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Introduction

Voice plays an important role in human and animal communication. In combination with
body expressions, it signals needs and emotions. The first onset of voice is at the moment of
birth. Throughout life, voice changes, expressing habits and life conditions.
Voicing, vocalization and phonation are often used in exchangeable manner, but there are fine
differences. In the narrow sense, voice refers only to sound production during vocal fold
vibration. In the broad sense, voice is synonymous with speech. Information transmitted over
telecommunication links, for example, is often described as voice, including all speech
elements. Vocalization also refers to sound production, but, in this case, applicable to nonspeech or pre-speech sounding. For example, vocalization is used in animals and infants, and
for singing without words. Phonation is a technical term used to describe the physical and
physiological process of vocal fold vibration. In older usage, phonation referred to uttering of
any speech sound, but today, it is generally accepted that the sound source is the larynx when
phonation occurs (TITZE, 1994a).
The natural use of voice is for survival. Expressions of hunger and pain are mostly vocal.
Both hunger and pain cries are intense and have a quality that is difficult to ignore, evoking a
desire to assist. A use of vocalization in survival is to locate or to be located. For example, a
young animal would have difficulties to survive without vocal contact with its mother or the
rest of the conspecific group.
The role of voice in speech is indispensable. The majority of phonemes are voiced, including
all vowels, semivowels, and nasals. Most of the remaining consonants are made up of voicedunvoiced pairs, making the total phoneme set predominantly voiced. Patterns of pitch,
loudness, and duration bind syllables, phrases, and sentences. Voicing gives the rhythm and
melody of speech. In singing, the voice segments are even more emphasized.
Voice, and especially speech, reflects human personality. People could be recognized only by
their voice, which gives the information on their being, even their outward appearance. For
example, confidence may be judged on the base of speech rate, overall loudness, and absence
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of many pauses. A number of professions, such as lecturers, teachers, actors, lawyers, singers
and others, use voice as a tool of trade. Loss of voice in this people can associate with loss of
their profession. In animal kingdom, voice is also used as a distinctive tool between different
groups within the same species as well as between different species.
Another use of voice is the expression of emotions both in humans and animals. Thus,
vocalization is a complex behaviour giving a base for many functions performed by the body.

1.1

Laryngeal function in voice production

From a phonatory point of view, voice production places a peculiar demand on the larynx,
and especially on the vocal folds. The construction of the larynx is very similar in all
primates. Vocal fold tissues must vibrate and collide at rapid rates and over an extensive
period of time, acting as an energy transducer by converting aerodynamic power, generated
by the diaphragm, thoracic and abdominal musculature, into acoustic power (TITZE, 1988).
Vocal folds can vibrate in different modes. The rate of vocal fold vibration is termed
fundamental frequency (F0), and is the primary determinant of the pitch of the emitted sound.
In the vibratory regime most close to speech, a periodic output consists of a fundamental
frequency and its integer-multiple harmonics. Other vibratory regimes of the larynx include
deterministic chaos underlying screams and other irregular vocalizations. Furthermore, voice
production is influenced by subglottal and supraglottal components. Thus, subglottal pressure,
biomechanical properties of the vocal folds and supraglottal resistance and resonance are
important in phonation.
Several theories of voice production exist. The most widely accepted theory for human
phonation, and probably applicable to most other mammals as well, is the myoelasticaerodynamic theory, suggested by VAN DEN BERG (1958). According to this theory, the
modulation of the air stream during phonation is controlled through the interaction of the
vocal folds with an air stream that results in passive vibration of the vocal folds. The
myoelastic aspect of the phonatory control refers to the neuromuscular control of vocal fold
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tension and elasticity during phonation, and adjustment of the configuration of the glottal
aperture. The latter is essential for the driving aerodynamic force of phonation. The
aerodynamic aspect relates to the role of flow dynamics in setting vocal folds into vibration
once they are adducted. Thus, according to the myoelastic-aerodynamic theory in voice
initiation, the vocal folds adduct, forming a lightly closed or narrow channel between the
subglottic and supraglottic airways. During expiration, air pressure builds up at the level of
the glottis and pushes against the vocal folds. Sufficient air pressure pushes air through the
glottal aperture. Once air flows through the open glottal aperture, the closure of the aperture is
immediately mediated by the following forces. The Bernoulli’s effect of airflow through the
glottis generates a negative force that pulls the vocal folds medially. The elasticity of the
vocal folds acts to return the vocal fold tissue to the position held before deformed by
transglottal pressure. And finally, air passing through the glottis from the subglottis reservoir
causes a drop in subglottic pressure that decreases the driving force holding the vocal fold
tissue apart. When the vocal folds reach their approximated position and the closure of the
aperture again obstructs airflow, a new rise of sufficient subglottic pressure builds up to
deform the vocal fold tissue and to start another cycle of the opening phase. The whole
process is called a glottic cycle (JIANG et al., 2000). Neural signals to the laryngeal
musculature, carried by branches of the vagal nerve, control fundamental frequency by
varying the tension of the folds and their configuration.
In the body-cover theory the morphological structure of the vocal folds is important for the
control over phonation. Vocal fold tissues have two layers, differing by their mechanical
properties. The cover is pliable, elastic, and nonmuscular, and the body is stiff and muscular.
The effective tension of the vocal folds depends upon the interaction of the cover and the
adjustable body that is affected by muscle contraction (HIRANO, 1974; TITZE, 1994b).
Vocalization does not necessarily involve articulation. Nevertheless, all human voice
productions require configuration of the vocal tract in some degree, such as an open tract in a
vowel. The acoustic properties of vowels are explained by source-filter theory (FANT, 1960).
The source-filter theory of vocal production is based on the notion that the contributions to
speech of the laryngeal source and the vocal tract filter are clearly separable and independent.
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Sound produced in the larynx travels through the air-filled chambers of the throat, the nasal
and oral cavities before being emitted into the environment. The air contained in these
chambers has multiple natural modes of vibration or resonance frequencies at which it prefers
to vibrate. These vocal tract resonances (formants) act as filters that shape the spectrum of the
sound generated by the source (larynx) to produce an output signal that is the combination of
source and filter. Human speech depends strongly on formants. For example, in all human
languages vowels are distinguished by their formant frequencies (FITCH, 2002).
The mechanism of phonatory control usually is considered to have a linear relationship
between the input and output systems. This, however, holds, only for phonation with
harmonic structure. Phonations with a noise-like structure, such as shrieking, are determined
by nonlinear relationships. A chaos theory suggests that the dynamics of the phonatory
control network have multiple variables relating to both nonlinear interaction of linear
systems and linear interaction of nonlinear systems (TITZE et al., 1993).
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Control of voice production

Vocal utterances can be produced on different levels of complexity.

Figure 1. Hierarchical control of voice. Black circles indicate sites at which vocalization or
vocal fold adduction can be elicited by electrical stimulation. Connecting lines represent
anatomically verified direct projections. LR corresponds to the larynx representation in the
motor cortex; GC gyrus cinguli; T thalamus; H hypothalamus; A amygdala; CG central grey;
RF formatio reticularis, NA nucleus ambiguus (from PLOOG, 1988).
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The lowest level is represented by a completely genetically determined vocal reaction. An
example is an infant’s pain shrieking. There is no need for the infant to hear shrieking from
other conspecifics, in order to be able to produce it. Shrieking can be from the birth on. The
brain structures responsible for the control of such innate vocalizations are limited to the
brainstem (JÜRGENS, 1995) (Fig. 1). In anencephalic infants, who lack the whole cortex,
basal ganglia and thalamus, but have an intact brainstem, it is possible to elicit shrieking as a
reaction to painful stimuli (MONNIER & WILLIS, 1953). Permanent complete aphonia
occurs only after lower brainstem lesion (BOTEZ & BARBEAU, 1971; ESPOSITO et al.,
1999).
In elder children, innate vocalizations come under voluntary control: shrieking can be
produced in the absence of pain or suppressed in the presence of pain. Similar holds for nonhuman primates. Rhesus monkeys can be trained in a vocal operant conditioning task to
increase their vocalization rate, if vocalization is rewarded with food (SUTTON et al., 1973).
They learn also to utter one specific call type (“coo”) during the presentation of a coloured
light, utter a second call type (“bark”) during the presentation of a differently coloured light,
and refrain from vocalizing during presentation of a third stimulus light (SUTTON, 1979).
This higher level of vocal control, that is, the voluntary initiation of innate vocal patterns,
depends upon an intact anterior cingulate cortex. If this region is destroyed in the rhesus
monkeys, these animals are no more able to master a vocal operant conditioning task
(SUTTON et al., 1974). If destroyed in human patients, there is a loss of voluntary control
over emotional intonation during speaking (JÜRGENS & VON CRAMON, 1982). The
anterior cingulate cortex depends in its function upon an intact periaqueductal grey of the
midbrain. If the latter is destroyed, mutism emerges in monkey and man (JÜRGENS &
PRATT, 1979b; ESPOSITO et al., 1999).
Finally, the most complex level of vocal behaviour is human speech and song. Here, there is
not only voluntary control on the initiation, but also on the acoustic structure of the vocal
utterances. For this task, the motorcortical larynx area with its main input and output
structures is indispensable (JÜRGENS, 2002).
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Neuroanatomically, the human cortical laryngeal motor pathway is assumed to form part of
the pyramidal system. It begins in the precentral gyri of the frontal lobes, crosses the corona
radiata, and descends through the internal capsula and cerebral peduncles. At the upper border
of the medulla, some of the fibres cross to the contralateral side and synapse in the nucleus
ambiguus. The remainder synapses on the ipsilateral nucleus ambiguus. In this way, each half
of the larynx is under the control of both motorcortical centres (KUYPERS, 1958). As a
consequence of this bilateral projection, electrical stimulation of the cortical larynx area on
one side produces movements of both vocal folds (FOERSTER, 1936). The bilateral
representation of the larynx in the cortex is also the reason why unilateral cortical lesions
rarely affect laryngeal functions in man. Bilateral destructions of the laryngeal motorcortex,
however, render patients unable to speak and sing. Such patients occasionally are able to
initiate phonation, but do not succeed in voluntary modulation of the pitch, intensity, and
harmonious quality of their phonation. The only sounds that can be produced are
undifferentiated grunts, wails and laughs (ARONSON, 1980).
Monkeys lack a voluntary control of fine vocal fold movements. Accordingly, bilateral
destruction of the laryngeal motor cortex does not abolish vocalization in these animals.
Obviously, the laryngeal motorcortex serves other purposes in monkeys, such as abdominal
straining during delivery, forceful jumps, lifting of heavy weights, etc.
Higher vocal functions, such as speech and song, in contrast to simple phonation, do not show
a bilateral symmetrical representation in the cortex. By selectively inactivating the left or right
hemisphere using intra-carotid amytal injections, it has been shown that in 95% of the righthanded and 70% of left-handed people there is a left-hemisphere dominance for speech,
while, conversely, the capability to sing and to control emotional intonation shows a righthemisphere dominance in most people (SPRINGER & DEUTSCH, 1993). In left hemisphere
damages, however, control over speech functions can be substituted by the right hemisphere
to some degree.
In non-human primates, vocalization seems to be represented symmetrically in both
hemispheres (PLOOG, 1988). This has been concluded from the fact that vocalization can be
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elicited by electrical brain stimulation from left and right hemisphere with equal probability,
latency and intensity.
In monkeys, in contrast to humans, vocalization cannot be elicited from the cortical larynx
area, but from the anterior cingulate cortex. Anatomical and combined stimulation/lesioning
studies in the squirrel monkey have shown that the cingulate vocalization pathway does not
follow the course of the pyramidal system, but leaves the cortico-bulbar tract at diencephalic
level to ascend to the periaqueductal grey of the midbrain. After synapsing in this structure,
the pathway continues through the lateralmost pontine and medullary brainstem towards the
phonatory premotor neurones in the parvocellular reticular formation and nucleus
retroambiguus (JÜRGENS & PRATT, 1979 a, b). Lesions all along this pathway have been
reported to reduce vocal output. The pathway has been proposed to control vocal expression
of emotion (JÜRGENS & PRATT 1979b) and readiness to vocalize in general (JÜRGENS &
ZWIRNER, 2000).
From electrical brain stimulation experiments, it is known that stimulation of the
motorcortical larynx area produces isolated vocal fold movements. Such movements cannot
only be obtained in humans (FOERSTER, 1936), but also in non-human primates, such as the
chimpanzee (LEYTON & SHERRINGTON, 1917), rhesus monkey (HAST et al., 1974;
SUGAR et al., 1948; WALKER & GREEN, 1938) and squirrel monkey (HAST &
MILOJEVIC, 1966; JÜRGENS, 1974). In contrast, in non-primate mammals, such as the cat
and dog, the existence of an area specialized for isolated vocal fold movements has been
questioned (MILOJEVIC & HAST, 1964). For the investigation of the cortical larynx control,
primates, therefore, represent more adequate models than non-primates.
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Rhesus monkey

Macaques are among the earliest recorded experimental animals in medical research. The first
mention of the rhesus monkey in the medical literature was in a paper by BLAND-SUTTON
in 1886 in the British Gynaecological Journal. The first neurobiological contribution of the
rhesus monkey to science was made in 1889, when SHERRINGTON published his earliest
experiments on nerve tract degenerations following lesions of the cerebral cortex. The
biological interest towards the rhesus monkey then developed into many other fields of
research. The word “monkey” and “rhesus” have become almost synonymous in biomedical
literature to the extent that often the species concerned is not even mentioned by name
(VALERIO et al., 1969). JOLLY in 1966 states that the rhesus monkey “once entrenched in
the literature…was ordered as a routine for future work”. Since 1940, the rhesus monkey has
been associated with two grandiose discoveries: first that of the Rh factor by LANDSTEINER
and WIENER (1940) and second, the development of poliomyelitis vaccine in the 1950’s.

1.3.1

Classification and taxonomy

The macaques belong to the Old World monkeys (Catarrhini), which are known in primate
order by paired downwardly directed nasal openings close together, 2 premolars and anterior
upper molars with 4 cusps. The subgroup Catarrhini includes three families: 1)
Cercopithecidae, 2) Hylobatidae and 3) Hominoidae. Macaques belong to the family
Cercopithecidae. Cercopithicids are divided into two ecologically and morphologically
distinct subfamilies: Cercopithecinae, which are mostly omnivorous, have cheek pouches and
simple stomachs, and Colobinae, which are folivorous, lack cheek pouches, and have
complex stomachs. Macaques belong to the subfamily Cercopithecinae (Table 1). The name
“macaque” is the French form of the Portuguese word “macaquo”, meaning any monkey or
ape. It derives from the Congo name of some African monkey of an entirely different sort. In
1766, the French naturalist BUFFON made the mistake of supposing that a Malayan “crab-
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eater” was a “macaquo” from the Congo. The usage that he wrongly established, become now
permanently fixed (MILLER, 1931).

Table 1. Classification.
Kingdom

Animalia

Phylum

Chordata

Class

Mammalia

Order

Primates

Group

Haplorhini

Subgroup

Catarrhini

Family

Cercopithecidae

Subfamily

Cercopithecinae

Genus

Macaca

Species

Macaca mulatta

1.3.2

Geographic range, ecology and behaviour

The genus Macaca (VALERIO et al., 1969) comprises a group of closely related animals that
are widely distributed throughout central and southern east Asia, including southern China
and most of Japan (Fig. 2). The rhesus monkey probably has the greatest range of all
macaques. In Pleistocene times, the range of macaques even included much of Europe and
extended as far north as England. Because Macaca mulatta is often used for research,
breeding colonies have been established worldwide.
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Figure 2. Geographic range of Macaca mulatta (marked in pink).

Macaca mulatta lives in a wide range of habitats and shows good adaptability. Its habitats
reach from sea level to elevations of 2,500 meters, from snow to intense heat, and from neardeserts to dense forests. Some populations of Macaca mulatta have become accustomed to
living alongside humans (NOWAK, 1991).
Rhesus monkeys are omnivorous, and consume a wide variety of food including roots, herbs,
fruits, flowers, berries, grains, grass, insects, crops, and small animals. The diet varies
depending on the season. The rhesus macaque is both terrestrial and arboreal. It is a diurnal
species.
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Table 2. Vital statistics for Macaca mulatta.
Body length (male/female)

483-635 mm / 470-531 mm

Tail length (male/female)

203-305 mm / 189-284 mm

Weight (male/female)

5,5-11 kg / 4,4-11 kg

Body temperature

38.4 °C / 101.1° F

Respiration rate

30-50 breathings / min

Heart rate

100 / min.

Blood pressure

159/127

Life span

20-30 years

Photo period (light/dark)

12/12

Locomotion

quadrupedal

Food consumption

400-600 g

Water consumption

400-900 ml

Birth season

March-June

Birth weight range

330-360 g

Sexual maturity (male/female)

4.5 years / 3.5 years

Breeding life

15 years

Estrus cycle

26-28 days

Gestation period

146-180 days

Offspring

1

Chromosome diploid number

42

Rhesus monkeys, usually, live in groups of up to two hundred individuals. Populations
generally consist of a few unrelated males and many closely related females. Dominance
hierarchies exist in both sexes of Macaca mulatta. While rhesus lives in groups, they are not
territorial. Confrontations between groups are rare (NOWAK, 1991).
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Macaca mulatta is highly active and very loud. They enjoy being in water and are good
swimmers. Communication takes the form of vocalizations, facial expressions, and body
gestures. The sound-producing capabilities of the rhesus monkey are prodigious, depending
upon the social situation (Table 3).

Table 3. Rhesus monkey’s communication.
Vocal communication
Scream calls

Are given when the monkey is approached by
a non-group conspecific

Coo calls

Are given by infants when they want contact
from the mother; and by females when they
are receptive to copulations as well as during
troop movements

Copulation calls

Are given by males during copulation

Visual communication
Fear grimace

An appeasement signal to reduce aggression
in aggressive encounters

Staring with open mouth

A threat expression

Tail erect

Submission or aggressive confidence

Lipsmacking

Is used by the male to invite a female in estrus
to copulate

1. Introduction
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Larynx

The larynx as a structure is phylogenetically much older than its role as a vocal organ. The
first vertebrate larynx appeared in the lungfish of the Devonian era more than 400 million
years ago. Vocalization did not appear before the evolution of anurans, less than 250 million
years ago. Old World monkeys date back to about 45 million years, the genus Homo only to
about 2 million years. A larynx with vocal folds spread between thyroid and arytenoid
cartilages, as it is typical for primates, is only found in mammals, not in other vertebrate
classes.
The first anatomical descriptions of the larynx were made by GALEN (1500) who wrote a
textbook about the larynx called Quaderni d’Anatomica.
The vital functions of the larynx are to control the airflow during breathing; to protect the
lung from foreign substances and to enable the organism to clear the airway by coughing and
throat cleaning; to impound air in the thoracic cage, providing a rigid platform for the upper
extremities; to enable compression of the abdominal contents for defecation, micturition and
parturition; and the production of sounds.
The larynx is placed at the upper part of the air passage. It is situated between the root of the
tongue cranially and the trachea caudally, and lies ventral to the vertebral column. The larynx
of the macaque monkey occupies a relatively high position in the neck. In the normal resting
position, with the face directed forwards, the lower border of the cricoid cartilage lies at the
level of the anterior border of the fourth cervical vertebra, and the hyoid bone is opposite the
hind part of the body of the second cervical vertebra (GEIST, 1933).
The larynx of the rhesus monkey is typically mammalian in appearance.
Laryngeal cavity (Fig. 3). The cavity of the larynx is irregular in shape. It consists of three
divisions, separated from each other incompletely by horizontal transverse folds, the upper, or
ventricular fold, and the lower, or vocal fold. Between the opening of the larynx and the
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Figure 3. Longitudinal section of the macaque larynx according to Starck & Schneider (1960).

ventricular folds is the vestibule. The vestibule is connected with the superior median air-sac.
The air-sac is found at the root of the epiglottis in the mid-ventral line. It has about pea-size
and may be variable according to age and sex. The air-sac may serve as accessory lungs,
supplying additional air during expiration, and thus, increasing pressure and prolonging
vocalization. The air-sac may also serve as coupled resonator to support phonation at
particular frequencies (FITCH, 2002).
Between the ventricular and vocal folds lies the ventricle of the larynx. In contrast to
prosimians, monkeys are provided with two pairs of clearly inbending folds which are the
thickenings of the laryngeal mucosa passing parallel to the thyroarytenoid muscles and
enclosing a small space, the ventricle. The upper folds correspond to the false, or ventricular
folds in humans, but, unlike in humans, project caudally. This configuration ensures fixation
of the air within lungs, thereby producing a stable thorax for attachment of the upper
extremities during brachiation (ARONSON, 1980).
In the centre of the larynx lie the vocal folds. There is a right and left fold forming a "V"
when viewed from above. The vocal fold is a tense membranous structure, strengthened by
the vocal ligament between the thyroid lamina and the vocal process of the arytenoid
cartilage.
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The caudal compartment of the larynx is the subglottic chamber. It extends from the vocal
fold to the lower border of the cricoid cartilage, where it continues into the trachea.

Skeletal framework of the larynx (Fig. 4). The laryngeal skeleton consists of the epiglottis,
thyroid, cricoid, arytenoid, corniculate, and cuneiform cartilages.

A

B

Figure 4. Laryngeal skeleton, ventral (A) and left (B) view in the macaque monkey according to
Starck & Schneider (1960).

The epiglottis is a leaf-shaped blade of cartilage, projecting obliquely upward behind the root
of the tongue, in front of the entrance to the larynx. Cranially the tip of the epiglottis reaches
the epipharynx through a sphincter-like constrictor of the pharyngeal wall. By this mechanism
the continuity of the airway is ensured and the latter effectively sealed during the ingestion of
food.
The most prominent piece of cartilage is a shield-shaped structure called the thyroid cartilage.
On each side, it has a superior cornu and an inferior cornu, which articulates with the cricoid
cartilage. Below the cricoid cartilage are the rings of the trachea.
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Paired arytenoid cartilages ride on the cranial part of the cricoid cartilage. Each cartilage
consists of a body and three processes: a superior, muscular, and ventral one.
The corniculate cartilages are rudimentary in the macaque.
The cuneiform cartilages are L-shaped cartilages, resembling miniature arytenoids; they are
embedded in the lateral laryngeal wall.

Musculature of the larynx (Fig. 5). Movements of the larynx are controlled by two groups of
muscles: intrinsic muscles and extrinsic muscles.

A

B

C

Figure 5. Laryngeal musculature in the macaque monkey according to Starck & Schneider (1960):
lateral view (A), dorsal view (B), and lateral view on M. cricothyroideus (C): 1- M. thyrohyoideus; 2M. cricothyroideus; 3- M. sternothyroideus; 4- M. thyreopharyngeus; 5- M. interarytenoideus; 6- M.
cricoarytenoideus posterior; 7- M. cricopharyngeus; 8- M. cricoarytenoideus lateralis; 9- Arytenoid
tubercule; 10- Epiglottis; 11- Corpus ossis hyoidei; 12- Cornu hyale; 13- Cornu brachiale.

There are five intrinsic laryngeal muscles.
The thyroarytenoid muscle makes up the body of the vocal fold. Its mechanism is complex
and involves the interplay between both muscular and elastic tissues. When the muscle
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contracts, the arytenoid cartilages are moved together with the cranial part of the cricoid
lamina and the tension of the vocal folds is decreased, causing stiffening of the vocal folds.
The muscle is the antagonist of the cricothyroid muscle. Contraction of the cricothyroid
muscle produces approximation of the ventral part of the cricoid upon the thyroid; as a
consequence, arytenoids rotate dorsally, and the tension of the vocal folds is increased. The
cricothyroid muscles participate in the pitch control of phonation. Contraction of the
cricothyroid muscles, especially of the deeper oblique fibres, has a sphincter-like effect on the
larynx.
The lateral cricoarytenoid and interarytenoid muscles are the classical adductor muscles.
They rotate and tilt the arytenoid cartilages towards the midline, thus controlling the degree of
glottis closure.
The vocal folds are opened by the posterior cricoarytenoid muscle that is the only abductor
muscle of the larynx. The muscle has the reverse effect of that of the lateral cricoarytenoid
muscle. Its contraction causes rotation of the arytenoids outwards, as the muscular processes
are pulled dorsally and the ventral processes move laterally, thus inducing an increase in the
transverse diameter of the vocal aperture.
The extrinsic laryngeal muscles do not affect the movement of the vocal folds directly, but
enable changes of the larynx position within the neck. The extralaryngeal muscles connect the
larynx directly and indirectly with surrounding structures, such as the hyoid bone, sternum
and pharynx.
The thyrohyoid muscle connects the larynx with the more cranially located hyoid bone and
produces a pull on the thyroid cartilage away from the cricoid cartilage. Its function could be
to prevent dislocation of the thyroid cartilage during cricothyroid activation (KIRZINGER &
JÜRGENS, 1994b).
The sternothyroid muscle connects the larynx with the caudally lying sternum.
The cricopharyngeal and thyropharyngeal muscles of the inferior pharyngeal constrictor
connect the larynx with the posteriorly bordering lower pharynx.
There are, additionally, a number of supra- and infrahyoid muscles, such as the mm.
digastricus, geniohyoideus, mylohyoideus, stylohyoideus, omohyoideus and sternohyoideus,
determining the position of the hyoid bone and thus indirectly affect the position of larynx.
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The movements of the extrinsic laryngeal muscles are especially important for swallowing.
The extrinsic muscles stabilize the thyroid cartilage in a way that intrinsic thyroarytenoid and
cricothyroid muscles can exert their forces for vocal fold tensioning and elongation,
respectively, against the thyroid cartilage as an abutment (SONNINEN, 1956). The external
laryngeal muscles influence the length of the vocal folds and, thus can affect fundamental
frequency. This is caused by tilting of the thyroid and cricoid cartilages during contraction of
the sternothyroid, thyrohyoid and cricopharyngeal muscles, as well as by deformation of the
thyroid cartilage induced by contraction of the thyropharyngeal muscle (ZENKER &
ZENKER, 1960). By rising and lowering the larynx within the neck, the external laryngeal
muscles can also affect oro-pharyngeal resonance frequencies and influence formant structure
(FAABORG-ANDERSEN

&

VENNARD,

1964).

In

the

monkey,

however,

the

cricopharyngeal and thyropharyngeal muscles do not play an essential role in call production.
The thyrohyoid muscle is activated along with the cricothyroid during high-pitch calls.
Contraction of the sternohyoid muscle often occurs together with the thyrohyoid muscle
(KIRZINGER & JÜRGENS, 1994b) (Fig. 6).
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Figure 6. Schematic presentation of the function of the laryngeal muscles. The left column
shows the location of the cartilages and the edge of the vocal folds when the laryngeal
muscles are activated individually. The arrows indicate the direction of the force exerted. 1.
Thyroid cartilage; 2. cricoid cartilage; 3. arytenoid cartilages; 4. vocal ligament; 5. posterior
cricoarytenoid ligament; CT cricothyroid muscle; VOC vocal muscle; LCA lateral
cricoarytenoid muscle; IA interarytenoid muscle; PCA posterior cricoarytenoid muscle. The
middle column shows the view from above. The right column presents contours of the frontal
section at the middle of the membranous portion of the vocal fold. The dotted line shows a
state in which no muscle is activated (HIRANO 1981).
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Vessels and nerves of the larynx. The superior laryngeal vessels, which are the principal
source of supply and drainage of the larynx, accompany the internal branch of the superior
laryngeal nerve. The inferior laryngeal artery is quite variable in its position (GEIST, 1933).
The superior laryngeal nerve sends two branches to the larynx, the external and internal. The
cricothyroid muscle is innervated by the external branch, which leaves the brain via the
nervus vagus roots. The corresponding motoneurones in the brainstem are located in the
rostral third of the nucleus ambiguus.
The recurrent nerve innervates the remaining intrinsic laryngeal muscles. Nerve fibres leave
the brain via the nervus accessorius roots, and join the vagal nerve from the foramen jugulare
on. The corresponding motoneurones are located in the caudal two-thirds of the nucleus
ambiguus (YOSHIDA et al., 1984). The ambigual innervation is strictly ipsilateral. However,
some of the motoneurones innervate more than one muscle (GAUTHIER et al., 1980).
The extrinsic thyrohyoid and sternohyoid muscles are innervated via the ansa cervicalis by
fibres leaving the central nervous system with the nervus hypoglossus and the first cervical
spinal nerve. The motoneurones of the thyrohyoid muscle are located ventrolateral to the
caudal hypoglossal nucleus. The motoneurones of the sternohyoid muscle form a cell column
running from of the caudal pole of the nucleus hypoglossus down into the ventral horn of the
first cervical segment. The sternothyroid muscle is innervated via the first cervical spinal
nerve and ansa cervicalis. The corresponding motoneurones are located in a cell column
partially overlapping with that of the sternohyoid muscle. The column begins caudoventral to
the hypoglossal nucleus and ends in the ventral horn of the second cervical segment
(UEYAMA et al., 1988; KIRZINGER & JÜRGENS, 1994a).
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Brain

The first cytoarchitectonic delineations of the macaque’s cortex were given by BRODMANN
(1909) (Fig. 7). In some cases, Brodmann’s areas have been further subdivided, but no major
objections to his pioneering work have been upheld for long (GAREY, 1999). In the macaque
brain, the same regions as in man are found. However, in comparison with humans, the
cercopithecids have a lower number of individual fields, especially in the frontal and temporal
lobes.

A

B

Figure 7. Cytoarchitectonic cortical areas of the lateral (A) and medial (B) cortex of macaques
according to Brodmann (1909).
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In the monkey as in the man, the cerebral cortex can be divided into various larger areas. The
frontal lobe is classically divided into three regions: prefrontal, premotor, and precentral.
From anatomical studies it is known that there is no direct connection between the prefrontal
and precentral cortex. The premotor cortex that is located between prefrontal and precentral
cortex, is connected with both (BARBAS & PANDYA, 1987).
That part of the frontal cortex, which is involved in the control of movements, is subdivided
into four principal regions (ROUILLER et al., 1999) (Fig. 8):

-

the primary motor cortex (area 4 of BRODMANN; areas 4a, b & c of VOGT &

VOGT; area FA of VON BONIN & BAILEY; area F1 of MATELLI et al.);
-

the premotor cortex (lateral part of area 6 of BRODMANN; areas 6Aα & β and 6B of

VOGT & VOGT; areas FB, FBA, FC & FCBm of VON BONIN & BAILEY; areas F2, F4,
F5 and F7 of MATELLI et al.);
-

the supplementary motor cortex (mesial part of area 6 of BRODMANN; area F3 of

MATELLI et al.; area F6 of LUPPINO et al.; “pre-SMA” & “SMA-proper” of
MATSUZAKA et al.; TANJI; INASE et al.),
-

and the cingulate motor areas (areas 23 and 24 of BRODMANN; rostral CMAr or area

24c, ventral CMAv or area 23c, and dorsal CMAd or area 6c of PICARD & STRICK).
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Figure 8. Agranular frontal cortex areas in the macaque monkey according to four classical
cytoarchitectonic maps.

The motor cortex is of special significance for the execution of voluntary movements.
Ablation of the primary motor cortex in the monkey produces a contralateral flaccid paralysis,
marked hypotonia and areflexia. Within a relatively short time, myotatic reflexes reappear,
along with withdrawal responses to nociceptive stimuli (FULTON & KELLER, 1932).
Although there is considerable restitution of function in the proximal muscle groups,
relatively little recovery of skilled motor function occurs in the smaller distal muscles of the
extremities. Lesions of the motor cortex in man produce neurological deficits similar to those
in non-human primates.
The primary motor cortex is considered the main source of corticospinal projections. The
caudal border of primary motor cortex lies close to the fundus of the central sulcus. The
rostral border of the primary motor cortex is difficult to define, as the cytoarchitectural
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transition between areas 4 and 6 is gradual. However, there has been some success in defining
the border based on receptor mapping (ZILLES et al. 1995). The motor cortex is classically
characterized by a lack of granular cells in layer IV and high density of giant Betz cells,
which can have diameters up to 120 µm, in layer V (MEYER, 1987). In the macaque, the
motor cortex receives inputs from the parietal cortex, premotor cortex and thalamus
(summarized in PASSINGHAM 1993). The majority of inputs come from the parietal cortex,
including primary somatosensory cortex in the postcentral gyrus and from the secondary
somatosensory cortex in the superior bank of the lateral sulcus. The primary motor area
receives also somatotopic projections from the lateral premotor cortex, supplementary motor
area and cingulate motor areas. Its thalamic input comes mainly from the ventrolateral and
ventral anterior nuclei. The latter connections provide the motor cortex indirectly with
information from the basal ganglia and the cerebellum.
The premotor cortex is assumed to be involved in motor preparation, mainly of proximal
movements. This area lies immediately in front of the motor cortex, runs dorsoventrally
across the lateral surface of the frontal lobe, and extends medially into the cingulate sulcus. In
monkeys, the border between the agranular premotor cortex and granular prefrontal cortex is
the arcuate sulcus. There is no obvious homologue of the arcuate sulcus in the human.
Histologically, premotor cortex resembles that of the motor cortex, but lacks giant cells of
Betz. The frontal connections of the dorsal premotor region are restricted to neighbouring
dorsal frontal regions. Only the caudal sector of the dorsal premotor cortex is connected with
the motor cortex. In contrast, the ventral premotor area is not only connected with the
prefrontal cortex, but also with the motor cortex, parainsular gustatory area, and with
somatosensory areas in the frontal operculum (BARBAS & PANDYA, 1987).
The first observations about the somatotopic organization of human motor and somatosensory
cortex were made by PENFIELD in the late 1930s. His maps show that each particular part of
the motor and somatosensory cortex is devoted to a specific part of the body. The electrical
stimulation of the motor cortex results in contraction of skeletal musculature on the
contralateral side of the body.
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The discovery that different areas of the cerebral cortex control movements of different parts
of the body has important clinical relevance. The motor map explains, why damage to
different areas of the contralateral frontal lobe results in weakness of the face, arm, or leg. It
also enables clinicians to understand the mechanism of focal motor seizures.
According to the map below (Fig. 9), the centre for the larynx lies in the most inferior
opercular portion of the precentral gyrus. It is followed from lateral to medial by centres for
the tongue, lips, nose, eyelid, brow, and neck. Next come the extensive areas for finger
movements, the thumb taking the lowest and the little finger the highest positions. These are
followed by areas for the wrist, elbow, and shoulder. Finally, in the most superior part are the
centres for the trunk, hip, knee, ankle, and toes. The latter are located on the medial surface
extending into the paracentral lobule, which also contains the centres for the anal and bladder
sphincters.

Figure 9. Cortical regions of the primary motor cortex (green) on the lateral surface of the
human brain (left). A cross-section through the primary motor cortex (right) shows the
“motor homunculus” according to Penfield (from CORBALLIS, 1999).
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Recent magnetoencephalographic studies reported a similar somatotopic order in the human
brain. Finger movements are associated with signals in the region of the genu of the central
sulcus, and foot movements with activity closer to the mesial wall (HARI et al., 1983). The
most lateral activation is associated with mouth and tongue movements (KRISTEVA-FEIGE
et al., 1994). Similar somatotopic relationships are observed in transcranial magnetic
stimulation mapping (WASSERMANN et al., 1996). At high-resolution fMRI or PET, there
is evidence, however, of an extensive overlap between the representations of single muscle
groups (KAWASHIMA et al., 1995; SANES et al., 1995).
While the pattern for excitable foci in the motor cortex is nearly the same for all mammals,
the number of such foci, and hence the number of discrete movements, is smaller in animals
compared to humans. Nevertheless, the same somatotopy is seen in the monkey brain with the
representation of the laryngeal, intraoral, and facial muscles in the region above the lateral
fissure, and the fingers, arm, trunk, leg and tail muscles following successively more medially
(Fig. 10).
The somatotopic organization exists in the premotor cortex as well. The premotor cortex
appears to have a single medial-to-lateral representation of the body oriented parallel to that
of the motor cortex; there seems to be a greater overlap of forelimb and face representation in
the premotor area than in the motor cortex, however (SESSLE & WIESENDANGER, 1982;
WATERS et al., 1990; GODSCHALK et al., 1995) (Fig. 11).
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Figure 10. Lateral and medial view of the monkey brain showing the body representation
within the primary motor (M I) and supplementary motor (M II) cortex, a “motor
simiusculus” according to Woolsey (1958). Light grey and dark grey shadings indicate
primary motor cortex and premotor cortex, respectively (from FADIGA et al., 2000).

Figure 11. Lateral and medial view of the monkey brain showing the multiple representation
of body in the agranular frontal cortex. Light grey shading indicates primary motorcortical
areas F1 and F4, mid-grey shading indicates areas F2, F3 and F5, and dark grey shading
indicates area F7 of premotor cortex by Matelli et al. (from FADIGA et al., 2000).
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In the rhesus monkey, the cortical larynx area borders the precentral tongue, lip and
masticatory muscle representation and, therefore, can be considered as part of the primary
motor cortex, despite the fact that cytoarchitectonically it represents area 6, not 4. The
motorcortical larynx area is located between the inferior ramus of the arcuate sulcus anteriorly
and the subcentral dimple posteriorly.
A map of the intrinsic and extrinsic laryngeal muscle representations in the rhesus monkey is
given by HAST et al. (1974). As it is seen on Fig. 12, cricothyroid activation can be obtained
from the inferolateral margin of the frontal operculum, and thyroarytenoid activation from a
region placed midway between the inferior limb of the arcuate sulcus and the anterior
subcentral sulcus. Stimulation along the posterior wall of the inferior limb of the arcuate
sulcus activates cricothyroid and thyroarytenoid muscles simultaneously. Responses of the
extrinsic laryngeal muscles group around the dimple. Hence, the cortical areas associated with
different laryngeal muscles are topographically separated.

Figure 12. Photograph of the laryngeal motor area in Macaca mulatta with the specific foci for the
responses of intrinsic and extrinsic laryngeal muscles: cricothyroid (right-angled triangle);
thyroarytenoid (circle); combined responses of cricothyroid and thyroarytenoid (encircled rightangled triangle); extrinsic laryngeal muscles (square); sca, sulcus subcentralis anterior (subcentral
dimple) according to Hast et al. (1974).
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Aim of the study

Although it is well established that the laryngeal motor cortex is extremely important in
human vocal control, there are only few data about its neuroanatomical connections.
Up-to-now, there is only one study that has specifically investigated the efferent projections
of the cortical larynx area (JÜRGENS, 1976). This study was carried out with the
autoradiographic tracer 3H-leucine, which does not allow to distinguish terminals from bypassing fibres. The study, furthermore, was made in the squirrel monkey (Saimiri sciureus).
This species belongs to a group of primates (New World monkeys) that has separated from
the branch leading to man and modern Old World monkeys about 45 million years ago.
In the present study, the efferent laryngeal motorcortical pathway was investigated in the
rhesus monkey, Macaca mulatta. The rhesus monkey was chosen because it has a brain and
larynx very similar to man. The aim of the study is to reinvestigate the efferent projections of
the cortical larynx area in a species more closely related to man than the squirrel monkey and
with a modern tracer without the shortcomings of tritiated leucine.
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The experiments were carried out in three adult female rhesus monkeys, Macaca mulatta,
weighing 4-7 kg. Animals were purchased from the animal facility of the German Primate
Centre and were housed in community under standardized conditions.

2.2

Operation

The animals were narcotised with a “Göttingen mixture” (GM II).
GM II:

5 parts of Ketavet (100 mg Ketamin/ml)
1 part of 10% Xylazine (100 mg Rompun/ml)
1 part of 0.1% Atropine (Atropinum sulfuricum)
3 parts of Aqua dest.

The GM II injection (0.2 ml/kg body weight) was renewed every 30-45 min. until the end of
the operation, which took about 2.5-3 hours.
The head of the narcotized animal was fixed in a stereotactic apparatus1. The position of the
motorcortex was identified according to the stereotactic rhesus monkey brain atlas of
PAXINOS et al. (2000). The skin was incised in the temporal region, and the bone removed
above the inferior motor cortex in a diameter of 15-20 mm. By the aid of a monopolar
stainless steel electrode (shaft diameter 250 µm), the cortex was explored for sites yielding
vocal fold adduction when electrically stimulated. All animals were tested on the same (left)
side for better comparability. The exploration area was limited by the inferior branch of the
arcuate sulcus rostrally, the anterior subcentral dimple caudally, the Sylvian fissure ventrally
1

David Kopf Instruments, Tujunga, Oregon, U.S.A.
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and about 12 mm above the Sylvian fissure dorsally, making up altogether ca. 100 mm2. This
area has been shown by HAST et al. (1974) to produce contractions of the thyroarytenoid
and/or cricothyroid muscle in the rhesus monkey when electrically stimulated (Fig. 12).
In order to reduce cortical damage to a minimum, the whole area was not explored
systematically, but stimulations were limited, depending upon the stimulation effects, to 6-12
probing sites. Stimulation was carried out transdurally in the case of animals II and III; animal
I was stimulated with the dura removed above the stimulation area for better visualization.
The stimulation parameters used were monophasic rectangular pulse trains of 1 ms pulse
width, 70 Hz repetition rate and 3 s train duration. During exploration, a current intensity of
500 µA was used (impedance: 14 kOhm). If a site yielding vocal fold movement was found,
threshold was determined. Thresholds ranged between 320 and 410 µA. A repetition rate of
70 Hz was chosen as, with the macroelectrodes used, this was the lowest rate with which a
smooth (non-quivery) vocal fold movement was obtained. At the same time, the area yielding
such a movement was smaller than when higher repetition rates were used. The type of vocal
fold movement obtained in all subjects was an isolated bilateral symmetrical vocal fold
adduction without laryngeal elevation. No changes in vocal fold length could be detected.
Vocal fold movements were observed by indirect laryngoscopy.
When a site producing vocal fold adduction was found, it was injected with an anterograde
tracer. After the injection, the dura defect in animal I was covered with human dura Lyodura2
glued to the bone rim with Histoacryl3. In the other two animals, the bone defect was closed
with titanium-reinforced Gore-Tex regenerative material4. In all three animals, the wound was
closed by sewing up muscle fascia and skin in two layers. After surgery, the animals were
returned to their home cages and monitored for normal recovery. The monkeys received
supplemental doses of antibiotics (Baytril 0.1 ml/kg body weight) during the following seven
days after operation. All animals were conscious, moving normally and showed no signs of

2

Braun, Melsungen, Germany
Braun, Melsungen, Germany
4
W.L. Gore & Associates, Inc., Arizona, U.S.A.
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behavioural or locomotor disorders during the entire survival period (see Operation
protocols).

2.2.1 Tracer and injection
Anterograde tracing is used to trace the anatomical targets of a particular population of
projection neurones. The tracer material is carried actively within the nerve fibres from the
cell body towards the axon terminals.
In the past, the most popular extracellulary injected anterograde tracer was wheat-germ
agglutinin conjugated to horseradish peroxidase (WGA-HRP). This tracer is transported
quickly and reliably in rodents, cat and primates over long distances (MESULAM, 1978). The
tracer, however, has a number of shortcomings: when WGA-HRP is processed with
tetramethylbenzidine for visualization, the morphology of terminal structures is shaded by the
large crystals of the reaction product. Another disadvantage is that when WGA-HRP is used
at high concentration and with long survival time, transynaptic labelling can result
(APKARIAN & HODGE, 1989).
The plant lectin, Phaseolus vulgaris leucoagglutinin, in contrast to WGA-HRP, reveals fine
terminal morphology from small localized injection sites, but it has an unreliable transport in
cats and monkeys (BRANDT & APKARIAN, 1992).
Biocytin is another anterograde tracer, but again its use is limited to studies requiring
transport over short distances, due to tracer degradation in time.
The autoradiographic anterograde tracing technique with 3H-leucine, 3H-proline, 3H-arginine
has a too low resolution to depict details of the neuronal structure and, therefore, does not
allow to distinguish terminals from by-passing fibres.
Dextrans are among the best neuroanatomical tracers available, since they label cellular
processes in a very detailed fashion. Dextrans are hydrophilic polysaccharides, provided by
Leuconostoc bacteria. They are characterized by their high molecular weights, good water
solubility, low toxicity, and relative inertness. Dextran conjugates are ideal long-term tracers
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for living cells due to their biologically uncommon α-1,6-polyglucose linkage, making them
resistant to cleavage by most endogenous cellular glycosidases. The dextran conjugates can
be applied by any of the injection techniques. They are incorporated into injured neurones at
the injection site and are transported rapidly in a predominantly anterograde direction and less
in the retrograde direction. Dextrans can be purchased in biotinylated form or conjugated to
various fluorescent dyes, thus allowing immediate visibility or the production of permanent
preparations after immunocytochemical processing. They can be detected via the high-affinity
binding of avidin or streptavidin that has been labelled with a substrate of some kind
(KÖBBERT et al., 2000).
Biotin dextranamine (BDA) conjugated to lysine5 with 10,000 molecular weight was used in
the present study as an anterograde tracer. Dextrans of this size are suggested to be more
effective for anterograde labelling than the larger dextrans (e.g. 70,000 MW) (SCHMUED et
al., 1990). BDA is taken up by axon terminals, dendrites and cell bodies. BDA provides a
permanent, electron-dense labelling. Anterograde labelling is characterized by discretely
labelled fibre bundles, preterminal axons, terminal arborisation, varicosities, and bouton-like
specializations. Retrogradely labelled neurones have inclusions of characteristic brown,
homogeneous reaction product in their soma and often within the dendritic tree. Apart from
the neuronal labelling, the capillaries near the injection site frequently show labelled pericytes
(RAJAKUMAR et al., 1993).
In the present study, the sites, producing vocal fold movements when electrically stimulated,
were recorded by drawing the position of the stimulation site in relation to nearby blood
vessels. In the animals with the intact dura, the site of electrode penetration was marked with
ink. Then, the electrode was withdrawn, and biotin dextranamine was injected into that site
(Fig. 13). Injection was carried out by the aid of a micromanipulator-driven Hamilton
microsyringe with a cannula diameter of 0.47 mm. 1.0 µl of 20% biotin dextranamine in 2%
dimethyl sulphoxide was injected in animal I. Animals II and III received two injections of

5

Molecular Probes, Eugene, U.S.A.
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1.0 µl each. In the latter two animals, the injection sites were about 1.0 mm apart; both
yielded vocal fold movements when electrically stimulated. Injection duration was 10 min.
There were another 10 min. waiting time, before the cannula was slowly withdrawn.

Figure 13. Lateral view of the rhesus monkey brain. The red star indicates the injection site

common to all three animals.

2.3

Perfusion

After a survival period of seven weeks (a period suggested by BRANDT & APKARIAN
(1992) to be optimal for primates of the size of the squirrel monkey and above), the animals
were sacrificed. They received an overdose of 16% pentobarbital sodium (0,2 ml/kg body
weight), and were perfused transcardially for fixation of the nervous tissue in situ. For this
purpose, the chest cavity was opened, the perfusion cannula was inserted into the left
ventricle, and an incision of the right atrium was made. The animals were perfused with 2 l of
heparinized physiological saline (37°C), followed by 4 l of 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.2) at room temperature.
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Brains were removed from the skull, post-fixed in phosphate-buffered 4% paraformaldehyde
for 2 days, and then stored in 20% sucrose in 0.1 M phosphate buffer (pH 7.4) for
cryoprotection at 4°C for 4-5 days. The brains then were cut from the frontal pole to the
caudal medulla in the stereotactic frontal plane at 45 µm on a freezing microtome6. The
sections were collected in 10 mM phosphate buffer (pH 7.4).

2.4

Immunohistochemistry

Immunohistochemical tracer identification was carried out according to a modification of the
procedures described by VEENMAN et al. (1992) and BRANDT & APKARIAN (1992).
After several washings in 10 mM phosphate buffer, the sections were incubated in 1% H2O2
in 10 mM phosphate buffer (pH 7.4) for 10 min. at room temperature to block endogenous
peroxidase. The sections then were rinsed 10 times in 10 mM phosphate buffer (pH 7.4) and
incubated with avidin-biotin-peroxidase complex7 in 0.5% Triton X-100 for identification of
tracer substances for 60 min. at 37°C in the dryer.
After another washing in 10 mM phosphate buffer (pH 7.4) and 0.2 M sodium acetate (pH
6.0), the sections were pre-incubated for 30 min. in a solution of 100 mg 3,3’diaminobenzidine dihydrochloride, 2.5 g nickel ammonium sulphate, 40 mg ammonium
chloride and 40 mg cobalt (II) chloride hexahydrate in 100 ml 0.2 M sodium acetate (pH 6.0).
After adding 1% H2O2 to a final concentration of 0.003%, a post-incubation period of 15 min.
followed. The sections then were rinsed in 0.2 M sodium acetate and mounted onto gelatinecoated slides from 10 mM phosphate buffer (pH 7.4). After drying overnight, half of the
sections were counterstained with cresyl violet. All sections were dehydrated through an
ascending alcohol series and xylene, and finally coverslipped with DePeX (see Histology
protocols).

6
7

Frigocut, 2800, Reichert-Jung, Nussloch, Germany
Vectastain Standard Kit, Vector Laboratories, Burlingame, USA
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Evaluation

Light microscopic evaluation was done in the bright and dark fields8. Identification of brain
areas followed the stereotactic atlas of PAXINOS et al. (2000). Terminals were distinguished
from by-passing fibres by their bouton-like specializations, irregular course, smaller diameter
and rich ramification. Terminal fields were documented as microphotographs9,10.
Despite the fact that BDA is known to be transported anterogradely as well as retrogradely
(BRANDT & APKARYAN, 1992; RAJAKUMAR et al., 1993), only few labelled perikarya
were found outside the injection area. This low number of retrogradely labelled cells
prevented a proper analysis of reciprocal relations between the injection area and other
structures. Retrograde labelling, therefore, was ignored in the present study.

2.6

Approval

The experiments were approved by the animal ethics committee of the district government
Braunschweig, Lower Saxony, Germany.
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Olympus-DpSoft software, version 3.0 for Windows 98/ Windows 2000, Olympus Optical Co., Ltd.,
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Figure 14. Photographical documentation of several steps of the operation. Skin incision in
the stereotactic apparatus (A); view on bone window (B); measurement of the stereotactic
coordinates of the injection site (C); tracer injection using micromanipulator-driven
microsyringe (D); a view on bone defect covered with the titanium-reinforced Gore-Tex
regenerative material (E).
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Results

All injection sites were located in a small region lying between the inferior ramus of the
arcuate sulcus and the subcentral dimple just above the Sylvian fissure. The injection site of
animal I had a diameter of about 2 mm. In animals II and III, the two injection sites merged
into each other and formed an injection area of about 2 by 3 mm. Cytoarchitectonically, the
injection site corresponds to area 6, according to BRODMANN (1909) and area 6 bα, FCBm
and F5, according to VOGT & VOGT (1919), VON BONIN & BAILEY (1947) and
MATELLI et al. (1989), respectively.
The injection area was characterized by an even distribution of dense, granular reaction
product, and numerous intensely labelled neurones with their somata and dendrites
completely filled.
Altogether, 75 distinguishable efferent projection areas were found which were shared by all
three animals.

3.1

Telencephalon

3.1.1 Cortico-cortical projections
In all three animals, there was a projection from the injection site into large parts of the
surrounding premotor and motor cortex, including areas 6VR, 6VC, 6DR, 6DC, ProM,
and 4. More rostrally, terminal fields were found in areas 44, 45A, 46V, 47, and 8, with the
area 47-field extending on the lateral orbital cortex. (Fig 15a, A, Fig. 15b, E).
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Parietal projections could be traced into the lower primary somatosensory areas 3a, 3b, 1,
and 2, and, to a smaller extent, into the inferoparietal cortex (area 7; PFG, PG), and the
cortex within the intraparietal sulcus (area 5; PEa).
Finally, a very weak projection into the cortex within the posterior sulcus temporalis
superior, more specifically, into its upper lip (TPO), was found.
Within the Sylvian fissure, labelling was found in the fronto- and parietoopercular cortex,
including gustatory and secondary somatosensory cortex, as well as in the insular
proisocortex, agranular, dysgranular and granular insula (Fig. 15a, B).
In the dorsomedial cortex, extensive projections could be traced to the supplementary motor
area proper (area 6M) and the cortex within the anterior cingulate sulcus (area 24c), but
not the pre-supplementary motor area. Cortex within the posterior cingulate sulcus (area
23c) received weak projections (Fig. 15b, C).
The vast majority of the structures received a bilateral projection, with the ipsilateral
projection always dominating the contralateral one. Only a few regions in the posterior
parietal cortex received an exclusively ipsilateral projection in all three animals. Crossing
took place in the corpus callosum, with the most rostral fibres crossing at about the level of
the injection site and the most caudal fibres crossing at mid-diencephalic level.

3.1.2

Subcortical projections

Projections could be followed bilaterally into the putamen, caudate nucleus and ipsilaterally
into the claustrum, with the heaviest labelling in the putamen and the weakest in the
claustrum (Fig. 15c-g, A 26.5 to A 8.5). The putamen received its efferents via capsula
interna, capsula externa and capsula extrema. The latter traversed the claustrum and external
capsule before entering the putamen (A 25 to A 11.5). The majority of fibres terminated in the
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ventralmost part of the putamen (A 22 to A 10). Fibres to the caudate nucleus entered it via
the corona radiata, internal capsule and from the external capsule by traversing the putamen
and internal capsule. Terminals were mainly seen along the internal capsule (A 25 to A 13).
All contralateral projections crossed the midline within the corpus callosum.

3.2

Diencephalon

Diencephalic projections were widespread in the thalamus. They reached the thalamus from
the internal capsule by crossing the reticular nucleus. The highest density of terminals within
the ventral and lateral nuclear groups was found in the medial and lateral part of the nucleus
ventralis lateralis (Fig. 15f, A 11.5 and A 10), and in the nucleus ventralis posterior
medialis, including its parvocellular part (Fig. 15g, A 8.5 and A 7).
The lateral and medial parts of the nucleus ventralis anterior (A 13 to A 10), the nucleus
ventralis posterior lateralis (A 8.5), and the reticular nucleus (A 13) showed labelling of
moderate intensity.
Within the intralaminar and medial nuclear groups, the nuclei centralis medialis (A 13 to A
10), medialis dorsalis, pars caudalis (A 11.5 to A 7), centrum medianum (A 8.5 and A 7),
and reuniens (A 11.5 and A 10) received a strong input, while the nuclei intermediodorsalis
(A 11.5 to A 7), medialis dorsalis, pars medialis and lateralis (A 11.5 to A 5.5),
paracentralis (A 10), and centralis lateralis (A 7) received only moderate projections. The
majority of these projections were bilateral with an ipsilateral dominance.
Projections were also traced into the pulvinar nuclei anterior (A 5.5), lateralis (A 4) and
medialis (Fig. 15h, A 4 and A 2.5) as well as into the field H of Forel (A 11.5), and zona
incerta (A 13 and A 10). With the exception of the anterior pulvinar, these structures received
only an ipsilateral input.
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Mesencephalon, pons and medulla

In the midbrain, terminal labelling was found in the ipsilateral deep mesencephalic nucleus
(Fig. 15g, A 5.5). No labelling was found in the red nucleus and periaqueductal grey.
In the pons, projection fibres could be followed ipsilaterally into the medial parabrachial
nucleus (Fig. 15i, P 0.5 and P 2), nucleus subcoeruleus (P 0.5), locus coeruleus (P 0.5), oral
pontine reticular formation (A 2.5 and A 1), and medial pontine grey (A 5.5 and A 2.5).
In the medulla oblongata, fibres terminated bilaterally in the reticular formation, with the
heaviest input in the intermediate (Fig. 15i, P 3.5 to Fig. 15j, P 12.5) and parvicellular (P 5
P 11) nuclei, and a moderate input into the gigantocellular (P 3.5 to P 9.5), dorsal and
medial (P 12.5) nuclei.
Heavy labelling was also found in the solitary tract nucleus (P 5 to P 12.5) and spinal
trigeminal nucleus (P 3.5 to P 12.5), and moderate labelling in the facial nucleus (P 3.5). No
terminals were found in the nucleus ambiguus as well as in the nucleus retroambiguus.

The cortical and subcortical projections found in the present study are shown in two series of
brain diagrams. The first series (Fig. 15) shows only those projections overlapping in at least
two of the three animals. The second series (Fig. 16) shows the complete projection system of
one specific animal (animal III).
Table 4 gives an overview of all terminal fields in each single animal.
Figures 17-38 show microphotographs of the injection site and selected terminal fields.
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Figure 15 (a). Lateral view (A) of the rhesus monkey cortex with projection areas common to
all three experimental subjects. The injection site is indicated by the solid black area in the
lateral view. Drawing (B) represents unfolded view of the cortex buried within the Sylvian
fissure. Terminals are indicated by dots.
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Figure 15 (b). Medial (D) and ventral view (E) of the rhesus monkey cortex with projection
areas common to all three experimental subjects. Drawing (C) represents unfolded view of
the cortex buried within cingulate sulcus. Terminals are indicated by dots.
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Figure 15 (c-j). Brain diagrams of the rhesus monkey in the frontal stereotactic plane,
showing subcortical projection areas overlapping in at least two of the three experimental
subjects. Terminals are indicated by dots, fibres by dashes.
Figure 15 (c).
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Figure 16 (a). Lateral view (A) of the rhesus monkey cortex with projection areas in animal
III. The injection site is indicated by the solid black area in the lateral view. Drawing (B)
represents unfolded views of the cortex buried within the Sylvian fissure. Terminals are
indicated by dots.
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Figure 16 (b). Medial (D) and ventral view (E) of the rhesus monkey cortex with projection
areas in animal III. Drawing (C) represents unfolded view of the cortex buried within the
cingulate sulcus. Terminals are indicated by dots.
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Figure 16 (c-j). Brain diagrams of the rhesus monkey in the frontal stereotactic plane,
showing subcortical projection areas in animal III. Terminals are indicated by dots, fibres by
dashes.
Figure 16 (c).
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Figure 16 (e).
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Table 4. Brain structures with input from the cortical larynx area.

1.

Telencephalon

A. Cortical projections
Brain structures

Animal I

Animal II

Animal III

Ipsi

Contra

Ipsi

Contra

Ipsi

Contra

+

+

+

+/-

++

+

Lower bank of principal sulcus (area 46V)

+/-

+/-

+++

+++

++

-

Ventrolateral prefrontal cortex (area 47L)

+

+/-

+++

++

+++

+++

Lateral orbital cortex (area 47O)

+

-

+++

++

+++

+++

Upper periarcuate cortex (area 8A)

+++

+

+++

+++

+++

+++

Lower postarcuate cortex (area 44)

+++

++

+++

+++

+++

+++

Lower prearcuate cortex (area 45A)

+

-

+

-

++

+

Promotor area (ProM)

+++

++

+++

+++

+++

+++

Rostral ventrolateral premotor cortex (area 6VR)

+++

+

+++

+++

+++

+++

Caudal ventrolateral premotor cortex (area 6VC)

++

+

+++

++

+++

+++

Rostral dorsolateral premotor cortex (area 6DR)

+

+

+++

+

++

++

Caudal dorsolateral premotor cortex (6DC)

++

+

+++

+++

+++

++

Supplementary motor area (area 6M)

++

+

+++

++

+++

++

Anterior cingulate cortex (area 24a)

+/-

-

+/-

-

++

+

Anterior cingulate cortex (area 24b)

+

-

+

+

++

+

Anterior cingulate cortex (area 24c)

++

+

+++

+++

+++

++

Anterior cingulate cortex (area 24d )

+

-

+

+

++

+

Posterior cingulate cortex (area 23c)

+

+

+

-

++

-

Primary motor cortex (area 4)

++

+

+++

+++

+++

++

Primary somatosensory cortex (area 3a)

+

+

+++

+++

+++

+++

Primary somatosensory cortex (area 3b)

+

+

+++

+++

+++

++

Primary somatosensory cortex (area 1)

+

-

++

+

++

+

Primary somatosensory cortex (area 2)

+

+

++

+

+++

++

Anterior secondary somatosensory cortex

+++

+

+++

+++

+++

+++

Posterior secondary somatosensory cortex

++

+

+++

++

+++

++

Frontoopercular cortex (gustatory cortex)

+

+

+++

+++

+++

+++

Insular proisocortex

+

+/-

+++

++

++

++

Cortex within superior arcuate sulcus (area 8B)
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Agranular insula

+

+/-

+++

+++

+++

++

Dysgranular insula

+

+

+++

+++

+++

++

+++

+

+++

++

+++

++

Cortex within intraparietal sulcus (area 5)

+

-

++

-

+

-

Anterior inferoparietal cortex (area 7)

+

-

++

-

+

-

Posterior inferoparietal cortex (area7)

++

-

++

+

++

-

Anterior parietoopercular cortex

+

-

+

-

+++

-

Posterior parietoopercular cortex

+

-

++

-

++

-

Cortex within superior temporal sulcus

+

-

+

+/-

+/-

-

Granular insula

B. Subcortical projections
Brain structures

Animal I

Animal II

Animal III

Ipsi

Contra

Ipsi

Contra

Ipsi

Contra

Putamen

+++

+

+++

++

+++

+

Caudate nucleus

++

+

+++

++

++

+

Claustrum

+

-

++

+/-

+

+/-

2.

Diencephalon

Brain structures

Animal I

Animal II

Animal III

Ipsi

Contra

Ipsi

Contra

Ipsi

Contra

Reticular thalamic nucleus

++

-

+

+

+

-

Ventral anterior thalamic nucleus, lateral part

++

+/-

+++

+

++

-

Ventral anterior thalamic nucleus, medial part

++

+

++

+

++

+

Ventral lateral thalamic nucleus, lateral part

+++

+

+++

+

++

-

Ventral lateral thalamic nucleus, medial part

+++

+/-

+++

++

+++

++

Ventral posteromedial thalamic nucleus

+++

+

+++

++

++

+

Ventral posterolateral thalamic nucleus

++

+

++

+

++

+

Mediodorsal thalamic nucleus, lateral part

+

-

++

+

++

+/-

Mediodorsal thalamic nucleus, caudal part

++

+

+++

++

+++

++

Mediodorsal thalamic nucleus, medial part

+

-

+++

++

++

+
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Intermediodorsal thalamic nucleus

++

+

+++

++

++

+

Central medial thalamic nucleus

+++

++

+++

++

+++

++

Reuniens thalamic nucleus

+++

++

+++

++

+++

++

Paracentral thalamic nucleus

++

+

++

+

++

+

Centromedian thalamic nucleus

+++

+

+++

++

+++

+

Parafascicular thalamic nucleus

++

-

+++

++

++

++

Centrolateral thalamic nucleus

+

-

++

+

++

-

Anterior pulvinar

+

+/-

++

+

+

+

Medial pulvinar

+

-

++

+

+

-

Lateral pulvinar

+

-

++

-

+

-

Zona incerta

+

-

++

-

+

-

+++

-

++

-

++

-

Field H of Forel

3.

Mesencephalon, pons and medulla

Brain structures

Animal I

Animal II

Animal III

Ipsi

Contra

Ipsi

Contra

Ipsi

Contra

Deep mesencephalic nucleus

+

-

++

-

+

+

Pontine grey

+

-

++

+

+

-

Pontine reticular nucleus, oral part

++

-

++

-

++

+

Medial parabrachial nucleus

+

-

+

-

+

-

Locus coeruleus

+

-

++

-

+

-

Subcoeruleus nucleus

+

-

++

-

+

-

Spinal trigeminal nucleus

+++

+

+++

++

++

++

Solitary tract nucleus

+++

++

+++

+++

++

+

Parvicellular reticular nucleus

+++

+

+++

+++

+++

++

Intermediate reticular nucleus

+++

++

+++

+++

+++

++

Gigantocellular reticular nucleus

++

+

+++

++

++

+

Facial nucleus

++

-

++

+

+

-

Dorsal reticular nucleus

++

+

+++

++

++

+

Medial reticular nucleus

++

+

+++

++

++

+
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The classification of the projections according to heaviness was made on the basis of simple
visual inspection and, therefore, gives only a relative, not an absolute measure of terminal
distribution.

+++

heavy projection

++

medium projection

+

weak projection

+/-

questionable projection

-

no projection
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Figure 17. Photograph of a frontal section of the rhesus monkey’s brain. The arrow indicates
the injection site in animal III. Cytoarchitectonic parcellation according to PAXINOS et al.
(2000). The scale represents 7 mm. For structure identification, see Abbreviations.

Apical dendrite

Figure 18. Microphotograph of the injection site in animal III. The small arrows indicate
labelled pyramidal cells. Bright field illumination. The scale represents 100 µm.
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Figure 19. Microphotograph of the premotor area 6VC. Cresyl violet-stained section with
BDA-labelled terminals and fibres ipsilateral to the injection site. Upper and lower insets
show higher magnification view of labelled fibres (arrows) and terminal varicosities
(arrowheads), respectively. Bright field illumination. The scale represents 50 µm.

Figure 20. Microphotograph of the promotor area. BDA-labelled terminals and fibres
ipsilateral to the injection site. Bright field illumination. The scale represents 100 µm.
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Figure 21. Microphotograph of area 44. Cresyl violet-stained section with BDA-labelled
terminals and fibres in the ipsilateral homologue of Broca’s area. Bright field illumination.
The scale represents 50 µm.

Figure 22. Microphotograph of orbital area 47O. Cresyl violet-stained section with BDAlabelled terminals and fibres ipsilateral to the injection site. Bright field illumination. The
scale represents 50 µm.
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Figure 23. Microphotograph of the primary somatosensory area 3a. Cresyl violet-stained
section with BDA-labelled terminals and fibres ipsilateral to the injection site. Bright field
recording. The scale represents 100 µm.

Figure 24. Microphotograph of the secondary somatosensory area SII. Cresyl violet-stained
section with BDA-labelled terminals and fibres ipsilateral to the injection site. Bright field
illumination. The scale represents 50 µm.
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Figure 25. Microphotograph of the agranular insula. Cresyl violet-stained section with BDAlabelled terminals and fibres ipsilateral to the injection site. Dark field illumination. The
scale represents 100 µm.

Figure 26. Microphotograph of the cingulate area 24c. Cresyl violet-stained section with
BDA-labelled terminals and fibres ipsilateral to the injection site. Bright field illumination.
The scale represents 100 µm.
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Figure 27. Microphotograph of putamen and lateral medullary lamina. BDA-labelled
terminals and fibres ipsilateral to the injection site. Dark field illumination. The scale
represents 100 µm.

Figure 28. Microphotograph of the caudate nucleus and internal capsule. BDA-labelled
terminals and fibres ipsilateral to the injection site. Dark field illumination. The scale
represents 100 µm.
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Figure 29. Microphotograph of the ventral lateral thalamic nucleus, medial part. Cresyl
violet-stained section of BDA-labelled terminals and fibres. Bright field illumination. The
scale represents 50 µm.

Figure 30. Microphotograph of the ventral posterior thalamic nucleus, parvocellular part.
Cresyl violet-stained section of BDA-labelled terminals and fibres. Bright field illumination.
The scale represents 50 µm.
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Figure 31. Microphotograph of the ventral anterior thalamic nucleus, medial part. Cresyl
violet-stained section of BDA-labelled terminals and fibres. Bright field illumination. The
scale represents 50 µm.

Figure 32. Microphotograph of the mediodorsal thalamic nucleus, caudal part. BDA-labelled
terminals and fibres. Bright field illumination. The scale represents 50 µm.
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Figure 33. Microphotograph of the centromedian thalamic nucleus. BDA-labelled terminals
and fibres. Bright field illumination. The scale represents 50 µm.

Figure 34. Microphotograph of the lateral pulvinar. Cresyl violet-stained section of BDAlabelled terminals and fibres. Bright field illumination. The scale represents 50 µm.
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Figure 35. Microphotograph of the deep mesencephalic nucleus. Cresyl violet-stained section
of BDA-labelled terminals and fibres. Bright field illumination. The scale represents 50 µm.

Figure 36. Microphotograph of the medial parabrachial nucleus. Cresyl violet-stained
section of BDA-labelled terminals and fibres. Bright field illumination. The scale represents
50 µm.
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Figure 37. Microphotograph of the intermediate reticular nucleus. Cresyl violet-stained
section of BDA-labelled terminals and fibres. Bright field illumination. The scale represents
50 µm.

Figure 38. Microphotograph of the solitary tract nucleus. Cresyl violet-stained section of
BDA-labelled terminals and fibres. Bright field illumination. The scale represents 50 µm.
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Discussion

The present study shows that the cortical larynx area, as determined by electrical stimulation,
maintains a very extensive projection system. As the spread of the tracer at the injection site
(radius ca. 1 mm) was somewhat larger than the activated area during electrical stimulation
(radius ca. 0.7 mm), and the centre of the stimulation/injection site might have not been
always identical with the centre of the cortical “larynx representation”, the projection systems
found in single animals most probably, do not represent “pure” larynx area projections, but
include fibres from neighbouring areas. In order to minimize this error, only those projections
were accepted in the present study, which were common to all three animals. Nevertheless,
still 75 projection areas remain.
A comparison of the present study with the only other study in which the projections of a
functionally identified cortical larynx area were investigated (JÜRGENS, 1976), reveals slight
differences. While the study of JÜRGENS (1976) in the squirrel monkey with 3H-leucine as
anterograde tracer only reports projections that were also found in the present study, the latter
describes a number of projections not reported in the squirrel monkey study. This discrepancy
could be due to species or methodological differences. If the results of the present study are
compared with those of KÜNZLE (1978), however, who investigated the projections of the
“cortical face area” in Macaca fascicularis, using a cocktail of tritiated leucine, proline and
arginine, there is a similar discrepancy in the number of projections as between the present
study and the squirrel monkey study. This suggests that the higher number of projections
found in the present study is due to the higher sensitivity of the biotin dextranamine tracer in
relation to 3H-leucine. This suggestion is supported by the fact that only terminal fields that
were heavily labelled in the present study, were also found in the squirrel monkey study,
while none of the weakly labelled fields appeared in that study.
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Telencephalon
4.1.1

Cortico-cortical projections

The projections of the cortical larynx area differ in several respects from the “classical” motor
cortex projections. There is general agreement that the primate motor cortex projects into the
rostrally adjacent premotor cortex and caudally adjacent primary somatosensory cortex, into
the supplementary motor area, secondary somatosensory cortex,and inferoparietal cortex
(KÜNZLE, 1978b; LEICHNETZ, 1986; STEPNIEWSKA et al., 1993). Projections, as
described in the present study, to the lateral prefrontal cortex, orbital cortex, insula, anterior
cingulate gyrus, and to the temporal cortex have not been considered as typical motor cortex
projections. The reason for these special connections lies in the special position of the larynx
area within the motor cortex. While all the other motorcortical body representations are lined
up along the central sulcus, the larynx representation lies far more rostrally. According to
HAST et al. (1974), the laryngeal muscle representation in the rhesus monkey occupies the
whole area between the subcentral dimple caudally and the inferior branch of the arcuate
sulcus rostrally, a region normally considered to be premotor rather than motor. Laterally as
well, the larynx area takes an extreme position. Together with the caudally adjacent tongue
representation, the larynx area occupies the lateralmost position of the motor cortex.
Anatomical studies on the projections of the ventral premotor cortex make clear that the
“atypical” motorcortical larynx area projections are in fact typical ventral premotor cortex
projections (KÜNZLE, 1978a; MATELLI et al., 1986; PANDYA & VIGNOLO, 1971). More
specifically, the lateral prefrontal and anterior cingulate projections mainly derive from
frontal areas rostral to area 4; the insular projections derive from areas near the Sylvian
fissure; projections to the orbital and superior temporal cortex originate from areas combining
a pre-motor with a peri-Sylvian position.
In the squirrel monkey, a retrograde tracing study has been carried out in which the input into
the electrophysiologically identified larynx area was analysed (JÜRGENS, 1982). In this
study, all structures having shown to receive anterograde projections from the larynx area in
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the present study also showed retrograde labelling in the squirrel monkey. This means that
virtually all the cortico-cortical projections of the larynx area are reciprocal. In the present
study, a few cells retrogradely labelled by BDA were found. BDA is known as a very
unreliable retrograde tracer (BRANDT & APKARIAN, 1992). Accordingly, the cells found in
the present study do not give a representative picture of the afferent input of the cortical
larynx area.
A number of structures receiving direct input from the cortical larynx area have been shown
in recent PET and fMRI studies to be activated during phonation. The main activation focus
in these studies is the inferior precentral, premotor and postcentral cortex (BOOKHEIMER et
al., 2000; HERHOLZ et al., 1994; HIRANO et al., 1996; LOTZE et al., 2000; PETERSEN et
al., 1988; PRICE, 2000). The activation in the inferior precentral and premotor cortex is in
harmony with electrical stimulation studies (HINES, 1940; LEYTON & SHERRINGTON,
1917; MURRAY & SESSLE, 1992; PENFIELD & RASMUSSEN, 1952; PREUSS et al.,
1996). According to these studies, the inferior precentral and premotor cortical areas contain
the facial and intraoral muscle representation, respectively, of the primary motor cortex.
The inferior postcentral cortex contains the somatosensory face representation (DREYER et
al., 1975; KRUBITZER et al., 1995; PENFIELD & RASMUSSEN, 1952). Similar to the
motor cortex, in the somatosensory cortex as well, intraoral structures are represented in the
upper bank of the Sylvian fissure, while the external face is represented some distance away
from the Sylvian fissure. Single-unit recordings in the rhesus monkey have shown that areas
3a and 2 receive mainly proprioceptive information from deep tissue, area 3b from superficial
receptors and area 1 from both deep and superficial receptors (DREYER et al., 1975). In the
present study, no difference was seen in the projections to areas 3a and 3b. Area 1, however,
received a clearly smaller projection than area 3. Area 2 took an intermediate position.
Lesions in the inferior postcentral gyrus in humans have been reported to cause speech
disturbances (“afferent motor aphasia” according to LURIA, 1964). Electrical stimulation
produces dysarthria and dysphonia (OJEMANN & WHITAKER, 1978). Obviously, the
interconnections between motor and sensory face area serve to integrate proprioceptive and
tactile feedback from the oro-pharyngo-laryngeal region with vocal pattern generation.
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The inferior postcentral areas 3a, 3b, 1 and 2 are not the only cortical areas with a
somatosensory face representation. According to KRUBITZER et al. (1995), there are another
two in the parietoopercular cortex. One corresponds to the classical secondary somatosensory
cortex, SII, the other lies just rostral to SII and is called PV. PV and SII border the primary
somatosensory areas 3, 1 and 2 on the upper lip of the Sylvian fissure. In the present study,
projections were found from the cortical larynx area into two regions of the parietoopercular
cortex, corresponding in their position to areas PV and SII of KRUBITZER et al. (1995).
Immediately posterior to the primary somatosensory face area, there is another sensory face
representation, called “associative face area” by LEINONEN & NYMAN (1979), which
receives a direct input from the motorcortical larynx area. Cytoarchitectonically, this region
corresponds to area 7 of BRODMANN (1909). Single-unit recordings in macaques have
revealed that the neurones in this area are not only activated by tactile stimuli in the mouth
region, but also by visual stimuli approaching the mouth, hand movements towards the
mouth, reaching for an object with the lips and chewing movements (LEINONEN &
NYMAN, 1976; ROBINSON & BURTON, 1980). PET studies demonstrated an increased
activity in this region during speaking, singing and whispering (PAUS et al., 1996; PERRY et
al., 1999; PETERSEN et al., 1988). Electrical stimulation of the region during speaking
causes speech arrest (PENFIELD & ROBERTS, 1956), and lesions result in paraphasias in
the form of phonemic substitutions and neologisms (CAPPA et al., 1981). These findings
make clear that the inferoparietal cortex represents a higher order sensorimotor coordination
centre which, among others, is involved in speech processing.
The inferofrontal areas 44 and 45 represent another higher order speech control region
receiving direct input from the cortical larynx area. Its destruction is known since BROCA
(1861) to affect speech production. Electrical stimulation of this region during speaking
produces speech disturbances (PENFIELD & ROBERTS, 1956). PET and fMRI studies have
demonstrated that areas 44/45 (Broca area) are activated during naming objects, reading aloud
and repetition of acoustically presented words, but they are not active during repetitive
pronounciation of single syllables (HIRANO et al., 1996; LOTZE et al., 2000; PETERSEN et
al., 1988). This makes clear that Broca area is not involved in the basic motor control of
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phonatory and articulatory muscles, but serves speech control at a higher level. Monkeys do
not have speech; but there is evidence that their homologue of Broca area also is involved in
the control of higher level oral behaviour. Single-unit recording studies in macaques have
shown that there are neurones in area 44 which are activated during grasping an object with
the lips as well as during observing another animal grasping an object with the lips
(RIZZOLATTI & ARBIB, 1998). Obviously, these neurones do not code muscle activities,
but purposeful actions.
Massive projections also have been found from the cortical larynx area to the supplementary
motor area and the cortex within the anterior cingulate sulcus. Despite the fact that electrical
brain stimulation experiments suggest a somatotopic organization of these areas (LUPPINO et
al., 1991), the projections were not limited to a small part of these areas, but extended over a
large anteroposterior distance. The supplementary motor area has been shown in PET studies
to be regularly activated during speaking, singing and whispering (BOOKHEIMER et al.,
2000; PAUS et al., 1996; PERRY et al., 1999). Its electrical stimulation produces vocalization
in humans (PENFIELD & WELCH, 1951). In the monkey, in contrast, vocalization can be
elicited only from the anterior cingulate gyrus, including the cortex within the anterior
cingulate sulcus, but not from the supplementary motor area (JÜRGENS & PLOOG, 1970;
ROBINSON, 1967). This difference has been interpreted as due to the fact that monkey calls
are almost completely genetically determined in their acoustic structure and serve to signal
specific emotional states of the animals, while the majority of vocal utterances in humans
represent learned motor patterns, the production of which is largely independent of specific
emotional states (JÜRGENS, 1992). Lesions in the anterior cingulate cortex affect the
voluntary control of emotional intonation in humans (JÜRGENS et al., 1982) as well as the
voluntary control of vocalization initiation in monkeys (AITKEN, 1981; SUTTON et al.,
1974).
Another prominent projection target of the cortical larynx area is the insula. Again terminal
fields extend over a large anteroposterior distance, reaching from the agranular via the
dysgranular to the granular insula. The insula, similar to the supplementary motor area and
sensorimotor cortex, is regularly activated in PET studies during speaking, singing and
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whispering (BOOKHEIMER et al., 2000; PAUS et al., 1996; PERRY et al., 1999). In the
monkey, neurones have been found that are specifically activated by tactile stimuli in the
mouth region (SCHNEIDER et al., 1993). In humans, insular lesions result in speech apraxia
(DRONKERS, 1996). According to HABIB et al. (1995), the insula plays a mediating role
between auditory input, speech output and communicative motivation. This suggestion is
supported by the anatomical finding that the insula is directly connected with the facial
sensorimotor cortex, Broca area, primary and secondary auditory cortex as well as several
limbic structures, such as the anterior cingulate gyrus, orbital cortex and amygdala.
A weak labelling was also found in the upper lip of the superior temporal sulcus. This region
represents auditory association cortex (“parabelt” region, according to HACKETT et al.,
1998). Activation in auditory association cortex has also been observed by PAUS et al. (1996)
in a PET study in human subjects whispering words under noise-masking conditions. The
authors interpreted the finding that there was an activation in the auditory association cortex
despite the fact that the subjects could not hear themselves, by assuming that the activation
represents corollary discharges of the facial motor cortex to the auditory association cortex,
informing the latter about ongoing motor activities leading to phonation, that is, auditory
feedback.
The orbital cortex represents another region receiving direct input from the cortical larynx
area, which is not normally considered to be the target of motorcortical projections. PET and
fMRI studies do not provide evidence that the orbital cortex is involved in speech processing
(PRICE, 2000). On the other hand, OOMURA et al. (1995) report that in the orbital cortex of
macaques, neurones can be found near the orbital sulcus which, in a vocal operant
conditioning task, become active just before and during conditioned vocalization. These
neurones are not active in a lever-pressing operant conditioning task. According to ROLLS et
al. (1989), the lateral orbital cortex also contains numerous cells, which react to the taste of
food. In contrast to the primary gustatory cortex, the neurones in the orbital cortex depend
very much on the feeding motivation in their reaction to taste stimuli. This suggests that the
role of the orbital cortex in oro-pharyngo-laryngeal behaviour is rather that of a gating
structure than that of a motor-coordinating structure.
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In summary, the present study shows that numerous structures, having been related to oropharyngo-laryngeal behaviour by the use of physiological methods, receive a direct input
from the motorcortical larynx area.

4.1.2

Subcortical projections

The subcortical telencephalic projections of the laryngeal motorcortex largely correspond to
the general scheme of motorcortical projections in mammals. Like other motorcortical areas,
the larynx area projects to the basal ganglia putamen, caudate nucleus and claustrum.
According to KÜNZLE (1975), the cortico-putaminal projection is somatotopically
organized, with the cortical leg area projecting to the rostrodorsal putamen, the face area
projecting to its caudoventral part, and the arm and trunk area in between. In the present
study, terminals were found in the ventral putamen over a large anteroposterior distance. This
means that there is an overlap of the projections coming from the face and the larynx area in
the posterior putamen. The putamen rostral to the anterior commissure, in contrast, seems to
receive input only from the larynx area.
A somatotopically organized motorcortical projection has been reported also for the
claustrum. According to KÜNZLE (1975), the input from the motorcortical face area ends in
the rostrodorsal part of the claustrum, while the input from the arm and leg area ends in the
intermediate and caudal part of the dorsal claustrum, respectively. In the present study,
terminal labelling was not only found in the rostrodorsal part of the claustrum, but also at two
separate positions in the ventral part of the claustrum. This makes clear that the corticoclaustral projection is not a one-to-one projection; instead, single motorcortical sites project to
several claustral regions. Similar holds for the cortico-caudate and, to some extent, also for
the cortico-putaminal projection.
Projections to the putamen and caudate nucleus are unidirectional, that is, the motorcortical
larynx area projects to these structures, but the latter do not project directly to the cortex
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(JÜRGENS, 1982). The same holds for the connections of the face, leg and arm motorcortical
representations (HOOVER & STRICK, 1999). In the study of JÜRGENS (1982), however,
some retrogradely labelled cells were found in the claustrum after horseradish peroxidase
injections into the ipsilateral motorcortical larynx area. There is also known reciprocity
between the claustrum and motorcortical hand representation as well as the premotor cortex
and supplementary motor area (TANNE-GARIEPY et al., 2002).
The putamen receives by far the strongest projection of all telencephalic subcortical
structures. It thus represents the main basal ganglia output structure of the motor cortex.
Neurological studies in human patients have shown that lesions in the putamen can cause
dysarthria and dysphonia (LEE et al., 1996; PICKETT et al., 1988). PET and fMRI studies
report speech-related activity in the putamen (BOOKHEIMER et al., 1995; KLEIN et al.,
1994; PAUS et al., 1996; PRICE et al., 1996). The putamen thus is not only anatomically
connected with the motorcortical mouth and larynx representation; it is also functionally
involved in vocal control. The latter statement seems to hold for humans only, however. If the
putamen is destroyed bilaterally in the squirrel monkey, no changes are found in vocal
behaviour (JÜRGENS et al., 1982). As the squirrel monkey’s vocalizations have been shown
to be genetically determined in their acoustic structure (HAMMERSCHMIDT et al., 2001),
we conclude that the putamen is involved only in the production of learnt vocal patterns, such
as speech and song, but not in the production of innate vocalizations, such as monkey calls
and human laughing, moaning and crying.
It is still unclear via which pathway the putamen exerts its vocal control. One possible
pathway has been described by IWATA et al. (1996). According to these authors, the ventral
putamen projects into the dorsolateral substantia nigra, pars reticulata, which, in turn, projects
to the parvicellular reticular formation, an area directly connected with phonatory
motoneurones. Another alternative would be the well-known loop from the putamen via
globus pallidus and ventrolateral thalamus back to the motorcortex, and from there down into
the brainstem via the cortico-bulbar tract. Future studies will have to clarify the functional
roles of these pathways in vocal control.
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Diencephalon

The rhesus monkey’s projections of the cortical larynx area to the thalamus are essentially
identical with those reported by JÜRGENS (1976) for the squirrel monkey. They are also
similar to the projections of the Java monkey’s face motor cortex as described by KÜNZLE
(1976), except that this author did not find projections to the nucl. ventralis anterior and the
pulvinar complex. The latter two projections were found by KÜNZLE in another study
(1978a), however, when the tracer injections were made into the premotor cortex just rostral
to the primary face motor cortex. These findings suggest that only the intraoral representation
of the facial motor cortex, which lies in area 6 instead of area 4, is directly connected with the
nucleus ventralis anterior and pulvinar complex.
Retrograde tracing studies in the macaque and squirrel monkey show that a number of
thalamic nuclei found in the present study to receive a direct input from the motorcortical
larynx area are reciprocally connected with the laryngeal and facial motorcortex. Such nuclei
are the nucl. ventralis lateralis, ventralis posterior medialis, reuniens, medialis dorsalis,
centralis lateralis, centrum medianum, parafascicularis and pulvinaris (JÜRGENS, 1982;
MATELLI et al., 1989; ROUILLER et al. 1999).
The main input structure within the thalamus is the nucleus ventralis lateralis. This nucleus is
part of two important motor control loops. One is the cortico-ponto-cerebello-thalamo-cortical
pathway; the other is the cortico-striato-pallido-thalamo-cortical pathway (HOOVER &
STRICK, 1999). The nucleus ventralis lateralis has a somatotopical organization with the
representation of the face muscles medially and the trunk and upper and lower extremities
more laterally (HASSLER, 1959; VITEK et al., 1994). Fibres from the laryngeal motorcortex
terminate in the ventromedial part of both the lateral and medial subnuclei of the ventrolateral
nucleus. Lesions in the ventrolateral nucleus of man have been reported to cause monotonous
and breathy voice, raised fundamental frequency and an increase in jitter (ACKERMANN et
al., 1993). Electrical stimulation produces vocalization (SCHALTENBRAND, 1975). PET
and fMRI studies report speech- and song-related bilateral activity in this region
(BOOKHEIMER et al., 1995; BOOKHEIMER et al., 2000; PAUS et al., 1996). Single-unit
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recordings in the cat have revealed vocalization-related neuronal activity in the medial part of
the ventrolateral nucleus (FARLEY, 1997). The ventrolateral nucleus forms reciprocal
connections with the primary motor cortex, premotor cortex, Broca’s area and supplementary
motor area (NAKANO et al., 1992; ROUILLER et al., 1999), all of which are known to
produce vocalization when electrically stimulated in man (PENFIELD & ROBERTS, 1956;
PENFIELD & WELCH, 1951).
Another heavily labelled thalamic nucleus is the nucl. ventralis posteromedialis, especially its
ventromedial and parvocellular part. According to KÜNZLE (1976), the extraoral
motorcortical face area projects to the dorsolateral part of the nucl. ventralis posteromedialis,
but not to the parvocellular part. The latter seems to be devoted to the processing of intraoral
stimuli, gustatory as well as somatosensory (PRITCHARD et al., 1989). Single-unit
recordings in the nucl. ventralis posteromedialis of humans have revealed speech-related
activity (MCCLEAN et al., 1990). Electrical stimulation of this nucleus during vocalization in
the squirrel monkey has led to a deterioration of vocal structure (DRESSNANDT &
JÜRGENS, 1992). Lesions of this nucleus and its main cortical projection area, the sensory
face cortex, have been made responsible for the syndrome of afferent motor aphasia, a
syndrome characterized by dysarthric speech due to an interruption of the kinaesthetic and
proprioceptive feedback from the phonatory organs (LURIA, 1964).
It has been mentioned already that the projections to the pulvinar are not typical for the
primary motor cortex in general, but only for its intraoral part. It is of interest in this context
that brain stimulation and lesion studies point to a possible role of the pulvinar in speech
processing. According to OJEMANN et al. (1968), electrical stimulation of the left pulvinar
in human patients induces nominal aphasia. Left-sided lesions of the pulvinar have been
reported to cause anomia, verbal perseveration, neologism and reduced speech activity
(REYNOLDS et al., 1979; VAN BUREN & BORKE, 1969).
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Mesencephalon, pons and medulla

At the level of the midbrain, the periaqueductal grey represents a crucial relay station of the
limbic vocalization pathway. Its destruction leads to mutism in the squirrel monkey
(JÜRGENS & PRATT, 1979b). Vocalizations electrically elicitable from the anterior
cingulate cortex and hypothalamus can be blocked by blocking the excitatory
neurotransmission in the periaqueductal grey (JÜRGENS & ZWIRNER, 1996). In contrast to
the drastic effects of periaqueductal grey blockade on vocalization elicited from limbic
structures, there is no effect at all of periaqueductal blockade on vocal fold movements
elicited from the cortical larynx area (JÜRGENS & ZWIRNER, 1996). This lack of effect fits
with the finding of the present study that there is a lack of direct connection of the cortical
larynx area with the periaqueductal grey. The cortical larynx area thus seems to control the
vocal folds via a pathway bypassing the periaqueductal grey.
Another midbrain structure that was free of terminals in the present study, but usually
considered to be a typical output structure of the motor cortex, is the red nucleus. An
explanation for this discrepancy is given by a study of HUMPHREY et al. (1984). These
authors injected a retrograde tracer into the nucleus ruber of macaques and found retrogradely
labelled cells in the upper, but not the lower face cortex. As the upper face cortex contains the
representations of external face muscles, whereas the lower face cortex contains the
representations of intraoral muscles, the findings of HUMPHREY et al. fit well with the lack
of cortico-rubral connections in the present study.
At the midbrain-pons transition, a weak projection area was found in the medial parabrachial
nucleus. Such a cortico-parabrachial projection from the motorcortical face area has been
reported also for the rat (ZHANG & SASAMOTO, 1990), guinea pig (ENOMOTO et al.,
1995), cat (YASUI et al., 1985), tree shrew (ALIPOUR et al., 1997), squirrel monkey
(JÜRGENS, 1976) and Java monkey (HARTMANN-VON MONAKOW et al., 1979). Singleunit recording studies in the cat (FARLEY, 1992) and squirrel monkey (KIRZINGER &
JÜRGENS, 1991) have revealed vocalization-correlated activity in this region. Most of the
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vocalization-correlated cells, however, changed their activity also in relation to quiet
respiration. The majority increased its activity during expiration or in the late inspiratory
phase (FARLEY, 1992). Electrical stimulation with short pulse trains induces phase switching
from inspiration to expiration and from expiration to inspiration (COHEN, 1971). Prolonged
stimulation elicits abdominal straining movements (FUKUDA & FUKAI, 1986). Destruction
is followed by apneustic breathing (VON EULER et al., 1976). The parabrachial region,
especially its lateralmost part, projects massively into the nucl. retroambiguus, a structure
containing expiratory premotor neurones (GERRITS & HOLSTEGE, 1996). These findings
suggest that the parabrachial region participates in the respiratory component of vocalization
control. More specifically, it seems to be involved in the gating of vocal onset on the basis of
the momentary respiratory status.
Another pontine region receiving direct input from the larynx area is the pontine grey. The
pontine grey represents one of the classical input structures of the cerebellum. The direct
connection of the cortical larynx area with the pontine grey thus means that the cerebellum
receives oligosynaptic information from the motor cortex on its vocal fold-controlling
activity. It is in line with these anatomical connections that cerebellar lesions have a
deteriorating effect on speech production. The deteriorating effect is characterized by
irregular changes in fundamental frequency and intensity, explosive voice onset, scanning
speech rhythm and slowed speech tempo (ACKERMANN & ZIEGLER, 1992;
LECHTENBERG & GILMAN, 1978). Still more dramatic effects on speech are found when
the lesions invade the pontine grey itself. In this case, a complete loss of voluntary motor
control, including speech, is observed (locked-in syndrome) (BAUER et al., 1980). Only a
few non-verbal emotional vocal utterances, such as moaning, crying and laughing, survive.
The much more severe effect of pontine lesions than cerebellar lesions make clear that the
complete loss of speech in the locked-in syndrome is not due to an isolated pontine grey
lesion, but to a combined destruction of the pontine grey and traversing cortico-bulbar and
cortico-spinal fibres.
In the present study, no terminals were found in the nucleus ambiguus. A lack of corticoambigual projections was also reported for the squirrel monkey (JÜRGENS, 1976), tree shrew
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(SHRIVER & NOBACK, 1967), cat (SZENTAGOTHAI & RAJKOVITS, 1958) and rat
(TRAVERS & NORGREN, 1983). In humans, in contrast, direct connections of the motor
cortex with the nucleus ambiguus do exist (IWATSUBO et al., 1990; KUYPERS, 1958). This
direct cortico-ambigual connection seems to be a very recent acquisition in hominid evolution
and possibly represents one of the prerequisites for speech development. In non-human
primates and other mammals, with their very limited voluntary control on phonation, the
cortical larynx area has only an indirect access to the laryngeal motoneurones.
Structures that have been shown in the present study to receive direct input from the cortical
larynx area and which are known from the literature to project to the nucleus ambiguus are the
parvicellular, intermediate and dorsal reticular nuclei as well as the solitary tract nucleus
(BECKSTEAD et al., 1980; THOMS & JÜRGENS, 1987). All these structures have been
shown in a single-unit recording study in the squirrel monkey to contain neurones with
vocalization-correlated activity (LÜTHE et al., 2000). A major part of these neurones changed
their activity with changes in the fundamental frequency. Many of these neurones started to
fire already some time before vocalization onset. That is, both the solitary tract nucleus as
well as the reticular nuclei are potential candidates for cortico-ambigual relay stations. The
importance of these structures in vocal control is underlined by the observation that their
electrical stimulation during ongoing vocalization causes a deterioration of vocal structure
(DRESSNANDT & JÜRGENS, 1992). Lesions in the reticular formation and solitary tract
nucleus also have been reported to affect vocalization (KIRZINGER & JÜRGENS, 1985). It
is of interest that another structure known to be directly connected with the nucleus ambiguus
and being essential for vocal production, the nucleus retroambiguus, does not receive direct
input from the cortical larynx area in the rhesus monkey (HOLSTEGE, 1989; SHIBA et al.,
1997; ZHANG et al., 1995). The nucleus retroambiguus, due to its connections with the
expiratory motoneurones in the thoracic and lumbar spinal cord, is assumed to coordinate
laryngeal and respiratory activity during phonation. The lack of a direct input from the
cortical larynx area to the nucleus retroambiguus makes clear that the nucleus retroambiguus
is not a primary relay station of the cortico-ambigual pathway.
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In the past, most phonatory deficits due to subcortical lesions have been interpreted as the
result of an interruption of the direct cortico-bulbar pathway. The present study makes clear
that the cortical larynx area does not only project via the cortico-bulbar pathway to areas
containing the motoneurones and premotor neurones involved in phonation. Instead, a large
number of areas scattered throughout the subcortical forebrain and brainstem receive direct
input from the cortical larynx area. There is, thus, no reason to assume that the cortico-bulbar
pathway is the only pathway involved in voluntary vocal control.
The present study has shown to which other structures the cortical larynx area is connected. It
cannot say anything about the specific functional role of these structures in vocal control. To
answer this question, physiological methods have to complement the anatomical data.
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5.

92

Summary
Efferent Projections of the Motorcortical Larynx Area
in the Rhesus Monkey (Macaca mulatta)

Kristina Simonyan, M.D. (Yerevan, Armenia)
The cortical larynx area is that part of the motor cortex, which controls laryngeal muscles.
Electrical stimulation of this area yields vocal fold movements in man, chimpanzee, rhesus
monkey, and squirrel monkey. In man, in contrast to monkey, it is also possible to elicit
phonation. In non-primate mammals, such as dogs and cats, the existence of an area
specialized for isolated vocal fold movements has been questioned.
The aim of the study is a better understanding of the central nervous control of phonation. The
reason why the connections of the cortical larynx area were studied is that this area is
indispensable for speech and song. Lesions in the cortical larynx area in man, if bilateral,
cause severe disturbances in speech production (dysphonia) and articulation (dysarthria) with
a loss of voluntary fine control of vocal patterns (ARONSON, 1980).
The present study was carried out in the following way. The experimental animals were 3
rhesus monkeys, Macaca mulatta. The rhesus monkey was chosen because it has a brain and
larynx very similar to man.
Under general anaesthesia, the motorcortex of the animals was explored for sites yielding
vocal fold movements. Identification of the larynx area was made with the help of electrical
brain stimulation by aid of a monopolar stimulation electrode. Vocal fold adduction was
observed under indirect laryngoscopy. When sites yielding vocal fold adduction were found,
they were injected with an anterograde tracer, biotin dextranamine, by the aid of a
micromanipulator-driven microsyringe.
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After a survival period of 7 weeks, the animals were perfused with physiological saline and
paraformaldehyde solutions. The brains were removed from the skull, sectioned on the
cryotom, and immunohistologically processed.
The following projections were found out.
Heavy projections were traced into the surrounding ventral and dorsal premotor cortex,
primary motor cortex, the homologue of Broca’s area, fronto- and parietoopercular cortex
(including

secondary somatosensory cortex),

granular

insula,

rostralmost

primary

somatosensory cortex, supplementary motor area, anterior cingulate gyrus, and dorsal
postarcuate cortex. Medium projections could be traced to the ventrolateral prefrontal and
lateral orbital cortex, primary somatosensory areas 3b and 2, agranular and dysgranular
insula, and posteroinferior parietal cortex. Minor projections ended in the lateral and
dorsolateral prefrontal cortex, primary somatosensory area 1, and cortex within the
intraparietal sulcus and posterior sulcus temporalis superior.
The majority of the structures received a bilateral projection, with an ipsilateral
predominance. Only a few regions in the posterior parietal cortex received ipsilateral
projections in all three animals. Crossing took place in the corpus callosum.
Subcortical projections could be traced within the forebrain to the putamen, caudate nucleus,
claustrum, zona incerta, field H of Forel, and a number of thalamic nuclei with the heaviest
projections to the nuclei ventralis lateralis, ventralis posteromedialis, including its
parvocellular part, medialis dorsalis, centralis medialis, centrum medianum, and reuniens.
In the midbrain, labelling was found in the deep mesencephalic nucleus. No labelling was
found in the red nucleus and periaqueductal region.
In the lower brainstem, fibres terminated in the pontine and medullary reticular formation,
locus coeruleus, nucleus subcoeruleus, medial parabrachial nucleus, nucleus of the spinal
trigeminal tract, solitary tract nucleus, and facial nucleus. No projections were found to the
nuclei ambiguus and retroambiguus.
The majority of the subcortical projections were again bilateral with an ipsilateral
predominance. Crossing took place in the thalamus and at brainstem level, immediately after
the fibres had left the pyramidal tract.
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The present study makes clear that the cortical larynx area is connected with a very large
number of areas in the forebrain and brainstem, which might represent potential candidates in
the phonatory control system.
The motorcortical larynx area is strongly connected with areas lying within as well as along
the Sylvian fissure, from the anterior prefrontal cortex back to the posterior parietal cortex.
These areas seem to be responsible for different stages of vocal processing, reaching from
planning (prefrontal cortex) via motor preparation and execution (premotor and motor cortex)
to proprioceptive (parietal cortex) and auditory feedback control (superior temporal cortex).
The marked projections to the mediofrontal cortex probably serve the initiation of vocal
behaviour. Several of these areas have been shown with modern brain imaging techniques
(PET, fMRI) to be activated during speech.
The lack of a direct connection of the motorcortex with the laryngeal motoneurones, in
contrast to humans, suggests that this connection has evolved in the last few million years and
might represent one of the factors that made speech evolution possible.
The fact that both rhesus and squirrel monkeys have strong projections into the primary
sensory nuclei of the brainstem (spinal trigeminal nucleus, solitary tract nucleus) suggests that
the original function of the motorcortical larynx area is not the control of the laryngeal
motoneurones, but the control of the somatosensory input from the phonatory apparatus.
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Zusammenfassung

Efferente Projektionen von der motorcorticalen Larynxarea
bei Rhesusaffen (Macaca mulatta)

Kristina Simonyan, M.D. (Yerevan, Armenien)
In der vorliegenden Arbeit wird das komplette Projektionssystem des motorcorticalen
Kehlkopfareales von Rhesusaffen (Macaca mulatta) präsentiert.

Ziel der Arbeit war es, die der Stimmgebung zugrundeliegenden zentralnervösen
Verschaltungen besser zu verstehen. Dazu sollten mit Hilfe eines anterograden Tracers die
efferenten Projektionen der motorcorticalen Larynxarea dargestellt werden, einem Gebiet, für
das auf Grund früherer funktioneller Untersuchungen Hinweise existieren, dass es an der
Stimmkontrolle beim Sprechen und Singen beteiligt ist.
Die lokalisierte elektrische Reizung dieses Gebietes führt zu Stimmlippenbewegungen in
Menschen und Primaten. Beim Menschen ist es auch möglich Stimmgebung auszulösen.
Neurologische Untersuchungen an hirnverletzten Patienten haben gezeigt, dass Läsionen im
Bereich des unteren Motorcortex zu Stimmstörungen (Dysphonie) und Sprechstörungen
(Dysarthrie) führen (ARONSON, 1980).
Das Experiment wurde an 3 Rhesusaffen durchgeführt. Dies hat seinen Grund darin, dass die
anterograde Tracing-Methode nicht am Menschen einsetzbar ist und andere Säuger als
Primaten ausscheiden, da bei ihnen die Neuroanatomie zu sehr von der des Menschen
abweicht, um als Modell für diesen dienen zu können. Den Tieren wurde unter Vollnarkose
der Motorcortex freigelegt. Mittels lokalisierter elektrischer Reizung wurden Punkte gesucht,
deren Aktivierung zu isolierten Stimmlippenbewegungen führten. Mit Hilfe einer
Mikroliterspritze wurde dann in diese Punkte der anterograde Tracer Biotin-Dextranamin
injiziert. Nach einer Überlebenszeit von 7 Wochen wurden die Tieren mit einer Überdosis an
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Narkosemittel eingeschläfert und perfundiert. Die Gehirne wurden freipräpariert und
histologisch aufgearbeitet.
Folgende Projektionen wurden gefunden.
Die kräftigsten cortico-corticalen Projektionen ziehen vom Injektionsort in den ventralen und
dorsalen Prämotorcortex, den primären Motorcortex, das Homolog zur Broca-Area, in den
fronto- und parietoopercularen Cortex (inklusive sekundärem somatosensorischen Cortex),
die granuläre Insel, Area 3a des primären somatosensorischen Cortex, die motorische
Supplementärarea, den vorderen cingulären und dorsalen postarcuaten Cortex.
Mittelstarke corticale Projektionen gehen in den ventrolateralen präfrontalen und lateralen
orbitalen Cortex, Area 3b und 2 des primären somatosensorischen Cortex, die agranuläre und
dysgranuläre Insel und den posteroinferioren Parietalcortex.
Schwache cortico-corticale Projektionen enden in dem lateralen und dorsolateralen
Präfrontalcortex, Area 1 des primären somatosensorischen Cortex und im Cortex innerhalb
des intraparietalen Sulcus und posterioren Sulcus temporalis superior.
Von diesen Projektionen ist die Mehrheit bilateral mit ipsilateraler Dominanz. Nur der
posteriore Parietalcortex zeigt eine ipsilaterale Projektion in allen drei Tieren. Die Kreuzung
auf die kontralaterale Seite erfolgt jeweils im Corpus callosum.
Subcorticale Projectionen ziehen zum Putamen, Caudatum, Claustrum, Zona incerta, Feld H
von

Forel,

und

zu

einer

Reihe

von

Thalamuskernen.

Die

kräftigsten

der

Thalamusprojektionen finden sich zum Nucl. ventralis lateralis, ventralis posteromedialis,
inklusive parvocellulärem Teil, medialis dorsalis, centralis medialis, centrum medianum und
reuniens. Projektionen ins Mittelhirn enden in der Formatio reticularis. Keine Projektionen
gehen in den Nucl. ruber.
Im unteren Hirnstamm befinden sich Axonterminalen vorwiegend in der Formatio reticularis.
Weitere Projektionen finden sich im Locus coeruleus, Nucl. subcoeruleus, parabrachialis
medialis, Griseum pontis, spinalen Trigeminuskern, Solitariuskern und Nucl. facialis. Keine
Projektionen finden sich zum Nucl. ambiguus.
Die Mehrzahl der subcorticalen Projektionen ist bilateral mit ipsilateraler Dominanz. Die
Kreuzung auf die kontralaterale Seite erfolgt im Thalamus sowie im unteren Hirnstamm
unmittelbar nach Austritt der Fasern aus der Pyramidenbahn.
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Der laryngeale Motorcortex ist eng verbunden mit Arealen, die sowohl in, als auch entlang
der Sylvischen Furche liegen und vom vorderen Präfrontalcortex bis zum hinteren
Parietalcortex reichen. Diese Gebiete scheinen für unterschiedliche Organisationsstufen der
Vokalisation verantwortlich zu sein, die von der Planung (Präfrontalcortex) über motorische
Vorbereitung und Ausführung (prämotorischer und motorischer Cortex), bis zur
propriozeptiven (Parietalcortex) und auditiven Rückkoppelungskontrolle (Gyrus temporalis
superior) reichen. Die Projektionen in den mediofrontalen Cortex sind wahrscheinlich an der
willkürlichen Initiierung von Lautäusserungen beteiligt. Die Mehrzahl dieser Gebiete zeigten
mit modernen Bildgebungsverfahren (PET, fMRI) eine Aktivierung beim Sprechen.
Das, im Gegensatz zum Menschen, Fehlen einer direkten Verbindung vom Motorcortex zu
den laryngealen Motorneuronen, lässt vermuten, dass diese Verbindung in den letzten
wenigen Millionen Jahren entwickelt wurde, und dass möglicherweise diese Verbindung
einen der Faktoren darstellt, der die Evolution der Sprache erst möglich gemacht hat.
Sowohl beim Rhesusaffen wie beim Totenkopfaffen findet sich jedoch eine starke Projektion
in die primären sensorischen Hirnstammkerne (spinaler Trigeminuskern, Solitariuskern). Dies
lässt vermuten, dass die ursprüngliche Funktion des motorcorticalen Larynxareals nicht die
Kontrolle der Larynxmotorneurone, sondern die Kontrolle des somatosensorischen Eingangs
vom Stimmapparat war.
Alle in der vorligenden Studie gefundenen Terminalgebiete stellen potentielle Kandidaten für
vokalisationskontrollierende Strukturen dar. Welche dieser Strukturen tatsächlich an der
Vokalisationskontrolle

teilnehmen,

Einzelzellableitung, zeigen.

müssen

physiologische

Methoden,

z.B.

die
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Appendix

8.1 Operation protocols
Animal I

Macaca mulatta (Rhesus monkey)

Number

2001

Sex

female

Weight

~4 kg

Operation date

29. 05. 2000, 9:00 a.m.-12:00

Perfusion date

20.07.2000

Stimulation parameters

biphasic rectangular pulse, 70 Hz repetition rate, pulse width 1
msec, voltage 7.5V, 3 s train duration, current intensity 500 µA

Released movement

vocal folds adduction

Injected substance

BDA (Biotinylated Dextranamine) in 2% DMSO solution

Concentration

20%

Substance volume

1.0 µl

Injected place

Laryngeal motorcortex (left hemisphere)

Way of Application

Pressure injection

Zero-level coordinates

APO=left 52.2
HO=14.1

Stereotactic coordinates

A 24 H 16

Position of destination

A 25 H 17

Bone window (centre)

AP 33-17 H 26-10

Number of injections

1

Injection duration

10 min.: 2 min. at injection depth of 3.0 mm/0.2 µl; 2 min. at 2.5
mm/0.2 µl; 2 min. at 2 mm/0.3 µl; 2 min. at 1.5 mm/0.3 µl
(measured from cortical surface); volume 1.0 µl

Anaesthesia

GM II

Further remarks:

Dura was opened; bone defect was closed by covering it with
Lyodura glued with Histoacryl to the bone rim; suturing of the
muscles and skin; 0.6 ml Baytril/day for 7 days
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Animal II

Macaca mulatta (Rhesus monkey)

Number

1757

Sex

female

Weight

~7 kg

Operation date

24. 08. 2000, 8:40 a.m.-11:15 a.m.

Perfusion date

04.10.2000

Stimulation parameters

biphasic rectangular pulse, 70 Hz repetition rate, pulse width 1
msec, voltage 7.5V, 3 s train duration, current intensity 500 µA

Released movement

vocal folds adduction

Injected substance

BDA (Biotinylated Dextranamine) in 2% DMSO solution

Concentration

20%

Substance volume

2 x 1.0 µl

Injected site

Laryngeal motorcortex (left hemisphere)

Way of Application

Pressure injection

Zero-level coordinates

APO=left 18.0
HO=13.5

Stereotactic coordinates

1: A 25 H 18
2: A 26 H 17

Position of destination

A 25 H 17

Bone window (centre)

AP 35-18 H 25-11

Number of injections

2

Injection duration

1: 5 min. at depth of 3.5 mm, volume 1.0 µl
2: 5 min. at depth of 3.5 mm, volume 0.3 µl; 3.2 mm, volume
0.3 µl; 2.8 mm, volume 0.4µl

Anaesthesia

GM II
Further remarks:

Dura was not opened; bone defect was

closed by covering with GoreTex regenerative material
titanium-reinforced; suturing of the muscles and skin; 0.6 ml
Baytril/day for 7 days
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Animal III

Macaca mulatta (Rhesus monkey)

Number

1555

Sex

female

Weight

~6.5 kg

Operation date

24. 01. 2001, 8:30 a.m.-12:00.

Perfusion date

13.03.2001

Stimulation parameters

biphasic rectangular pulse, 70 Hz repetition rate, pulse width 1
msec, voltage 7.5V, 3 s train duration, current intensity 500 µA

Released movement

vocal folds adduction

Injected substance

BDA (Biotinylated Dextranamine) in 2% DMSO solution

Concentration

20%

Substance volume

2 x 1.0 µl

Injected place

Laryngeal motorcortex (left hemisphere)

Way of Application

Pressure injection

Zero-level coordinates

APO=left 50.8
HO=24.5

Stereotactic coordinates

1: A 25.6 H 15
2: A 25 H 13.4

Position of destination

A 25 H 17

Bone window (centre)

A 12 H 20

Number of injections

2

Injection duration

1: 5 min. at depth of 3.0-3.5 mm, volume 1.0 µl
2: 5 min. at depth of 3.0-3.5 mm, volume 1.0 µl

Anaesthesia

GM II
Further remarks:

Dura was not opened; bone defect was

closed by covering with GoreTex regenerative material
titanium-reinforced; suturing of the muscles and skin; 0.6 ml
Baytril/day for 7 days
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Histology protocols

8.2.1
1.

Diaminobenzidine and cresyl violet stainings for 45µm floating sections
Preparation

1.1.1 0.1 % gelatine-coated object slides

1.1.2

1.2

-

wash up slides in washing machine with detergent

-

dry up at 40 °C in the dryer

Coating
-

dissolve 0.5 g gelatine in 400 ml 45 °C Aqua. dest.

-

dissolve 0.25 g potassium chrome-III-sulfate in 100 ml Aqua dest.

-

mix together

-

pass 250 ml of solution through the funnel and the filter

-

move slides up and down in solution 3 times and dry up

Cryostat
box temperature -21 °C, brain block temperature -17 °C
-

cut and collect sections in the tissue plates with 8 ml PBS buffer

1.2.1 Phosphate buffer (PBS) 10 mM pH 7.4
Na2HPO4 x 12 H2O = 358.14 g/mol
KH2PO4 = 136.09 g/mol
NaCl 0.9 %
for 1 liter

for 5 liters

3.58 g

Na2HPO4 x 12 H2O

17.9 g

1.36 g

KH2PO4

6.8 g

9g

NaCl

45 g
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-

prepare solution

-

adjust pH

Sodium acetate buffer pH 6.0
NaC2H3O2 = 82 g/mol
16.4 g/l
-

prepare solution

-

adjust pH with acetic acid

2.

DAB staining

2.1.

Preparation of the Vectastain ABC reagent
-

2 drops reagent A and B + 9 ml PBS buffer
+ 100 µl 0.5 % Triton X-100

-

shake 30 min. at room temperature

-

sort sections into groups: max. 8 sections per plate
(for example, group 1 includes sections 1-11-21-31-41)

2.2

Preparation of the peroxidase substrate
1st glas cylinder 50 mg 3.3´-diaminobenzidine dihydrochloride (DAB)
2nd glas cylinder 1.25 g Ammonium nickel sulfate
+ 25 ml sodium acetate in each cylinder
-

stir 30 min.

-

mix with 20 mg ammonium chloride and 20 mg cobalt-II-chloride hexahydrate
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Procedure
-

1 x wash out sections in PBS buffer

-

leave sections 1 x 10 min. in 1 % H2O2 in PBS buffer (0.3 ml 30 % H2O2 + 8.7
ml PBS) at room temperature for endogenous peroxidase blocking

-

wash up 10 times in PBS buffer

-

incubate with Vectastain ABC reagent for 60 min. at 37 °C

-

2 x wash up in PBS buffer

-

1 x wash up in sodium acetate buffer

-

pre-incubate in 10 ml peroxidase substrate for 30 min. in plate

-

post-incubate in the same solution + 3 µl 30 % H2O2 per 10 ml for 15 min.

-

wash up in sodium acetate buffer

-

wash up in PBS buffer

-

mount sections in solution of 0.5 g Gelatine + 500 ml phosphate buffer at 40 °C
onto gelatine-coated slides

-

dry overnight at 37 °C

-

sort slides with sections into two groups for cover-slipping with/without cresyl
violet staining

2.4

Preparations for cover slipping
-

2 min. 50 % alcohol

-

2 min. 70 % alcohol

-

2 min. 100 % alcohol

-

dry up shortly

-

4 x 1 min. xylene

-

cover with DePeX
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Cresyl violet staining
Remover:

348 ml chloroform
+ 48 ml ether
+ 48 ml methanol

Cresyl violet acetate:

-

dissolve 1 g cresyl violet acetate in ca. 300 ml
H2O bidest.

3.1

-

+ 9.6 ml concentrated acetic acid

-

filtrate

Cresyl violet staining by Nissl
-

leave sections in remover for 2 min.

-

2-3 min. 100 % alcohol

-

2-3 min. 100 % alcohol

-

2-3 min. 70 % alcohol

-

2-3 min. 50 % alcohol

-

wash up 20 sec. in H2O bidest.

-

45 sec. cresyl violet staining

-

wash up 20 sec. in H2O

-

15 sec. H2O + 2 ml acetic acid

-

wash up 10 sec. H2O bidest.

-

1 min. 50 % alcohol

-

1 min. 70 % alcohol

-

2 min. 100 % alcohol

-

2 min. 100 % alcohol

-

10 sec. air dry

-

4 x 1 min. xylene

-

cover with DePeX

-

dry overnight
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Solutions for perfusion

8.2.2.1
-

0.1 M Phosphate buffer pH 7.4
Component A: Sodium hydrogene phosphate-1-hydrate NaH2PO4 x H2O
MW = 137. 99 g/mol

-

Component B: di-Sodium hydrogene phosphate-dodecahydrate Na2HPO4 x 12H2O
MW = 358.14 g/mol

-

0.2 M = 55.20 g/2 L pH 4.5

0.2 M = 143.30 g/2 l pH 9.0

mix components A and B in the following way:
for

100 ml

500 ml

1000 ml

A

19 ml

95ml

190 ml

B

81 ml

405 ml

810 ml

-

1 part A/B + 1 part H2O bidest. = 0.1 M buffer solution

-

store component A at 4 °C, component B at room temperature

8.2.2.2

4 % Paraformaldehyde (PFA) in 0.1 M phosphate buffer pH 7.4

-

heat 450 ml H2O up to 60 °C

-

dissolve 40 g paraformaldehyde

-

+ 1 N NaOH to clear solution

-

+ 500 ml 0.2 M phosphate buffer

-

mix 100 ml 35 % PFA with 76 ml component A of phosphate buffer, 324 ml
component B and 400 ml H2O
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8.2.2.3 Physiological saline
-

mix and stir 9g NaCl / 1l H2O dest.

-

add 12 mg/ml Heparine

8.2.2.4
-

20 % Sucrose buffer
mix and stir 200 g sucrose with 1000 ml 0.1 M phosphate buffer of pH 7.2
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Chemicals

3,3´-diaminobenzidine dihydrochloride

SIGMA-ALDRICH GmbH, Germany

Acetic acid

MERCK, Germany

Alcohol (ethanol)

MERCK, Germany

Ammonium chloride

MERCK, Germany

Ammonium nickel sulfate hexohydrate

FLUKA Chemie GmbH, Switzerland

Biotinylated dextran conjugated to lysine

Molecular Probes, USA

Chloroforme

Mallinckrodt Baker B.V., Holland

Cobalt-II-chloride hexahydrate

MERCK, Germany

Cresyl violet acetate

SIGMA-ALDRICH GmbH, Germany

DePeX mounting medium

BDH Laboratory Supplies, England

Diethyl ether anhydrous

Mallinckrodt Baker B.V., Holland

Dimethyl sulphoxide (DMSO)

J.T. Baker Chemicals B.V., Holland

di-Sodium hydrogen phospate dodecahydrate

MERCK, Germany

Gelatine

SIGMA-ALDRICH GmbH, Germany

Hydrogen peroxidase solution 30%

FLUKA Chemie GmbH, Switzerland

Methanol

MERCK, Germany

Paraformaldehyde extra pure

MERCK, Germany

Potassium dihydrogen phosphate

MERCK, Germany

Potassium chrome-III-sulfate

MERCK, Germany

Sodium acetate

MERCK, Germany

Sodium chloride

MERCK, Germany

Sodium hydrogen phosphate monohydrate

MERCK, Germany

Sodium hydroxide

MERCK, Germany

Sucrose

MERCK, Germany

Triton X-100

SIGMA-ALDRICH GmbH, Germany

Vectastain ABC-Kit PK-4000

Vector Laboratories, Inc., USA

Xylene

Carl Roth GmbH, Germany
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Materials

Gore-Tex regenerative material titanium-reinforced

W.L. Gore & Associates, Inc., USA

Histoacryl

Braun, Melsungen, Germany

Lyodura

Braun, Melsungen, Germany

Vicryl, 3-0, 5-0

Johnson & Johnson Inc., Belgium

8.5

Instruments

Microsyringe

Hamilton Bonaduz AG, Switzerland

Stereotactic apparatus

David Kopf Instruments, USA

OLYMPUS Light microscope BX 50

Olympus Optical Co., Ltd., Japan

OLYMPUS C-3030 Zoom digital camera

Olympus Optical Co., Ltd., Japan
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29

13.

Lateral view of the rhesus monkey brain showing the injection site

35

common to all three animals.
14.
15. a

Photographical documentation of several steps of operation.

38

Lateral view of the rhesus monkey cortex with projection areas common to

43

all three experimental subjects.
15. b

Medial and ventral view of the rhesus monkey cortex with projection areas
common to all three experimental subjects.

44
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Brain diagrams of the rhesus monkey in the frontal stereotactic plane,
showing subcortical projection areas overlapping in at least two of the
three experimental animals.
45-52

16. a

Lateral view of the rhesus monkey cortex with projection areas in animal
III.

53

16. b

Medial and ventral view of the rhesus monkey cortex with projection areas
in animal III.

54

16. c-j

Brain diagrams of the rhesus monkey in the frontal stereotactic plane, 55-62
showing subcortical projection areas in animal III.

17.

Photograph of a frontal section of the rhesus monkey’s brain.

67

18.

Microphotograph of the injection site.
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19.

Microphotograph of the premotor area 6VC.
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20.

Microphotograph of the promotor area.
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21.

Microphotograph of area 44.
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22.

Microphotograph of the orbital area 47O.

69

23.

Microphotograph of the primary somatosensory area 3a.
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24.

Microphotograph of the secondary somatosensory area SII.

70

25.

Microphotograph of the agranular insula.
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26.

Microphotograph of the cingulate area 24c.

71

27.

Microphotograph of putamen and lateral medullary lamina.
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28.

Microphotograph of the caudate nucleus and internal capsule.

72

29.

Microphotograph of the ventral lateral thalamic nucleus, medial part.
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30.

Microphotograph of the ventral posterior thalamic nucleus, parvocellular
part.

73

31.

Microphotograph of the ventral anterior thalamic nucleus, medial part.
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32.

Microphotograph of the mediodorsal thalamic nucleus, caudal part.

74
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33.

Microphotograph of the centromedian thalamic nucleus.

75

34.

Microphotograph of the lateral pulvinar.

75

35.

Microphotograph of the deep mesencephalic nucleus.
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36.

Microphotograph of the medial parabrachial nucleus.
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37.

Microphotograph of the intermediate reticular nucleus.
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38.

Microphotograph of the solitary tract nucleus.
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8.8
1
2
3
3n
3N
3V
4
4n
4V
5
6DC
6DR
6M
6N
6VR
6VC
7n
7N
7
8A
8B
9

Abbreviations
Primary somatosensory cortex, Brodmann area 1
Primary somatosensory cortex, Brodmann area 2
Primary somatosensory cortex, Brodmann area 3
Oculomotor nerve
Oculomotor nucleus
3rd ventricle
Primary motor cortex
Trochlear nerve
4th ventricle
Parietal cortex, Brodmann area 5
Caudal dorsolateral premotor cortex
Rostral dorsolateral premotor cortex
Supplementary motor area
Abducens nucleus
Rostral ventrolateral premotor cortex
Caudal ventrolateral premotor cortex
Facial nerve
Facial nucleus
Parietal cortex, Brodmann area 7
Upper periarcuate cortex
Cortex within superior arcuate sulcus
Prefrontal cortex, Brodmann area 9
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9M
10
11
11N
12N
13
14
20
21
22
23
24
25
32
44
45
45A
46V
47L
47O
AA
ac
Acb
AcbC
AcbSh
acp
AHA
AHi
AI
Am
APT
APul
Aq
AT
B
BDA
BIC
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Medial prefrontal cortex
Prefrontal cortex, Brodmann area 10
Orbital cortex
Accessory nerve nucleus
Hypoglossal nucleus
Orbital cortex, Brodmann area 13
Orbital cortex, Brodmann area 14
Inferotemporal cortex
Midtemporal cortex
Superior temporal cortex
Posterior cingulate cortex
Anterior cingulate cortex
Subcallosal cortex
Precingulate cortex
Lower postarcuate cortex
Lower prearcuate cortex
Lower prearcuate cortex, area 45A
Lower bank of principal sulcus
Ventrolateral prefrontal cortex
Lateral orbital cortex
Anterior amygdaloid area
Anterior commissure
Accumbens nucleus
Accumbens nucleus, core
Accumbens nucleus, shell
Anterior commissure, posterior part
Anterior hypothalamic area, anterior part
Amygdalohippocampal area
Agranular insula
Ambiguus nucleus
Anterior pretectal nucleus
Anterior pulvinar
Aqueduct
Anterior thalamic nucleus
Basal nucleus (Meynert)
Biotin dextranamine
Nucleus of the brachium of the inferior colliculus
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BL
BM
bsc
BST
Cb1
Cb2
Cb3
cc
Cd
Ce
CIC
Cl
CL
CM
CMn
CnF
Co
cp
cr
ctg
Cu
DB
DCIC
DI
Dk
DM
DPGi
DpMe
DR
DRC
DRt
DTg
DV
EA
EC
ECIC
ECu
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Basolateral amygdaloid nucleus
Basomedial amygdaloid nucleus
Brachium of the superior colliculus
Bed nucleus of the stria terminalis
Cerebellar lobe 1
Cerebellar lobe 2
Cerebellar lobe 3
Corpus callosum
Caudate nucleus
Central amygdaloid nucleus
Central nucleus of inferior colliculus
Claustrum
Centrolateral thalamic nucleus
Central medial thalamic nucleus
Centromedian thalamic nucleus
Cuneiform nucleus
Ventral cortical amygdaloid nucleus
Cerebral peduncle, basal part
Corona radiata
Central tegmental tract
Cuneate nucleus
Diagonal band
Dorsal cortex of the inferior colliculus
Dysgranular insula
Nucleus of Darkschewitsch
Dorsomedial hypothalamic nucleus
Dorsal paragigantocellular nucleus
Deep mesencephalic nucleus
Dorsal raphe nucleus
Dorsal rhaphe nucleus, caudal part
Dorsal reticular nucleus
Dorsomedial tegmental area
Dorsal motor nucleus of vagus
Extended amygdala
External capsule
External cortex of the inferior colliculus
External cuneate nucleus
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eml
En
ex
f
fMRI
fr
G
Gi
GI
Giα
GPe
GPi
Gus
H1
Hb
Hip
IAM
ic
IC
ICo
icp
IMD
IO
IP
IPro
IPul
IRt
La
LC
LDS
LG
LH
Li
Lim
ll
LLd
LLv
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External medullary lamina
Endopiriform nucleus
Extreme capsule
Fornix
Functional magnetic resonance imaging
Fasciculus retroflexus
Frontoopercular cortex, gustatory cortex
Gigantocellular reticular nucleus
Granular insula
Gigantocellular reticular nucleus, alpha part
External globus pallidus
Internal globus pallidus
Gustatory thalamic nucleus
Field of Forel
Habenula
Hippocampus
Interanteromedial thalamic nucleus
Internal capsule
Inferior colliculus
Intercollicular nucleus
Inferior cerebellar peduncle
Intermediodorsal thalamic nucleus
Inferior olive
Interpeduncular nucleus
Insular proisocortex
Inferior pulvinar
Intermediate reticular nucleus
Lateral amygdaloid nucleus
Locus coeruleus
Lateral dorsal thalamic nucleus
Lateral geniculate nucleus
Lateral hypothalamic area
Linear nucleus of the raphe
Limitans thalamic nucleus
Lateral lemniscus
Dorsal nucleus of lateral lemniscus
Ventral nucleus of lateral lemniscus
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LPB
LPGi
LPul
LS
LSO
LV
mcp
MDC
MDD
MDL
MDM
ME
Me
MG
ml
mlf
MnR
Mo5
MPB
MPul
MRt
MS
MSO
oc
opt
ox
PAG
PaS
PC
PCom
PCRt
PEa
PET
PF
PFG
PFOp
PG
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Lateral parabrachial nucleus
Lateral paragigantocellular nucleus
Lateral pulvinar
Lateral septal nucleus
Lateral superior olive
Lateral ventricle
Middle cerebellar peduncle
Mediodorsal thalamic nucleus, caudal part
Mediodorsal thalamic nucleus, dorsal part
Mediodorsal thalamic nucleus, lateral part
Mediodorsal thalamic nucleus, medial part
Median eminence
Medial amygdaloid nucleus
Medial geniculate nucleus
Medial lemniscus
Medial longitudinal fasciculus
Median raphe nucleus
Motor trigeminal nucleus
Medial parabrachial nucleus
Medial pulvinar
Medial reticular nucleus
Medial septal nucleus
Medial superior olive
Olivocerebellar tract
Optic tract
Optic chiasm
Periaqueductal grey
Parasubiculum
Paracentral thalamic nucleus
Nucleus of the posterior commissure
Parvicellular reticular nucleus
Cortex within intraparietal sulcus
Positrom emission tomography
Parafascicular thalamic nucleus
Pontine inferoparietal cortex
Anterior parietoopercular cortex
Posterior inferoparietal cortex
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PGOp
PH
Pi
Pn
PN
PnC
PnO
PnR
Po
POA
POI
PP
PPTg
Pr
Pr5
PRF
ProM
Pu
PV
PVG
py
RAm
RI
RIP
RLi
RMC
RMg
RPC
Rt
RtTg
S II
s5
SC
scp
SFi
SI
sm
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Posterior parietoopercular cortex
Posterior hypothalamic area
Pineal gland
Pontine nucleus
Paranigral nucleus
Pontine reticular nucleus, caudal part
Pontine reticular nucleus, oral part
Pontine raphe nucleus
Posterior thalamic nucleus
Preoptic area
Periolivary region
Peripeduncular nucleus
Pedunculopontine tegmental nucleus
Prepositus nucleus
Principal sensory trigeminal tract
Prerubral field
Promotor area
Putamen
Anterior secondary somatosensory cortex
Periventricular grey
Pyramidal tract
Retroambiguus nucleus
Retroinsular cortex
Raphe interpositus nucleus
Rostral linear nucleus of the raphe
Red nucleus, magnocellular part
Raphe magnus nucleus
Red nucleus, parvicellular part
Reticular thalamic nucleus
Reticulotegmental nucleus of the pons
Posterior secondary somatosensory cortex
Sensory root of the trigeminal nerve
Superior colliculus
Superior cerebellar peduncle
Septofimbrial nucleus
Substantia innominata
Stria medullaris of the thalamus
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SN
SNR
SO
sol
Sol
sp5
Sp5
Sp5O
st
STG
STh
STS
SubC
TO
TP
ts
Tz
tz
VAL
VAM
VAMC
Ve
VeI
VeL
VeM
VeS
VLL
VLM
VMH
VP
VPL
VPM
VRt
VTA
WGA-HRP
xscp
ZI
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Substantia nigra
Substantia nigra, reticular part
Supraoptic nucleus
Solitary tract
Solitary tract nucleus
Spinal trigeminal tract
Spinal trigeminal nucleus
Spinal trigeminal nucleus, oral part
Stria terminalis
Superior temporal gyrus
Subthalamic nucleus
Cortex within superior temporal sulcus
Subcoeruleus nucleus
Temporoopercular cortex
Temporopolar cortex
Tectospinal tract
Nucleus of the trapezoid body
Trapezoid body
Ventral anterior thalamic nucleus, lateral part
Ventral anterior thalamic nucleus, medial part
Ventral anterior thalamic nucleus, magnocellular part
Vestibular nucleus
Inferior vestibular nucleus
Lateral vestibular nucleus
Medial vestibular nucleus
Superior vestibular nucleus
Ventral lateral thalamic nucleus, lateral part
Ventral lateral thalamic nucleus, medial part
Ventromedial hypothalamic nucleus
Ventral pallidum
Ventral posterolateral thalamic nucleus
Ventral posteromedial thalamic nucleus
Ventral reticular nucleus
Ventral tegmental area
Wheat-germ agglutinin conjugated to horseradish peroxidase
Decussation of the superior cerebellar peduncle
Zona incerta
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