conclusions may be drawn. First, in 

both animal models, electrophysiological abnormalities could be detected by MUNE 

before onset of clinical symptoms or in case of TDP-43M337V mice, despite absence of 

clinical symptoms. According to our findings, a major difference between both models 

lies in the capacity for axonal sprouting. However, taking a closer look at the 

individual results of transgenic TDP-43M337V mice, it becomes evident that there is 

considerable variation between the mean SMUP of each mouse (Figure 16, 18, 21). 

Detailed histological analyses of muscles and spinal cord should therefore now be 

pursued in future studies to further strengthen the assumption of collateral 

reinnervation in TDP-43M337V mice.   

Results of TDP-43M337V mice indicate subclinical disease progression with a steady 

increase of supposed axonal sprouting from 12 months of age until 26 months of 

age. However, it needs to be emphasized that different mice have been examined at 

26 months of age (mice of group 3 and 4 were the same) which might have 
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significant influence on the results. Interestingly, axonal sprouting already occurred at 

12 and 15 months of age prior to the histologically detected motor neuron loss at 18 

months of age. This finding most likely mirrors degeneration occurring at the 

neuromuscular junction at very early stages of the disease before apparent loss of 

anterior horn cells as previously described for SOD1G93A mice (FISCHER et al. 2004; 

MOLONEY et al. 2014). Another striking discovery was the intra- individual deviation 

of the mean SMUP within both muscles. While the gastrocnemius muscle showed 

significant increase of mean SMUP already at 12 months of age, cranial tibial muscle 

remained unaffected until 26 months of age. It is generally acknowledged that the 

larger and faster motor units within fast- twitch muscles of SOD1G93A mice are 

preferentially vulnerable compared to those of slow- twitch muscles and that 

susceptibility to motor unit loss results from muscle phenotype rather than muscle 

function (PUN et al. 2006; HEGEDUS et al. 2007). Since gastrocnemius and cranial 

tibial muscle both represent fast- twitch muscles (HEGEDUS et al. 2007), our 

findings appear surprising. Taking into account myosin heavy chain (MHC) 

composition of gastrocnemius (MG) and cranial tibial muscle (TC), a high proportion 

of MHC-IIb (fast MHC- isoform) has been described within both muscles (MG 70%; 

TC 60%). MHC-IId/x (fast MHC- isoform) was around 15-20% within the MG 

compared to 32% within the TC. MHC-I (slow MHC- isoform) was 10% within the MG 

and only up to 5% within the TC. MHC-IIa (fast MHC- isoform)  within the MG was 

around 5% and even less in the TC muscle (HEGEDUS et al. 2007). Based on this 

profile, the higher sprouting capacity of the gastrocnemius muscle of TDP-43M337V 

mice might be explained by the higher proportion of motor neurons innervating 

MHC-I and MHC-IIa fibers with retained sprouting capacity.  
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Motor neurons that innervate MHC-IIb fibers on the contrary, have been reported to 

fail sprouting (FREY et al. 2000). Consequently, even though there is higher 

proportion of MHC-IIb that fails sprouting within the gastrocnemius compared to the 

cranial tibial muscle, the higher amount of MHC-I and MHC-IIa might be responsible 

for its enhanced sprouting activity. However, these data refer to SOD1G93A mice in 

which compensatory sprouting from preferentially spared axons was reported to be 

ineffective (HEGEDUS et al. 2007). This again underscores the necessity of further 

pathohistological analyses of the TDP-43M337V model used in this study.  

In conclusion, comparative analysis of SOD1G93A and TDP-43M337V  animals provided 

information about potential axonal sprouting within transgenic TDP-43M337V mice used 

in this study as opposed to SOD1G93A mice which constitutes an interesting approach 

for future studies aiming to unravel mutant TDP-43- related pathogenesis of ALS. 

Future studies should focus on MUNE combined with pathohistological examinations 

including analyses of muscle phenotypes. Moreover, it will be most interesting to 

perform these studies also in another mutant TDP-43 mouse model with rapid 

disease progression (WEGORZEWSKA et al. 2009; WEGORZEWSKA u. BALOH 

2011).           .     
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5.2 The potential fields of application of MUNE in canine neurology 

Neurodegenerative diseases in companion animals, especially in dogs are quite 

common. The most challenging part about these cases is for the veterinarian to 

comment on the patient’s prognosis which consequently confronts the owner with the 

decision whether to start conservative therapy, perform surgery or euthanize the 

animal. Therefore, this study intended to test if MUNE is applicable to dogs and to 

evaluate its potential use as an additional diagnostic and prognostic parameter in 

canine neurology. All of the 12 dogs were successfully examined applying the 

incremental technique and motor unit number, CMAP and mean SMUP could be 

elicited within the cranial tibial muscle. By taking a closer look at the individual results 

of each dog within the heterogeneous group, it becomes evident that there is 

considerable variance between these animals in the CMAP and accordingly, in motor 

unit number (see page 55). To a certain extent, the different CMAP values may be 

attributable to the unequal conditions in terms of varying sizes and body weights of 

the dogs but they presumably reflect differing needle positions. Therefore, it might be 

considered a limitation of the current study that dogs were only examined once and 

that intra- individual variability has not been assessed. This proceeding mainly 

resulted from the fact that most of the dogs were client- owned. Their general 

anesthesia should be as short as possible. Additionally, the primary aim of the study 

was to test if the incremental technique per se is applicable to dogs. In contrast, 

within the homogenous group, 4 out of 5 Beagle dogs showed comparable values for 

CMAP and MUNE.  
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Obviously, it is impossible to define the value of MUNE for canine neurology based 

on the examination of the 12 healthy dogs included in this study. As a consequence, 

the following examples merely reflect speculative considerations about fields of 

application for MUNE. Due to their pathogenesis, motor neuron diseases like ALS 

are particularly eligible for MUNE studies (SHEFNER 2001). Hence, MUNE might be 

applied to dogs suffering from hereditary canine spinal muscular atrophy (HCSMA) 

causing selective loss of lower motor neurons in the spinal cord. It has been reported 

that dogs expressing the intermediate or chronic phenotype of HCSMA manage to 

live on with the disease for months and even years (CORK et al. 1990). In such 

cases, MUNE might provide valuable information about disease progression and the 

current patient’s condition which in turn could be helpful when it comes to the 

patient’s prognosis. Furthermore, Vasquez et al. proposed to use MUNE for 

monitoring lower motor neuron sings in dogs affected by degenerative myelopathy 

(DM) (VASQUEZ et al. 2010). Initially, dogs with DM show symptoms attributable to 

the upper motor neuron system but as the disease progresses, there is clinical and 

diagnostic evidence of lower motor neuron involvement including motor axonopathy 

and loss of ventral neurons (AWANO et al. 2009; OGAWA et al. 2014) which might 

be traced by MUNE. Moreover, it is of particular interest whether MUNE is capable of 

contributing to the diagnostic workup and to the prognostic evaluation of dogs 

suffering from intervertebral disk herniation (IVDH) since it represents the most 

common spinal neurological disorder in dogs (BRAY u. BURBIDGE 1998). IVDH may 

lead to profound trauma of the spinal cord such as compression and/ or secondary 

injury (BULL et al. 2008). Theoretically, if neuronal death is involved, changes in 

motor unit number following axonal loss may occur that might be detected by MUNE. 
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In cases where long- term deficits must be assumed, it is particularly challenging to 

decide whether surgical or conservative therapy is recommended due to the difficulty 

to comment on the patient’s prognosis (BULL et al. 2008). Hence, MUNE would be 

much appreciated if it was able to provide valuable information about the extent and 

severity of the damage. In general, MUNE may be performed whenever loss of 

ventral horn cells or axonal loss/ damage is suspected (SHEFNER 2001; DAUBE 

2006; RASHIDIPOUR u. CHAN 2008). In conclusion, it has to be mentioned that the 

incremental technique harbors various technical difficulties that are discussed in 5.3. 

Nevertheless, future studies are encouraged to evaluate the benefit of MUNE for 

canine neurology. It is recommended to initially focus on the examination of 

homogeneous groups in order to establish reliable reference ranges for dogs with 

comparable signalement. Besides, intra- as well as inter- individual variability should 

be assessed. In order to examine the test- retest reliability, MUNE could be 

performed twice or three times successively by removing and new positioning of 

needle electrodes for each trial. Alternatively, the muscle of the contralateral limb 

might be examined. Comparative MUNE of diseased and healthy animals may 

ultimately reveal to what extent canine neurological patients and their owners will 

benefit from this technique. 
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5.3 Suitability of MUNE as a diagnostic tool to aid early diagnosis of ALS 

Neuroprotective therapy and therapeutic trials of ALS are generally acknowledged to 

be more effective when initiated at an early stage of disease (BROMBERG 1999). 

Thus, the search for biomarkers and diagnostic aids to confirm early diagnosis is of 

major concern. 

The analysis of two transgenic models of ALS has proven that MUNE is able to 

detect electrophysiological abnormalities at clinically unapparent stages of the 

disease. Nevertheless, during the current study, several difficulties inherent to the 

incremental MUNE technique have become apparent. Our major concern about 

MUNE is that the number of motor units within a muscle is not assessed directly as it 

is calculated from the recorded values of CMAP and mean SMUP. The CMAP is 

dependent on the position of needle electrodes (KOO et al. 2012) and therefore, only 

experienced experimenters, who recognize the correct placement of electrodes 

according to the CMAP’s shape, size and duration, should perform MUNE. In the 

current study, only one experimenter performed MUNE and even after countless 

trials of apparently comparative placement of electrodes, intra- and inter- individual 

variability of the CMAP could not be completely avoided. The severity of this problem 

is corroborated by correlation analyses of motor unit number and the CMAP of 

wildtype animals of SOD1 (Figure 5C) and TDP-43 mice (Figure 13C). In both cases, 

motor unit number significantly declined following the reduction of the CMAP and 

contrary to our expectations, CMAP of wildtype SOD1 and TDP-43 mice showed a 

wide range indicating high inter- individual variability. Taking a closer look at the 

mean CMAP values ± SEM of wildtype animals of both models throughout the 
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examination period (Table 3&4) will give an impression of intra- individual variability. 

Similar findings were made for the CMAPs of the dogs. Even healthy dogs of 

comparable size and body weight showed significantly different sizes of their CMAP. 

Generally, incorrect placement of needle electrodes may result in lower estimation of 

motor unit number. The size of the mean SMUP is mainly influenced by subjectivity. 

Due to the smaller response size (in the range of µV instead of mV) which entails 

higher background noise, the acquisition of the 10 SMUPs is already more 

challenging compared to the CMAP (ARNOLD et al. 2015). Mancuso et al. proposed 

to only record amplitudes with a minimum of 50 µV increase to the one evoked 

before aiming to overcome the influence of alternation (MANCUSO et al. 2011). 

However, they did not define maximum increases for individual SMUPs. Hence, it 

depends on the experimenter’s decision whether to record the smallest, reproducible 

SMUP possible thereby meeting the demand of Mancuso et al., or to record any 

SMUP as long as a minimum of 50 µV increase in amplitude (e.g. 300 µV or even 

more) is achieved. The latter approach results in higher values for the mean SMUP 

leading to an underestimated number of motor units within the muscle of interest. 

Correlation analyses of motor unit number and the mean SMUP of wildtype animals 

of SOD1 (Figure 5D) and TDP-43 mice (Figure 13D) demonstrated that even small 

alterations in the mean SMUP might significantly influence the estimated number of 

motor units. Due to this subjectivity, it is to question whether the sole examination of 

the CMAP is sufficient to determine disease onset and to monitor disease 

progression. This might have been the case for transgenic SOD1G93A mice where 

obviously no axonal sprouting was present and loss of motor unit number 

significantly correlated with the reduction of the CMAP (Figure 5A).  
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However, the increase of the mean SMUP of both muscles of TDP-43M337V mice 

would have been missed if only CMAP was recorded which in turn underlines the 

advantages of MUNE. These difficulties also raise concern about the reproducibility 

of MUNE obtained from individual animals or patients. Referring to previous studies, 

Simmons et al. pointed out that repeated MUNE examination of the same individual 

may provide differing results for each trial whereas grouped data generally show an 

appropriate reliability (SIMMONS et al. 2001). As mentioned before, this may also 

apply to the current study scrutinizing the individual results of the mean SMUP within 

transgenic TDP-43M337V mice (Figure 16,18,21). Increase of the mean SMUP within 

the transgenic groups is mostly due to the increase of only few individuals. 

However, these alterations are sufficient to establish a significant difference between 

wildtype and transgenic groups even though several transgenic animals did not show 

increases in their mean SMUP. Hence, grouped data may disclose a rough trend but 

must still be interpreted critically. Looking for a tool to aid early diagnosis, markers 

which can provide reliable results for individual ALS patients are highly desirable 

though. Apart from all the technical difficulties, it is hardly conceivable that MUNE will 

routinely contribute to early diagnosis of ALS prior to the onset of any symptom in 

absence of a familial anamnesis of ALS because usually, people do not seek medical 

help before onset of clinical signs (EISEN u. SWASH 2001). However, it may support 

diagnosis in early stages when only one body region is affected and therefore 

contribute to earlier initiation of treatment.   

Even though MUNE will most likely not become the method of choice to confirm early 

diagnosis, it might still provide valuable information about disease progression and 

the outcome of therapeutic trials assessed in preclinical and clinical trials in patients 
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suffering from neurodegenerative diseases as it can be performed quickly as an 

additional examination provided that an experienced experimenter and the 

appropriate equipment are available.  

The perfect MUNE method has not been found yet (SHEFNER 2001) but 

improvement of existing as well as search for new methods is strongly encouraged. 

Moreover, it remains to be seen whether MUNE will gain more attention in the field of 

veterinary neurology in the near future. 
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6. Summary 

Julia Kauder, Electrophysiological characterization of murine models of 
amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis (ALS) is an incurable neurodegenerative disease 

affecting the motor system. The selective loss of upper and lower motor neurons 

leads to axonal loss and degeneration of motor units within the skeletal muscles that 

may be quantified by an electrodiagnostic technique named Motor Unit Number 

Estimation (MUNE). Previous studies using MUNE presented promising results about 

this technique being a diagnostic tool to aid early diagnosis of ALS. Therefore, two 

transgenic murine models of ALS, the well- known SOD1G93A and a mutant 

TDP-43M337V model, have been comparatively analyzed using the incremental MUNE 

technique combined with behavioral tests to determine visible disease onset and to 

evaluate disease progression. MUNE was able to dectect electrophysiological 

abnormalities before onset of clinical symptoms in both murine models. Furthermore, 

it was useful to adequately monitor disease progression of SOD1G93A mice. In detail, 

transgenic SOD1G93A mice showed progressive decrease in motor unit number and 

compound muscle action potential (CMAP) within the cranial tibial muscle compared 

to their wildtype littermates. The mean single motor unit potential (SMUP), however, 

did not significantly increase. Hence, it might be concluded that no collateral 

reinnervation in SOD1G93A mice was present as previously reported in the literature. 

In order to study MUNE within the TDP-43M337V mice, various groups of different ages 

have been examined due to the fact that these mice do not develop any visible 

disease phenotype and only mild histological abnormalities were found from 18 

months of age. The outcome revealed no significant changes in MUNE, CMAP and 
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mean SMUP in the youngest group (4 – 18 weeks of age). Within the elder groups 

(12- 26 months of age), significant increases in the mean SMUP within the cranial 

tibial and/ or gastrocnemius muscle could be dectected which might indicate 

compensatory processes in terms of collateral reinnervation. Motor unit number and 

CMAP in TDP-43M337V mice mostly remained unaffected.  

Detailed histological analyses of muscles and spinal cord should be pursued in future 

studies to further strengthen the assumption of collateral reinnervation in this TDP-43 

as well as in other mutant TDP-43 mouse models.  

Since neurodegenerative diseases are also common in veterinary medicine and 

MUNE has rarely been used for veterinary purposes, the incremental technique was 

applied to two groups of dogs. Even though all dogs could be examined successfully, 

further studies including homogenous groups with regard to breeds and body 

weights, are warranted to evaluate its potential value for canine neurology. 

Inherent to the MUNE techniques are disruptive factors such as subjectivity, 

intra- and inter- individual variability. It therefore remains doubtful whether MUNE 

might be considered a reliable diagnostic aid to confirm early diagnosis of 

neurodegenerative diseases accentuating the need for further improvement of the 

existing as well as search for new MUNE techniques. 
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7. Zusammenfassung 

Julia Kauder, Elektrophysiologische Charakterisierung von Mausmodellen der 
Amyotrophen Lateralsklerose 

Die Amyotrophe Lateralsklerose (ALS) ist eine unheilbare neurodegenerative 

Erkrankung, die vornehmlich das motorische Nervensystem betrifft. Hierbei kommt 

es zur fortschreitenden und irreversiblen Degeneration der Motoneurone im Gehirn 

und Rückenmark, welche wiederum zu einer Schädigung und zu Verlust von 

motorischen Axonen und schließlich motorischen Einheiten innerhalb des Muskels 

führt. Diese Prozesse können mittels elektrophysiologischer Methoden zur 

Schätzung der Anzahl motorischer Einheiten innerhalb eines Muskels (Motor Unit 

Number Estimation, MUNE) quantifiziert werden. Zum derzeitigen Zeitpunkt stehen 

keine Biomarker oder spezielle diagnostische Methoden zu einer Früherkennung der 

ALS zur Verfügung. Frühere Studien in transgenen Mausmodellen der ALS haben 

jedoch vielversprechende Ergebnisse präsentiert, die zeigen, dass MUNE 

Abweichungen der Anzahl motorischer Einheiten eines Muskels bereits im klinisch 

inapparenten Stadium der ALS detektieren kann. Das erklärte Ziel dieser Studie war 

somit eine vergleichende Untersuchung zweier transgener Mausmodelle der ALS 

mittels der sogenannten Inkrement-Methode. Dabei wurden zum einen das 

ausführlich beschriebene SOD1G93A  und zum anderen ein bisher nicht mittels MUNE 

untersuchtes, mutantes TDP-43M337V Mausmodell untersucht. Zusätzlich wurden 

phänotypische Untersuchungen, kombiniert mit Verhaltenstudien, angewendet um 

den Zeitpunkt des Auftretens klinischer Symptome der Tiere zu erfassen und den 

weiteren Krankheitsverlauf zu evaluieren. Die transgenen SOD1G93A Mäuse zeigten 

deutlich veränderte MUNE- Ergebnisse bereits vor dem Auftreten erster klinischer 
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Symptome. Im Einzelnen handelte es sich dabei um eine signifikante Reduzierung 

des Muskelsummenaktionspotentials (CMAP) des kranialen Tibialismuskels sowie 

eine signifikante Abnahme der Anzahl motorischer Einheiten innerhalb dieses 

Muskels. Das mittlere Potential einer einzelnen motorischen Einheit (mittleres SMUP) 

zeigte hingegen während der gesamten Untersuchung keine signifikante Erhöhung, 

was auf fehlende Regenerationsprozesse in Form von kollateraler Reinnervation in 

transgenen SOD1G93A Mäusen schließen lässt.  

Es wurden verschiedene Altersgruppen der TDP-43M337V Mäuse untersucht, da 

transgene Tiere des hier verwendeten Stammes keine klinisch sichtbaren Symptome 

entwickeln und histologische Auffälligkeiten zuvor erst ab einem Alter von 18 

Monaten nachgewiesen wurden. Die transgenen Tiere der jüngsten Gruppe (im Alter 

von 4 bis 18 Wochen) zeigten keine signifikanten Abweichungen in der Anzahl 

motorischer Einheiten, CMAP und mittlerem SMUP im kranialen Tibialismuskel. Die 

Untersuchung der älteren Tiere verschiedener Gruppen (im Alter von 12 bis 26 

Monaten) ergab jedoch teilweise eine signifikante Erhöhung des mittleren SMUP im 

kranialen Tibialismuskel und/ oder im Gastrocnemiusmuskel. Während das CMAP in 

allen Gruppen unverändert blieb, konnte innerhalb einer Gruppe eine signifikante 

Reduzierung der Anzahl motorischer Einheiten im Gastrocnemiusmuskel 

nachgewiesen werden. Diese Ergebnisse lassen vermuten, dass transgene 

TDP-43M337V Mäuse des hier verwendeten Stammes, im Gegensatz zu den 

SOD1G93A Mäusen, eine Kapazität für Regenerationsprozesse in Form von 

kollateraler Reinnervation besitzen. In dieser Studie wurde gezeigt, dass subklinische 

Veränderungen in beiden Mausmodellen mittels MUNE detektiert werden konnten.  

Nur histologische Untersuchungen von Rückenmark und Muskeln können jedoch 
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eindeutig bestätigen oder widerlegen, dass effektive Regenerationsprozesse in 

transgenen TDP-43M337V Mäusen auftreten, daher sind zukünftige Studien dazu 

angehalten, diese durchzuführen und darüber hinaus auch andere TDP-43 

Mausmodelle mit schnellerem Krankheitsverlauf zu evaluieren. 

Da neurodegenerative Erkrankungen auch in der Veterinärmedizin, vor allem beim 

Hund, eine große Rolle spielen und MUNE bisher kaum in der Veterinärmedizin 

angewendet wurde, war es ein weiteres Ziel der Studie, zu überprüfen ob die 

Inkrement-Methode für eine Anwendung am Hund geeignet ist und ein potentieller 

Nutzen für die Beurteilung neurologischer Erkrankungen vorliegt. Alle Hunde konnten 

erfolgreich mittels MUNE untersucht werden und es gibt vielversprechende Ansätze 

für Anwendungsmöglichkeiten von MUNE in der Kleintierneurologie. Jedoch sind 

weitere Studien von Nöten, um das diagnostische und prognostische Potential dieser 

Methode für die Evaluierung caniner neurologischer Patienten zu ermitteln. Hierbei 

wird vorrangig die Untersuchung homogener Patientengruppen mit Fokus auf intra- 

und interindividuelle Variabilität empfohlen. Aufgrund technischer Schwierigkeiten, 

die dieser Methode innewohnen wie Subjektivität und intra- und interindividuelle 

Variabilität, ist es fraglich inwieweit MUNE verlässliche Ergebnisse zur 

Früherkennung der ALS und anderen neurodegenerativen Erkrankungen liefern 

kann, was wiederum die dringende Notwendigkeit zur weiteren Verbesserung der 

bekannten und die Entwicklung neuer MUNE Methoden verdeutlicht. 
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9. Appendix 
 
9.1 Individual results of electrophysiological testing 

 

Table 5: Individual results of distal motor latency of SOD1G93A mice (group 1) 

  
! ! ! ! ! ! ! ! ! ! ! ! ! ! !Age(weeks)                     Distal motor latency of individual animals (ms) 

  
               
 

Gastrocnemius muscle 
  4 1,5 1,48 1,32 1,15 1,27 1,15 1,15 1,42 1,14 1,28 1,43 1,53 
  6 1,55 1,51 1,25 1,23 1,38 0,93 1,36 1,25 1,25 1,24 1,34 1,19 
  8 1,25 0,97 0,95 0,76 0,96 0,74 0,62 0,7 1,09 1,13 1,04 0,58 
  10 0,94 0,68 1,2 0,85 0,73 0,67 0,7 0,59 0,85 1,09 0,96 0,93 
  12 0,96 0,89 1,18 0,93 1,05 0,73 0,99 0,73 1,12 1,1 0,82 0,88 
  14 0,81 0,72 1,08 1,03 0,83 0,89 0,75 1,08 1,42 1,08 1,24 1,04 
  16 1,04 0,84 0,83 0,73 0,97 0,91 0,79 1,13 1,18 1,13 0,79 1,25 
 

WT 
18 0,96 0,71 0,88 0,92 0,77 1,01 1,15 1     2,73   

 
TG 

 
Cranial tibial muscle 

  4 1,43 1,39 1,39 1,17 1,76 1,09 1,53 1,17 1,44 1,35 1,49 1,77 
  6 1,42 1,24 1,04 1,21 1,27 1,09 1,3 1,2 1,07 1,31 1,03 1,22 
  8 1,22 0,9 0,84 0,66 0,93 0,71 0,82 0,65 1,01 1,1 0,79 0,71 
  10 1,01 0,73 1,15 0,99 0,73 0,85 0,91 0,95 1,06 1,07 0,91 0,76 
  12 0,86 1,1 1,04 0,91 0,91 0,78 0,89 0,76 1,21 0,92 0,91 0,88 
  14 0,75 0,75 1,06 0,82 0,71 0,76 0,9 0,96 1,04 1,09 0,85 1,04 
  16 0,9 0,79 0,79 0,77 0,87 0,76 1,1 0,92 1,08 1,17 0,86 1,37 
  18 1,08 0,75 1,05 0,95 0,88 0,84 0,92 1,75     2,65   
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Table 8: Individual results of distal motor latency of TDP-43M337V mice (group 1) 

 
  ! ! ! ! ! ! ! ! ! ! ! ! ! ! !Age(weeks)                    Distal motor latency of individual animals (ms) 

  
               
 

Gastrocnemius muscle 
  4 0,97 0,72 0,78 0,66 0,78 0,97 0,72 0,78 0,66 0,78 1,03 1,03 
  6 1,21 0,97 0,84 0,72 0,84 1,21 0,97 0,84 0,72 0,84 0,94 1,0 
  8 0,6 0,9 0,66 0,9 0,78 0,6 0,9 0,66 0,9 0,78 1,47 0,97 
  10 1,09 0,6 0,9 0,84 0,54 1,09 0,6 0,9 0,84 0,54 0,72 0,81 
  12 0,78 0,78 0,72 1,03 1,35 0,78 0,78 0,72 1,03 1,35 0,91 0,88 
  14 0,9 0,78 1,15 1,25 1,21 0,9 0,78 1,15 1,25 1,21 0,97 1,27 
  16 0,97 0,66 0,78 1,33 1,03 0,97 0,66 0,78 1,33 1,03 1,06 0,97 
  18 0,78 1,21 1,09 0,97 1,09 0,78 1,21 1,09 0,97 1,09 1,59 1,21 
 

WT 

 
Cranial tibial muscle 

 
TG 

4 0,72 0,78 1,03 0,84 0,84 0,97 0,84 1,39 1,15 0,84 0,9 1,15 
  6 0,9 0,97 1,09 1,21 0,78 1,01 1,03 1,39 0,9 1,3 1,03 0,84 
  8 0,78 1,09 1,09 1,03 1,15 0,78 0,88 0,66 0,97 1,09 0,9 0,97 
  10 1,5 0,84 1,03 0,97 1,03 0,97 1,27 1,15 0,9 0,72 0,72 1,03 
  12 0,9 1,27 0,84 0,84 1,03 0,97 1,21 1,03 1,21 0,9 0,78 0,78 
  14 1,15 0,9 0,9 0,97 0,97 0,84 0,72 0,84 0,97 0,6 0,66 0,97 
  16 0,9 0,97 0,78 0,84 0,9 0,97 0,66 0,9 0,66 0,97 0,9 0,9 
  18 0,84 0,97 0,84 0,84 1,09 0,72 0,66 0,78 0,72 0,72 0,84 0,72 
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9.2 Individual results of behavioral testing 
 
 
Table 16: Individual results of behavioral testing of SOD1G93A mice (group 2) 

! ! ! ! ! ! ! ! ! ! !
!!

!Age(weeks)                          Results of individual animals 
! !

! ! ! ! ! ! ! ! ! ! ! ! !
!

Rotarod performance (%) 
! !10 100 100 100 100 100 100 100 100 100 100 

!
  

11 100 100 100 100 100 100 100 100 100 100 
!

  
12 100 100 100 100 100 88 100 100 94 90 

!
  

13 100 100 100 100 100 75 100 100 100 100 
!

  
14 100 100 100 100 100 76 100 100 97 89 

!
  

15 100 97 100 99 100 83 100 85 100 93 
!

  
16 100 100 100 100 100 71 99 72 100 49 

!
  

17 100 100 100 100 100 98 91 62 98 18 
!

  
18 100 100 100 100 100 89 44 13 42 0 

!
!!

 
Step length (%)     

10 100 100 100 100 100 100 100 100 100 100   
!11 100 100 100 100 100 100 100 100 100 100   
!12 100 100 100 100 88 100 100 94 100 96   WT!

13 100 100 100 100 83 100 99 99 98 100   TG!
14 100 100 100 100 80 100 100 89 88 100     
15 100 100 100 100 85 100 100 100 98 97     
16 100 100 100 100 85 100 100 100 98 96     
17 100 100 100 97 88 94 94 95 44 89 

! !18 100 100 100 95 74 84 45 74 0 41 
! !

 
Runtime (s) 

! !10 3,25 2,79 2,8 3,11 3,27 2,43 2 2,68 3,21 3,34 
! !11 2,99 2,43 2,91 2,97 3,01 3,15 3,28 3,69 3,71 3,17 
! !12 2,69 2,11 2,78 2,36 2,19 2,71 3,11 3,09 3,53 3 
! !13 2,3 2,67 2,73 2,83 2,91 2,4 2,7 3,89 3,68 4,59 
! !14 2,73 2,87 2,99 2,73 2,91 4,25 4,35 4,45 3,35 3,41 
! !15 2,21 2,57 2,98 3,12 3,12 2,71 3,33 3,8 2,79 3,73 
! !16 2,13 3,01 2,78 3,05 2,99 3,12 3,98 4,11 3,91 5,27 
! !17 2,49 2,29 2,6 3,16 2,28 3,38 4,15 4,23 5,98 11,4 
! !18 1,98 2,18 2,59 2,25 2,78 5,21 8,86 10,5 12,2 25 
! !!
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Table 17: Individual results of behavioral testing of TDP-43M337V mice (group 1) 

 

 
  

! ! ! ! ! ! ! ! ! ! !
!!

! ! !Age (weeks)                           Results of individual animals 
! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! !
!

Rotarod performance (%) 
! !10 100 100 100 100 100 100 100 100 100 100 100 100 
! !11 100 100 100 100 100 100 100 100 91 100 100 100 
! !12 100 100 94 88 100 100 100 80 81 100 100 100 
! !13 100 100 93 100 100 100 89 100 100 100 100 100 
! !14 100 100 74 80 100 100 100 88 100 100 100 100 
! !15 100 100 77 85 100 100 100 92 100 100 100 100 
! !16 100 100 93 96 100 100 100 100 100 100 100 100 
! !17 100 100 100 73 100 100 97 99 100 100 100 100 
! !18 100 100 94 97 100 100 100 95 100 100 100 100 
! !

 
Step length (%) 

! !10 100 100 100 100 100 100 100 100 100 100 100 100 
! !11 100 79 100 100 100 100 88 70 100 89 100 94 
! !12 100 86 99 100 100 97 100 95 100 88 100 72 
! !13 100 100 100 100 100 93 96 92 100 100 100 79 
!

WT!
14 100 100 100 100 100 99 97 80 100 88 100 79 

!
TG!

15 100 100 100 100 100 100 97 80 100 88 100 79 
! !16 100 100 100 100 100 93 94 75 100 81 100 79 
! !17 100 99 100 100 100 100 100 84 100 91 100 100 
! !18 100 100 100 100 100 100 100 86 100 78 100 92 
! !

 
Runtime (s) 

! !10 2,93 4,23 3,36 3,82 3,29 2,99 3,41 2,73 3,11 2,2 2,61 4,37 
! !11 2,93 2,59 2,73 2,61 2,51 2,37 2,39 2,91 4,12 3,19 2,83 2,75 
! !12 2,33 2,46 3,13 3,02 2,97 2,37 2,58 2,46 2,97 2,36 2,87 2,72 
! !13 2,39 2,32 2,75 2,29 3,13 2,31 2,43 2,59 2,49 2,63 3,09 3,51 
! !14 2,68 2,27 2,58 2,49 2,98 1,98 2,73 2,31 2,53 2,59 2,6 3,22 
! !15 2,68 2,27 2,58 2,49 2,98 1,98 2,73 2,31 2,53 2,59 2,6 3,22 
! !16 2,79 1,95 2,35 3,29 2,98 3,09 3,02 1,97 2,96 3,11 3,11 3,52 
! !17 2,84 2,11 2,18 2,44 2,68 3,41 2,49 2,11 2,03 2,61 3,2 3,21 
! !18 2,56 2,32 2,01 1,69 2,91 2,34 1,87 2,19 2,37 2,87 2,59 3,44 
! !!
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9.3 List of abbreviations 

 

ALS                                                                                                               Amyotrophic lateral sclerosis                    

ANOVA Analysis of variance 

B6 Black 6 

cm Centimeter 

CMAP Compound muscle action potential 

CNS Central nervous system 

CT Computed tomography 

Cu Copper 

DM Degenerative myelopathy 

DNA Deoxyribonucleic acid 

e.g. Example given 

EDX Electrodiagnostic 

EMG Electromyography 

fALS Familial amyotrophic lateral sclerosis 

FDA Food and Drug Administration 

G Gauge unit 

g Gram 

G93A Glycine substituted to alanine at position 93 

GCS General condition score 

HCSMA Hereditary canine spinal muscular atrophy 

Hz Hertz unit 

IVDH Intervertebral disk herniation 

L/min Liter per minute 

m/s Meter per second 

M337V Methionine substituted to valine at position 337 

mg/kg Milligram per kilogram 

MHC Myosin heavy chain 

ml Milliliter 
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mm Millimeter 

MRI Magnetic response imaging 

ms Millisecond 

MUNE Motor unit number estimation 

mV              Millivolt 

NCS Nerve conduction studies 

NCV Nerve conduction velocity 

PCR Polymerase chain reaction 

PNS Peripheral nervous system 

RNA Ribonucleic acid 

rpm Revolutions per minute 

s Second 

sALS Sporadic amyotrophic lateral sclerosis 

SEM Standard error of the mean 

SMUP Single motor unit potential 

SNAP Sensory nerve action potential 

SOD1 Superoxide dismutase 1 

TDP-43 Transactivation response DNA -binding protein of 43 kilodalton 

Tg Transgenic 

Th1 First thoracic vertebra 

Th3 Third thoracic vertebra 

Wt Wildtype 

Yrs. Years 

Zn 

µV 

% 

 

Zinc 

Microvolt 

Percent 
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