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SUMMARY 

• This review is a summary of our current knowledge 

of the localization of the neurotransmitters excitatory and 

inhibitory amino acids, monoamines, neuropeptides and 

nitric oxide in the mesencephalic trigeminal nucleus (MTN) 

of the cat. Particular emphasis is given to identifying the 

possible physiological involvement of MTN inputs in the 

transmission of proprioceptive information at the first 

synaptic relay. It is shown that the large MTN neuron 

population contains only glutamate that is a strong candi 

date for a major neurotransmitter in this brain region. 

However, certain small MTN neurons, most likely interneu- 

rons, are found to be gamma-aminobutyric acid (GABA)- 

ergic. Furthermore, nitric oxide synthase-immunoreactiv- 

ity can be detected in the caudal as well as the mesencepha- 

lic-pontine junction parts of the MTN and this suggests a 

mediatory role for nitric oxide in some aspects of synaptic 

transmission in the MTN. No immunoreactivity to any of the 

neuropeptides examined is observed in the cell bodies of 

MTN neurons and only fibers and their terminals show 

peptide-immunolabelling. Most of the labelled peptidergic 

fibers have immunopositive varicosities that form pericel- 

lular basket-like arborizations around unlabelled MTN 

Received for publication 15 October 1997 and accepted 29 November 
1997. 
Corespondence andreprintrequests to DrNikolai E. Lazarov, Department 
of Anatomy, Histology and Embryology, Faculty of Medicine, Thracian 
University, Armejska 11, BG-6003 StaraZagora, Bulgaria. Tel: 359 (42) 
400 94, Fax: 3 59 (42) 470 00, E-mail: nlazarov@bgcict.acad.bg 

perikarya. Together with earlier studies from other 

laboratories, the present results give strong evidence for the 

occurrence of both excitatory (glutamatergic) and inhibitory 

(GABAergic) transmission in the cat MTN. In addition, MTN 

receives synaptic inputs from peptidergic fibers and these 

will play a significant role in the trigeminal proprioceptive 

afferent transmission. Potential factors and mechanisms 

regulating neurochemical events in the MTN neurons are 

discussed. (Biomed Rev 1997; 8: 1-20) 

INTRODUCTION 

• Mr Chairman, Ladies and Gentlemen, it is a signal 

honour for us to receive from the Bulgarian Anatomical 

Society the First Kadanoff Memorial Award. We are espe 

cially delighted to receive this award because of the remark 

able contributions that Professor Kadanoff gave to the field of 

neuromorphology, not only in Bulgaria but also throughout 

the world, and because he was our teacher for a long time. We 

knew Dimitri Kadanoff quite well and always considered him 

to be one of the most outstanding anatomists and the godfather 

of modern Anatomy in Bulgaria. Kadanoff showed an interest 

in the whole spectrum of morphology and besides teaching 

macroscopical and topographical anatomy he also worked on 

embryology and anthropology. A refugee from Nazi Germany, 

Kadanoff came back to Bulgaria and dedicated to Anatomy 

nearly all of his professional life in Bulgaria. In 1939 he joined 

the Faculty of Medicine at the Medical School in Sofia as 

Associate Professor of Anatomy and Head of the Department 

of Anatomy, and three years later became Professor and Head 

of the Department of Anatomy, a position he kept until 1965. 



  

  

That same year he was attributed Dr. h. c. Thereafter, as 

Corresponding Member of the Bulgarian Academy of 

Sciences, Dimitri Kadanoff did not stop working. When he 

died on October 7, 1982 in Vienna at the age of 82, his last 

paper was still in press. There can be no doubt that his views 

and merits continue to be of great benefit to Bulgarian anatomical 

science, and is deeply appreciated by the Bulgarian scientific 

community. 

See Editorial Comment on page 21 

The topic of this lecture is the neurochemical anatomy of the 

mesencephalic trigeminal nucleus (MTN) of the cat. Let us 

begin with a brief overview of the features of its anatomical 

organization. The MTN is a unique sector of the central 

nervous system (CNS). The nucleus consists of a column of 

large, scattered nerve cells, a population of neural crest-

derived proprioceptive neurons, that are situated within the 

rostral pons and along the entire caudorostral length of the 

midbrain at the lateral edge of the periaqueductal gray. In the 

cat, it extends for 7.1 mm from the level of the cranial borders of 

the trigeminal motor and principal sensory nuclei in the 

rostral pons to the level of the nuclei of the posterior 

commissure and cranial end of the superior colliculi in the 

midbrain. 

Let us turn briefly to the story of the MTN. The study of the 

MTN has a long history since Ramon y Cajal (1) for the first 

time observed some embryonic mesencephalic cells with 

small dendrites, the latter resorbed in adults. Over the past 

century, the interest of neurobiologists in this anomaly among 

the sensory nuclei has been great, for MTN is the only nucleus 

located within the CNS that contains cell bodies of primary 

afferent neurons (2, 3). The initial progress was very rapid. 

Dating from the classic studies of Wallenberg (4) and Ramon y 

Cajal (5), the anatomical and functional organization of the 

MTN has been repeatedly documented and an increased 

understanding of its morphology and physiology has 

accumulated (6-20). On the basis of these studies, it is 

generally accepted that MTN neurons are large spherical or 

globular (pseudo)unipolar cells that resemble typical primary 

sensory neurons. Besides their unusual central location, the 

MTN neurons exhibit several other differences from the 

sensory ganglion cells. For example, the most fundamental 

difference is that, unlike the ganglion cell bodies which are 

completely ensheathed by satellite cells and free of synaptic 

contacts, large MTN neurons are only partially covered by 

astroglial cell processes so that the somal surface and the 

characteristic short neuronal spine-like evaginations come into 

direct contact with neuropil elements (21). Indeed, previous 

electron microscope studies have documented axosomatic 

contacts in the nucleus (17, 18, 26, 27). Furthermore, .apart 

from these cells, initially Ramon y Cajal (5), and subsequently 

Dault and Smith (16) reported the presence of a minority of 

small multi-polar cells within the nucleus, some of which are 

possibly 

 

interneurons. In the rat, the number of multipolar MTN 

neurons has been estimated at about 5% (22). In the mid-

1980s, retrograde tracer experiments revealed, in contrast to 

the rat, a large number of multipolar neurons (up to 40%) and 

axo-dendritic synapses on them in the MTN of the cat (23-

25). However, there is evidence that some MTN neurons are 

electro-tonically coupled (28, 29). 

Another landmark, perhaps better described as an advance as it 

evolved over a fairly lengthy period, was an understanding of the 

physiological properties of the MTN neurons. The functional 

response characteristics of MTN neurons have already been 

studied in considerable detail in cats (19, 30, 31). It is now 

believed that neurons located in the MTN are involved in the 

sensory aspects of proprioceptive information processing. 

MTN neurons give rise to central and peripheral branches. The 

peripherally directed processes, running in the trigeminal nerve, 

are considered to innervate the masticatory and extrinsic eye 

muscle spindles (32-34) as well as a subset of peri-odontal 

ligament fibers (14, 35-41). In the cat trigeminal system, 

Walberg et al (42) and Matsushita et al (43) additionally have 

reported descending pathways from the MTN to the medullary 

reticular formation and the superior cervical segments of the 

spinal cord, respectively. Recent autoradio-graphic and tracer 

studies have shown that the centrally projecting axons of MTN 

neurons terminate on several groups of neurons in the brainstem, 

mainly in the supratrigeminal nucleus and project, in part, to the 

trigeminal motor nucleus and intertrigeminal regions (44-

52). More recently, Luo et al (53) and Dessem et al (54), by 

using intracellular biotinamide to label the axonal projections 

of rat jaw-muscle spindle afferents, documented additional 

terminals in the caudal brainstem as well as a characteristic 

topographic distribution: primary-like spindle afferents project 

to the trigeminal motor nucleus while secondary-like spindle 

afferents project mainly to the supratrigeminal region. In 

addition to the anatomical and functional complexity of MTN, 

advances in immunocy-tochemistry have demonstrated that the 

nucleus can be characterized by a variety of neurotransmitter 

elements. During the last decade, various kinds of transmitter 

and modulator substances, i.e. classical neurotransmitters 

and neuropep-tides, were extensively studied in the MTN of 

rats (55-64), rabbits (65-67), and chickens (68). As a 

consequence, a number of neurochemicals were identified 

within the nucleus in normal and experimental conditions (69-

72). 

With such triumph at hand, why the pessimism? Because early 

evidence relating to the neurochemistry of the MTN was 

obtained mainly from other animal species. In spite of these 

immunocytochemical data, almost nothing is known about the 

cytochemical characteristics of the neurons and the key-

messengers in the cat MTN. In the only other study that we are 

aware of, Tashiro et al (73) noted that the MTN of the cat is 
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under influences of enkephalin-, substance P-, and serotonin-

containing afferent fibers. Therefore, the present review is 

designed first to summarize the available relevant background 

information concerning the neurofunctional and synaptic 

organization of the MTN and, second, to elucidate the 

transmitter content of neurons, fibers and terminals in the 

nucleus, with special emphasis on the classical and peptide 

neurotrans-mitters and their role in the trigeminal 

proprioceptive information processing. 

MORPHOFUNCTIONAL ORGANIZATION OF THE 

CAT MESEHCEPHALIC TRIGEMINAL NUCLEUS 

• As we noted earlier, the MTN is a complex longitu 

dinal collection of large neurons innervating the masticatory 

muscle spindles and mechanoreceptors in the periodontal 

ligament. Numerous studies in the cat have pointed out the 

differential distribution of their cell bodies: the jaw-closing 

muscle afferent MTN neurons are dispersed throughout the 

whole rostrocaudal extent of the MTN, whereas the periodon 

tal receptor afferent cell bodies are restricted to the caudal 

part of the nucleus (14, 19, 23, 44, 74, 75). Most of MTN 

neurons are deeply embedded in the caudal portion of the 

nucleus lying in the triangle between locus coeruleus and the 

parabrachial nucleus. Like other nuclei within the CNS, the 

MTN in the adult cat consists of a gelatinous synaptic area with 

a complex intermingling of nerve cells and a mixture of axons 

and dendrites with neuroglia and blood vessels (Fig. 1). The 

MTN is composed of two populations of nerve cells: small (up 

to 30 um in diameter), and large (30-70 um) spherical or ovoid 

(pseudo)unipolar cells as well as multipolar cells of various 

sizes (30-50 urn). About 60% of the total population of MTN 

neurons are (pseudo)unipolar cells and the remaining 40% are 

multipolar neurons (Fig. 2). In general, the two types of MTN 

neurons display a number of close similarities in morphologi 

cal appearance except for the presence of extra process(es) of 

the multipolar ones. Both types of neurons prove to have a rich 

cytoplasm in the perikaryon with abundant rough endoplasmic 

reticulum, a large number of free polysomes, a well developed 

Golgi complex, and numerous mitochondria and neurofila- 

ments, indicating a high rate of protein synthesis and axonal 

transport in these cells (18, 22, 76, 77). A characteristic 

feature of MTN neurons is the presence of a series of short 

neuronal evaginations (also called spines). Therefore, the 

variety of neuronal organization in the MTN is indicative of 

the complexity of the underlying neural circuitry of proprio- 

ception. 

Regarding synaptic connections in the cat MTN, about 85% of 

all terminals form synaptic junctions, while approximately 

15% of the vesicle-containing terminals are not engaged in 

synaptic specializations (Table 1). Three types of synaptic 

contacts are distinguished in the nucleus, namely axosomatic 

including axosomatic spine, axodendritic, and axospinic, 

possessing both symmetric and asymmetric morphology 

(77). Surprisingly, most of them (exceeding 90% of the total) 

are axodendritic shaft and axodendritic spine synapses. They 

are either symmetrical or asymmetrical. Axosomatic 

synapses are comparatively rare, accounting for 10% (Table 1). 

Nevertheless, such a percentage is remarkable as their functions 

are still obscure. 

Table 1. Number and percentage of terminal boutons in single 

sections of the cat MTN 

 

 

 

 

 

The different types of presynaptic nerve terminals can be 

characterized by vesicles of different size, a more conspicuous 

difference being the shape of vesicles. According to synaptic 

bouton morphology, four types of synaptic terminals can be 

identified in the cat MTN , referred to as S, P, F, and G boutons. 

Postsynaptic targets of various synaptic bouton types as well as 

their frequency are presented in Table 2. The vast majority of 

the axonal profiles in the axodendritic shaft and spine contacts 

(estimated 70%) are of the S type, while most of the 

remainder, accounting for almost 30% of the total, belong to 

the P type and less than 1% of the axodendritic synapses are 

of the G type. On the other hand, S type comprises 

approximately two-thirds of the axosomatic synapses (67%), 

while fewer contacts tend to have F type appearance (25 %), 

Table 2. Proportional distribution and ultrastructural 

characteristics of synaptic boutons in the cat MTN 
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Figure 1. Photomicrograph of the caudal part of the cat MTN showing a cluster of MTN neurons. Toluidine blue-stained 

1 urn-thick semithin section (a). Electron micrograph showing three MTN neurons (Ml, M2, M3) associated in a cluster 

(b). The gelatinous synaptic area in the center is composed of a mixture ofaxons and dendrites with neuroglia and blood 

vessels (BL). N, nucleus, x 100 (a), x 3000 (b). 

  

 

Figure 2. Electron micrographs showing the two kinds of MTN neurons, a (pseudo)unipolar neuron shown as Ml (a) and 

a multipolar neuron (b). Note their similar perikaryal morphology, x 7000 (a, b).  
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and only 8% are of P and G types. If these calculations are 

correct, then we should contend that the frequency of the 

synaptic boutons of both S and P types is significantly greater 

than that of the nonsynaptic G type ones. Earlier studies suggest 

that S type boutons are excitatory and F boutons are inhibitory 

(78). Moreover, it has been supposed that symmetric syn 

apses are involved in inhibitory neurotransmission, while 

asymmetric synapses mediate excitatory neurotransmission 

(reviewed in 79). Thus, it now seems probable that apart from 

the excitatory synaptic transmission, an inhibitory one exists 

in the cat MTN.  

The analysis of synaptic contacts in the MTN supports our 

suggestions that the distinct cytoarchitecture and axonal 

arborization of primary afferents reflect their distinct synaptic 

organizations (82). Similar quantitative data have also been 

reported in the rat (80). The synaptic structure in the cat MTN, 

however, is relatively more complicated in comparison with 

the rat, in which multipolar cells represent a very scant cell 

subpopulation, as noted above. For example, a survey of the 

ultrastructural organization in the rat MTN (22) showed that 

the number of axosomatic synapses was small (4-5 contacts 

per 100 um cell perimeter) but was larger than that found in the 

mouse (17). In the cat, axosomatic synapses represent 

approximately 10% of the contacts in the MTN. Electrophysio-

logical studies indicate that certain cells in the mesencephalic 

root of the trigeminal afferent neurons in the rat and mouse 

exhibit soma-somatic contacts and are, in fact, electrotoni-

cally coupled (29, 81). We cannot rule out this possibility in 

the cat MTN. Alternatively, it is reasonable to suggest that the 

divergent neurochemical content of the cells in the nucleus is 

linked with different neuronal functions. In view of the 

distinction of different classes of synaptic vesicles, the 

problem whether they are characteristic of nerve terminals 

using different transmitter substances is still open. On the 

ground of our recent observations on the neuronal 

communication in the cat MTN (77), we have come to the 

conclusion that all cyto-chemical features of both cell types 

may be related to their neurotransmitter-secreting ability. 

The overall distributional pattern of the axosomatic and axo-

dendritic synapses suggests that they are presumable part of 

the same plexus extending over the adjacent locus coeruleus 

and parabrachial nuclei in the rostral pons. Examples of such a 

plexus have been described in the dopaminergic and sero-

tonergic innervation of the rat MTN (58, 60). Investigations 

over the last decade have dealt with the synaptic organization of 

the MTN, and attempts have been made to correlate cyto-

logical features of the synapses with known physiological 

properties of axon systems. Until the early 1990s, the 

functional significance of the synaptic input to the MTN 

neurons was unclear since intracellular electrophysiological 

recordings failed to demonstrate any postsynaptic response (83, 

84). 

NEUROCHEMICAL ANATOMY OF THE CAT 

MESENCEPHALIC TRIGEMINAL NUCLEUS 

• In 1993, we started elucidating the chemical coding 

of the MTN neurons, the putative neurotransmitters, and the 

sources of synaptic connections in the cat MTN (85, 86). In 

the next years, we were able to identify certain neuroactive 

substances in the cat MTN, including classical and peptide 

transmitters. 

• Classical neurotransmitters                                

Excitatory antino acids                                       

Glutamic acid (glutamate) is the primary excitatory neu-

rotransmitter which can activate most mammalian neurons 

and is found throughout the CNS. L-glutamate (Glu) exerts a 

powerful depolarizing effect on spinal cord and brainstem 

neurons (87, 88), where it acts as a primary afferent transmitter. 

As our unpublished data show, there is a dense band of highly 

Glu-immunoreactive (IR) neurons located both in the caudal 

and rostral portions of the MTN. Numerous large- and fewer 

medium-sized labelled MTN neurons are dispersed among 

many small-sized positively stained neurons in the adjacent 

nuclei (Fig. 3). The initial segments of the axons are also 

labelled by the anti-Glu antibody. Similar findings have 

recently been reported in the rat MTN: these neurons, like the 

vast majority of neurons in the brainstem, showed immuno-

staining for Glu and, to a much lesser extent, for L-aspartate 

(59). These authors supposed that Glu and, less likely, aspar-

tate are the only candidates for a transmitter role in the primary 

afferent neurons of the rat MTN. 

Taken together, these results provide evidence that Glu is a 

good candidate for the transmission of proprioceptive 

information, but there are as yet no pharmacological data to 

support these immunocytochemical findings. The presence of 

Glu as a metabolite in most cells complicates the anatomical 

demonstration of the neurotransmitter pool of Glu by 

immunohis-tochemistry (89). Despite this, morphological 

confirmation that Glu might at least be utilized as a 

transmitter in some excitatory interneurons located 

immediately caudal to the trigeminal motor nucleus comes 

from the work of Turman and Chandler (90). Similar Glu-IR 

neurons have also been demonstrated at ultrastructural level in 

the supratrigeminal nucleus and the trigeminal main sensory 

nucleus (91), both of them areas that contain neurons 

projecting to the MTN (92). These data provide evidence in 

support of the role of Glu as a transmitter at synapses on 

trigeminal motoneurons. Meanwhile, critical views on the 

possible role of glutamate in somato-sensory primary afferent 

transmission have also been pub- 
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lished (93). Recent electrophysiological data prove the me 

diatory role for Glu in some components of synaptic trans 

mission between MTN afferents and jaw-closer motoneurons 

(94). Additional information concerning the presence of 

AMP A glutamate receptors in the rat MTN can be gained from 

a study by Uzunoff et al (95).  

Putative inhibitory amino acids 

Gamma-aminobutyric acid (GABA) is formed from glutamate 

by the enzyme glutamic acid decarboxylase (GAD) (96). It has 

been generally accepted that GABA is the major inhibitory 

amino acid neurotransmitter in the brain (97). The distribution of 

GAB A-containing neurons has been described in detail in the 

mouse and rat brain (98, 99). In addition, several reports have 

pointed out the GAB Aergic irmervation of the trigeminal motor 

and sensory nuclei, including MTN in rats (59, 62) and rabbits 

(65, 66). Recently, GABAergic interneurons were found in 

regions that innervate the jaw-closing muscles of adult rats 

(62). We also found in the cat MTN a population of smaller 

cells, most likely interneurons, which may be of a 

GABAergic nature (100, 101). These labelled cells are ap-

posed to largeunstainedMTN neurons (Fig. 4). By immunogold 

electron microscopy, GABA-IR is visualized in the cytoplasm 

of the small neurons in the area surrounding the cell nucleus 

(Fig. 5). The large neurons do not exhib it any GABA-IR but are 

covered on their surface by basket-like networks of thin fibers 

and varicosities forming contacts around the perimeter of the 

cell. Thus, it is reasonable to assume that the GABAergic 

system may play an indirect role in the proprioceptive 

information processing in the cat MTN by interactions of 

GABA-IR neurons with the systems that control the 

transmission of selected sensory information. As it has been 

proposed (102), GABA is probably the neurotransmitter released 

at axo-axonal synapses onto the primary afferent terminals. On the 

other hand, Glu-IRboutons receive axo-axonic synaptic contacts. 

Experiments are now in progress in our laboratory that aim at 

further investigating the synaptic relationships between Glu- 

and GABA-containing profiles, and elucidating the 

transmitters that possibly mediate and modulate sensory 

pathways in the cat orofacial region. Such an interaction has 

already been reported in the trigeminal spinal (103) and motor 

(104) nuclei of the cat. 

It should be noted that an identical relationship between both 

the major inhibitory transmitters (GABA and glycine) has 

previously been reported in the rat trigeminal motor nucleus 

(105). We (unpublished data) and others (59) were unable to 
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Figure 3. Examples of MTN neurons exhibiting Glu-IR in the pontine (a) and mesencephalic (b) portions of the cat MTN, The 

cells in the adjacent locus coeruleus (LC) and periaqueductal gray (PAG) also possess Glu-IR. x 100 (a, b). 
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Figure 4. Pattern ofGABA-IR in the cat MTN. Some small 

MTN neurons (open arrow) located in the vicinity of the 

large ones display GABA-IR. Note that the latter (arrows) 

are covered by thin positive fibers in a basket-like manner, 

x 200. 

find any glycinergic innervation of the cat MTN, suggesting 

that MTN neurons do not utilize glycine as a neurotransmitter. In 

view of the present data, it seems surprising that an earlier 

study (83) denied the neurotransmitter role of amino acids in 

the rat MTN. These authors showed that GAB A and glycine, as 

well as excitatory amino acids, and some biogenic amines 

have no effect on the stretch-evoked activity. However, in the 

light of recent electrophysiological findings (64, 65), we can 

 
Figure 5. Electron micrograph of three small MTN neurons 

stained for GAB A by the postembedding immunogold 

method. Arrowheads indicate immunostaining surround-

ing the nucleus, x 3000 

 

say that in addition to Glu, another amino acid transmitter 

system such as GAB A is likely to affect cat MTN neurons. It 

is already established that GABA-mediated responses are 

indeed mediated by receptors having properties appropriate 

for the GABAA subtype (64). 

Monoamines 

For many years, the monoamines dopamine (DA), noradrena-

line (NA), adrenaline (A), and serotonin (SER) as well as the 

diamine histamine have been considered as some of the most 

important neurotransmitters or neuromodulators that have a 

ubiquitous distribution throughout the CNS, including brain-

stem neurons in the rat (106), and the cat (107, 108). Another 

line of evidence supporting the transmitter role for catechola-

mines (CA), A, NA and DA, is the demonstration that they and 

their synthesizing enzymes are present in axon terminals that 

form conventional synaptic junctions. These findings suggest 

that CA might use a "synaptic" mode of transmission (reviewed in 

109). 

The existence of CA and their synthesizing enzymes in the 

MTN neurons has been demonstrated by immunocytoche-

mistry. The presence of DA in the nucleus is visualized using 

antisera against tyrosine hydroxylase (TH), the rate-limiting 

enzyme of CA synthesis as well as against the DA molecule 

itself. Using an anti-TH antibody, no TH-immunostained cell 

bodies are observed in the cat MTN (101). On the contrary, 

numerous TH-IR axonal varicosities surround large immuno-

negative MTN neurons in a basket-like manner (Fig. 6). TH-IR 

fibers and terminals appear to be part of the same afferent 

plexus extending over the adjacent locus coeruleus and 

parabrachial nucleus, where TH-containing cells can be seen. 

Ultrastructurally, the IR varicosities form direct appositions to 

unlabelled large MTN neurons but no synaptic contacts upon 

their perikarya are observed. In electron microscopical double 

labelling for TH and GAB A, we found that TH-containing axonal 

terminals do not make synapses with small neurons exhibiting 

GABA-IR (Fig. 7). Several lines of evidence suggest that these 

contacts may be functional in nature, i.e. small GABA-

containing MTN neurons may receive input from CAergic 

afferents. Although this interaction is not unique to 

GABAergic cells, it seems likely that inhibitory interneurons 

play a major role in mediating the effect of CA afferents in the 

cat MTN. In this respect, it is tempting to hypothesize a 

complex relationship between excitatory and inhibitory 

neurontransmitters in the MTN. An important task of future 

studies will be to check whether the combined GABAergic-

CAergic input to the MTN also affects primary afferent 

neurons. 

An additional question to answer is whether only one of DA 

and NA is present as a final product, or only as an intermediate 
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Figure 6. Micrograph illustrating the distribution of TH-IR 

in the caudal portion of the cat MTN. Immuno-positive cell 

bodies are not present. Sparse TH-contain-ing varicosities 

(arrows) form perisomatic arboriza-tions. 4V, forth 

ventricle; CGP, central gray pons. x 100. 

 

Figure 7. Electron micrograph showing double immu-

nostaining for TH and GABA in the cat MTN. TH-IR 

terminals (arrowheads) identified by preembedding 

immunocytochemistry are seen in close proximity to 

small MTN cell somata revealed by postembedding 

immunogold staining. Note that the axonal profiles (Ax) 

also show low gold particle densities, x 4400. 

in the biosynthetic pathway of another neurotransmitter. Thus, 

we used an anti-DA antibody to resolve this problem. We and 

others (58,59) have examined the presence, location, and ultra-

structural morphology of DA-containing fibers and terminals 

in the cat and rat MTN. As expected, we obtained almost 

identical results, except in that DAergic fiber plexus is finer in 

the rat MTN. Morphological analysis shows that the DAergic 

synaptic terminals, most of them axodendritic and a minority 

axosomatic (12%), are exclusively of the S and G bouton types 

(63). Further information about the sources of DA-containing 

fibers can be provided by combining immunocytochemistry 

with anterograde and retrograde tracing. In effect, it is clearly 

demonstrated that DAergic afferents originate from the sub-

stantia nigra, the ventral tegmental area and the medial hypo-

thalamus (58). 

Another point of interest is related to the identification of DA 

receptors within the MTN. For that reason, the immunocy-

tochemical study of dopaminoceptive cells was extended by in 

situ hybridization (ISH) histochemistry. Our recent experiments 

show, for the first time, that both Dland D2 DA receptors are 

expressed in the cat MTN, albeit in separate neuronal 

populations (110). Dl-IR and mRNA-containing cells are 

located throughout the entire MTN (Fig. 8), whereas D2 1 

receptor-expressing cells are concentrated in its caudal portion. 

The segregation of Dl and D2 receptors to different 

subpopulations of MTN neurons indicates that these are subject 

to differential regulation by their dopaminergic input. 

In addition to the evidence for DA-IR in the MTN, we were 

able to establish the NAergic innervation of the nucleus. By 

comparing consecutive sections stained for TH and DA, we 

found that most of the large non-reactive MTN neurons are 

closely surrounded by fine NA-IR varicose fibers and their 

terminals (unpublished data). It may be assumed that the cells 

of origin of NAergic input to the MTN are exclusively located 

in the neighbouring locus coeruleus, corresponding to the A6 

cell group (111). The same results are obtained for NAergic 

innervation of the rat MTN (59). This point is also taken up for 

the human MTN (112). These authors stress that MTN neurons 

are not NAergic. Unlike NA, A and phenylethanolamine N- 

methyltransferase (PNMT), the enzyme that converts NA to 

A, are present neither in MTN neuronal perikarya nor in nerve 

fibers and terminals in the MTN.  

It is interesting to note that, in addition to the CAergic input, 

the cat MTN is under the influence of another putative 

neurotransmitter system, such as SER (113). For instance, 

SERergic fibers reaching MTN from the adjacent locus coeruleus 

and nucleus parabrachialis form a pericellular basket-like 

network around immunonegative MTN neurons (Fig. 9). 

Furthermore, direct synaptic contacts between SER-contain-

ing terminals and perikarya of MTN neurons of all sizes can be 

seen (Fig. 10). This is in accordance with previous studies 

performed on rats (61). As in the rat, SER-IR fibers are 

similarly associated with the dendritic processes of 

masseteric spindle afferents and with the cell bodies of 

retrogradely   
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labelled periodontal afferents (73). Our retrograde tracer 

studies combined with immunocytochemistry demonstrated 

that MTN receives SERergic input from the raphe nuclei of 

the brainstem (114, see also 60). Ultrastructural characteris 

tics of SER-IR terminals gain insights into the significance of 

SERergic innervation of the MTN (115,116). Moreover, with 

the use of tritiated ligands, it has been revealed that in rabbits 

MTN neurons possess an abundant number of the SER2 

receptor subtype (67). It is tempting to presume that SER, 

through an action on this receptor type, mediates the predomi 

nantly inhibitory modulation of MTN neurons (117). If it is so, 

then SER is likely to be involved as a modulator of MTN 

neuronal activity.  

Histamine  

The fact that histamine is considered to function as a neu-

rotransmitter or a neuromodulator in the mammalian brain 

(118) has drawn the attention of investigators to the study of 

the histaminergic innervation of the MTN. Using an antibody 

against histidine decarboxylase, a histamine-synthesizing 

enzyme, as a marker, in an earlier study Inagaki et al (56) noted 

that histaminergic input may also exist in the MTN. These 

authors suggested that histamine may also coexist with another 

neuroactive molecule, such as adenosine deaminase (ADA). 

This possibility was supported by the observation of similar 

ADA-containing pericellular arborizations around MTN 

neurons (55, 57). Our attempts to confirm this initially 

proposed coexistence were unsuccessful. 

Acetylcholine 

At present, there is no doubt that acetylcholine (Ach) is an 

important neurotransmitter in CNS. Since Giacobini (119) 

postulated that a minority of primary afferent neurons are 

cholinergic, numerous studies have aimed at revealing the 

presence of choline acetyltransferase, the enzyme 

responsible for Ach synthesis, in sensory neurons of CNS and 

peri-pherial nervous system, but not within MTN. Our efforts 

to find Ach in neurons in this region led us to the conclusion that 

it is unlikely to play a transmitter role in the primary afferent 

neurons of the cat MTN 

• Neuropeptides      

Although the distribution of neuropeptides in the CNS has 

been described extensively, and several neurotransmitter 

candidates of somatosensory primary afferent fibers have 

been suggested (93), a paucity of data is available concerning 

their presence in the MTN. In our previous investigations on 

the 
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Figure 9, 10. SER-immunostained frontal section at the 

level of the rostral pans. A cluster of large unstained MTN 

neurons is surrounded by thin varicose SER-IR fibers 

(arrowheads) forming a fine basket-like network (9). An 

electron microscopic appearance of an axosomatic synaptic 

contact between a SER-IR terminal (asterisk) and a MTN 

cell body (M) (10). x 400 (9), x 50 000 (10). 

peptide content of the primary trigeminal afferent neuron of 

the cat, MTN was not examined (120). By 1994, we started a 

series of studies with the aim to establish whether MTN 

neurons possess neuropeptide immunoreactivity (121-124). 

As a consequence, multiple major putative neuropeptides, 

including substance P (SP), bombesin (Bomb), somatostatin 

(SOM), methionine- and leucine-enkephalin (met- and leu-

ENK),cholecystokinin(CCK),vasoactive intestinal neuropeptide 

(VIP), calcitonin gene-related peptide (CGRP), (3-endor-phin 

(End), arginine vasopressin (VP), and neuropeptide ty-rosine 

(NPY) were tested but none of them could be detected in the 

MTN neuronal perikarya. In contrast, MTN neurons were 

densely innervated by peptiderergic fibers which were 

assumed to originate from the brainstem reticular formation 

(125) and contained various peptides such as SP (Fig. 11), 

Bomb, ENKs, CCK, VIP, VP (Fig. 12), and NPY (Fig. 13). 

These thin varicose fibers covered the neuronal surface of 

immunonegative cell somata and some of them appeared to be in 

close proximity to profiles of MTN neurons. Electron 

microscopic observations revealed that their labelled 

terminals make axosomatic (Fig. 14) and axosomatic spine 

(Fig. 15) synaptic contacts, usually with an asymmetric 

appearance. Interestingly, immunostaining was occasionally 

visualized in postsynaptic dendritic profiles (Fig. 16), most 

likely arising from immunopositive neurons in the adjacent 

nuclei. The 

ultrastructural aspects of synaptic contacts in the MTN are 

useful in the correlation of various vesicle morphological 

features of synapses utilizing different transmitters to known 

physiological properties of axon systems. Quantification of 

electron photomicrographs and analysis of synaptic boutons 

show that most of the peptidergic profiles which synapse onto 

the cell bodies of large MTN neurons are either of S or G type 

(77, 115) 

Table 3 gives an overview of the variants and relative density 

of immunoreactivity to neuropeptides established in the cat 

MTN. The distributional patterns and synaptic interactions are 

consistent with these observed in the rat MTN (59). 

Cumulatively, the above-mentioned findings strongly suggest 

that the examined neuropeptides may play an important role 

as pure modulators in the integration and transmission of 

trigeminal proprioceptive information. In this regard, it is 

worthnoting that the pericellular arborizations can function as a 

key communication medium between immunopositive 

projections and immunonegative primary afferent neurons. 

Research on different neuroactive peptides in the MTN has 

reached an additional peak of interest over the last three years 

since the expression of some neuropeptides and their mRNAs 

after peripheral axotomy was found. Numerous laboratories 

devoted considerable effort to this problem (69-72). All 

these studies demonstrated that masseteric nerve transection 

induces a remarkable increase in the expresion of certain 

neuropeptides such as NPY, CGRP, galanin (GAL) and 

preprotachykinin (PPT) in the rat MTN cell bodies. These 

authors arrived to the conclusion that these neuropeptides 

play roles in adaptive processes after peripheral nerve injury 

in MTN neurons. However, such speculations still wait 

experimental elucidation and confirmation in the cat MTN. 

• Other possible transmitters and modulators    

 

The final item to be discussed very briefly is the presence of 

other neurochemicals in the MTN neurons. The free radical 

gas nitric oxide (NO) is considered to function as a messenger in 

the mammalian brain (126). The neuronal isoform of the 

enzyme responsible for NO synthesis in the brain, NO syn-

thase, nNOS/NADPH-diaphorase (NADPH-d), was localized in 

the cat CNS (127). To our knowledge, there is a lack of 

convincing published data about the presence and distribution of 

nNOS in the MTN. Our preliminary results show that both 

NADPH-d activity and NOS-IR is present in the MTN neurons 

located in the caudal (Fig. 17) as well as the mesencephalic-

pontine junction (Fig. 18) parts of the nucleus (128). At the 

same time, at a more rostral level, MTN neuronal perikarya are 

enveloped in dense basket-like NADPH-d/NOS-positive fiber 

terminal fields (Fig. 19, 20). Therefore, processing of 

proprioceptive information in the cat MTN is also controlled 
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Figure 11-13. SP-IR varicose fibers that form loose pericellular baskets (arrowheads) around some unstained cell bodies 

ofMTN neurons. Several neurons are SP-IR in both the adjacent nuclei(ll). Large MTN neurons, densely covered by thin VP-

IR varicose fibers and their terminals (arrowheads), but appearing devoid of IR themselves (12). Dark-field 

photomicrograph of the cat MTN after incubation with antiserum to NPY. A dense plexus of immunofluorescent fibers is 

present around the large unstained MTN neurons and running towards the neighbouring locus coeruleus and para-brachial 

nucleus (13). x 400 (11,12), x 160 (13). 
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Figure 14-16. An SP-IR terminal (At) that is presynaptic to a MTN cell body (M). The synaptic terminal contains both small clear 

and large dense-cored vesicles and forms an asymmetrical junction (arrowhead) with the cell body (14). An CGRP-

immunonegative MTN perikaryon (M) is surrounded by IR terminals one of which (star) forms asymmetric synaptic contacts 

(arrowhead) with a soma spine profile (asterisk) (15). Immunoelectron micrograph of three CCK-labelled dendrites (D) that 

are postsynaptic in asymmetric type synaptic contacts (arrowheads) (16). Part of an unlabelled MTN perikaryon (M) can also 

be observed, x 50 000 (14), x 7000 (15), x 20 000 (16). 



  

  

Table 3. Neurotransmitters and neuropeptides in the cat MTN 
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by nitroxergic input via different mechanisms. It appears that 

NO can act as a neurotransmitter in mediating proprioceptive 

information from periodontal mechanoreceptors, but may 

also participate in modulating the activity of jaw-closing 

muscle afferent MTN neurons, since the sensory modality of 

primary afferents of masticatory neurons is thought to be 

pure proprioception. 

Finally, there is additional evidence for the presence of other 

neurochemical markers in normal MTN neurons or following 

masseteric nerve transection in rats (72). Among them are 

calcium-binding proteins such as parvalbumin (PV) and 

calbindin D28k (CB). Both PV and CB are present in the 

normal MTN but 14 days after the nerve injury the level of PV 

dramatically decreases. These observations suggest that PV 

may be involved in the regulation of Ca2+ concentration in the 

injured neurons. Future studies are required to clarify the 

mechanisms of this interaction. 

CONCLUSION 

• We have taken you on a long journey through many 

aspects of contemporary neurochemical anatomy of the MTN. 

Studies discussed in this review lecture, most of which using 

immunocytochemical and tract tracing techniques, reveal that 

MTN neurons receive synaptic input from various nerve fibers 

that appear to utilize a broad variety of transmitters and 

neuroactive substances. While the correlation between irnmuno-

positive fibers and immunonegative cell bodies in the MTN is 

still unclear, the presence of many neurochemical agents in a 

network around MTN neuronal perikarya is likely to provide 

the latter with capabilities not present within non-encircled 

neurons. On the other hand, currently available ultrastructural 

and neurochemical evidence indicates that of all neuro-

chemicals tested, only Glu is undoubtedly associated with 

MTN neurons located throughout the nucleus and, in addition, 

NOS and GABA are present in certain neurons in the cat MTN 

(see Table 3). Thus, it seems quite alluring to conclude that 

Glu (and perhaps aspartate) is unlikely to be the sole 

neurotransmitter in the MTN and besides this, other 

neurotrans-mitters such as GABA and NO are possibly 

involved in the processing of proprioceptive information, at 

least in the cat.. 

For over a century it has been known that MTN is an 

interesting structural and functional specialization among all 

the nuclei of the CNS and, as such, it can not be regarded as 

a typical one in the classical sense. So there you have it. 

However, the questions linger. We do not have an acceptable 

solution to offer, but we are glad that we have had the 

opportunity to contribute a little to resolving the problem in 

which we became interested nearly 15 years ago. The 

advance in molecular biology approaches and molecular 

genetics will help us to further elucidate the immense problem 

of establishing lines of communication in the MTN. Thus, one 

century 
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Figure 17, 18. NADPH-d activity in a coronal section from the caudal part of the cat MTN. Large, moderately to strongly 

stained MTN neurons are observed in this portion of the nucleus (17). Adjacent sections revealing the distributional 

pattern of nNOS-IR in the pontine part of the MTN. The distribution of nNOS and NADPH-d as shown in Fig. 17 is 

identical(18). x 700 (17, 18). 
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Figure 19. At the more rostral level of the cat MTN,  

dense NADPH-d positive pericellular arborizations  

around the cell bodies of negative large neurons 

 can be observed (arrowheads). A population of  

NADPH-d positive neurons is visualized in the  

adjacent locus coeruleus (LC). x 100. 

 

 
Figure 20. NOS-IR in the mesencephalic portion of the 

cat MTN. The neuronal cell bodies are enveloped in 

NOS-IR axonal baskets but lack NOS-IR inside. A number 

of NOS-IR neurons are scattered throughout the locus 

coeruleus (LC) and the parabrachial area, x 100. 
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