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Introduction 
 

Coordinated locomotion is achieved by the interaction of the nervous system with the 

motor system. The superior control of movements is a task of the upper motor 

neuron (UMN) which is located in the central nervous system (CNS). The UMN is 

responsible for the initiation of voluntary movements, for maintaining the muscle 

tonus to support the body against gravity and for regulating posture. Due to the 

location in the CNS the upper motor neuron as the target organ has to be connected 

to the muscle by another neuron termed lower motor neuron (LMN). The cell body of 

the LMN is part of the ventral grey column of the spinal cord and the axon leaves the 

spinal cord through the ventral root. The axon continues its way to the target organ 

muscle as part of the peripheral nerves in the limbs or as part of a spinal nerve. At 

the level of the muscle the axon of the lower motor neuron divides into several 

branches and forms with muscle cells the motor endplates. Motor endplates are 

special synapses located in a modified area of the sarcolemma. Usually each muscle 

cell is only innervated by one motor neuron. The lower motor neuron and the 

population of innervated muscle fibres are the functional element of the motor 

system, also termed motor unit. 

 

For the diagnostic evaluation of motor unit diseases functional examination methods 

such as motor nerve conduction velocity measurements (mNCV) or 

electromyography (EMG) are required. Veterinary neurology deals with different 

species and their particular diseases of the central and peripheral nervous system. 

Clinical examinations of different species and the diagnostic evaluation of their 

diseases increase the need to develop species specific approaches. For each 

species different diseases of the motor unit exist. In cattle peripheral nerve injuries 

are the most frequently occurring neurological disorders (SCHENK 2005). The 

chosen diagnostic tools for evaluating such disorders are EMG and measurements of 

the mNCV. For identifying pathological changes it is crucial to know the physiological 

values. Therefore, reference values have to be established for each species. In the 

first part of this study reference values of mNCV for calves are established. In 

addition to the neurophysiological examinations a biopsy technique for the N. fibularis 

of calves was used to study the morphometric parameters of this nerve and to 

correlate these parameters with the mNCV in calves.  
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In dogs research into motor unit disorders is a growing field (SHELTON et al. 1987; 

SCHATZBERG et al. 2004; SHELTON 2004b). Up to now this research has been 

mainly based on EMG and mNCV measurements in diseased animals and on 

histopathological examination of muscle and nerve biopsies. Approaches in order to 

evaluate functional components of such disorders in cell culture systems have not 

been established in veterinary neurology. The development of electrophysiological 

examinations of canine muscle cells on a molecular level with the patch clamp 

technique would be a new approach to elucidate functional components of canine 

neuromuscular disorders.  

Therefore, it was the aim of the second part of this study to create the basis for such 

a new approach. A technique was developed to establish canine muscle cell cultures 

from muscle biopsies. The unique feature of this new method is the applicability 

under clinical conditions, since it allows the successful processing of muscle biopsies 

even after a shipping period of up to 3 days. Collecting muscle biopsies from 

locations all over Europe and the setting up of a canine muscle tissue bank are 

feasible using this new technique. Further functional studies such as the examination 

of different receptors with the patch clamp technique and molecular biological 

research can be performed with this new raw material source without the necessity to 

take several biopsies from the suffering animals. 

In summary, in the current study several techniques for examining the motor unit 

were evaluated and adapted to the needs of veterinary neurology. 
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Literature Review 

Motor Nerve Conduction Velocity 

Neurophysiological Background 

 

In all living individuals the cell membranes of muscle and nerve cells separate an 

intra-cellular and extra-cellular space and act as a permeability barrier to the diffusion 

of positive and negative charged ions and molecules (KOESTER 1996). Selective 

permeability of the cell membrane is able to maintain a separation of charge between 

these two compartments. Due to this separation the resting membrane potential can 

be maintained. The voltage measured in the interior of the cell is negative (-70 to -90 

mV) relative to the extra-cellular space (HODGKIN et al. 1945). In addition to the 

passive ion barrier function of the cell membrane some active membrane transport 

systems like the Sodium (Na+) – Potassium (K+) pump transport ions in opposite 

directions from their electrochemical gradient (e.g. 3 Na+ out, 2 K+ in). These passive 

and active facilities of the cell membranes ensure the stability of the resting 

membrane potential. 

Nerve and muscle cells are excitable cells as a cell membrane can change the 

permeability for different ions by opening and closing selective ion channels. The 

excitation of these cells is triggered by sufficient and intense stimuli. A stimulus (e.g. 

an excitatory synaptic potential) opens Na+-channels in the cell membrane and a 

subsequent influx of Na+-ions leads to a depolarisation of the cell membrane (the 

reverse of the resting membrane potential). This depolarisation is followed by the 

efflux of K+ through K+-channels initiating the spontaneous recovery of the resting 

membrane potential (referred to as repolarisation). The Na+ influx and the 

repolarisation are summarised under the term action potential. The tendency for Na+ 

and K+ to travel down their gradients through selectively opened ion channels is the 

electro-chemical basis for the action potential. The action potential is propagated 

along the membrane of the axon (by continuous or saltatory conduction) or along the 

membrane of a muscle cell (HODGKIN et al. 1945; HUXLEY et al. 1949; SIMS 

1994). Natural action potentials are created at synapses, which are the junctions 

between neurons or between neurons and muscle cells. Action potentials are 

characterised by features such as amplitude, duration, conduction velocity and firing 

frequency. The initiation and propagation of an action potential in a single excitable 
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cell is the fundamental neurophysiologic background for understanding many of the 

procedures in clinical electrodiagnostics like electromyography, motor or sensory 

nerve conduction studies, F wave or H Reflex measurements and repetitive nerve 

stimulation. Recording action potentials from single cells is difficult and for the 

diagnostic evaluation inapplicable. The potential may be missed if the recording 

electrode is not close to the active cell and the technical setup (amplifier, electrical 

noise) is not optimal (SIMS 1994). Therefore, most clinical electrodiagnostic 

procedures are based on recording transmembrane changes in large numbers of 

cells as compound action potentials (CAPs). The CAPs are recorded when excitable 

cells are simultaneously active. The number of participating cells and their respective 

amplitudes are summarised in the amplitude of a compound potential 

(SCHOONHOVEN et al. 1991).  

The duration of the CAP reflects the time span in which excitable cells are 

simultaneously discharged. Also the homogeneity of the excitable cell-population 

(concerning size of cells and similarity of cells) influences the duration of the CAP. In 

case of a high degree of temporal simultaneity and similarity of cells the duration of 

the CAP is short. If the excitable cells discharge more asynchronously and/ or the 

cell-population is very heterogeneous the CAP will have a longer duration. 

When recording these compound action potentials from a skeletal muscle they are 

called compound muscle action potential (CMAP) or Motor-Response/ -Wave (M 

response or M wave) (see figure 1).  
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Figure 1: Recording of the motor Nerve Conduction Velocity in the hindlimb. 

 

Legend figure1: 
Typical Compound Muscle Action Potentials (CMAP) of the Nervus fibularis in the 
dog, stimulated at the hip, stifle and the hock, recordings from M. interosseous 
plantaris. On the traces the horizontal lines mark the peaks and the vertical lines 
mark the onset and the finish of the CMAP. In the right column the respective 
calculations are displayed. [Division: 5 mV/2 ms]. Figure from (CUDDON 2002). 
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Clinical Application and Technique of Motor Nerve Conduction Studies 

 

The electrophysiological evaluation is the diagnostic tool of choice for the diagnostic 

evaluation of peripheral nerve (e.g. peripheral nerve trauma, peripheral nerve sheath 

tumours, demyelinating diseases), muscle (e.g. myotonia, masticatory muscle 

myositis), or neuromuscular junction (e.g. myasthenia gravis, botulism) diseases 

(DAUBE 2005). Electrodiagnostics are performed after the diagnostic investigations, 

which includes a neurologic examination, several blood chemistry parameters and 

thoracic x-rays (GLASS et al. 2002). Depending on the neuro-anatomical localisation 

and on the results of the electrophysiological evaluation further diagnostic 

procedures such as examining the cerebrospinal fluid (CSF), imaging methods 

(Computed Tomography (CT), Magnetic Resonance Tomography (MRI)) or biopsies 

from affected muscles and fascicles of a peripheral nerve may be necessary to 

elucidate the etiology and pathogenesis of the disease (CUDDON 2002). The 

electrophysiological evaluation includes the following techniques: electromyography 

(EMG), peripheral motor and sensory nerve conduction velocity studies (mNCV, 

sNCV), evaluation of the neuromuscular junction via supramaximal repetitive 

stimulation or single-fibre EMG (SFEMG). In addition the most proximal portions of 

the peripheral nerves, dorsal and ventral nerve roots are evaluated via cord dorsum 

potentials (CDPs) and F waves. 

The measurement of the mNCV is a frequently used electrodiagnostic procedure for 

evaluating diseases of peripheral nerves in humans (DAUBE 1985; HYLLIENMARK 

et al. 1995; KIMURA 1997; DYCK et al. 2001), small animals (LEE et al. 1970; 

GRIFFITHS et al. 1978; WALKER et al. 1979; SIMS et al. 1980; VAN NES 1986; 

KRARUP et al. 1988; MALIK et al. 1989; PILLAI et al. 1991; CUDDON 1998; 2002) 

and horses (HENRY et al. 1979; HENRY et al. 1981; HUNTINGTON et al. 1989). 

Knowledge of the anatomical pathways of peripheral nerves in the thoracic and pelvic 

limbs and the composition of the nerves (multiple mixed and motor nerves) allows the 

investigator to perform and interpret the electrodiagnostic evaluation. The most 

frequently examined nerves in the thoracic limb are the Nervus (N.) radialis, the N. 

ulnaris and in the pelvic limb the N. ischiadicus/ fibularis and the N. tibialis. 

The anatomical location of the stimulation and recording sites associated with these 

nerves in various conduction studies in dogs and humans are shown in table 1. The 

needle positions for cats are in comparable locations (PILLAI et al. 1991). 
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Table 1: Anatomical Locations of Stimulation and Recording Electrodes in Motor 

Nerve Conduction Measurements. 

Reference, 
Species 

Nerve Proximal 
Stimulation* 

Distal 
Stimulation* 

Recording 
Electrode* 

N. radialis Most proximal point 
as nerve spirals 
humus laterally 

Proximo-cranial 
border of M. extensor 
carpi radialis 

M. extensor carpi 
radialis 

N. ulnaris Medial midhumeral 
level just caudal to 
M. biceps brachii 

At carpus proximal 
and deep to insertion 
of M. flexor carpi 
ulnaris tendon  

M. interosseus 
palmaris II, III, IV 
and V 

N. ischiadicus/ 
fibularis 

Over N. ischiadicus 
medial to 
trochanter major 

Deep to M. biceps 
femoris lateral to 
origin of lateral head 
of M. gastrocnemius 

M. tibialis cranialis 

(WALKER 
et al. 1979), 
dogs 

N. tibialis Over N. ischiadicus 
medial to 
trochanter major 

Slightly proximo-
lateral to insertion of 
M. gastrocnemius 
tendon of Tuber 
calcanei 

M. interosseus 
plantaris 

(SIMS et al. 
1980), dogs 

N. ulnaris Caudo-lateral of 
elbow 

Level of the 
radiocarpal joint 

M. interosseus 
palmaris 

N. radialis Plexus brachialis 
with electrode 
directed caudally 
from the point of 
the shoulder 

Proximo-cranial 
border of M. extensor 
carpi radialis 

M. extensor carpi 
radialis, 3 cm below 
flexor surface of 
elbow 

N. ischiadicus/ 
fibularis 

Over N. ischiadicus 
caudal and deep to 
greater trochanter 

Subcutaneously, 
level with distal 
border of tibial crest, 
lateral to origin of M. 
gastrocnemius 

M. tibialis cranialis, 
4 cm distal to lower 
border of tibial crest 

(STEISS et 
al. 1987), 
dogs 

N. tibialis Over N. ischiadicus 
caudal and deep to 
greater trochanter 

Fossa poplitealis, 
with needle electrode 
inserted deeply from 
caudolateral aspect 
of stifle 

Lateral belly of M. 
gastrocnemius, 4 
cm below the 
Fossa poplitealis 

(KIMURA 
1989a), 
human 

N. medianus Elbow over brachial 
pulse 

Wrist, 3 cm proximal 
to distal crease on 
volar surface 

Belly of M. 
abductor pollicis 
brevis 

 N. ulnaris Above elbow, 
medial mid of 
humerus or distal 
elbow below Sulcus 
ulnaris 

Wrist, lateral or 
medial to tendon of 
M. flexor ulnaris 

Belly of M. 
abductor digiti 
minimi 

 N. tibialis Fossa poplitea, 
1 cm lateral of 
midline 

Distal below 
Malleolus medialis 

Belly of M. 
abductor hallucis 

 N. fibularis Upper part of 
Fossa popliteal, 
medial to endon of 
M. biceps femoris 

Upper part of tarsal 
joint, lateral to tendon 
of M. tibialis anterior 

Belly of M. extensor 
digitorum brevis 

Legend: N.B.: needle electrodes were used for dogs and surface electrodes were 
used for humans. * = Position of active electrode (cathode = �) is described. The 
indifferent electrode for recording was generally positioned 1 to 3 cm distal to the 
active electrode site according to the belly-tendon principle. 
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The type of recording electrodes for recording CMAPs are still under debate. Surface 

electrodes are regarded as being superior to needle electrodes for recording CMAPs 

because they register responses from all discharging units of the innervated muscle 

(KIMURA 1981; 1989b). Needle electrodes only administer a relatively small amount 

of CMAP in one muscle. Furthermore, a minor displacement of a needle electrode 

has the ability to cause a remarkable change in the size and shape of the CMAP. 

This disadvantage of needle electrodes is not seen with surface electrodes (KIMURA 

1989b). However, it has to be taken into consideration that the electrodiagnostic 

evaluations in veterinary neurology are only carried out under general anesthesia or 

strong sedation of the patients. Most authors, particularly in veterinary neurology, 

prefer needle electrodes, because they are easier to handle (e.g. no shaving of 

insertion point is necessary) (STEISS et al. 1987; CUDDON 2002). Another 

advantage of needle electrodes is the exact placement and adjustment in a particular 

muscle, especially concerning small and/or atrophic muscles (i.e. the interosseous 

muscles).  

When the recording needle electrode is placed in the muscle belly near the motor 

point (THOMSON et al. 1971) or the recording surface electrode is placed on the 

belly of the muscle over the motor point (KIMURA 1981) a typical CMAP (see figure 

1) with a simple or biphasic waveform can be recorded after adequate stimulation of 

the respective motor nerve. Stimulation with maximal intensity excites all nerve 

fibres, resulting in a full size of the muscle potential. So, an adequate stimulus should 

be carried out with 20–30% supramaximal intensity to guarantee the activation of all 

nerve axons. If the amplitude does not increase anymore after this 20-30% increase 

in the stimulation intensity it can be considered as supramaximal (KIMURA 1997).  

Several features of the recorded CMAPs can be evaluated (see figure 2): 

1. CMAP amplitude (peak to peak) 

2. CMAP duration (from initial deviation to final return to the baseline) 

3. mNCV 
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Figure 2 
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Legend: schemes of two CMAPs with labeling of the parts of the trace considered as 

amplitude, duration and latency (also called onset latency). Modified from (HOPF et 

al. 1996). 

 

Ad 1.) 

The amplitude is measured from the maximum negative (upward deflection) peak to 

the maximal positive (downward deflection) peak of the CMAP and ranges in dogs 

from a few to over a hundred mV. The magnitude is influenced by the examined 

muscle and the type of recording electrodes used (WALKER et al. 1979; VAN NES 

1986) and is proportional to the number and size of the discharging muscle fibres 

excited by the stimulus (LEE et al. 1970; KIMURA 1997). 

Ad 2.) 

The duration of a CMAP is determined from the initial deviation of the trace from 

baseline to its final return to baseline. The duration of a CMAP reflects the temporal 

synchrony of muscle fibres discharges evoked by the supramaximal stimulus. A 

cornerstone of mNCV evaluation is as follows: 

the greater the distance of the stimulation point of a motor nerve to the respective 

muscle, the longer the duration and the lower the amplitude of the CMAP recorded 

from the respective muscle. 
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Ad 3.) 

The time period between the stimulation and earliest component of the recorded 

CMAP is defined as the latency (onset latency) (KIMURA 1981; VAN NES 1986; 

DAUBE 2005). This latency is proportional to the distance between the muscle and 

the stimulating electrode location along a distinct individual peripheral nerve and 

consists of three elements: 

1. nerve conduction time 

2. neuromuscular transmission time  

3. propagation time along the muscle membrane 

The last two elements are equal in the respective measurement (KIMURA 1997). The 

latency difference between two distinct stimulation points represents the time 

necessary for the nerve impulse to travel from one stimulus point to the other. The 

mNCV can be calculated using the following equation (LEE et al. 1970; CUDDON 

2002): 







=

second

metre
   

stimulus) distal oflatency  - stimulus proximal of(latency 

pointn stimulatio distal and proximalbetween  distance
  mNCV  

 

 

Large nerve fibres of the stimulated nerve reach the threshold for an action potential 

more easily than small fibres do, because the diameters of larger fibres show smaller 

resistance to current flow than smaller fibres. So it can be concluded, that large 

peripheral nerve fibres are able to discharge at a faster rate than small fibres (SIMS 

1994; DAUBE 2005). In conclusion these large fibres are responsible for the earliest 

signals of the CMAP (upward deflection of the trace) and due to the calculation 

method of the mNCV they determine the calculated velocity. The mNCV is also 

influenced by the age of the examined individual. In all species (humans, monkeys, 

dogs, cats, mice, rats, chickens) examined, the mNCV undergoes a process of 

maturation (due to maturation of the peripheral nerve) and as a consequence the 

mNCV increases until the individual reaches maturity. In a mature animal the mNCV 

remains constant till degenerative processes of ageing in the peripheral nerves lead 

to a decrease in the mNCV (LITTMAN 1975; SWALLOW et al. 1977; SIMS et al. 

1980; HAKAMADA et al. 1982; LOKE et al. 1986; PILLAI et al. 1991; YUASA et al. 

1996; GARCIA et al. 2000). Another factor influencing the mNCV directly is the 

temperature of the evaluated extremity and muscle. Longer latencies and higher 
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amplitudes of the recorded CMAPs are found at lower temperatures in the same 

individual (LEE et al. 1975; FRANSSEN et al. 1994; DAUBE 2005). This has to be 

taken into consideration for all mNCV measurements. For the species bovine and 

especially for calves these electrodiagnostic techniques have not been evaluated so 

far. 

A frequently described pitfall in mNCV measurements is the failure caused by short 

distances between proximal and distal stimulation. In order to keep the unavoidable 

error as small as possible it is advisable to keep at least a 10 cm distance between 

the stimulation sites (KIMURA 1998; KRARUP 1999). Especially in young and small 

animals like cats this is not achievable (SIMS et al. 1980; PILLAI et al. 1991). The 

resulting error has to be taken into consideration when carefully evaluating the 

measured values. 

Besides these described physiological or methodical alterations of the CMAP 

amplitude, duration and the onset latency may also be changed by any abnormality 

of the nerve [demyelinating diseases (GRIFFITHS et al. 1978; CUDDON et al. 1992), 

traumatic injuries (SIMS et al. 1979)] or the neuromuscular junction [botulism (VAN 

NES et al. 1986), myasthenia (DAUBE 1983) or Guillain-Barre Syndrome (VAN DER 

MECHE et al. 1988; CUDDON 1998)]. For these diseases the electrodiagnostic 

evaluation is the cornerstone in the diagnostic work up. 
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Reference Values of the Motor Nerve Conduction Velocity in Various 
Species 

 

For the diagnostic use of examination techniques reference values collected from 

healthy individuals are crucial. The reference values of the mNCV have been 

evaluated in humans (HYLLIENMARK et al. 1995), dogs (LEE et al. 1970; WALKER 

et al. 1979), cats (RIBELIN et al. 1968; PILLAI et al. 1991), goats (STEFFEN et al. 

1996), sheep (LOKE et al. 1986; STEISS et al. 1987; REES et al. 1989), horses 

(HENRY et al. 1979; HENRY et al. 1981), ponies (BLYTHE et al. 1983), cebus 

monkeys (RIBELIN et al. 1968), rheas and owls (CLIPPINGER et al. 2000), rats 

(KNOBLOCH et al. 1979; OLDFORS et al. 1980), mice (HEGMANN 1972; ROBB et 

al. 1974) and chickens (KORNEGAY et al. 1983). In veterinary neurology the 

electrodiagnostic evaluation is commonly performed on animals kept individually 

(ANDREWS et al. 1987; CUDDON 2002). These are in particular dogs, cats, horses, 

ponies, and, to some extent, sheep and goats (SCHENK 2005). Reference values of 

the mNCV are presented in table 2 in an exemplary manner. 

The numerical data presented by this table have to be complemented by some more 

in-depth consideration of the recording methods and the species specific 

particularities. A general recommendation in all articles and teaching books dealing 

with the methods measuring mNCV is that in every electrodiagnostic laboratory 

reference data have to be established (KIMURA 1981; ANDREWS et al. 1987; SIMS 

1994; KRARUP 1999; AMINOFF 2004; DAUBE 2005). The data summarised in table 

2 have been collected with different recoding methods. For the reference values 

collected in humans surface electrodes have been used (LANG et al. 1985; MOGLIA 

et al. 1989; HYLLIENMARK et al. 1995; BUSCHBACHER 2003). In all animal studies 

mentioned in table 2 as a rule needle electrodes were used for recording and for 

stimulating of the CMAPs. The only exception is the study of Ribelin et al. 1968 in 

cats and monkeys. The authors used surface electrodes as in humans (RIBELIN et 

al. 1968). Another anatomical specialty has to be considered for the recordings in 

small and in large animals. Small animals like cats and dogs walk with most of the 

length of their digits (digitigrades), while larger animals like pigs, ruminants and 

horses walk on the tips of their toes (ungulates). This interspecies difference has not 

only consequences for the bone formation and the tendons, it also influences the 

muscles. In large animals no distal limb equivalents to the M. interosseous in the 
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dogs and cats (standard muscle used for recording CMAPs in these species) are 

available for recording CMAPs. This interspecies difference makes it necessary to 

take recordings from more proximal muscles like the M. tibialis cranialis or the M. 

fibularis tertius (STEISS et al. 1987; STEFFEN et al. 1996). For the bovine species 

the mNCV has not been evaluated so far. 
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Table 2: Normal Values of the Motor Nerve Conduction Velocity in Various Species 

and Nerves. 

Motor Nerve Conduction Velocity [metres/second] 

Reference Species Age 
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SD 

0-1 wk. --- --- 32 --- 29 --- --- --- 29 --- 
1-16 wks --- --- 42 --- 34 --- --- --- 36 --- 
4-12 mths --- --- 49 --- 40 --- --- --- 48 --- 

1-3 yrs --- --- 59 --- 50 --- --- --- 54 --- 
3-8 yrs --- --- 66 --- 58 --- --- --- 57 --- 
8-16 yrs --- --- 68 --- 64 --- --- --- 57 --- 

(GAMSTORP 
1963) 

humans 

Adult --- --- 63 --- 63 --- --- --- 56 --- 
Cebus 

monkey 
Adult --- --- 60.0 --- --- --- 59.0 --- --- --- (RIBELIN et 

al. 1968) 
Cats Adult --- --- --- --- --- --- 91.0 --- --- --- 

3 mths --- --- 62 --- --- --- 70 --- --- --- 
6 mths --- --- 84 --- --- --- 95 --- --- --- 
1-8 yrs --- --- 87 --- --- --- 95 --- --- --- 
9 yrs --- --- 77 --- --- --- 94 --- --- --- 
10 yrs --- --- 97 --- --- --- 94 --- --- --- 
14 yrs --- --- 78 --- --- --- 80 --- --- --- 

(PILLAI et al. 
1991) Cats 

16 yrs --- --- --- --- --- --- --- --- --- --- 
3 mths --- --- 42 --- --- --- 37 --- --- --- 
6 mths --- --- 54 --- --- --- 53 --- --- --- 
1-8 yrs --- --- 63 --- --- --- 62 --- --- --- 
9 yrs --- --- 52 --- --- --- 57 --- --- --- 
10 yrs --- --- 51 --- --- --- 58 --- --- --- 
14 yrs --- --- 51 --- --- --- 48 --- --- --- 

(SWALLOW 
et al. 1977) Dogs 

16 yrs --- --- 37 --- --- --- 39 --- --- --- 
12 h - 
1 wk. 

--- --- 6.3 0.28 --- --- --- --- --- --- 

4-5 wks --- --- 25.4 1.31 --- --- --- --- --- --- 
8 wks --- --- 39.5 1.5 --- --- --- --- --- --- 

10-12 wks --- --- 50.1 1.31 --- --- --- --- --- --- 

(SIMS et al. 
1980) Dogs 

32 wks --- --- 59.1 1.41 --- --- --- --- --- --- 
(WALKER et 

al. 1979) Dogs adult, 
1-5 yrs 

73.1 2.7 59.1 1.0 68.0 2.3 66.9 2.4 77.5 2.8 

Dogs* Adult --- --- --- --- --- --- 68.9 5.8 --- --- 
Dogs** Adult --- --- --- --- --- --- 89.2 12.4 88.1 8.3 (STEISS et 

al. 1987) 
sheep** 

adult, 2 
yrs 

76.3 12.5 --- --- --- --- 98.6 13.1 103.9 12.7

(STEFFEN 
et al. 1996) 

Goats** 4-6 wks --- --- --- --- --- --- --- --- 72.2 9.3 

Legend: yrs. = years, wks. = weeks, wk. = week, h. = hours, SD = standard deviation, N. = 
Nervus, ischiad. = ischiadicus, --- = not measured or not announced, * = Recorded in the 
Musculus (M.) interosseous plantaris, ** Recorded in the M. fibularis tertius of sheep/ goat 
(N. ischiadicus/ fibularis) or in the M. gastrocnemius (N. ischiadicus/ tibialis). 
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Morphometric Parameters and Nerve Conduction Velocity 

The myelin sheath of the myelinated peripheral nerve fibres is formed by Schwann 

cells (KING 2004). The whole axon is, however, not covered by the Schwann cells; 

there are a few regions without myelin: examples being the initial segment of the 

axon and the conical axon hillock. They work as the trigger region of the neuron for 

the action potentials. The other kind of region free of myelin are the nodes of 

Ranvier, which are the basis for the saltatory conduction along the myelinated 

peripheral nerve (HUXLEY et al. 1949). Myelin has a high electrical resistance and is 

able to isolate the covered axonal surface. The action potential is forced to jump from 

one node of Ranvier to the other and thus the term saltatory is appropriate. This 

electrophysiological feature of myelinated fibres allows an up to three-fold faster 

conduction of action potential than in unmyelinated fibres with the same diameter 

(KING 2004). The external diameter (including the myelin sheath) of the largest 

myelin fibres in mammals ranges from about 20 µm to the smallest about 1 µm. The 

diameter of unmyelinated fibres ranges from 2.0 µm to 0.1 µm. On the 

electrophysiological functional level it has been proven that the axon and fibre 

diameter, the myelination, and the internodal distance are the most influencing 

factors for the speed of the conduction velocity in nerves. Larger, good myelinated 

fibres with a longer internodal distance (saltatory conduction) have (to a certain 

degree) a faster conduction velocity (HURSH 1939a; 1939b; SWALLOW et al. 1977; 

STEISS 2003). In addition to these morphological parameters the nerve conduction 

velocity is influenced by more subtle factors like the density of ion channels at the 

node of Ranvier (SWADLOW 1982; HOWE et al. 1990). 

In cross-sectional nerves the parameters axon diameter, fibre diameter (including the 

myelin sheath), myelin thickness, total fibre density, frequencies of axon/ fibre 

diameters, frequencies of myelin thickness and the g-ratio (axon diameter divided by 

fibre diameter) can be morphometrically evaluated with automated methods 

(ROMERO et al. 2000). These parameters were collected for dogs (BRAUND et al. 

1982b), cats (HURSH 1939a; 1939b) and to some extend for sheep (STEISS et al. 

1987) and were correlated to the mNCV. This correlation is described by Hursh (cats 

and kittens) and also by Swallow (dogs) by the following equation: 

[m/s] mNCV  6  m][diameter axon =×µ  (HURSH 1939a; SWALLOW et al. 1977) 

It was concluded that during the maturation (age) of the examined individuals the 

axon and fibre diameter, the myelination, and the internodal distance increase and 
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that these morphological factors lead to a rise in the mNCV (SWALLOW et al. 1977; 

SIMS et al. 1980; BRAUND et al. 1982b; LOKE et al. 1986).  
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Tissue Culture of Canine Skeletal Muscle Satellite Cells 

 

Biology of Skeletal Muscle Satellite Cells in Vivo 

 

In the living mature individual the muscle tissue is made up of terminally 

differentiated myocytes. These myocytes form multinucleated syncitia which express 

structural genes and contractile fibres (NEVILLE et al. 1998). Between the basal 

lamina of the syncitia and the sarcolemma, small, undifferentiated, mononucleated 

cells were detected initially in the frog muscle (see figure 3). These cells were 

identified as skeletal muscle satellite cells (MAURO 1961). These cells are a 

reservoir of nuclei for prenatal growth of muscle fibres (MOSS et al. 1971) and of 

stem cells for regenerating and repairing the differentiated muscle tissue (source of 

myogenic precursor cells) (YABLONKA-REUVENI 1995). In any kind of injury or 

disease of the muscle the satellite cells are stimulated by endogenous factors to 

proliferate (cells termed as myoblasts), differentiate (cells termed myotubes), fuse 

with adjacent fibres and to repair damaged muscle fibres (ALLEN et al. 1990; 

MCGEACHIE et al. 1993). Besides injuries and muscle diseases endocrine factors 

after anabolic steroid treatments stimulate the proliferation of the satellite cells 

(THOMPSON et al. 1989; JOHNSON et al. 1998). Due to their role during prenatal 

maturation, the age of the individual has an effect on the activity of these satellite 

cells as well. The younger the individual the more satellite cells are capable of 

proliferation (SCHULTZ et al. 1982; DODSON et al. 1987a). 

In summary, satellite cells function in the process of new muscle formation. Therefore 

satellite cells as quiescent mononucleated muscle precursor cells can become 

activated, proliferate (as myoblasts), differentiate to multinucleated young muscle 

cells called myotubes. These myotubes can undergo further differentiation and (when 

they become innervated by a motor neuron) are able to mature to complete 

functional muscle fibres (GROUNDS et al. 2002). 
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Figure 3: Electron-microscopic View of a Skeletal Muscle Satellite Cell. 

 

Legend: a typical longitudinal view of the satellite cell as it appears between the 
basal lamina of the syncitia and the sarcolemma of the musculus tibialis anticus of 
the frog. The extreme poles of the cell are indicated (sc). The adjacent plasma 
membranes of the satellite cell and the muscle cell can be seen at the inner border of 
the cell indicated by the unmarked arrow. Epon embedding muscle specimen, 
unstained. Magnification x 10,000. Figure from (MAURO 1961). 
 
Figure 4: Scheme of the Intracellular Structure of a Differentiated Muscle Cell. 

 
Legend: the cytoplasm is nearly completely filled with myofibrils. Satellite cells are 
encases between the sarcolemma and the basal lamina. Figure from (NEVILLE et al. 
1998) 
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Tissue Culture of Skeletal Muscle Satellite Cells 

 

After the discovering satellite cells in frog muscle in 1961 they have been studied 

simply by light microscopy or electron microscopy in vivo. These studies are relatively 

arduous, because the satellite cells occur in very low frequency in the muscles (about 

1-4% of the muscle nuclei in fast-twitching muscles and about 4-16% of the nuclei in 

slow-twitching muscles) (BISCHOFF 1994). The development of several in vitro 

satellite cell culture methods has added to the results of in vivo studies and delivered 

more detailed information of cellular characteristics and properties of the satellite 

cells. There are several cell culture techniques described in the literature of which the 

monolayer mass cultures and single fibre cultures are the most commonly used ones 

(ALLEN et al. 1998) in satellite cell research.  

Monolayer mass cultures are grown out of mechanically and chemically dissociated 

muscle tissue, whereas in single fibre cultures the muscle fibres with their intact 

basal membrane encasing the satellite cells are used for in vitro cultivation. Both 

systems have their advantages; while mass cultures deliver a lot of satellite cells 

(ALLEN et al. 1998) the single fibre cultures allow the researcher to study the satellite 

cells in their naturally occurring micro environment (BEKOFF et al. 1977; BISCHOFF 

1986a). In both culture systems the general cellular processes and conditions of 

quiescence, migration, proliferation and differentiation have been studied in various 

species such as in rats (BISCHOFF 1974; DODSON et al. 1988; ALLEN et al. 1991), 

mice (YABLONKA-REUVENI et al. 2006), pigs (DOUMIT et al. 1992), chickens 

(MCFARLAND et al. 1997), sheep (DODSON et al. 1987b), cattle (DODSON et al. 

1987b; WOODS et al. 1997), horses (BYRNE et al. 2000), dogs (MICHAL et al. 

2002) and humans (YASIN et al. 1977).  

The general procedure of harvesting the satellite cells for monolayer mass cultures is 

mainly the same in all afore mentioned references and was reviewed by R.E. Allen in 

1998 (ALLEN et al. 1998). This general procedure, which is technically oriented on 

the cell preparation of muscle tissue from rats, is as follows: 

A.) Polystyrene cell culture dishes or flasks have to be coated with an adhesive 

agent like collagen (0.2 mg/ml), polylysine (0.1 mg/ml), fibronectin (10 µg/ml) 

or matrigel (1:10 dilution in Dubeco’s Modified Eagle Medium (DMEM)).  

B.) Media for proliferation, differentiation and storage are based on the principle of 

adding serum to a serum free basal medium. As a basal medium DMEM or 
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McCoy’s media are commonly used, but also “Serum-free, defined” media 

have been used recently to ensure a better control of the culture conditions. 

Any used basal media is supplemented by several serums like horse serum, 

chicken embryo extract and fetal calf serum. In order to provide proliferation of 

the satellite cells a higher concentration of serum supplement (varying from 5 

to 20 %) is used. To initiate the differentiation of the cells the serum content is 

decreased (varying from 1 to 5 %). In addition to varying concentrations of 

serum supplementation further supplements like dexamethasone  

(e.g. 10-7Mol), fibroblast growth factor, epidermal growth factor, vitamin E, 

selenium, biotin and fetuin are utilised for proliferation media. For setting up 

the differentiation media the basal media-serum mixture is further 

supplemented with insulin or linoleic acid diluted in bovine serum albumin and 

the proliferation supplements are omitted. Proliferation and differentiation 

media can additionally contain antibiotics (e.g. gentamicin at 0.5 %) and 

antimycotics (e.g. amphotericin 0.025 mg/ 500ml) for culture hygiene, if 

necessary. 

The storage medium for freezing of the cells is composed of DMEM with 20% 

fetal calf serum and dimethyl sulfoxide (DMSO). 

In addition to this general description individual requirements of cells from 

each donor species have to be considered for the media composition. For 

example the fibroblast growth factor 2 is a potent inhibitor of the proliferation of 

satellite cells derived from bovine (GREENE et al. 1991), but it enhances the 

proliferation of myoblasts from dogs linearly in concentrations of 10 - 75 ng/ml 

(MICHAL et al. 2002). 

C.) The cell preparation for monolayer mass cultures has three crucial 

compartments: 

1.) Careful mechanical dissociation of the muscle tissue and elimination of 

all visible connective tissue from the specimen. 

2.) Choosing the right type of enzyme and its incubation time on the tissue 

mash. 

3.) Avoiding any kind of microbial contamination. 

After gathering the muscle tissue from the donor species the mechanical dissociation 

is carried out under sterile conditions as in all other consecutive steps. The muscle 

tissue is minced into small pieces, a muscle mash being the result. This mash is 
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incubated with an enzyme like pronase, trypsin or a protease. The incubation time 

and temperature depends on the enzyme used. To harvest satellite cells several 

different centrifugation steps are necessary. The gathered supernatant from the 

previous centrifugation steps is finally centrifuged to achieve a pellet which is seeded 

in resuspended form in proliferation medium on coated culture dishes/ flasks. It is 

also possible to use a pre-plating step of 2 hours on uncoated culture dishes/ flasks 

to allow fibroblasts mainly to adhere before decanting the non-adherent myoblasts 

with the proliferation medium into the coated dishes/ flasks. 

Aberrant from the former described procedure of R.E. Allen several modifications 

concerning the enzymatic dissociation (COSSU et al. 1980; BISCHOFF 1986b) and 

the centrifugation/ purification steps (WEBSTER et al. 1988; MCFARLAND et al. 

2000) are described.  

Using this procedure a primary satellite cell culture can be established. The 

homogeneity of the culture can be increased by modifying the harvesting methods. 

Selection of the muscle specimen and the complete removal of all visible connective 

tissue are the basal steps to increase the homogeneity of the culture. The influence 

of the applied enzyme for the culture homogeneity of rat satellite cells was studied by 

Bischoff with the result that pronase (compared to collagenase and trypsin) is the 

most effective enzyme for liberating the satellite cells from rat muscles (BISCHOFF 

1974). In contrast to this it is described for mouse satellite cells that the mixture of 

collagenase, hyaluronidase and trypsin is more effective for the chemical dissociation 

(COSSU et al. 1980), while in dogs again the pronase is preferred for this objective 

(MICHAL et al. 2002).  

The purification of the satellite cells in chickens by centrifugation with percoll 

gradients also increases the homogeneity of the culture. However, it is noted that this 

procedure is very time consuming and it may also be necessary to adapt the protocol 

for every species used (YABLONKA-REUVENI et al. 1987; ALLEN et al. 1998; 

BURTON et al. 2000). It was also shown that cell sorting using a fluorescence-

activated cell sorter and the monoclonal antibody 5.1H11 (human muscle cell surface 

antigen) is also a sophisticated method for purifiying of human satellite cell cultures 

up to a 97% homogeneity (WEBSTER et al. 1988). 

All previously described procedures for satellite cell culture systems of animals are 

only described for use under laboratory conditions with immediate processing of the 

muscle tissue to harvest the satellite cells (DODSON et al. 1987b; GREENE et al. 
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1991; BURTON et al. 2000; BYRNE et al. 2000; MICHAL et al. 2002). This 

somewhat limits the technique. Only animals kept close to or in the laboratory can be 

used for setting up the primary culture. The application of these methods for research 

into muscle diseases of client owned animals (dogs, cats) is negated. Up to now no 

procedures have been described for obtaining a muscle biopsy from a healthy or 

diseased companion animal by a veterinary physician and shipping it to a specialized 

laboratory for further processing and long term storage. 
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Possible Applications for Canine Skeletal Muscle Satellite Cell Cultures 

 

Besides the basic research on the biology of satellite cells and the regulation 

mechanisms of quiescence, proliferation and differentiation there is considerable 

interest expressed in the application of this knowledge for regenerative medicine 

(tissue engineering) or optimisation of muscle growth in livestock (ALLEN 1987; 

DODSON et al. 1996; GROUNDS 1999). Regenerative medicine is a growing field in 

human medicine. Possible applications of myogenic stem cells range from increasing 

the efficiency of repair in sports medicine, muscle transplantation after severe injury, 

repair in muscular dystrophy or mitochondrial myopathies, recovery of strength in 

disuse atrophy to repair of cardiac muscle cells (GROUNDS et al. 2002). An example 

whereby skeletal muscle satellite cell cultures could be used would be a myoblast 

transfer therapy in Duchenne’s muscular dystrophy. Ex vivo gene manipulation of 

myoblasts from diseased individuals has been used to repair the underlying gene 

defect in vitro. The in vitro repaired cells are transferred back to the donor 

(PARTRIDGE 1998; PARTRIDGE et al. 1998). Similar approaches with 

mesangioblast stem cells to ameliorate the muscle function in the Golden Retriever 

myopathy (animal model of Duchenne muscular dystrophy) were performed on dogs 

(SAMPAOLESI et al. 2006). 

In order to examine the muscular diseases occurring in companion animals, the 

techniques already applied in human medicine have to be adapted for veterinary 

purposes. The methods of satellite cell isolation, proliferation and differentiation from 

canine donors have only been established under laboratory conditions (MICHAL et 

al. 2002). The described methods still have to be modified in order to allow studies 

on the pathophysiology of neuromuscular diseases in veterinary medicine. In human 

muscle disease research the satellite cells harvested from biopsies of individuals 

suffering from various muscular disorders are stored in a tissue/ cell culture bank in 

specialised laboratories (e.g. Muscle-Tissue-Culture-Collection in the Friedrich-Baur-

Institute, Munich as part of the EuroBioBank® for rare diseases) (see: 

http://www.eurobiobank.eu/index.htm). The collection of samples and the 

multiplication of cells by proliferation makes it possible to perform further in vitro 

research on the respective diseases such as molecular biology examinations 

(GOETSCH et al. 2003; MITCHELL et al. 2004; BONDESEN et al. 2006) or 

functional examinations (e.g. patch clamp measurements) (BUFLER et al. 1995; 
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JURKAT-ROTT et al. 2005). By storage and progeny of the disease carrying cells a 

large resource for elucidating the pathophysiology of the respective diseases is 

generated. It would be possible to avoid taking repetitive biopsies of the suffering 

individuals. Especially functional disorders of muscle cells of companion animals 

such as channelopathies could be studied using this approach (VITE 2002; JURKAT-

ROTT et al. 2004).  

In order to generate such a canine muscle cell bank the establishment of a 

harvesting method after shipping biopsies of diseased animals is necessary. 

Particularly in case of research into rare diseases the shipping of biopsies would 

allow the collection of samples from locations all over Europe.  

Therefore, it was our aim in this study to establish an appropriate shipping method in 

combination with an adequate tissue processing for collecting primary satellite cell 

cultures in dogs.  
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Materials and Methods 

Reference Values of Motor Nerve Conduction Velocity and their 

Correlation with Morphometric Evaluations of Nerve Biopsies in 

Calves 

Animals 

For evaluating normal values of the motor nerve conduction velocity (mNCV) of 

calves in a clinical setup a group of 20 healthy calves (group 1) was used. The 

animals were from different breeds (12 Holstein Friesian, 2 red Holstein Friesian, 6 

half-breeds from Holstein and Limousine) and their age ranged from 16 to 85 days.  

In addition 6 other healthy calves (group 2) were used to evaluate the thickness of 

the myelin sheath, the axonal area/ diameter and the fibre area/ diameter in order to 

compare these findings with the motor nerve conduction velocity. These animals 

were all from the breed Holstein Friesian and their age ranged from 14 to 30 days. 

The animals in this study were treated in accordance with the German Animal 

Welfare Law. (AZ 04/755) 

 

Anaesthesia 

The animals had to fast for 12 hours prior to anaesthesia. The anaesthesia was 

induced with xylazine (Xylazin 2%, CP Pharma, Burgdorf, Germany) with a dosage of 

0.1 mg/kg body weight (bw) intravenously and ketamine (Ketamin 10, Selectavet, 

Weyern Holzolling, Germany) with a dosage of 4 mg/kg bw intravenously. After 

successful oral intubation with an endotracheal tube the anaesthesia was maintained 

using isoflurane at 1.5 - 3% (Isofluran CP, CP Pharma, Burgdorf, Germany) and 

oxygen via a Draeger respirator (Draeger Titus MRT, Draeger Medical Techniques, 

Lübeck, Germany). 

In order to take nerve biopsies the six animals from group 2 received, in addition to 

the afore mentioned anaesthetic protocol, a lumbar segmental epidural analgesia 

with procainehydrochloride in a dosage of 0.3 ml/kg bw (Procain 2%, Selectavet, 

Weyern Holzolling, Germany). 
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Measurement of the Motor Nerve Conduction Velocity 

The measurements of the mNCV were performed in lateral recumbency. All 

stimulations of the peripheral nerves and the recording of the compound muscle 

action potentials (CMAP) in the particular muscles were performed, using a Vicking 

Quest electrodiagnostic device (Nicolet Viking Quest IV, Nicolet EBE GmbH, 

Kleinostheim). The nerves of each side and limb were stimulated supramaximally 

with a rectangular stimulation-impulse. The strength of the stimulation ranged 

between 20 – 80 mA. This stimulation was applied with a frequency of 1.0 Hz and 

duration of 0.1 ms to evoke a CMAP in the distally located particular muscle. 

Stimulation electrodes had a diameter of 0.5 mm, a length of 7.5 cm and were coated 

with Teflon® (Part No. 019-411500, Nicolet EBE GmbH, Kleinostheim). For the 

recording of the CMAP a bipolar concentric needle electrode with a diameter of 0.6 

mm and a length of 60 cm was used (Part No. 019-721700,Nicolet EBE GmbH, 

Kleinostheim). The CMAPs were displayed and stored for the calculation of the 

mNCV on the electrodiagnostic device. Calculation of the mNCV was performed 

automatically by the electrodiagnostic device using the following formula and the 

rectally measured body temperature as correction factor: 

 







=

second

metre
   

stimulus) distal oflatency  - stimulus proximal of(latency 

pointn stimulatio distal and proximalbetween  distance
  mNCV  

 

The N. radialis was stimulated distally at the distal third of the humerus between the 

M. brachialis and the lateral head of the M. triceps and proximally in the angle 

between the head of the humerus and the ventral part of the scapula. The  

N. ischiadicus/ fibularis was stimulated distally in the popliteal fossa and proximally in 

the trochanteric fossa between the trochanter major and the tuber ischiadicum. The 

ground electrode was placed between the distal stimulation point and the recording 

electrode (see also figures 4 and 5). All results are expressed as mean ± SD and the 

median. 
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Figures 4 and 5: Electrode Positioning for Recording the Compound Muscle Action 

Potentials 

 

Figure 4: peripheral nerves of thoracic limb 

 = proximal stimulation 

 = distal stimulation 

 = ground electrode 

 = recording electrode 

 = Nervus radialis 

 

  

Figure 5: peripheral nerves of hind limb 

 = proximal stimulation 

 = distal stimulation 

 = ground electrode 

 = recording electrode 

 = Nervus ischiadicus/ fibularis 
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Repeated Measurements 

 

In order to evaluate the influences of inter-individual (stimulated nerve, side of 

stimulated nerve) and environmental effects 6 calves of group 1 were measured five 

times on different days according to the aforementioned measurement procedure. 

 

Statistic Analysis 

 

Statistical evaluation was performed with the guidance of the Institute of Biometry, 

Epidemiology, and Information Processing, University of Veterinary Medicine, 

Hannover, using the SAS software 8.02. in a Windows XP environment. Graphs of 

the mNCV and the analysis of correlation (age of calve to mNCV, g-ratio to mNCV) 

were performed with Microsoft Excel 2002. Box plots were prepared with SPSS 13.0 

and the frequency histograms were plotted with the SAS procedure “gchart” and 

“goptions”. Data of the repeated measurements were evaluated with a SAS 

procedure (“varcomp”) for variance component analyses.  
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Morphometric Evaluation 

 

Biopsy of the Nervus Fibularis 

 

The calves of group 2 were used for evaluating of the correlation between the 

thickness of the myelin sheath and the axonal diameter and the motor nerve 

conduction velocity. Subsequent to measuring the mNCV of the N. ischiadicus/ 

fibularis a biopsy of the N. fibularis was taken. The area of skin incision was located 5 

cm proximal to the distal stimulation point of the N. fibularis in the popliteal fossa 

using conventional surgical disinfection methods. After palpating the nerve in the 

lateral aspect of the distal femur an 8 cm long incision was made in the fascia of the 

M. biceps femoris. In order to prevent inadvertent damage of the nerve the fascia 

was elevated with rat toothed forceps before the incision. So as to visualise the nerve 

as much as possible, fat and fascia around it was dissected. Thus damage to the 

nerve itself was avoided. A 5-0 silk suture was placed through the caudal ⅓ to ½ of 

the nerve at the proximal and the distal end of the biopsy site allowing minimal gentle 

traction as a 2- to 3 cm fascicular biopsy was excised using a no. 11 scalpel blade. 

The fascial layer was closed with absorbable suture material (3-0 polydioxanone) and 

the skin was adapted with a 1-0 monofilament nylon fibre.  

 

Tissue Preparation and Morphometric Evaluation 

 

After surgery the biopsy of the nervus fibularis was fixed in Karnovsky’s fixture for 24 

h. This fixture contains 2% paraformaldehyde, 2.5% glutaraldehyde in 0.2 M sodium 

cacodylate buffer, (pH was adjusted at 7.3 with natriumhydrogencarbonate (NaOH)). 

Afterwards, the remaining connective tissue was removed from the nerve fascicles 

and the preparation was rinsed three times with 0.1 M sodium cacodylate buffer 

containing 7.5% saccharose. The next step in processing the biopsies was a 

postfixation of 1% osmium oxide (OsO4) for 1.5 h. After several dehydration steps 

with an increasing alcohol row, the biopsies were epon embedded. The epon blocks 

were cut with glass knives into semi-thin transverse sections of 1 µm. These sections 

were mounted on uncoated glass slides and stained with 1% paraphenylendiamine 
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solution for 5 minutes to stain the myelin substance. These slices were assayed by 

light microscopy (BX60, Leica GmbH, Germany) at 400x magnification and for further 

analyses digitised (CCD camera, Olympus Photomicrographics System PM20 and 

Analy- SIS ProR, Version 3.1, Soft imaging System GmbH, Germany). From each 

calve two slices showing different fascicles were taken for analysis (exception: calf C; 

just one slice was available for evaluation). In order to evaluate a whole fascicle the 

images displaying just a part of the nerve fascicle were merged to form one image 

using a multiple imaging alignment procedure. The area of all axons and the 

diameter of all myelin sheaths were measured on 4 slices from 4 different calves. On 

the remaining slices samples of 100 randomly chosen axons from each calve were 

analysed using the Analy-SIS ProR Software (Version 3.1, Soft imaging System 

GmbH, Germany). Axon diameter, fibre area/ diameter were calculated from the 

measurements assuming that the nerve fibre and the axon were circular. The 

generated data were used to calculate the g-ratio (sum of axon diameter divided by 

sum of fibre diameter) of measured fascicles for two slices of each calve, if two slices 

were available. Furthermore, the areas of these fascicles and the number of all their 

nerve fibres were examined to calculate the fibre density. All results are expressed 

as mean ± SD, minimum and maximum. The data are presented as pooled for all 

calves and in addition, for each slice and calf separately. 
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Figure 6:  

Principle of measuring the axon area and the thickness of the myelin sheath 

 

Legend: typical picture of a cross-sectioned Nervus fibularis from a calve. The circles 
represent the manually drawn area on the slice, which the Analy- SIS ProR Software 
used to calculate the respective area in [µm2]. The length of the lines were processed 
by the program in order to calculate the thickness of the myelin sheath in [µm]; 
crosses indicate one fibre, numbers indicate the index of every counted area or 
distance; paraphenylendiamine staining, bar = 10 [µm] 
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Cell Culture of Canine Muscle Satellite Cells 

 

Collection of Muscle tissue and Proliferation of Cells 

 

Biopsies of skeletal muscles from 30 dogs of various breeds and different ages not 

affected by any kind of neuromuscular disease (i.e. no clinical signs of a muscle 

disease, normal blood cell count, normal serum creatinine kinase and lactate levels) 

were taken during routine surgical procedures such as laminectomy or fracture 

fixation with agreement of the owners (Az 42502_1 Tiho). The biopsies from 

M. longissimus dorsi or M. quadriceps had a size of 1 cm³ and were transported to 

the laboratory in 15 ml tubes (Cat. No. 114817, Brand, Wertheim, Germany) filled 

with 10 ml of a sterile transport medium. This transport medium consisted of: 3.6 g N- 

[2-hydroxyethyle] piperazine-N-2- ethansulphonic acid (HEPES), 3.8g sodium 

chloride (NaCl), 0.112 g potassium chloride, 0.99 g glucose and 0.000567g phenol 

red dissolved in 500 ml distilled water (aqua dest.); all components were obtained 

from Sigma-Aldrich, Germany. After adding the substances to 400 ml aqua dest. the 

pH was adjusted with 1 molar NaOH to a pH of 7.6. The volume was increased to 

500 ml with aqua dest. and the solution was filtered through a 0.22 µm syringe 

membrane filter (Cat. No. 17823K, Vivasience AG, Hannover).  

Further processing steps were performed under sterile conditions in the laminar flow 

bench (Microbiological bench, CA/R Clean Air, Hilden, Germany). Tissue samples 

were washed once with fresh transport medium and the remaining connective tissue 

was removed with forceps and scissors. All biopsies were mechanically minced with 

scissors to a size of 2 mm3. 

Afterwards, three different methods for further treatment and harvesting of muscle 

satellite cells were applied:  

 

A: direct explantation. In order to evaluate this method no further processing of the 

minced tissue occurred and the small pieces were seeded as explants in 25 cm2 

tissue culture flasks (Cat. No. 83.1810.002, Sarstedt, Nuembrecht, Germany) coated 

with 0.1% pig skin gelatine (PSG, Cat. No. G1890, Sigma-Aldrich) (ASKANAS et al. 

1975; BUFLER et al. 1995).  
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B: the method of Bufler et al. 1995 was modified in accordance with the methods 

used by the Muscle Tissue Culture Collection at the Friedrich-Baur-Institute, Munich 

for processing human muscle biopsies. The minced muscle biopsies were digested 

with a 0.25% trypsin solution. The trypsin-stock-solution (2.5%) (Cat. No. 15090046, 

Invitrogen, Germany) was diluted with the transport medium to a ratio of 1:10. The 

mechanically dissociated tissue pieces were resuspended in 7 ml of the 0.25% 

trypsin solution, put into a trypsinization flask (Cat. No. 355753, Wheaton, USA) and 

incubated for 7 minutes. During the incubation time the tissue trypsin mash was 

mixed on a magnetic stirrer using a feather edged magnetic stirring bar. After 7 

minutes the stirring was stopped to allow the larger pieces to drop to the bottom of 

the trypsinization flask and the supernatant was poured into a 50 ml tube (Cat. No. 

114822, Brand, Wertheim, Germany) filled with 10 ml washing medium. The washing 

medium composed of Dulbecco’s modified Eagle Medium (DMEM) (Cat. No. 

41965039, Invitrogen, Germany) and 10 % Foetal Bovine Serum (FBS) (Cat. No. 

10108165, Invitrogen, Germany). 7 ml of the 0.25 % trypsin solution was added to 

the remaining tissue mash in the trypsinization flask and the stirring was repeated for 

7 minutes. The supernatant was effused again in a new 50 ml tube filled with 

washing medium and the whole procedure was repeated. The supernatants of three 

50 ml tubes were combined in one tube for adjacent centrifugation for 10 minutes 

with 300 relative centrifugation force (RCF) at room temperature. After discarding the 

supernatant the remaining pellet was resuspended in proliferation medium and 

transferred to a 25 cm2 tissue culture flask coated with 0.1 % PSG. The proliferation 

medium consisted of Skeletal Muscle Cell Basal Medium (Cat. No. C-23260, 

PromoCell, Heidelberg, Germany), Skeletal Muscle Cell Growth Medium Supplement 

Pack (Cat. No. C-39360, PromoCell, Heidelberg, Germany), 10 % FBS and 1.5 % L-

alanyl-L-glutamine (GLUTAMAX I, Cat. No. 35050-061, Invitrogen, Germany). 

 

C: in the third evaluated method the aforementioned protocol according to Michal et 

al. 2002 was modified in the following way: after the aforementioned enzymatic 

digestion steps a differential centrifugation to enrich the satellite cells was used. After 

collecting the supernatants from the three 50 ml tubes into one tube the solution was 

centrifuged with 1600 RCF at room temperature for 3 minutes. The supernatant was 

discharged and the remaining pellet was resuspended in 5 ml washing medium. A 

centrifugation with 200 RCF for 5 minutes was initiated and the supernatant was 
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stored in another 50 ml tube before the pellet was resuspended in 5 ml of washing 

medium. The cell suspension was centrifuged for 7 minutes with 200 RCF and the 

supernatant was added to the formerly stored one. For a final centrifugation of 10 

minutes with 200 RCF the remaining pellet was resuspended in 5 ml washing 

medium. Again the supernatant was stored and the pellet, presumably containing 

fibroblasts, was discharged. The stored supernatant of the three centrifugation steps, 

presumably containing satellite cells, was finally centrifuged with 1600 RCF for 3 

minutes and this pellet resuspended in proliferation medium and transferred to a 

PSG (0.1 %) coated 25 cm2 tissue culture flask. 

All cultures were incubated at 37°C in a 5% CO2 enriched humid atmosphere and the 

proliferation medium was changed every other day. 

 

Freezing and Recultivation of Myotubes 

 

For freezing and long term storage the proliferating cells were harvested from the 

tissue culture flask and resuspended in 1 ml of freezing medium (Dulbeco´s modified 

Eagle Medium, Dimethyl sulfoxide (DMSO), 20 %Fetal Calf Serum) at 4°C. Prior to 

storage in liquid nitrogen the tubes were kept for 24 hours in a -80°C freezer. After 

several weeks in liquid nitrogen the tubes were pre-thawed in a water bath (37.0°C). 

As fast as possible the cells (centre of the pellet still frozen) were decanted in warm 

proliferation medium to dilute the DMSO contained in the freezing medium. After 12 

hours the proliferation medium was discarded, cells were washed with PBS and fresh 

proliferation medium was added. 

 

Differentiation of Myotubes 

 

The mixed cell cultures probably consisting of fibroblasts and myoblasts, were kept 

under proliferation conditions until the cells had reached a confluence up to 80% 

(around 8 to 14 days). In order to induce differentiation of the myoblasts with the aim 

to form myotubes the proliferation medium was replaced by differentiation medium 

composed of Skeletal Muscle Cell Basal Medium, 5 % horse serum (Horse Serum, 

heat-inactivated, Cat. No. 26050-070, Invitrogen, Germany) and 5 mg Insulin (Cat. 

No. C-23161, PromoCell, Heidelberg, Germany). The different morphologic stages of 
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the differentiating cells were documented with an Okkularcamera (Breukhoven, 

Microscope Systems, Cat. No. 76458, Capelle a/d Ijssel, the Netherlands). The 

spontaneous occurring contractions of the matured myotubes were filmed as .avi files 

with the same camera. 

 

Immunocytochemistry 

Immunofluorescence 
 

The cells were fixed with cold (-20°C) methanol and washed with phosphate buffered 

saline (PBS) (Cat. No. L182-05, Biochrom, Berlin, Germany). In order to prevent non-

specific binding of the primary antibody 2% of horse serum in PBS was added to the 

cells overnight at 4°C. The cells were washed with PBS before the primary antibody 

(Anti-Human Desmin Clone D33, Cat. No. M 0760, DakoCytometion, Glostrup, 

Denmark) was added 1:1 diluted in a PBS/- 0.3% Triton®/- 2% horse serum-solution 

(Triton® X-100, Cat. No. 37238.01, Serva, Heidelberg, Germany). After incubation at 

room temperature (RT) for 60 minutes and subsequent to several washing steps with 

PBS, the secondary antibody (Cy3- conjugated goat anti mouse IgG, Cat. No. 

115165020, Dianova, Hamburg, Germany) diluted 1:100 in PBS was added for 60 

minutes (RT). Cells were again washed three times with PBS prior to nuclear staining 

with 4´, 6-diamidino-2-phenylindole, dihydrochloride (DAPI, Cat. No. D-1306, 

Molecular Probes, Leiden, the Netherlands) in a dilution of 1:20 in PBS for an 

incubation of 4 minutes (RT). After a final washing step with aqua dest. the slices 

were mounted with 1, 4-Diazabicyclo [2.2.2] octane (DABCO, Cat. No. D2522, 

Sigma, Steinheim, Germany). Staining was visualised and photographed with a Leica 

DMLB microscope, Leica DC 300 camera and Leica software-IM1000 (Leica 

microsystem AG, version 1.20, Houston, TX, USA). Canine fibroblast cultures were 

used as negative and human myoblast cultures as positive controls for the staining. 

Human myoblast cultures were obtained from the Muscle Tissue Culture Collection at 

the Friedrich-Baur-Institute (Department of Neurology, Ludwig-Maximilians-

University, Munich, Germany). The Muscle Tissue Culture Collection is part of the 

German network on muscular dystrophies (MD-NET, service structure S1, 

01GM0601) funded by the German Ministry of Education and Research (BMBF, 

Berlin, Germany). The Muscle Tissue Culture Collection is a partner of Eurobiobank 

(www.eurobiobank.org). 
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Immunohistochemisty 
 

The cells were removed from the tissue culture flask with a cell scraper (Greiner cell 

scraper, Cat. No. C5981, Sigma, Steinheim, Germany) and transferred to an 

Eppendorf tube for centrifugation with 1600 RCF for 1 minute. Supernatant was 

discharged and the remaining pellet was fixed with 10% paraformaldehyde (PFA, 

Cat. No. P6148, Sigma, Steinheim, Germany) for 24 hours at 4°C. After fixation the 

pellet was embedded in a paraffin block and 5 µm thick sections were cut. Sections 

were mounted on Glass Plus slides (Menzel Gläser, Braunschweig, Germany). The 

slides were rinsed twice with TRIS-buffered saline (TBS) for 10 min. Blocking of the 

endogenous peroxidase was performed with 0.03 % H2O2 diluted in TBS for 30 min. 

Before incubation with the primary antibody, sections were incubated with undiluted 

goat serum (normal goat serum, Cat. No. S-1000, Vector Laboratories, Burlingame, 

USA) for 10 minutes in order to block non-specific binding sites. As primary antibody 

Anti-Human Desmin Clone D33 (Cat. No. M 0760, DakoCytometion, Glostrup, 

Denmark) was used. The slides were incubated overnight at 4°C with the primary 

antibody diluted 1:50 in TBS containing 20% of goat serum. 

After a washing step with TBS the secondary antibody (biotinylated goat anti-mouse 

IgG, Cat. No. BA-9200, Vector Laboratories, Burlingame, USA) and the Avidin-Biotin-

Complex (ABC, Cat. No. PK-6100, Vector Laboratories, Burlingame, USA) were 

applied for 30 minutes (RT). The positive antigen-antibody reaction was visualised by 

incubation of the slides with 3,3’-diaminobenzidine-tetrahydrochloride (DAB)-H2O2 in 

0.1 M imidazole, pH 7.1, for 10 minutes (RT) (Cat. No. D5905, Sigma, Missouri, 

USA). Ascites of non-immunized BALB/cJ mice in a dilution of 1:1000 was used as 

negative control for the staining. As positive control normal skeletal muscle tissue 

was used. 
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Results 
 

Reference Values of Motor Nerve Conduction Velocity in Calves 

The N. radialis and the N. ischiadicus/ fibularis were measured on the left and on the 

right side of each calf in group 1, if possible. The results of these measurements are 

shown in figure 7. The calculated mean value mNCV of the N. radialis was 48.3 m/s 

with a standard deviation (SD) of ±10.6 m/s while the mean value of mNCV of the N. 

ischiadicus/ fibularis was 83.8 m/s ± 5.9 SD. The calculated SD for the N. ischiadicus/ 

fibularis was lower than the SD of the N. radialis (figure 7).  

Figure 7: box ploting of the motor nerve conduction velocity in 20 calves 

 

Legend: ┬ = maximum, ┴ = minimum, ─ = median, O = outlier, n = number of 
measurements per nerve. The box includes 50% of the values. 
 

An analysis of variance was performed on the collected data from 71 measurements 

of the N. radialis and 80 measurements of the N. ischiadicus/ fibularis. The day of the 
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measurement (p = 0.2519) and the side of the measured nerve (p = 0.859) had no 

significant influence on the mNCV. The mNCV of the N. ischiadicus/ fibularis was 

highly significant (p < 0.0001), being faster than that of the N. radialis. The age of the 

examined animals from group 1 had no significant effect on the mNCV (p [N. radialis] 

= 0.732, p [N. ischiadicus/ fibularis] = 0.199). The correlation between age and 

mNCV is shown in figure 8. 

 

Figure 8: correlation between age and motor nerve conduction velocity 

 

 

 

 

 

 

 

 

 

 

Legend: mNCV = motor nerve conduction velocity, r2 = correlation factor. 

 

 

r2= 0.09 

r2= 0.007 
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Repeated Measurements of the Motor Nerve Conduction Velocity 

The influences of inter-individual and environmental effects were evaluated by taking 

repeated measurements of 6 calves from group 1. The stimulated nerve and the side 

of stimulated nerve were considered as inter-individual effects. The values of the 

mNCV of the N. radialis and the N. fibularis relating to the day of measurement are 

demonstrated in figure 9 and figure 10 respectively. 

 

Figure 9: repeated measurements of the motor nerve conduction velocity of 

N. radialis of 6 calves on 5 consecutive days 

 

Legend: mNCV = motor nerve conduction velocity, the age of the calves is shown in 
brackets; d = day 
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 calf 1 (9 - 17 d)
 calf 2 (8 - 16 d)
calf 3 (54 - 62 d)
calf 4 (53 - 61 d)
calf 5 (77 - 85 d)
calf 6 (17 - 25 d)

Figure 10: repeated measurements of the motor nerve conduction velocity of 

N. ischiadicus/ fibularis of 6 calves on 5 consecutive days 

 

Legend: mNCV = motor nerve conduction velocity, the age of the calves is shown in 
brackets; d = day 
 

The data of these 6 calves were used for analysing variance components (vc). This 

statistical model identifies fixed and random effects of repeated measurements. 

Using this model the reliability of the measurement method and the probability of 

obtaining identical values for two or more consecutive measurements can be 

estimated. Higher values for the vc imply less reliability of the measurements and a 

greater range of obtained values in repeated measurements. 

The analysis revealed greater influences of the individual calf and the day of 

measurement for the N. radialis (vc for calf: 20.1, vc for day: 7.5) rather than for the 

N. ischiadicus/ fibularis (vc for calf: 3.6, vc for day: 0.3). Therefore, it is concluded 

that the mNCV measurements of the N. ischiadicus/ fibularis are much more reliable 

than those of the N. radialis. 
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Morphometric Evaluations of Nerve Biopsies 

In order to correlate the electrophysiological data with morphological parameters 

nerve biopsies of 6 calves (group 2) were taken. The samples were labelled “calf A to 

E” (abbreviated CA, CB, etc.) and 2 slices per calf were evaluated, apart from calf C, 

where only one slice was available for morphometric analysis. Figure 11 shows the 

typical appearance of one fascicle used for measuring the fascicle area, total fibre 

count, axon area and thickness of the myelin sheath.  

Figure 11: transversal section of a typical fascicle from N. fibularis  

 

Legend: paraphenylendiamine staining of a biopsy of N. fibularis (calf E), 400x 
magnification 
 
The fascicle area in the 11 samples ranged from 25,066 to 119,591 µm2 (median: 

39,363 µm2) and the range for the total fibre number per fascicle from 117 to 1,247 

(median: 248) fibres. Based on these parameters the fibre density of each fascicle 

was calculated (total fibre count divided by fascicle area). The fibre density ranged 

from 2,545 fibres/ mm2 to 11,940 fibres/ mm2. Fascicle area, total fibre number and 

fibre density are illustrated in figures 12 to 14.  
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Figure 12: fascicle area (n = 11) of the 6 evaluated calves (1 to 6) 
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Legend: 1 = Calf A slice 1 and 2; 2 = Calf B slice 1 and 2; 3 = Calf C slice 1; 4 = Calf 
D slice 1 and 2; 5 = Calf E slice 1 and 2; 6 = Calf F slice 1 and 2. 
 
 
Figure 13: total fibre count (n = 11) of the 6 evaluated calves (1 to 6) 
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Legend: 1 = Calf A slice 1 and 2; 2 = Calf B slice 1 and 2; 3 = Calf C slice 1; 4 = Calf 
D slice 1 and 2; 5 = Calf E slice 1 and 2; 6 = Calf F slice 1 and 2. 
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Figure 14: fibre density (n = 11) in the fascicles of the 6 evaluated calves (1 to 6) 
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Legend: 1 = Calf A slice 1 and 2; 2 = Calf B slice 1 and 2; 3 = Calf C slice 1; 4 = Calf 
D slice 1 and 2; 5 = Calf E slice 1 and 2; 6 = Calf F slice 1 and 2. 
 

The obtained data from the slides of each calf are summarized in table 3 and the 

relationship of the parameters, myelin thickness, axon and fibre diameter are 

displayed in figure 15. The axon diameter, fibre area and fibre diameter were 

calculated from the measured parameters assuming that axon, fibre and myelin 

sheath are circular in shape. As a parameter for the myelination of axons, the g-ratio 

was also calculated from the 11 samples (see table 3). The g-ratio showed a range 

from 0.55 to 0.68 with a mean value of 0.61 ± 0.04 SD. No differentiation between 

smaller (< 4 µm) and larger fibres was made for the calculations in this study. 

However, a comparison of the g-ratio with other species was performed. As 

previously shown the g-ratio of young humans (3 to 10 years of age) measured in the 

N. suralis (sensory nerve) varies, without differentiation of small and large fibres, 

from 0.65 to 0.75 (JACOBS et al. 1985). Moreover, in young horses this ratio was 

determined in the N. palmaris lateralis and the mean value of 0.65 ± 0.067 was 

calculated (WHEELER et al. 1989). In comparison to these values the calves had a 

lower g-ratio and therefore a higher degree of myelination of the N. fibularis. In the 

current study the average g-ratio of each calf was correlated with the corresponding 

mNCV measured in the segment that biopsy was taken from. The obtained result 

was a 40.44 % correlation of the g-ratio with the mNCV (see figure 16). 
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Table 3:  Obtained data of single slices of each calf (n = 11)  

and centralized data (= C_ALL) 

Calf 
  

CA1 CA2 CB1 CB2 CC1 CD1 CD2 CE1 CE2 CF1 CF2 C_ALL 

Mean 3.95 5.10 5.72 6.75 3.76 6.13 5.25 3.90 5.57 5.76 4.68 5.17 
SD 1.87 1.57 2.98 2.87 1.57 1.93 2.29 1.33 1.83 2.09 1.43 2.35 
Min. 0.95 1.69 1.53 1.80 1.19 2.03 1.47 0.95 1.49 1.41 1.53 0.95 A

xo
n 

D
ia

m
et

er
 

[µ
m

] 

Max. 10.92 9.82 14.91 14.16 7.03 10.90 11.31 7.80 9.86 9.69 7.50 14.91 

Mean 6.67 8.38 8.69 9.96 5.95 10.07 8.55 6.72 9.51 9.39 8.54 8.40 
SD 2.33 2.07 3.11 3.15 1.95 2.38 2.50 1.68 2.11 2.37 1.94 2.80 
Min. 1.98 3.29 2.91 3.74 2.32 3.23 3.14 2.81 3.61 4.01 3.06 1.98 F

ib
re

 
D

ia
m

et
er

 
[µ

m
] 

Max. 15.61 12.97 17.08 17.90 11.15 16.03 15.35 11.32 15.87 15.01 12.12 17.90 

Mean 15.00 22.30 32.61 42.17 13.05 32.37 25.71 13.31 26.93 29.44 18.76 25.29 
SD 13.63 12.69 32.83 32.43 9.76 18.61 21.18 8.74 15.63 18.82 10.13 22.62 
Min. 0.71 2.23 1.84 2.54 1.11 3.24 1.69 0.71 1.75 1.55 1.85 0.71 

A
xo

n 
A

re
a 

[µ
m

²]
 

Max. 93.57 75.66 174.46 157.51 38.83 93.33 100.33 47.80 76.38 73.74 44.12 174.46 

Mean 39.21 58.41 66.89 85.64 30.77 84.08 62.32 37.66 74.48 73.63 60.20 61.57 
SD 26.97 27.19 47.92 50.87 18.79 37.77 34.52 19.00 31.33 35.85 24.96 39.62 
Min. 3.09 8.50 6.67 10.95 4.22 8.20 7.75 6.22 10.25 12.60 7.33 3.09 

F
ib

re
 A

re
a 

[µ
m

²]
 

Max. 191.22 132.08 229.14 251.44 97.51 201.63 184.87 100.66 197.82 176.87 115.34 251.44 

Mean 1.36 1.64 1.486 1.61 1.10 1.97 1.65 1.41 1.97 1.82 1.93 1.62 
SD 0.57 0.59 0.564 0.56 0.47 0.65 0.65 0.55 0.58 0.63 0.57 0.64 
Min. 0.43 0.66 0.433 0.46 0.38 0.46 0.52 0.54 0.52 0.54 0.46 0.38 M

ye
lin

 
T

hi
ck

ne
ss

 
[µ

m
] 

Max. 2.93 2.99 2.744 2.95 2.23 3.20 2.81 2.68 3.03 2.93 2.92 3.20 

Calc. 0.60 0.60 0.66 0.68 0.63 0.61 0.62 0.58 0.59 0.60 0.55 --- 
Mean            0.61 

g-
ra

tio
 

SD            0.038 
 
Legend: CA1 = Calf A slice 1; CA2 = Calf B slice 2 and so on; C_ALL = Parameters 
of all calves pooled; SD = standard deviation; Min. = Minimum; Max. = Maximum; 
calc. = calculated 
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Figure 15: mean values of myelin thickness, axon and fibre diameter 

 
Legend: CA1 = Calf A slice 1; CA2 = Calf B slice 2 etc.; C_ALL = Parameters of all 
calves pooled. This figure demonstrates the relation between fibre/ axon diameter 
and myelin thickness. Smaller fibres/ axons show a thinner myelin sheath and larger 
fibres/ axons a thicker myelin sheath. 
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Figure 16: Correlation of g-ratio with the motor nerve conduction velocity in 6 calves 
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Legend: r2 = correlation coefficient. A correlation of 40.44% of the g-ratio to the motor 
nerve conduction velocity is demonstrated by the correlation line, indicating that a 
good myelination of the peripheral nerve (low g-ratio) correlates positively with an 
increasing conduction velocity. 
 

In order to visualize the distribution and frequency of the evaluated morphometric 

parameters bar histograms were plotted for axon and fibre diameter, axon and fibre 

area and myelin sheath thickness (see figures 17 to 21). These frequency histograms 

represent the pooled data of the 6 calves. Frequency histograms of each individual 

calf can be found in the appendix (figure 27). The maximum mNCV is determined by 

the largest fibres. Therefore, the maximum fibre diameters of other species are 

marked in figure 20 so as to allow a comparison with different species (HURSH 

1939a).  
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Figure 17: frequency distribution of the axon area (n = 6 calves) 

 
Legend: the axon areas range from 0.71 µm2 to 174.46 µm2 (in 3 observations the 
axon area was greater than 146 µm2, this being represented by the last bar on the 
right); the mean value is 25.29 µm2 ± 22.62. The histogram indicates a monopolar 
distribution with a peak at 6 µm2. 
 
 
 
Figure 18: frequency distribution of the axon diameter (n = 6 calves) 

 
Legend: the axon diameters range from 0.95 µm to 14.91 µm; the mean value is 
5.17 µm ± 2.35. The histogram indicates a bimodal distribution with a lower peak at 
3.0 µm and an upper peak at 5.5 µm. 
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Figure 19: frequency distribution of the fibre area (n = 6 calves) 

 
Legend: the fibre areas range from 3.09 µm2 to 251.44 µm2; the mean value is 
61.57 µm2 ± 39.62 SD. The histogram indicates a monopolar distribution with a peak 
at 41.0 µm2. 
 
 
 

Figure 20: frequency distribution of the fibre diameter (n = 6 calves) 

 
Legend: the fibre diameters range from 1.98 µm to 17.90 µm; the mean value is 
8.40 µm ± 2.80 SD. The histogram indicates a slight bimodal distribution with a lower 
peak at 7.0 µm and an upper peak at 10.0 µm. The included bars indicate the 
maximum fibre diameter recognized in the mentioned species. 

Dog, 13 wks.,  
N. fibularis, 
(BRAUND et al. 
1982b) 
Sheep, 5 days 
prior to birth,  
N. fibularis 
(LOKE et al. 
1986) 

Sheep, adult,  
N. fibularis, 
(STEISS et al. 
1987) 

Horse, 0.5 yrs.,  
N. palmaris lateralis 
(sensory), (WHEELER 
et al. 1989) 

Cat, adult,  
N. tibialis, 
(ARBUTHNOTT 
et al. 1980) 

Horse, adult,  
N. acessorius/ fibularis, 
up to 30 µm,  
(TANCK 2004) 
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Figure 21: frequency distribution of the myelin thickness (n = 6 calves) 

 
Legend: the myelin thickness ranges from 0.38 µm to 3.20 µm; the mean value is 
1.62 µm ± 0.64. The histogram indicates a bipolar distribution with a lower peak at 
0.8 µm and an upper peak at 2.0 µm. 
 

The examined calves exhibit fibre diameters up to a size of 18 µm. Although these 

animals are quite young (14 to 30 days) this maximum fibre size is larger than the 

maximum fibre size of horses (14 µm, (WHEELER et al. 1989)), dogs (12 µm, 

(BRAUND et al. 1982b)), sheep (12 µm, (STEISS et al. 1987)) and humans (12 µm, 

(JACOBS et al. 1985)) of comparable age/ maturity state. Bearing in mind that the 

maximal mNCV is determined by the largest fibres the morphometric results validate 

the measured reference values of the motor Nerve Conduction Velocity in calves. In 

addition, the obtained g-ratios of the N. fibularis of calves indicate a higher degree of 

myelination in comparison to other species. These findings support the accuracy of 

our electrophysiological data. 
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Cell Culture of Canine Muscle Satellite Cells 

In order to establish an appropriate method to culture canine satellite cells after 

shipping muscle biopsies from all over the country 3 different techniques were 

evaluated. The identical transport medium was used for all three methods. Method A 

has already been described (Askanas et al. 1975 and Bufler et al. 1995) as a direct 

way of explantation of human muscle cells. Although this method was used for five 

independent sets of experiments, no satisfactory outgrowth of mesenchymal cells 

occurred even after 3 weeks under proliferation conditions. Moreover, the few 

outgrowing cells from the minced muscle pieces were considered as fibroblasts. 

Therefore, the direct explantation method was discontinued and the further 

characterization of the outgrowing cells was omitted. 

Method B is used for muscle tissue culture collection at the Friedrich-Baur-Institute, 

Munich, for processing human muscle biopsies and was evaluated for 9 biopsies. 

This method revealed better results compared to method A. However, just a few 

number of cells grew with the morphology and the initial differentiation behaviour 

described for myoblasts. The majority of cells seemed to be fibroblasts, overgrowing 

the myogenic cells (see figure 21). Comparing the effectiveness of this method in 

humans (personal communication of the Friedrich-Baur-Institute) the absolute 

number of cells harvested in dogs was very sparse on the first days of cultivation, 

although the amount of starting material was greater than that used in humans. Due 

to these moderate outcomes no further examinations of the cultured cells were 

performed. 

Figure 21: morphology of a canine cell culture harvested with method B 

  
Legend: May-Grünwald staining (after methanol fixation) of canine cell cultures. 
These cells were harvested according to method B and kept in culture for 14 days. 
The images demonstrate stream-like growth formation of crowded, mesenchymal, 
spindle-shaped cells. The growth pattern suggests these cells to be fibroblasts. A 
differentiation of the cells was not inducible. Both images were at 100x 
magnification. 
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Method C was the only convincing approach applied, which was modified after 

Michal et al 2002. The differential centrifugation steps of this method to enrich the 

satellite cells and separate them from the fibroblasts seemed to be the crucial 

processing steps. The data regarding the origin of biopsy, age and breed of the 

animal and the further processing of the culture after the proliferation period of 

myoblasts are summarized in table 4. The typical morphology of the muscle cell 

culture during proliferation and differentiation is demonstrated in figure 22.  

 

Table 4: data of biopsies processed by method C 

id 
age 

[years] 
breed biopsied muscle 

Storage time at 
4°C prior to 

processing [d] 

Processing 
after 

proliferation 
IF IH 

1 9.06 Mix. M. longissimus dorsi 2 differentiation   

2 0.52 Jack-Russel-Terrier M. longissimus dorsi 1 contamination   

3 4.93 Mix. M. rectus abdominis 3 differentiation   

4 0.13 Beagle M. triceps 2 differentiation   

5 0.14 Labrador M. biceps femoris 2 
freezing, 

recultivation, 
differentiation 

X X 

6 0.14 Labrador M. biceps femoris 2 
freezing, 

recultivation, 
differentiation 

X  

7 0.14 Labrador M. biceps femoris 2 contamination   

8 6.34 Wachtel M. gluteus medius 1 differentiation  X 

9 6.44 Bernese Mountain Dog M. rectus abdominis 2 differentiation   

10 6.33 Newfoundland M. gluteus medius 0 differentiation   

11 0.58 Jack-Russel-Terrier M. gluteus medius 1 differentiation X  

12 1.34 Mix. M. gluteus medius 1 differentiation X  

13 6.46 Mix. M. rectus abdominis 2 differentiation   

14 0.18 Weimaraner M. biceps femoris 3 
freezing, 

recultivation, 
differentiation 

  

15 7.78 Airedale Terrier M. intercostalis 0 contamination   

16 3.47 Golden Retriever M. gluteus medius 2 
freezing, 

recultivation, 
differentiation 

  

Legend: id = identification number, M. = musculus, d = days, Mix. = mixed breed, IF = 
Immunofluorescence, IH = Immunohistology  
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Figure 22: photomicrographs of different developmental steps of canine muscle cell culture 
A 

 

B 

 
2 days after harvesting of satellite cells, 
200 x magnification 

4 days after harvesting, 200x magnification 

C 

 

D 

 
6 days after harvesting, 200x 
magnification 

8 days after harvesting and 2 days with 
differentiation medium, 200x magnification 

E 

 

F 

 
14 days after harvesting and 8 days with 
differentiation medium, 200x magnification

21 days after harvesting and 15 days with 
differentiation medium, 200x magnification 

 

Legend: A, B, C show cells kept under proliferation conditions. D, E, F show cells kept 
under differentiation conditions. In A just a few small blastic, circular cells are visible. 
B and C demonstrate the typical morphology of proliferating spindle-shaped, 
mesenchymal cells. D and E illustrate fusion of cells and formation of myotubes. 
F presents a final differentiated state of a multinucleated myotube. At stage E and F 
spontaneous contraction of the cells occurs. 
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The initial time necessary for sufficient proliferation in each sample seemed to vary 

according to the age of the biopsy donor. Samples from older dogs (id: 1, 8, 9, 10, 

13) needed a longer time period for the initiation of proliferation (8 to 14 days), 

whereas samples from younger dogs started to proliferate 2 or 4 days after 

harvesting. These data were not statistically analysed. In 6 cases an 

immunofluorescence or an immunohistology with a monoclonal antibody directed 

against the muscle specific intermediate filament desmin was performed to identify 

the grown cells as myotubes (results shown in figure 23 and 26). The 

immunofluorescence and immunohistology definitively identified the cultured cells as 

myotubes. On the other hand, the immunohistochemistry after cytospinning cells 

revealed that the structural integrity of the myotubes was lost, which can be due to 

the preparation procedures of cell pellets (i.e. scraping of cells out of the tissue 

culture flask and centrifugation). Therefore, the morphology of the cells in the 

immunohistochemistry (figure 25) is not comparable to the morphology observed in 

the intact cultured cells, which was demonstrated by the photomicrographs (figure 

22). 

The cells of the remaining cultures were identified as myotubes due to their typical 

morphological changes after induction of differentiation. The multinucleated giant 

cells (size over 100 µm) were considered as typical morphology of a myotube (see 

figure 22 D to F). After induction of differentiation cells with fibroblast morphology 

could be clearly identified. The percentage of muscle cells in the remaining cultures 

ranged from 60 % to 80 %. Under differentiation conditions (reduction of serum 

concentration, change to horse serum and withdrawal of all growth factors) the 

fibroblasts did not proliferate any more. All media used in this study were prepared 

without any supplementation of antibiotics and antimycotics. Due to these conditions 

3 cultures had to be discarded because of fungal contamination.  

After an initial proliferation period of between 8 and 12 days, 4 cultures (id: 5, 6, 14, 

16) were frozen at -80°C for several weeks. Pellets were thawed and recultivated in 

proliferation medium. In the first 2 - 4 days of recultivation an increase in fibroblast 

content occurred (see figure 24, id 5), which was probably due to a faster 

proliferation of these cells compared to myoblasts. Nevertheless, the remaining 

myoblast content was still between 40% and 60%. This was shown not only by 

morphological aspects after induction of differentiation but also by 

immunohistochemistry (id: 5, 6). 
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In order to simulate shipping conditions the storage periods for the biopsies prior to 

processing ranged from 1 to 3 days at 4°C in transport medium. This time interval 

would allow express shipping from all over Europe to the biopsy processing 

laboratory. With the exceptions of two contaminated biopsies we were able to 

establish primary cell cultures from all processed biopsies. All in all, using this 

method helped us to establish a cornerstone for setting up a tissue culture bank for 

canine muscle biopsies. 
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Figure 23: immunofluorescence 
A 

 

B 

 
Canine myotube, (id: 5); 400x mag.  DAPI staining of A; 400x mag. 
C 

 

D 

 
Canine myotube, (id: 6); 200x mag. DAPI nucleus staining of C; 200x mag. 
E 

 

F 

 
Canine myotube, (id: 11); 200x mag. Phase contrast view of E; 200x mag. 
Legend: A, C, E: immunofluorescence staining of differentiated, multinucleated canine 
myotubes, primary antibody: mouse anti-Desmin, secondary antibody: goat anti-mouse 
IgG, Cy3 labeled. B, D: 4',6-Diamidino-2-phenylindol nucleus staining (=DAPI). id = 
identification number corresponding to table 4; mag. = magnification 
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Figure 24: negative control of the immunofluorescence 

A 

 

B 

 
Negative control: canine fibroblasts 
[primary antibody: mouse anti-Desmin, 
secondary antibody: goat anti-mouse IgG, 
Cy3 labelled]; 200x magnification 

4',6-Diamidino-2-phenylindol nucleus 
staining of A; 200x magnification 



Results 

65 

Figure 25: immunohistochemistry of cell pellets of myotube cultures 

A 

 

B 

 
DAB staining of canine myotubes (id: 8) DAB staining of canine myotubes (id: 8) 
  

C 

 

D 

 
DAB staining of recultivated canine 
myotubes (id: 5) after freezing; 100x mag. 

DAB staining of recultivated canine 
myotubes (id: 5) after freezing; 400x mag. 

  

Legend: 3,3` diaminobenzidintetrahydrochlorid (= DAB) stainings of canine myotubes, 
Primary antibody: mouse anti-Desmin, secondary antibody: goat-anti-mouse-
biotinylated, A, B (both id 8, day 20) demonstrating structural integrity loss of the 
myotubes due to the preparations of the cell pellet (cytocentrifugation). The originally 
intracellular antigen has been distributed over the whole slice. C, D (both id 5) showing 
a cell culture pellet after freezing and recultivation. The muscle cell content has 
decreased to 40 %.Structural integrity of myotubes is intact, but morphology has been 
lost due to pellet preparation. id = identification number, mag. = magnification 
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Figure 26: : positive and negative controls of the immunohistochemistry 

A 

 

B 

 
Negative control: 3,3`-diaminobenzidin-
tetrahydrochlorid (DAB) staining using 
ascites of non-immunized BALB/cJ mice in 
a dilution of 1:1000 [Primary antibody (p. 
ab): mouse anti-Desmin, secondary 
antibody (sec. ab): goat-anti-mouse-
biotinylated]; 200x magnification 

Positive control: DAB staining of normal 
skeletal muscle tissue [p. ab: mouse 
anti-Desmin, sec. ab: goat-anti-mouse-
biotinylated]; 200x magnification 
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Discussion 

Reference Values of Motor Nerve Conduction Velocity in Calves 

The electrodiagnostic evaluations including electromyography and motor nerve 

conduction velocity studies are the cornerstone for the diagnostic work up of 

neuromuscular disorders (CUDDON 2002). In dogs and cats these techniques have 

existed for 40 years and are frequently used for diagnostic purposes (LEE et al. 

1970; MALIK et al. 1989; STEISS 2003). In cattle these methods have not been 

established so far, although peripheral nerve injuries are the most frequent 

neurological disorders in this species (SCHENK 2005). For the introduction of 

electrodiagnostic techniques in cattle it is essential to define reference values for the 

mNCV which are collected in healthy individuals. In veterinary neurology all 

electrodiagnostic evaluations are performed under general anaesthesia in order to 

reduce the stress to the patients and to avoid artefacts due to uncooperative animals 

and voluntary movements. 

In the current study healthy calves were used for the measurements of the mNCV. In 

order to evaluate the reference values in calves, we measured mNCV of the N. 

radialis and the N. ischiadicus/ fibularis in 20 healthy calves (age ranging from 16 to 

85 days). The mean mNCV of the N. radialis was 48.3 m/s ± 10.6 and that of the N. 

ischiadicus/ fibularis 83.8 m/s ± 5.9. An analysis of variance revealed a highly 

significant difference in mNCV between the two evaluated nerves, indicating that the 

mNCV of the N. ischiadicus/ fibularis is faster than the mNCV of the N. radialis. The 

finding that the mNCV of the hind limbs is faster than that of the front limbs has also 

been described in cats, dogs and sheep (WALKER et al. 1979; STEISS et al. 1987; 

MALIK et al. 1989; PILLAI et al. 1991). Age and side of stimulation had no influence 

on the measured mNCV in the examined group of calves. Repeated measurements 

were performed in order to identify inter-individual and environmental effects and to 

evaluate the reliability of the method used. Data of the repeated measurement were 

investigated by means of an analysis of the variance components. This statistical 

model demonstrated that the individual calf and the environmental effects of the 

measurement day had a greater impact on the acquisition of the mNCV of the N. 

radialis than on the acquisition of the mNCV of the N. ischiadicus/ fibularis.  

It can be concluded that the measurements of the N. ischiadicus/ fibularis result in 

more reliable values for the mNCV than measurements of the N. radialis. A possible 
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explanation for this could be the short distance between the proximal and distal 

stimulation sites for the N. radialis (4 - 7 cm). The distance between the two stimulus 

points in evaluation of mNCV should be at least 10 cm so as to decrease the 

chances of distance measurement failures (CUDDON 2002). The measured distance 

between the stimulation points is a critical factor in the equation for calculating the 

mNCV. Distances greater than 10 cm improve the reliability of mNCV evaluations 

(LANDAU et al. 2003; DAUBE 2005). Due to the anatomical conditions in calves it 

was not possible to increase the distance between the two stimulation sites of the N. 

radialis. These minor limitations (concerning the greater range of the reference 

values for the N. radialis) regarding mNCV measurements of the N. radialis should 

be taken into account for the diagnostic use of the obtained reference values in 

future.  

If the collected reference values for the mNCV in calves are compared to the 

reference ranges of mNCV of other species such as dogs, cats and humans of a 

similar age, they appear relatively high (GAMSTORP 1963; SIMS et al. 1980; PILLAI 

et al. 1991) (see table 2 for values). Moreover, the obtained mNCV values of calves 

are also higher than the mNCV ranges of adult dogs and humans (GAMSTORP 

1963; WALKER et al. 1979). This phenomenon can be explained by the influence of 

two crucial aspects.  

 

The first influencing factor is the measurement method, especially the positioning of 

the electrodes for recording the CMAP in the muscle and the type of electrodes used 

for recording. 

The influence concerning the positioning of recording electrodes has been described 

by Steiss et al. in 1987. In that study the mNCV (measured in N. radialis, N. tibialis 

and N. fibularis) of adult dogs and sheep are compared to each other (STEISS et al. 

1987). Sheep had a mean mNCV of the N. fibularis of 103.9 m/s ± 12.7, which was 

35 m/s on average faster compared with the mNCV seen in the N. fibularis of dogs. 

The difference in mNCV between these two species may be based upon anatomical 

variation due to digitigrade, such as in dogs, versus unguligrade locomotion, such as 

in ruminants. This interspecies difference has the consequence that no distal limb 

equivalents to the M. interosseous in the dog or the M. extensor digitorum brevis in 

humans (standard muscles to record CMAPs in these species) are available to 

record CMAPs. Therefore, it is necessary in these animals to record from more 
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proximal muscles like the M. tibialis cranialis or the M. fibularis tertius (STEISS et al. 

1987; STEFFEN et al. 1996). This more proximal positioning of the recording 

electrode has an influence on the measured mNCV. The conduction is faster in 

proximal segments of nerves, thus resulting in an increased mNCV (STETSON et al. 

1992; ZWARTS et al. 1995). In the study of Steiss et al. in 1987 this aspect was 

incorporated into a second approach. Recordings in the dogs were repeated with a 

more proximal positioned recording electrode (analogous to the position used in 

sheep) resulting in a faster proximal mNCV of 88.1 m/s ± 8.3. Therefore, it can be 

concluded from the study of Steiss at al., that a more proximal position of the 

recording electrodes increases the resulting mNCV. Due to anatomical peculiarities 

caused by unguligrade locomotion in calves, sheep and goats, it is not possible to 

record from muscles distally to the ankle. These anatomical variations make it 

essential to establish reference values for each species. Only values originating from 

the same species can be compared with each other. Moreover, the technique used 

has to remain the same for each examined animal.  

The type of recording electrodes can also influence the mNCV. Needle electrodes 

only record the CMAPs from a small area (e.g. 0.07 mm2) while surface electrodes 

record the full amount of the CMAPs from a muscle (KIMURA 1981; 1989b). Despite 

the possible error due to inadequate positioning of the recording needle electrode 

these electrodes are preferred in veterinary neurology because of practical reasons 

(e.g. no clipping or shaving of insertion point necessary, recording in atrophied 

muscles also being possible) (SIMS 1994; CUDDON 2002; STEISS 2003). The 

mentioned disadvantages of needle electrodes can be minimized by proper 

positioning at the motor point of the respective muscle and by strong sedation or 

general anaesthesia of the patient (THOMSON et al. 1971; CUDDON 2002). These 

aforementioned procedures have also been used in the current study. The reliability 

analysis of our results performed by the repeated measurements and the statistical 

model of variance component analysis supported the accuracy of the obtained 

reference values of the mNCV in calves.  

The second crucial aspect for explanation of the relatively high reference values of 

the mNCV established by this study is the morphological composition of the 

evaluated peripheral nerves. The mNCV is determined by the following 

morphological factors (HURSH 1939a; HUXLEY et al. 1949; RUSHTON 1951; LOKE 

et al. 1986; BIERI et al. 1997):  
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A. The largest fibres (maximum fibre diameter) of the evaluated nerve.  

B. The degree of myelination of the fibres. 

C. The internodal length. 

D. The ion channel density at the nodes of Ranvier. 

Large fibres are able to discharge at a faster rate than small fibres (STEISS 2003). 

Therefore, they are directly responsible for the first recorded signals of the CMAPs 

(upward deflection of the trace) and due to the calculation method of the mNCV they 

determine the calculated velocity (HURSH 1939a; SIMS 1994; DAUBE 2005). The 

myelination of nerve fibres by Schwann cells is responsible for the saltatory 

conduction of action potentials along the nerve (HUXLEY et al. 1949). Myelin has a 

high electrical resistance and seals the axonal surface with exception of the nodes of 

Ranvier. Myelinated fibres conduct about three times faster than unmyelinated fibres 

and to a certain degree the myelination directly increases the mNCV (HUXLEY et al. 

1949; BIERI et al. 1997; KING 2004). In an electrophysiological study carried out on 

hypermyelinated mouse mutants it was shown that the mNCV of hypermyelinated 

small axons was not higher than that of wild type mice (BIERI et al. 1997). The 

authors concluded that the degree of myelination alone does not increase the mNCV. 

The internodal length increases with age during the maturation of an individual 

(BRAUND et al. 1982a). Due to this increase the “jumping distance” of the action 

potential increases as well, leading to an arising nerve conduction velocity during 

maturation (SWALLOW et al. 1977; PILLAI et al. 1991). In adult individuals this factor 

does not seem to have an influence on the conduction velocity anymore (BRILL et al. 

1977). This influence of internodal length is accompanied by the influence of the 

increase in the growing fibre diameter and myelin sheath thickness during 

maturation. In immature and mature dogs it was demonstrated that the internodal 

length is positively correlated with the fibre diameter (BRAUND et al. 1982a).  

In the current study we focused on the two factors of “fibre diameter” and 

“myelination of fibres” as influencing factors for the mNCV. These values are easy to 

obtain in cross-sectional nerve samples. In cross-sectional slices of N. fibularis 

biopsies collected from six healthy calves these morphologic parameters were 

evaluated. Additionally, fibre and axon area, axon diameter and the g-ratio (degree of 

myelination) were determined in the slices, whereas internodal length and density of 

ion channels at the nodes of Ranvier were not evaluated. The average fibre diameter 
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of all calves ranged from 1.98 µm to 17.90 µm. The mean fibre diameter was 

8.40 µm ± 2.80 and the histograms indicated a slight bimodal distribution with a lower 

peak at 7.0 µm and an upper peak at 10.0 µm. In no species in which the fibre 

diameters were evaluated in immature individuals were such high values found (see 

table 4). Morphometric studies in dogs (age: 0.25 years) or sheep (age: 6 days prior 

to birth) have demonstrated maximal fibre diameters of 12 µm with corresponding 

mNCVs of 50.07 m/s in dogs and 50.3 m/s in sheep (SIMS et al. 1980; BRAUND et 

al. 1982b; REES et al. 1989). The fibre diameter of the N. palmaris lateralis in six-

month-old horses reached maximum values of 14 µm with a corresponding sensory 

nerve conduction velocity of 48 m/s (WHEELER et al. 1989; WHEELER 1991). The 

frequency histograms of the fibre diameter in calves demonstrated that 9.85 % of the 

fibres had a diameter greater than 12 µm and 2.55 % of the fibres had a diameter 

greater than 14 µm. Comparing the results of the current study with the data from 

literature juvenile calves have had the highest fibre diameter values of all animals 

evaluated for this parameter up to now. In morphological studies in adult cats and 

sheep, fibre diameters in the same dimension (≈ 18 µm) as in the current study have 

been obtained (ARBUTHNOTT et al. 1980; STEISS et al. 1987). The respective 

reference values of the mNCV in the N. fibularis established by electrophysiological 

studies in adult cats (95.4 m/s ± 10.8) and sheep (103.9 m/s ± 12.7) are higher than 

in calves (STEISS et al. 1987; MALIK et al. 1989). A closer look at the frequency 

histograms of the fibre diameters of cats and sheep offers an explanation. The 

frequency histograms in these two species demonstrate higher frequencies of fibre 

diameters thicker than 12 µm (sheep: ≈ 17 % of all fibres are thicker than 12 µm, 

cats: ≈ 23 % of all fibres are thicker than 12 µm). This frequency shift could explain 

the higher mNCV measured in these mature species. It can be speculated that the 

frequency distribution of the fibre diameter in calves will also increase to a larger fibre 

frequency during the further maturation, this resulting in a faster mNCV in adult 

cattle. In summary, the current collected data concerning fibre diameters offer an 

explanation as to why the mNCV is faster in calves than young dogs, horses and 

humans. 

 

The thickness of the myelin sheath in calves ranged from 0.38 µm to 3.20 µm. The 

mean value was 1.62 µm ± 0.64 and the histogram indicated a bipolar distribution 

with a lower peak at 0.8 µm and an upper peak at 2.0 µm. The g-ratio is a suitable 
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parameter for comparing the myelin thickness of calves with the data from literature. 

The g-ratio is computed by dividing the axonal diameter by the fibre diameter. This 

ratio can theoretically reach values ranging from 1.0 (expressing no myelination) to 

0.1 or less (demonstrating a very high degree of myelination). The reference range of 

the g-ratio varies between values of 0.8 to 0.33 for the N. suralis of humans 

(depending on the age and race of the examined individuals) (JACOBS et al. 1985; 

CHENTANEZ et al. 2006). Juvenile humans who are age-matched to the calves 

examined in the current study demonstrate g-ratios between 0.65 and 0.75, whereas 

age-matched horses demonstrate a g-ratio of 0.65 ± 0.0067 (JACOBS et al. 1985; 

WHEELER et al. 1989). These two studies evaluated sensory nerves 

morphologically, which might limit the comparability with the current study. However, 

in a further study performed in humans it was pointed out that the examined 

morphometric parameters of myelinated fibres of sensory nerves are comparable 

with the respective parameters of mixed (motor and sensory) nerves (LINDEMUTH et 

al. 2002).  

 

 



Discussion 

73 

Table 4: morphometric parameter and Nerve Conduction Velocities of different 

species compared with calves 

Species, 

Nerve and 

Age 

Calves, 

N. 

fibularis, 

0.06 yrs. 

(current 

study) 

Horse,  

N. palmaris 

lateralis, 

 0.5 yrs., 

(WHEELER 

et al. 1989) 

Dog, 

N. 

fibularis, 

0.25 yrs., 

(BRAUND 

et al. 

1982b) 

Sheep,  

N. fibularis, 

6 d. prior to 

birth 

(REES et al. 

1989) 

Human,  

N. suralis, 

2.0 yrs., 

(JACOBS et 

al. 1985) 

Cat,  

N. tibialis, 

adult, 

(ARBUTH

NOTT et 

al. 1980) 

Sheep,  

N. fibularis, 

adult, 

(STEISS et 

al. 1987) 

Mean 8.40 8.12 3.82 5.62       

SD 2.80 6.68 0.239 0.16       

Median 8.24 7.71           

Min. 1.98 2 1 2.8 2 1 1 

F
ib

re
 D

ia
m

et
er

 

[µ
m

] 

Max. 17.90 14 12 12 12 18 18 

Mean 0.61 0.65     0.65 - 0.75*     
g-ratio 

SD 0.04 0.0067           

Mean 83.8 48 50.07 50.3 38 95.4 103. 9 

SD 5.9   1.31 1.8   10.8 12.7 

N
C

V
 [m

/s
] 

Author 
(current 

study) 

(WHEELER 

1991) 

(SIMS et 

al. 1980) 

same as 

above 

(HOPF et al. 

1996) 

(PILLAI et 

al. 1991) 

same as 

above 

Legend: NCV = nerve conduction velocity, depending on the nerve if motor or 
sensory; N. = Nerve; yrs. = years; d. = days; * = range instead of mean and standard 
deviation; min. = minimum; max. = maximum; SD = standard deviation 
 

It can be concluded that the evaluated calves, although juvenile, show a good degree 

of myelination (demonstrated by a lower g-ratio) compared with juvenile humans and 

horses. 

The established reference values of the mNCV in calves correlate well with the 

evaluated morphometric parameters. Especially the fibre diameter correlated with the 

obtained reference values of the mNCV in calves. In conclusion we would speculate 

that calves (with an age ranging from 14 to 30 days) are much more mature 

individuals than cats, dogs and humans, because of the measured mNCV and the 

collected morphometric data. This may relate to the differences between the species 

in mother-offspring behaviour and the different biological affiliation to precocial (e.g. 

horses, sheep, goats, cattle, all ungulates) and altricial species (e.g. cats, dogs, 

humans, all predators). Precocial species are born with a relatively high weight, good 

equilibrium sense and well developed locomotion abilities (WEHNER et al. 1995).  
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The degree of maturity may be comparable with other precocial animals such as 

horses and sheep. However, it would appear that calves are more mature than these 

species with regard  to the mNCV and the peripheral nerve morphometry.  

Veterinary neurology deals with various species. These species demonstrate 

different physiological peculiarities concerning behaviour, musculoskeletal system, 

development and maturation. The precocial species (horses, ruminants) are prey 

animals, naturally living together in herds. Immediately after birth the neonates have 

to be able to follow their mother and the herd. A high degree of maturity concerning 

the locomotion abilities is crucial for them to survive in the wild. The relatively fast 

mNCV of calves is most probably due to these natural requirements. The reference 

values for the mNCV in calves established in this study are not solely of interest for 

evolution biology and physiological research. Furthermore, these reference values of 

healthy calves can be used for diagnostic evaluations of peripheral nerve diseases in 

calves as in other species (GRIFFITHS et al. 1978; VAN NES 1986; CUDDON et al. 

1992). Pathophysiological aspects of peripheral nerve diseases can be identified by 

an changed mNCV. In dogs and cats decreased mNCV could occur as a 

consequence of hereditary motor neuron diseases (RICH et al. 2002; SHELTON et 

al. 2003; CARRASCO et al. 2004), metabolic disturbances (MIZISIN et al. 1998), 

demyelinating diseases (GRIFFITHS et al. 1979; CUMMINGS et al. 1982), or in 

traumatic peripheral nerve lesions (SIMS et al. 1979; WALKER 1981; POVER et al. 

1988). As peripheral nerve lesions due to trauma are frequently observed in adult 

cows and calves (SCHENK 2005), the results of the current study are a very 

important tool for the diagnostic investigation into peripheral nerve lesions in cattle. 
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Tissue Culture of Canine Skeletal Muscle Satellite Cells 

Tissue cultures of skeletal muscle satellite cells have been studied in various species 

(BISCHOFF 1974; DODSON et al. 1987b; DODSON et al. 1988; DOUMIT et al. 

1992; BURTON et al. 2000; BYRNE et al. 2000). Skeletal muscle satellite cells are a 

reservoir of nuclei for prenatal growth of muscle fibres (MOSS et al. 1971). They are 

muscular stem cells for growth, regeneration and repair of the differentiated muscle 

tissue (source of myogenic precursor cells) (YABLONKA-REUVENI 1995).  

These myogenic satellite cells have been the source for muscle tissue cultures. They 

were harvested from young immature individuals in their activated state as myoblasts 

and various growth factors have been tested for the purpose of proliferation 

enhancement or maintenance in vitro (ALLEN et al. 1984; DODSON et al. 1985; 

BISCHOFF 1990; GREENE et al. 1991; DODSON et al. 1996). In vivo the satellite 

cells are activated by endogenous factors which are liberated due to postnatal growth 

or as a consequence of injuries or disease of the muscle (MOSS et al. 1971; 

BISCHOFF 1994). The quiescent satellite cells become activated and proliferate as 

myoblasts. Proliferation of the myoblasts is determined by the induction of 

differentiation. Myoblasts fuse to form multinucleated giant cells termed myotubes 

which are finally differentiated to form muscle fibres in the presence of a motor 

neuron (GROUNDS et al. 2002). These newly generated fibres fuse with adjacent 

fibres to realize muscle growth or to repair damaged muscle fibres (ALLEN et al. 

1990; MCGEACHIE et al. 1993). The final developmental step of cultured myoblasts 

(without presence of a motor neuron) is the differentiation into myotubes (COSSU et 

al. 1980; DELAPORTE et al. 1986). In dogs, methods to establish a primary muscle 

cell culture under laboratory conditions have been described (MICHAL et al. 2002). 

However, up to now no procedures have been established as to how to obtain 

muscle cell cultures from a healthy or diseased companion animal. It is necessary to 

develop a setting in which shipping to a specialized laboratory for further processing 

and long term storage is possible. Such procedures are used in human muscle 

disease research for collecting samples of rare diseases and storing them for the 

purpose of further molecular biology or functional examinations (see: 

http://www.eurobiobank.eu/index.htm). In order to close this gap between human and 

veterinary neurology the aim of the second part of the current study was the 

development of a cell culture method of canine skeletal satellite cells derived from 
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shipped muscle biopsies. Biopsies were obtained during routine surgical procedures 

from dogs of various breeds and ages. These dogs had no neuromuscular disease. 

Shipping was simulated by 1 to 3 day storage of the muscle biopsies at 4°C. Three 

different harvesting methods of the previously stored muscle biopsies were tested to 

establish primary muscle cell cultures. The use of minced muscle explants (method 

A) and also the modified protocol according to the methods applied for human 

biopsies (method B) failed to achieve the aim of the study. The third method 

(method C) was proven to be suitable for the purpose of the current study. This 

method was based on the protocol applied for harvesting human satellite cells from 

muscle biopsies in the Muscle Tissue Culture Collection at the Friedrich-Baur-

Institute, Munich. It was modified according to the methods described by Michal et al. 

in 2002 (MICHAL et al. 2002). The central point of the modification was the 

differential centrifugation of the minced and enzymatically dissociated muscle tissue 

according to the first description of Greene et al. in 1992. During these centrifugation 

steps the dense fibroblasts and other remaining detritus of the mechanical and 

enzymatic dissociation demonstrate a faster sedimentation than the muscle satellite 

cells (GREENE et al. 1992). Comparable methods are used for thrombocyte or 

canine microglial cell separation and enrichment (REBULLA 1998; STEIN et al. 

2004). The differential centrifugation led to an enrichment of muscle satellite cells 

and a separation of canine fibroblasts. Beside the mechanical removal of all visible 

connective tissue this is the crucial step for increasing the homogeneity of the cell 

culture as shown in other species (ALLEN et al. 1998). The applied method for 

establishing a primary muscle cell culture allowed a successful processing of canine 

muscle biopsies obtained from healthy individuals of different ages and various 

breeds. Proliferation and differentiation of muscle cells were inducible in all samples. 

Establishing muscle cell cultures from mature individuals is described in the literature 

as being more difficult than from immature growing individuals; in adults the 

proliferation of resting cells is hard to initiate (SCHULTZ et al. 1982; BISCHOFF 

1986b; DODSON et al. 1987a; BISCHOFF 1990). In the current study the time 

interval for initiation of the proliferation varied in correlation to the age of the biopsy 

donor. However, using the proliferation medium we were able to induce proliferation 

in all cultured samples. Diseases or injury to muscles cause a powerful endogenous 

activation of the satellite cells in the living individual (ALLEN et al. 1990; 
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MCGEACHIE et al. 1993). Therefore, it is highly probable that muscle cells harvested 

from diseased animals display enhanced proliferation and differentiation. 

An important feature of a cell culture method is the long term storage of cultured cells 

in liquid nitrogen and the successful recultivation after thawing (LINDL 2002). In the 

current study it could be shown that recultivated canine myoblasts were able to 

proliferate and to differentiate after freezing and thawing. Of course these primary 

cell cultures cannot be considered as being immortal. The lifespan of all cultured 

somatic cells is limited to some extent due to the shortening of a deoxyribonucleic 

acid sequence termed telomere. This has been demonstrated by ultra-structural 

examinations of the chromosomes in human fibroblasts cultured for several 

passages (HARLEY et al. 1990). This problem is also known in human myoblast 

cultures and has been successfully solved by expression of genes from a human 

papillomavirus (LOCHMULLER et al. 1999). The lifespan of the myoblasts was 

greatly extended by the transfection of these genes. Immortalization of cell lines 

could be achieved by induction of oncogenes or loss of tumour suppressor genes 

(RASSOULZADEGAN et al. 1983).  

The developed method to culture canine muscle cells will enhance the amount of 

available muscle samples from diseased dogs. Sterile storage of muscle biopsies in 

transport medium for up to 3 days at 4°C (simulation of shipping) did not noticeably 

influence the successful processing of the samples. All previously described methods 

for harvesting and culturing of skeletal muscle satellite cells of animals were applied 

under laboratory conditions and are not applicable for the scientific objectives of 

clinical neuromuscular research in veterinary neurology (BISCHOFF 1974; DODSON 

et al. 1987b; DODSON et al. 1988; DOUMIT et al. 1992; GREENE et al. 1992; 

BURTON et al. 2000; BYRNE et al. 2000). The storage method for muscle biopsies 

combined with the successfully culturing of muscle cells established by the current 

study will enable the founding of a muscle tissue bank for samples of various muscle 

diseases occurring in dogs all over Europe. With the developed method for 

cultivation, storage and progeny of disease-carrying muscle cells it will be possible to 

provide enough examination material for any further in vitro examination method, 

without causing unnecessary distress to the diseased animals.  

Besides the morphological characterization of muscle cultures derived from 

pathologically altered muscle samples this method offers the opportunity to perform 

several important pathogenesis studies.  
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Furthermore, functional studies could be performed using the canine myotubes. 

Electrophysiological properties of myotubes of neuromuscular diseased individuals 

could be compared with healthy ones to identify pathophysiological backgrounds 

(BUFLER et al. 1995). This would allow the characterization of canine skeletal 

muscle channelopathies or functional components of myopathies in the sarcolemma 

of the myotubes (SHELTON et al. 2002; VITE 2002; SHELTON 2004a). Furthermore, 

new treatment strategies could be developed and tested in vitro prior to their clinical 

application (VITE et al. 1998; RHODES et al. 1999). Moreover, genetic evaluations of 

various myopathies could be performed with the myotubes generated using the 

described cell culture method (GOETSCH et al. 2003; MITCHELL et al. 2004; 

BONDESEN et al. 2006). A therapeutical approach already evaluated for human 

purposes in animal models is the ex vivo gene manipulation of myogenic stem cells 

for treatment of myopathies (PARTRIDGE 1998; PARTRIDGE et al. 1998). Myogenic 

cells collected by the described culture method could be used for such treatment 

strategies in dogs. 

Future research in our laboratory will focus on optimization of the homogeneity of the 

canine muscle cell culture and on electrophysiological characterization of the ion 

channels expressed by the myotubes. Preliminary data of patch clamp experiments 

performed on canine myoblasts have been already collected (data not shown). This 

approach will help to elucidate functional components of neuromuscular disorders in 

dogs.  
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Electrophysiological Studies of the Motor Unit in the Bovine and Canine 

Species  

 

Henning C. Schenk, Hannover 

 

The diagnostic evaluation of motor unit diseases in veterinary neurology requires 

species-specific functional examination methods. For each species different clinical 

demands exist in order to diagnose diseases of the motor unit. The aim of the current 

study was the development of new functional examination techniques for the 

evaluation of motor unit diseases in cattle and dogs. The study was divided in two 

parts. 

 

The purpose of the first part of the study was the establishment of reference values 

for the motor nerve conduction velocity (mNCV) in calves as peripheral nerve injuries 

are the most frequent neurological disorders in cattle. The mNCV of the N. radialis 

and the N. ischiadicus/ fibularis was measured in 20 healthy calves (ages ranging 

from 16 to 85 days). The mean value of the mNCV of the N. radialis was 48.3 

metres/second (m/s) ± 10.6 standard deviation (SD), while the mean value of mNCV 

of the N. ischiadicus/ fibularis was 83.8 m/s ± 5.9 SD. Variance analysis of this data 

revealed that the mNCV of the N. ischiadicus/ fibularis is significantly (p < 0.0001) 

faster than the N. radialis. In order to evaluate the reliability of the technique used 

repeated measurements were performed on a group of six calves on five consecutive 

days. A variance components analysis of the obtained data revealed that the 

individual calf and the day of measurement have greater influences on the mNCV of 

the N. radialis than on that of the N. ischiadicus/ fibularis. Therefore, it is concluded 

that the mNCV measurements of the N. ischiadicus/ fibularis are more reliable than 

those of the N. radialis. A possible explanation for these results could be the 

anatomically determined short distance between the proximal and distal stimulation 

of the N. radialis (4 - 7 cm). In a clinical setting the better reliability of the mNCV of 

the N. ischiadicus/ fibularis should be considered in future studies.  

An influence of the age of the examined calf on the mNCV could not be determined. 

Nerve biopsies from a group of six calves (ages ranging from 14 to 30 days) were 
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taken to correlate the obtained electrophysiological data with morphological 

parameters. Biopsies were embedded in epon and semi-thin transverse sections 

were cut. These sections were mounted on uncoated glass slides and stained with 

1% paraphenylendiamine solution for 5 minutes to stain the myelin substance. 

Digitized images of the slices were manually evaluated with the Analy-SIS ProR 

software. In the cross-sectioned samples of the N. fibularis fascicle area the total 

number of fibres per fascicle, fibre density, fibre area, fibre diameter, axon area, axon 

diameter, myelin sheath thickness and the g-ratio were obtained. The average fibre 

diameter (mean value 8.40 µm ± 2.80 SD, range 1.98 µm to 17.90 µm) and the 

average g-ratio (0.61 ± 0.04 SD) of the calves were used for comparison with other 

species. None of the previously evaluated species (dogs, horses, sheep) of 

comparable age demonstrated such high fibre diameters and such low values for the 

g-ratio. In conclusion, the established reference values of the mNCV in calves 

correlate well with the evaluated morphometric parameters. Due to comparably fast 

mNCV and the high fibre diameters juvenile calves appear to be much more mature 

individuals than dogs, horses, sheep, cats and humans.  

 

In dogs research into neuromuscular disorders is a growing field. Electromyography 

and mNCV measurements are well-established in this species as functional 

diagnostic methods. The development of electrophysiological examinations of canine 

muscle cells on a molecular level with the patch clamp technique would be a new 

approach in order to elucidate functional components of canine neuromuscular 

disorders. Therefore, the aim of the second part of this study was the development of 

a canine muscle cell culture derived from muscle biopsies of healthy dogs. Biopsies 

were taken during standard surgical procedures from various muscles of dogs (n = 

16), stored for one to three days at 4°C in a special transport medium in order to 

simulate shipping conditions and were processed afterwards. The processing 

included harvesting of cells, separation of satellite cells from fibroblasts by special 

centrifugation steps, induction of proliferation, and differentiation to myotubes using 

special culture media. In addition, a method for recultivation of myotubes after long-

term storage in liquid nitrogen was evaluated. The myogenic cells in all cultures were 

identified as muscle cells by immunofluorescence (n = 4), immunohistology (n = 2) 

and by their typical morphology after induction of differentiation (n = 8). 

Immunofluorescence and immunohistology were performed with a mononuclear 
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antibody directed against the muscle specific intermediate filament desmin. The 

percentage of muscle cells in the primary cultures ranged from 60 %- 80 %, whereas 

the recultivated cultures demonstrated 40 % - 60 % muscle cells. These methods 

offer possibilities to elucidate the pathomechanisms of so far unknown disease 

entities on a molecular level and might be the basis for the in vitro development of 

new treatment strategies. A collection of biopsies from locations all over Europe and 

the foundation of a canine muscle tissue bank are feasible using this new technique. 

Furthermore, functional studies of different receptors with the patch clamp technique 

and molecular biologic research can be performed with this new raw material. 
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Elektrophysiologische Untersuchungen der Motorischen Einheit an Rindern 

und Hunden 

 

Henning C. Schenk, Hannover 

 

In der Tierneurologie werden zur Untersuchung von Erkrankungen der motorischen 

Einheit Spezies-spezifische Methoden benötigt. In Abhängigkeit von der Spezies 

bestehen unterschiedliche Fragestellungen zur Diagnosestellung von Krankheiten 

der motorischen Einheit. Ziel der vorliegenden Studie ist die Entwicklung von neuen 

funktionellen Untersuchungstechniken zur Abklärung von Erkrankungen der 

motorischen Einheit beim Hund und beim Rind. Die vorliegende Arbeit wurde in zwei 

Teile geteilt. 

 

Da beim Rind periphere Nervenlähmungen die häufigste neurologische Erkrankung 

darstellen und keine adäquaten elektrodiagnostischen Methoden zur Verfügung 

stehen, war das Ziel im ersten Teil dieser Arbeit die Etablierung von Referenzwerten 

für die motorische Nervenleitgeschwindigkeit (mNLG) bei Kälbern. Zu diesem Zweck 

wurde die mNLG des N. radialis und des N. ischiadicus/ fibularis an 20 gesunden 

Kälbern (Alter zwischen 16 und 85 Tagen) gemessen. Die mittlere mNLG des N. 

radialis lag bei 48,3 Meter/ Sekunde (m/s) mit einer Standardabweichung (SD) von ± 

10,6 m/s. Beim N. ischiadicus/ fibularis wurde eine mittlere mNLG von 83,8 m/s ± 5.9 

SD festgestellt. Mittels einer Varianzanalyse der erhobenen Daten konnte dargestellt 

werden, dass die mNLG des N. ischiadikus/ fibularis signifikant (p < 0,0001) schneller 

ist als die des N. radialis. Zur Präzisionskontrolle der eingesetzten Meßmethode 

wurden bei einer Gruppe von sechs Kälbern an fünf aufeinander folgenden Tagen 

wiederholte Messungen der mNLG vorgenommen. Mittels einer 

Varianzkomponentenzerlegung dieser Daten konnte dargestellt werden, dass der 

Faktor „individuelles Kalb“ und der Faktor „Tag der Messung“ einen größeren 

Einfluss auf die Messung der mNLG des N. radialis als auf die des N. ischiadicus/ 

fibularis haben. Daraus kann gefolgert werden, dass die Messwerte der mNLG des 

N. ischiadicus/ fibularis eine höhere Präzision aufweisen als die des N. radialis. Eine 

mögliche Erklärung für diesen Zusammenhang könnte der anatomisch bedingte, 
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kurze Abstand zwischen der proximalen und distalen Stimulation Stelle des N. 

radialis beim Kalb sein (4 -7 cm). Im Rahmen von zukünftigen klinischen 

Untersuchungen von Erkrankungen des peripheren Nerven beim Kalb sollte die 

höhere Genauigkeit der mNLG Messungen am N. ischiadikus/ fibularis berücksichtigt 

werden. Bei den durchgeführten Messungen ließ sich kein Einfluss des Alters der 

Kälber auf die mNLG nachweisen.  

Um die elektrophysiologischen Daten mit morphologischen Parametern vergleichen 

zu können, wurden bei eine weiteren Gruppe von sechs Kälbern Nervenbiopsien des 

N. ischiadicus/ fibularis nach Messung der mNLG entnommen. Die Nervenbiopsien 

wurden in Epoxid-Harzblöcke eingebettet. Von diesen Blöcken wurden transversale 

Semidünn-Schnitte angefertigt, die anschließend zur Darstellung der Myelinscheide 

für fünf Minuten mit 1% Paraphenylendiamin gefärbt wurden. Auf digitalisierten 

Bildern dieser Schnitte wurden die Parameter Faserfläche, Faserdurchmesser, 

Axonfläche, Axondurchmesser, Myelinscheidendicke und die g-ratio mittels der 

Analy-SIS ProR Software erhoben. Der durchschnittliche Faserdurchmesser 

(Mittelwert 8,40 µm ± 2,80 SD, Spannweite 1,98 – 17,90 µm) und die 

durchschnittliche g-ratio von allen Kälbern wurden benutzt, um Vergleiche mit andern 

Spezies durchzuführen. Keine der Tierarten vergleichbaren Alters, bei denen bisher 

diese Parameter erhoben worden sind (z.B. Hunde, Pferde, Schafe), wies derartig 

hohe Werte bezüglich des Faserdurchmessers und der g-ratio auf. Es lässt sich 

zusammenfassen, dass die erhobenen Referenzwerte der relativ schnellen mNLG 

bei Kälbern gut mit den untersuchten morphologischen Parametern korrelieren. In 

Anbetracht der schnellen mNLG und des dicken Faserdurchmessers scheinen 

Kälber bezüglich der Entwicklung peripherer Nerven wesentlich reifer zu sein als 

Hunde, Pferde, Schafe, Katzen und Menschen gleichen Alters. 

 

Bei der Spezies Hund stellt die Erforschung neuromuskulärer Erkrankungen einen 

wachsenden Forschungsbereich dar. Die Elektromyographie und Messungen der 

mNLG sind schon seit Jahrzehnten bei dieser Spezies zur funktionellen 

Untersuchung von neuromuskulären Erkrankungen etabliert. Die Entwicklung von 

elektro-physiologischen Untersuchungsmethoden an caninen Muskelzellenkulturen 

mittels der Patch Clamp Technik wäre ein neuer Ansatz, um funktionelle 

Komponenten von neuromuskulären Erkrankungen zu erfassen. Daraus leitet sich 

das Ziel des zweiten Teils dieser Studie ab, eine canine Muskelzellenkultur, 
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gewonnen aus Muskelbiopsien, zu etablieren. Im Rahmen von Routineoperationen 

wurden aus verschiedenen Muskeln von Hunden (n = 16) Muskelbiopsien 

entnommen. Die Biopsien wurden für die Dauer von ein bis drei Tagen bei 4°C in 

einem sterilen Transportmedium gelagert, um Versandbedingungen zu simulieren. 

Anschließend an die Lagerung wurden die Biopsien zu Zellkulturen weiterverarbeitet. 

Dies beinhaltet das Herauslösen der Zellen aus dem Gewebsverband, die Trennung 

der muskulären Satellitenzellen von den Fibroblasten mittels 

Differenzierungszentrifugation, die Induktion von Proliferation und schließlich die 

Differenzierung der gewonnenen Zellen zu Myotuben mittels spezieller Medien. 

Darüber hinaus wurde auch eine Methode zur Rekultivierung von caninen 

Muskelzellen im Anschluss an eine Langzeitlagerung in flüssigem Stickstoff 

erfolgreich erprobt. Die Muskelzellen wurden mittels Immunofluoreszensfärbungen 

(n = 4), immunhistologischen Färbungen (n = 2) und durch ihre typische Morphologie 

im differenzierten Zustand (n = 8) identifiziert. Bei beiden Färbemethoden wurde als 

primärer Antikörper ein monoklonaler Antikörper gegen das muskelspezifische 

Intermediärfilament Desmin eingesetzt. In den Primärkulturen betrug der Anteil der 

Muskelzellen zwischen 60 – 80%, wohingegen dieser Anteil bei den rekultivierten 

Kulturen bei 40 – 60% lag.  

Die in vorliegender Studie etablierten Methoden ermöglichen den Zugang zu bisher 

ungenutzten funktionellen Untersuchungen neuromuskulärer Erkrankungen beim 

Hund. Funktionelle Studien auf molekularer Ebene werden durch diese 

Zellkulturtechnik ermöglicht. Darüber hinaus wird durch diese Zellkulturtechnik die 

Grundlage für die in vitro Entwicklung von therapeutischen Ansätzen ermöglicht. Da 

gezeigt werden konnte, dass Muskelzellkulturen auch nach Versand von 

Muskelbiopsien angelegt werden können, besteht nun die Möglichkeit 

Muskelbiopsien von erkrankten Hunden aus ganz Europa zu sammeln und eine 

canine Muskelzellbank zu begründen. Durch diese Materialquelle werden 

weiterführende Untersuchungen unterschiedlicher Rezeptoren und Ionenkanäle 

mittels der Patch Clamp Technik realisierbar. 
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Appendix 
 

Figure 27: frequency bar histograms of each calf and slice 

Calf A, slice 1, axon area 
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Calf A, slice 1, axon diameter 

 

Calf A, slice 1, fibre area 
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Calf A, slice 1, fibre diameter 

 

Calf A, slice 1, myelin sheath thickness 
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Calf A, slice 2, axon area 

 

Calf A, slice 2, axon diameter 
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Calf A, slice 2, fibre area 

 

Calf A, slice 2, fibre diameter 
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Calf A, slice 2, myelin sheath thickness 
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Calf B, slice 1, axon area 

 

Calf B, slice 1, axon diameter 
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Calf B, slice 1, fibre area 

 

Calf B, slice 1, fibre diameter 
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Calf B, slice 1, myelin sheath thickness 
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Calf B, slice 2, axon area 

 

Calf B, slice 2, axon diameter 
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Calf B, slice 2, fibre area 

 

Calf B, slice 2, fibre diameter 
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Calf B, slice 2, Myelin sheath thickness 
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Calf C, slice 1, axon area 

 

Calf C, slice 1, axon diameter 
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Calf C, slice 1, fibre area 

 

Calf C, slice 1, fibre diameter 
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Calf C, slice 1, myelin sheath thickness 
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Calf D, slice 1, axon area 

 

Calf D, slice 1, axon diameter 
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Calf D, slice 1, fibre area 

 

Calf D, slice 1, fibre diameter 

 

 

 



Appendix 

123 

Calf D, slice 1, myelin sheath thickness 
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Calf D, slice 2, axon area 

 

Calf D, slice 2, axon diameter 
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Calf D, slice 2, fibre area 

 

Calf D, slice 2, fibre diameter 
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Calf D, slice 2, myelin sheath thickness 
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Calf E, slice 1, axon area 

 

Calf E, slice 1, axon diameter 
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Calf E, slice 1, fibre area 

 

Calf E, slice 1, fibre diameter 
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Calf E, slice 1, myelin sheath thickness 
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Calf E, slice 2, axon area 

 

Calf E, slice 2, axon diameter 
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Calf E, slice 2, fibre area 

 

Calf E, slice 2, fibre diameter 
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Calf E, slice 2, myelin sheath thickness 
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Calf F, slice 1, axon area 

 

Calf F, slice 1, axon diameter 
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Calf F, slice 1, fibre area 

 

Calf F, slice 1, fibre diameter 
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Calf F, slice 1, myelin sheath thickness 
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Calf F, slice 2, axon area 

 

Calf F, slice 2, axon diameter 
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Calf F, slice 2, fibre area 

 

Calf F, slice 2, fibre diameter 
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Calf F, slice 2, myelin sheath thickness 
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Table 5:  measurement values of the motor nerve conduction velocity in group 1  
(n = 20, total measurements = 80) 
 

N. radialis [m/s] N. ischiadicus/ fibularis [m/s] 
28.3 68.3 
32.1 69.1 
33.2 71.2 
34.2 74.2 
34.4 73.4 
36.2 74.2 
37.3 74.3 
37.4 75.4 
37.2 74.2 
37.1 74.1 
38.1 76.1 
38.3 77.3 
38.3 75.3 
38.2 77.2 
39.2 79.2 
39.1 79.1 
40.4 80.4 
40.2 80.2 
40.3 80.3 
40.4 79.4 
42.3 80.3 
42.3 80.3 
42.1 81.1 
42.3 81.3 
42.1 81.1 
43.4 82.4 
43.4 82.4 
43.1 82.1 
44.4 83.4 
45.1 83.1 
45.2 83.2 
45.1 83.1 
45.3 83.3 
45.3 84.3 
46.2 84.2 
46.2 84.2 
46.4 84.4 
49.3 84.3 
49.2 84.2 
50.4 84.4 
51.4 84.4 
51.3 85.3 
51.1 85.1 
51.2 85.2 
52.4 85.4 
52.1 85.1 
52.1 85.1 
53.2 86.2 
53.4 86.4 
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N. radialis [m/s] N. ischiadicus/ fibularis [m/s] 
53.3 86.3 
54.2 87.2 
54.4 86.4 
54.4 87.4 
55.4 87.4 
55.3 87.3 
56.1 88.1 
57.4 88.4 
57.3 88.3 
58.1 89.1 
58.1 89.1 
58.2 88.2 
58.1 89.1 
59.2 89.2 
60.4 89.4 
63.1 89.1 
64.3 90.3 
65.2 90.2 
66.3 90.3 
67.3 90.3 
75.2 90.2 
85.2 90.2 
0.1 94.1 
0.4 95.4 
0.3 91.3 
0.4 91.4 
0.1 92.1 
0.4 90.4 
0.1 91.1 
0.2 91.2 
0.3 91.3 
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Table 28: descriptive statistics of the motor nerve conduction velocity measurements 

group 1 (n = 20) 
 

  Statistics Std. Error 
N. Radialis Mean 48,254 1,2574 
  95% Confidence 

Interval for Mean 
Lower Bound 

45,746   

    Upper Bound 
50,761   

  5% Trimmed Mean 47,746   
  Median 46,000   
  Variance 112,249   
  Std. Deviation 10,5948   
  Minimum 28,0   
  Maximum 85,0   
  Range 57,0   
  Interquartile Range 15,0   
  Skewness ,782 ,285 
  Kurtosis 1,053 ,563 
N. Ischiadicus/ Peroneus Mean 83,725 ,6706 
  95% Confidence 

Interval for Mean 
Lower Bound 

82,390   

    Upper Bound 
85,060   

  5% Trimmed Mean 83,958   
  Median 84,000   
  Variance 35,974   
  Std. Deviation 5,9978   
  Minimum 68,0   
  Maximum 95,0   
  Range 27,0   
  Interquartile Range 9,0   
  Skewness -,595 ,269 
  Kurtosis -,187 ,532 
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Table 29: repeated Measurements of the motor nerve conduction velocity in 5 Calves 

Calf 
id 

Day of 
measurement 

Nerve 
mNCV 
[m/s] 

1 1 
N. ischiadicus/ 

fibularis 
86.7 

1 2 
N. ischiadicus/ 

fibularis 
71.8 

1 3 
N. ischiadicus/ 

fibularis 
74.7 

1 4 
N. ischiadicus/ 

fibularis 
78.5 

1 5 
N. ischiadicus/ 

fibularis 
85.0 

2 1 
N. ischiadicus/ 

fibularis 
78.8 

2 2 
N. ischiadicus/ 

fibularis 
81.0 

2 3 
N. ischiadicus/ 

fibularis 
73.3 

2 4 
N. ischiadicus/ 

fibularis 
76.5 

2 5 
N. ischiadicus/ 

fibularis 
82.8 

3 1 
N. ischiadicus/ 

fibularis 
87.5 

3 2 
N. ischiadicus/ 

fibularis 
82.3 

3 3 
N. ischiadicus/ 

fibularis 
80.0 

3 4 
N. ischiadicus/ 

fibularis 
83.3 

3 5 
N. ischiadicus/ 

fibularis 
79.0 

4 1 
N. ischiadicus/ 

fibularis 
82.0 

4 2 
N. ischiadicus/ 

fibularis 
86.0 

4 3 
N. ischiadicus/ 

fibularis 
81.3 

4 4 
N. ischiadicus/ 

fibularis 
90.0 

4 5 
N. ischiadicus/ 

fibularis 
85.5 

5 1 
N. ischiadicus/ 

fibularis 
84.0 

5 2 
N. ischiadicus/ 

fibularis 
85.5 

5 3 
N. ischiadicus/ 

fibularis 
81.0 
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Calf 
id 

Day of 
measurement 

Nerve 
mNCV 
[m/s] 

5 4 
N. ischiadicus/ 

fibularis 
81.0 

5 5 
N. ischiadicus/ 

fibularis 
80.0 

6 1 
N. ischiadicus/ 

fibularis 
80.5 

6 2 
N. ischiadicus/ 

fibularis 
85.3 

6 3 
N. ischiadicus/ 

fibularis 
84.8 

6 4 
N. ischiadicus/ 

fibularis 
88.3 

6 5 
N. ischiadicus/ 

fibularis 
80.0 

1 1 N. radialis 54.0 
1 2 N. radialis 56.0 
1 3 N. radialis 51.8 
1 4 N. radialis 44.8 
1 5 N. radialis 42.5 
2 1 N. radialis 68.0 
2 2 N. radialis 51.0 
2 3 N. radialis 42.5 
2 4 N. radialis 44.0 
2 5 N. radialis 52.8 
3 1 N. radialis 61.0 
3 2 N. radialis 50.7 
3 3 N. radialis 50.7 
3 4 N. radialis 62.3 
3 5 N. radialis 59.0 
4 1 N. radialis 58.5 
4 2 N. radialis 57.8 
4 3 N. radialis 45.0 
4 4 N. radialis 45.8 
4 5 N. radialis 43.0 
5 1 N. radialis 59.0 
5 2 N. radialis 71.3 
5 3 N. radialis 52.3 
5 4 N. radialis 73.8 
5 5 N. radialis 53.0 
6 1 N. radialis 46.5 
6 2 N. radialis 38.0 
6 3 N. radialis 50.0 
6 4 N. radialis 62.8 
6 5 N. radialis 50.8 

Legend: mNCV = motor nerve conduction velocity, N. = Nervus, m/s = metre/ 
second, id = identification number calf 
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