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CHAPTERCHAPTER 5 

MECHANICALL PROPERTIES 
OFF SINGLE MOTOR UNITS 

INN THE RABBIT MASSETER MUSCLE 
ASS A FUNCTION OF JAW POSITION 

Abstrac tt  - The masseter muscle is an architecturally complex muscle with motor 

unitss that occupy different spatial positions (Turkawski et a/., 1998). It can therefore 

bee expected that during jaw movements the motor units undergo different excursions 

andd consequently differ in their force output. Motor unit positions and contractile 

propertiess of 45 motor units in 14 rabbit masseter muscles were registered. Twitch 

responsess were measured at different jaw gapes ranging from occlusion ) to 

maximumm opening , in steps of . The twitches were elicited by stimulating 

motoneuronss extracellularly in the trigeminal motor nucleus. The units appeared to 

producee a large variety of force vectors. Contraction force and contraction velocity 

weree distributed heterogeneously across the muscle. On average motor units in the 

deepp parts of the masseter produced considerably less twitch force (average: 25-30 

mN)) than those in the superficial parts (average: 45-50 mN) and anteriorly located 

motorr units were slower than posteriorly located units. With an increase of jaw angle 

twitchess became slower, reflected by an increase (30%) of the twitch contraction 

time.. Most motor units had a parabolic-like jaw angle-force relationship. A large 

variationn in the shape of the curves was found. The average optimum jaw angle was 

reachedd at 12  jaw opening. In general, force output was relatively low (20-60% of 

maximumm force) at occlusion and relatively high (60-100% of maximum force) at 

maximall jaw opening. Anteriorly and posteriorly located motor units differed 

significantlyy in their angle-force curves. Anteriorly located motor units produced less 

relativee force at occlusion, showed a steeper increase of force with an increase of 

jaww angle, reached maximum force at larger jaw angles and produced larger forces 

att maximum jaw opening. The larger force changes in the more anterior units are 

63 3 



ChapterChapter 5 

probablyy related to their longer distance from the axis of jaw rotation. It can be 

concludedd that due to the large variability of motor unit properties and angle-force 

curvess a fine gradation of both force magnitude and direction is possible within the 

masseterr and that the angle-force curve of the whole muscle or of whole muscle 

partss is broader than that of individual motor units. This broadening may be 

consideredd as a mechanism to sustain active muscle force throughout a large 

movementt range. 

Introductio n n 

Muscless can, in general, not be considered as architecturally and functionally 

homogeneouss structures. Intramuscular heterogeneity can exist with respect to a 

largee number of morphological and physiological characteristics. The masseter 

musclee is an example of such a muscle. The muscle has broad attachment areas 

andd intramuscular differences have been found in, for example, the lengths of the 

sarcomeres,, muscle fibers and tendon sheets, and in the spatial position and 

orientationn of muscle fibers (human: Van Eijden and Raadsheer, 1992; Van Eijden 

etet al., 1997; rabbit: Hertzberg et a/., 1980; Weijs and Van der Wielen-Drent, 1983; 

Weijss et a/., 1987; pig: Herring et al., 1979; rat: Nordstrom et al., 1974). One of the 

consequencess of this heterogeneity is that different muscle portions are capable of 

producingg different mechanical actions {Weijs et al., 1987; Van Eijden et al., 1988; 

Vann Eijden and Raadsheer, 1992). In addition, motor unit properties are distributed 

heterogeneouslyy across the muscle. Motor units located posteriorly in the muscle 

aree faster and produce less force than motor units located in more anterior muscle 

partss (rabbit: Turkawski et al., 1998). The myosin heavy chain composition of the 

musclee fibers and their physiological cross-sectional area are major determinants for 

thiss variability in contraction velocity and force production, respectively (Kwa et al., 

1995a,b). . 

Thiss paper will focus on the variability of masseter motor unit force at different 

jaww gapes. The active force that can be produced by a motor unit depends on the 

sarcomeree length of the muscle fibers, particularly on the degree of overlap between 

thee actin and myosin filaments. Maximum active force can be developed at optimum 
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sarcomeree length and force decreases with greater and shorter lengths (Gordon et 

al.,al., 1966). The actual length changes of the sarcomeres, and consequently the 

forcee output of a motor unit, will be dependent on its three-dimensional position in 

thee muscle-bone-joint system. During, for example, open/close rotations of the jaw, 

thee length changes of the sarcomeres will be proportional to their distance to the 

axiss of rotation. In an earlier study we have demonstrated that rabbit masseter motor 

unitss differ clearly in their positions and orientations (Turkawski et al., 1998). Hence, 

theirr length changes and their capabilities for force production during jaw 

movementss can be expected to depend in a complex way on their intramuscular 

position. . 

Variouss studies have shown a heterogeneous intramuscular distribution of 

sarcomeree length in the masseter in various mandibular positions (rat: Nordstrom et 

al.,al., 1974; rabbit: Weijs and Van der Wielen-Drent, 1983; miniature pig: Herring etal., 

1979).. The effect of this heterogeneity on the production of active force in various 

musclee portions has been estimated using computer models (human: Van Eijden 

andd Raadsheer, 1992; Koolstra and Van Eijden, 1997; rabbit: Weijs et al., 1987). 

Thesee studies indeed point to differences in active force production of various 

musclee parts. Thus far, however, experimental information on the effect of jaw 

positionn on the force producing capabilities of motor units in various muscle parts is 

nott available. The aim of the present study was to examine the changes in motor 

unitt force output, both with respect to force magnitude and direction, as a function of 

thee jaw open/close angle for motor units with different spatial positions and 

orientationss in the masseter muscle of the rabbit. 

Material ss  and method s 

Animals Animals 

Experimentss were carried out with 14 New Zealand White rabbits {Oryctolagus 

cuniculuscuniculus L.; weight: 2,000-2,300 g; age: 10-13 wks). The experiments were 

approvedd by the Animal Ethics Committee of the Medical School of the University of 

Amsterdam.. Pre-anaesthesia was effected with a mixture of Rompun and Ketamine 

appliedd intramuscularly and Atropine applied subcutaneously. A tracheal cannula 
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wass provided for artificial ventilation and further anaesthesia was effected through 

thee administration of halothane in a 1:3 oxygen-nitrous oxide mixture. 

StimulationStimulation of motor units 

AA 4 x 4 mm window was cut into the left parietal bone and a small opening was 

madee in the dura mater to allow a microelectrode {Teflon-coated tungsten, diameter 

0.22 mm, impedance 1 MQ), mounted on a micromanipulator, to enter the brain using 

aa stereotaxic holder. The electrode was inserted into the brain 5 mm anterior of the 

corticall most posterior rim, 3 mm to the left of the cortical midline, and was lowered 

perpendicularr to the cortical surface till it reached the trigeminal motor nucleus, 16 

mmm from the cortical surface. 

Singlee motoneurons were stimulated extracellularly with square-wave 

constantt current stimuli of 10-30 pA (pulse width: 100 us), delivered to the left 

trigeminall motor nucleus. To evoke twitch contractions single pulse stimuli were 

deliveredd at a rate of 1/s. The criteria for selecting a single unit were based on force 

andd EMG response (see: Turkawski etal., 1998). 

RegistrationRegistration of motor unit force 

Thee zygomatic arch was exposed and detached from the skull at both ends. A 

flexiblee aluminum strip, screwed onto the outer surface of the zygomatic arch, 

servedd to connect a force transducer to the masseter muscle. This transducer was 

capablee of measuring both the magnitude and the position of the line of action of 

forcess in a single plane. The transducer was mounted on a small micromanipulator 

forr manual displacement and tilted outward to an angle of about 15  relative to the 

mid-sagittall plane of the animal's head to keep the overall force vector of the muscle 

insidee the plane of the transducer. Design and technical specifications of the 

transducerr were described in detail by Turkawski etal. (1996, 1998). 

Thee three outputs of the transducer were processed with strain gauge 

amplifierss (HBM K-10; bridge voltage 5 V; maximal amplification: 5000x). After low-

passs filtering (Butterworth, 500 Hz) the output signals were recorded on digital tape 

(Bio-Logicc DTR-2602, resolution: 14 bit, bandwidth: 2.5 kHz). Digital data were 

processedd on a microcomputer (PC 486), using Labview software (National 
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Instruments).. Force magnitude and the position of the line of action could be 

calculatedd from the three output voltages. The signals were additionally filtered with 

aa finite impulse response (FIR) digital filter (150 Hz low-pass). 

RegistrationRegistration of motor unit action potential 

Thee masseter muscle was exposed to record electromyographic (EMG) activity of 

thee stimulated motor units. To prevent dehydration the muscle was covered with 

paraffinn oil. Twelve monopolar Teflon-coated copper wire electrodes (bared tip: 1.5 

mm,, diameter: 0.1 mm) were arranged in two regularly spaced rows parallel to the 

zygomaticc arch. Six electrodes were inserted 1-2 mm deep into the superficial layer 

off the masseter and six electrodes were inserted 6-8 mm deep into the deeper layer 

off the muscle. The electrode positions were double-checked on lateral view röntgen 

graphss taken from the rabbit's head. A reference electrode was attached to the skin 

inn front of the masseter muscle. 

AdjustmentAdjustment of jaw angle 

AA custom made jaw opening device was used to vary the jaw angle in the sagittal 

planee (Fig. 1). The main components of the device were a rotating arm and a hinge 

withh which the arm could be rotated in steps of . The rotating arm was connected 

too the lower jaw by a metal clip attached to the lower incisors and by two metal pins 

anchoredd to two holes, drilled into the bone at each side of the lower jaw. The 

positionn of the hinge could be adjusted relative to the jaw with the help of a pointing 

device.. The center of rotation was set near the angular process of the mandible, 

approximatelyy 3 mm behind and 20 mm below the condyles. This position coincided 

withh the average location of the natural center of rotation for jaw open-close 

excursionss during mastication (Weijs ef a/., 1989). Both the opening device and the 

skulll of the rabbit were fixed to a rigid frame. Skull fixation was achieved by a head 

platee screwed onto the skull, a metal clip connected to the upper incisors, and 

bilaterall skull clamps located behind the ears. 
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Figur ee 1. 
Schematicc drawing of the jaw opening device. Top: inferior view, bottom: lateral 
view.. 1: pins anchored to the lateral side of the mandible, 2: rotating arm, 3: fixation 
clipp to incisors, 4: head plate, 5: toothed wheel, 6: adjustable spindle, 7: pointing 
devicee coinciding with the axis of open-close rotation. A number of features has not 
beenn drawn, for example, the connection between hinge and adjustable spindle. 

Measurements Measurements 

Twitchh force responses of 45 single motor units were registered at 8 different jaw 

angles.. Passive muscle forces were also registered, but are not further considered in 

thee present study. Registrations started with the jaw in occlusion ) and the jaw 

gapee was subsequently increased till 21  in steps of . In order to examine 

reproducibility,, a second series of recordings was carried out in the reversed order 

(21  -> . For averaging purposes, at each jaw angle a series of 10-50 twitches 

wass evoked. The stimulus pulse served as a trigger for the averaging procedure and 

wass also recorded on tape. 
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Figur ee 2. 
Schematicc diagram of the angle-force curve of a masseter motor unit. The following 
parameterss were determined from this curve: optimum jaw angle, optimum motor 
unitt force, motor unit force at occlusion (y-intercept), steepest slope of the 
ascendingg limb (al-slope), steepest slope of the descending limb (dl-slope). 

DataData analysis and statistics 

Forr each jaw angle the 10-50 twitch force responses were averaged. The average 

twitchh response was characterized by the twitch contraction time and the twitch peak 

force.. The twitch contraction time was defined as the time between the initial rise of 

forcee from the baseline and the twitch peak force. The position of the line of action of 

aa motor unit was defined by its moment arm length, i.e., the perpendicular distance 

betweenn the line of action and the jaw joint, and by the angle relative to the antero-

posteriorr x-axis. Hence, motor units with lines of action anterior to the jaw joint had 

positivee moment arms and motor units with lines of action posterior to the jaw joint 

hadd negative moment arms. 

Forr each motor unit, relationships were determined between jaw opening 

anglee on the one side and twitch peak force, twitch contraction time, and the angle 

andd arm of the motor unit action line on the other side. In order to obtain a curve of 
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thee relationship between jaw angle vs. force, polynomials were fitted through the 

twitchh peak force data points. For all cases the jaw angle-force relationship could be 

satisfactorilyy approximated by a polynomial of the fourth order. The relationships 

betweenn jaw angle on the one side and twitch contraction time, and the angle and 

momentt arm of the motor unit's action line were in most cases non-linear and could 

bee satisfactorily approximated by a polynomial of the second order. Various 

parameterss were calculated to characterize the jaw angle-force curve (Fig. 2): the 

steepestt slope of the ascending limb of the curve (al-slope), the steepest slope of 

thee descending limb of the curve (dl-slope), the intercept of the curve with the y-axis 

(/-intercept),, the value of the maximum force (optimum force) and the jaw angle at 

whichh this maximum force was produced (optimum jaw angle). Values for twitch 

contractionn time and for the angle and moment arm of the action line of the motor 

unitt were determined from the second order polynomials at the optimum jaw angle, 

determinedd from the angle-force curves. 

Thee various variables were analyzed for significance of correlation. Spearman 

rankk correlations were used to avoid assumptions about their distribution. To 

comparee motor unit properties in different muscle parts, each motor unit was 

assignedd to one of the following four muscle parts, i.e., anterior-superficial, posterior-

superficial,, anterior-deep and posterior-deep masseter (Turkawski et al., 1998); the 

EMGG electrode with the largest action potential amplitude served as a reference for 

thee position of the active motor unit. For each muscle part, mean values, standard 

deviationss and ranges of the various variables for the available motor units were 

determined.. In order to test the differences between the four muscle parts a one-way 

ANOVAA was applied. In addition, for each muscle part averaged curves were 

determinedd for the relationships between jaw angle and normalized peak force, jaw 

anglee and the angle of the motor unit's action line, jaw angle and the moment arm 

lengthh of the motor unit's action line, and jaw angle and twitch contraction time. 
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Figur ee 3. 
Motorr unit responses from 4 different positioned motor units. First row: twitch force responses at 
differentt jaw angles, second row: jaw angle vs. twitch peak force, third row: jaw angle vs. twitch 
contractionn time (tct), fourth row: position of motor unit action line at different jaw angles. Cross hairs: 
originn of the coordinate system. 
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Result s s 

MotorMotor unit force 

Exampless of twitch force responses with concomitant curves for jaw angle vs. twitch 

peakk force and jaw angle vs. twitch contraction time are shown in Fig. 3. The figure 

alsoo shows the action line position at different jaw angles. Most of the angle-force 

curvess showed a parabolic-like shape. In general, smallest twitch peak force was 

producedd at occlusion . When the jaw was opened, peak force increased till 

maximumm force was reached and then force decreased again. The average optimum 

jaww angle was at . Occasionally motor units did not reach an optimum jaw angle 

(noo descending limb), probably their optimum was beyond the range of jaw angles 

examined.. Twitch force responses became broader at increasing jaw angle which 

wass reflected by an increase of twitch contraction time. In general, motor units in the 

posterior-deepp part of the masseter had action lines with relatively small moment 

armss and they were tilted backward. Motor units in more anterior parts of the 

masseterr had action lines with larger moment arms and they were tilted more 

forward.. As can be seen in Fig. 3 the position of the action line of the motor units 

changedd with the jaw angle. Twitch peak forces and contraction times were highly 

reproducible,, as values obtained during the second experimental series (21  -» ) 

weree not significantly different from those registered during the first experimental 

seriess (data not shown). 

Tablee 1 shows rank correlation coefficients between the parameters obtained 

fromm the various curves. Note that the moment arm length of the motor units 

correlatedd significantly with all other parameters. This implies that antero-posterior 

differencess existed in motor unit properties across the muscle. These differences 

cann be summarized as follows. Compared to more posteriorly located motor units, 

anteriorlyy located motor units: (1) had angle-force relationships with a steeper 

ascendingg limb and a less steeper descending limb (positive correlation between 

momentt arm and al-slope and dl-slope), (2) produced smaller relative forces at 

occlusionn (negative correlation between moment arm and y-intercept), (3) produced 

largerr optimum forces (positive correlation between moment arm and optimum 

force),, (4) produced optimum force at slightly larger jaw opening angles (slightly 

positivee correlation between moment arm and optimum jaw angle), and (5) were 

slowerr (positive correlation between moment arm and twitch contraction time). Most 
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off the remaining significant correlations in Table 1 reflect these differences. For 

example,, a steeper ascending limb (al-slope) of the angle-force curve implies that 

thee curve intersects the y-axis at a lower point, resulting in a negative correlation 

betweenn al-slope and y-intercept. 

Forr each muscle part, mean and standard deviation values and ranges of the 

parameterss obtained from the various curves are given in Table 2; the results of the 

ANOVAA to test for differences between the four muscle parts are given in Table 3. 

Figuree 4 shows averaged normalized angle-force curves for motor units belonging to 

thee same muscle part and Fig. 5 shows the averaged curves for the relationships 

betweenn the jaw angle vs. the angle of the motor unit action line (Fig. 5a), the jaw 
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anglee vs. the moment arm length (Fig. 5b), and the jaw angle vs. the twitch 

contractionn time (Fig. 5c). Note the large variation of the various variables within 

eachh muscle part (Table 2). Most striking was the behavior of motor units in the 

posterior-deepp masseter compared to that in the other muscle parts (see significant 

differencess in Table 3). For example, motor units in the posterior-deep masseter 

reachedd their optimum force at a significantly smaller jaw angle , see Table 2) 

thann those in the anterior-superficial masseter ) and in the deep muscle parts 

thee magnitude of the average optimum motor unit force (25-30 mN) was 

approximatelyy half of that produced in the superficial muscle parts (45-50 mN). 

Similarr to the individual angle-force curves, the averaged curves showed a 

parabolic-likee shape (Fig. 4). The curve for the anterior-deep masseter was more 

irregularr in shape compared to the curves of the other muscle parts, which is 

probablyy due to the small number of registrations (n=3). The posterior-deep 

masseterr showed a symmetrical curve, with an optimum force angle at 10  and a 

relativelyy large force output at both occlusion and maximal jaw opening (50-60% of 

maximumm force). In contrast, the curves for the anterior-superficial, posterior-

superficial,, and anterior-deep masseter were not symmetrical, i.e., the descending 

limbb was less steep than the ascending limb (compare values of al-slope and dl-

slopee in Table 2). Therefore, in these muscle portions motor unit force produced at 

occlusionn was relatively small (20-40% of maximum force), whereas force at 

maximall jaw opening was relatively large (60-100%). 
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Figur ee 5. 
Forr each muscle part averaged curves for 
thee relationship of jaw angle vs. the angle of 
thee line of action (a), jaw angle vs. moment 
armm  length (b), and jaw angle vs. twitch 
contractionn time (c). 

Thee average jaw angle vs. action line angle curves and jaw angle vs. moment 

armm length curves (Fig. 5) show that in all muscle parts a jaw opening from 0  to 21

resultedd in a relatively small change of the position of the motor unit's action line. 

Thee action line angle of motor units in the superficial parts of the masseter 

decreasedd a few degrees, whereas in the posterior-deep masseter an increase of a 

feww degrees was observed (Fig. 5a). In all muscle parts the length of the moment 

armm of the motor units increased slightly during jaw opening (Fig. 5b) and, as 

expected,, smallest moment arms were found in the posterior-deep masseter. The 

aforementionedd broadening of the twitch responses of the motor units during jaw 

openingg was reflected by an increase of about 30% of the twitch contraction time 

(Fig.. 5c). 
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Discussio n n 

HeterogeneousHeterogeneous distribution of motor unit properties across the muscle 

Inn this report we provide a systematic description of the effect of changing jaw angle 

onn the mechanical properties of single motor units in the rabbit masseter muscle. 

Forr the first time it was possible to measure the force vectors of single motor units at 

differentt jaw angles and to relate their contractile characteristics to their 

intramuscularr location. Thus far, studies concerning motor unit properties of the 

masticatoryy muscles have been restricted to one single jaw position or one muscle 

lengthh (rat masseter: Druzinsky, 1996; rabbit masseter: Weijs et al., 1993; Kwa et 

al.,al., 1995b; Turkawski et al., 1998; Turkawski and Van Eijden, 2000a) and 

informationn on the contractile properties at different muscle lengths was only 

availablee for whole muscles (rat: Nordstrom and Yemm, 1974; cat: MacKenna and 

Türker,, 1978; rabbit: Muhl et al., 1978; Muhl, 1982; Anapol et al., 1987; miniature 

pig:: Anapol and Herring, 1989). Similar to the present results, these latter studies 

indicatee that the optimum length of the masseter does not coincide with the muscle 

lengthh in occlusion (Nordstrom and Yemm, 1974; MacKenna and Türker, 1978; 

Anapoll and Herring, 1989). 

AA large variability of motor unit properties across the masseter was observed, 

bothh between and within the muscle parts (Table 2). This confirms the results of an 

earlierr study in which we measured motor unit properties at a muscle length that was 

aa slightly longer than that with the jaw in occlusion (Turkawski et al., 1998). The 

largee variety in the position of motor unit force vectors is in accordance with the 

smalll motor unit territories demonstrated by glycogen depletion studies (Weijs et al., 

1993;; Kwa et al., 1995a). This large diversity of force vectors gives the muscle the 

potentiall of producing different mechanical actions in case of selective activation of 

differentt muscle portions, as has been demonstrated in earlier analyses (rabbit: 

Weijss and Dantuma, 1981; human: Blanksma and Van Eijden, 1995). In addition, the 

presentt results showed that regional differences existed in contraction force and 

contractionn velocity. On average, motor units in the deep muscle parts produced 

considerablyy less force than those in the superficial muscle parts and anteriorly 

locatedd units were slower than posteriorly located units. As the maximum force of a 
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motorr unit is proportional to its physiological cross-sectional area, it can be 

concludedd that deeply located motor units have smaller cross-sectional areas than 

superficiallyy located ones. The heterogeneous distribution of motor unit contractile 

propertiess is in accordance with histochemical data on the distribution of various 

fiberr types across the muscle (Bredman et a/., 1990). The motor units in the rabbit 

masseterr can be classified as being fast and fatigue resistant (Kwa et ai, 1995b). 

Thee present results show that within this single group a large variability exists in 

forcee output and contraction velocity. 

Tablee 3. Results of the ANOVA to test for differences between the muscle parts 

part#11 post-sup ant-deep post-deep ant-deep post-deep post-deep 

partt #2 ant-sup ant-sup ant-sup post-sup post-sup ant-deep 

al-slope e 

dl-slope e 

y-intercept t 

optimumm angle 

optimumm force 

actionn line angle 

momentt arm length 

twitchh contraction time 

Significantt differences between the two tested muscle parts * p<0.05, ** p<0.01, *** p<0.001 

post-sup:: posterior-superficial masseter, ant-sup: anterior-superficial masseter, 

post-deep:: posterior-deep masseter, ant-deep: anterior-deep masseter 
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FactorsFactors that determine the shape of the angle-force curves 

MuscleMuscle architecture 

Thee angle-force curves of the motor units reflect the relationship between sarcomere 

lengthh and isometric force, i.e., maximum force is produced at optimum sarcomere 

lengthh and force decreases with a decrease or increase of length (Gordon et a/., 

1966).. The shape is further determined by variables as the initial length of the 

sarcomeress at occlusion, the length of the muscle fibers (proportional to the number 

off sarcomeres in series), the compliance of the series elastic elements, the 

angulationn of the muscle fibers relative to tendon sheets, and the location of the 

motorr units relative to the center of rotation. We found clear antero-posterior 

differencess in the shape of the angle-force curves. Compared to posteriorly located 

motorr units, anteriorly located motor units produced less normalized force {20-40% 

off optimum force) at occlusion, showed a steeper increase of force with an increase 

off jaw angle, reached maximal force at larger jaw angles and produced larger forces 

att maximum jaw opening. Obviously, these differences are partly the result of the 

architecturall complexity of the muscle. Because motor units had different 

intramuscularr positions, and consequently different moment arms relative to the 

centerr of jaw rotation, a non-uniform change in muscle fiber length during jaw 

openingg will occur, resulting in differential sarcomere length excursions and thus 

differentt shapes of angle-force curves. As anteriorly situated units are further away 

fromm the axis of open/close rotation than posteriorly situated units, their sarcomeres 

willl undergo greater length changes and, therefore, force changes in anteriorly 

locatedd motor units can be expected to be larger than in posteriorly located motor 

units.. Such antero-posterior differences in force output as a function of jaw gape has 

indeedd been predicted by a computer model of the rabbit masseter muscle (Weijs et 

a/.,, 1987). 

Comparedd to the angle-force curves predicted by this model, our results also 

showw some striking differences, notably a much steeper slope for the ascending limb 

andd a less steep slope for the descending limb of the angle-force curves, and larger 

optimumm jaw angles. As a consequence, the muscle parts in the model were capable 

off generating more force at occlusion and less force at the largest jaw openings. 

Onee of the factors that could account for the differences between our results and the 

modell predictions, is the location of the center of jaw rotation, which was 1.6 cm 
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beloww the condyles in the model instead of the 2.0 cm used in the present study. In 

thee present study this center was located near the angular process of the mandible, 

aa location that coincides with that found during natural mastication (Weijs et a/., 

1989).. Another factor that should be mentioned is the role of the series elasticity that 

wass not incorporated in the model of Weijs and coworkers. Furthermore, we used 

twitches,, whereas in the model tetani were simulated. The amount of series elasticity 

iss relatively low at small jaw angles and increases more or less exponentially during 

jaww opening (unpublished observations). This might result in larger twitch contraction 

velocitiess at smaller jaw angles than at larger jaw angles. Because of the force-

velocityy relationship this might lead to relatively smaller forces in the first part of the 

openingg range and consequently to a relatively steep ascending slope of the angle-

forcee relationship, as was found in the present study. The less steep descending 

limbb can possibly be the result of the large variation in optimum lengths of the motor 

units. . 

MotorMotor unit type and stimulation type 

Severall studies have found that optimum muscle length is correlated to motor unit 

type.. In general, the slower and weaker motor units reach optimum length at a larger 

musclee length than the faster and stronger units (cat flexor digitorum longus: Lewis 

etet al., 1972; Bagust et al., 1973; rat medial gastrocnemius: Grottel et al., 1990; cat 

peroneuss longus: Filippi and Troiani, 1994). However, opposite results have also 

beenn found (cat gastrocnemius: Stephens et al., 1975). These differences in 

optimumm length are probably due to an effect of the in series compliance of muscles 

andd tendons, which appears to be larger if small forces are applied thus yielding 

longerr optimum length values for the smaller motor units (Filippi and Troiani, 1994). 

Ourr results showed a significant positive correlation between the twitch contraction 

timee and the optimum jaw angle, indicating that slower motor units produced 

maximall force at larger jaw angles. This is in parallel with the aforementioned results 

fromm the literature. It should, however, be realized that this finding can also be an 

epiphenomenon,, as we also found that twitch contraction time varied with the 

intramuscularr location of the motor unit, which might result in different sarcomere 

excursionss and thus in optimum jaw angles. 

Thee angle-force curves of the present study were obtained by eliciting 

isometricc twitches. We did not use tetani, as we wanted to avoid fatigue effects. In a 
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largee number of studies differences between twitch and tetanic length-force curves 

havee been described. Usually, optimum length for twitches is greater than that for 

tetanii and with an increase of muscle length the ratio between twitch and tetanus 

forcee increases (cat flexor digitorum longus: Bagust et al., 1973; cat medial 

gastrocnemius:: Stephens et a/., 1975; cat peroneus longus: Filippi and Troiani, 

1994).. The origin of difference between twitch and tetanus length-force relationships 

iss not clear, but probably muscle and tendon compliance is one of the main factors 

thatt contributes to this difference (see for an extensive discussion: Filippi and 

Troiani,, 1994). 

Ourr results showed a slowing of the twitch response with an increase of the 

jaww angle. This broadening of the twitch continued beyond optimum jaw angle. 

Similarr results have been described for other species and muscles (e.g., Stephens 

etet al., 1975; Woittiez et a/., 1984; Grottel et al., 1990). The mechanism behind the 

increasee is not yet elucidated. Many factors related to intrinsic muscle fiber 

propertiess which are related to twitch time characteristics and might change with 

fiberr length have been suggested, including length dependent changes in the time 

coursee and size of the active state (Close, 1971). A functional consequence of the 

slowingg of the twitch force response is that at larger jaw angles a lower stimulation 

frequencyy is required to produce tetanic force. 

ImplicationsImplications for masseter muscle functioning 

Thee largest angle we examined ) was close to the maximum passive jaw 

openingg angle ) reported in the literature (Weijs et al., 1989). During natural 

mastication,, maximum gape amounts to 10-15  (Weijs and Dantuma, 1981). We 

foundd that the average optimum jaw angle for masseter motor unit force was about 

.. This would imply that during mastication the masseter of the rabbit will operate 

nearr optimum muscle length at maximum gape and on the ascending limb of the 

angle-forcee curve during the major part of the closing phase and the power stroke. 

Hence,, during the closing phase of mastication the maximum possible force output 

off the motor units will decrease. Note, however, that optimum jaw angle for twitches 

andd tetani might differ. 

Itt should be emphasized that the effect of changing jaw angle on the 

performancee of individual motor units is different from that of whole muscle parts or 
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fromm that of the whole masseter. The angle-force curves for the various muscle parts 

presentedd in Fig. 4 are broader than those of the individual motor units, due to the 

largee variation in shapes and in optimum angles found for the individual curves. This 

broadeningg may be considered as a mechanism to sustain active force throughout a 

largerr movement range, when the motor units in a muscle part are activated 

simultaneously.. In addition, in a number of experimental studies differences between 

wholee muscle optimum length and motor unit tetanic and twitch optimum length have 

beenn reported (Bagust era/., 1973; Lewis et a/., 1972; Stephens et a/., 1975; Filippi 

andd Troiani, 1994). 

Onn average, motor units in the deep masseter produced less force than in the 

superficiall masseter. Because of the orderly recruitment of motor units (Henneman 

etet ai, 1965) it can be expected that at low mastication force levels the deep units 

aree preferentially recruited, whereas at higher contraction strengths the superficial 

unitss come into action. Our findings confirm the suggestion of Weijs and Dantuma 

(1981)) that the main activity of the superficial masseter is generating large closing 

momentss and consequently large vertical bite forces. 

Thee posterior-deep masseter was capable of generating a substantial amount 

off force throughout the whole range of jaw angles examined. The functional 

consequencee is that this muscle part, as opposed to other muscle parts, should 

attainn relatively high active force levels over a wider range of jaw angles. The action 

liness of motor units in the posterior-deep masseter had a more horizontal orientation 

whichh makes the posterior-deep masseter suitable to produce lateral jaw excursions, 

whichh is in accordance with reported EMG results (Weijs and Dantuma, 1981). The 

relativelyy small forces and fast twitch-contraction velocities indicate that this muscle 

partt is used for fine adjustments. A comparable function for the posterior-deep 

masseterr has also been described in the masseter of pigs (Herring and Winesky, 

1986)) and humans (Blanksma et ai, 1992; Van Eijden et a/., 1993). 
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