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CHAPTERCHAPTER I 

INTRODUCTION N 

Thee research interest of the Department of Functional Anatomy of the Academic 

Centree for Dentistry Amsterdam (ACTA) is focused on the structural and functional 

organizationn of the mammalian masticatory system. In the present study the 

mechanicall and electrical properties of motor units in one the jaw closing muscles, 

thee masseter muscle, were investigated. 

MotorMotor unit contractile properties 

Thee motor unit can be considered as the basic unit of motor activity, since it is the 

smallestt unit that can be recruited and controlled by the central nervous system. It 

consistss of a single a motoneuron and the set of muscle fibers innervated by this 

neuron.. Each adult muscle fiber is innervated by only one motoneuron and each 

motoneuronn may innervate tens to thousands of muscle fibers. Most muscles 

possesss several hundred motor units. The muscle fibers of motor units are 

intermingledd with each other and are restricted to a particular region of the muscle, 

thee motor unit territory. 

Whenn a motoneuron is excited, its muscle fibers are activated and produce a 

force.. Under experimental conditions this force is generally measured isometrically, 

usingg a force transducer. After a single nerve action potential, a twitch contraction in 

alll the fibers of the unit is generated. The twitch force of a motor unit is the sum of all 

singlee fiber twitch forces. The magnitude of the twitch force is defined by the 

amplitudee of its peak. The time lapse between the initial rise of the twitch force after 

activationn and peak twitch force is called twitch contraction time. When a motor unit 

iss activated by a train of nerve action potentials, a series of similar twitches will be 

produced.. At a sufficiently high stimulus rate, the successive twitches will summate 

andd fuse, resulting in a tetanus with a larger force than the individual twitches. 
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Fatiguee is usually defined as a decline in force during tetanic stimulation. A 

motorr unit is fatigue resistant if its tetanic force shows a relatively small or no 

decline,, whereas a fatigable unit shows a relatively large decline. 

Motorr unit peak force, contraction speed and fatigability are motor unit 

propertiess that usually covary. Based on their contraction velocity and fatigability, 

motorr units have been classified into different types: S (slow, fatigue-resistant), FR 

(fast,, fatigue-resistant), Fint (fast, intermediate fatigable), and FF (fast, fatigable). 

Thee twitch peak force is correlated to the motor unit type in the order of FF-Fint-FR-

S.. This classification suggests a discontinuous variation of motor unit properties, 

whichh is not always present. 

Differencess among motor units with respect to contraction force and 

contractionn speed seem to be primarily related to variation of the total physiological 

cross-sectionall area of the muscle fibers and to variation of their myosin heavy chain 

(MHC)) contents, respectively. The physiological cross-sectional area of a motor unit 

dependss on the number of muscle fibers and their cross-sectional area. The number 

off fibers per motor unit can vary greatly. For example, the number of fibers per 

motorr unit in the masseter muscle was found to vary between 5 and 400 in the pig 

(Herringg et a/., 1989) and between 40 and 720 in the rabbit (Kwa et a/., 1995a). 

Accordingly,, in the masseter a large variation of possible motor unit forces can be 

expected. . 

Withh respect to the MHC contents of the muscle fibers, immunohistochemical 

techniquess have revealed that in adult mammalian limb and trunk muscles at least 

fourr different isoforms of MHC are expressed: MHC-I, MHC-IIA, MHC-IID, and MHC-

IIBB (Schiaffino and Reggiani, 1994). In the aforementioned order, these isoforms 

demonstratee an increasing speed of contraction. In masticatory muscles, two other 

MHCC isoforms have been found: MHC-fetal (d'Albis era/., 1991) and MHC-cardiac a 

(Bredmann et a/., 1991a). Furthermore, in the masticatory muscles a relatively large 

numberr of fibers contain more than one type of MHC (Korfage and Van Eijden, 

1999,, 2000). These hybrid fibers have intermediate contraction speeds. A strong 

correlationn between MHC isoform content and twitch contraction time has been 

demonstratedd for motor units in the masseter muscle of the rabbit (Kwa et al., 

1995b).. It was found that the fibers of a single motor unit can have different MHC 

compositions.. Furthermore, it appeared that the continuous range of contraction 

speedd of motor units matched the continuous spectrum of MHC mixtures. 
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Thee above-described features suggest a large variation of the contractile 

propertiess of masseter motor units. This variation would allow for a fine gradation of 

musclee force and contractile speed. Until now, however, no information is available 

onn the variation of contractile properties of masseter motor units obtained from direct 

forcee registrations. 

MotorMotor unit action potentials 

Whenn a motor unit is activated, action potentials propagate along its muscle fibers. 

Thee motor unit action potential can be defined as the sum of the action potentials of 

thee muscle fibers that belong to that motor unit (Stalberg et al., 1996). This action 

potentiall can be recorded, for instance by an electrode inserted into the muscle. 

Similarr to the magnitude and duration of motor unit force, the magnitude and 

durationn of the motor unit's action potential are related to the morphology of the 

motorr unit. Differences in the amplitude of the action potential are associated with 

thee position of the recording electrode as well as the number of active fibers (Burke 

andd Tsairis, 1973), differences in duration are associated with differences in fiber 

diameterr (Gath and Stalberg, 1975) and differences in fiber length (Dumitru et al., 

1999).. The larger the number of muscle fibers per motor unit, the larger the 

amplitudee of the action potential and the larger the diameter of the muscle fibers the 

shorterr will be the duration of the action potential. Therefore, the shape of the action 

potentialss might give information on motor unit morphology and consequently on 

motorr unit contractile properties. This is important as direct measurement of motor 

unitt force and/or morphology is generally not possible in the human and information 

onn motor unit properties has to be obtained from electromyographic recordings. 

Thuss far, no studies are available in which contraction properties and action 

potentialss of masticatory muscle motor units have been registered simultaneously. 

IntramuscularIntramuscular location of motor unit force 

Thee human and animal masseter have a complex architectural design. The muscle 

hass broad attachment areas and its muscle fibers have different positions and 

orientationss (human: Van Eijden et al., 1997; rabbit: Weijs and Dantuma, 1981; pig: 

Herring,, 1997). This architecture permits the production of different mechanical 
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actionss in case of selective activation of different muscle parts. Such a differential 

activationn has indeed been demonstrated in a variety of species and for a large 

numberr of motor tasks (human: Blanksma et at., 1992; Van Eijden et a/., 1993; 

rabbit:: Weijs and Dantuma, 1981; pig: Herring et a/., 1979). The selective activation 

off muscle parts is only possible if the motor unit territories in the masseter are small 

andd restricted to specific areas. Indeed, motor unit territories in the masseter have 

beenn reported to occupy on average less than about 5% of the muscle's cross-

sectionall area (human: McMillan and Hannam, 1991; Tonndorf and Hannam, 1994; 

miniaturee pig: Herring et a/., 1991; rabbit: Weijs et a/., 1993; Kwa et a/., 1995a). 

Thesee restricted territories provide an anatomical basis for accurate control of the 

combinedd muscle force vector through selective activation of motor units. 

Ass the masseter is a short, wide muscle with different compartments 

separatedd by tendon sheets, it can be expected that the motor units within the 

masseterr have a large variety of positions and directions of pull. Thus far, however, 

noo studies are available in which the intramuscular position of motor unit forces has 

beenn determined. In the present study we will examine whether force vectors, 

generatedd by individual motor units, can be identified. 

Immuno-- and histochemical studies have demonstrated regional differences 

inn fiber type composition within the masseter (human: Eriksson and Thornell, 1983; 

pig:: Herring etai, 1979; rat: Rokx et a/., 1984; rabbit: Bredman et at., 1990). Anterior 

andd deep muscle regions have a relatively high percentage of slow type fibers, 

whereass the percentage of more fast type fibers is relatively large in the superficial 

andd posterior muscle regions. Hence, it can be expected that the different motor unit 

typess are distributed accordingly. 

MotorMotor unit properties and jaw position 

Becausee of the complex geometric arrangement of fibers in the masseter muscle, it 

cann be expected that regionally dependent changes in fiber length, and 

consequentlyy in sarcomere length, occur if the position of the jaw is changed. 

Ass the force a muscle fiber is capable of producing depends on the length 

off its sarcomeres and the duration of its action potential depends on 

thee fiber diameter, it can be expected that motor unit force and motor unit 

actionn potential will change with the position of the jaw and that the amount of 
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changee will depend on the intramuscular position of the motor unit. In the present 

studyy these changes were examined by recording motor unit properties at different 

jaww gape angles. 

Aims Aims 

Thee forces of the individual motor units of the masticatory muscles were never 

measuredd directly. Direct measurement of motor unit force involves an invasive 

surgicall procedure and is not possible in humans. Therefore, we used the rabbit 

masseterr muscle as an experimental model. Single motor unit twitches and tetani 

weree elicited by stimulating motoneurons extracellularly in the trigeminal motor 

nucleus.. The forces produced by single motor units in the rabbit masseter are very 

small.. Therefore, a new transducer was developed capable of measuring both the 

magnitudee and position of these small forces {chapter 2). 

Thee aforementioned large variation in motor unit morphology and biochemical 

propertiess suggests that motor unit contractile properties in the masticatory muscles 

showw a large variability, both with respect to the magnitude and the speed of 

contraction.. Furthermore, the restricted motor unit territories suggest that motor unit 

forcee vectors have different intramuscular positions. One of the main purposes of the 

presentt study was to obtain information on the variability of the contractile properties 

andd intramuscular position of masseter motor unit forces. Therefore, we did not only 

measuree the magnitude and duration of motor unit force, but also its intramuscular 

positionn and direction. More specifically we wanted to know: (1) which motor unit 

typess are present in the masseter, (2) whether the aforementioned variation in motor 

unitt morphology is also reflected by a variation in the magnitude and speed of 

contractionn of motor unit force, (3) whether the magnitude and speed of contraction 

doo covary, (4) whether motor units within the masseter muscle are capable of 

generatingg different force vectors, and (5) whether different motor unit types are 

distributedd heterogeneously across the muscle (chapter 3). 

Too study the possible relationship between the shape of the motor unit action 

potentiall and the motor unit contractile properties, motor unit forces and action 

potentialss from the same motor units were registered. It was hypothesized that the 

shapee of the action potential was related to the magnitude and duration of motor unit 

forcee (chapter 4). 
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Ass motor units in the rabbit masseter show a large variability in fiber lengths, 

fiberr orientations and attachment sites, it was expected that with a change of jaw 

positionn regional differences in motor unit length and consequently in motor unit 

contractilee properties and in the shape of the motor unit action potential occur. The 

effectt of the jaw gape on various motor unit properties was examined by recording 

motorr unit force at different jaw gape angles. For this purpose a jaw opening device 

wass developed with which the position of the jaw could be adjusted to various 

specifiedd jaw angles. We were particularly interested whether the shape of the jaw 

gapee angle-active force curves of the motor units depends on the position of the 

motorr unit within the muscle (chapter 5) and whether the shape of the motor unit 

actionn potential depends on the length of the motor unit and its intramuscular 

positionn (chapter 6). 

Finally,, a review is given in which the results of the present study and of 

otherss on masticatory motor units are discussed (chapter 7). 
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