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The red nucleus is a constant in the vertebrate brain. A general pattern of its tracts can be discerned, 
which is differently applied in human’s, mammalian’s and bird’s brains. At the base of the 
difference is the magnocellular and parvocellular parts. The magnocellular part axons travel to the 
contralateral spinal cord, while the parvocellular part projects to the ipsilateral inferior olive. This 
olivary projection, part of the dentate-rubro-olivary pathway, is associated with olivary hypertrophy. 
In rodents both red nucleus parts can contribute to the rubro-spinal tract and its development is 
described. The history of the separation of both human tracts is explained. In birds the crossed tract 
is solely present and magnocellular and parvocellular areas are debated. The spino-rubral connection 
is described in relation to perturbation of movements. Special scientific advances discussed concern: 
asymmetry of the red nucleus, ruber and migraine, mutation and olivary hypertrophy, the red nucleus 
and POU domain and ruber involvement in restless legs syndrome.
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Introduction

Recently two review articles that concern the red nucleus have been published [1,42]. 
The general tendency of these articles is that our current knowledge of the anatomy 
of the red nucleus and its functions are underestimated in research. These overviews 
of red nucleus research are produced with some important topics unaccounted for that 
mainly are related to its history. This article starts with highlighting some historic 
points and pays attention to recent discoveries in the light of previous research.

Architectural stamped (neuro)anatomists

The fundamentals of our knowledge of the brain macroscopy have their origin in 
the baroque period, starting with the contra-reformation after the Council of Trent 
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(1545–1563), hence around 1600. It ended towards the French revolution (1750/1780). 
The Rococo style started in France around 1720, but the baroque kept its influence in 
architecture after 1720. The baroque seventeenth century was an age of high monarchy. 
Royal absolutism was the governmental system in France, which was taken over from 
Renaissance Italy. Protection of arts, stimulation of science and of architecture are the 
main characteristics of this princely atmosphere in Europe. Architecture elaborated 
into city planning Versailles, construction of Schönbrunn outside Vienna and creating 
Sans Souci at Potsdam. The start towards it, the baroque period and its slow ending at 
the end of the eighteen century all contributed to the interest in the other architecture, 
that of the brain [29]. 

These ancient, architectural stamped, (neuro)anatomists studied and named 
the brain structures from their own daily experience: best known is the naming of 
“mammillary bodies” mirroring the view on the female breasts in a Bavarian “dirndel” 
(tavern wench) dress. The cerebellar tonsils resemble the inside of the throat with two 
inflamed tonsils and the colliculus superior and inferior were compared to the buttocks 
or nates with its hanging testes below it. This naming habit started far earlier. For 
example, the Latin nautical term “puppi,” referring to the stern of a ship, was applied 
to the cerebellum in the eleventh century [67]. Niels Stensen (1638-1686) already 
remarked that using these “household” terms for neuroanatomical structures indicates 
that the user presumably does not know the real meaning of these brain areas [22]. 
Description of the brain structure through the ages gives: Varolio (1543-1575) in 1573 
discerned cerebrum, spinal marrow and cerebellum, Willis (1621-1675), in 1664, adds 
striate body, optic thalamus and tectum and its full subdivision is not earlier than by 
Meynert (1833-1892) in 1872 (Fig. 1, [58]).

Fig. 1. Segmental subdivision of the brain by Varolio, Willis and Meynert leading to the 
nowadays accepted brain partition in ten parts ([58]; fig. [33])
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Red nuclei and its tracts 

The red nucleus is a group of neurons located high in the brainstem, containing small 
and large neurons that shows a light red glow in non-fixed sections by which it was 
detected by these early (neuro) anatomists (Fig. 2). Note that some scientists name 
it a small mesencephalic grey matter structure [18], while others termed it a large 
subcortical structure [1].

Fig. 2. The human nucleus ruber (red nucleus) stained for iron (left, Berlin blue reaction) and its 
natural appearance in a mesencephalic section (right). Note that the substantia nigra, in the foot 
of the brain section, shows the same phenomena (Burdach, 1822,”rother Kern” [7]). 

Thus, red nucleus is not a “household” name, but it is based on its visual reality. 
It is also believed that the red nucleus looks pale pink due to the presence of iron 
in it. The cause of the pinkish appearance is the presence of a higher concentration 
of capillaries than the direct environment of the nucleus (“sehr gefässreiches”, [39]), 
which is confirmed by the high amount of blood vessel alkaline phosphatase in this 
nucleus. Massion [37] denies this, but his figure demonstrates high vessel content. 
It is also characterized by the presence of a large amount of iron (Fig. 2) and high 
concentrations of vitamin B2 [14]. One should also note that this nucleus is one of the 
few that contains even higher concentrations of iron in Parkinson’s dyskinesia [28] 
and of Parkin, a Parkinson’s disease related protein [71]). As a result, this nucleus 
can also be noted microscopically and biochemically, which is used for colouration 
of the tissue, and as such it has intrigued these ancient neuroanatomists, also by its 
size and connections (see [39]). Microscopy brought the solution and it is now an 
ordinary mesencephalic large nucleus involved in cerebellar circuits (Fig. 3) and in 
spinal cord steering. The rubrospinal tract shows activity during automated, already 
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learnt, movements [23]. The red nucleus has been subdivided into a parvocellular part 
that derives the central tegmental tract (orange in Fig. 3A) and a magnocellular part, 
the origin of the rubro-spinal tract. Its rubro-spinal tract was for the first time described 
by von Monakow in 1883 [40]. Counterpart is the medial tegmental tract by which 
the nucleus of Darkschewitsch (Fig. 3B) is the most important contributor with the 
interstitial nucleus of Cajal and the nucleus of the fields of Forel [41]. 

The red nucleus is present in humans, all other mammals [20] and in birds. 
Amphibians, reptiles, and various fish do have a red nucleus. This review centres 
on comparing likeness in structure between nuclei of different organisms. Similarity 
between nuclei of different species has to be based on three arguments: likeness in 
localisation (topography), likeness in cell architecture and a likeness in connections of 
the nucleus. Nevertheless, such a similarity will not be absolute. We start with the rat 
and cat as mammal exponents, describe the human red nucleus to end with the pigeon.  
Note that reptiles and amphibians do have a “red nucleus”, but it is considered a small 
and differently built nucleus. The primitive red nucleus is difficult to border in the ventral 
mesencephalon, but still does serve the connections between cerebellum via cerebellar 
nuclei and the spinal cord. It is omitted in this overview due to its cytological difference 
in similarity to other vertebrates, by its absence of olivary projections (anurans: frogs, 
toads, tree frogs) and the non-existence of cortical connections (quadrupedal reptiles). 
In lower vertebrates the presence of a red nucleus and its rubrospinal tract is linked to 
the presence of limbs or limb-like structures [12, 61]. 

The nuclei in the brainstem, including the red nucleus, have been classified as 
open and closed nuclei by their dendritic extensions towards other nuclei [30]. The 
magnocellular part of the red nucleus is considered a closed part, while the parvocellular 
red nucleus neurons are heavily involved in dendritic spread within the neighbouring 
reticular formation neurons. Borders of the capillary rich red nucleus can be established 
despite the parvocellular open structure (Fig. 2). The red nucleus produces, in origin, 
two output connections that derive from its parts: a series of connections that are 
grouped into a tract, which stays at the same side as the nucleus is placed and a series 
of connections that are fasciculated at the other side of the nucleus, its contralateral 
tract. Since the brainstem is bilaterally symmetric we do have four tracts, two crossed 
and two uncrossed. One side “should” contain a crossed and uncrossed tract.

The rat rubrospinal tract during development

Lakke’s study in the rat [26] included also the development of the connections of the 
red nucleus [27]. The red nucleus in rat receives cortical information and is involved 
in the cerebellar and spinal systems. By its bulbospinal and rubrospinal tracts the red 
nucleus projects contralaterally to: the nucleus reticularis lateralis, the nucleus facialis, 
the nucleus interpositus, the nucleus vestibularis descendens, the nucleus cuneatus, 
and the spinal cord; ipsilaterally to the nucleus ventralis lateralis thalami (see [27] for 
references). The connection of the red nucleus to the nucleus olivaris inferior has been 
denied in the rat [55]. However, the parafascicular prerubral area, a diffuse nucleus 
directly above and partially aside of the nucleus ruber, around the fasciculus retroflexus 
and near the ventricle, does project to the olivary nucleus [54]. This parafascicular 
prerubral area is in the same position and contains the same function as a parvocellular 
red nucleus [53]. The rat’s red nucleus tracts contain a crossed one for the spinal cord 
that reaches high (cervical) and low (lumbosacral) parts of the spinal cord [8]. 
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Fig. 3A. Overview of cerebellar connections with the tractus uncinatus in blue, brachium 
conjunctivum black-crossed and the central tegmental tract in orange (ctb arrow; fig. from exposition 
“cerebellum” Gesellschaft für Histochemie, 1983, Gargellen). B: The neural connections involved 
in the red nucleus by its participation in the olivo-cerebellar circuits, Darkschewitsch nucleus and 
inferior olivary complex of the cat. The inferior olive (top right) can be subdivided into three main 
parts: the dorsal accessory olive (DAO) the principal olive (PO) and medial accessory olive (MAO). 
Cells of the inferior olive project to the cerebellar cortex as climbing fibres. These fibres constitute 
the olivo-cerebellar tract. Within the cerebellar cortex the intrinsic connections relay the information 
towards the cerebellar nuclei (bottom right). The output system of the cerebellar nuclei  is the 
superior cerebellar peduncle, which terminates in the contralateral red nucleus and the nucleus of 
Darkschewitsch. The cerebellar nuclei also project back to the inferior olive. A closed loop exists 
because both the red nucleus and the Darkschewitsch nucleus project back to the inferior olive by 
the central and medial tegmental tract respectively. The output of this closed loop is through axons 
of the cerebellar nuclei that project on the thalamus (fig. [31], courtesy J.Voogd).
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Following injections of horseradish peroxidase or wheat germ agglutinin-
horseradish peroxidase conjugate into the spinal cord, at different levels and at 
different gestational ages the rubrospinal tract development could be followed (Fig. 4). 
By embryonic day 17 (E17) fibers from all subdivisions of the nucleus ruber have 
started their descent towards the spinal cord. On E18 fibers from the ventrolateral red 
nucleus arrived into the lower cervical spinal cord, while those from the caudal nuclear 
area terminate into the lower thoracic spinal cord. At E19 fibers from the dorsomedial 
red nucleus and from the parvicellular area have just reached the cervical spinal cord, 
while fibers from the ventrolateral and caudal areas have appeared into lower thoracic 
levels. At E21 fibers from the dorsomedial red nucleus have turned up into the lower 
cervical spinal cord. Fibers from the ventrolateral and caudal nucleus finished their 
descent through the lumbosacral spinal cord during the first three postnatal days. 
During their descent the rubrospinal fibers are limited to the white matter of the spinal 
cord (Fig. 4). In general, early descending fibers originate from neurons located 
caudally and ventrolaterally, and later descending fibers from neurons located more   
rostrally and dorsomedially in the magnocellular red nucleus. The sharp distinction of 
the connections between magnocellular and parvocellular parts of the red nucleus as 
kept by the overviews [1, 42]), is less present in the rat in the course of its development 
and during its maturity [23]. 
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Red nucleus and tracts in humans as well as olivary hypertrophy

In humans the steering of motor activities had been subdivided in pyramidal and 
extrapyramidal guiding or differently said a direct cortical influence (pyramidal) and an 
indirect one (extrapyramidal). The indirect cortical steering (Bechterew, 1885 [2]) should 
go over the red nucleus as was deduced from animal and clinical research as described 
by Probst [49] for the central tegmental connection. The human nucleus contains also 
large and small cells. It was Verhaart (1889-1983; for cv see [66]), who unravelled the 
human nucleus ruber connections due to his comparative neuroanatomical approach. 
Verhaart [62, 63] finalized his results on the red nucleus in “The central tegmental 
tract” in 1949 [64]. This uncrossed tract was exclusively related to the red nucleus. The 
crossed rubrospinal tract in humans was found inconstant and of “slight dimension”, 
and “through the development of the frontal part of the red nucleus and the regression 
of the caudal part, this nucleus has changed its character from a pre-eminently motor 
nucleus to a nucleus connected to the olivocerebellar system” (Verhaart, [63]). Simply 
said, part of the nucleus was reduced compared to other mammalian red nuclei. Its 
crossed spinal projecting part was minimally present and hardly reached the start of the 
cervical spinal cord. Sie Pek Giuk [56], working at Verhaart’s department, showed that 
20% of the myelinated red nucleus fibres originated in the magnocellular part. “In the 
bipedal human, the magnocellular red nucleus is rudimentary” [43]. This overstated 

Fig. 4. In A the descending spinal fibres of the red nucleus are shown at their topography in the 
rubro-spinal tract during descent. B, shows the labelling of the red nucleus after HRP injections 
at cervical and lumbar levels (courtesy E. Lakke; Legend: III, oculomotor nucleus; DMe, 
nucleus reticularis mesencephalicus profundus; InC, nucleus interstitialis Cajal; D, nucleus 
Darkschewitsch;, ml lemniscus medialis; rf, fasciculus retroflexus).
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claim has been contradicted by tractography studies on 100 persons in the Human 
Connectome Project, in which a clear localisation of the human magnocellular part was 
encountered: “note that the magnocellular regions appear well delineated in the upper 
slices located dorsally” [9]. 

Several publications have been considering the cooperation between the 
corticospinal and rubrospinal tracts. These studies use corticospinal tract damage also 
in humans (for overview see [44]). Lesions in the animal red nucleus are compensated 
by the corticospinal tract and by damage of the corticospinal tract recompense has been 
noticed in the cortico-rubro-spinal connections. In upper limb steering the red nucleus 
is responsible for pronation, while the cortico-spinal tract relates to arm reach and hand 
grip. Since in humans the rubro-spinal tract does not reach (below) cervical levels, 
it is puzzling that the red nucleus is still involved in improvement of the mobility of 
patients with cortico-spinal tract and spinal cord damage [42].

Fig. 5. Experimentally induced olivary hypertrophy in the cat. A: Increased enzymatic activity 
of NADPHD after a survival time of 253 days is shown after a hemicerebellectomy. Present 
in the cat rostro-lateral medial accessory olivary (MAO) are hypertrophic neurons, arrow. 
B: overview of the areas containing hypertrophic olivary neurons together with sporadic 
hypertrophic areas in the inferior olive. C: Light microscopic section treated for the anhydride 
technique. Positive dense globular inclusions are noted within the hypertrophic neurons 
indicating that accumulation of protein-bound carboxyls could occur within the hypertrophic 
cells in the cat [32]. D: The electron micrograph shows the osmiophilic globular inclusions 
within the cat extended granular endoplasmic reticulum (courtesy AJP Boesten, see [5]; adapted 
fig., courtesey [33]).
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Olivary hypertrophy. Sometimes luck is at your side. Cleaning the loft of the 
Leiden Neurology Department brought out the series of sections of the cats studied 
by Rademaker. Verhaart found the olivary hypertrophy in these series, e.g. in the 
cat Marie-Antoinette (Rademaker [50] studied cerebellar posture and named all his 
experimental cats). Within Verhaart’s group, the cerebello-rubro-olivary hypertrophy 
was established as caused by cerebellar and cerebellar nuclei deficits and it was the 
basis for Verhaart and Voogd’s [65] experimental results [5]. Olivary hypertrophy is 
judged a combined retrograde and antegrade transneuronal reaction, because the direct 
cerebello-olivary projections, the dentate-rubral projections and the Darkschewitsch-
olivary projections (Fig. 3) coincide in the hypertrophic olivary areas as studied in 
cats (Fig. 5). Palate myoclonus has been regularly related to olivary hypertrophy 
(for overviews, see [13, 16]). In short, lesions or haemorrhages of the brainstem 
or cerebellum are nearly always related to olivary hypertrophy, which is generally 
considered a “degeneration” of the inferior olive, but it is in fact hyperactivity of 
the olivary neurons. The discovery of the reduction of serotonin in the hypertrophic 
inferior olive supports its hyperactivity (see [33] for more (enzyme)histochemistry and 
references). The detection of this serotoninergic effect opened a new medical approach 
for myoclonus using the serotonin precursor 5-hydroxytryptophan. The detection 
of the relation between typical lesions and olive hypertrophy was already described 
in 1882 by Meyer [38]. At first publications restricted the lesions to damage of the 
tegmentum pontis with homolateral inferior olive hypertrophy, later on to cerebellar 
lesions, always involving the dentate nucleus, producing contralateral inferior olive 
hypertrophy. Bilateral inferior olivary hypertrophy was described after a shot wound 
involving lesions of the right-sided dentate nucleus and right-sided tegmentum 
pontis [61] supporting the earlier cerebellar findings. The correlation between palate 
myoclonus and these types of lesions and inferior olive hypertrophy came late. From 
around 1930 on several tens of articles have been published relating palate myoclonus 
to inferior olivary hypertrophy (see [33]). 

In 1967 Jean Massion [36] published an overview of the mammalian red nucleus. 
The article had two main parts: an anatomical and a physiological one. Its anatomical 
description was mainly based on the results of  early chromatolysis or the late neuronal 
changes, consisting of atrophy and loss of cells or silver degeneration studies carried 
out by several researchers. The anatomical results noticed a series of uncertainties 
that asked for more research and most research concerned the magnocellular part and 
clearly less the parvocellular part. His summary of the anatomical connections had 
been generally accepted (Fig. 6).

Its physiological part concludes that “the rubrospinal tract exerts a multiple action on 
the spinal cord. Through the intermediary of interneurons, it excites alpha moto-neurons 
and also gamma motoneurons (to the static fusimotor fibers) of the contralateral flexor 
muscles. At the same time, it inhibits the alpha fibers and the static fusimotor fibers of 
the contralateral extensor muscles. Moreover, it facilitates a whole set of inhibitory and 
excitatory spinal reflexes by acting directly on interneurons involved in these reflexes. 
Furthermore, the rubrospinal tract is responsible for the facilitation of the cells of origin of 
the ventral spinocerebellar tract. It also controls activity in the primary afferents as these enter 
the spinal cord by means of presynaptic inhibition” [36]. The ruber electrophysiological 
results in those days belonged to the high-quality research. Thus, rubrospinal effects are 
activation of contralateral flexion and inhibition of contralateral extension.
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Red nucleus and tracts in birds

The capillary rich red nucleus in the pigeon [68, 72] has to a certain degree a different 
cytoarchitecture that is though linked to that of mammals. Large cells (58 µm; 40-
50 according to [69] pigeon; 70-100 mu in the chicken, [45]), medium cells (39 mu) 
and small cells (25 mu) are counted by Johnston [21] in the pigeon that compare to 
the red nucleus counts of Ramon y Cajal (1909-1911, [10]).  “Large, medium and 
small-sized cells appeared to be equally distributed throughout each level of the 
nucleus. No noticeable sub grouping of cells, such as to constitute the sub groupings 
delineated in some mammals, was observed” [21]. Nevertheless a weaker subdivision 
of a magnocellular area (apex and ventrolateral part) has also been discerned. The rest 
of the nucleus has been dominated by medium and small cells, called a parvocellular 
area [69]. In the chicken a clear magnocellular and parvocellular area can be discerned 
[45]. The guinea pig study of Robak et al. [52] supports that the smaller cell group 
belongs to spiny and a-spiny interneurons, as interneurons are also known from the 

Fig. 6. Comparison of efferent connections of the red nucleus in cat and in man. RN
Parvo, red nucleus, parvocellular part; RN magno, red nucleus, magnocellular part; RS, 
rubrospinal tract; VL, ventrolateral nucleus of the thalamus; VPL, ventroposterolateral
nucleus; D, dentate nucleus; Int, nucleus interpositus; F, fastigial nucleus; N Ret. Lat, lateral 
reticular nucleus (adapted fig.2, [36])
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rat [51]. Such a clear statement is to the best of my knowledge not found for the 
avian red nucleus. Although histochemistry of the metabolism of the different types 
of neurons can discern between large and medium chicken red nucleus neurons, such 
is not viable for the small cells [45]. Often interneurons are inhibitory, but GABA-
like immunoreactivity is absent in the red nucleus of the pigeon [11]. Therefore, no 
arguments for avian interneurons can be taken from literature.

The avian rubrospinal tract crosses the midline and descends in the brainstem 
before shifting to the lateral part to reside in the dorso-lateral funiculus of the spinal 
cord. It arises from all cell sizes of the red nucleus. The avian rubrospinal tract 
reaches all levels of the spinal cord. Within the spinal grey this tract terminates in 
the layers 4 and 5, low in the dorsal horn and its intermediate area. An uncrossed 
rubrospinal tract has not been found in birds. The red nucleus receives contralateral 
lateral-cerebellar nucleus fibres and from the contralateral dorsal column nuclei 
[68, 69]. A restricted projection to the red nucleus relays from the hyperstriatum 
accessorium of the anterior Wulst. Thus a cortical/pallial projection is present. 
A much denser projection arises from the caudal part of the nucleus principalis 
precommissuralis and the medial part of the medial spiriform nucleus, organizing the 
thalamic connection. The red nucleus projects directly to the contralateral cerebellar 
cortex as mossy fibres. A direct olivary connection is not present, but should pass 
over the thalamic area [69]. The red nucleus in birds facilitates contralateral flexor 
and inhibits contralateral extensor activity like in mammals and it is involved in 
execution of learned motor behaviour [21].

The mallard superspinal nucleus is localized at the transition of spinal cord and 
brainstem. It innervates part of the craniocervical muscles, involved in head posture 
during its movements. Upward tilting muscles like the m splenius capitis and m. 
complexus and muscles for bending, e.g. m. rectus capitis ventralis, are steered by the 
superspinal nucleus. The ruber projects bilaterally to this superspinal nucleus. This 
rubro-“cervical” connection is somewhat restricted, but undeniable [59]. Not only the 
nucleus ruber, but also the reticular mesencephalic formation dorsal to the red nucleus 
and around the oculomotorius nucleus participate in this connection [60].

The direct spinal-rubral loop

The detection of a direct spinal influence on the magnocellular red nucleus was for the 
first time supposed by Kerr [24]. Its confirmation was obtained by the physiological 
cat studies of Padel and Jeneskog ([46, 47]; see also [48]). Spinal information will 
reach the magnocellular part of the red nucleus using fibres present in the cat’s 
lemniscus medialis to ascent. Stimulation of these lemniscal fibres produces powerful 
monosynaptic EPSP’s and disynaptic IPSP’s on nearly all magnocellular red neurons. 
The magnocellular red nucleus is involved in several loops: direct spino-rubro-spinal 
loop, spino-cerebello-rubro-spinal loop and the spino-cortico-rubro-spinal loop. The 
rubro-spinal connection is involved in activating flexor motor activity and inhibition of 
extensor activity, but its spino-rubral part mainly in the sending of information on the 
perturbation of ongoing movements [48].

Note that sparse rubral ascending degeneration is found in the human red nucleus 
in Wallenberg syndrome related to lemnicus medialis degeneration (central tegmental 
tract was degeneration free), but not after C1 transverse lesion ([34] its Figs. 4 and 5).
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Special scientific advances

 The red nucleus and association cortex. 
Critical checking of 20 patients with head and neck cancer from a far larger group using 
18F-FDG (radioactive fluordeoxyglucose) in a PET (positron emission tomography) 
study showed a difference in the metabolic activity of the left and the right red nucleus 
in humans. The results demonstrated that the right red nucleus is more intensely related 
to cortical association network areas or hubs [17] compared to the left red nucleus. The 
left red nucleus in its turn has a more intense relation with the cerebellum compared to 
the right one (Fig. 7). This functional asymmetry could only be detected due to a newly 
developed high-resolution semiconductor PET [18].

 The red nucleus and migraine. 
Migraine has also been coupled to brainstem malfunctions. Migraine without 

aura has been related to the red nucleus and the substantia nigra using resting-state 
functional magnetic resonance imaging (fMRI). The functional connectivity of the 
red nucleus showed reduced left red nucleus-based functional connectivity with the 
left middle frontal gyrus, reduced right red nucleus-based functional connectivity with 
the ipsilateral superior parietal lobe, and left increased functional connectivity with 
the ipsilateral cerebellum. The results also demonstrated significantly decreased right 
substantia nigra-based functional connectivity with the right postcentral gyrus, left 
parietal lobule, and left superior frontal gyrus [19]. It should be noted that this article 
also describes functional asymmetry of the red nuclei.

Leigh syndrome, SURF1 mutations and olivary hypertrophy. 

Leigh mitochondrial syndrome can be related to cytochrome c oxidase deficiency. This 
enzyme is functional in mitochondria and is a complex of several units. The mitochondrial 
genome and the nuclear genome produce 3 and 10 units respectively. The assembly is 
done by SURF1 COX genes. Mutations of the SURF1 produces the Leigh syndrome in 
children and sometimes in adults. In children it is lethal. Magnetic resonance studies 
show in most cases olivary hypertrophy and often subthalamic nucleus disturbances 

Fig. 7. Width of lines represents 
degree of association between 
2 regions. AC, association 
cortex; RN, red nucleus; SMC, 
sensimotor cortex [18].
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[57]. Bilateral olivary hypertrophy is also reported in children with Leigh syndrome 
[4]. Several other diseases also produce olivary hypertrophy. Cerebrovascular diseases 
including haemorrhage, infarction, and vascular malformations are the most frequently 
reported cases in both types of olivary hypertrophy, 62% unilateral and 30% bilateral 
hypertrophy [25].

The red nucleus and Pou4f1. 

The mouse red nucleus contains a strong presence of Pou4f1 that is responsible for a 
precise differentiation pathway. This transcription factor with a DNA binding of the 
POU domain is related to its specification. In POU4f1-/-  mice red nucleus cells do not 
survive and fail to correctly contact its peripheral aims [70].  Despite the loss of function 
in the transgenic mice Pou4f1TauLacZ/+  embryos compared to Pou4f1TauLacZ/TauLacZ embryos, 
it was shown that the red nucleus was still present. However, its cellular organisation 
was disturbed, the nucleus worse bordered and a delay in radial migration occurred 
(Fig. 8). Moreover, the axons did descent in the spinal cord but were defasciculated. 
POU4f1 is not necessary for the generation of the red nucleus, but co-determines its 
development, connections and maintenance [35].

Fig. 8 . Coronal mesencephalic sections in Pou4fTauLacZ/+  and Pou4fTauLacZ/TauLacZ embryos 
processed by immunohistochemistry. The figure contains the embryonic stages: E14.5 and E15.5, 
earlier stages are not shown here. The normal generation of the RN and its projections in the control 
embryos is presented at the right. Left, the RN development in the mutant embryos showed a clear 
delay in radial migration. The RN displayed a certain spatial disorganization. Abbreviations: EW, 
Edinger-Westphal nucleus; RN, red nucleus; preEW, pre-Edinger-Westphal; vtg, ventral tegmental  
decussation. Scale bars=150 mm. (Fig. adapted from [35], part of their fig. 1).
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The red nucleus and restless legs syndrome. 

The red nucleus has been related to restless legs syndrome in various articles. A 
magnetic resonance study accompanied by a meta-analysis shows that in these patients 
high iron concentrations have been detected in caudate, putamen and red nucleus [3]. 
During a combined limb movement and sensory leg discomfort period, patients showed 
activity in the cerebellum and thalamus. Additional activation in the red nuclei and 
brainstem close to the reticular formation was noticed. If only sensory leg discomfort 
was present bilateral activation of the cerebellum and the contralateral thalamus, but no 
involvement of the red nucleus was observed [6]. Seemingly the restless legs syndrome 
is coupled to the dentate-ruber-olivary-cerebellum loop in humans. In rat lesions, the 
role of the cerebello-rubral-spinal loop is supported in restless legs syndrome [15].

Conclusion

Historical overviews show that in humans the uncrossed rubral connections are 
robustly developed. Mutually in rats, due to the area parafascicularis prerubralis, and 
in cats both uncrossed and crossed tracts are present, while in birds the crossed rubro-
spinal tract is exclusively utilized, demonstrating the different species evolutionary 
choice. Localization and partly the cellular sizes of the red nuclei are comparable in 
mammals and birds. The presence of red nucleus interneurons in birds needs further 
research. Functional activities concern contralateral flexor activation and contralateral 
extensor inhibition. Moreover, the rubro-spinal tract is active when automated, already 
learnt, movements have to be performed and spino-rubral effects concern perturbation 
of ongoing movements. The occurrence of asymmetry between left and right red 
nuclei has been established by fMRI and PET studies. Olivary hypertrophy not only 
occurs due to brainstem/cerebellar deficits and vascular infarctions, but also because 
of mitochondrial genetic mutations. The red nucleus is involved in migraine and 
in restless legs syndrome. Human red nucleus activity after spinal cord damage to 
improve mobility of these patients surprises.

R e f e r e n c e s
1. Basile, G. A, M. Quartu, S. Bertino,  M. P. Serra, M. Boi, A. Bramanti, G. P. Anastasi, 

D. Milardi, A. Cacciola. Red nucleus structure and function: from anatomy to clinical 
neurosciences. – Brain Struct. Funct., 226, 2021, 69-91.

2. Bechterew, W. Ueber eine bisher unbekannte Verbindung der grossen Oliven mit dem 
Grosshirn. – Neurol. Zentr., 4 ,1885, 194-196 [in German]

3. Beliveau, V., A. Stefani, C. Birkel, C. Kremser, E. R. Gizewski, B. Högl, C. Scherfler.  
Revisiting brain iron deficiency in restless legs syndrome using magnetic resonance 
imaging. – Neuroimage, 34, 2022, 103024.

4. Bindu, P. S., A.B. Taly, K. Sonam, C. Govindaraju, H. R. Arvinda, R. Vinda, N. Gayatheri, 
M. M. Srinivas Bharath, D. Ranjith,  N. Nagappa, S. Sinha, N. A. Khan, K. Thangaraj. 
Bilateral hypertrophic olivary nucleus degeneration on magnetic resonance imaging in 
children with Leigh and Leigh-like syndrome. – Br. J. Radiol., 87, 2014, 20130478.

5. Boesten, A. J. P., J. Voogd. Hypertrophy of neurons in the inferior olive after cerebellar 
ablations of the cat. – Neurosci. Lett., 61, 1985, 49-54.

6. Bucher, S. F., K. C. Seelos, W. H. Oertel, M. Reiser, C. Trenkwalder. Cerebral generators 
involved in the pathogenesis of the restless legs syndrome. – Ann. Neurol., 41, 1997, 639-645.



132

7. Burdach, K. F. Vom Baue und Leben des Gehirns, vol 2, Leipzig, Dyk’sche Buchhandlung, 
1822 [in German]

8. Cabot, J. B., A. Reiner, N. Bogan. (1982) Avian bulbospinal pathways: Anterograde and 
retrograde studies of cells of origin, funicular trajectories and laminar terminations. – 
Prog. Brain Res., 57, 1982, 79-108.

9. Cacciola A., D. Milardi, G.A. Basile, S. Bertino, A. Calamuneri, G. Chillemi, G. Paladina, 
F. Impellizzeri, F. Trimarchi, G. Anastasi, A. Bramanti, G. Rizzo. The cortico-rubral 
and cerebello-rubral pathways are topographically organized within the human red 
nucleus. – Sci. Reports 9, 2019, 12117.

10. Cajal, S, Ramon. Histologie du systéme nerveux de I’homme et des vertébrés, vols 1 et 2. 
Maloine, Paris,1909-1911. [in French]

11. Dominici, L., H. J. Waldvogel, C. Matute, P. Streit. Distribution of GABA-like 
immunoreactivity in the pigeon brain. – Neurosci, 25, 1988, 931-950.

12. Donkelaarten, H. J. Evolution of the red nucleus and rubrospinal tract. – Behav. Brain. 
Res. 28, 1988, 9-20.

13. Frenken, C. W. G. M. The myocloni of the non-epilectic form. PhD Thesis Nijmegen 
University, The Netherlands, 1977 [in Dutch]

14. Friede, R. L. Topographic brain chemistry. Academic Press, NY, London 1966.
15. Guo, C. N, W. J. Yang, S. Q. Zhan, C. Han, L. Li, X. Xu, G. Zhang, Z. Lin, N. Xiong, T. Wang. 

Targeted disruption of supraspinal motor circuitry reveals a distributed network underlying 
Restless Legs Syndrome (RLS)-like movements in the rat. – Sci. Reports, 7, 2017, 9905. 

16. Hagen, C. J. On olivary hypertrophic degeneration. PhD Thesis, University of Amsterdam, 
1969[in Dutch]

17. Heuvel, M. P. van den, O. Sporns. Network hubs in the human brain. – Trends Cognitive 
Sci., 17, 2013, 683-696

18. Hirata, K., N. Hattori, W. Takeuchi, T. Shiga, Y. Morimoto, K. Umegaki, K. Kobayashi, 
O. Manabe, S. Okamoto, N. Tamaki. Metabolic activity of red nucleus and its correlation 
with cerebral cortex and cerebellum: A study using high-resolution semiconductor PET 
system. – J. Nuclear Med., 56, 2015, 1206-1211.

19. Huang, X., D. Zhang, Y. Chen, P. Wang, C. Mao, Z. Miao, C. Liu, C. Xu, X. Wu, X. Yin. 
Altered functional connectivity of the red nucleus and substantia nigra in migraine without 
aura. – J. Headache Pain, 20, 2019, 104.

20. Huisman, A. M. Collateralization of descending spinal pathways from red nucleus and 
other brainstem cell groups in rat, cat and monkey. PhD Thesis, Erasmus University, 
Rotterdam, The Netherlands, 1983.

21. Johnston, A. The avian red nucleus: a comparative physiological and behavioural study on 
Columba livia, PhD theses, Durham University, 1975

22. Kardel, T., H. Jacobeaus. Steno: Life-science-philosophy. – Acta Histol. Sci. Nat. Med., 42, 1994 
23. Kennedy, P. R. Corticospinal, rubrospinal and rubro-olivary projections: a unifying 

hypothesis. – TINS 13, 1990, 474-479.
24. Kerr, F. W. L. The ventral spinothalamic tract and other ascending systems of the ventral 

funiculus of the spinal cord. – J. Comp. Neurol., 159, 1975, 335-356.
25. Konno, T., D. F. Broderick, P. Tacik, J. N. Caviness, Z. K. Wszolek. Hypertrophic olivary 

degeneration. A clinico-radiologic study. – Parkinson Rel. Disord., 28, 2016, 36e40.
26. Lakke, E. A. J. F. The projections to the spinal cord of the rat during development; a time-

table of descent. – Adv. Anat. Embryol. Celbiol. 135, 1997, 1-143.
27. Lakke, E. A. J. F., E. Marani. Prenatal descent of rubrospinal fibers through the spinal cord 

of the rat. – J. Comp. Neurol., 314, 1991, 67-78. 
28. Lewis, M. M., G. Du,  M. Kidacki, N. Patel, M. L. Shaffer, R. B. Mailman, X. Huang. 

Higher iron in the red nucleus marks Parkinson’s dyskinesia. – Neurobiol. Aging, 34, 
2014, 1497–1503.



133

29. Luyendijk-Elshout, A. Of masks and mills: the enlightened doctor and his frightened 
patient. In: The Languages of psyche. mind and body in enlightenment thought. (Ed. G. S. 
Rousseau), University California Press, pp 186-230, 1990.

30. Mannen, H., T. Mannen, N. Mannen, N. Ishizuka. A dendro-cyto-myeloarchitectonic 
atlas of cat’s brain. Tokyo, Iwanami Shoten, 1988.

31. Marani, E. Topographic enzyme histochemistry of the mammalian cerebellum. 
5’Nucleotidase and acetylcholinesterase. PhD Thesis, Leiden University, 1982.

32. Marani, E. Topographic histochemistry of the cerebellum. – Progress in Histochemistry & 
Cytochemistry 16(4), 1986, 1-169.

33. Marani, E., C. Heida. Head and Neck. Morphology, models and function. Springer Nature, 
Cham, Switzerland, 2018.

34. Marani, E., J. H. R. Schoen. A reappraisal of the ascending systems in man, with emphasis 
on the medial lemniscus. – Adv. Anat. Embryol Cell Biol., 179, 2005, 1-76.

35. Martinez-Lopez, J. E., J. A. Moreno-Bravo, M. P. Madrigal, S. Martinez, E. Puelles. 
Red nucleus and rubrospinal tract disorganization in the absence of Pou4f1. – Front 
Neuroanat 9, 2015, 8.

36. Massion , J. The mammalian red nucleus. – Physiol. Rev., 47, 1967, 383-436.
37. Massion, J. Red nucleus: past and future. – Behav. Brain Res., 28, 1988, 1-8.
38. Meyer, P. Ueber ein fall von ponshaemorraghie mit secundären degenerationen der 

schleife. – Arch. Psych. u Nervenkrankh, 13, 1882, 63. [in German]
39. Monakow, von C. Der rote kern, die haube und die regio hypothalamica bei einigen säugetieren 

und beim mensch. – Arb. Hirnanat. Inst. Zűrich, Heft III, 1909, 49-267[in German]
40. Monakow, von C. Experimenteller beitrag zur kenntnis des corpus restiforme, des ‘äusseren 

acusticuskerns’ und deren beziehungen zum rückenmark. – Arch. Psychiat. Nerven. 14, 
1883, 1-16 [in German]

41. Ogawa, T. The tractus tegmenti medialis and its connection with the inferior olive in the 
cat. – J. Comp. Neurol., 70, 1939, 19-36.

42. Olivares-Moreno, R., P. Rodriquez-Moreno, V. Lopez-Virgin, M. Macias, M. Altamira-
Camacho, G. Rojas-Piloni. Corticospinal vs rubrospinal revisited: An evolutionary 
perspective for sensorimotor integration. – Front. Neurosci., Sec. Neuroprosthetics, 15, 2021. 

43. Onodera, S., T.P Hicks. A comparative neuroanatomical study of the red nucleus of the cat, 
macaque and human. – Plos One, 4, 2009, 8, e6623.

44. Oudega, M., M. A. Perez. Corticospinal reorganization after spinal cord injury. – J. 
Physiol., 590, 2012, 3647-3663.  

45. Ovtscharoff, W, R. Gossrau. Histochemie und elektronenmicroscopie des nucleus ruber 
des huhnes (Gallus domesticus). – Histochemie, 30, 1972, 73-81. [in German]

46. Padel, Y., T. Jeneskog. Inhibition of rubro-spinal cells by somaesthetic afferent activity. – 
Neurosci. Lett., 21, 1981, 177-182.

47. Padel, Y., T. Jeneskog. A fast feed-back pathway transmitting sensory information to 
rubrospinal cells in the cat. – Behav. Brain Res., 8, 1983, 263-264.

48. Padel, Y., J.-A. Rathelot, L. Vinay. Analysis of potentials induced in red nucleus neurons from 
the somaesthetic pathway stimulated at bulbar levels. –Exp. Brain Res., 106, 1995, 377-390

49. Probst, M.  Zur Kenntnis der Hirnes und fiber zwischenhirn-olivenbahn. – Jahrb. Psychatr. 
Neural., 23, 1903, 350-381. [in German]

50. Rademaker, G. G. J. Das stehen. Statische reaktionen. Gleichgewichtsreaktionen und 
muskeltonus. Unter besonderer berücksichtigung ihres verhaltens bei kleinhirnlosen 
tieren. – Monogr. Gesamtgeb. Neurol. Psychiatr.. 5, 1931.

51. Reid, J. M., D. G. Gwyn, B. A. Flumerfelt. A cytoarchitectonic and Golgi study of the red 
nucleus in the rat. – J. Comp. Neurol., 162, 1975, 337-362.

52. Robak, A., S. Szteyn, K. Bogus-Nowakowska, T. Doboszynska, M. Rowniak. The 
cytoarchitectonic and neuronal structure of the red nucleus in guinea pig: Nissl and Golgi 
studies. – Folia Morphol., 58, 2000, 333-342.



134

53. Ruigrok, T. J. H., F. Cella. Precerebellar nuclei and red nucleus. In : The rat nervous 
system, 2nd ed. (Ed. G. Paxinos), San Diego, CA, Academic Press, 

54. Ruigrok, T. J. H., X. Wang, E. Sabel-Goedknegt, P. Coulon, Z. Gao. A disynaptic basal 
ganglia connection to the inferior olive: potential for basal ganglia influence on cerebellar 
learning. – Front. Syst. Neurosci., 17, 2023.

55. Rutherford, J. G., W. A. Anderson, D. G. Gwyn. A reevaluation of midbrain and 
diencephalic projections to the inferior olive in rat with particular reference to the rubro-
olivary pathway. – J. Comp. Neurol., 229, 1984, 285-300.

56. Sie Pek Giok. Localisation of fibre systems within the white matter of the medulla oblongata 
and the cervical cord in Man. PhD Thesis, Leiden University, E. IJdo,  218 pp, 1956

57. Sonam, K., N. Akthar Khan, P. Sankaran Bindu, A. B. Taly, N. Gayathri, M. M. Srinivas 
Bharath, C. Govindaraju,  H. R. Arvinda, M. Nagappa, S. Sinha, K. Thangaraj.  
Clinical and magnetic resonance imaging findings in patients with Leigh syndrome and 
SURF1 mutations. – Brain Develop., 36, 2014, 807-812.

58. Swanson, L. W. What is the brain. – TINS., 23, 519-527, 2000.
59. Tellegen, A. J., J. L. Dubbeldam. Location of reticular premotor areas of a motor centre 

innervating craniocervical muscles in the mallard (Anas platyrhychos L.). – J. Comp. 
Neurol., 405, 1999, 281-98.

60. Tellegen, A. J., J. L. Dubbeldam. Do craniocervical and jaw motor nuclei receive input 
from the same population of reticular premotor neurons? A double labelling tracing study 
in the mallard (Anas platyrhynchos). – Neurosci. Lett., 209, 1996, 77-80.

61. Uemura, H. Pathologisch-anatomische untersuchungen ueber die verbindingsbahnen 
zwischen dem kleinhirn und den hirnstam. – Schweiz. Arch. Neurol. Psychiatr., 1, 1917, 
151. [in German]

62. Verhaart, W. J. C. Die zentralen haubenbahn bei affen und menschen. – Schw. Arch. Neur. 
u Psych., 38, 1936, 270–283. [in German]

63. Verhaart, W. J. C. The rubrospinal system with monkey’s and man. – Psych. Neurol., 42, 
1938, 335– 343.

64. Verhaart, W. J C. The central tegmental tract. – J. Comp. Neurol., 90, 1949, 173–192.
65. Verhaart, W. J. C., J. Voogd. Hypertrophy of the inferior olives in the cat. – J. Neuropathol. 

Exp. Neurol., 21, 1962, 92-104.
66. Voogd, J., E. Marani. Verhaart 1889-1983. In: History of Neurology (Eds. G. W. Bruyn P. 

Koehler P), 2002, pp 377-386.
67. Voogd, J., C. I. De Zeeuw. Cerebellum: What is in a name. Historical origin and first use of 

this anatomical term. – Cerebellum, 19, 2020, 550-561
68. Wild, J. M, J. B. Cabot, D. H. Cohen, H. J. Karten. Origin, course and terminations of the 

rubrospinal tract in the pigeon (Columba livia). – J. Comp. Neurol., 187, 1979, 639-654.
69. Wild, J. M. Direct and indirect “cortico”-rubral and rubro-cerebellar cortical projections in 

the pigeon. – J. Comp. Neurol., 326, 1992, 623-636.
70. Xiang, M., G. Lin, L. Zhou, W. H. Klein, J. Nathans. Targeted deletion of the mouse POU-

domain gene Brn-3a causes a selective loss of neurons in the brainstem and trigeminal 
ganglion, uncoordinated limb movement and impaired suckling. – Proc. Natl. Acad. Sci. 
U S A, 93, 1996, 11950–11955. 

71. Zarate-Lagunes, M., W. J. Gu, V. Blanchard, C. Francois, M. P. Muriel, A. Mouatt-Prigent, B. 
Bonici, A. Parent, A. Hartmann, J. Yelnik, G. A. Boehme, L. Pradier, S. Moussaoui, B. 
Faucheux, R. Raisman-Vozari, Y. Agid, A. Brice, E. C. Hirsch. Parkin immunoreactivity 
in the brain of human and non-human primates: an immunohistochemical analysis in normal 
conditions and in Parkinsonian syndromes. – J. Comp. Neurol., 432, 2001,184-96.

72. Zecha, A. Does a bird possess a rubro-bulbo-spinal fascicle? – Ned Tijdschr Geneesk, 105, 
1961. [in Dutch]


