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Abstract 

The first study of Constantin von Economo on the mammalian brain was published in 1902. 

Experiments were carried out in rabbits at the Physiological Institute headed by Siegmund von Exner-

Ewarten in Vienna to investigate the central pathways of chewing and swallowing. After placing 

cortical lesions, Economo applied cortical and subcortical electrical stimulation to obtain masticatory 

movements, and tracked degenerated fibers by means of the Marchi method. He traced fibers 

through the internal capsule, ventral nucleus of the thalamus, subthalamic nucleus, substantia nigra 

and its connections with the motor nucleus of the trigeminal nerve, and nucleus solitarius. He 

suggested that the substantia nigra is responsible for coordinating alimentation movements, with the 

involvement of cranial nerves V, VII, IX and X as well. We discuss these findings in a historical and a 

modern perspective, including the concept of a central pattern generator in the pontine reticular 

formation and its interaction with the nucleus solitarius. Today we understand that mastication is a 

voluntary action controlled by motor cortical areas, by motoneurons of the trigeminal, and by a 

neural pattern generator in the pons. On the other hand, deglutition comprises ‘reflex swallowing’ 

triggered by sensory fibers of cranial nerves V, IX and X, and ‘voluntary swallowing’ which may be 

controlled by both cortical fields and subcortical areas, such as the internal capsule, the 

hypothalamus and the mesencephalic reticular formation. 
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1. Introduction 

In the present paper we revisit an early scientific publication of Constantin von Economo (1876–

1931), while he worked at the Physiological Institute headed by Siegmund von Exner-Ewarten (1846–

1926) in Vienna (Fig. 1). The paper is entitled ‘The central pathways of mastication and deglutition 

functions’ [1] and is Economo’s second scientific publication, but the first conducted on the 

mammalian brain, and the first in his capacity as a graduated physician (Fig. 2). His first scientific 

paper, from the Histological and Embryological Institute headed by Viktor von Ebner-Rofenstein 

(1842–1925) and Josef Schaffer (1861–1939), was a microscopic study of the developing pigeon and 

chick hypophysis [2], published while he was a medical student [3]. 

Economo’s publication [1, 4] is probably one of the first studies in the history of brain research 

to attempt to describe the brain centers of mastication and deglutition. According to Julius Wagner 

von Jauregg (1857–1940), Nobel Laureate in 1927, “The merits of Economo’s manner of work are 

manifest in his thoroughness, exactness, adherence to plan, complete mastery of the techniques of 

animal experimentation and microscopic anatomy, correct evaluation of findings, and a rigid logic in 

drawing his conclusions” [5]. 

The importance of this study for the subsequent intellectual development of Economo rests 

with being exposed early to the neurobiology of the substantia nigra. Subsequently he conducted 

studies on the trigeminal [6], the midbrain [7–9], and experimental chorea [7, 8, 10]. Economo’s early 

focus on the substantia nigra may have played a role in the eventual description of postencephalitic 

Parkinsonian forms, following the seminal discovery of encephalitis lethargica (von Economo disease) 

[11]. 

In brief, Economo thoroughly examined the central anatomical pathways of mastication and 

deglutition in rabbits. Three weeks after unilateral extirpations of the cortex, he traced the 

descending degenerating fibers. These passed the internal capsule and split into a dorsal and a 

ventral segment; the dorsal segment terminated in the ventral nucleus of the thalamus, and the 

ventral segment entered the pes pedunculi and terminated in the substantia nigra. This is where he 

postulated the existence of a center for mastication and deglutition, with connections to the motor 

trigeminal nucleus of both sides.  

We next provide an English translation of Economo’s paper, followed by a discussion of the main 

points in a historical and a modern context.  
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2. The Central Pathways of Mastication and Deglutition  

(English Translation of Die centralen Bahnen des Kau- und Schluckactes [1])  

by Dr. Constantin J. Economo, Assistant at the Physiological Institute  

Imperial and Royal Physiological Institute of the University of Vienna 

 

Movement combinations can be elicited by electrically stimulating various motor areas of the cerebral cortex. 

Constantin von Monakow (1853–1930) [12] wrote: “A chain of consecutive movements has never been elicited, 

with one exception, mastication; according to Charles E. Beevor (1854–1908) and Sir Victor A. H. Horsley 

(1857–1916) [13] rhythmic mastication can be elicited by cortical stimulation.” 

One year before Beevor and Horsley [13], Leopold Réthi (original name Rosenthal, 1857–1924) of the 

Physiological Institute in Vienna [14] had already conducted experiments on the cortical masticatory center in 

rabbits. He discovered that stimulation of this center not only elicits coordinated rhythmic masticatory 

movements, but triggers deglutition as well. The deglutition is neither reflexive nor elicited by the flow of 

saliva; rather, as his experiment showed, it is elicited by cortical stimulation. This interesting physiological 

finding is anatomically compatible in a remarkable way with the observations on the behavior of the cerebral 

trigeminal root of Moriz Probst (1867–1923), who found that not all its fibers travel with the trigeminal nerve, 

but some course caudally, ending up ventrally at the glossopharyngeal nucleus and the tractus solitarius [15]. 

Thus far the fibers of the trigeminal are traceable as they course parallel to glossopharyngeal fibers. Probst [15] 

hereby discovered the anatomical correlate of the automatic reflexive movements of mastication and 

deglutition. He placed the cerebral trigeminal root parallel to the tectum-anterior funiculus and the posterior 

longitudinal bundle, which also appears to control the automatic reflexive movements. Santiago Ramón y Cajal 

(1852–1934) hypothesized that the voluntary stimulation begins at the accessory nucleus of the trigeminal and 

is transmitted, through the descending root, to the neurons of the principal nucleus of the trigeminal, and 

actually through the collaterals that send descending fibers to the principal nucleus where they form an outer 

thick plexus [16]. Nevertheless, Ramón y Cajal [16] could not establish any evidence regarding a connection of 

the pyramidal pathway with the principal motor nucleus of the trigeminal with his method. However, M. P. 

Romanow [17], working in the Laboratory of Liveri O. Darkschewitz (1858–1925) at the Neurological 

Department of Kazan University, and Probst [18], using the Marchi method, located fibers originating in the 

pyramidal tract that travel partially uncrossed and partially crossed in the direction of the principal motor 

nucleus of the trigeminal. 

In view of these physiological and anatomical findings regarding the mastication center and the motor 

portion of the trigeminal, it would be interesting to trace the exact pathway that projects from the cortical 

mastication center. Réthi [14] had already replicated these findings in the cited work. Through successive slice 

extirpation of the anterior forebrain and subcortical stimulation he traced the pathway through the lower part 

of the internal capsule into the subthalamic region. The movement sequence terminated at the crus cerebri, 

and, through its stimulation, he only got a contraction of the masseter muscles. Réthi [14] concluded: “There 

exists a center (‘central organ’), under or within the optic thalamus between the fibers of the corona radiata 

and the peduncle, that functionally underpins the entire movement combination of normal alimentation, 
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following the voluntary excitation of the cerebral cortex, including masticatory movements, the muscles of the 

lips and the tongue, linked in the appropriate temporal sequence, to activate deglutition movements as a 

whole.” Eugene G. Carpenter (1858–1902) adopted a similar technique to determine the paths and centers of 

mastication [19]. He applied a less invasive suction method of anterior forebrain segments, and subsequently 

stimulated the subcortical matter toward the medial part of the internal capsule up to the anterior part of the 

crus cerebri, on the medial side of which he could trace the path. He reasoned that such a path might be 

equivalent to the frontal pontine tract. 

Based on the aforementioned studies, I decided to conduct extirpation experiments of the cortical 

masticatory center in order to trace the mastication pathway, by following the degeneration of descending 

pathways. The studies were mostly carried out in rabbits. The fields from which I was able to evoke, through 

stimulation, rhythmic masticatory movements followed by deglutition are located on the lateral facies of the 

forebrain, somewhat rostroventrally from the region of the extremities. Using a single electrical current to 

stimulate this field, it became apparent that much stronger electrical currents had to be applied to obtain 

repeated masticatory movements, just as it was established for other cortical fields to obtain the respective 

motor effect. Such movements, elicited either in this way or through stimulation with a sliding induction coil, 

were consistently bilateral. The masticatory center was consistently found at this site, whether the field was 

extirpated to a greater or lesser extent. After performing the operation unilaterally, the rabbits did not 

manifest any eating disturbance. The animals were allowed to survive for three weeks, and were then killed by 

a stab wound in the heart. Brains were processed according to the Marchi method, paying particular attention 

to obtaining as a complete set of sections as possible. If a part of the cerebral cortex, about the size of a 

pinhead, was extirpated, deglutition would clearly be evoked, even with weaker currents. On the other hand, 

such currents were no longer successful from adjacent fields. Thus one could observe the following changes in 

the preparations. 

The degenerations extend from the site of the lesion into the adjacent white matter and from here they 

reach the internal capsule. A fine tract of black product runs in the superior facies of the cerebral hemisphere 

to the superior medullary angle. The corpus callosum is free of degeneration products (Fig. 3.1). In the sections, 

in which the fibers of the anterior commissure cross the midline, degenerated fibers occupy the middle of the 

internal capsule; in more distal sections, they move further medially and ventrally. On the other hand, in 

sections at the posterior part of the thalamus, where the peduncle begins to form, degeneration products are 

split in a dorsal (a) and a ventral (b) segment (Fig. 3.2). The dorsal segment runs in the reticular layer and can 

be traced in the external medullary lamina backwards. Along this course, fine degenerated fibers run from the 

dorsal medullary lamina to the lateral or ventral nucleus of the thalamus (as designated by Kölliker and 

Monakow, respectively; Fig. 3.3), and from there they split such that, in sections at the level of the medial 

geniculate body, degenerated fibers are no longer seen. The ventral segment part of the degenerations (b) 

goes into the peduncle and arrives at the medial part of the pes pedunculi (Fig. 3.3). However, in the 

medialmost part of the pes pedunculi there is a field free of degeneration products (frontal pontine tract). This 

segment also ran in a part of the field of the motor cranial nerves in the pes pedunculi. The degeneration tracts 

are located closest to the ventral part of this section of the pes pedunculi. Here this path runs backwards up to 
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the region of the mamillary body without altering its position. At this point, in the wide and narrow developing 

pes pedunculi, degenerated fibers project dorsally and enter, through the intermedial layer, the above lying 

medial part of the substantia nigra (Fig. 3.4). None of the degenerated fibers pass this point, but they all branch 

in the substantia nigra. Degeneration products are not found further caudally; therefore, this path terminates 

in the medial part of the anterior half of the substantia nigra. In no section were degenerated fibers seen 

crossing over the midline to the contralateral side, neither in the corpus callosum nor in any other fields.  

The cortical region, where masticatory movements could be elicited after stimulation, was damaged in a 

larger area (⅓–½ cm²), such that a tract of black product could be seen crossing to the contralateral side 

through the corpus callosum. The aforementioned path continues further from the superior facies of the 

cerebral hemisphere to the superior medullary angle. From this field outwards there are degenerated fibers 

that reach the occipital lobe (fronto-occipital association bundle). The internal capsule is degenerated in a 

larger area, from which a bundle becomes separated, running medially and radiating into the anterior thalamic 

tubercle. The remaining areas of degeneration split here as well into a dorsal and a ventral segment. The dorsal 

segment runs through the reticular layer in the external medullary lamina and ends in the ventral nucleus of 

the thalamus. The ventral segment runs in the peduncle and enters the pes pedunculi, the medialmost part of 

which is also free, from here on, of degenerated fibers; a wider field, from which fibers course toward the 

subthalamic nucleus of Luys, the zona incerta, the substantia nigra and above this radiates out in the tectum. 

Degenerated fibers are also seen in the pyramidal tract. 

Apart from the findings just described, I shall also discuss those with the smallest possible extent of the 

lesion, because of their agreement with the findings of Monakow [20], who studied the alterations after 

extirpation of these brain parts in the rabbit with the Gudden method. Monakow divided the rabbit forebrain 

into four zones, the anterior e and f, and the posterior c and d. The forelimb region is inside zone c, and the 

facial region is in zone d. I hereby clearly consider these two posterior forebrain zones. After the extirpation of 

zone c Monakow [20] observed an atrophy of the respective hemispheric bundles, the anterior part of the 

internal capsule, the anterior thalamic tubercle, the medial part of the pyramidal tract, the subthalamic 

nucleus, the substantia nigra, and the mamillothalamic bundle of Félix Vicq d’Azyr (1748–1794). After 

extirpation of zone d, he saw atrophy of the corresponding hemispheric bundle in the anterior part of the 

internal capsule, the reticular layer (which Monakow includes in the ventral nucleus) and the external 

medullary layer. The extirpated part in my studies included a field that extends into the lateral part of zone c 

and the posterior part of zone d. With the exception of the mamillothalamic bundle, where I could not 

establish with certainty the degenerated fibers in many of the animals studied, these findings were right on 

one thing, i.e., in the case where a somewhat larger part of the cerebral cortex was extirpated, degenerations 

were found in all parts of the brain reliant on parts c and d. Contrarily, when the injury was very small, then the 

degeneration findings corresponded with Monakow’s extirpation in zone d and the degeneration of the medial 

part of the peduncle reliant on zone c and the substantia nigra. Also, in those cases with the smallest injury, it is 

of special importance to mention that I clearly find two descending tracts of degenerated fibers, one that runs 

from here to the reticular layer and the ventral thalamic nucleus, and another that runs through the medial part 

of the peduncle and ends in the substantia nigra.  
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At this point, to identify which of those two paths transfers the cortical stimulus for the masticatory 

movements downwards, I additionally made use of the successive slice extirpation of the anterior part of the 

cerebrum and unipolar or bipolar stimulation of the subcortical matter. (A filament of the sliding induction 

coil’s secondary part was attached to the rabbit’s muzzle, while the other reinforced with a fine platinum 

electrode was used for stimulation.) The subcortical areas are where masticatory movements could be evoked. 

They were described as symmetrical from the corresponding brain slices and I could follow with the electrodes 

the mastication path; I could also see the degeneration under the microscope, i.e., from the cortex out through 

the hemispheric matter through the anterior part of the internal capsule ventromedially backwards into the 

peduncle. Masticatory movements could be evoked either through stimulation of the anterior tubercle, the 

ventral thalamic nucleus, the reticular layer, the external medullary lamina, as well as any other thalamic site or 

the subthalamic region. Using very weak currents, distinct successive masticatory movements could be evoked 

only through stimulation of the mentioned path, which lies in the region of the mamillary body approximately 1 

mm lateral to the medial edge of the pes pedunculi. And yet, already in the next slice that still fell in front of 

the pons, neither with weak nor with strong currents, neither in the peduncle nor in any other site of the slice, 

could mastication be evoked. This experiment was repeated many times with consistent results. From this I 

strongly conclude that the path marked with b (Fig. 3.2–3.4), traced with the method of degeneration as well as 

with electrical stimulation, is a peduncle path that leads the stimulation for the succession of the masticatory 

and swallowing movements from the cortex downwards; these — as both of the methods applied consistently 

demonstrate — end and also branch in the medial part of the anterior half of the substantia nigra. This is where 

the postulated cerebral center of voluntary excitation is found. Here lies the function to produce the movement 

combination of normal alimentation as a whole. 

The reason why Réthi [14] thought that this center must be located below or within the thalamus is that, 

with the method he used, i.e. slice extirpation of the anterior forebrain and medullary stimulation, he cut off 

slightly thicker sections. He was able to trace the mastication path through the internal capsule to the 

subthalamic region, but his next slice had obviously already fallen posteriorly to the middle of the substantia 

nigra, and thus he could no more evoke masticatory movements through stimulation, since this path had 

already left the peduncle somewhat further proximally.  

Regarding the functional significance of the substantia nigra, much remains unknown. The available 

experimental evidence shows that a center is found in its medial part. This is where the cortical path, 

responsible for the voluntary stimulation that evokes a movement combination and succession, which is by 

itself activated as a whole, ends temporarily and changes its course. It is very possible that this center can also 

begin to function independently of the cerebral hemispheres, since animals whose cortical mastication center 

is bilaterally removed (i.e., decerebrate animals) are sooner or later capable of mastication and deglutition.  

By stimulation of the cerebral cortex as well as the lower lying parts of the described deglutition path, the 

recorded swallowing movements were consistently bilateral. The deglutition muscles consistently contracted 

bilaterally and with the same strength. Further, with unilateral stimulation of the mentioned site in the pes 

pedunculi after removal of the anterior cerebral part, i.e. after removal of the entire cerebrum including the 

corpus callosum and the largest part of the optic thalamus, movements were still bilateral. Also, it is conclusive, 
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through the microscopic examination of the descending degeneration in the case of smallest extirpations, that 

no degeneration was found in the path that runs on the other side, neither in the corpus callosum nor in any 

lower field. We must therefore assume that from each of the centers located in the substantia nigra the 

stimulation reaches bilaterally, all the way to the motor nucleus of the trigeminal. These may be the cells of 

origin of the cerebral roots on both sides. This could occur in various ways. The paths might run uncrossed from 

the substantia nigra out up to the trigeminal nuclei. Thus again the stimulation from a center in the substantia 

nigra would travel to the contralateral side and from here up to the motor trigeminal nucleus on the same side 

(Fig. 4α). Alternatively, the paths (Fig. 4β) can likewise run uncrossed up to the trigeminal, but some or other 

type of connection exists between the trigeminal nuclei of the two sides, and stimulation is directed from one 

side to the opposite. Moreover, the paths could run partially crossed and partially uncrossed (Fig. 4γ), or the 

paths could run totally crossed, but some or other type of connection might exist among the motor nuclei of 

the two sides (Fig. 4δ), so that from these paths the stimulation would again have to cross to the other side to 

reach the ipsilateral nucleus; lastly, the paths could run totally uncrossed, although I still saw an association 

among both centers of the substantia nigra (Fig. 4ε). Apart from these five patterns of connections, there are 

certainly some other possibilities, but those would be more complex.  

In order to thoroughly examine this question, i.e., which of these five patterns of connections exists in this 

case, the following experimental method should be adopted. If the paths run as indicated in α, β or γ (Fig. 4), it 

would be expected that, by sagittal scission of the whole brain in the midline and through electrical stimulation 

of the cortical mastication centers ipsilaterally, unilateral masticatory movements should be evoked, while the 

masseter muscles of the other side remain relaxed. But if the relationship was just as indicated in δ or ε (Fig. 4), 

then masticatory movements evoked by brain scission and subsequent stimulation of the cortical centers must 

be absent and so all paths responsible for the stimulation must run through the substantia nigra. These 

experiments were thus carried out in rabbits; the anesthetized animals were tracheotomized and artificially 

ventilated. The cortical mastication center was exposed and stimulated first, in order to establish its 

excitability. Subsequently, the roof of the skull over the midline was removed, whereby the scission was carried 

out with a thin Graefe knife from front to back, mostly by free hand. If the scission extended further 

backwards, then the rhomboid fossa was exposed with the method of Alois Kreidl (1864–1928) [21] — [i.e., a 

medial longitudinal section through the medulla oblongata]. Manual force was used, such that the head was 

kept in a bent position. Afterwards, dissection of the neck muscles and a midline scission of the obturator 

membrane in the occipital bone as well as the underlying part of the cerebellum was performed, and the entire 

rhomboid fossa could be assessed. There was little bleeding in the rabbits. Using a vertical position of the knife 

becomes easy with practice, so as not to deviate from the midline during the scission. After the execution of 

the scission, a small wad of cotton wool was placed in the wound, so that the electrical stimulation of the 

mastication centers would immediately follow. Naturally, it must be done quickly to avoid cooling of the brain. 

The animals endured the entire operation very well. At the conclusion of the experiment and the termination 

of the artificial respiration, all the animals were able to breathe spontaneously. After the experiment the 

animals were killed using puncture of the heart; the brains were removed in order to examine the inflicted 

injury both macroscopically and microscopically. Only the cases in which a pure scission was perfectly 
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accomplished were considered. To control for chance effects, the experiments were repeated. Fig. 5 illustrates 

four such experiments in a schematic sagittal section of the rabbit brain. 

If the scission went through the medial division from front to back up to line a (Fig. 5), such that dorsally 

the tectum was cut through, then still clear, often repetitious, bilateral masticatory movements could be 

evoked after unilateral cortical stimulation. Deglutition could be evoked bilaterally from the cerebral cortex 

when the scission extended further backwards in plane b (Fig. 5), ending dorsally 1 mm from the locus 

coeruleus, while ventrally the pons was cut through to a great extent. 

But if the section reached backwards (Fig. 5, c) over the anterior two-thirds of the rhomboid fossa, on the 

base until behind the trapezoid body, then any masticatory movement could no more be evoked by stimulation 

of the deglutition centers. Also, if the brain was divided in the midline (Fig. 5, d´–d´) dorsally from the superior 

colliculi until over the inferior fovea, and rostrally from the mamillary bodies all the way to the trapezoid body, 

then also here, by applying cortical stimulation, in spite of the preservation of the corpus callosum, where the 

cerebrum and the underlying part was intact, masticatory movements would not appear intact. Thus, the 

pathways in schemes δ or ε (Fig. 4) that emanate from the substantia nigra are totally crossed, terminating 

contralaterally in the trigeminal nucleus. Such a crossing must fall between lines b and c (Fig. 5); in the case of 

the plane of section b, the masticatory movements would still be apparent, whereas, in the case of the plane of 

section c, these could not be evoked anymore (Fig. 5). Accordingly, the crossing occurs in the pontine region. 

For the explanation of bilateral movements a connection is also necessary, either ventrally between the 

nigral centers of both sides or dorsally as in δ (Fig. 4). In the latter case one would expect that, with a medial 

division of the dorsal part of the raphé, the movements would be unilateral, but after this the stimulation 

would take place in the opposite side. The experiment was successful. After exposing the cortical mastication 

centers and the rhomboid fossa, as in the other experiments, the knife was inserted 2 mm deep into the 

midline and thus the dorsalmost part of the raphé in the rhomboid fossa was divided. By stimulation of the 

cortical mastication center, well formed repeated masticatory movements could be evoked. However, the 

opening as well as the closing of the oral cavity differs from the mandible clearly after stimulation of the 

contralateral side. Also, it could be detected that, by stimulation of the right cerebral hemisphere, the left 

masseters contracted, whereas, by stimulation of the left hemisphere, the corresponding right masseters 

contracted; at the same time, masseter muscles move only passively. It is thus accepted that the delineated 

scheme δ prevails (Fig. 4). Moreover, the paths responsible for the stimulation of mastication that originate in 

their centers in the substantia nigra totally cross in the region of the pons on their way to the contralateral 

trigeminal nucleus, and then cross again to also reach the ipsilateral nuclei.  

The route that these paths take to reach their target is hardly detected with the methods used here. It 

does not seem probable that the paths originating in the substantia nigra after the shift again enter the pes 

pedunculi, in order to further project caudally. Giovanni Mingazzini (1859–1929) observed many axons of nigral 

cells projecting into the peduncle [22]. On the contrary, Domenico Mirto (1871–1945) found that most of the 

axons there ascend up the tegmentum, while dendrites also appear to project up to the pes pedunculi, later 

turning around further dorsally, to move in the tegmentum caudally or rostrally or to divide into an ascending 

and a descending branch [23]. In my own silver impregnation studies, I only noticed a small number of nigral 
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axons projecting to the pes pedunculi. Most of them course dorsomedially toward the tegmentum. Therefore, 

the mastication path emanating from the substantia nigra must project in a dorsomedial and caudal direction. 

Furthermore, it is very likely that the mastication path just before the crossing in the pontine region makes a 

relay in cells of the reticular formation. Namely, axons of the nigral cells perhaps run dorsomedially; but there 

are no axons whatsoever coursing backwards over the raphé. 

Exactly similar connections, like those described in rabbits, are found concerning the masticatory center of 

other mammals. Beevor and Horsley [13] had similar findings in the foot of the precental gyrus in monkeys and 

obtained through stimulation a similar bilateral rhythmicity in the execution of masticatory movements. 

Wilhelm M. Wundt (1832–1920) located the center for the masseter muscles in the anterior suprasylvian gyrus 

of dogs [24]. Hermann Krause (1848–1921) evoked swallowing movements after stimulating the prefrontal 

gyrus [25]. The cortical masticatory center in the canine brain also lies in the lower part of the anterior Sylvian 

gyrus and the anterior ectosylvian gyrus, and apparently extends further anteriorly [26–28]. By unilateral 

extirpation of this field in dogs, D. Frank of Moscow observed a mild contralateral dysphagia [28]; yet, with 

bilateral operation, substantial dysphagia was present, such that animals had to be fed through a tube. 

Aleksandr V. Trapeznikoff, working at the Neuropsychiatric Clinic of Saint Petersburg, observed similar 

phenomena of lip and masticatory movements by stimulation of this field, whereas he recorded disturbances 

of mastication after extirpation of the same field [27]. At the same time, his experiments replicated this same 

field, and not Ammon’s horn as it was assumed until now. Here is located the center for taste sensation and 

tactile sensation of the tongue, also probably for the entire oral cavity. After extirpation of this field, he saw, 

using the Marchi method, degeneration all the way to the glossopharyngeal nucleus. 

In a young cat, after electrical stimulation of the cortex in the anterior end of the ectosylvian fissure, I 

noticed thrusting of the tongue and, after stimulation somewhat further upwards, masticatory movements. A 

piece half the size of a pea was extirpated from this field. No signs of dysphagia were observed postoperatively, 

which can be explained by the small size of the lesion. The cat was killed three weeks later and the brain was 

processed according to the Marchi method. The defect comprised a small field of the cortex of the third and 

fourth outer gyri in the anterior inferior end of the ectosylvian fissure. I could not detect degenerations up to 

the glossopharyngeal nucleus, as Trapeznikoff [27] described. The findings from the experiments performed 

earlier in rabbit brains are conflicting. Namely, degenerations could be traced in the internal capsule. 

Posteriorly, some degenerated fibers runs in the reticular layer and from here in the lateral part of the external 

medullary lamina. Degenerated fibers disappear in the reticular layer and in the ventral nucleus c (perhaps also 

in the ventral nucleus a) of the thalamus. Another part runs through the ventral internal capsule in the medial 

part of the cerebral peduncle, where it is traceable until the area of the substantia nigra. Here I also found 

relationships analogous to those in rabbits. 

Probst [29] bilaterally destroyed the ventral thalamic nucleus a and b and partly the medial nucleus in 

cats. Although in the masseter muscles there was nothing abnormal, the cats could not eat and had to be 

artificially fed, while deglutition was also not induced. The fact that the motor pathways were intact indicates 

that dysphagia is caused here by damage of the sensory pathways. The sensory pathways, and also all the 

pathways responsible for the taste sensation, make a relay in the ventral nucleus of the thalamus before they 



 11 

ascend to the cerebral cortex. By tracing the degenerations in the cat brain with the Marchi method, Probst 

[29] found that these run through the external medullary lamina, through the reticular layer and the internal 

capsule, out of the sigmoid gyrus, also in the coronary gyrus and in the anterior ventral part of the third and the 

fourth outer gyri. In this part of the cerebral cortex Trapeznikoff [27] also identified the locus of taste and 

tactile sensation of the organs of the mouth. This same field includes the mastication center as well. From here 

a path runs out centrally to the ventral nucleus of the thalamus, the functional importance of which remains 

unknown, and to the described mastication path downwards. We know almost exactly the cortical circuit, i.e. 

the paths over which the motor and sensory stimuli responsible for alimentation run unidirectionally from and 

to the cerebral cortex.  

The sensory stimulation that extends throughout the oral cavity and the tongue goes in the ventral 

thalamic nucleus and from here, through the external medullary lamina, the reticular layer, into the internal 

capsule, into the lateral sagittal layer until the anterior part of the third and fourth outer gyri. Next the motor 

impulse runs downwards through the internal capsule into the medial part of the pes pedunculi and in the 

substantia nigra; from here, occasionally single, occasionally double crosses to the trigeminal nucleus of both 

sides and then to the masseter muscles.  

For technical reasons, both of these described paths were precisely specified in their peripheral portion 

only up to the trigeminal. However, the stimulation of the stretch from the cerebral cortex to the substantia 

nigra conceivably controls the entire alimentation function. It was shown that paths also run from the 

substantia nigra to the muscles of the tongue, the pharynx, and so forth. The coordination and succession of all 

alimentation movements are therefore performed as a whole in the substantia nigra. Yet, it is also very 

probable that the nuclei of the nerves of the corresponding muscles (facial, hypoglossal, vagus, trigeminal) are 

involved, and thus contribute to the regular process of the overall motor coordination.  
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3. Discussion 

A masticatory pattern generator was suspected since the late 19th century [1, 14, 30]. However, 

according to Kenneth E. Byrd [31], the location of a masticatory central pattern generator in the 

brainstem was suggested later [32–34]. 

The early studies focused on the subcortical mechanisms underpinning the repetitive 

movements of the jaw and tongue rather than on the cerebral cortex. Réthi [14], Economo [1] and 

Julius Bauer (1887–1979) [35] were correct in postulating the existence of a masticatory center that 

was subcortical in nature. Prompted by their results on the generation of rhythmic jaw and tongue 

movements in response to cortical inputs, they located it in the substantia nigra.   

The results of the nigral stimulation experiments conducted by Vladimir M. Bekhterev (1857–

1927) and Petr A. Ostankoff (1867–1949) [26] and by Economo [1], which yielded rhythmic 

masticatory and swallowing movements, were later elaborated upon by Wolfhard Winkelmüller [36] 

in freely moving cats. Winkelmüller [36] concluded that the medial part of the substantia nigra is 

associated with the head and the oral area and the acts of mastication, licking, deglutition, and side-

to-side glancing, whereas the lateral part of the substantia nigra is related to the limbs and circling 

behavior [37]. Nonetheless, the studies of Frederick R. Miller (1881–1967) [38] and Horace W. 

Magoun (1907–1991) and co-workers [33] disputed the location of a masticatory center in the 

substantia nigra and instead suggested that the masticatory central pattern generator is located 

within the pontine reticular formation [31, 39].  

Since its introduction by Vittorio Marchi (1851–1908) in 1886, and for the 60 years that 

followed, the Marchi method [40] remained the only procedure available to study nervous system 

organization by demonstrating nerve fibers undergoing either Wallerian or transganglionic-type of 

degeneration [41]. As a matter of fact, in the standard vademecum on neurohistological staining 

techniques of the fin-du-siècle, Bernard Pollack (1865–1928) advised: “With the exception of 

diseases of a rather chronic progression, one may never achieve a complete and detailed 

examination, were one not to employ the two important methods of Marchi and Nissl. As far as the 

degeneration of myelin sheaths is concerned, research showed that, by using the Marchi method, 

one can obtain evidence of degeneration in instances where the Weigert method reveals nothing” 

[42]. Thus, it was only natural for Economo to adopt the Marchi as the standard method for his 

experiments.  

Having said that, it may be meaningful to keep in mind the shortcomings of that particular 

methodology and to use a relative caution in interpreting the data of the old classical studies in a 

modern perspective. One disadvantage is that the Marchi method does not show the terminal 

distribution of axons accurately, as it impregnates degenerated myelin sheaths, but not 

unmyelinated segments or axon terminals; in addition, the Marchi reaction commonly impregnates 
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normal myelin sheaths and other elements, being prone to the so-called “Marchi artefacts” [41]. The 

usefulness of the technique also varies, depending on the time after the placement of a lesion, from 

a few days to several months, profoundly confounding the results in acute versus chronic 

degenerations, and also in central (slower) versus peripheral (faster) nervous system degenerations, 

which may thus not be comparable [43].  

Modifications of the original Marchi technique became available later in 1936, aimed at 

overcoming some of its weak points [44]. The application of the Glees and Nauta-Gygax methods 

from 1946 onwards, which were modifications of the Bielschowsky silver-impregnation method, 

resolved many of the drawbacks of Marchi’s method [41]. 

The studies of Wilder G. Penfield (1891–1976) and Edwin B. Boldrey (1906–1988) [45] in humans 

indicated a certain overlap of sites in the anterolateral region of the precentral cortex that elicit 

mastication and deglutition. In anesthetized monkeys, Arthur J. Miller and James P. Bowman [46] 

showed that bipolar stimulation of the lateral and caudal surface of the precentral cortex evoked 

swallowing, either alone (posterior sites) or preceded by several masticatory-like movements (sites 

anterior to the subcentral dimple). It later became apparent that, in several mammals, the cortical 

mastication area plays a role in the voluntary modulation of mastication, but seems not to be 

essential for the initiation of mastication per se [31, 39].  

Components of mastication include cyclical mandibular elevation and depression, lateral tongue 

movements that are well coordinated, so that food would be transported to a medial position of the 

tongue in the oral cavity. Only then can food be propagated to the pharynx and pass the faucial 

pillars on its way to the upper cricopharyngeal sphincter, after having moved through the vallecular 

and piriform sinuses. In this masticatory sequence, the pharynx can either serve as a passageway for 

airflow to attain nasal resonance or serve as a partition during velopharyngeal closure to protect the 

oral cavity from nasal regurgitation. Such a swallowing sequence includes ingestion, transport and 

mastication [47]. In nonhuman mammals the mandible continues lateral and vertical “gape” cycle 

jaw movements even during feeding, an element that is essential for humans as well. One difference 

is that other mammals, unlike humans, transport food to the oropharynx prior to swallowing. 

Therefore, as Koichiro Matsuo and Jeffrey B. Palmer noted, the “fine temporal coordination of 

feeding among breathing, mastication and swallowing is essential to provide proper food nutrition 

and to prevent pulmonary aspiration” [48].  

One caveat of the “old“ extirpation and electrical stimulation techniques is that they are subject 

to misinterpretation, because of both their nonspecific actions and their local effects on the axons of 

distally located neurons [49]. Robert W. Doty (1920–2011) wrote that deglutition (or swallowing) in 

mammals “is the most complex all-or-none reflex known” [49], as it involves a precise bilateral 

sequence of excitation and inhibition, distributed from the upper cervical cord to the midbrain. 
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The deglutition center seems to be located in the medulla, bilaterally, interacting with the 

nucleus tractus solitarius and the reticular formation. It receives inputs from the precentral and 

inferior frontal gyri, the amygdaloid nucleus, the superior colliculus, and the trigeminal, 

glossopharyngeal, and vagus nerves. Its output is to the nuclei of the trigeminal, facial, and 

hypoglossal cranial nerves, and the nucleus ambiguus [50–52]. The deglution center now appears to 

consist of two parts on each side [53, 54]. The first part is located dorsally, largely or entirely within 

the nucleus tractus solitarius. The second part is located more ventrally; it receives signals from the 

dorsal center and relays them to motoneurons located in the motor nuclei of cranial nerves V, VII, 

IX−XII and in the ventral horns of the first three cervical segments of the spinal cord.  

The deglutition center controls motoneurons by a powerful, sustained depolarization 

(excitation), often preceded in hypoglossal motoneurons by a briefer hyperpolarization (inhibition). 

The excitatory control of each half center on the lower pharyngeal constrictor muscles originates 

contralaterally, whereas that for all the other muscles involved in deglutition is ipsilateral, leading to 

a ‘crossed constrictor’ arrangement [55]. Symmetry may be achieved between the medullary 

deglutition centers of the two sides via pathways present both at the level of the trapezoid body and 

posterior to the obex, since ‘unilateral swallowing’ following a partial experimental splitting of the 

brainstem in dogs, monkeys and cats can still be bilaterally coordinated to bilateral stimulation if 

these pathways remain [55].  

The interaction with elementary reflexes may obscure a conceivable orderliness in the 

recruitment of motor units by the deglutition center [56]. The nucleus tractus solitarius is probably 

the site where decoding of the afferent input occurs, while the deglutition elicited by stimulation of 

the frontal cortex [57, 58] is likely exerted via the same portal that peripheral afferents use [49].  

The deglutition pattern generator can be triggered into action by signals arising either from 

sensory nerves (‘reflex swallowing’) or from higher centers (‘voluntary swallowing’). Reflex 

swallowing can be triggered by activity of sensory nerves belonging to the trigeminal, the 

glossopharyngeal, and the superior laryngeal branch of the vagus. In the case of voluntary 

swallowing, the source of such a central drive is from the cerebral cortex; certain subcortical areas, 

including the internal capsule, the hypothalamus and the mesencephalic reticular formation, may 

also trigger or modify swallowing actions [53, 54].  

Tadaaki Sumi [59] stimulated the anterolateral cortex in anesthetized rabbits to obtain rhythmic 

mastication and deglutition movements. Most hypoglossal motor fibers discharged bursts of 

impulses in phase with the cortically-evoked rhythmic chewing, whereas stimulation of the superior 

laryngeal nerve led to an arrest of cortically-evoked rhythmic chewing. Cortically-evoked rhythmic 

chewing and swallowing movements or reflex swallowing by superior laryngeal nerve stimulation 

were inhibited when the lingual nerve was stimulated. During such an inhibition, discharge was 
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inhibited in some hypoglossal nerve fibers, and enhanced in others [60]. 

Subsequently, Sumi [61] investigated the neural control of rhythmic chewing and swallowing in 

relation to the reticular activating and inhibiting systems. Stimulation in an extensive midbrain area 

produced a diminution of rhythmic chewing, and often an arrest in the jaw-opened position. 

Stimulation at the upper pons produced an arrest of rhythmic chewing, with the jaw closed. 

Longitudinal midline splits extending from the corpus callosum to the rostral border of the superior 

colliculi did not affect the cortically-evoked rhythmic chewing and swallowing or the changes induced 

by brainstem stimulation. A short longitudinal cut at the superior colliculi eliminated the enhancing 

effect, sparing that of diminution or arrest of cortically-evoked rhythmic chewing. A similar split 

involving the lower midbrain and upper pons abolished the cortically-evoked rhythmic chewing. 

Transverse hemisection rostral to the superior colliculus eliminated cortically-evoked responses 

ipsilaterally, but left them intact contralaterally. After decerebration at the supracollicular level, the 

cortically-evoked response was abolished, but irregular chewing and swallowing persisted with 

brainstem stimulation. Midpontine transection abolished such brainstem-elicited chewing and 

swallowing, sparing reflex swallowing actions.  

The repetitive stimulation of a discrete pontine reticular area lying dorsolaterally to the superior 

olive produced long-lasting bouts of swallowing. Sumi [62] further obtained evidence for antidromic 

and orthodromic activation of frontal cortical neurons and suggested that there may be diverse 

polysynaptic corticopetal routes from the ipsilateral and contralateral pontine reticular formation in 

relation to cortico-brainstem coordination in the control of deglutition. 

Mohamed Amri and co-workers [63] studied motoneuron and interneuron responses in the 

region of the hypoglossal nucleus related to mastication and deglutition of anethetized sheep, by 

stimulating the superior laryngeal nerve, the lingual nerve, and the cortical masticatory area. They 

concluded that peripheral and cortical signals primarily converge on interneurons located in the 

reticular formation adjacent to the nucleus of the hypoglossal nerve; such interneurons mainly 

discharge during mastication or deglutition. On the other hand, hypoglossal motoneurons generally 

discharge during both mastication and deglutition, although some of them may be specifically 

dedicated to either mastication or deglutition. 

By stimulating the masticatory area of the fronto-orbital cortex, Mohamed Lamkadem and co-

workers [64] found that hypoglossal motoneurons and premotoneurons (interneurons of the ventral 

medulla near the nucleus ambiguus), as well as interneurons of the dorsal medulla (within or around 

the nucleus solitarius), which are assumed to be the core of the ‘central pattern generator’ for 

deglutition, may play a pivotal role for the reflex or fast cortical control of tongue and jaw muscles, 

and for contraction coordination during mastication-deglutition interaction. 

Ruth E. Martin and co-workers [65] applied intracortical microstimulation within the lateral 
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sensorimotor cortex of awake monkeys. They placed microelectrodes in the face primary motor 

cortex, and subsequently in cortical regions immediately rostral, lateral, and caudal to it. Deglutition 

was evoked from four cortical regions: the intracortical microstimulation-defined face primary motor 

cortex, the face primary somatosensory cortex, the region lateral and anterior to the face primary 

motor cortex corresponding to the cortical masticatory area, and an area more than 5 mm deep to 

the cortical surface, corresponding to both the white matter underlying the cortical masticatory area 

and the frontal operculum. While swallowing alone was evoked at some sites, especially in the deep 

cortical area, more frequently, it was accompanied by other orofacial responses, including rhythmic 

jaw movements. Thus, distinct cortical foci may participate in the initiation, modulation and 

integration of the mastication-deglutition synergy. 

After bilateral inactivation of the face primary motor cortex in awake monkeys, Kensuke 

Yamamura and co-workers [66] concluded that the primate face motor cortex plays a critical role in 

the regulation of mastication and further participates in the preparation for deglutition. 

Studies in anesthetized rabbits with stimulation of the cortical masticatory area on deglutition 

elicited by the superior laryngeal nerve suggest the existence of facilitatory descending pathways to 

the deglutition center from specific loci of the cortical masticatory area; in particular, stimulation of 

the posterolateral deep part of the cortical masticatory area evoked rhythmic jaw movements with a 

prominent horizontal excursion of the jaw that facilitated swallowing, whereas stimulation of the 

anteromedial shallow part evoked small circular jaw movements but did not affect swallowing [67]. 

In all, the neural mechanisms controlling mastication and deglutition emanate from centers in 

the brainstem. Moreover, these activities may be modulated both by conscious processes and by 

feedback from peripheral nerves [54].  

It might be added that yawning shares activation of the same motor nuclei of cranial nerves V, 

VII, IX−XII. Proof is also found in the observation of malformed neonates who can swallow and yawn 

without a telecephalon [68]. Eduard Gamper (1887–1938) of the Innsbruck Neurological-Psychiatric 

Clinic and the Kaiser Wilhelm Institute in Munich had described in 1926 such a case in a 3-month old 

girl, with the telencephalon missing and the diencephalon malformed (arhinencephaly with 

encephalocele) [69]. The pediatrician Werner Julius Eduard Catel and the pathologist Carl August 

Krauspe of the University of Leipzig reported the presence of the yawn-stretch act in a case of 

cerebral agenesis (meroanencephaly with meroacrania) in a 7-day old girl, where only the medulla 

and caudalmost parts of the central nervous system had formed, up to the area around the 

trigeminal nerve in the pontomesencephalic transition [70]. Thus, a yawn center may be located 

close to the brainstem respiratory and vasomotor centers, and its activation or inhibition might be 

controlled by neural elements below the telencephalon [68].  

Mastication is a voluntary action involving skeletal muscles, i.e., it can be overriden or modified 
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voluntarily. In other words, the jaw (masticatory) muscles can be voluntarily controlled by the 

cerebral motor cortex via motoneurons arising in the motor nucleus of the trigeminal. Nevertheless, 

mastication is principally controlled by a center, or neural pattern generator, in the pons, located not 

far from the trigeminal nucleus, on which it exerts a major influence [54], or even within the main 

sensory nucleus of the trigeminal [71].  

During mastication, proprioceptive information from the oral cavity is transmitted through the 

trigeminal sensory nerve to the mesencephalic trigeminal nucleus; on the other hand, 

somatosensory, general and special visceral information from the soft palate, pharynx and larynx is 

sent through the glossopharyngeal and vagus nerves to the nucleus tractus solitarius [72]. 

Mastication and deglutition are closely related. They are both driven by a central pattern 

generator in the brainstem. In mastication, the central pattern generator controls the order, duration 

and rhythm of the muscular actions. In deglutition, the pattern generator fulfils a similar function, 

but the muscular actions that it controls are sequential, rather than rhythmic [54].  
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Figure captions 

 

 

Fig. 1. Siegmund von Exner-Ewarten, left (source: www.padd.at/items/1740). Constantin von Economo, right 

[5]. 

 

 

Fig. 2. Title page of Economo’s paper on mastication and deglutition [1].  
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Fig. 3. Coronal histological sections at various levels [1]. Abbreviations: C.a., anterior commissure; Ch., optic 

chiasm; C.g.l., lateral geniculate body; C.m., mamillary body; C.q.a., superior colliculus; G.h., habenula; H, field 

H of Forel; L.m., external medullary lamina; n.l., lateral nucleus of the thalamus; n.v., ventral nucleus of the 

thalamus; p.Pd., pes pedunculi; S.n., Substantia nigra of Soemmering; St.m., stria medullaris; T.ol., olfactory 

tract; T.op., optic tract; Z.i., zona incerta; X, lesion sites in the rabbit brain. 

 

 

Fig. 4. A schematic drawing by Economo [1] showing the various hypothetical connections between the 

substantia nigra (S.n.) and the motor nucleus of the trigeminal (N.m.t.). 

 

 

Fig. 5. Schematic drawing depicting the five planes of the experimental lesions, a–a, b–b, c–c, d–d, and d´–d´ 

[1]. Abbreviations: Ch., optic chiasm; C.q.a., superior colliculus; C.q.p., inferior colliculus; P., pons; Pd., 

peduncle; S.n., Substantia nigra of Soemmering.  

 


