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Evidence for functional partitioning of the rabbit digastric muscle
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ABSTRACT

The rabbit digastric muscle has a single belly that opens and retracts the mandible. It does not contain connective tissue partitions, and all fibers arise from the same tendon and insert into a single broad site. Historically, it was assumed that the muscle  functioned as a single unit. Since we had preliminary evidence that this might not be the case, we carried out five small studies in rabbits. First, we showed that electromyographic (EMG) activity varies between recording sites within the muscle during the masticatory cycle induced by repetitive stimulation of the sensorimotor cortex. We found that the caudal region of the muscle could become active before the anterior region during mastication when the jaw swung to the side of the muscle, but the two regions became active at the same time during other patterns. We showed that separate branches of the mylohyoid nerve enter the anterior, intermediate and caudal regions of the digastric but the endplate distribution forms a continuous sheet. We then stimulated single nerve branches to deplete glycogen. By comparing the optical density of fibers labeled by the Periodic Acid-Schiff method for glycogen, we were able to show that the three branches innervate separate regions of the muscle. Finally, we applied either FluoroGold or Fast Blue dyes to the central cut ends of the branches to label the cell bodies of the three pools of motoneurons. Labeled neurons were detected within the middle and caudal thirds of the trigeminal motor nucleus, but there appeared to be no spatial separation of the three pools. 
We conclude that the digastric muscle contains two and possible three functional compartments. The fact that the motoneurons are intermingled suggests that the distribution of motor commands to the three pools is not based on their location.

ABBREVIATIONS

CMA
cortical masticatory area
EMG
electromyography

HOR
horizontal jaw position

HRP
horseradish peroxidase

LDIG ANT
left digastric, anterior region

LDIG LAT
left digastric, lateral region

LDIG MID
left digastric, middle region
LDIG POST
left digastric, posterior region

LMED PTERY
left medial pterygoid

LSMA ANT
left superficial masseter, anterior region

LSMA POST
left superficial masseter, posterior region
Nvmot
trigeminal motor nucleus

PAS
Periodic Acid-Schiff

RDIG ANT
right digastric, anterior region

RDIG LAT
right digastric, lateral region

VERT
vertical jaw position
INTRODUCTION

The digastric muscle of humans, monkeys and rodents is composed of two bellies, anterior and posterior, that are separated by an intermediate tendon that passes through a fascial sling attached to the hyoid bone.  In these species, the muscle acts as a depressor of the mandible and as an elevator of the hyoid bone.  In the guinea pig, the intermediate tendon does not attach to the hyoid bone (Lev Tov and Tal 1987), while in carnivores there is no intermediate tendon between the two bellies, although they are separated by a fascial layer (Gaspard, 1971). The anterior belly of the digastric is innervated by a branch of trigeminal nerve (mylohyoid), while the facial nerve innervates the posterior belly.

In contrast to most higher mammalian species, the digastric muscle of a few animals, such as the tenrec and honey possum (Oron and Compton 1985; Rosenberg and Richardson, 1995) and the rabbit (Barone et al, 1973), have only a single belly.  In the rabbit, the origin of all fibers is a tendon attached to the paracondylaris of the occipital bone and all fibers insert into a single region of the anterior mandible, giving the impression that it functions as a single unit.  However, we had observed in some earlier experiments that the electromyographic activity (EMG) of the digastric seemed to vary from site to site during mastication.  Therefore, we decided to examine the regional EMG of the digastric muscle during mastication, and carry out some anatomical studies to see of the muscle could be subdivided into functional compartments.

MATERIALS AND METHODS
Adult New Zealand rabbits (2.0-3.5 kg; Charles River Canada) were used in this study. They were tranquilized with acepromazine (10 mg/kg intramuscularly; Atravet, Ayerst, Canada) 1 hour prior to anesthesia and xylazine (5 mg/kg intramuscularly; Rompun, Bayer, Canada) 15 minutes prior to anesthesia. An intravenous drip of 5% glucose was slowly infused into an ear vain.  A tracheotomy was performed to allow undisturbed spontaneous ventilation.  All procedures were approved by the institutional animal care committee and were done according to Canadian MRC guidelines for care and use of laboratory animals.  All animals were killed with an overdose of urethane or pentobarbital.

EMG Studies

Four rabbits were used in this study.  They were anesthetized by isofluorane in a gas mixture (1:1) of O2 and N2O during surgery.  Prior to EMG recording, the isofluorane was replaced by urethane (1.5 g/ml; 0.2 ml  IV initial dose, then approximately 0.2 ml/hr).  Bipolar wire electromyographic (EMG) electrodes were implanted into the digastric muscle of both sides (up to four on each side in the posterior, posterolateral, anteromedial and anterior regions) and an incandescent filament was attached to the mental symphysis to enable measurement of mandibular movements in the vertical and horizontal planes by light-sensitive position transducers (see Lund et al, 1984 for more details).  The head of the animal was fixed in a stereotaxic apparatus, and the sensorimotor cerebral cortex was exposed on both sides by craniotomy.  A concentric bipolar stimulating electrode was lowered into the cortical masticatory area (CMA) and its position was adjusted until mastication could be evoked by repetitive electrical stimulation (50 Hz, 0.5 ms; 9-30 V).  A series of masticatory cycles (10-25 seconds duration) were induced at 2 minute intervals.  The cortical electrode was moved from site to site so that several patterns of mastication could be induced (see Lavigne et al., 1987).  Both EMG and mandibular movements were amplified (bandpass 10-3000 Hz) and recorded at an acquisition rate of 10 kHz/channel and stored on disc for further analysis.
Anatomical Partitioning and Nerve Branching Pattern

Four digastric muscles were carefully removed from two of the rabbits used in the EMG studies and fixed in buffered 4% paraformaldehyde. These muscles were examined and drawn, and the primary nerve branches were identified and traced back to the nerve trunk.  The primary nerve branches were also followed into the muscle to determine the destination of the terminal branches.

Endplate Localization and Reconstruction

The four digastric muscles from the remaining two rabbits used for the EMG studies were carefully separated from their attachments.  Two were processed as whole mounts while the other two were quick frozen in isopentane cooled in liquid nitrogen and sectioned in the parasagittal plane at 30 m intervals using a cryostat.  The whole mounts and sections were stained for acetylcholinesterase according to the method of Karnovsky-Roots (1964).  The endplate distribution seen on the external surface of the whole mounts was described.  Individual sections were digitized using a Hewlett-Packard desktop scanner, and then the outline of the section as well as the endplate locations were drawn and reconstructed in three-dimensions.  The x, y and z coordinates of each endplate were recorded and analyzed for clustering patterns by calculating the inter-endplate distance from each endplate to every other endplate. 

Motoneuron Labeling

Rabbits were anesthetized with pentobarbital (30 mg/kg, i.v.) and supplemented with ketamine hydrochloride as needed during surgery conducted under sterile conditions.  Each of the three primary nerve branches to the digastric was isolated from the surrounding tissues and two of the branches were cut and were placed on parafilm.  The central ends were labeled using either FluoroGold or Fast Blue dyes for one hour (see Saad, et al, 1997 for details).  Each cut nerve was then rinsed and the surgical site was closed.  After seven days, each rabbit was anesthetized using pentobarbital and the brainstem was recovered from each rabbit after transcardial perfusion of cooled (4(C) isotonic saline followed by cooled, buffered 4% paraformaldehyde.  Each specimen was cryoprotected by passing it through a gradient of sucrose solutions (10%, 20%, 30%), and then frozen in isopentane cooled by liquid nitrogen.  Specimens were sectioned on a cryostat, and the 30 m coronal sections were mounted on slides, dried overnight in the dark and mounted with Entellan.  Slides were stored in the dark at –20(C to preserve fluorescence.  Outlines of the specimen and the location of the FluoroGold or Fast Blue stained cells were drawn with a camera lucida and subsequently imported into Corel Draw for reconstruction.  Cells were counted only if the nuclei were also identified in the section to prevent overcounting.

Digastric Nerve Stimulation

A total of nine male rabbits was used in the glycogen depletion study:  three rabbits for each primary nerve branch.  Rabbits were anesthetized with pentobarbital, and one of the three main digastric nerve branches (anterior, middle or posterior) was freed from the surrounding tissues.  Unipolar electrodes were used to stimulate the nerve branch at 10 and 50 Hz for 60 min each (10-13 V, 1 sec train every 2 sec). This paradigm was reported to produce maximum depletion of glycogen (Hyodo, et al, 1998).  In two animals, visible contractions were evident after two hours of stimulation, so an additional stimulation at 100 Hz was carried out until there were no visible contractions (approximately 30 min).  The unstimulated contralateral digastric muscle in each rabbit served as a control.  After killing the rabbits with an overdose of pentobarbital, the digastric muscles were dissected carefully from their attachments and quick frozen in a bath of isopentane previously cooled to –80 (C using liquid nitrogen.  The muscles were embedded in OCT Compound (Miles Inc., USA), and were cut into 30 m serial sections in the coronal plane using a cryostat.  Sections were taken every 240 m and were mounted on glass slides, then stained with the Periodic Acid-Schiff (PAS) method for glycogen (Edstrom and Kugelberg 1968).



Densitometric Data Analysis

Five comparable regions (ventral, dorsal, lateral, medial and central, Fig. 1, left) were used to evaluate the regional content of glycogen in depleted and control muscles (Fig. 1, right). Within each region, the average intensity of light passing each muscle fiber was measured with an image analysis system using round window of an average of 55 pixels (Fig. 1, bottom right). The glycogen content of fibers is inversely proportional to light intensity. Histograms showing the distribution of the light intensity of fibers in comparable regions of experimental and control sections were then compared (Fig. 1, bottom left).

RESULTS
Digastric EMG Activation Patterns

As expected, all four regions of the digastric muscle fired during the jaw opening phase of mastication, and burst amplitude was greatest just before maximum opening. Jaw closing muscles began to fire at the end of the digastric bursts. Their bursts were much shorter than those of the digastrics, and the closing muscles were almost silent during the whole of the jaw opening phase.  Figure 2 compares activity in the middle and posterior regions of the digastric with that in the jaw closing muscles on the left side.  Note that there is no evidence that the digastric records are being contaminated by activity in the medial pterygoid, which is just adjacent to the lateral border of the digastric. In this record, activity seems to be synchronous in the two parts of the left digastric. Another example of synchronous activity  is seen  in Fig. 3 (bottom). These records were taken during stimulation of a CMA site that produced a pattern with about 2 mm of movement to the left (Fig. 3, bottom right). Both regions of the digastric were recruited at the same time and the bursts were very similar in shape.  Note that the left digastric became active well before the right. However, when the CMA site was changed to produce movements with a strong right lateral component, the right digastric became active before the left (Fig. 3, top). Most importantly, the right lateral region of the digastric was recruited approximately 100 ms earlier than the anterior region of the digastric. We made similar findings in 3 of the 4 rabbits. Later, we showed that the lateral fibers are innervated by the posterior primary nerve.
Anatomy and Nerve Branching Pattern

Close to its origin on the paracondylaris of the occipital bone, the tendon is round and thin, but it then forms a broad aponeurosis that runs along the medial side of the muscle (Fig. 4A-B).  All the muscle fibers originate from the aponeurosis and all insert  into the digastric fossa located on the medial side of the mandible at a position posterior and lateral to the symphysis.  The fibers that originate from the most posterior part of the aponeurosis insert into the most posterolateral region of the digastric fossa, while the fibers that insert closest to the midline arise from the medial and anterior region of the aponeurosis (Fig. 4C).  The orientation of the muscle fibers varied from medial to lateral with the medial fibers nearly parallel to the midline while the lateral fibers were more oblique with a posterior and lateral orientation from insertion to origin (Fig. 4A-C, arrows).
 
We found three primary nerve branches that arose from the mylohyoid nerve. The most proximal branch (posterior) innervated the posterior region of the digastric (Fig 4D).  On entering the muscle, it divided into several small branches.  A few millimeters more distal down the nerve trunk, two more primary branches split off (middle and anterior). These branches innervated the middle and anterior regions of the muscle.  Each of these primary branches divided into secondary dorsal and ventral branches that later penetrated the muscle and divided.
Location of endplates

A single zone of endplates was seen to circle the whole-mounted specimens approximately halfway between the tendon of origin and the area of insertion (Fig. 4B, 4E ).  The three-dimensional reconstruction of the location of the endplates that was made from the series of parasagittal sections showed that the endplates form a U-shaped sheet that is parallel to the aponeurosis of origin (Fig. 4C, 4E,).  There were no breaks in this sheet to indicate the boundaries of the territories innervated by the three primary branches. Indeed, plots of inter-endplate distances showed that they were normally distributed (not shown).

Motoneuron Labeling

Neurons labeled with Fluorogold could be seen with bright yellow granules using fluorescent microscopy while Fast Blue labeled cells were uniformly blue.  Motoneurons labeled after exposure and retrograde labeling of a primary nerve branch were found to occupy the caudal two-thirds of the trigeminal motor nucleus (Nvmot) including the tail.  The spatial pattern for labeled motoneurons for each primary nerve were nearly identical (Fig. 5A-C) with nearly 100% overlap of the subpopulations corresponding to the labeled primary nerve. No labeled cells were found in cell group k or facial nuclei.
Glycogen Depletion

It was apparent to the naked eye that there were areas in the sections  from  the stimulated muscle that were paler than comparable  control areas (Fig. 1). The densitometric analyses confirmed that stimulation of each of the three muscle nerve primary branches depleted muscle fibers in a distinct region of the muscle. The histograms (Fig. 6, right) give the distribution of light intensity recorded over individual muscle fibers in the central area of cross sections of the control and experimental muscle at the levels shown on the left. In this experiment, the middle branch was stimulated. There was no difference between experimental and control in the most rostral and caudal sections. However, there was a clear difference in the two middle sections, where the great majority of fibers that had been stimulated held little glycogen. 
Figure 7 shows three pictograms to illustrate the approximate territories occupied by muscle fibers innervated the three nerve branches. The posterior branch innervates fibers that arise from the posterior undersurface of the aponeurosis and which insert into the most lateral part of the digastric fossa. The anterior branch innervated the anteromedial fibers, with the middle branch supplying the fibers of the central region. 
DISCUSSION
The results of the present experiments support the suggestion that the digastric muscle of rabbits contains at least two and perhaps three functional compartments that are innervated by separate branches of the mylohyoid nerve. They are consistent with  the hypothesis that the compartments of vertebrate muscles are organized around the primary nerve branches (English and Letbetter, 1982).

Humans and most animals that are studied in the laboratory have digastric muscles with two bellies connected by an intermediate tendon, or by a tendinous inscription, We found no connective tissue divisions within the rabbit digastric, and the endplates were unimodally distributed. We were able to show that the muscle is innervated only by the Vth nerve. Even the most posterior of the three primary branches came from the mylohyoid nerve, not from one of the branches of the VIIth nerve, as assumed by Baisden et al. (1987).
The digastrics open and retract the mandible in rabbits, and also contribute to lateral movements. Weijs and Muhl (1987) stated that the muscle contralateral to the direction of the lateral movement during the opening phase of mastication become active before the ipsilateral muscle. This is contrary to our results, which showed clearly that during relatively wide lateral movements, all parts of the digastric on the ipsilateral side became active before any part of the contralateral muscle.
Our EMG results also suggests that digastric motoneuron subpopulations can be controlled independently during mastication, like some of the subpopulations of masseter motoneurons (Weijs and Dantuma, 1981; Herring, et al., 1979; Herring, et al., 1991). However, activity does seem to begin synchronously in all parts of the muscle when the jaw opens vertically. The amplitude of the interference pattern rises gradually in the first half of the bursts, and these are of similar shape at all digastric electrode sites. This gives the impression that the whole muscle is functioning as a unit, with motoneurons being recruited from a single pool according the Henneman’s size principle (Henneman, et al., 1965). On the other hand, when opening included a strong swing, the ipsilateral burst recorded from fibers in the posterolateral part of the muscle sometimes preceded activity in anteromedial fibers by 100 ms or more. We believe that this occurs because the posterolateral muscle fibers are laterally inclined, while those on the medial part run parallel to the midline. Thus, earlier activation of the ipsilateral posterolateral fibers, particularly when accompanied by delayed activation of the contralateral digastric, as in Figure 3, assures a wide lateral swing during opening. It is interesting to note that Lev-Tov and Tal (1987) found that the activity of the posterior belly in the guinea pig became active before the anterior.

One can never be certain that EMG electrodes are not capturing activity from surrounding muscles, even when the wires have been carefully placed. However, it is very unlikely that our digastric EMG records were heavily contaminated by adjacent jaw closing muscles, because activity in all parts of the digastric was at its lowest when the busts in the medial pterygoid and masseter were highest.  We did not record from the other suprahyoid muscles, or those of the tongue, but previous findings suggest that it is unlikely that our digastric electrodes captured their activity. Weijs and Muhl (1987) compared patterns of activity in the digastric, geniohyoid and genioglossus muscles of rabbits during mastication. Like us, they found that the digastrics showed single bursts of activity that began at low amplitude and reached a peak just before maximum opening. The genioglossus and geniohyoid muscles fired two and sometimes three bursts per cycle: the first before the digastrics became strongly active, the other during jaw closure. The fact that our digastric EMG bursts ended before or just after jaw closing began suggests that we were not recording cross-talk from the largest and closest of the suprahyoid and extrinsic tongue muscles.
The results of the retrograde tracing studies support our observation that the three primary muscle branches arise from the trigeminal nerve because almost all the labeled motoneurons were found within the caudal two-thirds of NVmot, including the tail (pars α of Meesen and Olszewski, 1949).  This distribution is very similar to that described by Matsuda et al., (1979) and Donga et al. (1992) in rabbits. The same region innervates the anterior belly in other species (Mizuno et al., 1975, Batini et al., 1976; Uemura-Sumi et al., 1982;Yoshida et al., 1983; Lev Tol and Tal, 1987). A few labeled motoneurons were scattered outside the boundaries of Nvmot, but none were in the region of VIIth nucleus, or in the accessory VIIth nucleus that contains the motoneurons of the posterior belly in most species studied (Szentagotai, 1949; Mizuno et al, 1975; Uemura-Sumi et al., 1982; Yoshida et al., 1983; Lev-Tov and Tal, 1987). In this study we did not find labeled neurons in cell group k, as was previously reported by Donga et al, (1992). The best explanation of this difference is the fact that few cell group k neurons supply the digastric, and most of them label very weakly  (Donga et al, 1992). We only labeled individual branches, while Donga et al applied label to groups of branches, or injected HRP into the whole muscle. 

Baisden et al. (1985; 1987) injected HRP directly into the rabbit digastric. This was transported to motoneurons within the body of NVmot and also in pars α, which they called the retrotrigeminal nucleus. However, Baisden et al. (1985; 1987) also found labeled neurons in the intermediate subnucleus of the VIIth nucleus, while we, Matsuda et al (1979) and Donga et al, (1992) did not. We suggest that this difference could be due to leakage of HRP from the posterior region of the digastric into other muscles innervated by VII, such as the stylohyoid.

The populations of motoneurons supplying whole muscles are spatially organized within NVmot (Szentagotai, 1949; Mizuno et al, 1975; 1980; Matsuda et al, 1978), as they often are in the spinal cord. However, there is no evidence that a similar rule governs the subpopulations of motoneurons that form the separate primary nerve branches. In the spinal cord, some separation of motoneuron pools supplying different parts of the gastrocnemius and trapezius have been found (Vanner and Rose, 1984; Weeks and English, 1985), but subpopulations of complex muscles like those in the neck, the diaphragm and sartorius are intermingled, even those subpopulations that leave by different ventral roots (Gordon and Richmond, 1990; 1991; Gordon et al., 1991).
The masseter muscle contains 13 anatomically distinct compartments, and 14 primary nerve branches (Widmer et al, 1997). However, the motoneurons supplying them seem to occupy a common volume within NVmot (Saad et al., 1997). Therefore, we were not surprised to find that the digastric motoneuron subpopulations occupied the same volume within NVmot.

We conclude that the simple unipennate rabbit digastric muscle contains three neuromuscular compartments, and that at least two can be independently activated during mastication.

FIGURE LEGENDS
Fig.1.

Analysis of muscle fiber glycogen content. Muscles were frozen and cut into 30µm serial sections in the coronal plane. These were stained with the Periodic Acid-Schiff (PAS) method for glycogen. Five comparable regions within each muscle section (ventral, dorsal, lateral, medial and central) were used for densitometry. Within each region, the average intensity of light passing each muscle fiber was measured with an image analysis system using round window of an average of 55 pixels. The mean light intensity per fiber in comparable regions of experimental and control sections were then compared.
Fig.2
EMG activity and jaw movements induced by repetitive stimulation of the right sensorimotor cortex.
Fig. 3
EMG activity and jaw movements during  jaw movements induced by repetitive stimulation of the left (top) and right (bottom) sensorimotor cortex.
 On the left side, EMGs and vertical movements are shown. On the right, the envelope of movement of the mental symphysis in the coronal plane is shown. Several cycles are superimposed.
Fig 4 
A photograph of the left digastric muscle is shown from a medial view (A), along with a drawing to show the aponeurosis and endplates (B).  A representative parasagittal section through the muscle shows the muscle fibers and their stained endplates (C). The muscle fibers on the medial side are oriented approximately parallel to the midline (large arrows) while the posterior fibers have a posterior and dorsal orientation (small arrows).  The drawing in the lateral view (D) shows the continuation of the endplates around the muscle and the three primary muscle nerve branches: anterior, middle and posterior. A 3D reconstruction of the endplates within the digastric (E) shows that they form a U-shaped sheet with the apex towards the tendon.
Fig 5 
Reconstructions showing the distribution of the digastric motoneurons supplying the anterior (red), middle (blue) and posterior (yellow) within the brainstem in the coronal (A,B) and sagittal plane (C). Scale bar is 900 m for A and 300 m for B and C.
Fig.6
Diagram of the muscle showing the middle nerve branch that was stimulated to deplete glycogen on the experimental side. The intensity of light transmitted through single fibers in the central region of sections taken at four levels in the control and stimulated muscles is compared in the four histograms on the right.

Fig.7
Diagrams showing the territories innervated by the three primary nerve branches.
REFERENCES
Baisden RH, Woodruff ML, Whittington DL, Benson AE (1985), The motor innervation of the single-bellied digastric muscle in the rabbit: a retrograde horseradish peroxidase study, Neurosci.Lett. 56: 129-136


Baisden RH, Woodruff ML, Whittington DL, Baker DC, Benson AE (1987), Cells of origin of the branches of the facial nerve: a retrograde HRP study in the rabbit, Am.J.Anat. 178: 175-184


Barker D, Scott JJ, Stacey MJ (1992), A study of glycogen depletion and the fibre-type composition of cat skeleto-fusimotor units, J.Physiol (Lond) 450: 565-579

Barone (1973), Anatomy of the New Zealand rabbit. Masson, Paris.

Batini C, Buisseret-Delmas C, Corvisier J (1976), Horseradish peroxidase localization of masticatory muscle motoneurons in cat, J.Physiol (Paris) 72: 301-309


Donga R, Dubuc R, Kolta A, Lund JP (1992), Evidence that the masticatory muscles receive a direct innervation from cell group k in the rabbit, Neuroscience 49: 951-961


Edstrom L, Kugelberg E (1968), Histochemical composition, distribution of fibres and fatiguability of single motor units. Anterior tibial muscle of the rat, J.Neurol.Neurosurg.Psychiatry 31: 424-433


Gaspard M (1971), Present trends of investigation on masticatory musculature., Sci.Rech.Odontostomatol. 15-29

Gordon,D.C., Richmond,F.J.R. (1990), Topography in the phrenic motoneuron nucleus demonstrated by retrograde multiple-labelling techniques, J. Comp. Neurol., 292: 424-434

Gordon,D.C., Richmond,F.J.R. (1991), Distribution of motoneurons supplying dorsal suboccipital and intervertebral muscles in the cat neck, J. Comp. Neurol., 304: 343-356

Gordon,D.C., Loeb,G.E., Richmond,F.J.R. (1991) Distribution of motoneurons supplying cat sartorius and tensor fasciae latae, demonstrated by retrograde multiple-labelling methods, J. Comp. Neurol., 304: 357-372

Henneman,E., Somjen,G., Carpenter,D. (1965), Functional significance of cell size in spinal motoneurons, J Neurophysiol., 28: 560-580

Herring,S.W., Grimm,A.F., Grimm,B.R.(1979), Functional heterogeneity in a multipinnate muscle, Am. J. Anat., 154: 563-576

Herring,S.W., Anapol,F.C., Wineski,L.E. (1991), Motor-unit territories in the masseter muscle of infant pigs, Archs Oral Biol., 36: 867-873

Hyodo M, Aibara R, Kawakita S, Yumoto E (1998), Histochemical study of the canine inferior pharyngeal constrictor muscle: implications for its function, Acta Otolaryngol. 118: 272-279

Karnovsky MJ, Roots L. (1964). A direct coloring thiocholin method for acetylcholinesterases. J Histochem Cytochem 12: 219-221.

Lavigne G, Kim JS, Valiquette C, Lund JP (1987), Evidence that periodontal pressoreceptors provide positive feedback to jaw closing muscles during mastication, J Neurophysiol., 58: 342-58


Lev-Tov A, Tal M (1987), The organization and activity patterns of the anterior and posterior heads of the guinea pig digastric muscle,  J.Neurophysiol. 58: 496-509

Lund JP, Sasamoto K, Murakami T, Olsson KA (1984), Analysis of rhythmical jaw movements produced by electrical stimulation of motor-sensory cortex of rabbits, J.Neurophysiol. 52: 1014-1029


Matsuda K (1979), [Localization of motoneurons innervating the masticatory muscles: a comparative anatomical study by the HRP method. I. Trigeminal motor nucleus (author's transl)], Hiroshima Daigaku Shigaku.Zasshi 11: 72-84

Meessen H, Olszewski J (1949), Cytoarchitektonischer Atlas des Rautenhirms des Kaninchens. S. Karger, Basel.

Mizuno N, Konishi A, Sato M (1975), Localization of masticatory motoneurons in the cat and rat by means of retrograde axonal transport of horseradish peroxidase, J.Comp Neurol. 164: 105-115


Oron U, Crompton AW (1985), A cineradiographic and electromyographic study of mastication in Tenrec ecaudatus, J.Morphol. 185: 155-182

Rosenberg HI, Richardson KC (1995) Cephalic morphology of the honey possum, Tarsipes rostratus (Marsupialia: Tarsipedidae); an obligate nectarivore, J Morphol. 223: 303-23

Saad M, Dubuc R, Widmer CG, Westberg KG, Lund JP (1997), Anatomical organization of efferent neurons innervating various regions of the rabbit masseter muscle, J.Comp Neurol. 383: 428-438


Stalberg E, Eriksson PO (1987), A scanning electromyographic study of the topography of human masseter single motor units, Arch.Oral Biol. 32: 793-797

Szentagothai, J. (1949), Functional representation in the motor trigeminal nucleus, J. Comp. Neurol., 90: 111-120

Uemura-Sumi M, Takahashi O, Matsushima R, Takata M, Yasui Y, Mizuno N (1982), Localization of masticatory motoneurons in the trigeminal motor nucleus of the guinea pig, Neurosci.Lett. 29: 219-224

Vanner SJ, Rose PK (1984), Dendritic distribution of motoneurons innervating the three heads of the trapezius muscle in the cat, J Comp Neurol. 226: 96-110

Weijs WA, Muhl ZF (1987), The effects of digastric muscle tenotomy on jaw opening in the rabbit, Arch.Oral Biol. 32: 347-353


Widmer CG, Klugman D, English AW (1997), Anatomical partitioning and nerve branching patterns in the adult rabbit masseter, Acta Anat.(Basel) 159: 222-232

Yoshida Y, Miyazaki T, Hirano M, Shin T, Kanaseki T (1983), Topographic arrangement of motoneurons innervating the suprahyoid and infrahyoid muscles. A horseradish peroxidase study in cats, Ann.Otol.Rhinol.Laryngol. 92: 259-266



