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CHAPTERCHAPTER 6 

ACTIONN POTENTIALS OF 
RABBITT MASSETER MOTOR UNITS 

ATT DIFFERENT JAW GAPES 

Abstrac tt  - The morphology of a motor unit, e.g., the number of muscle fibers, their 

type,, their cross-sectional area and their length, can be expected to be related to its 

electricall and contractile properties, e.g., the amplitude and duration of the action 

potentiall and the magnitude and contraction time of twitch force. In this study we 

examinedd (1) whether a mutual correlation exists between electrical and contractile 

motorr unit properties, (2) whether the shape of the action potential changes with a 

changee of motor unit length, and (3) whether these shape changes depend on the 

intramuscularr location of the motor unit. Action potentials and twitch force responses 

off 42 masseter motor units were registered in 14 rabbits. Motor units were excited by 

stimulatingg motoneurons in the trigeminal motor nucleus. Action potentials and 

twitchess were measured at different jaw gapes between 0  and , in steps of . 

Thee results showed that motor units producing larger forces tended to have action 

potentialss with larger amplitudes; this correlation, however, was very weak. Faster 

motorr units had action potentials with shorter durations. When the jaw was opened 

too an angle of 21  the duration of the action potentials increased by about 10%. 

Motorr units located anteriorly in the masseter showed a larger increase in duration 

thann more posteriorly located motor units, which was probably due to a larger 

stretchingg of the anteriorly located motor units. It can be concluded that action 

potentialss can be used to obtain information about contractile properties of individual 

motorr units. However, the waveform of action potentials depends on motor unit 

lengthh and this may confound attempts to make interferences about these functional 

properties. . 
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Introductio n n 

AA motor unit consists of an a motoneuron and the set of muscle fibers innervated by 

thiss neuron. When the motoneuron is excited to discharge action potentials, the 

musclee fibers of the motor unit are activated. The motor unit's action potential is 

definedd as the sum of action potentials propagated by the muscle fibers that 

belongg to that motor unit (Stalberg et al., 1996). The action potentials of the single 

fiberss differ in amplitude and in frequency content and they are temporally 

andd spatially dispersed. For this reason, motor unit action potentials differ in shape 

andd show a large variability in their characteristics. Differences in amplitude are 

clearlyy associated with differences in motor unit size, i.e., differences in 

dimensionss of individual fibers as well as the number of active fibers (Burke and 

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

fiberr diameter (Gath and Stalberg, 1975) and differences in fiber length (Dumitru et 

al.,al., 1999). Motor unit size is an important factor in determining the magnitude of 

motorr unit force, and motor unit action potential amplitude and motor unit force 

havee been reported to be mutually proportional (Goldberg and Derfler, 1977; 

Clarkk et al., 1978; Turkawski and Van Eijden, 2000a). In general, the size of 

individuall motor units cannot be measured directly in vivo and has therefore been 

estimatedd by the amplitude of the motor unit action potential (see for example: 

Goldbergg and Derfler, 1977; Desmedt and Godaux, 1979; Scutter and Türker, 1998; 

Conwitt et al., 1999; Sun et al., 1999). However, at force levels larger than 30% of 

maximumm force, it becomes increasingly difficult to distinguish single motor unit 

actionn potentials in the interference EMG. Alternatively, motor unit twitch force 

magnitude,, determined by the spike-triggered averaging method, has been used to 

estimatee the size of the motor units, but this technique is less accurate for this 

purposee (see Van Eijden and Turkawski, 2001). Recently, information about the 

relationshipp between the characteristics of the action potential of a motor unit and 

thee contractile properties of the same motor unit not hampered by these technical 

limitationss has become available through stimulation of single masticatory motor 

unitss (Turkawski and Van Eijden, 2000a). A small but significant correlation was 

foundd between the amplitude of the action potential and motor unit's peak force and 

fasterr contracting motor units produced action potentials with higher conduction 

velocities. . 
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ActionAction potentials of motor units at different jaw gapes 

Thuss far, no information is available on the relationship between action 

potentiall shape and contractile properties of masticatory motor units at different 

motorr unit lengths. In an earlier study we demonstrated that, due to the induced 

lengthh changes, the contractile properties of masseter motor units, such as twitch 

peakk force and twitch contraction time, vary as a function of the jaw open/close 

anglee (Turkawski and Van Eijden, 2000b). When the jaw angle is increased the 

fiberss of the masseter muscle are stretched, resulting in smaller fiber diameters. As 

fiberr diameter is positively correlated with the conduction velocity of the action 

potentialss (Hakansson, 1956), it can be expected that the duration of the action 

potentialss becomes longer with an increase of jaw angle. In addition, the masseter 

musclee has a complex heterogeneous architecture, with intramuscular differences in, 

forr example, muscle fiber length, motor unit fiber type composition, and motor unit 

sizee (see for review: Van Eijden and Turkawski, 2001). Regional differences in motor 

unitt contractile properties and electrical properties have been demonstrated at a 

fixedd length of the masseter muscle (Turkawski et at., 1998; Turkawski and Van 

Eijden,, 2000a). Moreover, a differential effect of jaw opening on the contractile 

propertiess of motor units in different muscle regions has been demonstrated 

(Turkawskii and Van Eijden, 2000b). Such a differential effect can also be expected 

too exist for the duration of the action potentials, as, for example, during jaw opening 

anteriorlyy in the muscle located motor units are more extensively stretched than 

moree posteriorly located motor units (Turkawski and Van Eijden, 2000b). 

Thee purpose of the present study was to examine (1) whether the shape of 

thee motor unit's action potential is correlated with its contractile properties, (2) 

whetherr this shape varies with length changes of the motor unit, and (3) whether this 

variationn depends on the location of the motor unit in the muscle. 

Material ss  and method s 

DataData acquisition 

Motorr unit action potentials and twitch forces were registered simultaneously in the 

leftt masseter muscle of 14 New Zealand White rabbits (Oryctolagus cuniculus /_.; 

weight:: 2,000-2,300 g; age: 10-13 wks), pre-anesthetized with a mixture of Rompun 
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andd Ketamine applied intramuscularly and Atropine applied subcutaneously. Further 

anaesthesiaa was effected through the administration of halothane in a 1:3 oxygen-

nitrouss oxide mixture, provided through a tracheal cannula. The experiments had 

beenn approved by the Animal Ethics Committee of the Medical School of the 

Universityy of Amsterdam. 

Too register motor unit action potentials, the masseter muscle was exposed 

andd 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 muscle and six electrodes were inserted 6-8 mm deep into the deeper layer of 

thee muscle. A reference electrode was attached to the skin in front of the masseter 

muscle;; the muscle was covered with paraffin oil to prevent dehydration. 

Motorr unit twitch force was measured using a two-component force 

transducerr attached to the zygomatic arch (see for an extensive description of the 

forcee registration method: Turkawski et a/., 1996, 1998). The zygomatic arch was 

detachedd from the skull at both ends. The transducer had three output voltages from 

whichh the magnitude and position of the motor unit force could be determined. 

Motorr unit action potentials and twitches were elicited by stimulating single 

motoneuronss extracellularly with square-wave constant current stimuli of 10-30 uA 

(pulsee width: 100 us), delivered to the left trigeminal motor nucleus (see Turkawski 

etet a/., 1998). To evoke twitch contractions single pulse stimuli were delivered at a 

ratee of 1/s. The criteria for selecting a single unit were based on force and action 

potentiall response (Turkawski era/., 1998). 

Actionn potentials and twitch force responses of 42 single motor units were 

registered,, each at 8 different jaw angles. Changes in jaw angle could be effected by 

aa custom made jaw opening device (Turkawski and Van Eijden, 2000b). With this 

devicee both the jaw opening angle and the center of rotation could be adjusted. The 

centerr of rotation coincided with the average location of the natural center of rotation 

forr jaw open-close excursions during mastication, viz. near the angular process of 

thee mandible, approximately 3 mm behind and 20 mm below the condyles (Weijs et 

a/.,, 1989). Registrations started with the jaw in occlusion ) and the jaw angle was 

subsequentlyy increased till , in steps of . In order to examine reproducibility, 

particularlyy to asses whether fatigue had an effect on the measurements, a second 

seriess of registrations was carried out in the reversed order (21  —> . For 
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averagingg purposes, at each jaw angle a series of 10-50 twitches was evoked. The 

stimuluss pulse served as a trigger for the averaging procedure. 

DataData analysis 

Thee 12 action potential signals were amplified (20,000x), band-pass filtered 

(40-40000 Hz) and stored on digital tape (Bio-Logic DTR-2602, resolution: 14 bit, 

bandwidth:: 2.5 kHz). The three output voltages of the force transducer were 

simultaneouslyy recorded (see for an extensive description of the analysis of force 

data:: Turkawski et al., 1998; Turkawski and Van Eijden, 2000b). The electrode with 

thee largest action potential amplitude (peak to peak) was selected on an 

oscilloscope.. This action potential signal was, together with the force signals, 

transferredd to a microcomputer (PC 486) at a sample frequency of 3 kHz 

(frequenciess above 1500 Hz do not occur, see Turkawski and Van Eijden, 2000a) for 

furtherr data processing with Labview software (National Instruments). For each jaw 

anglee the 10-50 action potentials and twitch force responses were averaged. A 

standardd fast Fourier algorithm was used to convert the action potential signal (with 

aa total length of 50 ms) from the time to frequency domain. The frequency spectrum 

hadd a resolution of approximately 20 Hz. Labview software was also used to 

calculatee the magnitude and position of the line of action of the motor unit twitch 

forcee from the three output voltages of the transducer. 

Thee average motor unit action potential was characterized by four variables: 

(1)) the integrated rectified action potential (INT), which was defined as the area 

underr the rectified action potential, (2) the median frequency (Med-Freq) of the 

powerr density function (Turkawski and Van Eijden, 2000a), (3) the duration of the 

actionn potential, which was defined by the time between the stimulus and the last 

peakk of the action potential, and (4) the amplitude of the action potential, which was 

definedd by the peak to peak voltage, i.e., the distance between the largest positive 

andd largest negative peak of the action potential. 

Thee action potential parameters were correlated with a number of force 

parameters,, determined from the average twitch response. For an extensive 

descriptionn of these force parameters is referred to Turkawski and Van Eijden 

(2000b).. Briefly, the twitch peak force was defined as the maximal value of the twitch 

response,, the twitch contraction time as the time between the initial rise of force 
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fromm the baseline and the twitch peak force. The position of the line of action of a 

motorr unit force vector was defined by its moment arm length, i.e., the perpendicular 

distancee between the line of action and the jaw joint, and by the angle relative to the 

antero-posteriorr x-axis. For each motor unit, a relationship was determined between 

jaww angle and normalized twitch peak force value (optimum twitch force 

magni tudes,, see below); a fourth order polynomial was fitted through the twitch 

peakk force data points. Various parameters were calculated from this jaw angle-

forcee curve (see Fig. 2, chapter 5): the steepest slope of the ascending limb of the 

curvee (al-slope), the steepest slope of the descending limb of the curve (dl-slope), 

thee intercept of the curve with the y-axis (y-intercept), the jaw angle at which the 

largestt twitch peak force was produced (optimum jaw angle), and the force at 

optimumm angle (optimum force). Values for the aforementioned four action potential 

parameterss and for twitch contraction time and the angle and moment arm length of 

thee action line were also determined at optimum jaw angle; for this purpose linear or 

quadraticc functions (best fit) were fitted through the data points of the relationships 

betweenn jaw angle and these variables. 

Means,, standard deviations and ranges at optimum jaw angle were calculated 

forr the various variables. They were exploratively analyzed for significance of 

correlationn (p<0.05). Rank Spearman correlations were used to avoid assumptions 

aboutt their distribution. In addition, change of action potential parameters was 

plottedd against jaw angle. 
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Figur ee 1. 
Plotss of a number of significant correlations between various action potential parameters and force 
parameterss of rabbit masseter motor units (n=42). Note, for example, the relatively weak correlation 
betweenn optimum twitch force and the integrated EMG value (top right panel) and the relatively strong 
correlationn between the moment arm length of the motor unit and the duration of the action potential 
(bottomm left panel); see Table 2 for coefficients of correlation. AP: action potential. 
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Result s s 

CorrelationCorrelation  between  action  potential  parameters  and force  parameters 

Tablee 1 gives means, standard deviations and ranges for the action potential and 

forcee parameters at optimum jaw angle. Examples of significant correlations 

betweenn a number of parameters at optimum jaw angle are plotted in Fig. 1. Table 2 

showss rank correlation coefficients between the parameters. 

Tablee 1. Mean, standard deviation (SD) and ranges (min, max) of motor unit action potential 
parameterss and force parameters determined at optimum jaw angle (n=42) 

meann SD min max 

integratedd EMG (uV) 

peakk to peak amplitude (uV) 

mediann frequency (Hz) 

durationn (ms) 

al-slopee ) 

dl-slopee ) 

y-intercept t 

optimumm angle ) 

optimumm force (mN) 

actionn line angle ) 

momentt arm length (mm) 

twitchh contraction time (ms) 

1233 3 

293 3 

425 5 

3.76 6 

0.12 2 

-0.06 6 

0.29 9 

12.15 5 

38.59 9 

78.05 5 

19.45 5 

28.48 8 

1095 5 

326 6 

119 9 

0.96 6 

0.06 6 

0.04 4 

0.27 7 

4.18 8 

44.22 2 

40.89 9 

18.34 4 

4.98 8 

265 5 

14 4 

201 1 

2.62 2 

0.02 2 

-0.21 1 

0.00 0 

5.40 0 

5.97 7 

14.71 1 

-11.62 2 

18.63 3 

5151 1 

1224 4 

775 5 

6.32 2 

0.27 7 

0.00 0 

0.91 1 

21.00 0 

246.67 7 

146.79 9 

53.69 9 

39.74 4 

Optimumm twitch force was on average produced at a jaw opening angle of 

.. Note, the large range of values of the various variables {Table 1). Obviously, the 

mutuall correlations between the two amplitude parameters (integrated EMG and 
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peakk to peak amplitude) and the time domain parameters (median frequency 

andd duration) of the action potential were relatively high (Table 2). A 

weakk correlation was found between the amplitude parameters of the 

actionn potential and the magnitude of optimum force, indicating that motor 

unitss producing larger forces tended to have action potentials with larger 

amplitudess (Fig. 1, Table 2). The correlations between on the one side the twitch 

contractionn time and on the other side the median frequency and duration of the 

actionn potential suggests that slower contracting motor units had action potentials 

withh longer durations. As these slower motor units are known to be preferentially 

locatedd in the anterior regions of the masseter (Turkawski and Van Eijden, 2000b), 

theree were also correlations between the moment arm of the motor unit force vector 

andd both the median frequency and duration of the action potential. Compared to 

moree posterior motor units, these anterior motor units had also different shapes of 

theirr angle-force relationships, i.e., they had steeper ascending limbs (Turkawski 

andd Van Eijden, 2000b). This explains why the duration of the action potential was 

correlatedd with the ascending limb (al-slope) and y-intercept of the angle-force 

curve. . 

TheThe effect  of  jaw opening  on the shape  of  the action  potentials 

Exampless of action potentials of three motor units at different jaw gapes are shown 

inn Fig. 2. With an increase of jaw angle the shape of the action potential changed 

gradually,, particularly its duration increased. Shape changes were reversible, as was 

shownn after a subsequent decrease of the jaw angle from the open position to 

occlusion,, indicating that the observed changes were not due to fatigue. The 

amplitudee of the action potential (integrated EMG and peak to peak amplitude) did 

nott change consistently during jaw opening. In contrast, the duration and median 

frequencyy changed significantly (Fig. 3). During jaw opening from 0 to 21  the 

durationn of the action potential increased on average by about 0.4 ms (11%) while 

thee median frequency decreased on average by 50 Hz (12%). The amount of 

increasee of the action potential duration depended on the antero-posterior location 

off the motor unit. It was larger anteriorly than posteriorly, as a significant correlation 

(r=0.48;; p<0.05) was found between the moment arm of the motor unit vector and 

thee increase in duration (Fig. 4). 
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Tablee 2. Rank correlation coefficients between action potential parameters and force parameters at 
optimumm jaw angle 

integratedd EMG peak to peak median duration 

amplitudee frequency 

integratedd EMG 

mediann frequency 

peakk to peak amplitude 

duration n 

al-slope e 

dl-slope e 

y-intercept t 

optimumm angle 

optimumm force 

actionn line angle 

momentt arm length 

twitchh contraction time 

1.00 0 

-0.12 2 

0.944 * 

-0.12 2 

0.25 5 

0.05 5 

-0.07 7 

-0.13 3 

0.366 * 

-0.266 * 

0.07 7 

-0.09 9 

0.944 * 

-0.02 2 

1.00 0 

-0.277 * 

0.14 4 

-0.06 6 

-0.06 6 

-0.07 7 

0.299 * 

-0.21 1 

-0.03 3 

-0.15 5 

-0.12 2 

1.00 0 

-0.02 2 

-0.566 * 

-0.18 8 

0.03 3 

0.18 8 

-0.23 3 

0.02 2 

0.19 9 

-0.455 * 

-0.466 * 

-0.12 2 

-0.566 * 

-0.277 * 

1.00 0 

0.355 * 

0.22 2 

-0.366 * 

0.25 5 

0.21 1 

-0.511 * 

0.766 * 

0.599 * 

** significant correlation (p<0.05) 

Discussio n n 

RelationshipRelationship  between  action  potential  and force  characteristics 

Thee present results showed a large variation of force and action potential 

parameterss of motor units in the rabbit masseter (Table 1). This variation confirms 

reportedd variation in motor unit morphology, e.g., the number of muscle fibers, their 

diameterr and their length {for review: Van Eijden and Turkawski, 2001). The number 

off muscle fibers can be considered as a major contributor to the magnitude of motor 

unitt force and to the amplitude of the action potential. Kwa et at. (1995a) found in 
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theirr sample of 32 motor units in the rabbit masseter a twentyfold range between the 

smallestt (40 fibers) and the largest (720 fibers) motor unit. This is consistent with the 

findingss of the present study, i.e., that twitch force magnitude and action potential 

amplitudee parameters showed a large range of values, and that motor units 

producingg larger forces tended to have action potentials with larger amplitudes. The 

relativelyy weak correlation between force magnitude and action potential amplitude 

couldd possibly be explained by the properties of the EMG electrode, including its 

limitedd pick-up area (see for an extensive discussion: Turkawski and Van Eijden, 

2000a). . 

Musclee fiber diameter is correlated to fiber type (Kwa et a/., 1995a; Korfage 

andd Van Eijden, 1999, 2000) and to the duration of the action potential (Hakansson, 

11 ms 

Figur ee 2. 
Shapee changes of the action potentials of three different motor units during jaw 
openingg in steps of . Note that with an increase of jaw angle the duration of the 
actionn potential increased progressively. 
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1956).. In the rabbit masseter faster motor units, which have shorter twitch 

contractionn times, have muscle fibers with larger diameters than slower motor units 

(Kwaa et a/., 1995a). As a consequence, it can be expected that faster motor units 

havee action potentials with shorter durations and this was confirmed by the results of 

thee present study. Another factor that might contribute to differences in action 

potentiall duration might be the initial length of the muscle fibers. Action potential 

durationn has been reported to increase with the length of the muscle fibers (Dumitru 

era/.,, 1999; Dumitru and King, 1999). 

Inn an earlier study (Turkawski and Van Eijden, 2000a) we also compared 

electricall and contractile properties of masseter motor units. However, in contrast to 

thee present study, comparisons were not made at the same optimum motor unit 

lengthh and tetanic peak force was used instead of twitch peak force. Nevertheless, 

inn the aforementioned study we also found positive correlations between the 

amplitudee of the action potential and the magnitude of the motor unit force, and 

betweenn the duration of the action potential and the twitch contraction time. Similar 
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Figur ee 3. 
Jaww angle vs. the increase of the duration and vs. the decrease of the median 
frequencyy of the motor unit action potential (means and standard deviations). 
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too the present results, no correlations were found between the amplitude of the 

actionn potential and twitch contraction time and a weak negative correlation was 

foundd between an amplitude and frequency parameter of the action potential. 

Thee masseter muscle can be considered as a heterogeneous muscle. For 

example,, antero-posterior differences do exist with respect to fiber type composition 

(Bredmann ef a/., 1990), motor unit force and twitch contraction time (Turkawski et a/., 

1998),, and the angle-force curves of the motor units (Turkawski and Van Eijden, 

2000b).. The present results showed that regional differences do also exist with 

respectt to the shape of the action potentials. Action potentials of motor units in the 

anteriorr masseter were slower than those in the posterior masseter, and this 

confirmss the results of Turkawski and Van Eijden (2000a). The antero-posterior 

differencee is primarily due to differences in fiber type composition, as the anterior 

musclee regions contain more slower units, with smaller fiber diameters, than the 

posteriorr regions. 
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Figur ee 4. 
Plott of motor unit moment arm lengths (determined at a gape of ) vs. the 
amountt of increase of the action potential duration per degree of jaw opening. The 
increasee was larger for anteriorly located motor units. 
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TheThe effect  of  motor  unit  length  on the shape  of  the action  potentials 

Thee present study demonstrated that the waveform of the action potential changed 

withh muscle length. The duration of the action potential increased by about 10% 

whenn the jaw was opened to an angle of 21  and the motor units were stretched. 

Thesee changes were not due to fatigue, as the initial shapes of the action potentials 

weree reproduced when the experiment was repeated in the reversed order (from 21

too . Fatigue effects were prevented by using twitches instead of tetani; 

furthermore,, the majority of rabbit masseter motor units can be considered as being 

fatiguee resistant (Kwa and Van Eijden, 2000). 

Actionn potential duration was relatively short (approximately 5 ms) in 

comparisonn with reports from the literature (approximately 10-20 ms; Kaiser and 

Petersen,, 1965; Falck et al., 1995; Dumttru and King, 1999). As the duration of the 

actionn potential is related to the length of the muscle fibers (see above), a possible 

explanationn for this short duration could be the relatively short muscle fibers of the 

rabbitt masseter (<6-8 mm; Langenbach and Weijs, 1990). A number of studies have 

shownn that stretching of muscle fibers results in a decrease of the conduction 

velocityy of the action potentials (Hakansson, 1956; Morimoto, 1986). This decrease 

iss generally attributed to the decrease in fiber diameter that results from stretching. 

Wee found that during jaw opening anteriorly located units showed a larger increase 

inn the duration of the action potential than more posteriorly located motor units. This 

differencee can probably be ascribed to a larger stretching of the anteriorly located 

units,, which were further away from the axis of open/close rotation. 

AA change of action potential shape has been reported earlier for motor units 

inn the human masseter during jaw opening (Miles et al., 1986). In contrast to the 

presentt results, however, these changes revealed no consistent pattern. Stephens 

etet al. (1975) reported a progressive decrease of peak to peak amplitude with an 

increasee of muscle length of cat medial gastrocnemius motor units. Such a decrease 

wass not found in the present study. 

Itt can be concluded that the waveform of the action potential of masseter 

motorr units is correlated to the magnitude and contraction time of motor unit twitch 

force.. Hence, motor unit action potentials can be used to obtain information about 

individuall motor unit functional properties. However, the waveform of the action 

potentiall changed with muscle length and this may confound attempts to make 

interferencess about these functional properties. 
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