
Belg. J. Zool. - Volume 121 (1991) issue 2 - pages 279-294 - Brussels 1991 

( Manuscript received on 7 February 1990) 

FffiRE COMPOSITION 
OF THE MASTICATORY MUSCLES 

OF PTEROPUS GIGANTEUS (BRUNNICH, 1782) 
(MEGACHIROPTERA) 

by 

ÜREET DE GUELDRE and FRITS DE VREE 

Department of Biology, University of Antwerp (UIA), 
2610 Antwerp, Belgium 

SUMMARY 

Routine histochemistry was used to study fibre type compositiOn of the masticatory 
muscles of the frugivorous flying fox, Pteropus giganteus (BRUNNICH, 1782). Frozen sections 
were stained for alkaline- and acid-stable ATPase, NADH-tetrazolium reductase and 
a-glycerophosphate dehydrogenase, and fibres were subsequently identified as slow-twitch 
oxidative (SO), fast-twitch oxidative glycolytic (FOG) and fast-twitch glycolytic (FG). Based 
upon relative proportions of fibre types, muscles and tbeir subdivisions can be classified into 
three groups : group 1 muscles (superficial and medial temporales), containing Jess th an 10 % 
of SO fibres , group 2 muscles (superficial and deep masseter, zygomaticomandibularis, deep 
temporalis, medial pterygoid), containing 20-30 % of SO fibres, and group 3 muscles (anterior 
and posterior digastrics) , containing 30-50 % of SO fibres. Moreover, in group 3 muscles Jess 
than 5 % of the fast twitch fibres are fatigue resistant (FOG), whereas in both group 1 and 
2 muscles, about 20-30% of the fast-twitch fibres a re FOG. 

The histochemical profile of the masticatory muscles is correlated directly with their con­
traction characteristics and indirectly with their EMG patterns. 
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INTRODUCTION 

The wide range of mechanical demands imposed upon the masticatory apparatus 
of mammals is retlected in its structural and functional diversity. Despite detailed 
descriptions of the anatomy of skull and mandible, and analyses of patterns of jaw 
movements and coïncident muscle activity in a wide va riety of mammals (DE 
GUELDRE and DE VREE, 1988), relatively few studies consider the histochemical 
profile of the jaw muscles involved in chewing in their explanation of function . 
However, studies on limb muscles have indicated that fibre type distribution is 
related to contractile properties (e .g. BuRKE, 1978; CLOSE, 1972), and hence may 
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have consequences on attempts to explain the mechanics of movements and their 
neural control. 

The morphology and mechanics of the masticatory apparatus of the flying fox, 
Pteropus giganteus (DE GUELDRE and DE VREE, 1984, 1988, 1990) are adapted to 
a diet of soft fruit pulp and fruit juices . The aim of the present study was to 
investigate how this is translated in the fibre type composition of the main 
masticatory muscles. The histochemical fibre types were obtained by routine stain­
ing techniques. Isometric contraction properties of sorne muscles were also 
investigated by direct stimulation of whole muscles in vivo. 

MATERIAL AND METHODS 

Histochemistry 

Muscle biopsies were obtained from four freshly killed adult Pteropus giganteus 
(BRUNNICH, 1782) (460-500 g), obtained from a commercial dealer from India . 
Bundles were excised from the middle of the superficial and deep masseter, 
zygomaticomandibularis, superficial anterior, superficial posterior, medial and deep 
temporales, medial and lateral pterygoid, and anterior and posterior digastric 
muscles. Topography and anatomy of these muscles were described in detail pre­
viously (DE GUELDRE and DE VREE, 1988). The bundles were rapidly frozen in 
isopentane, precooled with liquid nitrogen, and subsequently stored at -70° C until 
required (within 14 days). 

From each muscle series of transverse sections (8 J.Lm) were eut in a cryostat 
(-22° C), mounted on dry slides and air-dried. Subsequent sections of each series 
were stained for one of the following enzymes (methods see DUBOWITZ, 1985) : 
alkaline-stable myofibrillar adenosine triphosphatase (mATPase) by preincubation 
for 15 minutes at pH 9.4 and incubation for 30 min (3T C), acid-stable mATPase 
by preincubation for 5 minutes at pH 4.6 or 4.35 and incubation for 45 minutes, 
reduced nicotinamide adenine dinucleotide tetrazolium reductase (NADH-TR) with 
an incubation time of 30 minutes, and menadione linked a-glycerophosphate 
dehydrogenase (a-GPD) with an incubation time of 60 minutes. 

From each series of sections, a representative field of at !east 200 fibres was 
chosen, and the numbers and positions of positively reacting fibers determined for 
each of the different enzymes. Muscle fibres were classified as slow-twitch oxidative 
(SO), fast-twitch oxidative glycolytic (FOG), and fast-twitch glycolytic (FG) (PETER 
et al., 1972). The values of table 1 represent the means (and standard deviation) of 
the four animais. However, for the posterior part of the superficial temporalis, deep 
temporalis and lateral pterygoid muscles only one sample was available. 

Contraction characteristics 

ln vivo stimulation of the medial temporalis, superficial masseter and 
zygomaticomandibularis muscles was perforrned on three specimens of Pteropus 
giganteus. The animais were anesthetized witb Ketalar (100 mg/kg, IM) and Rom-
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pun (0.4 mg/kg, IM). Deep anesthesia was maintained by further administration of 
Ketalar during the experimentas necessary. The muscles to be studied were exposed 
bi1aterally and unipo1ar stain1ess steel electrodes were inserted near their origins and 
insertions with the aid of 16-gauge hypodermic need1es. The free ends of the elec­
trodes were connected to a stimulator (Grass S48). Subsequently, the cranium of 
each animal was fixed with the occlusal plane of the upper teeth horizontally, and 
an isometric force-displacement transducer (Grass FTIO) was attached under and 
to the ventral side of the mandible in a horizontal position. 

Supramaximal single square wave stimuli (2 ms duration, 5-8 V intensity) or 
stimulus trains (1-50Hz) were applied to each muscle bilaterally. The mechanical 
response (twitch or tetanus) was recorded by means of the isometric force trans­
ducer as closing force exerted by the mandible . The signal was passed through a 
Gould D.C bridge amplifier (Mode! 13 4312 00), and finally displayed on a 
Tektronix R 5103 N storage oscilloscope and a Gould (Brush 481) multichannel 
chart recorder. The output was calibrated by 100-500 g loads. A series of muscle 
twitches, elicited by stimuli applied at a rate of 1/s, were recorded for each of dif­
ferent jaw positions, ranging from near closure, over wide open, to near closure 
again. Jaw positions were measured with dividers as the distance between the 
incisors. Tetanisation was studied in each muscle at the jaw position which gave a 
maximum twitch. 

Each experiment yielded a set of data for each muscle. Twitch duration and 
time-to-peak-tension of single twitches, as weil as peak amplitude at different jaw 
positions, were determined. Furthermore, tetanie frequency , rate of tension rise and 
peak tetanie tension were also obtained. Since the transducer measured the closing 
force of the tip of the mandible (which in fact are measurements of the outforce 
of the lever system and, hence, have no absolute meaning) tension values were 
expressed as the percentage of maximum tension, obtained at optimal jaw position 
(ANAPOL and HERRING, 1989). To allow comparisons among experiments, length 
measurements were expressed as percentages of optimal jaw position. Finally, initial 
muscle length as well as the change in muscle length during jaw opening were 
calculated indirectly for each of the jaw muscles studied from the origin-insertion 
distance with the jaws closed and the change of this distance at each of different 
jaw positions. 

RESULTS 

Histochemistry 

At !east 200 fibres are studied for each muscle. Three distinct fibre types a re 
identified in ali muscles on the basis of histochemical staining in tensities. One type 
consists of large fibres , that stain darkly for a lkaline-stable mATPase and a-GPD, 
and Iightly for NADH-TR. These histochemical characteristics are consistent with 
the fast-twitch glycolytic (FG) fibres (PETER et al., 1972). Smaller fibres with a 
strong NADH-TR and acid-stable mATPase activity, and a weak a-GPD activity 
correspond with the slow-twitch oxidative (SO) fibres . The remaining intermediate 
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sized fibres show moderate to strong NADH-TR and a-GPD, and strong alkaline­
stable mATPase activity. They conform to the fast-twitch oxydative glycolytic 
(FOG) fibres. However, as contrasted to limb muscle, the FOG fibres were not 
readily identifiable after acid preincubation at pH 4.6. 

Ali masticatory muscles of Pteropus contain a higher proportion of fast-twitch 
fibres as compared to the proportion of slow-twitch fibres (Table 1). However, the 
proportions of each fibre type differ among muscles and muscle subdivisions. Three 
groups of muscles can be distinguished. The muscles of the first group (group 1) 
mainly consist of fast-twitch fibres (more th an 90 % ), more than 60 % of which are 
of the FG type. Group 1 muscles con tain the lowest proportion of slow-twitch (SO) 
fibres (less than 10 %). To this group belong the superficial and medial temporales. 
The second group of muscles (group 2) is characterized by 20-30 % of slow-twitch 
(SO) fibres and 70-80% of fast-twitch fibres. Of the latter, 20-25 % belong to the 
FOG type and 45-55 % to the FG type. To this group belong the superficial 
anterior and deep masseter, zygomaticomandibularis, deep temporalis and medial 
pterygoid. The muscles of the third group (group 3) contain the highest proportion 
of slow-twitch (SO) fibres (more than 30 %) and the lowest proportion of fast­
twitch fibres , less than 5 % of which belong to the FOG type. The anterior and 
posterior digastric belong to this group. Two muscles cannot be classified in either 
of the three groups. The posterior part of the superficial masseter contains a lower 
proportion of slow-twitch (SO) fibres , and hence, a larger proportion of fast-twitch 
fibres, as compared to the anterior part of this muscle. On the other hand , the 
lateral pterygoid exhibits a special fibre composition. This muscle shows similar 
characteristics as the group three muscles (digastrics) in the division between slow­
and fast-twitch fibres. However, ali the fast-twitch fibres of this muscle appear to 
belong to the FOG type. 

Contraction characteristics 

Contraction characteristics are obtained from muscles representative for the 
histochemicaliy distinct group 1 (medial temporalis) and group 2 (superficial 
masseter and zygomaticomandibularis). In ali muscles studied , the twitches are fast. 
However, the twitch characteristics differ amoqg muscles. Time-to-peak-tension is 
signitïcantly different (P < 0.05) in ali muscles, being longest in the masseter 
(36.3 ± 3.8 ms) and shortest in the temporalis (2 1. 7 ± 2.4 ms) ; the zygoma tico­
mandibularis (28 .8 ± 1.25 ms) shows intermediate values . The twitch duration 
changes sim ilarly (masseter, 68.8 ± 1. 25 ms; zygomaticomandibularis, 
56.3 ± 3.8 ms; temporalis , 55 .0 ± 5.0 ms respectively), but is only signitïcantly 
longer in the masseter as compared to the other muscles. 

The length-tension relationship of single twitches in terms of gape indicates that 
the different muscles produce their maximum tension with the jaw opened; the 
associated average muscle lengths at optimum jaw position amount respectively to 
1.26 times the initial muscle length in the medial temporahs muscle, 1.22 in the 
masseter muscle, and 1.29 in the zygomaticomandibularis muscle (Fig. 1 ). The 
optimum jaw position co ïncides with the maximum jaw position observed during 



TABEL 1 

Mean percentage distribution ( ± SD) of slow-twitch oxidative (SO), fast-twitch oxidative glycoly tfc (FOG) 
and fast-twilch glycol y tic (FG) fibres in the main masticatory muscles and the ir subdivisions of Pteropus giganteus. 

Muscle so FOG FG FOG + FG FG/FOG FG/ FOG + SO 

Superficial masseter 
an teri or 28.3 ± 3.3 22.1 ± 2.1 49.5 ± 4.8 71.5 ± 3.3 2.3 ± 0.4 1.0 ± 0.2 
posterior 15.5 ± 2.9 26.3 ± 0.0 58.3 ± 3.0 84.6 ± 3.0 2.2 ± 0.1 1.4 ± 0.2 

Deep masseter 27.4 ± 4.3 18.1 ± 2.6 54.6 ± 2.3 72.6 ± 4.3 3. 1 ± 0.4 1.2 ± 0.1 
Zygomaticomandibularis 22.1 ± 2.4 22.3 ± 3.0 55.6 ± 7.2 77.9 ± 2.4 2.8 ± 1.3 1.3 ± 0.4 
Superficial temporabs 

an teri or 6.6 ± 0.7 28.0 ± 0.3 65.4 ± 0.9 93.4 ± 0.6 2.3 ± 0.1 1.9 ± 0.1 
posterior 1.3 37.2 61.4 98.6 1.6 1.6 

Media l temporalis 8.4 ± 0.0 26.8 ± 2.7 64.8 ± 2.7 91.6 ± 0.0 2.5 ± 0.3 1.9 ± 0.2 
Deep temporalis 25.4 26.8 47.9 74.7 1.8 0.9 
Medial pterygoid 27.9 ± 2.3 22 .5 ± 5.3 49 .6 ± 4.1 72.1 ± 2.3 2.4 ± 0.9 1.0 ± 0.2 
Lateral pterygoid 48.8 51.2 0.0 51.2 0.0 0.0 
Anterior digastric 31.1 ± 2.7 4.2 ± 3.0 64.7 ± 1.2 68.9 ± 2.7 23.4 ± 9.3 1.8 ± 0.1 
Po terior digastric 47 .3 ± 1.1 3.4 ± 0.6 49.4 ± 0.8 52.7 ± 1.1 15.2 ± 2.5 1.0 ± 0.0 
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F ig. 1. - Length-tension relation of iso me tric twitches elicited by stimuli at a rate of 1 Hz at increasing ( • ) or decreas­
ing (O) length (lower trace) and associated mean muscle lengths (upper trace) in medial temporalis, superficial masseter 
and zygomaticomandibularis muscles. Length is measured as the distance between the incisors and expressed as the 
percentage of optimum distance. Tension is expressed as the percentage of maximum tension obtained a t optimum jaw 
position. Mean muscle lengths at each of different jaw positions are expressed as percentages of optimum muscle length 

L0 . L1• initial muscle length (with closed jaws). 
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Fig. 2. - Frequency-tension relation of tetanie contractions elicited by stimulus trains of increasing rate at the 
optimum jaw position in medial temporalis, superficial masseter and zygomaticomandibularis muscles. Tension is 

expressed as the percentage of maximum tetanie tension. 
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Fig. 3. - Representative isometric responses to stimulus trains of increasing frequency, elicited at optimum muscle length in medial 
temporalis (A), superficial masseter (B), and zygomaticomandibularis (C). Horizontal line, 200 ms; vertical line, 100 g. 
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normal function in the masseter muscle, but is slightly below this maximum in the 
other two muscles. lt is not clear whether this is an artefact of the method used. 
Furthermore, a slight hysteresis effect is observed in ali muscles examined ; the 
measured tension is generally Jess during stepwise shortening of the muscle after 
previous lengthening of the muscle, than during lengthening itself. 

Maximum tetanie tension, elicited at the optimum muscle length, is reached at 
a frequency between 37-43 Hz (Fig. 2). This frequency coïncides with the threshold 
frequency for smooth tetanie tension in ali three muscles. The rate of tetanie tension 
rise increases with increasing frequency in the temporalis (time-to-peak tetanie ten­
sion decreases from ± 240 ms to ± 160 ms in the range from 20-45 Hz) ; in the 
masseter and zygomatir:omandibularis muscles, the time-to-peak tetanie tension 
remains ± 220 ms (Fig. 3). 

DISCUSSION 

Fibre types 

Most information obtained to date on the histochemical fibre composition of 
masticatory muscles in mammals indicates their heterogeneous nature , and reveals 
considerable variation in proportions and cross-sectional areas of each fibre type, 
both within and among species (BosLEY et al., 1972 ; CLARK and LusCHEI, 1981 ; 
GORNIAK, 1986 ; HERRTNG et al., 1979; HIIEMAE, 1971 ; HIRAIWA, 1978 ; KITA, 
1971 ; MASUDA et al., 1974 ; MAXWELL et a/. , 1979; RINGQVIST, 1974 ; RINGQVIST 
et al., 1977; SCHIAFFINO, 1974; SUZUKI, 1971 , 1977; TAYLOR, 1976 ; TAYLOR et al., 
1973). Intraspecific variation within muscles appears to be correlated with sexual 
dimorphism in craniofacial skeleton and dentition (MAXWELL et al., 1979), with dif­
ferences in age (VIGNON et al. , 1980), or with topographical differences within 
muscles (MAXWELL et al., 1979). However, interspecific variation reasonably may 
be due to differences in feeding specialisations among mammals. 

Based on the staining intensitiy for myosin ATPase, NADH-TR and a-GPD, 
three histochemical fibre types are identified in the masticatory muscles of Pteropus. 
Each of these types exhibit similar characteristics as those reported in other mam­
malian masticatory and limb muscles. Accordingly, they were here designated as 
slow-twitch oxidative (SO), fast twitch oxidative glycolytic (FOG) and fast-twitch 
glycolytic (FG) (PETER et al., 1972). The myosin ATPase acti vity is proportional to 
the intrinsic speed of contraction (BARANY, 1976). Two types of skeletal myosin 
have been described, which differ in ATPase activity. Myosin having high ATPase 
activity is a lka line-stable and acid-labi le and dominates in fast muscle fib res. 
Myosin having low ATPase activity is acid-stable and a lka line-labile and 
predominates in slow muscle fibers (BURKE et al. , 1971 ; GuTH and SAMAHA, 1969 ; 
MAXWELL et al., 1982 ; PETER et al. , 1972). T he staining intensity fo r N AD H -TR 
is indicative of the oxidative capacity of fibres and correla tes with resistance to 
fatigue (BuRKE et al. , 1971 ; PETER et al. , 1972). T he intensity for a -GPD is a 
measure of the glyco1ytic capacity of fibres (PETTE and Bü CHER, 1963) . In accord­
ance with physiologica1 and histochemical properties of single motor units (BuRKE 
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et al., 1973), it appears that FG fibres are designed for rapid, powerful, but 
unsustained contractions. FOG fibres produce a smaller amount of tension, but are 
more fatigue resistant. SO fibres are very slow, produce the smallest tension, but 
are very resistant to fatigue. 

Based upon relative proportions of fibre types, three muscle groups could be 
distinguished among the masticatory muscles of Pteropus. However, in each of 
these groups the fast-twitch muscle fibres dominate ; ali adductors contain a high 
percentage of fast-twitch fibres, ranging between 70-80 % in the masseter, but being 
greater than 90 % in the largest part of the temporalis. Pteropids are rather 
voracious animais that feed on soft fruit pulp and fruit juices. In Pteropus the chew­
ing rate is 1-2.5 cycles per second (DE GuELDRE and DE VREE, 1984). Comparison 
with data on the masticatory muscles of other mammals suggests that the propor­
tion of fast fibres in the main adductors is related to chewing rate. The latter is 
clearly a function of the masticated food, although body size may have sorne 
importance too. The masseter muscle of guinea pigs, rats and mice, which is their 
most important adductor, is composed entirely of fast-twitch fibres (MASUDA et al., 
1974 ; SCHIAFFINO, 1974; SuzuKI, 1977) ; chewing rates observed are respectively 
6/second in guinea pigs (DE VREE, 1977) and 5-7 /second in rats (THOMAS and 
PEYTON, 1983). In cats over 90 % of the fibres of their main adductor, the tem­
poralis, and of the masseter, are fast-twitch (GORNIAK, 1986; TAYLOR et al., 1973). 
As compared to guinea pigs and rats, their chewing rate is slower, being 3-3.5/ 
second (GANS and GoRNIAK, 1980). In humans (RINGQVIST, 1974 ; VIGNON et al., 
1980), macaques (CLARK and LUSCHEI, 1981 ), and pigs (1-IERRING et al., 1979 ; 
SuzuKI, 1977) the masseter contains 60-80 % of fast-twitch fibres (exception : 
MAXWELL et al., 1979); the avai1ab1e data for the temporalis show somewhat higher 
values. The chewing rate amounts 2.5-3.3/second in macaques (LuscHEI and 
GOODWIN, 1974) and 3jsecond in pigs (HERRING and SCAPINO, 1973). ln contrast, 
cattle and sheep masseter only conta in slow-twitch fibres (SuzuKI, 1971, 1977 ; 
SuzuKI and T AMA TE, 1974). Accordingly, their chewing rate is relativeley slow ( 40-
70/minute, SUZUKI, 1977). 

Muscles are not only designed to produce movement ; they are also able to 
produce large forces, which is especially important in masticating food. 
Requirements for speed and power do not necessarily exclude each other. 
Physiological evidence suggests that muscles containing a high proportion of FG 
fibres mostly combine these functions. In the human masseter muscle a positive 
correlation is found between the area of FG fibres and maximal isometric bite force 
(RINGQVIST, 1974). However, FG fibres are not fatigue resistant. A masticatory 
muscle with a high percentage of SO and FOG fibres is more likely adapted to fre­
quent and long activity. This explains why the masseter of guinea pigs, rats and 
mice is composed entirely of fast-twitch oxidative glycolytic fibres. A possible Joss 
of tension production is compensated for by an increase of muscle mass. In cattle 
and sheep, a long and sustained action, but Jess force, is required for mastication 
and rumination. Hence, the reported fibre composition (only slow-twitch fibres), as 
weil as mass of their masseter entirely fits these demands. 
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The masticatory muscles of Pteropus appear to be adapted to both speed and 
power. Speed is important after ingestion, when pieces of fruit are initially 
punctured by rapid, vigorous orthal movements of the lower jaw. On the other 
hand, power is required during the last bites of a reduction sequence, when the skin 
of the fruit pieces is forcefully crushed (DE GuELDRE and DE VREE, 1984). The tem­
poralis of Pteropus (histochemical group 1, over 90 % fast-twitch fibres) is the 
largest adductor, producing most of the bite force (DE GUELDRE and DE VREE, 
1988, 1990). Electromyography has revealed that its activity shows little variation 
in amplitude during the course of a sequence, as weil as among food types. Elec­
tromyography also indicates that its main part is only active for a short period dur­
ing the closing phase. Hence, the dominance of FG fibres in the superficial and 
medial parts of the temporalis may be correlated with requirements for both speed 
and power. In the cat, a positive correlation between the leve! and duration of 
EMG and the percentage of SO + FOG fibres , and a negative correlation with the 
percentage of FG fibres and the ratio of FG/ FOG + SO fibres has been 
demonstrated (GORNIAK, 1986). The masseter and medial pterygoid muscles of 
Pteropus (group 2, 20-30% of slow-twitch fibres) are generally active during diffent 
phases of the masticatory cycle (DE GuELDRE and DE VREE, 1988). Furthermore, 
their activity changes considerably as a function of the position of the cycle in the 
reduction sequence and as a function of food consistency. Probably, their main 
function is to add chewing force when necessary, especially early and late in the 
reduction sequence, as weil as in the early part of opening. The openers of Pteropus 
(group 3 muscles) contain high proportions of SO fibres (30-50 %). They are active 
throughout the main part of the chewing cycle, and are probably of little use in the 
production of force. Furthermore, the inverted position during feeding may account 
for their fibre composition. 

Contraction characteristics 

Some physiological parameters of muscle activity were obtained from muscles 
representative of two histochemical muscle groups. Since the tension was measured 
as closing force exerted by the mandible , the technique failed to give reliable resu.lts 
for the group 3 muscles. Hence, only the results f rom group 1 and group 2 muscles 
were presented . 

The contraction characteristics obtained by tn vivo stimula tion of whole muscle 
are supposed to be representative of the behaviour of the muscle as a who1e 
(THEXTON and HIIEMAE, 1975), especially in the range of the intensity of the applied 
stimuli (NORDSTROM and YEMM, 1974), and to produce the same pattern of length­
tension curve as does direct stimulation via the nerve (MACKENNA and TÜRKER, 
1978). The first two premises a re likely to be valid for Pteropus, since elec­
tromyography has shown that in this animal a li muscle subdivisions considered 
behave homogeneously during function (DE GUELDRE and DE VREE, 1988). The 
results thus may be assumed to represent at !east those of the predominant fibres 

The contraction properties of the jaw m uscles of Pteropus, as weil as of other 
mammals for which data are available, appear to correlate with the histochemical 
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fibre composition. In Pteropus the temporalis is faster than the masseter and 
zygomaticomandibularis, but fatigues more rapidly during tetanie contractions. In 
opossums (THEXTON and HnEMAE, 1975), rats (NORDSTROM and YEMM, 1974), 
guinea pigs (MASUDA et al., 1974), cats (MACKENNA and TÜRKER, 1978 ; TAYLOR et 
al., 1973), and macaques (MATSUNAMI and KuBOTA, 1972) the masseter, which is 
shown to contain more fast-twitch fibres, generally shows shorter twitch times as 
compared to Pteropus. In opossums and guinea pigs the temporalis is slower than 
the masseter, in cats it is faster. Tetanus frequency in the jaw muscles of Pteropus 
appears to be lower than in the rat masseter (NORDSTROM and YEMM, 1974). This 
is consistent with the fact tha t fast muscles show higher fusion frequency for tetani. 

This study indicates that in the jaw c1osers of Pteropus maximum tension is 
developed when maximum gape is approached. Hence, our results agree with those 
of ANAPOL and HERRING ( 1989), MACKENNA and TÜRKER (1978), NORDSTROM and 
YEMM (1974), and THEXTON and HIIEMAE (1975). In the mouth openers, which we 
failed to study, maximum tension is reported to be developed with near-closed 
mouths (ANAPOL and HERRING, 1989 ; ANAPOL et al. , 1987 ; MACKENNA and 
TÜRKER, 1978). The only exception thus far is the optimum gape of 23° reported 
for the digastric muscle of the opossum (THEXTON and HIIEMAE, 1975). There are 
also indications that the tension produced during lengthening is slightly larger, than 
during subsequent shortening in the muscles studied. This effect was a lso reported 
in the opossum (THEXTON and HIIEMAE, 1975). 

According to the sliding-filament theory the force-producing capacity of muscles 
is a function of sarcomere length (GORDON et al. , 1966). The effect of jaw opening 
on tension observed in whole jaw muscles may be related to changes in sarcomere 
length. Measurements of sarcomere length of masticatory muscles at different jaw 
positions confirm that in the adductors sarcomere length is significantly larger with 
the mouth open as compared to the closed position (HERRING et al. , 1979, 1984; 
HERZBERG et al., 1980; MUHL et al., 1978 ; NORDSTROM and YEMM, 1972 ; 
NORDSTROM et al., 1974 ; WEJJS and V AN DER WIELEN-DRENT, 1983). ln the abduc­
tors (digastric), sarcomere length is longer with the mouth closed (HERZBERG et al., 
1980). The longer sarcomere lengths are near the top of the ascending limb of the 
isometric length-tension relation (HERZBERG et al., 1980 ; MUHL et al. , 1978). 
Hence, study of tension production on wholç muscles is directly related to changes 
in sarcomere lengths. However, these studies also reveal regional variation in the 
effect of jaw position on sarcomere length within certain muscles (masseter) (HERR­
ING et al. , 1979 ; H ERZBERG et al. , 1980 ; NORDSTROM et al., 1974 ; WEJJS and VAN 
DER WIELEN-DRENT, 1983). The assumption that not ali fibres of a muscle reach 
their optimum at the same gape, concluded from the broad mean length-tension 
curve in certain masticatory muscles of the opossum (THEXTON and HIIEMAE, 1975), 
is consistent with these findings. However, this effect is probably only slightly pre­
sent in the muscle subdivisions of Pteropus. 

A functional interpreta tion of the length-tension relationships in the adductors 
of Pteropus is difficult. T he superficial masseter and medial temporalis muscles are 
both effective in the nearly orthal closure of the mouth during mastication ; the 
zygomaticomandibularis muscle aicls in the slight lateral deviation of the mandible 
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early in closure (DE GUELDRE and DE VREE, 1988). Electromyograms obtained dur­
ing normal feeding indicate that the muscles studied are not (superficial masseter 
muscle) or only slightly (medial temporalis and zygomaticomandibularis muscles) 
active at the optimum length measured in this study; on the contrary; in ali muscles 
maximum activity is produced with the jaws nearly closed (DE GUELDRE and DE 
VREE, 1988). Only during biting are the muscles active with the jaws open. On the 
other hand, moments around the bicondylar or vertical (the latter mainly for the 
zygomaticomandibularis muscle) axis increase during closure in ali three muscles 
(DE GuELDRE and DE VIŒE, 1990). So it is possible that the optimum muscle 
lengths near maximum gape compensate for a decreased mechanical efficiency. In 
the digastric muscle moments around the bicondylar axis are indeed largest with the 
Jaws open. 

Conclusions 

It appears that jaw muscles are able to regulate their fibre compos1t1on in 
response to the need for a certain chewing rate and force. Basic chewing rates 
observed among mammals are correlated with fibre distribution. Coincidently, 
variation in amplitude of EMG may represent a form of Joad compensation. In 
Pteropus this regulation seems to be muscle dependent (DE GUELDRE and DE VREE, 
1988, 1990). Jaw muscles with a higher proportion of oxida tive fibres seem to be 
capable to regulate their muscular activity to a larger extent. Furthermore, sar­
comere number in jaw muscles is adapted to aliow the optimum sarcomere length 
to be reached at a certain gape (Wws and VAN DER WŒLEN-DRENT, 1983). 
Possibly, this sarcomere number is regulated by active tensions at jaw positions 
where the muscle is highly active (Active Position Hypothesis, H ERRING et al. , 
1984), but muscle mechanics are probably involved also. Since it has been 
demonstrated that muscle fibre types reflect functional differences of the innervat­
ing motoneuron (HENNEMAN and ÜLSON, 1965; YELLIN, 1967), it may be suggested 
that the structural and functional heterogeneity of the mastica tory appara tus 
among mammals reflects differences in neural control. 
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