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General introduction 

Life expectancy has dramatically increased in recent decades and, as a 
consequence, diseases which are associated with age have become much more 
common than before. Nowadays Parkinson's disease is a common chronic 
neurologic illness. This disease typically emerges during the fifth or sixth decade of 
life and the neurological signs include amongst others tremor, rigidity, bradykinesia 
and postural abnormalities. The main biochemical feature of Parkinson's disease is a 
decrease in dopamine concentrations in the brain due to degeneration of 
dopaminergic neurons (for reviews: Hornykiewicz and Kish, 1986; Agid et al., 
1987). The discovery that administration of L-DOPA, which supplements deficient 
dopamine, could counteract most of the motoric signs of Parkinsonian patients was a 
break-through in the treatment of the disease. However, it has gradually become 
clear that this therapeutic strategy is limited by a number of adverse reactions, side-
effects and wearing-off phenomena. Moreover, despite the improvement seen in 
patients following treatment with anti-Parkinson medication, the progressive 
degeneration of dopaminergic neurons continues. Why these neurons cease to 
function and eventually die is as yet unknown. At present, the suffering and 
disability continue in many Parkinsonian patients. Therefore, research which 
broadens our understanding of the pathophysiology in Parkinson's disease is 
necessary and may eventually result in an improved treatment of this disease. 
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Patients with Parkinson's disease suffer from a severe loss of dopaminergic 
neurons in the midbrain. These dopamine-containing neurons are distributed over 
three major cell groups: the substantia nigra pars compacta (SN pars compacta, A9), 
the ventral tegmental area (VTA, AIO) and the retrorubral nucleus (RRN, A8). Post
mortem human studies and experimental animal studies have revealed a correlation 
between the loss of dopaminergic neurons in the A9 and AIO cell groups and part of 
the symptoms seen in this disease (Cools et al., 1993; Hamill et al., 1988; Torack 
and Morris, 1988). The contribution of the degeneration of dopaminergic neurons in 
the A8 cell group to the symptoms seen in Parkinson's disease is as yet unknown. 

The present study was undertaken to investigate the behavioural changes 
which result from an experimentally induced dysfunction of the A8 cell group in 
cats. It is the purpose of this chapter (1) to discuss some historical aspects which 
illustrate why the A8 cell group so far has not received the same attention as the A9 
and A10 cell groups, (2) to provide an overview of the current knowledge on the 
anatomical characteristics of this cell group, (3) to provide the reasons for choosing 
the cat as experimental animal and, finally, (4) to discuss the background and 
objectives of the present study. 

/ / A HISTORICAL Ρош OF VIEW 

The retrorubral nucleus was first considered by Winkler and Potter in 1914, 
but they mistakenly identified this structure as part of the red nucleus. Their 
illustration corresponds to the "nucleus pararubralis", recognised by von Monakow 
(1909) in the rabbit, and the "formation cupuliforme péri-rétro-rubrique" 
distinguished by Foix and Nicolesco (1925) in man. The diversity in designations of 
this structure, which clearly reveal its topographical relation to the red nucleus, 
illustrates that neurobiologists at that time had a great deal of difficulty in regarding 
this structure as a single entity. Although many new and improved research 
techniques have been developed during the past decades, there is still confusion 
concerning this issue. The name retrorubral nucleus (RRN) was first given to this 
region in the cat by Berman (1968), and from all the designations, the RRN is 
hitherto the most commonly used. The most accurate name for this region probably 
is the peri- and retrorubral nucleus (Foix and Nicolesco, 1925; Hirsch et al., 1992; 
Zhang et al., 1993), a designation which is seldom used, however. 

By means of a sensitive fluorescence method, Dahlström and Fuxe (1964) 
were the first to detect catecholaminergic cell bodies in this region; a distinction 
between dopaminergic and noradrenergic neurons could not be made with their 
methods. Although these authors originally considered this region as part of the 
reticular formation, the location of these neurons corresponds to the presently 
designated RRN. Dahlström and Fuxe were the first to name this group of 
catecholaminergic neurons the A8 cell group. It was not until almost 25 years later 
that Deutch and co-workers (1988) investigated whether this particular group of 
catecholaminergic neurons contained dopamine or noradrenaline. They combined 
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two immunohistochemical staining procedures: a tyrosine-hydroxylase (rate limiting 
enzyme in the dopamine synthesis) staining and a dopamine-beta-hydroxylase 
(DBH; rate limiting enzyme in the synthesis of noradrenaline) staining. Using this 
method, it was determined that the neurons in the A8 cell group contain dopamine. 

Despite the fact that more recently developed immunohistochemical 
techniques provided better understanding of this cell group, a new problem arose: 
there was considerable confusion concerning the exact delineation of the A8 cell 
group. The exact boundaries are difficult to determine since the dopaminergic 
neurons of the rostral and ventral aspects of the A8 cell group cannot be clearly 
differentiated from the contiguous A9 dopaminergic neurons of the caudal and 
lateral substantia nigra, nor is there a clear demarcation between the most medial A8 
dopaminergic neurons and the lateral aspects of the AIO cell group in the nucleus 
parabrachialis pigmentosus (Fig. 2.1A-C). This issue of demarcation has been 
discussed in a number of studies (rat: Dahlström and Fuxe, 1964; cat: Poitras and 
Parent, 1978; tree-shew: Murray et al., 1982; monkey: Feiten et al., 1974; Feiten and 
Sladek, 1983; human: Pearson et al., 1983). The confusion concerning the exact 
delineation, especially between the dopaminergic neurons within the RRN and those 
within the pars compacta of the substantia nigra, prompted the suggestion that the 
RRN is a caudal continuation of the pars compacta (Fallon and Moore, 1978; 
Hubbard and Di Carlo, 1974; Murray et al., 1982). In view of the various 
differences between the three dopaminergic cell groups, for example in the 
cytoarchitecture, morphology, histochemical criteria, and fibre connections, the A8 
cell group is at present considered to be a distinct entity that can even be divided 
into subgroups. This will be described in more detail in the following paragraphs. 

/ 2 DELINEATION AND SUBDIVISION OFTHE AS CELL GROUP 

I 2 ι Delineation of the A8 cell group 

Slight differences have been reported in the cytoarchitecture of the Λ8 cell 
group of mammals, ranging from rodent to man. In cats, domestic pigs and cows, 
the dopaminergic cells are more loosely clustered than those in rats (Kitahama et al., 
1994). In human, such cells are more extensively dispersed than in other species 
(Pearson et al., 1983, 1990). In general, the most rostral pole of the A8 cell group, 
which is situated ventral to the rostral part of the red nucleus, forms a wedge 
between the medially located nucleus parabrachialis pigmentosus of the AIO cell 
group and the laterally located neurons of the A9 cell group (Köhler and Goldstein, 
1984; Hökfelt et al., 1984b). More caudally, the A8 cell group is situated medial to 
the medial lemniscus, and can be subdivided into two subgroups: a dorsally located 
diffuse population of neurons, and a ventrally located cell dense portion (Deutch et 
al., 1988; Gaspar et al., 1992; see below). Still more caudally, the A8 dopaminergic 
neurons gradually shift to a more dorsal position, dorsomedial to the pedun-
culopontines tegmentalis, partially overlapping the nucleus cuneiformis (Fig. 2.1). 
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122 Subdivision of the A8 cell group 

In view of the morphological, anatomical and histochemical characteristics of 
the A8 cell group in rats and monkeys (Deutch et al., 1988; Gaspar et al., 1992), this 
nuclear group can be subdivided into two subgroups: a dorsal part and a ventral part 
(Fig. 2.1 C-Ε). These two major subdivisions of the A8 cell group can be readily 
distinguished from each other on the basis of their cytoarchitecture. The dorsal 
subdivision appears as a rather diffuse population of neurons, while the ventral 
subdivision contains more densely packed neurons. The neurons within the dorsally 
located diffuse portion show great variations in size and shape of the somata and 
dendrites, while neurons in the ventrally located cell dense portion are 
morphologically more homogeneous (Köhler and Goldstein, 1984). The same two 
subgroups have been distinguished in monkeys on the basis of histochemical criteria 
as well: the dorsal region is marked by calbindin D28K (CABP; one of the calcium 
binding proteins in the central nervous system) containing neurons, whereas the 
ventral portions contains no CABP-immunoreactive neurons. Moreover, the 
difference between the dorsal and the ventral part of the RRN is evident on the basis 
of distinct fibre connections as well. For instance, the dorsal region of the A8 cell 
group receives a dense neurotensin and dopamine-beta-hydroxylase (DBH) 
innervation, whereas the ventral portion receives no or only weak neurotensin- and 
DBH input (Gaspar et al., 1992). In monkeys part of the dopaminergic neurons 
projecting to either the prefrontal or the motor cortical areas emanate from the 
dorsal part, but not from the ventral part of the A8 cell group (Gaspar et al., 1992). 

/ з FIBRE CONNECTIONS 

The topographical organisation of fibres emanating from and terminating in 
the RRN, SN and VTA are well established in rats, and will be collectively 
described below, with special reference to the RRN. The fibre connections of the 
SN and the VTA, although less emphasised, are included for two reasons. First, 
apart from the input/output systems of the RRN, those of the SN and VTA are 
relevant for the present study as well. Second, there are some essential differences in 
fibre connections between the RRN and the remaining cell groups which are of 
major importance to the present study. 

The main source of afferent input to the SN, VTA and, to a lesser extent, the 
RRN emanates from (1) the caudate nucleus and putamen (viz. the caudate-putamen 
complex in rodents), which is collectively referred to as the (dorsal) striatum, and 
(2) from the ventral striatum which comprises the ventral part of the caudate 
putamen, the nucleus accumbens and the olfactory tubercle (according to Heimer 
and Wilson, 1975). These striato-mesencephalic projections will be discussed in 
section 1.3.1.1. In addition, various non-striatal afférents to the SN, VTA and RRN 
are summarised in section 1.3.1.2. The major efferent projections which arise from 
the dopaminergic and non-dopaminergic neurons in the SN, VTA and RRN 
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collectively give rise to a massive mesotelencephalic fibre system. This 
mesotelencephalic fibre system is generally subdivided into a mesostriatal system 
(Andén et al., 1964) and a mesolimbocortical system (Ungerstedt, 1971). These 
systems will be discussed in section 1.3.2.Land 1.З.2.2., respectively. Finally, the 
non-dopaminergic nigrothalamic, nigrotectal and nigrotegmental efferents of the 
RRN are summarised in section 1.3.2.3. 

1.3.1. Afferent connections 

13 11 Striato-mesencephalic Projections 

It has now been well-established that the main part of nigral afferent 
projections arises from the dorsal striatum and terminates in the SN pars reticulata 
(for reviews: Graybiel and Ragsdale 1979; Carpenter 1981). These dorsal striatal 
projections to the SN are topographically organised (Gerfen, 1985): two distinct 
types of organisation appear to exist in the striatonigral projections. The first type is 
topographic in that the mediolateral relationships among these striatal efferent 
neurons are roughly maintained by their termination pattern in the SN while the 
dorsoventral relationships are inverted (Fig. 1.1). The second type of organisation 
demonstrated by Gerfen (1985), is non-topographic and is related to the 
heterogeneous character of the striatum (Fig. 1.1). This heterogeneous character is 
based on the bicompartmental distribution of neurochemical substances, receptors, 
and afferent and efferent systems (for review: Graybiel, 1984). For example, 
Graybiel and co-workers (1979) found "striosomes" of low acetylcholinesterase-
activity in the feline dorsal striatum that are embedded in acetylcholinesterase-rich 
extra-striosomal matrix. Gerfen (1985) demonstrated that the extra-striosomal 
matrix projects to the SN pars reticulata, whereas the striatal striosomes (or patches) 
project to the regions of dopaminergic neurons within the substantia nigra (Gerfen 
1985; Gerfen et al., 1987a, 1987b). In contrast to these projections from the dorsal 
striatum to the SN pars compacta, the RRN does not receive such afferent fibres 
from the dorsal striatum. The ventral striatum, which is characterised by an intricate 
neurochemical compartmentation as well (which will not be discussed since this is 
beyond the scope of the present thesis), projects predominantly to the VTA and to a 
lesser extent to the SN and RRN (Groenewegen and Russchen 1984; Groene wegen 
et al., 1994; Haber et al., 1985, 1990; Nauta et al., 1978). 

13 12 Non-striatal afférents 

Besides the massive striatonigral projections to the SN, VTA and to a lesser 
extent to the RRN, these structures also receive a variety of non-striatal afférents. 
Extensive cortical projections from neocortical, mesocortical, and allocortical 
structures innervate the VTA (Fallon and Loughlin, 1985; Oades and Halliday, 
1987; Swanson, 1982). Cortical projections to the SN, however, are restricted to 
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Fig. 1.1. General topographical principles of striato-mesencephalic projections summarised in the 
rat brain. Abbreviations: CP, caudate-putamen complex; GP, globus pallidus; Nacb, nucleus 
accumbens; RRN, retrorubral nucleus (retrorubral field in rats); SNC, substantia nigra pars 
compacta; SNR, substantia nigra pars reticulata; VTA, ventral tegmental area. 
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projections emanating from prefrontal and motor cortices (Oades and Halliday, 
1987), whereas the RRN only receives a projection from the supplementary 
premotor cortex (Fig. 1.2; Sakai, 1988). Other telencephalic projections to the RRN, 
SN and VTA arise in the pallidum and amygdala. Dorsal pallidonigral (from the 
globus pallidus), most likely GABA-ergic, fibres terminate in both the pars 
reticulata and pars compacta of the SN, whereas ventral pallidonigral (substantia 
innominata/ventral pallidum) fibres primarily project to the RRN and VTA (Fig. 
1.2; Alheid and Heimer 1988; Grove 1988; Groenewegen et al., 1993; von Krosigk 
et al., 1992) and to a lesser extent to the SN pars compacta. The central nucleus of 
the amygdala projects to the RRN and VTA (Fig. 1.2; Chesselet, 1985). Fibres 
arising from other basal forebrain structures such as the lateral septum, the 
subthalamic nucleus, and medial and lateral preoptic areas, as well as the lateral 
habenula and anterior hypothalamus, project to the SN and VTA (Grove, 1988; 
Simonetal., 1979; Swanson, 1982). 

Brain stem projections to the RRN, SN and VTA emanate from the nucleus 
raphe dorsalis (serotonergic; Vertes, 1991) and the nucleus tegmenti 
pedunculopontines (cholinergic; Moon Edley and Graybiel 1983; Rye et al., 1987). 
In addition, the locus coeruleus (noradrenergic) and the nucleus parabrachialis 
project to the SN and VTA (Saper and Loewy, 1980), whereas the RRN receives 
input from the nucleus pontis oralis (Vertes and Martin, 1988). Phillipson (1979) 
and Perciavalle et al. (1989) noted a considerable cerebellar innervation of the RRN 
and VTA. 

Fig. 1.2. Non-striatal afférents of the retrorubral nucleus summarised in the rat brain. Abbreviations: 
AM, amygdala; CP, caudate-putamen complex; GP, globus pallidus; Nacb, nucleus accumbens; 
NRd, nucleus raphe dorsalis; NTTP, nucleus tegmenti pedunculopontinus; RRN, retrorubral nucleus 
(retrorubral field in rats); SNC, substantia nigra pars compacta; SNR, substantia nigra pars 
reticulata; VP, ventral pallidum; VTA, ventral tegmental area. 
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1.3.2. Efferent connections 

According to Fallon and Moore (1978) the mesotelencephalic system, which 
is subdivided into the mesostriatal system and the mesolimbocortical system, is 
organised along several topographical principles. (1) An inverted dorsal-to-ventral 
topography, which implies that ventral cells tend to project to more dorsal structures 
in the forebrain such as septum, nucleus accumbens, neostriatum, and dorsal cells to 
more ventral structures, viz. olfactory bulb and amygdala. (2) A medial-to-lateral 
topography with medially located neurons projecting to more medially located 
terminal areas, and neurons in lateral sectors of the mesencephalic cell groups 
projecting to more laterally located areas in the forebrain. (3) An anterior-to-
posterior topography, according to which anterior cells project more anteriorly and 
posterior cells more posteriorly in the forebrain. However, at present there is still no 
general agreement about all aspects of these topographical arrangements (for 
review: Fallon 1988). 

13 2 1 Mesostriatal system 

Approximately 95% of the mesostriatal projections is dopaminergic. These 
projections emanate from neurons in the SN, VTA and RRN (Fig. 1.3; Gerfen et al., 
1987b). The proportion of dopaminergic to non-dopaminergic neurons in these cell 
groups is not exactly known. Estimations of the proportion of dopaminergic neurons 
in the SN pars compacta range from 80-95%, whereas the VTA contains about 70% 
dopaminergic neurons (van der Kooy, 1979; Thierry et al., 1980). The proportion of 
dopaminergic to non-dopaminergic cells in the RRN, however, is not known. The 
RRN projects strongly throughout the longitudinal extent of the medial forebrain 
bundle, a fibre system connecting brainstem reticular formation structures with 
diencephalic and telencephalic structures. Although ascending RRN projections 
have not received the same attention as those from the dopaminergic A9 and AIO 
cell groups, the RRN has been shown to heavily innervate both the dorsolateral part 
of the striatum or the anterodorsal part of the caudate nucleus in cats, and the 
nucleus accumbens (Deutch et al., 1988; Jiménez-Castellanos and Graybiel, 1989; 
Groenewegen et al., 1980; Nauta et al., 1978; Spooren et al., 1991a; Swanson 1982). 
The RRN projections onto the striatum are heterogeneous and characterised by 
distinct clusters of RRN fibres surrounded by areas with relatively sparse RRN 
derived input (Gerfen et al., 1987b). These distinct clusters of fibres emanating from 
the RRN are predominantly confined to the matrix compartment of the striatum 
(Jiménez-Castellanos and Graybiel, 1987, 1989; Gerfen et al., 1987a, 1987b). 

1322 Mesolimbocortical system 

The RRN heavily innervates parts prefrontal cortex, motor cortex, and 
entorhinal cortex (Fig. 1.4; rat: Deutch et al., 1988; Swanson, 1982; primate: Gaspar 
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Fig. I J . General topographical principles of mesostriatal projections summarised in the rat brain 
Abbreviations CP, caudate-putamen complex, GP, globus pallidus, Nacb, nucleus accumbens, 
RRN, retrorubral nucleus (retrorubral field in rats), SNC, substantia nigra pars compacta, SNR, 
substantia nigra pars reticulata, VTA, ventral tegmental area 
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et al., 1992; Porrino and Goldman-Rakic, 1982). These projections presumably arise 
from distinct subsets of neurons in the RRN (Gaspar et al., 1992; Swanson, 1982). 
The majority of the mesolimbocortical projections, however, emanates from the 
VTA, and is non-dopaminergic (Swanson, 1982). 

Diencephalic projections of the RRN innervate the dorsomedial and lateral 
hypothalamus, subthalamic nucleus and zona incerta (Deutch et al., 1988; Frijer 
Leibowitz and Brown, 1980; Takada et al., 1990). In their studies in rats, it was not 
determined whether these projections were dopaminergic or non-dopaminergic. 

Fig. 1.4. Non-striatal efferente of the retrorubral nucleus summarised in the rat brain. Abbreviations: 
AM, amygdala; CP, caudate-putamen complex; Ent, entorhinal cortex; GP, globus pallidus; HYP, 
hypothalamus; LoC, locus coeruleus; Nacb, nucleus accumbens; NTTP, nucleus tegmenti 
pedunculopontinus; RF, reticular formation; RRN, retrorubral nucleus (retrorubral field in rats); 
SNC, substantia nigra pars compacta; SNR, substantia nigra pars reticulata; Sth, nucleus 
subthalamicus; Thai, thalamus; VP, ventral pallidum; VTA, ventral tegmental area. 

1.3.2.3. Nigrothalamic, Nigrotectal andNigrotegmentalprojections 

The SN pars reticulata gives rise to major GABA-ergic projections to the 
thalamus, superior colliculus, and mesencephalic tegmentum (Beakstead, 1983). The 
nigrothalamic projections arise roughly from the SN, VTA and RRN (Deutch et al., 
1988; Faul and Mehler, 1978; Takada et al., 1990). Nigrotegmental, GABA-ergic 
projections which arise throughout the SN pars reticulata, RRN and VTA innervate 
the pedunculopontine tegmental nucleus (Rye et al., 1987; Moon Edley and 
Graybiel, 1983). The SN pars reticulata and the VTA project to the central grey, the 
parabrachial nuclei and the raphe nuclei, and the locus coeruleus (Fuxe et al., 1985; 
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Gerfen et al., 1982). In contrast, a small group of non-dopaminergic cells in the 
RRN has been reported to project to only the region of the locus coeruleus 
(Swanson, 1982). In their study with rats, Deutch and co-workers (1988) have 
shown that the midbrain dopaminergic neurons are interconnected: axons of the 
RRN which ascend to telencephalic sites project through the SN pars compacta and 
branch to innervate the VTA. In addition, the following two structures have been 
reported to receive afferent fibres from the RRN: the reticular formation (Köhler 
and Goldstein, 1984; von Krosigk et al., 1992), and the medial facial nucleus 
(Isokawa-Akeson and Komisaruk, 1987). 

/ 4 A POSSIBLE ROLE OF THE RETRORUBRAL NUCLEUS IN CLINICAL DISORDERS 

As will be elaborated in detail in Chapters 2 and 3, there are six points which 
form the background to investigate the A8 cell group and its possible role in clinical 
disorders. First, an early sign in Parkinson's disease is masking of facial expression 
(Calne and Stoessl, 1986). Because the striatal projection area of the A8 cell group 
plays a role in the control of facial musculature in cats (see below; Spooren et al., 
1991a), this may imply that degeneration of neurons in the A8 cell group may 
contribute to the decreased control of facial muscles in patients suffering from 
Parkinson's disease. Moreover, this suggests that the degeneration of cells in the A8 
cell group may play a crucial role in the origin of the progressive pathology since a 
mask-face is one of the first symptoms seen in this disease. Second, it has been 
suggested that a loss of dopaminergic neurons contributes to the development of 
tremor in Parkinson's disease (Hirsch et al., 1992). Third, Deutch and co-workers 
(1986) have demonstrated that monkeys treated with neurotoxin l-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) show a severe loss of neurons in the A8 cell 
group as compared to the A9 or AIO cell groups (Deutch et al., 1986; cf. réf. 
Schneider et al., 1987; Williams and Schneider, 1989). Animals intoxicated with 
this drug display unequivocal parkinsonian symptoms. This again suggests an 
important role for A8 cells in the onset of the degeneration seen in Parkinson 
patients. Fourth, as mentioned earlier, the three dopaminergic cell groups 
collectively give rise to the mesotelencephalic pathway. The majority of A9 neurons 
innervate dorsal striatal areas, the AIO cells project predominantly to ventral striatal 
areas, whereas the A8 cells project to both ventral- and dorsal striatal areas (rat: 
Nauta et al., 1978; cat: Jiménez-Castellanos and Graybiel, 1987). As such, the A8 
cells are situated in a key position to regulate activity in both striatal domains. Fifth, 
the projections from both the A9 to the dorsolateral striatum and those from the AIO 
to the ventral striatum are reciprocated, suggesting that the A9 and AIO cell groups 
receive direct feedback from their target areas in the striatum (rat: Hökfelt et al., 
1984; Nauta et al., 1978; cat: Jiménez-Castellanos and Graybiel, 1987). In contrast, 
the projections from the A8 cell group to the dorsolateral striatum is not 
reciprocated, whereas the ventral striatal target region of the A8 cell group provides 
only a relatively sparse reciprocal projection (rat: Berendse et al., 1992; 
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Groenewegen et al., 1994; Nauta et al., 1978; cat: Groenewegen and Russchen, 
1984; Jiménez-Castellanos and Graybiel, 1989; primate: Haber et al., 1990; see 
however Royce and Laine, 1984). Furthermore, it has been shown that, at least in 
rats, the A8 cell group directly innervates AIO cells (Deutch et al., 1988). Therefore, 
degeneration of A8 cells could have far-reaching consequences for the functioning 
of AIO cells. If this is the case, degeneration of the A8 cells may play a key role in 
the progression seen in patients suffering from Parkinson's disease (see also Chapter 
2 and 3). 

Another clinical disorder to which a malfunctioning RRN, including the A8 
cell group, may contribute is orofacial dyskinesia. This syndrome, which occurs 
amongst others after a chronic L-DOPA treatment, consists of involuntary persistent 
movements of the tongue, lips and facial muscles such as chewing, sucking, licking 
movements and protruding the tongue (Sigwald et al., 1959). Orofacial dyskinesia is 
due, at least in part, to alterations in dopaminergic processes (Klawans et al., 1980). 
Experimentally induced alterations in the dopaminergic neurotransmission in the 
feline striatal projection area of the A8 cell group elicits orofacial dyskinesia (Cools 
et al., 1976, 1989; Spooren et al., 1991a). Stimulation of dopamine receptors within 
this area produces random bursts of dyskinetic movements such as sluggish tongue 
protrusions and rapid tic-like contractions of the facial-, eye- and ear muscles (Cools 
et al., 1976). Since the A8 cell group innervates this particular region in the caudate 
nucleus (Spooren et al., 1991a), in contrast to the other two dopaminergic cell 
groups which project predominantly to the remaining part of the caudate nucleus 
and ventral striatum, it may form part of the circuitry involved in orofacial 
dyskinesia. 

is CAT AS EXPERIMENTAL ANIMAL 

In the present study, the cat was chosen as experimental animal for the 
following reasons. First, cats have the distinct advantage over rats that they exhibit a 
rich repertoire of behaviours allowing a detailed analysis of subtle changes in 
behaviour following experimentally induced intracerebral changes in neuronal 
activity (Jaspers et al., 1984; Spooren et al., 1991, 1993). Second, in the past 
decades a great deal of knowledge has been obtained with respect to motor 
behaviour of cats (for review: Armstrong, 1986). Third, in contrast to rats, cats have 
a well developed oral and facial musculature of which movements can be studied 
relatively easy (Spooren et al., 1991, 1993). Fourth, compared with monkeys cats 
have specifically pragmatic advantages, and finally, due to the relative large 
dimension of the feline brain it is possible to use local drug administration into the 
RRN. 

/ 6 OBJECTIVES OF THE PRESENT STUDY 

From the foregoing account it will be clear that degeneration of neurons in 
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the A8 cell group may play a role in the progressive pathology seen in Parkinson's 
disease. In view of these arguments, it is highly relevant to gain more insight in the 
fiinction(s) of this structure. The main objective of this thesis is to reveal the 
consequences of an experimentally induced dysfunctioning of the RRN in cats. The 
data presented are discussed in the clinical context of the pathophysiology of 
Parkinson's disease. 

In Chapter 2, we examine whether a projection exists from the RRN to the 
SN pars compacta and the VTA. These projections were studied by placing small 
injections of anterograde tracers into the RRN in cats. This study provided the 
anatomical background supporting the hypothesis that the A8 cell group may control 
the A9 and AIO systems. In Chapters 3-5 it was investigated whether a lesion with 
6-hydroxydopamine, a dopamine specific neurotoxin, of the dopaminergic A8 cells 
results in a malfunction of its first, second and third order output stations. In Chapter 
3, cats with a lesion in the A8 cell group were tested on a treadmill in order to assess 
subtle and long-lasting changes in motor programming. In Chapter 4, it was 
investigated whether these long-lasting lesion-induced deficits could be restored by 
a combined administration of a dopamine D1 receptor agonist (SKF 81297) and a 
dopamine D2 receptor agonist (LY 171555). In contrast, Chapter 5 deals with short-
term deficits induced by an A8 lesion. Chapters 6 and 7 evaluate the role of the 
RRN including the A8 cell group in orofacial dyskinesia. It was investigated 
whether manipulation of the activity within the RRN with either GABA-ergic 
compounds (Chapter 6) or glutamatergic agents (Chapter 7) can modulate or 
mediate orofacial dyskinesia. 

In the final Chapter (8) of this thesis, the coherence of the findings presented 
in each of the Chapters is discussed. 

References 

Agid Y, Javoy-Agid F, Ruberg M (1987) Biochemistry of neurotransmitters in Parkinson's 
disease. In: Marsden CD, Fahn S (eds) Movement disorders 2. Butterworths 
Scientific, London Boston, pp 166-230. 

Alheid GF, Heimer L (1988) New perspectives in basal forebrain organization of special 
relevance for neuropsychiatrie disorders: the striatopallidal, amygdaloid, and 
corticopetal components of substantia innominata. Neurosci 27: 1-39. 

Andén NE, Carlsson A, Dahlström A, Fuxe K, Hillarp NA, Larsson К (1964) 
Demonstration and mapping out of nigro-neostriatal dopamine neurons. Life Sci 3: 
523-530. 

Armstrong DM (1986) Supraspinal contributions to the initiation and control of locomotion 
in the cat. Prog Neurobiol 26: 273-361. 

Beckstead RM (1983) Long collateral branches of substantia nigra pars reticulata axons to 
thalamus, superior colliculus and reticular formation in monkey and cat. Multiple 

13 



retrograde neuronal labeling with fluorescent dyes. Neuroscience 10: 767-779. 
Berendse HW, Groenewegen HJ, Lohman AHM (1992) Compartmental distribution of 

ventral striatal neurons projecting to the mesencephalon in the rat. J Neurosci 12: 
2079-2103. 

Berman AL (1968) The Brain Stem of the Cat. A Cytoarchitectonic Atlas with stereotaxic 
coordinates. University of Wisconsin Press. Madison. 

Calne BB, Stoessl AJ (1986) Early Parkinsonism. Clin Neuro-pharm 9(2): S3-S8. 
Carpenter MB (1981) Anatomy of the corpus striatum and brain stem integrating systems. 

In : Brookhart JM, Mountcastle VB (eds) Handbook of physiology. Vol 2, Am 
Physiol Soc, Bethesda, pp 947-995. 

Chesselet MF (1985) Somatostatinergic inputs to the region of the A8 cell group. Soc 
Neurosci Abstr 11: 208. 

Cools AR, Struyker Boudier HAJ, van Rossum JM (1976) Dopamine receptors: selective 
agonists and antagonists of functionally distinct types within the feline brain. Eur. J. 
Pharm. 37: 283-293. 

Cools AR, Berger HJC, Buytenhuijs EL, Horstink MWIM, Spaendonck KPM (1993) 
Manifestations of switching disorders in animals and man with dopamine deficits in 
AIO and/or A9 circuitries. In: Wolters ECh, Scheltens Ph (eds) Mental dysfunctions 
in Parkinson's disease. ICG printing, Dordrecht, pp 49-67. 

Dahlström A, Fuxe K, (1964) Evidence for the existence of monoamine-containing 
neurons in the central nervous system. Acta Physiol Scand 62: 1-55. 

Deutch AY, Elsworth JD, Goldstein M, Fuxe K, Redmond DE, Sladek JR, Roth RH (1986) 
Preferential vulnerability of A8 dopamine neurons in the primate to the neurotoxin 
l-methyl-4-phenyl-l,2,3,6,tetrahydropyridine. Neurosci Lett 68: 51-56. 

Deutch AY, Goldstein M, Baldino F, Roth RH (1988) Telencephalic Projections of the A8 
Dopamine Cell Group. In: Kalivas PW, Nemeroff ChB (eds) The mesolimbic 
dopamine system. Ann NY Acad Sci 537: 27-50. 

Fallon JH (1988) Topographic organization of ascending dopaminergic projections. Ann N 
Y Acad Sci 537: 1-9. 

Fallon JH, Loughlin SE (1985) Substantia nigra. In: Paxinos G (ed) The rat nervous 
system. Vol 1, Academic Press, Australia. 

Fallon JH, Moore RY (1978) Catecholamine innervation of the basal forebrain. IV. 
Topography of the dopamine projection to the basal forebrain and neostriatum. J 
Comp Neurol 180: 545-580. 

Faul RLM, Mehler WR (1978) The cells of origin of nigrotectal, nigrothalamic and 
nigrostriatal projections in the rat. Neuroscience 3: 989-1002. 

Feiten DL, Laties AM, Carpenter MB (1974) Monoamine-containing cell bodies in the 
squirrel monkey brain. Am J Anat 139: 159-166. 

Feiten DL, Sladek JR Jr (1983) Monoamine distribution in primate brain. V. 
Monoaminergic nuclei: anatomy, pathways and local organization. Brain Res Bull 
10: 171-284. 

Foix С, Nicolesco J (1925) Anatomie cerebrale: les noyaux gris centraux et la region 
mesencephalo-sous-optique. Masson et Cie, Paris. 

Fuxe K, Agnati LF, Kalia M, Goldstein M, Andersson K, Härfstrand A (1985) 
Dopaminergic systems in the brain and pituitary. In: Halász В et al (eds) The 
dopaminergic system. Basic and clinic aspects of neuroscience. Berlin Heidelberg, 
Springer Verlag. 

14 



Gaspar Ρ, Stepniewska I, Kaas JH (1992) Topography and collateralization of the 
dopaminergic projections to motor and lateral prefrontal cortex in owl monkeys. J 
Comp Neurol 325: 1-21. 

Gerfen CR (1985) The neostriatal mosaic. I. Compartmental organization of projections 
from the striatum to the substantia nigra in the rat. J Comp Neurol 236: 454-476. 

Gerfen CR, Herkenham M, Thibault J (1987a) The neostriatal mosaic. II. Patch- and 
matrix-directed mesostriatal dopaminergic and non-dopaminergic systems. J 
Neurosci 7: 3915-3934. 

Gerfen CR, Baimbridge KG, Thibault J (1987b) The neostriatal mosaic: III. Biochemical 
and developmental dissociation of patch-matrix mesostriatal systems. J Neurosci 7: 
3935-3944. 

Gerfen CR, Staines WA, Arbuthnott GW, Fibiger HC (1982) Crossed connections of the 
substantia nigra in the rat. J Comp Neurol 207: 283-303. 

Graybiel AM (1984) Correspondence between the dopamine islands and striosomes of the 
mammalian striatum. Neuroscience 13: 1157-1187 

Graybiel AM, Ragsdale CW Jr (1979) Fiber connections of the basal ganglia. Prog Brain 
Res 51: 239-282. 

Graybiel AM, Ragsdale CW Jr, Moon Edley S (1979) Compartments in the striatum of the 
cat observed by retrograde cell labeling. Exp Brain Res 34: 189-195. 

Groenewegen H J, Berendse HW, Wouterlood FG (1994) Organization of the projections 
from the ventral striato-pallidal system to ventral mesencephalic dopaminergic 
neurons in the rat. In: Percheron et al (eds) The Basal Ganglia IV Plenum Press, 
New York, pp 81-93. 

Groenewegen HJ, Russchen FT (1984) Organization of the efferent projections of the 
nucleus accumbens to pallidal, hypothalamic, and mesencephalic structure. J Comp 
Neurol 223: 347-367. 

Grove EA (1988) Efferent connections of the substantia innominata in the rat. J Comp 
Neurol 277: 347-364. 

Haber SN, Lynd E, Klein С, Groenewegen HJ (1990) Topographic organization of the 
ventral striatal efferent projections in the rhesus monkey: an anterograde tracing 
study. J Comp Neurol 293: 282-298. 

Hamill RW, Caine E, Eskin T, Lapham L, Shoulson I, McNeill TH (1988) 
Neurodegenerative disorders and aging. Alzheimer's disease and Parkinson's 
disease - common ground. AnnN Y Acad Sci 515: 411-420. 

Heimer L, Wilson RD (1975) The subcortical projections of the allocortex: similarities in 
the neural association of the hippocampus, piriform cortex and the neocortex. In: 
Santini M (ed) Golgi centennial symposium. Raven Press, New York. 

Hirsch EC, Mouatt A, Faucheux В, Bonnet A-M, Javoy-Agid F, Graybiel AM, Agid Y 
(1992) Dopamine, tremor, and Parkinson's disease. The Lancet 340: 125-126. 

Hökfelt Τ, Mârtensson R, Björklund A, Kleinau S, Goldstein M (1984) Distributional maps 
of tyrosine hydroxylase-immunoreactive neurons in the rat brain. In: Björklund A, 
Hökfelt Τ (eds) Handbook of chemical neuroanatomy Vol. 2. Elsevier, Amsterdam, 
pp 277-379. 

Homykiewics O, Kish SJ (1986) Biochemical pathophysiology of Parkinson's disease. In: 
Yahr MD, Bergmann KJ (eds) Advances in neurology, vol 45. Raven Press, New 
York. 

Hubbard JE, Di Carlo V (1974) Fluorescence histochemistry of monoamine-containing cell 

15 



bodies in the brain stem of squirrel monkey (Saimirí sciureus) II Catecholamine-
contaimng groups J Comp Neurol 153 369-384 

Isokawa-Akesson M, Komisaruk BR (1987) Differences in projections to the lateral and 
medial facial nucleus anatomically seperate pathways for rhythmical vibrissa 
movement in rats Exp Brain Res 65 385-398 

Jaspers R, Schwartz M, Sontag KH, Cools AR (1984) Caudate nucleus and programming 
behaviour in cats Role of dopamine in switching motor patterns Behav Brain Res 
14 17-28 

Jiménez-Castellanos J, Graybiel AM (1987) Subdivision of the dopamine-containing A8-
A9-A10 complex identified by their differential mesostnatal innervation of 
stnosomes and extrastnosomal matrix Neuroscience 23 223-242 

Jiménez-Castellanos J, Graybiel AM (1989) Compartmental origins of striatal efferent 
projections in the cat Neuroscience 32 297-321 

Kitahama K, Nagatsu I, Pearson J (1994) Catecholamine systems in mammalian midbrain 
and hindbrain theme and variations In Smeets WJAJ, Reiner A (eds) Phylogeny 
and development of catecholamine systems in the CNS University Press, 
Cambridge, pp 183-205 

Klawans HL, Goetz CG, Perlik S (1980) Tardive dyskinesia a review and update 
American J Psych 137 900-907 

Kohier С, Goldstein M (1984) Golgi-like îmmunoperoxidase staining of dopamine neurons 
in the reticular formation of rat brainstem using antibody to tyrosine-hydroxylase J 
Comp Neurol 223 302-311 

Krosigk M von, Smith Y, Bolam JP, Smith AD (1992) Synaptic organization of 
GABAergic inputs from the striatum and globus pallidus onto neurons in the 
substantia nigra and retrorubral field which project to the Medullary Reticular 
Formation Neuroscience 50 531-549 

Leibowitz SF, Brown LL (1980) Histochemical and pharmacological analysis of 
catecholaminergic projections to the penfornical hypothalamus in relation to 
feeding inhibition Brain Res 201 315-345 

Monakow С von (1909) Der rote kern, die haube und die regio hypothalamica bei einige 
saugertieren und beim menschen I Teil Arb himanat Inst Zurich 3 49-267 

Moon Edley S, Graybiel AM (1983) The afferent and efferent connections of the feline 
nucleus tegmenti pedunculopontinus, pars compacta J Comp Neurol 217 187-215 

Murray HM, Domínguez WF, Martinez JE (1982) Catecholamine neurons in the brainstem 
of the tree shew (Tupaia) Brain Res Bull 9 205-215 

Nauta WJH, Smith GP, Faull RLM, Domesick VB (1978) Efferent connections and nigral 
afférents of the nucleus accumbens septi in the rat Neuroscience 3 385-401 

Oades RD, Halliday GM (1987) Ventral tegmental (AIO) system neurobiology I 
Anatomy and connectivity Brain Res Rev 12 117-165 

Pearson JM, Goldstein K, Brandeis L (1983) Human brain stem catecholamine neuronal 
anatomy as revealed by immunocytochemistry with antibodies to tyrosine 
hydroxylase Neuroscience 8 3-32 

Pearson J, Halliday G, Sakamoto N, Michel JP (1990) Catecholaminergic neurons In 
Paxinos G (ed) The human nervous system Academic, Newyork, pp 1023-1049 

Perciavalle V, Berretta S, Raffaele R (1989) Projections from the ìntracerebellar nuclei to 
the ventral midbrain tegmentum in the rat Neuroscience 29 109-119 

Philhpson, ОТ (1979) Afferent projections to the ventral tegmental area of Tsai and 

16 



interfascicular nucleus: a horseradisch peroxidase study in the rat. J Comp Neurol 
187: 117-144. 

Poitras D, Parent A (1978) Atlas of the distribution of monoamine-containing nerve cell 
bodies in the brain stem of the cat. J Comp Neurol 179: 699-718. 

Porrino LJ, Goldman-Rakic PS (1982) Brainstem innervation of prefrontal and anterior 
cingulate cortex in the rhesus monkey revealed by anterograde transport of HRP. J 
Comp Neurol 205: 63-76. 

Royce GJ, Laine EJ (1984) Efferent connections of the caudate nucleus, including cortical 
projections of the striatum and other basal ganglia: an autoradiographic and 
horseradish peroxidase investigation in the cat. J Comp Neurol 226: 28-49. 

Rye DB, Saper CB, Lee HJ, Wainer BH (1987) Pedunculopontine tegmental nucleus of the 
rat: cytoarchitecture, cytochemistry, and some extrapyramidal connections of the 
mesopontine tegmentum. J Comp Neurol 259: 483-528. 

Sakai ST (1988) Corticonigral projections from area 6 in the raccoon. Exp Brain Res 73: 
498-504. 

Saper CB, Loewy AD (1980) Efferent connections of the parabrachial nucleus in the rat. 
Brain Res 197:291-317. 

Schneider JS, Yuwiler Α., Markham CH (1987) Selective loss of subpopulations of ventral 
mesencephalic dopaminergic neurons in the monkey following exposure to MPTP. 
Brain Res 411: 144-150. 

Sigwald J, Boutier D, Courvoisier S, Piot Ρ (1959) Quatre cas de dyskinesia facio-bucco-
linguo-mastcatrice a evolution prolongée secondaire a un traitement neuroleptique. 
RevNerol 100:751-755. 

Simon H, LeMoal M, Calas A (1979) Efferent and afférents of the ventral tegmental AIO 
region studied after local injections of [3H]leucine and horseradish peroxidase. 
Brain Res 178: 17-40. 

Spooren WPJM, Groenewegen HJ, Cools AR (1991) Subregions of the caudate nucleus 
and their in- and output channels in oro-facial dyskinesia: a behavioural and 
retrograde tracing study in the cat. Brain Res 539: 85-93. 

Spooren WPJM, Veening JG, Cools AR (1993) Descending connections of the sub-pallidal 
areas in the cat: projections to the subthalamic nucleus, the hypothalamus, and the 
midbrain. Synapse 15: 104-123. 

Swanson LW (1982) The projections of the ventral tegmental area and adjacent regions: a 
combined fluorescent retrograde tracer and immunofluorescence study in the rat. 
Brain Res Bull 9: 321-353. 

Takada M, Campbell KJ, Moriizumi T, Hattori Τ (1990) On the origin of the dopaminergic 
innervation of the paraventricular thalamic nucleus. Neurosci Lett 115: 33-36. 

Torack RM, Morris JC (1988) The association of ventral tegmental area histopathology 
with adult dementia. Arch Neurol. 45: 497-501. 

Ungerstedt U (1971) stereotaxic mapping of monoamine pathways in the rat brain. Acta 
Physiol Scand 367S: 1-48. 

Thierry Α-M, Deniau JM, Herve D, Chevalier G (1980) Electrophysiological evidence for 
non-dopaminergic mesocortical and mesolimbic neurons in the rat. Brain Res 201: 
210-214. 

Van der Kooy, D. (1979) The organization of thalamic, nigral and raphe cells projecting to 
the medial vs lateral caudate putamen in rat. A fluerescent retrograde double 
labeling study. Brain Res. 169: 381-387. 

17 



Vertes RP (1991) A PHA-L analysis of ascending projections of the dorsal raphe nucleus in 
the rat. J Comp Neurol 313: 643-668. 

Vertes RP, Martin GF (1988) Autoradiographic analysis off ascending projections from the 
pontine and mesencephalic reticular formation and the median raphe nucleus in the 
rat. J Comp Neurol 275: 511-541. 

Williams JL, Schneider JS (1989) MPTP-induced ventral mesencephalic cell loss in the 
cat. Neurosci Lett 101: 258-262. 

Winkler C, Potter A (1914) An anatomical guide to experimental research on the cat's 
brain. Versluis W, Amsterdam. 

Zhang P, Damier Ρ, Hirsch EC, Agid Y, Ceballos-Picot I, Sinet PM, Nicole A, Laurent M, 
Javoy-Agid F (1993) Preferential expression of superoxide dismutase messenger 
RNA in melanized neurons in human mesencephalon. Neuroscience 55: 167-175. 

18 



Efferent projections of the retrorubral 
nucleus to the substantia nigra and 
ventral tegmental area in cats 
as shown by anterograde tracing 

The aim of the present study was to determine whether the retrorubral 
nucleus projects to the dopaminergic nuclei in the ventral midbrain of the cat. For 
this purpose, injections of biotinylated dextran-amine or Phaseolus vulgaris-Xeaco-
agglutinin were placed into the retrorubral nucleus under stereotaxic guidance. The 
tracers were visualised by means of (immuno) histochemical procedures. In 
addition, tyrosine hydroxylase-immunohistochemistry was used to evaluate the 
location of the injection sites and the distribution of the anterogradely labelled 
fibres. Both tracers reveal the same topography of labelled fibres in the ventral 
mesencephalon. Labelled fibres with varicosities were found ipsilaterally in the 
substantia nigra pars compacta, the substantia nigra pars lateralis, the ventral 
tegmental area and, contralaterally, in the substantia nigra pars compacta, the ventral 
tegmental area and the retrorubral nucleus. A considerable number of labelled axons 
with varicosities were observed to be wrapped around the dendrites and perikarya of 
tyrosine hydroxylase-positive neurons in these areas. 

The present results are discussed in view of the possible role of the A8 
dopaminergic cell group in the coordination of A9 nigrostriatal and AIO mesolimbic 
systems, as well as in the progressive pathology seen in patients suffering from 
Parkinson's disease. 
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Introduction 

Parkinson's disease is a progressive neurological disorder, characterised by 
the degeneration of dopaminergic neurons in the midbrain. This degeneration of 
neurons appears to proceed, despite the improvement of neurological symptoms 
following treatment with routine anti-Parkinson medication. Why the dopaminergic 
neurons cease to function and eventually die is as yet unknown. 

The dopaminergic neurons in the midbrain are distributed over three major 
cell groups: the substantia nigra pars compacta (SNC, A9), the ventral tegmental 
area (VTA, AIO) and the retrorubral nucleus (RRN, A8). The RRN contains a large 
number of dopaminergic neurons in the tegmentum, located dorsally and caudally to 
the SNC (Arsenault et al., 1988; Berman, 1968; Dahlström and Fuxe, 1964; Heimer 
et al., 1991; Lindvall and Björklund, 1974). 

The A8 cell group differs in a number of aspects from the other 
dopaminergic cell groups. First, the striatal projection areas of A8 cells play a role 
in the control of facial musculature in cats (Spooren et al., 1993). In this context, it 
is relevant to note that an early sign in Parkinson's disease is masking of facial 
expression (Calne and Stoessl, 1986). If the A8 neurons in humans have a function 
similar to that in cats, this may imply that A8 cells degenerate early in the disease. 
Second, it has been suggested that the A8 cell group is more severely affected in 
Parkinson's disease patients with tremor, than those without tremor, whereas the A9 
and AIO cell groups are equally affected in those patients (Hirsch et al., 1992). 
Third, it has been reported (Deutch et al., 1986) that, in primates, A8 dopaminergic 
neurons have a higher vulnerability to the neurotoxin l-methyl-4-phenyl-l,2,3,6-
tetrahydropyridine (MPTP) as compared to the other dopaminergic cell groups (cf. 
réf. Schneider et al., 1987; Williams and Schneider, 1989). Animals intoxicated with 
this drug display an unequivocal parkinsonian syndrome. This, again, suggests an 
important role for A8 cells in the degeneration seen in Parkinson patients. Fourth, 
the three mentioned cell groups collectively give rise to the mesotelencephalic 
dopaminergic pathway which displays a broad topographical organisation 
(Björklund and Lindvall, 1984; Deutch et al., 1988; Jiménez-Castellanos and 
Graybiel, 1987; Swanson 1982; Vandermaelen et al., 1978). The A9 cell group 
primarily innervates the dorsolateral "motor" part of the caudate nucleus and 
putamen, whereas the AIO cell group gives rise to fibres which predominantly 
terminate in the ventral, "limbic" striatum, viz. nucleus accumbens and olfactory 
tubercle (Feigenbaum-Langer and Graybiel 1989; Nauta et al., 1978). In contrast, 
the A8 dopaminergic efferents innervate both the "motor" and the "limbic" striatum 
(Brog et al., 1993; Deutch et al., 1988; Fallon and Moore, 1978; Gerfen et al., 1987; 
Jiménez-Catellanos and Graybiel, 1987; Nauta et al., 1978; Szabo, 1980; 
Vandermaelen et al., 1978). As such, the A8 cell group can control the activity in 
these two striatal domains. Fifth, both the projections from the SNC to the dorsal 
striatum and the projections from the VTA to the ventral striatum are reciprocal 
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(Heimer et al., 1991; Jiménez-Castellanos and Graybiel, 1987; Nauta et al , 1978), 
suggesting that the A9 and AIO nuclei receive direct feedback from their respective 
target areas in the striatum. In contrast, the dorsal striatal A8-innervated region has 
no projection back to the A8 cell group, implying that there does not exist such a 
feedback loop (Groenewegen et al , 1994; Groenewegen and Russchen, 1984; 
Jiménez-Castellanos and Graybiel, 1989; Krosigk et al , 1992; Preston et al , 1981; 
see however Royce and Laine, 1984). The ventral striatal target region of the A8 
cell group has relatively sparse projections to A8 cells (Berendse et al , 1992; 
Groenewegen et al , 1994; Haber et al , 1990; Nauta et al , 1978). Finally, it has 
been suggested that A8 cells directly innervate AIO cells, at least in rats (Deutch et 
al, 1988). If the latter could be confirmed, it is evident that degeneration of A8 cells 
will have far-reaching consequences for the functioning of AIO cells. 

The aim of the present study was to determine whether there exist projections 
from the RRN to the A9 and AIO dopaminergic cell groups in the cat. For this 
purpose, injections of the tracers biotinylated dextran-amine (BDA) and Phaseolus 

ы/gam-leucoagglutinin (PHA-L) were placed in the retrorubral nucleus. 

Materials and methods 

Thirteen adult male cats (13-16 months old, 4.3-5.2 kg) were used in the 
present study. Two cats were perfused for tyrosine hydroxylase (TH)-
immunohistochemical analysis of the ventral mesencephalon. Two cats received an 
injection of the anterograde tracer Phaseolus н/gam-leucoagglutinin (PHA-L; 
Gerfen and Sawchenco, 1984) and nine cats received an injection of the tracer 
biotinylated dextran-amine (BDA; Veenman et al, 1992). In addition, these nine 
cats were also processed for a TH-immunohistochemical staining. 

SURGERY 

Prior to surgery, the animals were anaesthetised with a mixture of 0 2 and 5% 
Ethrane® (Abbot BV, the Netherlands) and subsequently intubated. The animals 
received an injection of Albipen® LA (Mycofarm Nederland BV, the Netherlands: 
20 mg/kg, subcutaneously) to prevent infection and Atropini Sulfas® 
(Pharmachemie BV, the Netherlands: 0.5 mg/4.5 kg, intramuscularly), to prevent 
mucous secretion. Surgical levels were maintained with a mixture of O2, 3-3.5% 
Ethrane® and N 2 0 . 

The animals were unilaterally injected with either 0.3 μΐ BDA (Brunschwig 
Chemie, the Netherlands, 1% solution in distilled water) or 0.3 μΐ PHA-L 
(Brunschwig Chemie, the Netherlands, 1 % solution in distilled water) aimed at the 
RRN. Coordinates with respect to the interaural line were: anterior (+) 2.8 mm (with 
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an angle of 10°, tip pointing caudal), lateral 2.8 mm and ventral (-) 5.7 mm 
according to the atlas of Snider and Niemer (1964). The tracers were delivered by 
means of a 1 μΐ syringe (Hamilton Bonaduz AG, Switzerland) at a speed of 0.02 
μΐ/minutes. Survival times ranged between 6-9 days. 

GENERAL FIXA TION PROCEDURE 

The cats were anaesthetised with a lethal dose of pentobarbital (Narcovet®, 
Apharmo, the Netherlands, intraperitoneally) and perfused transcardially with 500 
ml saline followed by 1 1 fixative, which consisted of 4% paraformaldehyde, 0.05% 
glutaraldehyde in 0.1 M phosphate buffer (PB, pH 7.4), either with (in case of TH-
staining alone) or without (in case of double staining) 0.2% of a saturated picric acid 
solution. After this fixation procedure, the cats were finally perfused with 500 ml of 
a 10% sucrose solution in the same fixative. The brains were removed and stored in 
a 30% sucrose solution in PB for three days at 4°C. Thereafter, transverse sections 
were cut at either 60 μιτι (BDA tracer) or 40 цгп (PHA-L tracer) on a freezing 
microtome and collected in 8 vials (providing 8 parallel series of sections) 
containing a 30% sucrose solution in PB to store at -20°C or in PB for further (free 
floating) processing (modified procedure from Spooren et al., 1993). 

IMMUNOHISTOCHEMICAL STAINING 

Sections from the mesencephalon of the non-operated cats (n=2) were stained 
for tyrosine hydroxylase-immunoreactivity (TH) according to Spooren et al. (1993). 
Following repeated rinses in PB and subsequently in Tris-buffered saline (TBS, pH 
7.4, 0.05 M), the sections were treated with a 1% Н2Ог in TBS solution to reduce 
endogenous peroxidase. After rinsing (standard procedure: 3 χ 15 minutes), the 
sections were incubated for 18 hours in the primary antibody (a monoclonal mouse 
anti-TH-antiserum, Incstar Corp. Minnesota, USA, 1:750), diluted in supermix (0.05 
M TBS, 0.5% Triton-X-100, 0.25% gelatine, pH 7.4). Thereafter, the sections were 
rinsed with TBS, and incubated for 1 hour in the secondary antibody (goat anti-
mouse IgG, Dakopatts, Denmark, 1:50) diluted in supermix. Subsequently, the 
sections were again rinsed in TBS and incubated for 1 hour in rat peroxidase anti-
peroxidase complex (PAP, Nordic Immunology, the Netherlands, 1:100) in 
supermix. After rinsing the sections three times in TBS and lastly in PB, the sections 
were treated with nickel-enhanced diaminobenzidine (DAB, 12.5 mg in 25 ml 0.1 M 
PB, pH 7.4 with 1 ml 2% ammonium-Ni-sulphate and 6.6 μΐ H202) for 11 minutes. 
Finally, the sections were mounted and coverslipped with Entellan® (Mercks, the 
Netherlands). 

BDA AND PHA-L STAINING 

In the tracing experiments, one out of four sections were stained for either 
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BDA (n=9; sections 240 μπι apart) or PHA-L (n=2; sections 160 μιτι apart). 
Following a pretreatment with a 1% H 20 2 solution in TBS for 10 minutes, the 
sections containing BDA were incubated using an avidin biotin complex-staining 
(ABC, Elite PK-6100, Brunschwig Chemie, the Netherlands) for 1 hour. Prior to the 
ABC-staining, the sections containing PHA-L tracer were incubated with a 
biotinylated anti-PHA-L antibody (affinity purified, raised in goat, Brunschwig 
Chemie, the Netherlands, 1:2000) in supermix at 4°C overnight. Thereafter, the 
sections were treated with nickel-enhanced DAB to stain the labelled fibres and 
injection site resulting in a black reaction product. These sections were further 
processed for the double-staining with antibodies against tyrosine hydroxylase. The 
tyrosine hydroxylase-immunoreactive neurons were visualised as described above 
(see: Immunohistochemical staining); however the end-product was turned brown 
by means of the DAB reaction (12.5 mg DAB in 20 ml Tris-HCl, 6.6 μΐ 30% H202). 
Throughout the staining procedures, the rinses between the incubations were in 
TBS. 

Results 

TYROSINE HYDROXYLASE-POSITIVE CELL GROUPS 

A brief overview will be presented of the different tyrosine hydroxylase-
immunoreactive midbrain areas as identified in this study (Fig. 2.1A-D). 

Retrorubral nucleus 

The A8 cell group is located within the RRN as designated by Berman 
(1968). Rostrally, this nucleus is situated medial to the medial lemniscus and ventral 
to the red nucleus. At this level the A8 cells appear as a cell-bridge joining the TH-
positive neurons of the AIO cell group and the A9 neurons of the SNC (Fig. 2. IB). 
More caudally two subdivisions are distinguished within the RRN (Gaspar et al., 
1992): a dorsal (A8d) and a ventral part (A8v; Fig. 2.1С, E). The dorsal subdivision 
appears as a rather diffuse population of neurons, while the ventral subdivision 
contains more densely packed neurons. The A8v extends more caudally than the 
SNC (Fig. 2.ID). 

Substantìa nigra 

The substantia nigra is composed of three divisions: pars compacta (SNC), 
pars lateralis (SNL) and pars reticulata (SNR; Berman, 1968). The pars compacta 
consists of at least two parts (Jiménez-Castellanos and Graybiel, 1987), a 
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densocellular zone (SNC(dz)), which is characterised by its densely packed neurons 
and figer-like extensions, and a cell-sparse region (SNC(cs), which is located 
rostrally, dorsolateral to the SNC(dz) (Fig. 2.1A-C, F). 

The pars lateralis of the substantia nigra (SNL) forms a cluster of rather 
loosely packed cells and is located ventral to the medial lemniscus and dorsolateral 
totheSNC(Fig 2.1A,B). 

The SNR comprises a large area located ventral to the SNC and SNL (Fig. 
2 IA, B) This area is almost devoid of TH-stained neurons, however, it contains 
many TH-positive dendrites and axons, originating from the TH-immunoreactive 
cells of the SNC. 

Ventral tegmental area 

The AIO cell group is distributed over five nuclei, collectively referred to as 
ventral tegmental area (VTA; Halliday and Törk, 1986; Oades and Halliday, 1987). 
Three nuclei are arranged along the midline: the nucleus linearis rostralis (LR), the 
nucleus linearis centralis (LC) and the more ventrally located nucleus 
interfascicularis (NIF) Two groups are located more laterally: the nucleus 
parabrachiahs pigmentosus (PB) dorsally and the nucleus paranigralis ventrally (PN, 
Fig.2.1A-C). 

ANTEROGRADE TRACING EXPERIMENTS 

The location and extent of the injection sites of the BDA (n=9; 93-11, 93-30, 
93-31, 93-35, 93-36, 93-37, 93-43, controls 93-14, 93-42) and PHA-L (n=2, 94-
343; control. 93-316) in different parts of the RRN and adjacent structures are 
schematically represented in figure 2.2. The majority of BDA injection sites are 
ovoid in shape with an intensely stained centre varying between 300 and 600 μτη in 
diameter (Fig. 2.1G, corresponding to Fig. 2.3E). 

< Fig. 2.1 A-G. Α-D Photomicrographs of transverse sections taken at three different rostrocaudal 
levels through the feline ventral mesencephalon, illustrating the distribution of TH-positive 
neurons A rostral section, D caudal section The distance between sections A and В and С and D 
is 1 4 mm, and between В and С is 1 7 mm The primary subdivisions are the VTA, the SNC(cs) 
and SNC(dz), SNL and the A8d and A8v E High-power photomicrograph of the section shown in 
C, illustrating the difference in distribution of TH-positive neurons in the dorsal and ventral part of 
the RRN F High-power photomicrograph of the section shown in С The SNC(dz) and A8v are 
separated by the medial lemniscus G Photomicrograph of a double staining, consisting of a TH 
staining with a representative BDA-injection site (93-11), located in the dorsolateral part of the 
RRN III, oculomotor nerve, A8d, dorsal subdivision of the A8 cell group, A8v, ventral subdivision 
of the A8 cell group, IP, interpeduncular nucleus, LC, linearis centralis, LR, linearis rostralis, ML, 
medial lemniscus, NIF, nucleus interfascicularis, PBP, parabrachiahs pigmentosus, PN, nucleus 
paranigralis, RN, red nucleus, RRN, retrorubral nucleus, SNC(cs), cell-sparse zone of the SNC, 
SNC(dz), densocellular zone of the SNC, SNL, substantia nigra pars lateralis, SNR, substantia nigra 
pars reticulata Bar in D = 750 μπι and also applies to Α-C Bar in E = 100 μιη and also applies to F 
Bar in G = 250 μτη 
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Fig. 2.2. Schematic drawings of transverse sections to show the location of the injection sites, 
ordered from rostral (A) to caudal (D). On the left side of each section, the BDA (Α-D) and PHA-L 
(B'-C) injection sites are depicted. On the right side of each section, the different TH-positive cell 
groups are delineated. The number of each cat is abbreviated in the drawings (316 corresponds with 
94-316, and 11 corresponds with 93-11). A8, A8 cell group; ML, medial lemniscus; RN, red 
nucleus; SNC(cs), cell-sparse zone of the SNC; SNC(dz), densocellular zone of the SNC; SNL, 
substantia nigra pars lateralis; SNR, substantia nigra pars reticulata; VTA, ventral tegmental area. 
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Fig. 2.3. Schematic representation of the distribution of anterogradely labelled thin fibres with 
varicosities in the ventral mesencephalon following an injection of BDA in the RRN (cat 93-11). 
Illustrating the BDA labelling, seen at six different rostrocaudal levels. A: rostral section; F: caudal 
section. The injection site is also depicted. A dot marks the location of a presumptively retrogradely 
labelled neuron outside the injection site. Ill, oculomotor nerve; ML, medial lemniscus; RN, red 
nucleus. 
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In a few cases in which the centre of the BD A injection site is located in the 
reticular formation dorsal to the RRN, the peripheral part of the injection site 
extends medially and ventrally into the RRN (cases 93-36 and 93-43). The BDA 
injections in the rostrolateral RRN result in labelling of nearby dendrites and 
perikarya located in the SNC (Fig. 2.3). The PHA-L injection site in the RRN has a 
more compact appearance with a smaller peripheral zone. No labelled perikarya 
were seen outside the PHA-L injection site. 

Following all injections of BDA and PHA-L in the RRN, three types of 
labelled fibres can be distinguished in the ventral mesencephalon. The first type of 
fibres is smooth and very thin (with a diameter less than 1 μπι; Fig. 2.4A). The 
second type of labelled fibres, with approximately the same diameter as the first 
type, carries numerous varicosities (Fig. 2.4A). These varicosities have diameters 
slightly larger than the interconnecting axonal segments and are 1.7-2.1 μπι long. 
The distance between the varicosities ranges from 5-20 μπι. The third type of fibres 
is rather coarse and smooth (Fig. 2.4B). These fibres are ribbon-shaped 
(approximately 4-6 μπι width, and 2.5 μπι thick). Most of these fibres traverse the 
midline and bend ventrally and caudally following crossing. 

RRN-EFFERENTS WITHIN THE VENTRAL MESENCEPHALON 

Following the PHA-L injection in the RRN, a pattern of labelled fibres is 
found in the mesencephalon that does not differ from the pattern seen following the 
BDA experiments. 

In view of the fact that several of the injection sites primarily located in the 
RRN also involve parts of the overlying reticular formation, the pattern of labelling 
following injections in the reticular formation just dorsal to the RRN will be briefly 
described first. Three cats received such an injection in the reticular formation, 
dorsal to the RRN (cats 93-14, 93-42 and 94-316). In cat 93-14, sparse labelling of 
the fibres with varicosities is seen in the ipsilateral A9 and AIO cell groups, whereas 
the A8, A9 and AIO cell groups contralateral to the injection site are devoid of 
labelled axons. In cats 93-42 and 94-316, no terminal labelling is seen ipsi- or 
contralaterally in the three TH-positive areas. In these three cases, however, the 
above mentioned coarse fibres are most prominent. These fibres are directed 
primarily in a caudal direction and do not appear to terminate in the SNC. Since the 
present study focuses on the afférents of the dopaminergic cell groups in the ventral 
mesencephalon, the following description will concentrate on the distribution of the 
thin fibres with or without varicosities, ignoring the coarse fibres (Fig. 2.4A, B). Cat 
93-11, with a BDA injection in the most caudolateral part of the RRN, displays a 
representative fibre pattern in the ventral mesencephalon (Fig. 2.3). From the 
injection site, fibres run either in a medial direction through the RRN to the VTA, or 
they traverse the medial lemniscus and extend ventrally into the ipsilateral A9. At 
caudal levels, thin fibres are present predominantly in the SNC(dz). An example of a 
labelled fibre with varicosities oriented along the dendrites of a TH-positive neuron 
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Fig. 2.4. Photomicrographs illustrating the three different types of fibres resulting from injections 
aimed at the RRN. See text for a detailed description. A, illustration of the thin and smooth fibres 
with (two arrows), or without (one arrow) varicosities in the SNL. This labelling density is defined 
as weak. B, illustration of the coarse fibres traversing from the injection site (left, not indicated in 
photomicrograph) to the midline (right). Bars represent 70 μπι. 

located in the most caudal part of the SNC, is given in figure 2.5A. More rostrally, 
fibres can be distinguished in the medial and lateral regions of the SNC and in the 
substantia nigra pars lateralis (SNL; Fig. 2.4A, 5B). Fibre and terminal labelling 
display similar patterns in the ipsi- and contralateral AIO cell groups. In the most 
caudal part of the AIO cell group, densest labelling is found in the central linear 
nucleus and the nucleus paranigralis (Fig. 2.5C, D). At more rostral levels, fibres are 
confined to the nucleus paranigralis, parabrachialis pigmentosus and nucleus 
rostralis linearis (Fig. 2.5E, F) of the AIO cell group. Contralateral to the injected 
side, terminal labelling has the highest density in the caudomedial SNC. More 
rostrally, axons with varicosities are present in the contralateral medial and lateral 
SNC, but not in the SNL. A few fibres can be traced to the contralateral A8 (Fig. 
2.5G, H). Most fibres are concentrated in the ventral part, namely A8v. 

Following smaller injections in the RRN (viz. cat 93-43), the overall pattern 
of termination in the ventral mesencephalon is similar to that in cases 93-11 and 94-
343. However, the number of labelled fibres is smaller. 

Compared with the injections described above, a small injection of BDA 
(case 93-30), which was placed in the rostral part of the RRN results relatively in 
the largest number of labelled fibres. These fibres, traverse the medial lemniscus 
and distribute over the entire ipsilateral SNC, including the SNL (Fig. 2.4A). 
Moreover, the dorsolateral part of the AIO cell group, both ipsi- and contralaterally, 
is densely labelled, whereas the medial AIO contains only sparse labelling. 
Contralaterally, labelled fibres are found in the RRN, both in its caudal and rostral 
parts. No fibres can be traced to the lateral part of the A9 cell group. 

Considering all injections in which the RRN is involved, the total number of 
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anterogradely labelled fibres with varicosities is rather small, however, they bear a 
specific relationship with dendrites and cell bodies of TH-positive neurons. In most 
cases these axons appear to have close appositions with the dendrites and cell bodies 
of the TH-positive neurons. In some cases the labelled axons have the same 
orientation as the dendrites (Fig. 2.5A, B, H). This relationship between the 
retrorubral varicose axons with somata and proximal dendrites of TH-positive 
neurons is most prominent at the ipsilateral side in the SNC(dz) and SNL. At the 
contralateral side in the A8, similar phenomena are seen (Fig. 2.5G, H). In the ipsi-
and contralateral VTA labelled fibres with varicosities are present in the neuropil, 
however, less frequently in close apposition with TH-positive neurons (Fig. 2.5C-F). 

RRN-EFFERENTS TO THE TELENCEPHALON 

Several labelled, thin fibres with or without varicosities are found in the 
lateral part of the caudate nucleus, the nucleus accumbens, olfactory tubercle, 
hypothalamus and thalamus (data not shown). 

Discussion 

Until now, little has been reported on the efferent connections of the 
retrorubral nucleus (RRN) to the other dopaminergic cell groups within the ventral 
mesencephalon. One indication that such connections exist in rats is the description 
by Lindvall and Björklund (1974) of the course of the ascending catecholaminergic 
fibres in the mesencephalon. Tegmental radiations from the dorsal tegmental bundle 
run through the A8 cell group and are at this level supplemented by 
catecholaminergic fibres originating in the A8. Together these fibres run in a 
ventromedial direction through the medial lemniscus and the SNC and, 
subsequently, bend in rostromedial direction to run through the VTA. 

< Fig. 2.5. High magnification photomicrographs of double stained sections showing examples of 
the relationships between anterogradely labelled fibres from the RRN and TH-immunostained 
perikarya and dendrites in different parts of the ventral mesencephalon (cat 94-343). A: a TH-
positive neuron in the ipsilateral, and most caudal part of the SNC(dz), which is opposed by a PHA-
L labelled fibre. B: a neuron located in the ipsilateral SNL. C-Η: The left photomicrographs provide 
an overview to show the location of the PHA-L fibres which are shown by a higher magnification in 
the right photomicrographs. C-D: PHA-L labelled axons and terminals in the nucleus paranigralis of 
the AIO cell group. Ε-F: PHA-L labelled fibres in the nucleus rostralis linearis of the AIO cell 
group. G-Η: a neuron located in the contralateral RRN (indicated by arrow head), just bordering the 
AIO cell group, which is opposed by a PHA-L labelled fibre with varicosities. Bar in A, B, F, H = 
40 μτη. Bar in С, G = 500 μπι. Bar in D = 125 μπ\. Bar in E = 75 μνη. 
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However, Lindvall and Björklund (1974) did not describe a pattern of terminating 
fibres. Experimental evidence for efferents of the RRN to the VTA has been 
reported by Deutch et al. (1988). Their study in rats shows that fibres originating in 
the RRN and ascending to the forebrain, travel through the SNC and VTA. 
Moreover, they described terminal specialisations in the VTA and contralateral 
RRN. 

The results of the present study show that also in cats there are neurons in the 
RRN that give rise to fibres traversing the medial lemniscus and the SNC, and 
terminating in the VTA and contralateral RRN. In addition, the present results 
clearly demonstrate the existence of terminal fibres in the ipsilateral SNL and the 
ipsi- and contralateral SNC. Moreover, the labelled fibres in these areas appear to 
establish a rather frequently close apposition with dendrites and cell bodies of TH-
positive neurons. 

METHODOLOGICAL CONSIDERATIONS 

Not all injections used in the present study are strictly confined to the RRN, 
but in a number of cases the injection site extends into the dorsally located reticular 
formation. However, injections which are largely confined to the reticular formation 
almost exclusively give rise to the coarse fibres which traverse the midline without 
terminating in the TH-positive cell groups of the ventral mesencephalon. By 
contrast, injections that, in addition to the reticular formation involved the RRN, 
result in labelling of the three types of fibres described in the "Results", thus 
including the very thin axons with or without varicosities. Accordingly, primarily 
the latter two types are considered as efferent fibres of the RRN. 

Following BDA injections into the RRN a few labelled neurons are found in 
the SNC, which was included in the peripheral zone of the injection site. 
Theoretically these labelled neurons may have contributed to the pattern of 
anterograde labelling seen in the present study. However, given the small number of 
labelled perikarya in the SNC, this is unlikely. This conclusion is supported by the 
fact that following the PHA-L injection in the RRN, which did not include any part 
of the SNC, the pattern of anterograde labelling in the dopaminergic cell groups is 
not different from that following BDA injections. 

Uptake by passing fibres cannot be fully excluded for either of the tracers 
used in the present study (differ and Giesler, 1988; Groenewegen et al., 1990; 
Rajakumar et al., 1993; Veenman et al., 1992). However, for PHA-L, which is 
mainly transported in the anterograde direction, this phenomenon of uptake by 
passing fibres has been considered a minor phenomenon (Gerfen and Sawchenco, 
1984; Groenewegen et al., 1990). Since the pattern of labelled fibres and terminals 
in the areas of interest of the present study resulting from a BDA injection did not 
differ significantly from those following PHA-L injections, we tentatively conclude 
that uptake of BDA by passing fibres also poses a minor problem in the 
interpretation of the results of the present study. 
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EFFERENTE OF THE RETRORUBRAL NUCLEUS 

The location of the dopaminergic cell groups in the ventral mesencephalon is 
consistent with previous observations in cats (Jiménez-Castellanos and Graybiel, 
1989; Kitahama et al., 1994; Spooren et al., 1993). Following injections of either 
BDA or PHA-L into the RRN, labelled fibres with or without varicosities are found 
in the ipsilateral SNL, the ipsi- and contralateral SNC, VTA and RRN. Although the 
resulting number of anterogradely labelled fibres is relatively small, these fibres 
appear to be close to, or even wrapped around, the dendrites and perikarya of TH-
positive neurons in these areas. Therefore, it is concluded that there exists a highly 
specific relationship between the RRN efferent fibres and the dopaminergic cells in 
the SNC, VTA and contralateral RRN. 

The present experimental approach does not allow the conclusion that RRN 
efferente to the latter nuclei are dopaminergic. As indicated by Swanson (1982), the 
RRN in rats is heterogeneous with respect to the neurotransmitter identity of the 
neurons that compose this nucleus; certainly not all neurons are dopaminergic (Lai 
et al., 1993; Mugnaini and Oertel, 1985). Cholinergic afférents to the substantia 
nigra appear to have also quite close contacts with the proximal dendrites and the 
cell bodies of the dopaminergic neurons (Bolam et al., 1991). It must further be 
noted that cholinergic neurons have been located within the lateral parts of the 
nigral complex in rats (Jones and Beaudet, 1987; Martinez-Murillo et al., 1989). 

Although the RRN contributes to the dopamine containing innervation of the 
caudate nucleus and also to other parts of the ascending mesotelencephalic 
dopaminergic projection, only a relatively small number of labelled fibres could be 
traced to the caudate nucleus. However, it should be noted that previous descriptions 
of these projections have been based on different tracing techniques, viz. the 
anterograde tritiated amino acid tracing (Jiménez-Castellanos and Graybiel, 1987, 
1989) or retrograde tracing (Spooren et al., 1993). It is possible that PHA-L and 
BDA used in the present study, are less suitable to visualise small calibre 
mesostriatal fibre systems over such long distances in cats. This implies that the 
present study does not answer the question whether and how the pattern of labelling 
in the TH-positive cell groups in the ventral mesencephalon, originating in the RRN, 
are related to the projections ascending to the forebrain. 

FUNCTIONAL CONSIDERATIONS 

One can only speculate on the function of these RRN efferents to the SNC 
and VTA. The present data suggest that the RRN can directly influence the activity 
of the A9 and AIO cells. This has two far-reaching consequences. First, the RRN 
may play a crucial role in coordinating the function of the dopaminergic A9 and 
AIO systems, each of which have their own specific function in regulating cognitive 
and motor behaviour (Cools et al., 1989, 1993). As discussed elsewhere in detail 
(Cools et al., 1993), there appears to exist a delicate balance and interplay between 
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both systems. The present study implies that the RRN, including the A8 cells, may 
be involved in the modulation of this balance and interplay. Second, degeneration of 
A8 cells may have a strong impact on the functioning of the dopaminergic cell 
groups. Once A8 cells start to degenerate, there are no, or only slight, feedback 
mechanisms from the striatal regions to counteract these disturbances (see 
Introduction). If this is indeed true, degeneration of A8 cells may play a key role in 
the progression of the pathology seen in Parkinson's disease. 
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Bilateral 6-hydroxydopamine lesion 
in the dopaminergic A8 cell group 
produces long-lasting deficits 
in motor programming of cats 

The effects of a small 6-hydroxydopamine lesion in the A8 cell group were 
studied in cats (n=8) trained to walk on a treadmill. This set-up allows the 
assessment of subtle changes in motor programming. The lesion produced long-
lasting effects: (1) a decreased ability to switch arbitrarily motor patterns; (2) an 
increased ability to switch motor patterns with the help of stimuli provided by the 
apparatus; (3) alterations in the sequential patterning of motor behaviour and in the 
kinetic melody of movements. It is suggested that the lesion produced a 
hypofunction of A9 cells that is compensated by a hyperfunction of AIO cells. It is 
concluded that subtle lesions in the A8 cell group produce long-lasting deficits in 
motor programming, implying that degeneration of this dopaminergic cell group 
may contribute to symptoms seen in Parkinson's disease. 
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Introduction 

Parkinson's disease is characterised by a loss of dopaminergic neurons in the 
retrorubral nucleus (RRN; A8 cell group), the substantia nigra pars compacta (A9 
cell group) and the ventral tegmental area (AIO cell group; van Domburg and ten 
Donkelaar, 1991; German et al., 1989; Hirsch et al., 1988). The contribution of the 
degeneration of the A8 cell group to parkinsonian symptoms is unknown. 

The A8 cell group differs from the A9 and AIO cell groups in a number of 
aspects. First, it has been suggested that degeneration of the A8 cell group, but not 
of the A9 or AIO cell group, contributes to the mask-like expression of the face, 
which is seen in patients suffering from Parkinson's disease (Spooren et al., 1993). 
Second, there appears to be a correlation between the loss of A8 cells, but not A9 or 
AIO cells and the development of tremor in Parkinson's disease (Hirsch et al., 
1992). Third, the A8 dopaminergic neurons are more vulnerable to the neurotoxin 
l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP) than the A9 or AIO 
dopaminergic neurons (Deutch et al., 1986; cf. réf. Schneider and Markham, 1987; 
Williams and Schneider, 1989). Because MPTP treated animals display severe 
parkinsonian symptoms (Schneider et al., 1987; Williams and Schneider, 1989), the 
A8 cell group may play a role in the pathology seen in Parkinson's disease. Fourth, 
A8 dopaminergic fibres innervate both the dorsolateral and the ventral striatum (rat: 
Nauta et al., 1978; cat: Jiménez-Castellanos and Graybiel, 1987). In contrast, the A9 
cell group gives rise to fibres that primarily terminate in the dorsolateral striatum, 
whereas the AIO cell group predominantly innervates the ventral striatum (rat: 
Nauta et al., 1978; primate: Feigenbaum-Langer and Graybiel, 1989). Thus, the A8 
cell group, but not the A9 or AIO cell group, can control the activity in both striatal 
domains (rat: Brog et al., 1993; Deutch et al., 1988; Fallon and Moore, 1978; cat: 
Groenewegen et al., 1980; Jiménez-Castellanos and Graybiel, 1989). Fifth, both the 
projections from the A9 to the dorsolateral striatum and the projections from the 
AIO to the ventral striatum are reciprocal, suggesting that the A9 and AIO cell 
groups receive direct feedback from their target areas in the striatum (rat: Hökfelt et 
al., 1984; Nauta et al., 1978; cat: Jiménez-Castellanos and Graybiel, 1987). In 
contrast, the projection from the A8 cell group to the dorsolateral striatum is not 
reciprocal, whereas the ventral striatal target region of the A8 cell group provides 
only a relatively sparse reciprocal projection (rat: Berendse et al., 1992; 
Groenewegen et al., 1994; Nauta et al., 1978; cat: Groenewegen and Russchen, 
1984; Jiménez-Castellanos and Graybiel, 1989; primate: Haber et al., 1990; see 
however Royce and Laine, 1984). Finally, it has been demonstrated that the RRN, 
including the A8 dopaminergic neurons, projects to the A9 and AIO cells (rat: 
Deutch et al., 1988; cat: Arts et al., 1996). Therefore, degeneration of A8 cells can 
have far-reaching consequences for the function of A9 and AIO cells. 

Previously, it has been demonstrated by Jaspers et al. (1984) that the 
dopaminergic transmission in the striatal terminal region of the A9 cell group plays 
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a role in "switching arbitrarily" motor patterns. Cats with a small dopaminergic 
deficit in the caudate nucleus do not switch from one motor program to the next, 
unless visual or tactile information is available (rat: Cools et al., 1981; cat: Jaspers 
et al., 1984). 

Given the aforementioned findings, the question arose whether a lesion of the 
A8 cell group gives rise to disorders, which are similar or dissimilar to those 
inherent to a dysfunctioning A9 system. For that purpose, the A8 cell group in cats 
was bilaterally lesioned by 6-hydroxydopamine. Since such an effect of an A8 lesion 
upon the A9 cell group will take time to develop, the effects of the lesion were 
analysed for a period of 64 days. Given the fact that Parkinson's disease patients 
develop a great variety of new motor strategies to compensate for their motor 
programming deficits (Bagley et al., 1991; Brown et al., 1993), particular attention 
was paid to the occurrence of adaptive changes during the post-lesion period. 

In the present study, cats were used for the following reasons: (a) the effects 
of dysfunctioning A9 fibres on the programming of motor behaviour are described 
in detail and can therefore be adequately compared with those of dysfunctioning A8 
fibres in these animals (Jaspers et al., 1984); (b) subtle changes in the programming 
of motor behaviour can be easily detected in cats trained to collect food pellets in a 
treadmill set-up (Jaspers et al., 1984; Sontag et al., 1978); and (с) the A8 cell group 
is relatively easy to manipulate in cats as compared to rats. 

Materials and methods 

SUBJECTS 

The following criteria were used to select the experimental animals from a 
group of 18 healthy male cats: (a) absence of extensive fear, aggressive responses, 
or both, and (b) acceptance of the chosen food pellets (Felix, the Netherlands). Eight 
cats, 13-16 months of age, weighing between 4.3-5.2 kg, were selected and 
ultimately were used in the study. The cats, obtained from the Central Laboratory of 
the University of Nijmegen and Hill Grove Family Farm Ltd., England, were housed 
in a homecage being a room (250 χ 250 χ 400 cm) and maintained on a 12-hr 
light/dark cycle (lights on from 6:30 a.m. to 18:30 p.m.). Water was available ad 
libitum. All experiments were performed according to international, national, and 
institutional guidelines for animal experimentation. 

APPARATUS 

The motor-driven treadmill has been described in detail elsewhere (Jaspers et 
al., 1984). In short, the motor-driven treadmill was of 120 cm length and 20 cm 
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width and was enclosed by Perspex (120 χ 20 χ 65 cm). One side wall was 
transparent to allow visual analysis. The opaque front panel contained a small 
window (10 χ 15 cm) through which the cat could bend its head to collect a food 
pellet from the food dispenser. The food dispenser, attached at the outside of the 
front panel just below the window, contained a maximum of 48 pellets, each 
delivered by remote control. To prevent the cat from seeing the delivered pellet, the 
position of the small window was individually adjusted in height. The food 
dispenser was placed in a box equipped with a ventilator to remove odour inherent 
to the food and to produce a background noise. Thus, the food dispenser was 
constructed in such a manner that the cat, while walking in the middle of the 
treadmill, was unable to see, to smell or to note the delivery or availability of a food 
pellet. The speed of the belt was adjusted to the capacity of each individual cat to 
maintain its position at the front panel while collecting a pellet: this speed varied 
from 1.5 to 1.75 km/hr across animals. 

6-HYDROXYDOPAMJNE LESION 

Cats were anaesthetised with a mixture of 0 2 and 5% Ethrane® (Abbot, the 
Netherlands) and were subsequently intubated. To prevent infection and mucous 
secretion, the cats received an injection of Albipen® LA (Mycofarm Nederland, the 
Netherlands: 20 mg/kg, subcutaneously) and Atropini Sulfas® (Pharmachemie, the 
Netherlands: 0.5 mg/4.5 kg, intramuscularly), respectively. Thereafter the cats were 
secured in a stereotaxic apparatus. Surgical levels of anaesthesia were maintained 
with a mixture of 02, 3-3.5% Ethrane® and N20. 

Bilateral lesion of the A8 cell group was accomplished by injections placed 
at the following coordinates: anterior (+) 2.8 mm (with an angle of 10°, tip pointing 
caudal), lateral 2.8 mm and ventral (-) 5.7 mm (according to the atlas of Snider and 
Niemer, 1964). To prevent destruction of noradrenergic nerve terminals, an injection 
of 0.5 μΐ (0.02 μ1/15 sec) desipramine-HCl (DMI; Ciba-Geigy, Switzerland; 20 
μg/μl dissolved in distilled water) was given in each A8 cell group (first left then 
right). The A8 cell group was lesioned by injecting bilaterally (first left then right) a 
0.5 μΐ solution, containing 10 μg 6-hydroxydopamine (6-OHDA; Sigma, St. Louis, 
USA; 10 μg/0.5 μΐ dissolved in 0.1% ascorbic acid in saline). The substances were 
delivered by means of a 1 μΐ syringe (Hamilton Bonaduz AG, Switzerland) at a 
speed of 0.02 μ1/15 seconds and left in situ for 5 minutes. The time between each 
injection was 5 minutes. 

After the final experiment, the cats were anaesthetised with a lethal dose of 
pentobarbital (intraperitoneally; Narcovet®, Apharmo, the Netherlands) and 
transcardially perfused with 500 ml saline, followed by 750 ml fixative. The fixative 
consisted of 4% paraformaldehyde and 0.05% glutaraldehyde in a 0.1 M 
phosphatebuffer (PB, pH 7.4) solution. Thereafter, the brains were dissected and 
further processed for a Nissl- and tyrosine-hydroxylase staining according to Arts et 
al. (1996). 
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EXPERIMENTAL SETUP AND DESIGN 

Training 

At the start of the training, the treadmill was placed in the homecage for 2-4 
hours to allow exploration. During 6-7 weeks, cats were daily shaped according to 
the following steps: (a) individual transport to the treadmill in the experimental 
room; (b) placement on the belt upon which pellets were offered; (c) rewards placed 
in the box containing the food dispenser; (d) ventilator turned on; (e) belt turned on 
at minimal speed; (f) belt activated at proper speed for 5 minutes; (g) delivery of 
food pellets by the dispenser during the period with activated belt. The cat had to 
habituate to each step before proceeding to the next. The duration of the stay in the 
treadmill was prolonged weekly, starting with 1 minute, thereafter 2.5, 5, 10, 15 and 
finally 30 minutes. After this period of daily training, the cats were able to walk on 
the moving belt and to collect food pellets. As soon as the cat reached this criteria, 
the training was stopped. 

Design 

Daily testing consisted of a 30 minutes stay in the treadmill, with two test 
periods of 5 minutes with activated belt, starting at t=10 and t=25 minutes. Delivery 
of a food pellet occurred only during these test periods, such that the cat was unable 
to notice the delivery of the pellet while walking in the middle of the treadmill. 
Pellets were delivered one by one, with an interval of 10-20 seconds and with a 
maximum of 22 pellets per period. A new pellet was only delivered when the cat 
had collected the previous one. One hour after daily testing, each cat was weighed 
and was offered 70 gram chow (Hope Farm). Following this mild deprivation, cats 
were maintained at approximately 90 % of their body weight. Cats were tested in a 
fixed order, during a period of 9 days, starting at 9:00 a.m. Following this pre-lesion 
period, the cats were operated as described previously. Given one day of rest, the 
cats were subsequently tested on 17 consecutive days and thereafter tested on day 
22, 25, 29, 32, 36, 39 (twice a week), 43 and 50 (once a week). In addition, 6 out of 
8 cats were tested on day 64. The motor behaviour was recorded on videotape by 
means of a closed video-circuit. The behaviour was analysed with the help of The 
Observer® (Noldus, the Netherlands). 

BEHAVIOURAL ANALYSIS 

Stepping patterns 

Cats, walking on the treadmill, use different stepping patterns to collect 
pellets. The following list of operationally defined patterns was used for quantitative 
analysis (according to the terminology of Hildebrand, 1976): 
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Diagonal-couplet gait 

This gait is characterised by a pattern in which the hindlimb completes its 
swing and is set down before the ipsilateral forelimb is lifted out of stance. At this 
particular stance in the diagonal-couplet gait, the ipsilateral hind- and forefeet 
contact the belt simultaneously and are close-set (Blaszczyk and Loeb, 1993). The 
diagonal-couplet gait is defined by a minimum of one stride, which consists of two 
such moments of contact with the belt: one for each pair of ipsilateral limbs. The 
diagonal-couplet gait is a typical overground pattern, which is predominantly used 
by the cat to walk stationary in the middle of the treadmill, or for small forward 
displacements of the body on the moving belt (Fig. 3.1A). 

Lateral-couplet gait 

This gait is characterised by in-phase motion of the ipsilateral fore- and 
hindlimbs (Blaszczyk and Loeb, 1993). The ipsilateral fore- and hindfeet 
simultaneously contact the belt, placed a bodylength apart. The lateral-couplet gait is 
defined by a minimum of one stride, which consists of two such moments of contact 
with the belt: one for each pair of ipsilateral limbs. In this stepping pattern, the in-
phase motion of the ipsilateral limbs avoid collision of hindfeet with forefeet, 
permitting increases in stride length and speed. In general, this stepping pattern is 
used to accelerate and approach the front panel (Fig. 3.1B; Blaszczyk and Loeb, 
1993). 

Transverse-couplet gait 

This gait is characterised by quick, short in-phase steps with the forelimbs 
and slow, long in-phase steps with the hindlimbs (Jaspers et al., 1984). The 
transverse-couplet gait is defined by a minimum of one stride, which consists of two 
such long steps: one for each hindlimb. This stepping pattern is used in order to 
maintain the position close to the front panel while collecting a pellet (Fig. 3.1С). 

Standing 

The cat stands still and drifts back on the running belt. This occurs in most 
cases during eating of the collected pellet (Fig. 3.1D). 

Wall contact 

The cat makes contact with the back panel. This can vary from walking at the 
back of the treadmill and touching the wall with its tail, to full contact with the 
whole body, thereby being unable to walk (Fig. 3.1E). 
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Sequential stepping patterns 

Cats walking on the treadmill displayed fixed sequential stepping patterns. 
Two patterns or "loops" were empirically defined on the basis of (1) the stepping 
pattern following the lateral-couplet gait, (2) the distance on the treadmill that is 
needed to complete the stages of such a loop. The use of one loop excluded the 
performance of the other (Fig. 3.2). 

LONG-LOOP SHORT-LOOP 

~Z DIAGONAL-COUPLET GAIT 

LATERAL-COUPLET GAIT 

TRANSVERSE-COUPLET GAIT 

STANDING 

WALL CONTACT 

DIAGONAL-COUPLET GAIT * 

LATERAL-COUPLET GAIT 

STANDING 

Fig. 3.2. Flow diagram of the two types of sequential patterning of distinct gaits: the sequence 
"lateral-couplet gait to transverse-couplet gait" is specific for the long-loop, and the sequence 
"lateral-couplet gait to diagonal-couplet gait" is specific for the short-loop. 

Long-loop 

(1) The cat had to change its gait from the lateral-couplet gait to the 
transverse-couplet gait. (2) Nearly the full length of the treadmill was used for 
executing this long-loop. The shift from the diagonal-couplet gait to the lateral-
couplet gait had to take place at the rear third of the treadmill. 

Short-loop 

( 1 ) The cat had to change its gait from the lateral-couplet gait to the diagonal-
couplet gait or to standing. (2) The front third of the treadmill was used for 
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executing this short-loop. Thus the shift from the diagonal-couplet gait to the 
lateral-couplet gait had to take place at the front third of the treadmill. 

Type of transitions 

Cats walking on the treadmill can switch from one motor pattern to the next, 
with or without the help of external information. Because striatal dopamine deficits 
in the terminal region of the A9 fibres are known to differentially affect these 
different types of switches (Jaspers et al., 1984), quantitative changes in this respect 
were analysed. For that purpose, the following types of transitions were 
distinguished: 

Food dispenser Directed Switches (FDS) 

The cat visually fixated a particular part of the window or food dispenser, 
switched its ongoing motor pattern and slightly accelerated in order to approach the 
window, or the cat switched to the transverse-couplet gait in order to become 
stationary and collect a pellet. In both cases, the cat continuously fixated the 
originally selected target. Thus, the cat switched motor patterns thereby 
continuously matching stimuli inherent to the food dispenser (Jaspers et al., 1984). 

Treadmill Directed Switches (TDS) 

The cat visually or factually (whiskers) fixated a particular part of the 
treadmill (apart from the window or food dispenser) and approached the window by 
accelerating its gait, or it started to locomote in order to overcome the backward 
propulsion of the belt, thereby continuously fixating its originally selected target. 
These parts of the treadmill were the running belt, the bar on the lower part of the 
front panel or one side wall. Thus the cat switched motor patterns, thereby 
continuously matching stimuli inherent to the treadmill (Jaspers et al., 1984). 

Arbitrary Switches (AS) 

The cat changed its motor pattern without visually or factually fixating any 
object inside or outside the treadmill. Thus, the cat switched stepping patterns that 
were not directed by exteroceptive stimuli (Jaspers et al., 1984). 

DATA REDUCTION AND REPRESENTATION 

In general, the frequency of each item per cat was counted per test period of 
5 minutes. Subsequently, the data obtained from the first test period were compared 
with data from the second test period, using a one-way analysis of variance 
(ANOVA). Given the absence of any significant difference in this respect (data not 
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shown), the data of the two test periods were averaged per item. Given the fact that 
the overall number of transitions varied throughout the experiment (Fig. 3.6B), the 
averaged number of a given item was expressed as a percentage of the sum of the 
averaged number of all items (except wall contact, because this item occurred when 
the cat remained inactive). The averaged number of a particular sequence was 
expressed as the percentage of the averaged number of lateral-couplet gait. 
Thereafter, the obtained percentage of each item was averaged over a period of 3 
successive test days, providing the actual units for the statistical analysis. This 
resulted in the clusters 1-12 (Fig. 3.3). The pre-lesion period and post-lesion period 
encompassed clusters 1-3 and 4-12, respectively; the data collected on post-lesion 
day 64 were incorporated in cluster 12. 

lesion 

testday I 2 3 4 5 6 7 8 9 i 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 22 25 29 32 36 39 43 50 64 

cluster 1 2 3 4 5 6 7 8 9 10 11 12 

pre-lesion period early- late posl-lesion period 

Fig. З.З.Тіте-schedule of the experimental design and a scheme illustrating the lumping of data into 
sets (clusters, pre-lesion period, etc.) that were incorporated in the statistical analysis. For details: 
see Material and Methods, data reduction and representation. 

Statistical analysis of the lesion-induced effects was done in three steps. 
First, it was investigated to what extent the pre-lesion period (cluster 1-3) offered a 
constant baseline in time. For that purpose, the values of clusters 1-3 were 
compared, using an one-way ANOVA with repeated measures for the factor time 
(day; "pre-lesion ANOVA"). Next, the data of clusters 1-3 were averaged in case a 
stable baseline was found: the resulting value of each item was incorporated as "pre-
lesion value" in the analysis of the post-lesion period (see below). Second, it was 
investigated whether the operation procedure had short-term after-effects. This 
analysis became necessary in view of the finding that there was a large drop in the 
number of collected pellets, shortly after the operation (early post-lesion period: 
cluster 4). For that purpose, the pre-lesion value was compared with the values of 
post-lesion clusters 4 and 5, using an one-way ANOVA with repeated measures for 
the factor time (day) with three levels ("early post-lesion ANOVA"). Cluster 5 was 
incorporated in this analysis in order to establish whether or not its value differed 
from the "pre-lesion value". Finally, the long-lasting lesion effects (late post-lesion 
period: clusters 5-12) were analysed with the help of an one-way ANOVA with 
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repeated measures for the factor time (day) with eight levels (n=8 cats): pre-lesion 
value and the values of clusters 5-11 ("late post-lesion ANOVA") or with nine 
levels (n=6 cats): pre-lesion value and the values of clusters 5-12. Because the 
outcome of the nine level (n=6) analysis did not differ from the eight level analysis, 
only the outcome of the latter are provided. Each ANOVA was followed by the 
post-hoc multiple comparison Student-Newman-Keuls test where appropriate. The 
Student t-test was used to analyse the effects of the lesion on the different types of 
transitions (overall changes and sequence specific changes). A probability level of 
p<0.05 was considered statistically significant. 

Results 

A8-LESION 

In all cats, the 6-OHDA injections were bilaterally placed in the A8 cell 
group. A schematic overview of the bilateral injection sites is provided in figure 
3.4A-D. Most injections were located rostrally in the retrorubral nucleus (RRN), 
dorsally to the medial lemniscus, and laterally to the red nucleus. Two injections 
were placed in the caudal RRN. None of the injections reached the substantia nigra 
pars compacta (SNC) or ventral tegmental area (VTA). 

A representative example of a bilateral injection site is given in figure 3.5A 
and B. The Nissl staining provides the exact location of the centre of the injection 
sites (Fig. 3.5A). The tyrosine hydroxylase (TH)-staining on an adjacent section 
provides insight into the effect of the lesion on the number of TH-positive neurons 
(Fig. 3.5B). Verification of the extent of the lesion with the TH-staining showed that 
the rostral part as well as the dorsal region of the caudal A8 cell group were devoid 
of TH-positive neurons in all cats. The ventral region of the caudal A8 cell group 
appeared to be relatively spared (Fig. 3.5B, C). 

GENERAL PERFORMANCE 

Apart from some deficits in hindlimb control and changes in kinetic melody 
described later on, no gross motor deficits occurred after the A8 lesion. 

Number of collected pellets 

The number of collected pellets remained constant across the pre-lesion 
clusters 1-3, implying a stable baseline level: no significant differences were found 
(pre-lesion ANOVA: n.s.). Shortly after the A8 lesion, there was a large decrease in 
the number of collected pellets that rapidly disappeared (Fig. 3.6A; early post-lesion 
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Fig. 3.4. Schematic drawing of transverse sections, ordered from rostral (A) to caudal (D), showing 
the injection sites. Left side: representation of bilateral injection sites in individual cats (n=8). Right 
side: delineation of relevant structures in the ventral mesencephalon. Abbreviations: A8d, dorsal 
subdivision of the A8 cell group; A8v, ventral subdivision of the A8 cell group; ML, medial 
lemniscus; RN, red nucleus; SNC, substantia nigra pars compacta; SNL, substantia nigra pars 
lateralis; SNR, substantia nigra pars reticulata; VTA, ventral tegmental area. 
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Fig. 3.5. Photomicrographs of a transverse section of a cat with a 6-OHDA lesion in the A8 cell 
group: a representative example. (A) Nissl staining illustrating the injection sites (arrow heads). (B) 
Tyrosine hydroxylase staining of a section adjacent to the one shown in (A), illustrating the loss of 
tyrosine hydroxylase positive neurons in the A8 cell group. (C) tyrosine hydroxylase staining of a 
section of an unoperated cat at the same transverse level as shown in (B). Note the difference in TH-
positive neurons in (B) and (C). 

ANOVA: F(2,14)=15.1; p<0.001). Post-hoc analysis revealed that the value of 

cluster 4 was significantly different from the pre-lesion value. The values of clusters 

5-12 did not significantly differ from the pre-lesion value (late post-lesion ANOVA: 

n.s.). 
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Overall number of transitions 

The overall number of transitions remained constant during the pre-lesion 
period. Statistical analysis revealed no differences between the values of pre-lesion 
clusters 1-3 (pre-lesion ANOVA: n.s.). Therefore, a stable baseline was present 
(Fig. 3.6B). Immediately after the lesion, a short-lasting decrease was found in the 
overall number of transitions (Fig. 3.6B: early post-lesion ANOVA: F(2,14)=16.2; 
pO.001). Further analysis of differences in time with post-hoc analysis showed a 
significant difference between the value of cluster 4 and the pre-lesion value. The 
value of clusters 5-12 did not significantly differ from the pre-lesion value (late 
post-lesion ANOVA: n.s.). 

CHANGES IN MOTOR BEHA VIOUR 

Changes in stepping patterns 

Pre-lesion period The frequency percentage of the diagonal-couplet gait, 
lateral-couplet gait, transverse-couplet gait and standing remained unchanged across 
the three clusters in the pre-lesion period (pre-lesion ANOVA: n.s.), implying a 
stable baseline for each of the stepping patterns (Fig. 3.7A-D). 

Early post-lesion period. The frequency percentage of the distinct stepping 
patterns used by the cats during the early post-lesion period remained unchanged, as 
compared to the pre-lesion values (Fig. 3.7A-D; early-post lesion ANOVA: n.s.). 

Late post-lesion period The frequency percentage of the lateral-couplet gait 
was enhanced from cluster 6 on as compared to the pre-lesion value: this 
enhancement persisted across the complete late post-lesion period (late post-lesion 
ANOVA, lateral-couplet gait: F(7,49)=23.6; pO.001). Post-hoc analysis revealed 
that the values of clusters 6, 7, 8, 9, 10, 11 and 12 were significantly different from 
the pre-lesion value (Fig. 3.7B). The frequency percentage of the transverse-couplet 
gait decreased during the late post-lesion period (late post-lesion ANOVA, 
transverse-couplet gait: F(7,49)=7.3; pO.001). The post-hoc analysis revealed that 
the value of cluster 9 was significantly different from the pre-lesion value (Fig. 
3.7C). The frequency percentage of the diagonal-couplet gait and standing remained 
unchanged throughout the experiment. The frequency of wall contact also remained 
unaltered throughout the experiment (data not shown). 

> Fig. 3.6. Changes in (A) the number of collected food pellets and (B) number of overall 
transitions throughout the experiment The dotted line indicates the time of the 6-OHDA lesion. The 
ANOVA of the "early post-lesion period", which provided a significant p-value, was followed by a 
post-hoc test (see Materials and Methods): p<0.05 (*). 
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DIAGONAL-COUPLET GAIT 
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Fig. 3.7 (A)-(B). Effect of 6-OHDA lesion in the A8 cell group on different motor patterns. The 
dotted line indicates the time of the 6-OHDA lesion. (A) diagonal-couplet gait: no change and (B) 
lateral-couplet gait: significant increase. 
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Late post-lesion F(7,49)=7 3, jxOOOl 

30 

20 

С 

τ τ 
- i - u 

' J 1 

Ιί τ 
ι -

20 30 

time (days) 

STANDING 

40 

30 
SS 

σ-

20 

D 

ML 
M l 

10 20 30 60 70 

time (days) 

Fig. 3.7 (C)-(D). Effect of 6-OHDA lesion in the A8 cell group on different motor patterns. (C) 
transverse-couplet gait: significant decrease, and (D) standing: no change. The ANOVA's of the "late 
post-lesion period", which provided significant p-values, were followed by a post-hoc test (see 
Materials and Methods): p<0.05 (*). 
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Changes in sequential stepping patterns 

Cats walking on the treadmill used the following sequential stepping patterns: 

Long-loop. 

The cat walked in a diagonal-couplet gait somewhere in the middle on the 
running belt (Fig. 3.1 A, 3.2). To approach the front panel, the cat changed its 
stepping pattern into lateral-couplet gait and slightly increased its speed (Fig. 3.1B, 
3.2). At the front panel, the cat maintained its position by changing to the 
transverse-couplet gait, meanwhile bending its head through the window to collect a 
food pellet (Fig. 3.1C, 3.2). Once the pellet was collected, the cat drifted backwards 
on the running belt by standing still (Fig. 3.1D, 3.2), meanwhile eating the collected 
pellet as quickly as possible. In some cases, the cat made contact with the back 
panel (Fig. ЗЛЕ, 3.2). When the cat had eaten its pellet, it walked to the middle of 
the treadmill in a normal diagonal-couplet gait. This full pattern of sequences, 
composing a long-loop, is schematically illustrated in figure 3.2. Characteristic of 
the long-loop is the sequential stepping pattern of "lateral-couplet gait to transverse-
couplet gait" Lesion-induced changes in this long-loop specific sequence are 
discussed below (Fig. 3.8). 

EFFECTS ON PARTICULAR SEQUENCES 

~ Lateral to Transverse - · - Lateral to Diagonal 

Late post-lesion F(7,49)=l 1 9 , p<0 001 Late post-lesion F(7,49)=6 8, p<0 001 

-10 0 10 20 30 40 50 60 70 

time (days) 

Fig. 3.8. Effects of the 6-OHDA lesion in the A8 cell group on the long-loop specific sequence 
"lateral-couplet gait to transverse-couplet gait" and on the short-loop specific sequence "lateral-
couplet gait to diagonal-couplet gait". ANOVA's of the "late post-lesion period", which provided 
significant p-values, were followed by a post-hoc test (see Materials and Methods): p<0.05 (*). 
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Pre-lesion period. The frequency percentage of the long-loop specific 
sequence remained unchanged across the three clusters in the pre-lesion period (Fig. 
3.8): statistical analysis revealed no differences (pre-lesion ANOVA: n.s.), implying 
the presence of a stable baseline. 

Early post-lesion period. The frequency percentage of the sequence was 
unaffected by the lesion: no significant difference was found between the value of 
the early post-lesion period and the pre-lesion value (Fig. 3.8; early post-lesion 
ANOVA: n.s.). 

Late post-lesion period. The lesion produced a large decrease in the 
frequency percentage of the long-loop specific sequence "lateral-couplet gait to 
transverse-couplet gait" from cluster 5 on (late post-lesion ANOVA: F(7,49)=l 1.9; 
p<0.001). The post-hoc analysis revealed that the values of cluster 6, 7, 8, 9, 10, 11 
and 12 were significantly different from the pre-lesion value (Fig. 3.8). 

Short-loop 

The cat walked in a diagonal-couplet gait in the middle of the running belt 
and approached the front panel by changing its diagonal-couplet gait into lateral-
couplet gait (Fig. 3.2). When the cat had noticed that there was no food pellet, it 
either passively drifted back on the running belt by standing still or it changed its 
gait into a diagonal-couplet gait, meanwhile factually or visually fixating the lower 
part of the front panel. Subsequently, the cat changed its gait predominantly to the 
lateral-couplet gait. This short-loop is schematically illustrated in figure 3.2. 
Characteristic of the short-loop is the sequential stepping pattern of "lateral-couplet 
gait to diagonal-couplet gait". Lesion-induced changes in this short-loop specific 
sequence are discussed below (Fig. 3.8). 

Pre-lesion period. The frequency percentage of the short-loop specific 
sequence remained unchanged across the three clusters in the pre-lesion period (Fig. 
3.8): statistical analysis revealed no differences (pre-lesion ANOVA: n.s.), implying 
the presence of a stable baseline. 

Early post-lesion period. The short-loop specific sequence remained 
unchanged shortly after the lesion. No significant differences were found between 
the value of the early post-lesion period and the pre-lesion value (Fig. 3.8; early 
post-lesion ANOVA: n.s.). 

Late post-lesion period. Cats increased the number of the short-loop specific 
sequence during the late post-lesion period (late post-lesion ANOVA: lateral-
couplet gait to diagonal-couplet gait; F(7,49)=6.8; pO.001). Post hoc Students-
Newman-Keul test showed that the value of cluster 9 significantly differed from the 
pre-lesion value (Fig. 3.8). 

In sum, the lesion produced a shift from a predominant display of the long-
loop specific sequence toward a predominant display of the short-loop specific 
sequence. 

57 



Type of transitions 

Overall changes in distribution of transition type 

Changes in the frequency percentage of all transitions to lateral-couplet gait 
and to diagonal-couplet gait were used to analyse alterations in the three types of 
transitions. For, switching to lateral-couplet gait and to diagonal-couplet gait could 
be performed (a) arbitrarily, (b) with the help of stimuli inherent to the treadmill, or 
(c) with the help of stimuli inherent to the food dispenser (Table 1). 

Pre-lesion period. As is shown in table 1, cats switched arbitrarily (39.5 ± 
3.3%; Table 1; pre-lesion day 2), or they used stimuli inherent to the food dispenser 
(47.9 ± 5.3%) to switch from one motor pattern to the next. The cats used stimuli 
provided by the treadmill to switch their ongoing motor pattern to a minor degree 
(12.6 ±3.3%). 

Early post-lesion period. The different types of switches at post-lesion day 3 
remained unchanged as compared to pre-lesion day 2 (table 1; t-test: n.s.). 

Late post-lesion period. Table 1 clearly reveals that the number of arbitrary 
switches was greatly reduced at post-lesion day 15, that lasted until day 64 (pre-
lesion day 2/post-lesion day 15, t(7)=8.48; pO.001, pre-lesion day 2/post-lesion day 
64, t(5)=6.97; pO.001). The cats showed an increased number of transitions with 
the use of stimuli inherent to the treadmill at post-lesion day 15 which lasted until 
day 64 (pre-lesion day 2/post-lesion day 15, t(7)=-4.76; p<0.005, pre-lesion day 
2/post lesion day 64, t(5)=-14.61; pO.001). The number of transitions with the use 
of food dispenser directed stimuli remained unchanged. 

Overall changes in transition type 

DAY % ARBITRARILY % FOODDISPENSER DIRECTED % TREADMILL DIRECTED 

Pre 2 39.5 ±3.3 47.9 ±5.3 12.6 ±3.3 
Post3 31.6 ±3.1 52.6 ±3.2 15.8 ±4.3 
Post 15 7.4 ±2.5** 53.7±2.7 38.9 ±4.7** 
Post 64„=6 13.0 ±2.6** 49.4 ±1.1 37.5 ±1.8** 

Table 1. An overview of the distribution of the three different types of transitions before and after 
the A8 lesion. Numbers indicate the mean and standard error of the mean (n=8, on day 64: n=6). 
Significant differences, as revealed with a students T-lest, are indicated with ** (p<0.005). 
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In sum, the lesion reduced the cat's ability to "switch arbitrarily motor 
patterns" to a large degree that was accompanied by an improved ability to use the 
strategy of "switching motor patterns with the help of stimuli inherent to the 
treadmill". 

Sequence specific changes in distribution of transition type 

Changes in the frequency percentage of the short-loop specific sequence 
"lateral-couplet gait to diagonal-couplet gait" (Fig. 3.9) was used to analyse 
alterations in the distribution of the three types of transitions for a particular 
stepping sequence. 

Pre-lesion period. Before the lesion, cats switched from lateral-couplet gait 
to diagonal-couplet gait without the help of stimuli in 77.1% (± 5.3%) of its 
transitions. They used stimuli provided by the food dispenser (7.7 ± 2.3%) or 
treadmill (15.1 ± 3.8%) to a much lesser extent in order to change their ongoing 
motor pattern (Fig. 3.9). 

Early post-lesion period. No significant differences were found between 
post-lesion day 3 and pre-lesion day 2 for each of the different types of transitions 
used to switch from lateral-couplet gait to diagonal-couplet gait (Fig. 3.9; t-test: 
n.s.). 

LATERAL COUPLET TO DIAGONAL COUPLET 
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Fig. 3.9. Effects of the 6-OHDA lesion in the A8 cell group on the distribution of the three different 
types of transitions used for the short-loop specific sequence "lateral-couplet gait to diagonal-couplet 
gait". Significant differences, as revealed with a students T-test, are indicated with ** (p<0.005). 
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Late post-lesion period. As is clear from figure 3.9, the number of arbitrary 
switches was greatly reduced at post-lesion day 15, that lasted until day 64 (pre-
lesion day 2/post lesion day 15, t(7)=13.40; pO.001, pre-lesion day 2/post lesion 
day 64, t(5)=14.08; pO.001). The cats showed an increased use of stimuli inherent 
to the treadmill at post-lesion day 15 that lasted until day 64 (pre-lesion day 2/post-
lesion day 15, t(7)=-11.18; pO.001, pre-lesion day 2/post-lesion day 64, t(5)=-
12.34; pO.001). The number of transitions with the use of food dispenser directed 
switches remained unchanged (Fig. 3.9). 

The cats, using a sequential patterning that is specific for the short-loop 
(lateral-couplet gait to diagonal-couplet gait) showed an increased use of stimuli 
provided by the apparatus. Thus, together with the shift to the short-loop, the cats 
became fully bound to the apparatus. 

Changes in motor coordination 

Hindlimb control: detachment from back panel 

Normal cats immediately retracted their hindlimb as soon as they touched the 
back panel, accelerated their gait, and reached the middle of the treadmill. After the 
lesion, some cats (n=5; 62,5%) had difficulties in detaching from the back panel. 
Once the hindlimb collided with the back panel, the cat tried to regain support of the 
body by using its remaining limbs: the non-stuck hindlimb and one forelimb were 
stepping fully out of phase in order to prevent falling. Once one of the hindlimbs 
made a motion that became in-phase with the movement of one of the forelimbs, the 
cat moved forward. 

Hindlimb control: transverse-couplet gait 

The lesion reduced the ability to perform the transverse-couplet gait in 6 cats 
(75% of the tested cats). This was due to a reduced capacity to adequately control 
hindlimb stepping. When assessing the transverse-couplet gait at the front panel, the 
cat did not retract one of its hindlimbs in time and, as a result, the hindlimb sagged. 
Immediately thereafter, the hindlimb was retracted and supported the body properly. 
In some cases, the hindlimb was not retracted at all, which resulted in a rather 
awkward position of the cat, while drifting back on the running belt. 

Kinetic melody. 

In all cats, the lesion induced a gradual and very subtle change in the flow of 
movements of different parts of the body. One example is given to illustrate this 
phenomenon. One of the tested cats developed the following pattern. It started to 
dive with its head toward the running belt, when walking in the middle of the 
treadmill. This head dive was followed by diving movements of the shoulders and 
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torso respectively. Subsequently, this snake-like string of body movements was used 
to reach the front panel and finally to dive into the window in order to collect the 
pellet. Once the cat had developed this pattern, it was repeated across the various 
test periods. In fact, each cat developed its own individual-specific, stereotyped 
"dance" to approach the front panel and to collect a food pellet. It was labelled 
"stereotyped" for two reasons: (1) it was repeated over and over, and (2) it consisted 
of a fixed string of movements of the head, shoulder, and torso that were 
subsequently recruited and fluently coupled to each other. 

Discussion 

HISTOLOGY 

The lesions were restricted to a subset of neurons within the A8 cell group, 
especially to the rostral part and to the dorsal region of the caudal part. Moreover, 
the amount of TH-positive neurons was greatly reduced in these regions, implying 
that the chosen treatment had destroyed a large number of dopaminergic cells. 
However, it cannot be excluded that non-dopaminergic neurons were also affected, 
because the RRN contains both dopaminergic and non-dopaminergic neurons 
(Mugnaini and Oertel, 1985; Swanson, 1982). Therefore, the dopaminergic 
specificity of the observed effects remains to be established. Still, recent 
experiments have already shown that certain dopaminergic treatments can reverse 
effects described in the present study (Chapter 4). 

EARLY POST-LESION PERIOD 

Apart from a significant decrease in the number of pellets collected and in 
the total number of transitions, no other changes in number and sequencing of 
stepping patterns or transitions were observed during the early post-lesion period. 
These data show that the lesion did not affect the motor programming required to 
perform the treadmill task during the early post-lesion period. Given these facts, the 
data collected during the late post-lesion period could be easily contrasted with 
those seen before and just after the lesion. The changes that did occur during the 
early post-lesion period may have been due to a short-lasting, operation-induced 
reduction in motivation. However, recent experiments in our Institute in which a 
different experimental set-up has been used have suggested that an impaired ability 
to perform two or more motor patterns simultaneously rather than a reduced 
motivation is present during that early post-lesion period (Chapter 5). Future 
analysis is required to establish whether such an effect also occurred in the present 
set-up. 
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LATE POST-LESION PERJOD 

The late post-lesion period was characterised by three phenomena: (a) 
absence of gross motor deficits; (b) occurrence of long-lasting, subtle disturbances 
in motor programming; and (c) unaffected ability to perform the task, for example 
changing motor behaviour on the running belt in order to collect and eat food 
pellets. The latter findings clearly show that the lesion did not affect sensory 
capacities required to direct the task, preparedness and motivation to perform the 
task, and motor capacities to execute the task. 

The present data fully differ from those seen in MPTP treated cats in which 
the A8, A9 and AIO cell groups are affected (Schneider and Markham, 1987; 
Williams and Schneider, 1989): such cats not only display severe behavioural 
impairments, but they also recover from these gross motor deficits within a couple 
of weeks (Schneider et al., 1986; Schneider and Rothblat, 1991). Because there is no 
available information about the degree of toxicity of the concentrations of MPTP 
and 6-OHDA used, it is unknown whether the concentrations of MPTP and 
6-OHDA were subtoxic and toxic, respectively. Moreover, it is not known whether 
the ability of cats to counteract the apoptotic effects of MPTP differs from their 
ability to counteract the apoptotic effects of 6-OHDA. Nevertheless, the present 
study reveals that the 6-OHDA lesioned cats remained able to perform the overall 
task despite the long-lasting presence of certain, subtle disturbances. In fact, the 
present study shows that the lesioned cats displayed an improved ability to perform 
certain stepping patterns, motor sequences and transitions in order to compensate for 
their impaired ability to perform other stepping patterns, motor sequences and 
transitions. These findings show that a detailed study of changes in the 
programming of motor behaviour is required in order to analyse behavioural 
consequences of small lesions in dopaminergic cell groups. 

LESION EFFECTS: GENERAL 

As mentioned above, the lesions were restricted to a small part of the A8 cell 
group. In principle, such lesions can produce four types of effects: (a) effects due to 
a malfunction of the A8 cell group itself; (b) effects due to a malfunction of 
outputstations of the A8 cell group, for example, the A9 cell group, the AIO cell 
group and the spinal cord; (c) effects due to a distortion of information sent to the 
A8 cell group; and (d) effects due to a reorganisation of the neural network in which 
A8 fibres are embedded. Therefore, the effects seen during the late post-lesion 
period are discussed in view of these four possibilities. 

LESION EFFECTS: STEPPING PATTERNS 

The lesion produced a long-lasting impaired performance of the transverse-
couplet gait. This deficit has never been observed after altering the dopaminergic 
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activity in the terminal area of A9 fibres (cf. Jaspers et al., 1984) or AIO fibres 
(unpublished data: Arts et al.). To what extent this deficit has to be attributed to a 
distortion of information sent to the A8 cell group, a malfunction of the A8 cell 
group itself or a malfunction of one of the outputstations of this cell group, possibly 
the spinal cord, remains to be established (Commissiong et al., 1979). Given the 
nature of the transverse-couplet gait, it is attractive to postulate that the reduced 
ability to perform this stepping partem reflects a reduced ability to uncouple 
frontlimb stepping (required to immobilise the forequarters to permit head-neck 
movement) from hindlimb stepping (needed to compensate for the moving belt) 
while performing a movement of the upper trunk to reach a pellet. This, again, 
suggests that the lesion produced an impaired ability to perform simultaneously two 
or more motor patterns. This long-lasting deficit in performing the transverse-
couplet gait was accompanied by a permanent improved performance of the lateral-
couplet gait, whereas the diagonal stepping pattern was not affected. As described 
by Blaszczyk and Loeb (1993), this shift in gaits is often seen in cats with various 
manipulations including decerebration and hindlimb deafferented preparations. 
According to English (1980), lesion of the thoracic (but not cervical) dorsal columns 
(carrying proprioceptive information between the two limb girdles) result in a 
preponderance of the lateral-couplet gait during overground locomotion. Thus, it 
can be suggested that the lesion produced a disruption of proprioceptive control and, 
consequently, allowed the cat to compensate for its reduced ability to execute the 
transverse-couplet gait by executing the lateral-couplet gait. 

LESION EFFECTS: SEQUENTIAL CHANGES 

The lesion produced a clear-cut shift from a predominant display of the long-
loop strategy to a predominant display of the short-loop strategy: this is illustrated 
by the significant decrease in the number of the long-loop specific sequence 
"lateral-couplet gait to transverse-couplet gait" and the significant increase in the 
number of the short-loop specific sequence "lateral-couplet gait to diagonal-couplet 
gait". This shift in motor strategies can be ascribed to the aforementioned changes in 
various stepping patterns. 

LESION EFFECTS: TYPE OF TRANSITIONS 

The lesion produced a long-lasting impaired performance of "switching 
arbitrarily motor patterns". This deficit was accompanied by an improved 
performance of "switching motor patterns with the help of stimuli inherent to the 
treadmill", whereas "switching motor patterns with the help of stimuli inherent to 
the food dispenser" was unaffected. These changes in the distribution of transition 
type were present in the overall number of transitions and in the short-loop specific 
stepping sequence. From these findings it is clear that the changes were due to 
alterations in the process of switching per se, such as deficits in motor 
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programming, and not due to particular changes in the nature of gaits, such as 
kinetic melody of movements. Evidence has been provided that "switching 
arbitrarily" is a characteristic function of a circumscribed dopaminergic, striatal 
region (Jaspers et al., 1984). There are three reasons for ascribing this lesion-
induced deficit to a malfunction of A9 fibres. First, this deficit is specific for a 
dopaminergic deficit in the terminal region of A9 fibres (Cools et al., 1993; Spooren 
et al., 1991). Second, A8 fibres innervate the A9 cell group (Arts et al., 1996). 
Third, the lesion-induced deficit appeared only after a minimum delay of 5 days. 
These data together allow the suggestion that the lesion in the A8 cell group 
ultimately resulted in the display of effects characteristic of a malfunction of one of 
its first-order outputstations, that is the substantia nigra pars compacta. "Switching 
motor patterns with the help of cues", such as external stimuli that have become 
relevant in view of the context in which these have been presented, is a function of 
the dopaminergic activity in the terminal region of AIO fibres in rodents (van den 
Bos et al., 1991; Cools et al., 1993). Therefore, the lesion induced increase in the 
number of treadmill directed switches points to an enhanced function of the AIO 
cell group. Thus, it appears that a lesion in the rostral and dorsal region of the caudal 
part of the A8 cell group produces two sets of effects: effects that are characteristic 
of a hypofunction of dopaminergic A9 fibres, and effects that are characteristic of a 
hyperfunction of dopaminergic AIO fibres. Accordingly, it is suggested that an A8 
lesion produces a shift in the functional balance between A9 and AIO cells towards 
a preponderance of the function of the AIO cell group. 

LESION EFFECTS: CHANGES IN MOTOR COORDINATION 

The lesion produced a clear-cut deficit in the coordination of hindlimb 
movements. To what extent this deficit has to be ascribed to a malfunction of the A8 
cell group itself, to a malfunction of one of its outputstations, or to other changes in 
the brain remains to be established. Remarkably, this deficit was accompanied by an 
evident alteration in kinetic melody of the movement patterning. Although the 
disturbance of the coordination of the hindlimb movements shows that certain 
proprioceptively controlled movements were affected, the presence of changes in 
the kinetic melody of body movements suggests that the lesioned cats were still able 
to use a distinct class of proprioceptive stimuli to compensate for their movement 
disturbances. Given the nature of the changes, it is attractive to postulate that the 
cats used dynamic instead of static proprioceptive stimuli to direct their movements 
(cf. Cools, 1993). 

CONCLUSIONS 

Assessment of the treadmill design has allowed us to evaluate the 
consequences of small lesions in the dopaminergic, A8 cell group of cats. These 
lesions resulted in the display of long-lasting, subtle deficits in the programming of 
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motor behaviour and in the display of subtle changes in the morphology of 
behavioural patterns. The deficits themselves were largely compensated for by 
subtle alterations in the motor strategies used to perform the task. Apart from the 
fact that the actual origin of some deficits is still open for discussion, certain deficits 
could be evidently ascribed to a malfunction of outputstations of the affected A8 
cell group. Thus, the reduced ability to "switch arbitrarily motor patterns" could be 
ascribed to a malfunction of the substantia nigra pars compacta, a first-order 
outputstation of the A8 cell group, whereas the enhanced ability to "switch motor 
patterns with the use of stimuli inherent to the treadmill" could be ascribed to a 
malfunction of the AIO cell group, another first-order outputstation of the A8 cell 
group. 

Because the display of the mask-face, an effect ascribed to a malfunction of 
the dopaminergic A8 cell group (Spooren et al., 1993), is one of the first symptoms 
seen in patients suffering from Parkinson's disease (Calne and Stoessl, 1986), it is 
suggested that apoptotic processes in the A8 cell group may play a crucial role in the 
origin of the progressive pathology observed in this disease. The present study 
shows that even subtle lesions in this cell group ultimately result in the display of 
symptoms characteristic of a malfunction of the dopaminergic A9 and AIO cells. 

As a final remark, the present study clearly reveals that one needs to assess 
tasks that appeal to the function of the circuitry in which the brain structure to be 
manipulated is embedded. This study also underlines that analysis of changes in the 
motor programming and morphology of motor behaviour is an essential prerequisite 
for evaluating effects of lesions in brain structures that are involved in the control of 
motor behaviour. 
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Dl and D2 dopamine receptor agonists 
improve deficits in motor programming 
of cats with a 6-hydroxydopamine lesion 
in the A8 cell group 

Recently, it has been shown that a small 6-hydroxydopamine lesion in the A8 
cell group of cats trained to walk on a treadmill, produces long-lasting deficits (Arts 
and Cools, in press). Part of these deficits could be attributed to a hypofunction of 
A9 cells, that is a reduced ability to switch arbitrarily motor patterns, and to a 
hyperfunction of AIO cells, that is an improved ability to switch motor patterns with 
the help of cues. This experiment was repeated and the elicited behavioural 
symptoms were subsequently treated with the dopamine Dl receptor agonist SKF 
81297 and dopamine D2 receptor agonist LY 171555. The present results show that 
these agonists in a cocktail restored both the lesion-induced reduced ability to 
switch arbitrarily motor patterns and the lesion-induced increased ability to switch 
motor patterns with the help of cues, suggesting that this treatment restored the 
functional dysbalance between the A9 and AIO cells. 
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Introduction 

Recently, it has been hypothesised that the dopaminergic, retrorubral A8 ceil 
group plays a role in the progressive pathology seen in patients with Parkinson's 
disease (Arts et al., 1996; Arts and Cools, in press; Spooren et al., 1993). The 
foundation for this hypothesis is at least threefold. First, cells in the retrorubral area 
project among others to the dopaminergic A9 and AIO cell group (Arts et al., 1996; 
Deutch et al., 1988), implying that a lesion in this area can affect the functioning of 
dopaminergic cells that are known to degenerate in Parkinson's disease. Second, 
pharmacobehavioural studies on cats have shown that only dopaminergic fibres that 
arise from the A8 cells and terminate among others in the dorsal part of the caudate 
nucleus are involved in the control of the facial musculature: it is well known that 
parkinsonian patients suffer from a mask face (Spooren et al., 1993; Calne and 
Stoessl, 1986). Third, a subtle, bilateral lesion in the retrorubral area of cats has 
been found to produce a series of long-lasting behavioural deficits, of which at least 
a part could be attributed to the combined occurrence of a hypofunction of the 
dopaminergic A9 cells and a hyperfunction of the dopaminergic AIO cells (see 
below), that is a phenomenon that is characteristic for non-demented patients with 
Parkinson's disease (Cools et al., 1993). The present study was undertaken to 
reinforce the validity of the last argument by providing evidence that those lesion-
induced behavioural effects that are attributed to a hypofunction of dopaminergic 
fibres can be restored by dopaminergic agents. For that purpose, the original, feline 
experiment in which 6-hydroxydopamine was used to produce a bilateral, subtle 
lesion in the retrorubral area, was repeated in order to elicit behavioural symptoms 
that could be treated with dopaminergic agents. 

In the original experiment it was shown that a bilateral, 6-hydroxydopamine 
lesion in the retrorubral area of cats produces subtle, long-lasting motor 
programming deficits that are easily detected with the help of a particularly 
developed treadmill design (Arts and Cools, in press). Such cats have been found to 
suffer from (1) a reduced ability to switch arbitrarily motor programmes, that is a 
deficit attributed to a hypofunction of the dopaminergic A9 cells, (2) an improved 
ability to switch motor programmes with the help of cues, that is a phenomenon 
attributed to a hyperfunction of dopaminergic AIO cells, (3) a reduced ability to 
perform the transverse-couplet gait, (4) an improved ability to perform the lateral-
couplet gait, (5) a change in the chosen motor strategy used to perform the task, (6) 
disturbance of certain hindlimb movements, and (7) changes in the kinetic melody 
of body movements. Apart from the first deficit that is attributed to a lesion-induced 
decrease in dopaminergic activity, no particular hypothesis concerning the 
involvement of dopamine in the remaining deficits was made. 

The above-mentioned lesion-induced changes arose about 7 days after the 
lesion and remained stable throughout a minimum period of 60 days. Therefore, the 
ability of dopaminergic agents to restore the lesion-induced effects was investigated 
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from post-lesion day 10 on. Since the available literature shows that dopamine Dl 
and D2 receptors are heterogeneously distributed across the various dopaminergic 
cells and their terminal regions (Beckstead, 1988; Joyce et al., 1991; Thibaut et al., 
1990), it was decided to investigate the effects of the combined administration of a 
dopamine Dl agonist SKF 81297 and dopamine D2 agonist LY 171555; the chosen 
cocktail contained a dose of each agonist that was separately tested and found to be 
marginally effective. 

The present results show that the cocktail restored both the lesion-induced 
reduced ability to switch arbitrarily motor patterns and the lesion-induced increased 
ability to switch motor patterns with the help of cues, suggesting that treatment with 
dopamine agents restored the functional dysbalance between the A9 and AIO cells. 
Furthermore, the treatment enhanced the efficiency of cats to collect food pellets, 
and allowed the cats to walk more often in the middle of the treadmill. 

Materials and methods 

SUBJECTS 

Eight male cats, 11-13 months of age, weighing 4.7-5.6 kg, were selected 
from a group of 10 animals on the basis of acceptance of the offered food pellets 
(Felix, the Netherlands). The cats, obtained from Hill Grove Family Farm Ltd., 
England, were housed in a large cage being a room (250 χ 250 χ 400 cm) and 
maintained on a 12-hr light/dark cycle (lights on from 6:30 a.m. to 18:30 p.m.). 
Water was available ad libitum. All experiments were performed according to 
international, national, and institutional guidelines for animal experimentation. 

APPARATUS 

The motor-driven treadmill has been described in detail elsewhere (Arts and 
Cools, in press; Jaspers et al., 1984). In short, the motor-driven treadmill (120 cm 
length; 20 cm width) was enclosed by Perspex (120 χ 20 χ 65 cm). One side wall 
was transparent to allow visual analysis. The opaque front panel contained a small 
window (10 χ 15 cm) through which the cat could bend its head to collect a food 
pellet from the food dispenser. The food dispenser, attached at the outside of the 
front panel just below the window, contained a maximum of 48 pellets, each 
delivered by remote control. The food dispenser was constructed in such a manner 
that the cat was unable to see, to smell or to note the delivery or availability of a 
food pellet while walking in the middle of the treadmill. The speed of the belt was 
adjusted to the walking capacity of each individual cat: this speed varied from 1.5 to 
1.75 km/hr across animals. 
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6-HYDROXYDOPA MINE LESION 

Cats were anaesthetised with a mixture of O2 and 5% Ethrane® (Abbot, the 
Netherlands) and were subsequently intubated. To prevent infection and mucous 
secretion, cats received an injection of Albipen® LA (Mycofarm Nederland, the 
Netherlands: 20 mg/kg, subcutaneously) and Atropini Sulfas® (Pharmachemie, the 
Netherlands: 0.5 mg/4.5 kg, intramuscularly), respectively. Thereafter, the cats were 
secured in a stereotaxic apparatus. Surgical levels of anaesthesia were maintained 
with a mixture of 02, 3-3.5% Ethrane® and N20. 

Bilateral lesion of the A8 cell group was accomplished by injections placed 
at the following coordinates: anterior (+) 2.8 mm (with an angle of 10°, tip pointing 
caudal), lateral 2.8 mm and ventral (-) 5.7 mm (according to Arts and Cools, in 
press; Snider and Niemer, 1964). To prevent destruction of noradrenergic nerve 
terminals, an injection of 0.5 μΐ (0.02 μ1/15 sec) desipramine-HCl (DMI; Ciba-
Geigy, Switzerland; 20 μg/μl dissolved in distilled water) was given in each A8 cell 
group (first left then right). The A8 cell group was lesioned by injecting bilaterally 
(first left then right) a 0.5 μΐ solution, containing 10 μg 6-hydroxydopamine (6-
OHDA; Sigma, St. Louis, USA; 10 μ&̂ 0.5 μΐ dissolved in 0.1% ascorbic acid in 
saline). The substances were delivered by means of a 1 μΐ syringe (Hamilton 
Bonaduz AG, Switzerland) at a speed of 0.02 μ1/15 seconds and left in situ for 5 
minutes. The time between each injection was 5 minutes. 

After the final experiment, the cats were anaesthetised with a lethal dose of 
pentobarbital (intraperitoneally; Narcovet®, Apharmo, the Netherlands) and 
transcardially perfused with 500 ml saline, followed by 750 ml fixative. The fixative 
consisted of 4% paraformaldehyde and 0.05% glutaraldehyde in a 0.1 M 
phosphatebuffer (PB, pH 7.4) solution. Thereafter, the brains were dissected and 
further processed for a Nissl- and tyrosine-hydroxylase staining according to Arts et 
al. (1996). 

EXPERIMENTAL SETUP AND DESIGN 

An intense training according to the procedure described earlier (Arts and 
Cools, in press) was used to leam the cats to walk on the moving belt and to collect 
food pellets in an at random manner. After a period of approximately 7 weeks, all 
cats had reached this criterion, and the experiments were started. Per experiment the 
cat was put in the treadmill for a period of 30 minutes. After 10 minutes during 
which the belt was inactivated (t=0-10 min), the belt was successively activated 
(t=10-15 min), inactivated (t=l 5-25 min), and activated (t=25-30 min). This 
procedure provided two test-periods of 5 minutes. Delivery of a food pellet occurred 
only during these test-periods, such that the cat was unable to notice the delivery of 
the pellet while walking in the middle of the treadmill. Pellets were delivered one by 
one, with an interval of approximately 15 seconds and with a maximum of 22 pellets 
per period. A new pellet was only delivered when the cat had collected the previous 
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one. One hour after each experiment the cats were offered 70 gram chow (Hope 
Farm), a procedure found to be sufficient for maintaining approximately 90% of the 
body weight. 

The cats were tested for a period of 9 successive days prior to the lesion (pre-
lesion period). On the second day after the lesion, the cats were again tested for a 
period of 9 successive days: according to our previously reported study, the lesion 
should have produced stable and consistent effects from that time on. Cats were 
tested at least twice a week (between 9:00 a.m. and 16:00 p.m.) throughout the 
whole post-lesion period of 39 days in order to maintain their level of performance 
(according to Arts and Cools, in press). 

TREATMENT 

The treatments were started on post-lesion day 10 and continued until post-
lesion day 39 according to the schedule shown in Fig. 4.1. The injections (0.1 ml/kg, 
intramuscularly) were given 5 min before the start of the experiment. The following 
drugs were used: the dopamine Dl agonist LY 171555 (0.01 mg/kg, kindly donated 
by Eli Lilly and co.) and the dopamine D2 agonist SKF 81297 (0.3 mg/kg, Research 
Biochemicals Inc., USA). These drugs being dissolved in saline were given alone or 
in a cocktail; the doses were chosen on the basis of a previously reported study 
(Sweidan et al., 1990). At the end of the experiments, a saline injection was given in 
order to investigate the possible occurrence of after-effects of the chosen treatments. 

lesion 

lesi day ι 2 3 4 5 6 7 8 9 i 2 3 4 5 6 7 8 9 10 ] 1 12 13 14 15 16 17 22 25 29 32 36 39 

pre-Iesion period τ • 

LY SKF 
Y 

SKF&LY 

SAL 

Fig. 4.1. Time-schedule of the experimental design. 

BEHA VIOURAL ANALYSIS 

The behaviour displayed during the test-periods was recorded on videotape 
by means of a closed TV-circuit and scored off-line with the help of The Observer® 
(Noldus, the Netherlands). The frequency of the following items was scored per 
test-period (the previously reported effect of a 6-OHDA lesion in the retrorubral 
area upon the item under discussion is indicated between brackets): 

73 



Stepping patterns 

Cats, walking on the treadmill, use different stepping patterns to collect 
pellets. The following list of operationally defined patterns was used for quantitative 
analysis (according to the terminology of Hildebrand, 1976): 

Diagonal-couplet gait (A8-lesion: unaffected performance) 

This gait is characterised by a pattern in which the hindlimb completes its 
swing and is set down before the ipsilateral forelimb is lifted out of stance. At this 
particular stance in the diagonal-couplet gait, the ipsilateral hind- and forefeet 
contact the belt simultaneously and are close-set (Blaszczyk and Loeb, 1993). The 
diagonal-couplet gait is defined by a minimum of one stride, which consists of two 
such moments of contact with the belt: one for each pair of ipsilateral limbs. The 
diagonal-couplet gait is a typical overground pattern, which is predominantly used 
by the cat to walk stationary in the middle of the treadmill or for small forward 
displacements of the body on the moving belt (Fig.3.1 A). 

Lateral-couplet gait (A8-lesion: enhanced performance) 

This gait is characterised by in-phase motion of the ipsilateral fore- and 
hindlimbs (Blaszczyk and Loeb, 1993). The ipsilateral fore- and hindfeet 
simultaneously contact the belt, placed a bodylength apart. The lateral-couplet gait is 
defined by a minimum of one stride, which consists of two such moments of contact 
with the belt: one for each pair of ipsilateral limbs. In this stepping pattern, the in-
phase motion of the ipsilateral limbs avoid collision of hindfeet with forefeet, 
permitting increases in stride length and speed. In general, this stepping pattern is 
used to accelerate and approach the front panel (Fig. 3.1B; Blaszczyk and Loeb, 
1993). 

Transverse-couplet gait (A8-lesion: reduced performance) 

This gait is characterised by quick, short in-phase steps with the forelimbs 
and slow, long in-phase steps with the hindlimbs (Jaspers et al., 1984). The 
transverse-couplet gait is defined by a minimum of one stride, which consists of two 
such long steps: one for each hindlimb. This stepping pattern is used in order to 
maintain the position close to the front panel while collecting a pellet (Fig. 3.1C). 

Standing (A8-lesion: unaffected performance) 

The cat stands still and drifts back on the running belt. This occurs for 
example during eating of the collected pellet (Fig. 3.1D). 
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Sequential stepping patterns 

Cats walking on the treadmill displayed fixed sequential stepping patterns 
(Fig. 4.2). Three patterns or "loops" were empirically defined on the basis of (1) the 
stepping pattern following the lateral-couplet gait or the diagonal-couplet gait, and 
(2) the distance on the treadmill that was needed to complete the stages of such a 
loop. The use of one loop excluded the performance of the other. 

Long-loop (A8-lesion: reduced performance) 

(1) The cat has to change its gait from the lateral-couplet gait to the 
transverse-couplet gait. (2) Nearly the full length of the treadmill is used for 
executing this long-loop. The shift from the diagonal-couplet gait to the lateral-
couplet gait has to take place at the rear third of the treadmill. 

Short-loop (A8-lesion: enhanced performance) 

(1) The cat has to change its gait from the lateral-couplet gait to the diagonal-
couplet gait or to standing. (2) The front third of the treadmill is used for executing 
this short-loop. Thus, the shift from the diagonal-couplet gait to the lateral-couplet 
gait has to take place at the front third of the treadmill. 

Mini-loop 

(1) The cat has to change its gait from the diagonal-couplet gait to standing. 
(2) The middle third of the treadmill is used for executing this mini-loop. Thus the 
shift from standing to the diagonal-couplet gait has to take place at the middle third 
of the treadmill. Analysis of this item, which was not incorporated in our original 
study, became necessary in view of the fact that the treatment strongly affected this 
item. 

Type of transitions 

The following types of transitions were distinguished: 

Food dispenser Directed Switches (A8-lesion: unaffected performance) 

The cat visually fixates a particular part of the window or food dispenser, 
switches its ongoing motor pattern and slightly accelerates to approach the window, 
or the cat switches to the transverse-couplet gait to become stationary and being able 
to collect a pellet. In both cases the cat continuously fixates the originally selected 
target. Thus, the cat switches motor patterns thereby continuously matching stimuli 
inherent to the food dispenser (Jaspers et al., 1984). 
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Treadmill Directed Switches (A8-lesion: enhanced performance) 

The cat visually or tactually (whiskers) fixates a particular part of the 
treadmill (apart from the window or food dispenser) and approaches the window by 
accelerating its gait, or it starts to locomote in order to overcome the backward 
propulsion of the belt, thereby continuously fixating its originally selected target. 
These parts of the treadmill are the running belt, the bar on the lower part of the 
front panel, or one side wall. Thus, the cat switches motor patterns, thereby 
continuously matching stimuli inherent to the treadmill (Jaspers et al., 1984). This is 
labelled "switching motor patterns with the help of cues". 

Arbitrary Switches (A8-lesion: reduced performance) 

The cat changes its motor pattern without visually or tactually fixating any 
object inside or outside the treadmill. Thus the cat switches stepping patterns that 
are not directed by exteroceptive stimuli (Jaspers et al., 1984). 

Changes in the distribution of transition type were analysed (A) for the 
overall number of transitions to the lateral-couplet gait and to the diagonal-couplet 
gait, and (B) for the sequence "standing to diagonal-couplet gait" which occurred in 
each of the three loops. This sequence-specific change in the distribution of 
transition type was chosen in order to determine whether drug-induced changes 
were due to alterations in the process of switching per se. 

Motor coordination 

Abnormal hindlimb movements (A8-lesion: induction) 

Reduced ability to retract the hindlimb in time: this may occur after touching 
the back panel or during the performance of the transverse-couplet gait at the front 
panel (for details: Arts and Cools, in press). 

Snake-like string of goal-directed body movements (A8 lesion: induction) 

Alternative strategy to reach the front panel and to collect a food pellet (for 
details: Arts and Cools, in press). 

< Fig. 4.2. Flow diagram of the three types of sequential patterning of distinct gaits: the sequence 
"lateral-couplet gait to transverse-couplet gait" is specific for the long-loop, the sequence "lateral-
couplet gait to diagonal-couplet gait" is specific for the short-loop, and the sequence "diagonal-
couplet gait to standing" is specific for the mini-loop. The sequence "standing to diagonal-couplet 
gait" occurs in each of the three loops. 
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DATA ANALYSIS 

The outcome of the two test-periods per cat per experiment was compared, 
using the t-test. Given the absence of any significant difference (data not shown), 
the data were averaged per item. The averaged number of a given item was 
expressed as percentage of the sum of the averaged number of all items. The 
averaged number of a particular sequence was expressed as the percentage of the 
overall number of transitions. Given the absence of any significant difference 
between the obtained percentage of each item across the nine pre-lesion days, these 
were averaged and provided the actual units for the statistical analysis: the pre-
lesion values. 

In order to assess whether the lesion was effective, the value of each item on 
post-lesion day 9 was compared with the corresponding pre-lesion value, using the 
t-test. In order to evaluate the effect of the saline injection, the value of each item on 
post-lesion day 39 was compared with the corresponding value on post-lesion day 9 
(t-test). In order to evaluate whether or not a treatment really counteracted the 
lesion-induced deficits, the effects of the treatment were compared with the pre-
lesion values, where appropriate (t-test). A probability level of p<0.05 was 
considered statistically significant. 

Results 

HISTOLOGY 

Histological verification revealed that the injection sites were placed within 
the dorsal region of the rostral and caudal part of the retrorubral nucleus (Fig. 4.3). 
These subparts were devoid of tyrosine hydroxylase-positive neurons. This is 
illustrated by a representative example in figure 4.4. 

LESION-INDUCED EFFECTS 

Given the earlier reported finding that the deficits elicited by a 6-OHDA 
lesion in the retrorubral area are stable from post-lesion day 7 on, the control values 
for the evaluation of the lesion-induced effects were collected on post-lesion day 9. 
The following effects were observed on that day: 
(1) no significant change in the number of collected pellets (Fig. 4.5A: left panel); 
(2) no significant change in the overall number of transitions (Fig. 4.5B: left panel); 
(3) no significant change in the display of the diagonal-couplet gait (Fig. 4.6A: left 
panel); (4) a significant increase in the display of the lateral-couplet gait 
(t(l,7)=4.60; p<0.005; Fig. 4.6 B: left panel); (5) a significant decrease in the 
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Fig. 4 J . Schematic drawing of transverse sections, ordered from rostral (A) to caudal (D), showing 
the injection sites Leftside representation of bilateral injection sites in individual cats (n=8) Right 
side delineation of relevant structures in the ventral mesencephalon Abbreviations A8d, dorsal 
subdivision of the A8 cell group, A8v, ventral subdivision of the A8 cell group, ML, medial 
lemniscus, RN, red nucleus, SNC, substantia nigra pars compacta; SNL, substantia nigra pars 
lateralis, SNR, substantia nigra pars reticulata, VTA, ventral tegmental area 
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Fig. 4.4. Photomicrographs of a transverse section of a cat with a 6-OHDA lesion in the A8 cell 
group: a representative example. (A) Nissl staining illustrating the injection sites (arrow heads). (B) 
Tyrosine hydroxylase staining of a section adjacent to the one shown in (A), illustrating the loss of 
tyrosine hydroxylase positive neurons in the A8 cell group. (C) tyrosine hydroxylase staining of a 
section of an unoperated cat at the same transverse level as shown in (B). Note the difference in TH-
positive neurons in (B) and (C). 

transverse-couplet gait (t(l,7)=4.57; p<0.005; Fig. 4.6C: left panel); (6) no 
significant change in the display of standing (Fig. 4.6D: left panel); (7) a significant 
decrease in the display of the long-loop specific sequence "lateral-couplet gait to 
transverse-couplet gait" (t(l,7)=-4.90; p<0.005; Fig. 4.7A: left panel); (8) a 
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significant increase in the display of the short-loop specific sequence "lateral-
couplet gait to standing" (t(l,7)=3.57; pO.Ol; Fig. 4.7B: left panel); (9) no 
significant change in the display of the mini-loop specific sequence (Fig. 4.7C: left 
panel); (10) a significant decrease in the display of "switching arbitrarily motor 
programmes" for the overall distribution (t(l,7)=2.84; p<0.05; Table 4.1: left 
column) and for the sequence-specific distribution (t(l,7)=3.43; p<0.05; Fig. 4.8: 
left panel); (11) a significant increase in the display of "switching motor 
programmes with the help of cues for the overall distribution (t(l,7)=-3.89; p<0.05); 
Table 4.1: right column) and for the sequence-specific distribution (t(l,7)=-3.87; 
p<0.05; Fig. 4.8: left panel); (12) no significant change in the display of "switching 
motor programmes with the help of stimuli inherent to the food dispenser" for the 
overall distribution (Table 4.1: middle column) or for the sequence-specific 
distribution (Fig. 4.8: left panel); (13) all cats showed abnormal hindlimb 
movements, either during touching the back panel (65%) and/or during the 
performance of the transverse-couplet gait at the front panel (50%); (14) all cats 
adopted one or another snake-like string of goal-directed body movements in order 
to reach and collect the food pellet. 

Τ REA TMENT EFFECTS 

General 

The treatments did not change the display of behaviours that were not 
affected by the lesion itself, apart from the diagonal-couplet gait and the stepping 
sequence "diagonal-couplet gait to standing" (see below). Thus, the number of 
collected pellets, the overall number of transitions, standing and switching motor 
programmes with the help of stimuli inherent to the food dispenser were not 
affected by any of the treatments (Fig. 4.5AB, 4.6D, 4.8, Table 4.1). The treatments 
did not elicit any dyskinetic, dystonic or other new behaviours. 

Saline given on post-lesion day 39 did not affect any of the variables 
assessed: the effects observed in saline-treated cats did not differ from those seen in 
non-treated cats on post-lesion day 9 (Fig. 4.6ABCD, 4.7ABC, 4.8, Table 4.1). 
Furthermore, the values seen on post-lesion day 9 did not significantly differ from 
those seen on post-lesion days 11-16, 22, and 29-36 (data not shown), showing that 
the drug treatments had no after-effects. For these reasons, saline-treated cats served 
as control for the evaluation of the effects of the dopaminergic treatments. 

Treatment effects: stepping patterns 

Both SKF 81297 and the cocktail of LY 171555 and SKF 81297 significantly 
enhanced the display of the diagonal-couplet gait which per se was not affected by 
the lesion (Fig. 4.6A; SKF vs saline: t(l,7)=4.73; p<0.005; LY and SKF vs saline: 
t(l,7)=4.82; p<0.005; LY and SKF vs LY: t(l,7)=-5.19; p<0.05). 
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The cocktail of LY 171555 and SKF 81297 significantly reduced the lesion-
ìnduced increase in the display of the lateral-couplet gait (Fig 4 6B, LY and SKF vs 
saline t(l,7)=-3 69, p<0 005, LY and SKF vs SKF t(l,7)=2 93, p<0 05, LY and 
SKF vs LY t(l,7)=2 63, p<0 05) In order to evaluate whether the cocktail of LY 
171555 and SKF 81297 really counteracted this lesion-induced increase, the effect 
of the cocktail was compared with the corresponding pre-lesion value This analysis 
revealed that the lesion-induced increase was completely relieved by the cocktail 

The cocktail of LY 171555 and SKF 81297 enlarged the lesion-induced 
decrease in the display of the transverse-couplet gait (Fig 4 6C, LY and SKF vs 
sahne t(l,7)=-2 45, p<0 05, LY and SKF vs LY t(l,7)=2 88, p<0 05) None of the 
treatments effected the performance of standing 

Treatment effect: sequential patterning. 

None of the treatments altered the lesion-induced reduction in the display of 
the long-loop specific stepping sequence "lateral-couplet gait to transverse-couplet 
gait" (Fig 4 7A) or the lesion-induced increase in the display of the short-loop 
specific stepping sequence "lateral-couplet gait to standing" (Fig 4 7B) The 
cocktail significantly enhanced the use of the mini-loop specific sequence 
"diagonal-couplet gait to standing" which per se was not affected by the lesion (Fig 
4 7C, LY and SKF vs saline t(l,7)=2 50, p<0 05) 

Treatment effects: type of transitions 

Overall changes m distribution of transition type 

Both LY 171555 and the cocktail of LY 171555 and SKF 81297 significantly 
improved the reduced capacity to switch arbitrarily motor programmes, whereas 
SKF 81297 showed a non-significant tendency in that direction (Table 1, LY vs 
sahne t(l,7)=2,44, p<0 05 LY and SKF vs saline t(l,7)=2 42, p<0 05) All 
treatments significantly reduced the lesion-induced enhanced capacity to switch 
motor programmes with the help of cues (Table 4 1, LY vs saline t(l,7)=-7 08, 
p<0 001, SKF vs sahne t(l,7)=2 94, p<0 05, LY and SKF vs saline t(l,7)=-2 99, 
p<0 05) None of the treatments affected the number of food dispenser directed 
switches 

In order to evaluate whether the cocktail of LY 171555 and SKF 81297 really 
counteracted the lesion-induced deficits, the above-mentioned effects of the cocktail 
were compared with the pre-lesion values This analysis revealed that the lesion-
ìnduced effects were completely relieved by the cocktail 

< Fig. 4.5. (A) The number of collected food pellets not affected by the lesion (left panel), or by the 
treatment (right panel) and (B) number of overall transitions not affected by the lesion (left panel), 
or by the treatment (right panel) 
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Fig. 4.6 (AHB). Effect of LY 171555 and SKF 81297 (right panel) on lesion-induced changes (left 
panel) of different motor patterns. (A) diagonal-couplet gait: induction, (B) lateral-couplet gait: 
improvement. Differences indicated: *(p<0.05) and **(p<0.005) as compared to pre-lesion value 
(Pre); #(p<0.05) and ##(p<0.005) as compared to saline (SAL); O(p<0.05) as compared to SKF 
81297 (SKF); Δ(ρ<0.05) andAA(p<0.005) as compared to LY 171555 (LY). 
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TRANSVERSE-COUPLET GAIT 
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Fig. 4.6 (C)-(D). Effect of LY 171555 and SKF 81297 (right panel) on lesion-induced changes (left 
panel) of different motor patterns. (C) transverse-couplet gait: enlargement, and (D) standing: no 
change. Differences indicated: *(p<0.05) and **(p<0.005) as compared to pre-lesion value (Pre); 
#(p<0.05) and ##(p<0.005) as compared to saline (SAL); O(p<0.05) as compared to SKF 81297 
(SKF); Δ(ρ<0.05) and ΔΔ(ρ<0.005) as compared to LY 171555 (LY). 
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Fig. 4.7 (AHQ· Effects of LY 171555 and SKF 81297 (right panel) on lesion-induced changes 
(left panel) in the long-loop specific sequence "lateral-couplet gait to transverse-couplet gait": no 
change and (B) the short-loop specific sequence "lateral-couplet gait to standing": no change, and 
(C) the mini-loop specific sequence "diagonal-couplet gait to standing": induction. Differences 
indicated: *(p<0.05) and **(p<0.005) as compared to pre-lesion value (Pre); #(p<0.05) as compared 
to saline (SAL). 
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DIAGONAL-COUPLET TO STANDING 
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Effect ofL Y and SKF on the distribution of 
the different types of transitions after a 6-OHDA lesion 

in the AS cell group 

DAY % ARBITRAR1L Y % FOODDISPENSER DIRECTED % TREADMILL DIRECTED 

Pre 2 
Pst 9 

SAL 
LY 
SKF 
SKF&LY 

38.1 ±3.0 
19.1 ±2.8* 

20.0 ±4.0 
36.3 ± 4.9 # 
29.2 ±5.6 
38.8 ± 6.5 # 

53.0 ±4.2 
52.9 ±3.9 

52.0 ±6.9 
53.0 ±5.8 
53.7 ±4.2 
47.1 ±3.8 

8.5 ±4.5 
26.9 ±4.5* 

28.1 ±4.4 
10.8 ±2.6 M 
17.0 ± 5.3 # 
14.1 ±4.5 # 

Table 4.1. Effect of LY 171555 and SKF 81297 on the lesion-induced changes in the distribution of 
the three different types of transitions. Numbers indicate the mean and standard error of the mean 
(n=8). Differences indicated: *(p<0.05) as compared to pre-lesion value (Pre); #(p<0.05) as 
compared to saline (SAL). 

87 



STANDING TO DIAGONAL-COUPLET GAIT 
DISTRIBUTION OF TRANSITION TYPE 

AS FDS TDS AS FDS TDS AS FDS TDS AS FDS TDS AS FDS TDS AS FDS TDS 

Pre Pst 9 SAL LY SKF SKF&LY 

Fig. 4.8. Effects of LY 171555 and SKF 81297 (right panel) on lesion-induced changes (left panel) 
in the distribution of the three different types of transitions used to switch from standing to the 
diagonal-couplet gait. Abbreviations: AS, arbitrary switches; FDS, food dispenser directed switches; 
TDS, treadmill directed switches. Differences indicated: *(p<0.05) as compared to pre-lesion value 
(Pre); #(p<0.05) as compared to saline (SAL). 

Sequence specific changes in transition type 

All treatments significantly improved the lesion-induced reduced capacity to 
switch arbitrary from standing to the diagonal-couplet gait (Fig. 4.8; LY vs saline: 
t(l,7)=2.41; p<0.05: SKF vs saline: t(l,7)=-2.47; p<0.05: LY and SKF vs saline 
t(l,7)=4.59; p<0.005). Both SKF 81297 and the cocktail of LY 171555 and SKF 
81297 significantly reduced the lesion-induced enhanced capacity to switch from 
standing to the diagonal-couplet gait with the help of cues. None of the treatments 
altered the number of food dispenser directed switches. In order to evaluate whether 
the cocktail of LY 171555 and SKF 81297 really counteracted these lesion-induced 
deficits, the above-mentioned effects of the cocktail were compared with the pre-
lesion values. This analysis revealed that the lesion-induced effects were completely 
relieved by the cocktail. 

Treatment effect: motor coordination 

None of the treatments altered the lesion-induced display of abnormal 
hindlimb movements and the lesion-induced display of snake-like strings of goal-
directed body movements. 
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Discussion 

LESION INDUCED CHANGES 

The present study on cats shows that small, subtle 6-hydroxydopamine-
induced lesions that are restricted to the dorsal part of the retrorubral area produce a 
series of behavioural changes that remain present until at least 39 days after the 
lesion, confirming thereby our previous finding that such a lesion elicits long-lasting 
deficits. Furthermore, this study shows that the lesion-induced effects seen in the 
present study are fully identical to those described earlier, underlining thereby the 
reproducibility of the effects. Still, it has to be noted that the lesion-induced shift 
from the long-loop specific sequence "lateral-couplet gait to transverse-couplet gait" 
to the display of the short-loop specific stepping sequence "lateral-couplet gait to 
standing" was not seen in our previous study: in that study, however, the long-loop 
specific sequence "lateral-couplet gait to transverse-couplet gait" was replaced by 
the short-loop specific sequence "lateral-couplet gait to diagonal couplet gait". 
These data together show that the lesion forced the cats to quit a particular strategy 
rather than to display a particular new strategy. 

TREATMENT 

Saline had no effect at all on any of the parameters assessed: the effects 
observed in saline-treated cats did not differ from those seen in non-treated cats on 
post-lesion day 9. This together with the finding that none of the treatments 
produced any after-effect allowed us to use the data of saline treated cats as control 
values for the evaluation of the various treatments. 

In general, the cocktail of the dopamine Dl agonist SKF 81297 and the 
dopamine D2 agonist LY 171555 was the most effective treatment. In case 
administration of a single dopamine agonist was effective, it always produced 
effects that were qualitatively similar to those elicited by the cocktail. These data 
together allow the conclusion that the dopamine Dl agonist and the dopamine D2 
agonist acted cooperatively. Although a dose-effect curve was not made, it is due to 
the noted cooperativity that at least certain effects proved to be dose-dependent, 
such as the drug-induced increase in the diagonal-couplet gait, the drug-induced 
decrease in the transverse-couplet gait and the drug-induced increase in the 
sequence "diagonal-couplet gait to standing" (Fig. 4.6AC, 4.7C). Since the 
treatments produced only quantitatively different, but qualitatively similar effects, 
the discussion is limited to effects of the cocktail. 

The most important finding was that the cocktail fully restored the lesion-
induced dysbalance between the two types of switches: it counteracted not only the 
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lesion-induced decrease in "switching arbitrarily motor patterns" but also the lesion-
induced increase in "switching motor patterns with the help of cues". The restored 
distribution of transition type were present in the overall number of transitions and 
in the stepping sequence. Since the lesion-induced increase in switching with the 
help of cues was attributed to an hyperactivity of the dopaminergic AIO neurons 
(Arts and Cools, in press), the drug-induced decrease in this type of switching could 
have been due to stimulation of dopaminergic receptors that are located on the cell 
bodies: for, only such a stimulation could have attenuated the enhanced firing rate of 
these neurons. Alternatively, the dopaminergic agonists could have just stimulated 
post-synaptic dopaminergic receptors that belong to the dopaminergic A9 neurons, 
restoring thereby the reduced capacity to switch arbitrarily motor patterns that, in 
turn, reduced the enhanced capacity to switch motor patterns with the help of cues. 
The latter explanation implies that the lesion-induced hyperfunction of 
dopaminergic, AIO neurons was not due to a lesion-induced disinhibition of AIO 
neurons, but simply the behavioural consequence of a lesion-induced reduction in 
the capacity to switch arbitrarily motor patterns. 

The cocktail also restored fully the lesion-induced increase in the lateral-
couplet gait. Since this gait is especially shown by cats that switch their motor 
patterns with the help of cues, it is evident that the drug-induced decrease in this 
type of switching was accompanied by a decreased performance of the lateral-
couplet gait. Furthermore, the cocktail led to a further decrease in the display of the 
transverse-couplet gait. Since this gait is essential for collecting pellets, it is 
important to note that the cocktail did not reduce the number of pellets eaten. These 
data show that the treated cats needed less food directed stepping patterns to collect 
their pellets and, accordingly, had more time for displaying non-food directed 
stepping patterns in the middle of the treadmill. This was indeed the case as is 
illustrated by the finding that the cocktail produced a clear-cut shift from a 
predominant display of the short-loop strategy to a predominant display of the mini-
loop strategy: it enhanced the display of the diagonal-couplet gait as well as the 
stepping sequence "diagonal-couplet gait to standing", which is specific for the 
mini-loop. 

The cocktail did not affect the lesion-induced abnormal hindlimb 
movements, opening the perspective that these movements were due to a lesion of 
the non-dopaminergic cells in the retrorubral area (Mugnaini and Oertel, 1985; 
Swanson, 1982). The cocktail neither altered the lesion-induced changes in the 
kinetic melody of body movements that enabled the cats to compensate the lesion-
induced changes. Apparently, these movements were mediated by non-dopaminergic 
structures. 

CONCLUSIONS 

The cocktail of the dopamine Dl agonist SKF 81297 and the dopamine D2 
agonist LY 171555 produced two classes of effects: (a) it fully restored the lesion-
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induced decreased ability to switch arbitrarily motor patterns and the lesion-induced 
increased ability to switch motor patterns with the help of cues, and (b) it enhanced 
the cats efficiency of collecting food pellets, and allowed the cats to walk more 
often in the middle of the treadmill 
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6-Hydroxydopamine lesion in the A8 cell group of cats 
produces a short-lasting decrease in accuracy of 
goal-directed forepaw-movements 

Recently, feline studies have shown that a lesion in the retrorubral area, 
which includes the dopaminergic A8 cell group, produces a behavioural deficit that 
is specific for a reduced dopaminergic activity in the striatal terminal region of A9 
fibres. Since A8 fibres terminate in the A9 cell group, it was suggested that a lesion 
in the A8 cell group produces a hypofunction of A9 cells. Given the fact that a 
dopaminergic hypofunction in the striatal terminal region of A9 fibres, has direct 
consequences for the function of its first outputstation, the substantia nigra pars 
reticulata (SNR), the present study was undertaken to investigate whether a lesion of 
the A8 cell group can also affect the function of the SNR. The integrity of the SNR 
allows an animal to perform particular goal-directed targeting movements, to alter 
its stationary body position and to initiate limb movements that are at rest. 
Therefore, the (dys)function of the SNR of cats with a lesion in the A8 cell group 
was tested in an experimental set-up that allows the assessment of changes in the 
execution of voluntary movements of the body and forelimbs. The A8 lesion 
produced: ( 1 ) a short-lasting increase in number of reaching errors, (2) a short-
lasting delay in movement initiation, (3) a short-lasting increase in pellet collecting-
time, (4) a reduced ability to perform two motor programmes simultaneously and (5) 
a reduced ability to realign the body position. 
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Introduction 

Recently, feline studies have shown that a small lesion in the retrorubral area, 
which includes the dopaminergic A8 cell group, produces a behavioural deficit that 
is specific for a reduced dopaminergic activity in the terminal region of 
dopaminergic A9 fibres (Arts and Cools, in press). Since the A8 cell group is known 
to project on dopaminergic A9 cells (Arts et al., 1996; Deutch et al., 1988), it was 
hypothesised that the lesion produced a hypofunction of the dopaminergic A9 fibres. 
Given the previously reported finding that a dopaminergic hypofunction in the 
striatal terminal region of A9 fibres, has direct consequences for the function of its 
first outputstation, namely the substantia nigra pars reticulata (SNR; Jaspers et al., 
1989), the question arose whether a lesion of the A8 cell group can also affect the 
function of the SNR. Unilateral ablation of the SNR in monkeys have been found to 
increase the latency of initiation and performance of particular goal-directed 
pointing movements and to decrease the accuracy of these movements (Viallet et al., 
1987). Furthermore, feline studies have shown that the SNR allows the animal to 
alter its stationary body position and to initiate limb movements that are at rest 
(Cools et al., 1983). These and related data have led us to conclude that the SNR 
enables the organism to use static proprioceptive stimuli for switching motor 
programmes that are required for the initiation and execution of voluntary 
movements of various body parts (cf. Cools et al., 1984). The present study was 
undertaken to investigate the consequences of a lesion in the retrorubral area on the 
function of the SNR. For that reason, cats with a lesion in the retrorubral area were 
tested in an experimental set-up that allows the assessment of changes in the 
execution of voluntary movements of the body and forelimbs. 

Materials and methods 

SUBJECTS 

Twenty cats were selected on the basis of acceptance of the offered food 
pellets (Felix, the Netherlands). The cats, 12-13 months of age, weighing between 
4.5-5.7 kg, were obtained from the Central Laboratory of the University of 
Nijmegen. They were housed in a homecage being a room (250 χ 250 χ 400 cm) and 
maintained on a 12-hr light-dark cycle (lights on from 6:30 a.m. to 18:30 p.m.). 
Water was available ad libitum, food (Hope Farm) was available until two hours 
before testing. All experiments were performed according to international, national, 
and institutional guidelines for animal experimentation. 
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SURGICAL PROCEDURE 

General 

The cats were anaesthetised with a mixture of 02 and 5% Ethrane® (Abbot, 
the Netherlands) and subsequently intubated to maintain surgical levels of 
anaesthesia. To prevent infection and mucous secretion, the animals received an 
injection of Albipen® LA (Mycofarm Nederland, the Netherlands: 20 mg/kg, 
subcutaneously) and Atropini Sulfas® (Pharmachemie, the Netherlands: 0.5 mg/4.5 
kg, intramuscularly), respectively. Thereafter the cats were secured in a stereotaxic 
apparatus. 

Lesion 

Thirteen cats received bilateral injections aimed at the A8 cell group, using 
the following coordinates: anterior (+) 2.8 mm (with an angle of 10°, tip pointing 
caudal), lateral 2.8 mm and ventral (-) 5.7 mm (with respect to the interaural point; 
according to Arts et al., 1996, in press; Snider and Niemer, 1964). Before placement 
of the lesion, an injection of 0.5 μΐ (0.02 μ1/15 sec) desipramine-HCl (DMI; Ciba-
Geigy, Switzerland; 20 μg/μl dissolved in distilled water) was given in each A8 cell 
group (first left then right), in order to prevent destruction of noradrenergic nerve 
terminals. The A8 cell group was lesioned by injecting bilaterally (first left then 
right) a 0.5 μΐ solution, containing 10 μg 6-hydroxydopamine (6-OHDA; Sigma, St. 
Louis, USA; 10 μ&Ό.5 μΐ dissolved in 0.1% ascorbic acid in saline). DMI and 6-
OHDA were delivered by means of a 1 μΐ syringe (Hamilton Bonaduz AG, 
Switzerland) at a speed of 0.02 μ1/15 seconds and left in situ for 5 minutes. The time 
between each injection was 5 minutes. 

Sham lesion 

In seven cats, a bilateral sham lesion in the A8 cell group was accomplished 
according to the above mentioned procedure for inducing a lesion, with the 
exception that an empty syringe was inserted: no substances were injected. 

APPARATUS 

The apparatus consisted of a wooden test-chamber (55 χ 55 χ 55 cm) with a 
clear Plexiglas front wall, which covered all but a 5 cm slot along the bottom (Fig. 
5.1; Wisconsin General Test Apparatus, Warren et al., 1972). In front of this slot the 
bottom was extended with 10 cm, providing a tray on which the pellets were placed. 
Pellets could be retrieved by reaching underneath the Plexiglas front wall. In case 6 
pellets were placed in a row, the distance between the pellets was 8 cm. Thus, the 
outermost pellets were placed 40 cm apart. This positioning of the pellets was 
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A B С D E 

Fig. 5.1. Illustration of the apparatus used for the evaluation of the execution of voluntary 
movements of the body and forelimbs. A to F mark the positions used for placement of food pellets. 

Chosen for two reasons: the cat had to collect the pellets successively, and the cat 
had to tum its head, forequarter or hindquarter in order to collect the various pellets. 

EXPERIMENTAL SET- UP AND DESIGN 

Before surgery, cats were trained to collect the offered pellets on five 
consecutive days. At the end of the training procedure all cats had developed the 
skill to reach and/or grasp a pellet while turning simultaneously its head, and fore-
quarters when necessary, towards the pellet that was collected afterwards. 

lesion 

test day 1 2 3 1 2 3 4 5 6 7 8 9 10 

cluster 

delta 

1 1 

0 1 2 

1 2 

ι 

3 

3 

Fig. S.2. Time-schedule of the experimental design and a scheme illustrating the lumping of data 
into sets (clusters, delta values) that were incorporated in the statistical analysis. For details: see 
Material and Methods, data reduction and statistical analysis. 
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CD1 Al Fl AFI AtoFCD2 A2 F2 AF2 

Fig. 5.3. Schedule of the trials which were successively performed: (1) one pellet in the middle of 
tray at a position between С and D (CD1); (2) one pellet positioned right (Al); (3) one pellet 
positioned left (Fl); (4) one pellet left and one pellet right (AFI); (S) a pellet placed at any of the six 
positions (A to F); (6) one pellet in the middle of tray at a position between С and D (CD2); (7) one 
pellet positioned right (A2); (8) one pellet positioned left (F2); (9) one pellet left and one pellet right 
(AF2). The letters A - F on the right mark the positions of the pellets. 

Thereafter, the cats were tested on three successive days which provided results 
under basal conditions (Fig. 5.2; pre-lesion period). After surgery, cats were given 
one day of rest followed by nine consecutive test days (Fig. 5.2; post-lesion period). 
The test started with the placement of the cat in the box. Thereafter, the front wall, 
including the slot along the bottom, was covered with the opaque screen to prevent 
the cat from seeing the positioning of the pellets by the experimentator. Food pellets 
were offered on the tray according to the schedule shown in figure 5.3. 

Cats were tested daily in a fixed order with one experiment per day. 
Experiments were carried out between 13:30 p.m. and 16:00 p.m. 

DEPENDENT VARIABLES 

Collecting-time 

Defined as time needed to grasp and retrieve 1, 2 or 6 pellets. The time was 
measured in seconds, starting at the removal of the covering opaque screen and 
ending as soon as the last gathered pellet passed underneath the Plexiglas front wall. 

Reaching error 

A reaching error was defined as a paw sweep that just missed the pellet to be 
grasped. This item was analysed where appropriate. 
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Paw attitude 

Normal: A normal paw movement is characterised by a forward, and lateral 
to medial sweep of the paw, while the claw is curved with extended nails in order to 
envelop the food and to draw it in. Occasionally there is a hooking of the food with 
only the tips of the claws, but the movement and direction has to be goal-directed 
and accurate (according to the definition used by Olmstead and Villabianca, 1979). 

Abnormal: An abnormal paw movement is characterised by the absence of 
the lateral to medial sweep, the curved claw, or extension of nails (paw attitudes 1 -4 
as defined by Olmstead and Villabianca (1979) were grouped). 

Combined occurrence of reaching and orienting 

The cat has to make skilled grasp and retrieve movements in order to collect 
a pellet, while turning simultaneously its head to orient itself towards the pellet that 
is collected afterwards. 

Postural adjustment 

The cat has to make skilled quick reach and/or grasp movements in order to 
collect a pellet, while turning simultaneously its head and fore- or hindquarters to 
adjust its body position towards the outermost pellet that is collected afterwards. 

HISTOLOGY 

After the final experiment, the cats were deeply anaesthetised with 
pentobarbital (intraperitoneally; Narcovet®, Apharmo, the Netherlands) and 
thereafter transcardially perfused with 500 ml saline, followed by 750 ml fixative 
containing 4% paraformaldehyde and 0.05% gluteraldehyde in a 0.1 M 
phosphatebuffer (pH 7.4) solution. Brains were dissected and further processed for a 
Nissl- and tyrosine-hydroxylase staining according to Arts et al. (1996). 

DATA REDUCTION AND STATISTICAL ANALYSIS 

For the collecting-time and reaching errors, the lumping of data was done 
according to the following steps: (1) values collected across repeated trials were 
averaged (A1&A2; AF1&AF2); (2) values measured on three successive test days 
were lumped into a cluster (Fig. 5.2; cluster 0: pre-lesion days 1, 2, 3; cluster 1: 
post-lesion days 2, 3, 4; cluster 2: post-lesion days 5, 6, 7; cluster 3: post-lesion days 
8, 9, 10), since no statistical differences were found across the values of the three 
successive test days (data not shown); (3) given the large individual variability in 
individual scores in collecting-time and reaching errors, we calculated delta values, 
being the difference between the value of each cluster in the post-lesion period 
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(n=3) and the value of cluster 0, providing the actual units for statistical analysis 
(Fig. 5.2; delta 1-3). A multivariate analysis of variance (MANOVA) was 
performed to analyse interactions between groups. Post-hoc analysis with an 
independent-sample t-test was performed to analyse differences between groups 
where appropriate. Statistical analysis was performed on the Lesion group (n=9) and 
Sham-Lesion group (n=7). The Incorrect-Lesion group was not incorporated in the 
statistical analysis, due to the small number of animals. A probability level of 
p<0.05 was considered statistically significant. 

Results 

HISTOLOGY 

Histological verification of the injection sites revealed three groups: nine cats 
with injections within the dorsal region of the rostral and caudal part of the 
retrorubral nucleus (Lesion group, n=9). Four cats received injections outside the 
retrorubral nucleus (Incorrect-Lesion group, n=4). Seven cats received bilateral 
sham injections (Sham-Lesion group, n=7). A schematic overview of the bilateral 
injection sites is provided in figure 5.4. In figure 5.5 a representative example of a 
bilateral injection site is given. 

BEHA VIOURAL ANALYSIS 

Collecting-time 

One pellet. The collecting-time needed to grasp and retrieve a single pellet at 
position A, CD or F remained constant during the experiment (MANOVA: n.s.). An 
example of the time needed to collect one pellet for each of the three groups is 
provided in figure 5.6A. 

Two pellets. The lesioned cats showed a non-significant increase in the time 
needed to collect the two pellets (A and F), whereas such a tendency was not seen in 
the Sham-Lesion group or in the Incorrect-Lesion group (MANOVA: n.s.). 

Six pellets. Shortly after the lesion, the lesion group showed a large increase 
in the time needed to collect the six pellets in a row, that disappeared within nine 
days (Fig. 5.6C; F(2,28)=4.3; p<0.05). The Sham-Lesion group did not show such 
an effect. Post-hoc analysis revealed that the values of delta 1 and of delta 2 
significantly differed between the Lesion group and the Sham-Lesion group (delta 1 : 
t(l,12.4)=-2.2; p<0.05; delta 2: t(l,13,9)=-2,2; p<0.05; delta 3: t-test n.s.). The 
Incorrect-Lesion group showed no effect. 
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Fig S 4 Schematic drawing of transverse sections, ordered from rostral (A) to caudal (D), showing 
the injection sites in the RRN Left side representation of bilateral injection sites in individual cats 
Lesion group numbers 1-9, Sham-Lesion group numbers 10-16 (black dots), Incorrect-Lesion 
group numbers 17-20 Right side delineation of relevant structures in the ventral mesencephalon 
Abbreviations A8d, dorsal subdivision of the A8 cell group, A8v, ventral subdivision of the A8 cell 
group, ML, medial lemniscus, RN, red nucleus, SNC, substantia nigra pars compacta, SNL, 
substantia nigra pars lateralis, SNR, substantia nigra pars reticulata, VTA, ventral tegmental area 
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Fig. 5.5. Photomicrograph of a transverse section of a cat with a 6-OHDA lesion in the A8 cell 
group: a representative example. The injection sites are indicated by arrow heads (Nissl staining). 
Abbreviations: RN, red nucleus; SNC, substantia nigra pars compacta. 

Reaching error 

Immediately after the A8 lesion, a short-lasting increase was found in the 
number of reaching errors (Fig. 5.6D; F(2,28)=4.1; p<0.05). The Sham-Lesion 
group did not show such an effect. Post-hoc analysis revealed that the values of 
delta 1 significantly differed between the Lesion group and the Sham-Lesion group 
(delta 1: t(l,H)=-2.5; p<0.05). The values of delta 2 and 3 did not reveal such a 
difference (delta 2, 3 : t-test: n.s.). The number of reaching errors for the Incorrect-
Lesion group remained unchanged. 

Paw attitude 

The attitude of the paw movements were normal for all cats: a paw sweep 
ended with a curved claw, with a freeing of the nails, which enveloped the food and 
pulled it in. Abnormal paw movements did not occur. 

Combined occurrence of reaching and orienting 

Shortly after the lesion, seven cats (78%) made quick, short head movements 
from one pellet to another accompanied by similar short movements of the lifted 
limb or, a drifting away of the extended paw on the initiated movement direction. 
This deficit disappeared within three days. Thereafter, cats in the Lesion group 
"scanned" all pellets meanwhile sitting motionless on both hind- and forelimbs, 
until they suddenly grasped and retrieved a pellet. 
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Fig. 5.6 (A)-(B). Effect of a 6-OHDA lesion and a sham lesion in the A8 cell group on collecting 
time of one (A) and two (B) pellets. The dotted line indicates the time of the 6-OHDA lesion. 
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Fig. 5.6 (CHD). Effect of a 6-OHDA lesion and a sham lesion in the A8 cell group on collecting 
time of six pellets (C) and on the number of reaching errors (D). The dotted line indicates the time 
of the 6-OHDA lesion. In these figures the MANOVA provided a significant p-value, and was 
followed by a post-hoc t-test (see Materials and Methods): p<0.05 (*). 
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Postural adjustment 

Shortly after the lesion, five cats (56%) showed a reduced ability to adjust 
the forequarters in order to align their body position with the direction of the pellet. 
In the absence of this adjustment, the lesioned cats did not centre the sweeps on the 
pellets itself: the animals pawed at the shelf centimetres away from the actual target 
position. In 4 animals this pawing continued for several seconds before the cat hit 
the pellet and retrieved it. 

Visual fixation of a pellet 

Five of the nine lesioned cats (56 %) showed qualitative changes, especially 
during the collection of pellets A to F, which were never seen in sham-lesioned cats. 
All cats which displayed this phenomenon, fixated the last remaining, usually the 
outermost pellet (F) for several seconds before retrieving it. This deficit, which was 
accompanied by a decreased accuracy, disappeared within three days. 

Discussion 

The A8 lesion produced the following deficits: (1) a short-lasting decrease in 
accuracy of forepaw movements, (2) a short-lasting delay in movement initiation, 
(3) a short-lasting disproportionate slowing down in the retrieval of six pellets in a 
row, (4) a reduced ability to perform two motor programmes simultaneously, and (5) 
a reduced ability to realign the body position. 

The most important finding of the present study is that the lesion produced a 
short-lasting lack of accuracy in directing the paw movement which resulted in a 
discrepancy between the position of the response and the food pellet. This reduced 
accuracy, which contributes to the increase in collecting-time, can be attributed to 
two phenomena. First, the A8-lesioned cats suffered from a reduced ability to 
perform two tasks simultaneously: the cats failed to retrieve a pellet while looking 
away towards the next pellet. In other words, the cats showed a reduced ability to 
perform forepaw movements which were elicited but not continuously guided by 
external stimuli. This absence of continuous visual feedback during the targeting 
movement resulted in an increased latency and a decreased accuracy. In addition, 
the cats were forced to perform these tasks separately, thus successively. These 
findings are fully analogous to the results obtained by animal studies using monkeys 
with ablation of the SNR: these animals show a disturbed execution of pointing 
movements when they did not visually control the limb trajectory, whereas 
continuous visually guided movements remained unimpaired (Viallet et al., 1987). 
Taken these findings together, the A8 lesioned cats in the present study display 
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symptoms which are similar to the symptoms inherent to a dysfunctioning SNR 
system. Second, the increased number of reaching errors can also be attributed to the 
fact that the cats suffered from a lesion-induced reduced ability to shift their body 
position and align paws and trunk towards the position of the pellet: this alignment 
is essential for selecting and initiating the correct direction of a targeting movement. 
Therefore, the inability to shift the body position resulted in an increased number of 
reaching errors. In view of this finding it is relevant to note that the paw attitude 
remained unaffected by the lesion. Since the integrity of the SNR enables an animal 
to switch body position with the help of proprioceptive stimuli, which are essential 
for directing movement towards a fixed point, these data again suggests the 
involvement of the SNR. 

After a period of 6 days the cats in the present study succeeded in restricting 
the number of reaching errors. This functional recovery was due to the fact that the 
lesioned cats adopted new strategies. These data correspond with the finding that 
rats with skilled forelimb use develop alternative retrieval strategies after dopamine 
depletion in the striatum (Whishaw et al., 1986). In the present study, the cats 
succeeded in restricting the number of errors by scanning all pellets before selecting 
the correct movement direction and performing the motor programmes successively. 
In line with these findings is the fact that patients suffering from Parkinson's disease 
display more accurate and faster pointing movements than the control group, when 
they have complete vision of the target (Klockgether and Dichgans, 1994). 
Moreover, the phenomenon of disturbance of two concurrently performed motor 
acts is a characteristic feature of Parkinson's disease as well (Shimizu et al., 1986; 
Schwabetal., 1954). 

Apart from the above mentioned behavioural deficits, another feature 
contributed to the prolonged time: the lesioned cats suffered from a deficit in 
movement initiation which became apparent by the fact that cats were briefly 
motionless before retrieving the first pellet. These results are in agreement with the 
finding that patients suffering from Parkinson's disease display prolonged reaction 
times in different reaction time paradigms, which are due to a delay of movement 
initiation. 

In conclusion, the data of the present study show that a subtle lesion in the 
A8 cell group gives rise to deficits which are similar to those inherent to a 
dysfunctioning SNR system. 
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Role of the retrorubral nucleus 
in striatally elicited orofacial dyskinesia in cats: 
effects of muscimol and bicuculline 

Orofacial dyskinesia (OFD) is a disorder characterised by involuntary 
movements of the oral and facial muscles. OFD attacks can be elicited acutely in 
cats by local injections of dopaminergic agents into the anterodorsal part (r-CRM) 
of the caudate nucleus. Because the dopaminergic A8 cell group, being embedded in 
the retrorubral nucleus (RRN), gives rise to fibres which terminate in the r-CRM, 
two questions arose: (1) whether the A8 cell group forms part of the circuitry that 
directs and/or modulates OFD, and (2) whether GABA-ergic compounds in the 
RRN play a role in OFD, and if so, whether a pharmacological GABA-ergic 
intervention of the activity in the RRN modulates and/or mediates OFD. For this 
purpose, the activity of the RRN was manipulated with local injections of the 
GABA-A receptor agonist muscimol and antagonist bicuculline. These local 
injections into the RRN were subsequently combined with manipulations of the 
dopamine transmission in the r-CRM with local injections of the selective DAi 
receptor agonist (3,4- dihydroxyphenylimino)-2-imidazoline. The present study 
shows that local injections of GABA-ergic compounds into the RRN do not elicit 
OFD attacks in cats, but can modulate oral behaviour elicited from the r-CRM. The 
latter effect is dose dependent and GABA-ergic specific. 
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Introduction 

Orofacial dyskinesia (OFD) is a somewhat ill-defined syndrome which 
consists of abnormal and involuntary movements of the oral and facial muscles, 
which can take on many forms. These dyskinetic movements usually resemble 
continual chewing movements with intermittent darting movements of the tongue 
and abnormal movements of the lips (for review: Waddington, 1989). Movements of 
this nature are considered to be one of the most severe side-effects of long-term 
administration of neuroleptics (dopamine receptor antagonists) or L-DOPA 
(dopamine precursor), although they have been observed in non-treated elderly 
people as well (Waddington, 1989). 

Until now, the exact mechanisms underlying OFD are poorly understood and 
there is still no successful treatment available. It has been hypothesised, however, 
that part of the symptoms seen in OFD result from alterations in dopaminergic 
processes (Klawans et al., 1980), although it is generally excepted that it does not 
simply reflect supersensitivity of dopamine receptors. 

In cats, OFD can be elicited acutely by stimulation of dopamine receptors 
within the anterodorsal part of the caudate nucleus (r-CRM) with local injections of 
dopamine or (3,4-dihydroxyphenylimino)-2-imidazoline (DPI; Cools et al., 1976, 
1989a; Spooren et al., 1991a). This effect is locus-specific, because it cannot be 
elicited from the medial part of the caudate nucleus (Spooren et al., 1991a). This 
dopamine sensitive r-CRM area has been delineated on the basis of its 
insusceptibility to apomorphine and haloperidol, and its susceptibility to DPI, which 
is a potent agonist of the so-called DAi (IPSP-inducing) dopamine receptor subtype 
(Cools et al., 1976; Struyker Boudier et al., 1974), according to the original 
dopamine receptor subtype classification of Cools and van Rossum (1976). These 
DAi receptor subtypes are characterised by the following properties: (1) they are 
stimulated by dopamine, DPI, LY 171555 (selective D2 receptor agonist) and SKF 
38393 (selective Dl receptor agonist), but not by ergometrine (DAi receptor 
antagonist), haloperidol (mixed D1/D2 receptor antagonist), raclopride (D2 receptor 
antagonist) or SCH 23390 (Dl receptor antagonist). (2) They mediate OFD in rats 
and cats (rats: Johansson et al., 1987; Koene et al., 1993; Prinssen et al., 1994; cats: 
Spooren et al., 1991 a, 1991b), as well as inhibition of spontaneously firing of 
dopamine cells in the Helix aspera (Struyker Boudier et al., 1974). For similarities 
and dissimilarities between receptors of this receptor classification and the more 
recently discovered dopamine receptor subtypes, see Cools et al. (1989b). (3) They 
are located primarily in terminal areas of the A8 cell group, viz. brain structures that 
are known to be involved in OFD (rats, ventrolateral striatum: Delfs and Kelley, 
1990; rats, nucleus accumbens: Koshikawa et al., 1990 and Prinssen et al., 1994; 
cats, r-CRM: Cools et al., 1976; cats, nucleus accumbens: Cools et al., unpublished 
data). In addition, the r-CRM, which is delineated on the basis of this latter 
characteristic, that is a relatively high susceptibility to DPI, encompasses a region 
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that is primarily marked by extrastriosomal matrix, which is amongst others 
identified on the basis of its a high content of the enzyme acetyl Cholinesterase 
(Jiménez-Castellanos and Graybiel, 1987; Spooren et al., 1991a). An attack, evoked 
from the feline r-CRM usually starts unilaterally at the tip of one ear, subsequently 
the eye is opened and closed or kept closed, whereas the cheek displays fast 
contractions in various degrees of intensity. An attack always ends with an abnormal 
tongue protrusion (Cools et al., 1976; Spooren et al., 1989). Pharmacological and 
anatomical studies have demonstrated that OFD, elicited from the feline r-CRM, is 
funnelled via the subcommisurai part of the globus pallidus/extended amygdala and 
the subthalamic nucleus/lateral hypothalamic area, to lower order output stations 
(Spooren et al., 1989, 1991a, 1991b). 

Because the dopaminergic A8 cell group projects predominantly to the r-
CRM area in the caudate nucleus (Jiménez-Castellanos and Graybiel, 1987; Spooren 
et al., 1991a), the question arose whether the A8 cell group forms part of the 
circuitry that directs and/or modulates OFD. The A8 cell group is located in the 
retrorubral nucleus (RRN), which is situated in the ventral mesencephalon, dorsally 
and caudal ly to the substantia nigra pars compacta and laterally to the ventral 
tegmental area (Berman, 1968; Dahlström and Fuxe, 1964). 

Because the abnormal and involuntary movements of OFD have been 
associated with an altered γ-aminobutyric acid (GABA) activity in the brain, apart 
from the established role of dopamine (Fibiger and Lloyd, 1984; Stahl et al., 1988), 
we investigated whether especially GABA-ergic mechanisms in the RRN play a role 
in OFD, and if so, whether a pharmacological GABA-ergic intervention of the 
activity in the RRN modulates or mediates OFD. In order to investigate the function 
of this A8 projection to the r-CRM, the following experiments were performed. 
First, the activity of the RRN was manipulated with local injections of the GABA-A 
receptor agonist muscimol and antagonist bicuculline. Second, these local injections 
into the RRN were combined with manipulations of the dopamine transmission in 
the r-CRM with local injections of the selective DAi receptor agonist (3,4 
dihydroxyphenylimino)-2-imidazoline. 

Materials and methods 

SUBJECTS AND APPARATUS 

Intact male cats (n=7, Central Animal Laboratory, University of Nijmegen), 
weighing 3.8-4.7 kg, and 12-16 months of age were used during the experiment. 
They were housed together in a room (2 χ 3 χ 2 m) with a 12-hr day/night cycle 
(lights on from 6:30 a.m. to 18:30 p.m.). Food (Hope Farm) and water were 
available ad libitum. 
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The experiments were performed in a soundproof observation cage (90 χ 60 
χ 60 cm), with a transparent front panel to allow visual analysis. The cage was 
equipped with two ventilators that produced a constant background noise. 

All experiments were performed according to international, national, and 
institutional guidelines for animal experimentation. 

SURGERY 

Cats were anaesthetised with a mixture of 0 2 , N20 and 3-3,5% Ethrane® 
(Abbot BV, the Netherlands) and subsequently tracheally intubated to maintain 
anaesthetic levels of gasses during the operation. Atropini sulfas® (0.5 mg; 
Pharmachemie BV, Haarlem, the Netherlands), which stabilises cardiac rhythm and 
prevents abundant secretion of saliva, and the antibiotic Albipen (150 mg 
ampicilline; Mycofarm, De Bilt, the Netherlands) were injected intramuscularly and 
subcutaneously respectively. 

Stainless steel guide cannulas (outer diameter 0.80 mm) were bilaterally 
implanted into the r-CRM (coordinates: anterior 18.0, lateral 5.0, ventral 5.3 mm, 
with respect to the interaural point; Snider and Niemer, 1964) and into the RRN 
(coordinates: anterior 2.0 and 10°, tip pointing caudally, lateral 3.0, ventral (-)5.75 
mm, with respect to the interaural point; Snider and Niemer, 1964). To avoid tissue 
damage, the tip of the cannulas were placed 0.5-1.0 mm above the r-CRM and 1.5-
2.0 mm above the RRN. Cannulas were fixed onto the skull with dental acrylic 
cement (Palladur powder and liquid; Kulzer GmbH, Wehrheim, FRG) and 
supportive stainless screws. The incisions were disinfected with Chlortetracycline 
HCl (AUV, Cuijk, the Netherlands). During recovery from the operation the wounds 
were treated with Acederm (Ace veterinary products, Maarssen, the Netherlands). 

HABITUATION AND EXPERIMENTAL SET-UP 

Habituation 

After at least one week of recovery from the operation, the animals were 
habituated to the observation cage during three sessions of 1 hour on consecutive 
days. On the second habituation day, the inner cannulas were removed and replaced 
after 30 min (t=30). On the third habituation day, each cat received bilateral sham 
injections into the target areas, according to the procedure described below. 

Experimental set-up 

Cats were tested once a week in a fixed order. The inner cannulas were 
removed, and the cat was placed in the observation cage (t=0). Both the pre-
injection period (preceding the two sets of bilateral injections), and the post-
injection period (following the two sets of bilateral injections) lasted 30 minutes. 
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Intracaudate injections (t=30 min) were followed by local injections into the RRN 
(t=40 min). Injections were given by means of a 5 μΐ Hamilton syringe (needle outer 
diameter: 0.45 mm, blunt tip). The substances were injected at a speed of 0.5 μ1/10 
seconds. After each injection the needle was kept in situ for another 10 seconds. 
Thereafter, the inner cannulas were replaced. 

The pre-injection period was used to discard animals that displayed 
functional damage, that is an increased number of tongue protrusions, as a 
consequence of histological damage induced by previous injections. Using this 
criterion, two cats were excluded from the experiment (data not shown). 
Histological analysis revealed that the lesions were relatively large, but did not 
encompass brain tissue outside the RRN. Behaviour, recorded via a closed 
television-circuit, was analysed with the help of The Observer® (Noldus 
Information Technology, Wageningen, the Netherlands). 

DEPENDENT VARIABLE 

Since each attack ends with a tongue protrusion (see Introduction; Cools et 
al., 1976; Spooren et al., 1989), the number of tongue protrusions was used to 
quantify OFD. Tongue protrusions aimed at an object or the subject itself were not 
incorporated in the analysis. 

DRUGS 

The following drugs and combination of drugs were subsequently injected: 
(1) GABA receptor antagonist (l)-bicuculline methiodide (BIC; dose: 300 ng or 600 
ng; RBI, Natick, USA), or the GABA receptor agonist muscimol-HBR (MSM; dose: 
150 ng; RBI, Natick, USA) into the RRN in combination with solvent into the 
r-CRM in order to investigate the potency of GABA-ergic agents to elicit 
OFD. (2) DAi receptor agonist 3,4-dihydroxyphenylimino-2-imidazoline (DPI; 
dose: 10 μg/5 μΐ; Boehringer Ingelheim, FRG) into the r-CRM, in combination with 
distilled water into the RRN in order to elicit OFD. (3) Intra r-CRM injections of 
DPI (10 μg/5 μΐ) in combination with BIC (300 or 600 ng/0.5 μΐ), or MSM (150 ng) 
in order to investigate the possible modulatory role of the RRN on the dopamine 
activity in the r-CRM, and (4) BIC (600 ng) and MSM (150 ng) in a cocktail 
injected into the A8 cell group, in combination with distilled water or DPI into the r-
CRM in order to investigate the specificity of the drug induced effects. The 
experiment started with the injections of the corresponding vehicle (distilled water). 
The intracaudate injection volume was 5 μΐ per site whereas the volume injected 
into the RRN was 0.5 μΐ per site. The injection volume of the intrastriatal DPI 
injections was based on the outcome of previous experiments in which it has been 
found that DPI dissolved in this volume is only effective when injected into the r-
CRM but not in other parts of the caudate nucleus (Spooren et al., 1991). The 
concentrations of DPI, BIC and MSM were chosen on the basis of the outcome of 
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earlier reported experiments (Cools et al., 1976; Spooren et al., 1991a). The 
concentration of DPI was chosen, in view of the fact that it has been shown to be the 
most potent dosage for inducing OFD when injected into the r-CRM during the 
months march, april, august and september (Cools et al., 1976; Spooren et al., 
1991a). The present experiment was performed in a period of relative 
insusceptibility to DPI (january/february) which implies that the basal release of 
dopamine is high during this period (see also Discussion; Cools et al., 1978). The 
sequence of bilateral injections (first r-CRM then RRN) was chosen for the 
following reasons: (1) BIC injections are effective 1-20 minutes following injection 
(Gunne et al., 1988), (2) the most prominent attacks elicited by DPI injections into 
the r-CRM are clustered in a period ranging from 10-20 min after the injection 
(spooren et al., 1989). The solutions were stored at 4°C. At least 30 minutes prior to 
injection, the solutions were adjusted to room temperature. 

HISTOLOGICAL VERIFICATION 

After the final experiment, the cats were injected with pentobarbital 
(Narcovet, 60 mg/kg intraperitoneal ly and subsequently 15 mg/kg intravenously, 
Apharma, Arnhem, the Netherlands). Thereafter, the animals were transcardially 
perfused with saline followed by a fixative containing 0.05 % glutaraldehyde and 4 
% paraformaldehyde dissolved in 0.1 M phosphate buffer (PB; pH 7.4). The 
dissected brains were kept on a 30 % sucrose solution in PB for at least 48 hour and 
thereafter cut on a freezing microtome into 70 μπι sections. Sections were mounted 
and subsequently stained with cresylviolet. 

STATISTICAL ANALYSIS 

Given the large inter-individual variation in oral behaviour, delta values were 
calculated by subtracting the number of scored tongue protrusions in the 30 minutes 
pre-injection period from the number of scored tongue protrusions in the 30 minutes 
post-injection period. These delta values, which are normally distributed, were 
statistically analysed, using the paired t-test. Dose-response effects were analysed 
with the help of the GLM-repeated measures ANOVA (SPSS). 

Results 

HISTOLOGICAL VERIFICATION 

Verification of the injection sites revealed that all injections were placed 
within the dorsal region of the RRN or within the r-CRM. The distribution of the 
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Fig. 6.1 Schematic drawings of transverse sections, ordered from rostral (top) to caudal (bottom), 
showing the bilateral injection sites in individual cats (n=7) in the RRN (A) and the r-CRM (B). 
Abbreviations. A8, A8 cell group; ML, medial lemniscus; r-CRM, anterodorsal part of the caudate 
nucleus, SNC, substantia nigra pars compacta. 
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Fig. 6.2. Photomicrograph of (A) a representative location of an injection site in the RRN, and (В) a 
representative location of an injection site in the r-CRM, including the cannula-tip directed to this 
region. Abbreviations: A8, A8 cell group; ML, medial lemniscus; r-CRM, anterodorsal part of the 
caudate nucleus; SNC, substantia nigra pars compacta. 

injection sites is illustrated in figure 6.1A and 6.1B. A representative example of the 
injection sites in the RRN and r-CRM is provided in figure 6.2A and 6.2B 
respectively. 

OROFACIAL DYSKINESIA 

Tongue protrusions consisted of both normal and abnormal tongue 
movements. Normal tongue movements consisted of protruding the flat tongue, 
whereas abnormal tongue movements implied a variety of movements: curling 
upwards of the lateral side of the tongue and then protruding the curled tongue via 
the left or right corner of the mouth, curling upwards and inwards of the tip of the 
tongue against the palatum and then protruding, or pressing the tongue against the 
inner side of the cheek and then protruding. In the present study, ear wiggling was 
often seen prior to a tongue protrusion. 
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Fig. 6.3 Delta values of the number of tongue protrusions in 30 minutes after local injections of 
solvent (A) or DPI (B) into the r-CRM in combination with solvent, bicuculline (BIC; 300 ng, 600 
ng) or muscimol (MSM; 150 ng) into the RRN Represented are mean values and standard errors of 
the mean. Differences indicated: *(p<0.05) as compared to DPI/solvent; #(p<0.05) and ##(p<0.005) 
as compared to DPl/BIC(600ng);A(p<0.05) as compared to solvent/solvent 
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In case a full-blown OFD attack was elicited, it consisted of tic-like 
contractions of one ear, which was moved back and forth with high frequency, and 
subsequently of the ipsilateral eye, which was quickly opened and closed or kept 
half closed, whereas the cheek displayed fast contractions in various degrees of 
intensity. An attack always ended with a tongue protrusion. 

DRUG INDUCED EFFECT 

Since the scores in the pretreatment session were subtracted from those in the 
experimental session (see Materials and Methods), the resulting delta values could 
be either negative or positive. 

Bilateral injections of DPI into the r-CRM significantly increased the number 
of tongue protrusions (Fig. 6.3B; DPI/solvent vs solvent/solvent: t(6)=3.20; p<0.05). 

Injections of BIC (300 and 600 ng) into the RRN, which per se were 
ineffective (Fig. 6.3 A), potentiated the number of tongue protrusions elicited by DPI 
injections into the r-CRM in a dose dependent manner (Fig. 6.3B; MANOVA; 
F(l,7)=15,53; p<0.01). Statistical analysis using the t-test revealed a significant 
difference between the values of the DPI/BIC (600ng) injections and the 
DPI/solvent injections (Fig. 6.3B; t(6)=2,62; p<0.05), and between the values of the 
DPI/BIC (600ng) injections and the solvent/BIC (600ng) injections (Fig. 6.3A; 
t(6)=2,62; p<0.05). Muscimol injections into the RRN, which per se were 
ineffective (Fig. 6.3A), showed a non-significant tendency to decrease the number 
of tongue protrusions elicited by DPI injections into the r-CRM. 

The bicuculline induced increase in number of tongue protrusions elicited by 
DPI was significantly decreased by muscimol (DPI/BIC (600ng) vs DPI/BIC 
(600ng) & MSM (150ng): t(6)=3,43; p<0.05). 

Discussion 

The present results show that local injections of the GABA-A receptor 
antagonist bicuculline into the RRN potentiates the number of tongue protrusions 
elicited by DPI injections into the r-CRM, whereas injections of bicuculline alone 
remained ineffective in this respect. This bicuculline induced potentiation was dose-
dependent and GABA-ergic specific. 

EFFECT OF MSM AND BIC INJECTIONS INTO THE RRN 

Local injections of MSM or BIC into the RRN did not result in OFD attacks. 
Two explanations can be given for this finding. First, the concentration of MSM and 
BIC were below threshold of inducing OFD. This however, is highly unlikely for 
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two reasons, (a) Intracranial injections of lower concentrations of MSM or BIC than 
the ones used in the present study have been found to be effective (Gunne et al., 
1988), and (2) the chosen concentration of BIC enhanced the OFD elicited from the 
r-CRM (see below). An alternative explanation for the ineffective injections of 
MSM and BIC is that the GABA-ergic drugs did affect more than one neuronal 
population. This possibility will be elaborated in the final section. 

EFFECT OF DPI INJECTIONS INTO THE R-CRM 

The data of the present study were collected in a period of relative 
insusceptibility to DPI (January/February). This period was chosen in view of the 
previously reported finding that especially the dopaminergic antagonist, but not the 
dopaminergic agonist was effective at that period, implying that the basal release of 
dopamine is high during this period (Cools et al., 1978; Spooren et al., 1991a). 
Indeed, the present study shows that the number of OFD attacks elicited by DPI was 
relatively small in this test-period. 

EFFECT OF BIC AND MSM ON DPI INDUCED EFFECT 

Local injections of BIC into the RRN enhanced the number of tongue 
protrusions elicited by DPI injections into the r-CRM. These data correspond with 
the finding that activation of the GAB A receptors in the dopaminergic cell groups in 
the ventral mesencephalon can inhibit the dopamine release in the caudate nucleus, 
as shown by in vitro experiments (Chaudieu et al., 1994; Lacey et al., 1988). In vivo 
experiments, however, are not in line with this notion (Kalivas et al., 1990; 
Klitenick et al., 1992). Nevertheless, the present findings suggest that GAB A can 
directly or indirectly inhibit A8 dopaminergic neurons. According to the available 
anatomical studies, dopaminergic fibres that arise in the A8 cell group being 
embedded in the RRN, terminate in the r-CRM (Jiménez-Castellanos and Graybiel, 
1987; Spooren et al., 1991a). Stimulation of dopaminergic receptors in this striatal 
area elicits OFD. The present study shows that inhibition of GABA-A receptors in 
the RRN potentiates OFD elicited by a dopaminergic agonist injected into the 
r-CRM of cats. These data together show that the dopaminergic cells in the feline 
RRN being directly or indirectly inhibited by GABA do play a role in OFD. 
Nevertheless, manipulation of the GABA-ergic neurotransmission in the RRN 
remains ineffective. Given this set of conflicting data, it is relevant to consider the 
known facts about the circuitry that mediates OFD. A first pathway that can serve as 
an anatomical substrate for the expression of oral movements is the retrorubro-
striatal pathway. Spooren et al. (1989, 1991a, 1991b) have demonstrated that OFD 
elicited from the feline r-CRM is funnelled via the subcommissural part of the 
globus pallidus/extended amygdala and from the latter to the subthalamic/lateral 
hypothalamic area to the substantia nigra pars reticulata (Krosigk et al., 1992), a 
region that in turn projects to the medullary parvocellular zone of the reticular 
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formation (pcRF). The pcRF is a region which contains orofacial premotor nuclei 
and gives rise to neurons that converge onto neurons in the trigeminal motor nucleus 
(Fort et al., 1990; Travers and Norgren, 1983). A second pathway that can serve as 
anatomical substrate for the expression of oral movements is the retrorubro-reticular 
pathway. The population of neurons in the retrorubral nucleus which project to the 
reticular formation has been shown to receive GABA-ergic input from the globus 
pallidus (Krosigk et al., 1992). In other words, the RRN gives rise to at least two 
distinct types of pathways, each of these being involved in the display of oral 
behaviour and being under the control of GABA-ergic neurons. If these two GABA-
ergic pathways exert a diametrically opposite effect on the generation of OFD, it 
becomes understandable why RRN-injections of GABA-ergic agents in otherwise 
non-treated cats remain ineffective. In this context it is of interest to note that two 
cats had to be excluded because of the display of an increased number of tongue 
protrusions during the pre-injection period. Because histological analysis revealed 
that these two cats suffered from a relative large lesion (see Materials and Methods), 
the above-mentioned hypothesis implies that the lesions in these cats encompassed 
among others neurons that belong to the descending GABA-ergic pathway. Future 
research is required to investigate this possibility. Despite the latter uncertainty, the 
present study clearly reveals that GABA-ergic mechanisms in the RRN modulate 
OFD that is elicited from the caudate nucleus. 
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Activation of N-methyl-D-aspartate receptors 
in the feline retrorubral nucleus 
elicits orofacial dyskinesia 

Stimulation of dopamine receptors within a circumscribed subregion of the 
feline caudate nucleus, that is the anterodorsal part of this nucleus (r-CRM), with 
dopamine or the dopamine receptor agonist (3,4-dihydroxyphenylimino)-2-
imidazoline (DPI) elicits orofacial dyskinesia (OFD). OFD is a syndrome of tic-like 
contractions of the facial muscles which ends with a tongue protrusion. Afferent 
fibres of the r-CRM are known to emanate from the retrorubral nucleus (RRN), 
including the A8 cell group. On the basis of these findings it was hypothesised that 
the dopaminergic retrorubral A8 cells form part of the circuitry that directs and/or 
modulates OFD. The present study was undertaken to investigate whether excitation 
of A8 cells can modulate and/or mediate OFD. For this purpose, the activity of the 
RRN was manipulated with local injections of N-methyl-D-aspartate (NMDA). In 
order to investigate to what extent the effects that are elicited by activation of 
NMDA-receptors in the A8 cell region, are related to dopaminergic processes in the 
terminal areas of A8 fibres in the caudate nucleus, local injections of NMDA into 
the RRN were combined with DPI injections into the r-CRM. The present study 
shows that local injections of NMDA into the RRN elicits orofacial dyskinetic 
behaviour. This effect is dose-dependent, NMDA specific, and inhibited by 
intracaudate injections of DPI. 
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Introduction 

Orofacial dyskinesia (OFD) in man is a syndrome of involuntary movements 
of the tongue, lips and facial muscles. It becomes manifest by protrusions of the 
tongue and abnormal movements of the tongue in the oral cavity (Jeste and 
Caligiuri, 1993; Sigwald et al., 1959). This syndrome is one of the most severe side-
effects of chronic treatment with neuroleptics (dopamine receptor antagonists) or 
L-DOPA (dopamine precursor), although it appears in unmedicated elderly people 
as well (for review: Waddington, 1989). It has been hypothesised that OFD is due, 
at least in part, to alterations in dopaminergic processes (Klawans et al., 1980), 
although the simple notion that it merely reflects supersensitivity of dopamine 
receptors is no longer tenable (Cools et al., 1983; Ellison and See, 1989; Henner and 
Marsden, 1986; Waddington, 1990). 

The symptoms of OFD, especially tongue protrusions, can be elicited acutely 
by local injections of dopamine or the dopamine receptor agonist (3,4-
dihydroxyphenylimino)-2-imidazoline (DPI; Cools et al., 1976; Spooren et al., 
1991a) into a circumscribed subregion of the feline caudate nucleus, that is the 
anterodorsal part of this nucleus (r-CRM). DPI is a potent agonist of the so-called 
DAi (IPSP-inducing) dopamine receptor subtype (Cools et al., 1976; Stniyker 
Boudier et al., 1974), according to the original dopamine receptor subtype 
classification of Cools and van Rossum (1976). For similarities and dissimilarities 
between receptors of this receptor classification and the more recently discovered 
dopamine receptor subtypes, see Cools et al. (1989b). As described elsewhere 
(Cools et al., 1978), the r-CRM is amongst others characterised by the presents of 
DAi receptors. A full blown OFD attack, evoked from the feline r-CRM, consists of 
successive dyskinetic movements of the ear-, eye- and cheek muscles. An attack 
always ends with an abnormal tongue protrusion. Spooren et al. (1991a, 1991b, 
1993) have demonstrated that OFD elicited from the r-CRM is funnelled via the 
subcommisurai part of the globus pallidus/extended amygdala and subthalamic 
nucleus/lateral hypothalamic area to lower order output stations. In addition to this 
efferent pathway, Spooren et al. (1991a) have also demonstrated that afferent fibres 
of the r-CRM emanate from the retrorubral nucleus (RRN), including the A8 cell 
group. On the basis of these findings it was hypothesised that the dopaminergic 
retrorubral A8 cell group forms part of the circuitry that directs and/or modulates 
OFD. Indeed, a recent pharmacobehavioural study has shown that inhibition of 
GABA-A receptors in the RRN enhances OFD elicited by the dopamine DAi 
receptor agonist DPI injected into the r-CRM (Arts et al., in press). 

The present study was undertaken to investigate whether excitation of A8 
cells can mediate orofacial dyskinetic behaviour. For this purpose, the activity of the 
RRN was manipulated with local injections of N-methyl-D-aspartate (NMDA). 
NMDA receptor activation was chosen for two reasons. First, it has been shown in 
the racoon that the A8 cell group in the RRN receives a glutamatergic projection 
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from the supplementary motor cortex (Sakai, 1988). Second, NMDA receptor 
activation is known to enhance the release of dopamine from nerve terminals of 
nigro-striatal dopaminergic neurons (Komhuber et al., 1984; Westerink et al., 1992). 
In order to investigate to what extent the effects that are elicited by activation of 
NMDA-receptors in the A8 cell region, are related to dopaminergic processes in the 
terminal areas of A8 fibres in the caudate nucleus, local injections of NMDA into 
the RRN were combined with DPI injections into the r-CRM. The susceptibility to 
dopamine and DPI is known to vary across the year: it is high during the months 
march, april, august and september, but low during the remaining part of the year: it 
has been suggested that the susceptibility to dopamine and DPI decreases as the 
release of dopamine increases (Cools et al., 1978). As discussed elsewhere in detail 
(Cools et al., 1987), a high synaptic release results not only in a low susceptibility of 
postsynaptic receptors, but also in a high susceptibility of presynaptic receptors. 
Because injections of NMDA into the RRN where expected to enhance the release 
of dopamine in the r-CRM, we hypothesised that stimulation of the dopaminergic 
presynaptic receptors in the r-CRM would inhibit the behavioural effects of NMDA, 
when given during periods marked by a high synaptic release of dopamine. 

The present study shows that local injections of NMDA into the RRN elicits 
orofacial dyskinetic behaviour. This effect is dose-dependent, NMDA specific, and 
inhibited by intracaudate injections of DPI. 

Materials and methods 

SUBJECTS AND APPARATUS 

Intact male cats (n=8, Central Animal Laboratory, University of Nijmegen), 
weighing 4.2-5.1 kg, and 13-16 months of age were used during the experiment. 
They were housed together in a room (2 χ 3 χ 2 m) with a 12-hr day/night cycle 
(lights on from 6:30 a.m. to 18:30 p.m.). Food (Hope Farm) and water were 
available ad libitum. 

The experiments were performed in a soundproof observation cage (90 χ 60 
χ 60 cm), with a transparent front panel to allow visual analysis. The cage was 
equipped with two ventilators that produced a constant background noise. 

All experiments were performed according to international, national, and 
institutional guidelines for animal experimentation. 

SURGERY 

Cats were anaesthetised with a mixture of 02, N20 and 3-3,5% Ethrane® 
(Abbot BV, the Netherlands) and subsequently tracheally intubated to maintain 
anaesthetic levels of gasses during the operation. Atropini sulfas® (0.5 mg; 
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Pharmachemie BV, Haarlem, the Netherlands), which stabilises cardiac rhythm and 
prevents abundant secretion of saliva, and the antibiotic Albipen (150 mg 
ampicilline; Mycofarm, De Bilt, the Netherlands) were injected intramuscularly and 
subcutaneously respectively. 

Stainless steel guide cannulas (outer diameter 0.80 mm) were bilaterally 
implanted into the r-CRM (coordinates: anterior 18.0, lateral 5.0, ventral 5.3 mm, 
with respect to the interaural point; according to Arts et al., in press; Snider and 
Niemer, 1964) and into the RRN (coordinates: anterior 2.0 and 10°, tip pointing 
caudally, lateral 3.0, ventral (-)5.75 mm, with respect to the interaural point; 
according to Arts et al., in press; Snider and Niemer, 1964). To avoid tissue damage, 
the tip of the cannulas were placed 0.5-1.0 mm above the r-CRM and 1.5-2.0 mm 
above the RRN. Cannulas were fixed onto the skull with dental acrylic cement 
(Palladur powder and liquid; Kulzer GmbH, Wehrheim, FRG) and supportive 
stainless screws. 

The incisions were disinfected with Chlortetracycline HCl (AUV, Cuijk, the 
Netherlands). During recovery from the operation the wounds were treated with 
Acederm (Ace veterinary products, Maarssen, the Netherlands). 

HABITUATION AND EXPERIMENTAL SET-UP 

Habituation 

After at least one week of recovery from the operation, the animals were 
habituated to the observation cage during three sessions of 1 hour on consecutive 
days. On the second habituation day, the inner cannulas were removed and replaced 
after 30 min (t=30). On the third habituation day, each cat received bilateral sham 
injections into the target areas, according to the procedure described below. 

Experimental set-up 

Cats were tested once a week in a fixed order, according to the procedure 
described earlier (Arts et al., in press). The inner cannulas were removed, and the 
cat was placed in the observation cage (t=0). Both the pre-injection period 
(preceding the two sets of bilateral injections), and the post-injection period 
(following the two sets of bilateral injections) lasted 30 minutes. Intracaudate 
injections (t=30 min) were followed by local injections into the RRN (t=40 min). 
Injections were given by means of a 5 μΐ Hamilton syringe (needle outer diameter: 
0.45 mm, blunt tip). The substances were injected at a speed of 0.5 μ1/10 seconds. 
After each injection the needle was kept in situ for another 10 seconds. Thereafter, 
the inner cannulas were replaced. 

Behaviour, recorded via a closed television-circuit, was analysed with the 
help of The Observer® (Noldus Information Technology, Wageningen, the 
Netherlands). 
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DEPENDENT VARIABLES 

In case a full blown OFD attack was elicited it consisted of sudden attacks of 
tic-like contractions involving the ear-, eye- and cheek muscles, which were 
accompanied by tongue protrusions. Two variables which indicate the start and end 
of an OFD attack, namely dyskinetic behaviour of ear muscles and tongue 
protrusions respectively, were chosen from a standardised ethogram in order to 
evaluate quantitatively the elicited OFD. This ethogram was based on previous 
findings in which the OFD was studied in detail (Cools et al., 1989a; Spooren et al., 
1991b). 

Tongue protrusions 

Overall number of tongue protrusions. Since each attack has been shown to 
end with a tongue protrusion (see Introduction; Cools et al., 1976; Spooren et al., 
1989), the overall number of tongue protrusions was used to quantify OFD. Tongue 
protrusions aimed at an object or the subject itself were not incorporated in the 
analysis. The overall number of tongue protrusions were subdivided into normal and 
abnormal tongue protrusions where appropriate. 

Normal: A normal tongue protrusion consists of a protrusion of the flat 
tongue. 

Abnormal: An abnormal tongue protrusion implies a variety of movements: a 
curling upwards of the lateral sides of the tongue and then protruding the curled 
tongue via the left or right comer of the mouth; a curling upwards and inwards of 
the tip of the tongue against the palatum and then protruding; and pressing the 
tongue against the inner side of the cheek and then protruding. 

Ear twitch 

An ear twitch consists of a burst of tic-like contractions of the ear; the ear 
wiggles as if tickling or irritation takes place. The movements are independent of an 
auditory stimulus or contact with an object. The number of ear twitches were 
analysed where appropriate. 

DRUGS 

The following drugs and combination of drugs were injected: (1) NMDA 
receptor agonist N-Methyl-D-Aspartate (NMDA; dose: 25, 100, 250 or 500 ng; RBI, 
Natick, USA), or the NMDA receptor antagonist 2-amino-5-phosphono pentanoic 
acid (AP-5; dose: 50 ng; RBI, Natick, USA) into the RRN in order to investigate the 
potency of glutamatergic agents to elicit OFD. (2) NMDA (250 ng) and AP-5 (50 
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ng) in a cocktail injected into the A8 cell group in order to investigate the specificity 
of the drug induced effects. (3) DAi receptor agonist 3,4-dihydroxyphenylamino-2-
imidazoline (DPI; dose: 10 μ%/5 μΐ; Boehringer Ingelheim, FRG) into the r-CRM in 
order to elicit OFD. (4) Intra r-CRM injections of DPI (10 μg/5 μΐ) in combination 
with NMDA (25 or 500 ng/0.5 μΐ) injections into the RRN in order to investigate the 
possible modulatory role of the RRN on the dopamine activity in the r-CRM. The 
injections into the A8 cell group (experiment 1 and 2) were always combined with 
injections of the solvent of DPI, namely distilled water, into the r-CRM in order to 
provide adequate controls for experiment 4; likewise, the injections into the r-CRM 
were combined with the solvent of NMDA, namely distilled water, into the RRN. 
The experiment started with the injections of the vehicle of the drugs. The 
intracaudate injection volume was 5 μΐ per site, whereas the volume injected into the 
RRN was 0.5 μΐ per site. The dosage of DPI was chosen, in view of the fact that it 
has been shown to be the most potent dosage for inducing OFD when injected into 
the r-CRM during the months march, april, august and september (Cools et al., 
1976; Spooren et al., 1991a). The present experiment was performed in a period of 
relative insusceptibility to DPI (november and december). The solutions were stored 
at 4°C. At least 30 minutes prior to injection, the solutions were adjusted to room 
temperature. 

HISTOLOGICAL VERIFICATION 

After the final experiment, the cats were injected with pentobarbital 
(Narcovet®, 60 mg/kg intraperitoneal ly and subsequently 15 mg/kg intravenously, 
Apharma, Arnhem, the Netherlands). Thereafter, the animals were transcardially 
perfused with saline followed by a fixative containing 0.05 % glutaraldehyde and 4 
% paraformaldehyde dissolved in 0.1 M phosphate buffer (PB; pH 7.4). The 
dissected brains were kept on a 30 % sucrose solution in PB for at least 48 hour and 
thereafter cut on a freezing microtome into 70 μπι sections. Sections were mounted 
and subsequently stained with cresylviolet. 

STATISTICAL ANALYSIS 

Given the large inter-individual variation in orofacial behaviours, delta 
values were calculated by subtracting the number of scored tongue protrusions (or 
ear twitches) in the 30 minutes pre-injection period from the number of scored 
tongue protrusions (or ear twitches) in the 30 minutes post-injection period. These 
delta values, which are normally distributed, were statistically analysed, using the 
paired t-test. A probability level of p< 0.05 was considered statistically significant. 
Dose-response effects were analysed with the help of the GLM-repeated measures 
analysis of variance (ANOVA; SPSS), followed by the post-hoc comparison using 
the paired t-test, which was adjusted for multiple testing with the Bonferroni 
technique. Therefore, only a probability level of p< 0.0125 was considered 
statistically significant. 
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Results 

HISTOLOGICAL VERIFICATION 

Histological verification of the injection sites revealed that all injections were 
placed within the dorsal region of the RRN or within the r-CRM. The distribution of 
the injection sites is schematically illustrated in figure 7.1 A and B. An example of a 
representative injection site in the RRN and r-CRM is provided in figure 7.2. 

DYSKINETIC BEHA VIOUR 

Tongue protrusions consisted of both normal and abnormal tongue 
movements. Occasionally ear twitches were seen prior to an abnormal tongue 
protrusion. 

In case a full-blown OFD attack was elicited, it consisted of tic-like 
contractions of one ear, which was moved back and forth with high frequency, and 
subsequently of the ipsilateral eye, which was quickly opened and closed or kept 
half closed, whereas the cheek displayed fast contractions in various degrees of 
intensity. An attack always ended with an abnormal tongue protrusion. 

DRUG-INDUCED EFFECTS 

Overall number of tongue protrusions 

NMDA (25 ng, 100 ng, 250 ng and 500 ng) bilaterally injected into the RRN, 
increased the number of tongue protrusions (ANOVA: F(4,28)= 4.86; p<0.005). As 
is shown in figure 7.ЗА, a bell shaped curve was found, with effects of NMDA (250 
ng) and NMDA (500 ng) injections greater than control injections (solvent/solvent 
vs solvent/NMDA (250 ng): t(l,7)=4.82; p<0.005, (500 ng): t(l,7)=4.02; p<0.005). 
AP-5, which per se was ineffective in the dose tested, significantly decreased the 
NMDA-induced increase in the number of tongue protrusions (saline/NMDA 
(250ng) & AP-5 (50ng) vs saline/NMDA (250ng): t(l,7)=-2.84; p<0.05). 

Bilateral injections of DPI into the r-CRM significantly increased the number 
of tongue protrusions (Fig. 7.3B; DPI/solvent vs solvent/solvent: t(l,7)=5.10; 
p<0.005). 

Bilateral injections of DPI into the r-CRM significantly attenuated the effect 
induced by retrorubral injections of NMDA (25 ng and 500 ng; solvent/NMDA 
(25ng) vs DPI/NMDA (25ng): t(l,7)=4.39; p<0.005; solvent/NMDA (500ng) vs 
DPI/NMDA (500ng): t(l,7)=-4.71; p<0.005). 
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A В 

Fig. 7.1. Schematic drawings of transverse sections, ordered from rostral (top) to caudal (bottom), 
showing the bilateral injection sites in individual cats (n=8) in the RRN (A) and the r-CRM (B). 
Abbreviations: A8, A8 cell group; ML, medial lemniscus; r-CRM, anterodorsal part of the caudate 
nucleus; SNC, substantia nigra pars compacta. 
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Fig. 7.2. Photomicrograph of (A) a representative location of an injection site in the RRN, and (B) 
a representative location of an injection site in the r-CRM, including the cannula-tip directed to 
this region. Abbreviations: A8, A8 cell group; ML, medial lemniscus; r-CRM, anterodorsal part of 
the caudate nucleus; SNC, substantia nigra pars compacta. 

Normal and abnormal tongue protrusions 

Bilateral injections of NMDA (250ng) into the RRN increased the number of 
normal and abnormal tongue protrusions when compared to their corresponding 
control values (Fig. 7.4; solvent/solvent vs solvent/NMDA (250ng); normal: 
t(l,7)=5.19; p<0.005; abnormal: t(l,7)=-4.15; p<0.005). Furthermore, the NMDA 
receptor antagonist AP-5 significantly reduced the number of abnormal tongue 
protrusions elicited by NMDA (250ng), whereas the number of normal tongue 
protrusions showed a non-significant tendency in this respect (Fig. 7.4; 
solvent/NMDA (250ng) vs solvent/NMDA (250ng) & AP-5 (50ng); abnormal: 
t(l,7)=-2.83; p<0.05; normal: t-test, n.s.). 

Injections of the dopaminergic agonist DPI into the r-CRM significantly 
increased the number of normal tongue protrusions, whereas these did not alter the 
number of abnormal tongue protrusions (Fig. 7.4; solvent/solvent vs DPI/solvent; 
abnormal: t-test, n.s.; normal: t(l,7)=3.51; p<0.05). 
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Fig. 7.3. Delta values of the number of tongue protrusions in 30 minutes after (A) local injections 
of solvent, NMDA (25 ng, 100 ng, 250 ng, 500 ng), AP-5 (50 ng) and a cocktail of 250 ng NMDA 
and 50 ng AP-5 into the RRN in combination with solvent into the r-CRM, and (B) solvent, 25 ng 
and 500 ng NMDA into the RRN in combination with DPI into the r-CRM. Represented are mean 
values and standard errors of the mean. Differences indicated: ** (p<0.005) as compared to 
solvent/solvent; #(p<0.05) as compared to solvent/NMDA (250ng); ++<p<0.005) as compared to 
solvent/NMDA (25ng); D Π (p<0.005) as compared to solvent/NMDA (500ng). 
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Fig. 7.4 (Top). Delta values of the number of normal and abnormal tongue protrusions in 30 min 
after local injections of solvent, NMDA (250 ng) and the cocktail of NMDA (250 ng) and AP-5 
(50 ng) into the RRN in combination with solvent or DPI into the r-CRM. Represented are mean 
values and standard errors of the mean. Differences indicated: * (p<0.05) and ** (p<0.005) as 
compared to solvent/solvent; #(p<0.05) as compared to solvent/NMDA (250ng). 
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< Fig. 7.5 (Bottom). Delta values of the number of ear twitches in 30 min after local injections of 
solvent, NMDA (250 ng) and the cocktail of NMDA (250 ng) and AP-5 (50 ng) into the RRN in 
combination with solvent or DPI into the r-CRM. Represented are mean values and standard errors 
of the mean. Differences indicated: * (p<0.05) as compared to solvent/solvent; #(p<0.05) as 
compared to solvent/NMDA(250ng). 

Ear twitches 

Local injections of 250 ng NMDA into the RRN significantly increased the 
number of ear twitches (Fig. 7.5; solvent/solvent vs solvent/NMDA (250ng): 
t(l,7)=2.38; p<0.05). This effect of 250 ng NMDA was significantly antagonised by 
50 ng AP-5. DPI was ineffective in increasing the number of ear twitches (t-test: 
n.s.). 

Discussion 

The present study shows that NMDA receptor stimulation in the feline RRN, 
including the A8 cell group, results in dyskinetic orofacial movements: the number 
of ear twitches and number of abnormal tongue protrusions are enhanced. These 
effects are NMDA specific. In contrast to these NMDA induced dyskinetic 
movements, intracaudate administration of DPI increased the number of normal 
tongue protrusions. Finally, DPI attenuated the NMDA-elicited increase in the 
number of tongue protrusions. 

EFFECT OF NMDA AND AP-5 INJECTIONS INTO THE RRN 

The results from the present study unambiguously show the involvement of 
the RRN in oral behaviour. These data fit in with our previously reported conclusion 
that both the RRN and its dopaminergic, terminal region in the caudate nucleus 
plays a role in the control of OFD: this conclusion was based on the finding that 
injections of the GABA receptor antagonist bicuculline into the RRN are able to 
potentiate OFD that is elicited by intracaudate injections of DPI (Arts et al., in 
press). Since the RRN gives rise to dopaminergic A8 fibres which terminate in the 
r-CRM (Jiménez-Castellanos and Graybiel, 1987; Spooren et al., 1991a), the present 
findings suggest that OFD is elicited either directly or indirectly, by an excitatory 
effect of NMDA on A8 cells projecting to the r-CRM. The effects of NMDA on 
OFD were dose-dependent and NMDA specific. These findings are in line with the 
fact that glutamate stimulates dopamine release from neurons projecting to the 
striatum in in vitro experiments (Chaudieu et al., 1994; Grace et al., 1984; 
Komhuber et al., 1984; Westerink et al., 1992). Taken together, these data show that 
activation of NMDA receptors in the feline RRN elicits OFD. 
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EFFECT OF DPI INJECTIONS INTO THE R-CRM 

The present study was performed in a period marked by both a relative 
insusceptibility of the postsynaptic receptors to dopamine and the dopamine DAi 
receptor agonist DPI, and a relatively high susceptibility of presynaptic receptors to 
dopamine and DPI (november and december; see Introduction). In this case DPI will 
diminish the release of striatal dopamine. Indeed, DPI was ineffective in inducing 
OFD attacks: only the number of normal tongue protrusions was affected, whereas 
the number of abnormal tongue protrusions and the number of ear twitches 
remained unaffected. 

EFFECT OF DPI ON NMD A INDUCED EFFECT 

Local injections of DPI into the r-CRM completely abolished the number of 
tongue protrusions elicited by local injections of NMDA into the RRN. Given the 
relatively high susceptibility of presynaptic receptors for dopamine and its receptor 
agonist DPI in the chosen test-period (Cools et al., 1978; Spooren et al., 1991a), DPI 
is suggested to have decreased the release of dopamine and, accordingly, diminished 
the capacity of NMDA to enhance the release of striatal dopamine via activation of 
NMDA-receptors in the A8 cell group. This hypothesis is being investigated in our 
ongoing study, in which (a) similar experiments are performed during the annual 
period, in which dopamine and DPI are primarily acting at the postsynaptic level, 
and (b) the effects of a postsynaptic, dopaminergic receptor antagonist on the 
NMDA-effects under study are compared with those of DPI in the annual period 
used in the present study. 
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General discussion 

The aim of the present study was to investigate the effects of an 
experimentally induced dysfunction of the retrorubral nucleus (RRN). In order to 
achieve this goal, three basically different experimental approaches were used. First, 
the intrinsic connections between neurons in the RRN and neurons in the A9 and 
AIO cell group were investigated. Second, subtle changes produced by a lesion of 
dopaminergic A8 cells in the RRN were assessed. Third, the effects produced by 
pharmacological manipulations of certain transmitters in the RRN were 
investigated. 
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The results presented in this thesis point to integrative properties of the RRN: 
it can directly affect the function of both the A9 and AIO cells and thereby affect 
indirectly the function of the caudate nucleus and its output stations such as the 
substantia nigra pars reticulata. Our results also show that the RRN can directly 
affect the caudate nucleus by its projections to the caudate nucleus itself. These 
structures and neuronal systems are, at least in part, known to be affected in 
Parkinson's disease. Below, the most salient aspects of the RRN will be discussed in 
view of our concept that it plays a role in the progressive pathology that gives rise to 
a variety of symptoms seen in Parkinson's disease. 

CONNECTIVITY OF THE RRN 

Cells in the RRN give rise to fibres that terminate amongst others in the A9 
and AIO cell groups (Chapter 2). This relationship enables retrorubral neurons to 
regulate the activity of A9 and AIO cells. We have indeed shown that degeneration 
of neurons in the RRN have a strong impact on the function of A9 and A10 cells 
(Chapter 3 and 4). Thus, the A8 cell group is apparently able to alter the function of 
A9 and AIO related circuitries. Theoretically, a malfunction of the A8 cell group 
may similarly affect the function of the A9 and AIO related systems by producing a 
malfunction of both systems. However, the present study has clearly demonstrated 
that a lesion of the A8 cell group results in symptoms that are inherent to a 
hypofunction of A9 cells and symptoms that are inherent to a hyperfunction of AIO 
cells. There are several alternative and/or complementary mechanisms that can be 
postulated to mediate the differential control of the A9 and AIO cell groups by the 
RRN. Below, we will just discuss just two of these possibilities. 

First, the A8 cell group contains several subsets of cells (Deutch et al., 
1988b; Gaspar et al., 1992). Given the recently reported finding that distinct subsets 
of AIO cells differentially influence the nucleus accumbens and the prefrontal 
cortex (Swanson, 1982), it is possible that the same holds true for A8 cells: thus, 
certain cells may just project on A9 cells and exert a stimulatory influence upon 
these cells, whereas other cells may just project on AIO cells and exert an inhibitory 
influence upon these cells. In that case, a lesion of the RRN can produce the 
combined occurrence of effects characteristic of a hypofunction of A9 cells and 
effects characteristic of a hyperfunction of AIO cells. Future research is required to 
validate this hypothesis. 

A second explanation for the diametrically opposite effects of a lesion in the 
RRN upon A9 and AIO cells is the following. The ultimate effect of the RRN-lesion 
on these cell groups is the overall result of lesion-induced changes in a variety of 
circuitries. As shown in Chapter 2, the RRN projects directly to A9 cells: this can be 
the functional channel that mediates the effects upon the A9 cells. Apart from the 
fact that the RRN also projects to the AIO cell group and, accordingly, can directly 
affect this cell group as well, the RRN can indirectly affect AIO cells via other brain 
structures. In this respect, there are at least three reasons to focus attention on the 
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prefrontal cortex (PFC): (A) the RRN projects to the PFC (Gaspar et al., 1992; 
Porrino et al., 1982; Swanson, 1982) ; (B) Deutch and co-workers (1993) have 
clearly demonstrated in their study on rats that the dopaminergic innervation of the 
PFC is able to transsynaptically regulate the activity of the dopaminergic innervation 
of the nucleus accumbens: disruption of the dopaminergic innervation of the 
prefrontal cortex results in an enhanced biochemical responsiveness of the nucleus 
accumbens, but not of the caudate nucleus, implying that the activity in the AIO cell 
group is enhanced and the activity of the A9 cell group is unaffected; and (C) the 
amount of cortically applied excitatory amino acids required to evoke dopamine 
release in the ventral striatum is considerably smaller than that required to evoke 
dopamine release in the dorsal striatum (Imperato et al., 1990; Payson and Donzanti, 
1990; Youngren et al., 1993), which can be attributed to the fact that the PFC 
projections to the nucleus accumbens and those to the more dorsal striatum originate 
from different parts of the PFC (Sesack et al., 1989). The latter findings open the 
perspective that the RRN can activate AIO cells via the PFC in cats as well. This 
can explain why a lesion of the RRN was found to produce amongst others effects 
that are similar to those characteristic of a hyperfunction of the AIO cells (Chapter 
3). 

Although future research is required to investigate the above-mentioned and 
related possibilities, the present study has clearly shown that a lesion in the RRN 
differentially affects the function of A9 and AIO cell groups. As explained in 
Chapter 3, animals with a lesion of the RRN appear to use their AIO cells in order to 
compensate deficits due to the lesion-induced hypofunction of the A9 cells. Thus, 
the RRN plays a critical role in mechanisms that can compensate deficits inherent to 
a lesioned A9 cell group. Therefore, the generally accepted compensatory 
mechanisms such as enhanced dopamine synthesis and release from residual 
presynaptic terminals as well as an increased density of striatal dopamine receptors 
(Baldessarini, 1979; Klawans et al., 1980) have to be extended with a 
"compensatory mechanism" that produces its effects via altering the balance 
between different circuitries. 

Apart from the aforementioned role of the RRN in modulating the function of 
A9 and AIO cells, the present study has clearly demonstrated that the RRN is 
involved in the display of oral behaviour (Chapter 7). This effect is mediated via 
dopaminergic cells in the feline RRN which give rise to fibres projecting to the 
anterodorsal part of the caudate nucleus. Moreover, the findings presented in 
Chapter 6 suggest that at least a second pathway which originates in the RRN is 
involved in the display of oral behaviour. This second pathway which can serve as 
anatomical substrate for the expression of oral movement is the retrorubral-reticular 
pathway (von Krosigk et al., 1992). Thus, the RRN is apparently able to alter the 
function of these two circuitries. This, again, suggests that the RRN is able to 
mediate a differential, diametrically opposite control on the function of two systems. 

As described in Chapters 1 and 2, the RRN differs from the substantia nigra, 
pars compacta in which the dopaminergic A9 cell are located, and the ventral 
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tegmental area, in which the dopaminergic AIO cells are located, in many aspects. 
One of these aspects concerns the connections between the RRN and striatal 
structures. The most important impact of these connections is that the RRN is not 
really part of a feedback system: it projects to striatal structures that have at best 
very few connections with the RRN, whereas both the substantia nigra, pars 
compacta and the ventral tegmental area projects to striatal structures that, in turn, 
innervate the substantia nigra and ventral tegmental area, respectively. This apparent 
lack of forming part of a feedback system appears to be a particular feature of the 
RRN. Apart from the innervation of the A9 and AIO cell groups, the RRN also 
projects to other cell groups in the midbrain: for example, the reticular formation 
and the locus coeruleus (von Krosigk et al., 1992; Rye et al., 1987; Swanson, 1982). 
Again, the RRN does receive reciprocal projections neither from the reticular 
formation nor from the locus coeruleus. In other words, the RRN appears to occupy 
a rather unique position in comparison with other dopaminergic cell groups in the 
brain: unlike the other dopaminergic cells, which all form part of homeostatic, 
transneuronal mechanisms, the RRN lacks the possibility to use such a mechanism 
in order to cope with spontaneously occurring or experimentally induced changes in 
the RRN. 

As a final remark in this context, it is important to note that not all brain 
structures that are innervated by the RRN, lack reciprocal connections. Thus, the 
central amygdala that is innervated by the A8 dopaminergic neurons (Deutch et al., 
1988a) sends fibres, emanating from somatostatin-containing neurons, to the A8 
neurons in the RRN (Chesselet, 1985; Deutch et al. 1988a). This implies that the 
effects of a lesion in the RRN will have less far-reaching consequences for the 
function of the central amygdala than for the function of those structures that lack 
reciprocal connections with the RRN. 

From the aforementioned findings it is clear that the connectivity and 
functioning of the RRN including the A8 cell group is quit unique. The present 
results show that the A8 cell group can affect the functioning of the A9 and AIO cell 
groups, the caudate nucleus and even the substantia nigra pars reticulata. As such, 
the A8 dopaminergic neurons may represent a locus of integration of information 
within the larger mesotelencephalic projection system From these neuroanatomical 
and pharmacobehavioural findings, it becomes increasingly clear that a view 
encompassing independent, mesolimbic, mesocortical and nigrostriatal 
dopaminergic systems is no longer appropriate. 

EFFECTS INDUCED BY LOSS OF CELLS IN THE RETRORUBRAL NUCLEUS 

As elaborated in Chapter 3, the loss of A8 cells can produce four types of 
effects: (a) effects due to a distortion of information sent to the A8 cell group; (b) 
effects due to a malfunction of the A8 cell group itself; (c) effects due to a 
malfunction of outputstations of the A8 cell group, for example the A9 cell group, 

140 



the AIO cell group and the spinal cord; (d) effects due to a reorganisation of the 
neuronal network in which A8 fibres are embedded. 

The findings of the present study show that a lesion in the RRN ultimately 
results in the display of symptoms which are characteristic for a malfunction of its 
output stations. Short-lasting deficits produced by the A8 lesion were assessed in 
cats that had to collect 6 pellets in a row: they showed a short-lasting increase in the 
number of reaching errors, accompanied by an increase in the time needed to collect 
these pellets. The increase in time was due to fact that the cats were initially unable 
to cope with the actual, long-lasting deficits, being (1) a reduced ability to shift their 
body position and to align paws and trunk towards the position of the pellet, and (2) 
a reduced ability to perform two tasks simultaneously. This phenomenon can also 
explain why the number of pellets eaten in the treadmill design was significantly 
lower during the initial days after the lesion (Chapter 3): for, the treadmill design 
forced the cat to combine eating and changing gaits (see below). 

After a period of approximately one week, the decreased accuracy in forepaw 
movements and the increase in time required for collecting the 6 pellets in a row 
disappeared. Still, the cats remained unable (1) to shift their body position and to 
align paws and trunk towards the position of the pellet and (2) to perform two tasks 
simultaneously. This decrease in time and number of reaching errors was probably 
due to the fact that the cats adopted new strategies in this period to compensate for 
these permanent deficits. First, instead of displacing either the forequarters or 
hindquarters, the cats displaced their whole body in front of the pellet, extended the 
forepaw straightforward, and grasped the pellet; this procedure was repeated until 
all pellets were eaten. Second, the cats started to split their overall task that 
consisted of the combined and simultaneous performance of two different tasks, that 
is eating one pellet and orienting itself towards the next pellet to be eaten, into 
subtasks that were successively performed. Although no hard data are yet available, 
it is likely that the apparent functional recovery of the accuracy in forepaw 
movements and the decrease in collecting time was due to the fact that the cats were 
able to enhance the speed of each distinct part of the motor program to be executed. 
Future research is required to validate this hypothesis. 

The reduced ability to perform two tasks simultaneously is a deficit that was 
also present in the treadmill design. As mentioned above, this impairment underlies 
the reduction in collecting pellets during the initial three days after the lesion. 
Thereafter, as the pathology progresses, changes in less complex behaviour such as 
the performance of motor patterns, such as the transverse-couplet gait, were 
observed. The transverse-couplet gait requires the simultaneous performance of (a) 
uncoupling frontlimb stepping (required to immobilise the forequarters to permit 
head-neck movements) from the hindlimb stepping (needed to compensate for the 
moving belt) and (b) stretching head and trunk to reach for a pellet. The lesioned 
cats were less able to combine these two tasks. 

The reduced ability to realign the distinct body parts became especially 
manifest in the design, in which the cats had to collect 6 pellets in a row. This 
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alignment was of minor importance in the treadmill design. Cats walking on the belt 
did not need to realign their body parts: these were already aligned. Still, it was 
present, as illustrated by the cats that collided with the backpannel. During the 
collision, these cats had a distorted head-neck-trunk axis and were unable to shift 
their body position in order to cope with this problem. 

Apart from the aforementioned deficits in fore-paw movements, both studies 
revealed deficits in hindpaw movements. This is not surprising in view of the 
evidence presented in Chapter 5 that such a lesion produces amongst others effects 
identical to those seen after a hypofunction of one of its output stations, namely the 
substantia nigra, pars reticulata: this structure is directly involved in the control of 
hindlimb movements (cats: Schwarz et al., 1984; Wolfarth et al., 1981; monkey: de 
Long and Georgopoulos, 1979). 

INTERVENTION OF TRANSMITTER-ACTIVITY IN THE RERORUBRAL NUCLEUS 

The results presented in this thesis have clearly shown that, apart from a 
specific lesion of A8 cells, pharmacological manipulation of the GABA-ergic or 
glutamatergic transmission in the RRN is a powerful tool for investigating the 
function of retrorubral cells. The results presented in Chapter 6 and 7 provide 
evidence that inhibition of GABA-A receptors in the RRN enhances OFD elicited 
from the r-CRM, while stimulation of the glutamate NMDA-receptors in the RRN 
elicits OFD. It is concluded that the dopaminergic retrorubral A8 cell group forms 
part of the circuitry that directs and/or modulates OFD. 

As elaborated in Chapter 6 and 7, OFD is at least in part attributed to an 
enhanced activity of the dopaminergic A8 cells which project to the caudate 
nucleus. It has been hypothesised that a lesion in the A8 cell group, which produces 
a loss of A8 cells, will result in a reduced control of oral and facial muscles: a 
"mask-face". In that case, one would expect that treatment with SKF 81297 and LY 
171555 alone or in combination of cats with a lesion of A8 cells (Chapter 4) would 
trigger OFD attacks. Apart from an occasional OFD, however, bursts of OFD 
attacks as described in Chapters 6 and 7, were never seen. Since SKF 81297 and LY 
171555 were given systematically (Chapter 4), it is likely that the concentrations of 
these drugs in the caudate nucleus itself remained below threshold of inducing OFD 
attacks. This explanation corresponds with the effects of the drugs on motor 
programming behaviour of cats walking on the treadmill (Chapter 4): they restored 
the lesion induced changes, but did not induce any abnormal behaviour. 

Nevertheless, in view of our findings that the A8 cells form part of the 
circuitry that directs and/or modulates OFD (Chapter 6 and 7), a detailed 
examination of the relationship between the retrorubral cells and nuclei that direct 
the control of oral- and facial muscles will be required to demonstrate conclusively 
that A8 cells control the activity of these muscles. In order to detect the possible 
occurrence of oral and facial motor deficits in cats after a lesion induced 
degeneration of A8 cells, a recently developed technique for quantifying 
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electromyogram (EMG) signals of jaw muscles in rats provides a very valuable tool 
(Prinssen et al., 1992). By using this method in A8 lesioned cats, one has a detailed 
and objective measure to detect changes in the activity of oral- and facial muscles. 

THE ROLE OF THE RRN IN THE ONSET OF PARKINSON 'S DISEASE 

As we have elaborated in detail in Chapters 1, 2 and 3, the arguments in 
favour of the hypothesis that the dopaminergic A8 cells play a role in the 
progressive pathology seen in patients with Parkinson's disease are at least six-fold. 
Below we will reconsider these arguments and where appropriate we will extent 
these arguments with the findings of the present study. 

First, it has been shown previously that the striatal projection area of the A8 
cell group plays a role in the control of facial musculature in cats (Spooren et al., 
1991a). The present study has clearly shown that the A8 cell group itself plays an 
important role in this respect. Since it is well known that Parkinsonian patients 
suffer from a mask face, this finding strengthens our hypothesis that degeneration of 
neurons in the A8 cell group may contribute to the decreased control of facial 
muscles in patients suffering from Parkinson's disease. The aforementioned EMG 
technique can help us to validate our hypothesis that an A8 lesion in cats produces a 
rigidity of oral and facial musculature resulting in a "mask-like expression of the 
face". If this is really the case, it strengthens our hypothesis that the degeneration of 
cells in the A8 cell group may play a crucial role in the origin of the progressive 
pathology since a mask-face is one of the first symptoms seen in this disease (Calne 
and Stoessl, 1986). On the other hand, Parkinson's disease patients can suffer from 
orofacial dyskinesia: one of the most severe side-effects of a chronic treatment with 
L-DOPA. The anatomical substrate that underlies this deficit is as yet unknown. 
Based on the neuroanatomical- and pharmacological findings presented in this 
thesis, which will be elaborated in more detail below, it is tempting to suggest that 
both the A8 cell group and r-CRM related circuitries are involved in these iatrogenic 
deficits. 

Second, it has been suggested that the A8 cell group contributes to the 
development of tremor in Parkinson's disease (Hirsch et al., 1992). We will 
elaborate this argument in detail in the final section. 

Third, an important role for the A8 cell group in the onset of Parkinson's 
disease was also suggested by the fact that monkeys treated with neurotoxin 
l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP) show a severe loss of 
neurons in the A8 cell group as compared to the A9 or AIO cell groups (Deutch et 
al., 1986; cf. réf. Schneider et al., 1987; Williams and Schneider, 1989). Animais 
intoxicated with this drug display unequivocal parkinsonian symptoms. Since we did 
not investigate the vulnerability of A8 cells for MPTP, we are unable to confirm or 
extend this argument 

Fourth, the A8 cell group is unique since it is situated in a key position to 
regulate directly and indirectly the activity in different striatal domains. In the 
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present study we have clearly shown that manipulations of neurons in the RRN have 
far-reaching acute and long-lasting consequences for the function of different parts 
of the caudate nucleus, and even for the function of one of its output stations the 
substantia nigra, pars reticulata (Chapter 5). This again underlines the possibility 
that the RRN plays a critical role in the onset of diseases marked by a progressive 
pathology of dopaminergic cells, especially Parkinson's disease. 

Fifth, the RRN apparently lacks a feedback system: it does not receive direct 
feedback from its target areas in the striatum (rat: Hökfelt et al., 1984; Nauta et al., 
1978; cat: Jiménez-Castellanos and Graybiel, 1987). In addition to this lack of 
reciprocal connections of the RRN, the striatal projection area of the RRN itself 
appears to lack a feedback system: the subcommisurai part of the globus pallidus 
does not reciprocate the striatal projections. This implies the lack of a direct 
functional feedback in both cases (Jiménez-Castellanos and Graybiel, 1989; 
Spooren et al., 1991b). Neuronal systems that receive no or only an indirect 
functional feedback will be less stable and are therefore more vulnerable for drugs 
and other factors that alter their function. As such, the noted imperfect functional 
feedback of the RRN and the r-CRM to sites involved in the control of orofacial 
musculature can be one of the mechanism that underlies the L-DOPA and 
neuroleptic induced dyskinesias (Cools et al., 1989; Klawans et al., 1980; Sigwald et 
al., 1959). 

Finally, the RRN gives rise to fibres which project to the A10 cell group in 
rats (Deutch et al., 1988b). In the present study we have shown that also in cats there 
are neurons in the RRN that give rise to fibres which terminate in the AIO cell 
group. In addition the present study has clearly demonstrated that the RRN projects 
to the A9 cell group. We have demonstrated that degeneration of A8 cells has 
indeed far-reaching consequences for the functioning of A9 and AIO cells: it 
produces a series of long-lasting behavioural deficits, of which at least a part could 
be attributed to the combined occurrence of a hypofunction of A9 cells and a 
hyperfunction of AIO cells. In view of this role of the RRN, it is relevant to note 
that the three dopaminergic cell groups (A8, A9 and AIO) are differentially affected 
in Parkinson's disease. Post-mortem human studies have revealed that the A9 cell 
group is most severely affected and that the AIO cell group is least affected, 
whereas the A8 cell group appears to occupy an intermediate position in this respect. 
However, the degree in which the various subgroups are affected, varies from 
patient to patient. Several research strategies have been assessed to analyse the 
interrelations between specific features of Parkinson's disease and regional loss of 
dopamine cells found in post-mortem studies. Such studies have revealed that the 
loss of AIO cells is greater in Parkinson patients that suffer from dementia after the 
onset of their disease than in non-demented Parkinson patients (Hamill et al., 1987; 
Torack and Morris, 1988). In fact, the so-called Parkinson-dementia type suffers 
from a lack of dopaminergic cells in both the A9 and the AIO cell groups: such 
patients are marked by an early appearing depression, a rapid developing akinesia-
rigidity syndrome, a relatively small vulnerability for L-DOPA induced side-effects, 
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and a relatively large predisposition for the late appearance of dementia. In contrast, 
the so-called Parkinson-tremor type suffers from a severe loss of dopaminergic cells 
in the A9 cell group, whereas the AIO cells are relatively spared: such patients are 
marked by an early appearing tremor, a slowly developing akinesia-rigidity 
syndrome, a relatively high vulnerability for L-DOPA induced side-effects, and a 
relatively small predisposition for the late appearance of a general cognitive 
deterioration or dementia (Cools, 1993). In addition, Hirsch and co-workers (1992) 
have suggested that the A8 cell group contributes to the development of tremor in 
Parkinson's disease. In view of this argument, and our finding that a lesion of the 
feline A8 cell group produces behavioural deficits of which at least a part could be 
attributed to the combined occurrence of a hypofunction of the dopaminergic A9 
cells and a hyperfunction of the dopaminergic AIO cells, it is attractive to postulate 
that the RRN plays a role in the predisposition of the Parkinson-tremor type through 
this neuronal circuitry. 
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Summary 

At present it is generally accepted that many symptoms of Parkinson's disease 
are related to a loss of neurons which contain the neurotransmitter dopamine. These 
dopamine-containing neurons are distributed across three major cell groups in the 
midbrain: the substantia nigra, pars compacta (A9 cell group), the ventral tegmental 
area (VTA, AIO cell group) and the retrorubral nucleus (RRN, A8 cell group). Post
mortem human studies and experimental animal studies have revealed a correlation 
between particular symptoms seen in this disease and the loss of dopaminergic 
neurons in the A9 and AIO cell groups. Apart from the finding that there appears to be 
a correlation between cell death of A8 cells and tremor, the contribution of the 
degeneration of dopaminergic retrorubral A8 cells to other parkinsonian symptoms, 
however, is not known. 

The present study on cats was undertaken (a) to investigate the behavioural 
changes which result from an experimentally induced loss of dopaminergic retrorubral 
A8 cells, and (b) to investigate the consequences of pharmacological manipulation of 
particular transmitter receptors in this cell group. The findings presented in this thesis 
demonstrate that a dysfunction of the RRN ultimately results in the display of various 
symptoms that are seen in animal models with construct and/or predictive validity for 
Parkinson's disease. Given these findings, our study opens new perspectives for 
understanding the role of the RRN in the pathophysiology of Parkinson's disease. 

Chapter 1 summarises background information on the RRN which 
encompasses the A8 cell group and explains why cats were chosen as experimental 
animals. In contrast to the other dopaminergic cell groups (that is the A9 and AIO cell 
groups), the A8 cell group has not been investigated in detail hitherto. The major 
reason for this is the fact that the RRN has not been recognised as a single entity until 
the late sixties, and it was no more than 10 years ago that the A8 cells in the RRN 
were found to contain dopamine. 

The A8 cell group is unique, because it differs from the other dopaminergic 
cell groups in a number of aspects. First, the dorsal striatal projection areas of A8 cells 
play a role in the control of orofacial musculature in cats. This is relevant, because 
"mask-face" is a very early sign in Parkinson's disease. If the A8 neurons in humans 
have a function similar to that in cats, this may imply that A8 cells degenerate early in 
the disease. Second, it has been suggested that a loss of dopaminergic neurons in the 
A8 cell group contributes to the development of tremor in Parkinson's disease. Third, 
it has been reported that, in primates, A8 dopaminergic neurons have relatively the 
highest vulnerability to the neurotoxin l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
(MPTP) as compared to the other dopaminergic cell groups. Both animals and man 
intoxicated with this drug display unequivocal parkinsonian symptoms. This, again, 
has led us to hypothesise that A8 cells may play an important role in the degeneration 
seen in Parkinson's disease patients. Fourth, the A8 cells project to both ventral and 
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dorsal striatal areas; in contrast, A9 cells just project to the dorsal striatum, and the 
AIO cells just project to the ventral striatum. As such, the A8 cells are situated in a 
key position to regulate activity in both striatal domains. Fifth, both projections from 
the A9 cells to the dorsolateral striatum and projections from the AIO cells to the 
ventral striatum are reciprocated, suggesting that these cell groups receive direct 
feedback from their target areas in the striatum. In contrast, projections from the A8 
cells to the dorsolateral striatum are not reciprocated, whereas the ventral striatal 
target region of the A8 cells provides only a relatively sparse reciprocal projection, 
suggesting that the A8 cells may lack such a feedback system. Neuronal systems that 
receive no, or only an indirect, functional feedback, are presumably less stable and, 
therefore, more vulnerable for pathogenic factors, drugs and other factors that alter 
their function. This may be the reason why even a very subtle lesion in the RRN, like 
the one studied in Chapters 3-4, produces such severe and long-lasting deficits. It may 
also explain why the RRN is involved in the display of orofacial dyskinesia as 
described in Chapters 6 and 7: it simply lacks homeostatic mechanisms that can 
counteract the effects of a small deregulation of its neuronal activity. Finally, there is 
evidence that, in rats, the A8 cells directly innervate other dopaminergic cells, 
especially the AIO cells, underscoring the possibility that A8 cells can control the 
firing activity in other dopaminergic cells. 

Given these findings, considerations and hypotheses, we initially investigated 
whether the feline RRN, including the A8 cells, projects to the other dopaminergic 
nuclei in the midbrain. This study is presented in Chapter 2. In short, injections of the 
anterograde tracers biotinylated dextran-amine or Phaseolus и/gam-leuco-agglutinin 
were placed into the RRN under stereotaxic guidance. The tracers were visualised by 
means of (immuno) histochemical procedures. In addition, tyrosine hydroxylase (rate 
limiting enzyme of the dopamine synthesis)-immunohistochemistry was used to 
evaluate the location of the injection sites and the distribution of the anterogradely 
labelled fibres. We found that both tracers reveal the same topography of labelled 
fibres in the ventral mesencephalon. Labelled fibres with varicosities were found 
ipsilaterally in the substantia nigra pars compacta, the substantia nigra pars lateralis, 
the ventral tegmental area and, contralaterally, in the substantia nigra pars compacta, 
the ventral tegmental area and the RRN. A considerable number of labelled axons 
with varicosities were observed to be wrapped around dendrites and perikarya of 
tyrosine hydroxylase-positive neurons in these areas. These anatomical data 
strengthened our notion that the RRN may play a crucial role in coordinating the 
function of the A9 and AIO systems. Therefore, degeneration of RRN cells was 
expected to have far-reaching consequences for the functioning of these two cell 
groups. 

Chapters 3, 4 and 5 are devoted to this question. These Chapters deal with 
deficits in motor behaviour induced by subtle, bilateral lesions of dopaminergic cells 
in the RRN. For that purpose, the neurotoxic agent 6-hydroxydopamine which 
selectively destroys dopamine containing cells, was injected into the RRN. The 
resulting, behavioural deficits were analysed with the help of two distinct, 
experimental paradigms: (A) the "treadmill design" that allows the evaluation of 
behavioural disorders inherent to dysfunctions of the A9 and/or AIO systems, and (B) 
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the "food-reaching design" that allows the evaluation of behavioural disorders 
inherent to a dysfunction of the substantia nigra, pars reticulata (SNR). These 
paradigms were chosen for the following reasons. The treadmill design allows the 
study of (a) a valid animal analogue of the reduced shifting aptitude that is present in 
Parkinson's disease patients and known to be due to a hypofunction of the A9 system, 
and (b) a valid animal analogue of the increased cue-directed switching ability that is 
present in Parkinson's disease patients and known to be due to a hyperfunction of the 
AIO system. The food-reaching design allows the study of animal analogues of gait 
and postural disorders that are present in Parkinson's disease patients and known to be 
due to a hypofunction of the SNR. 

Using the treadmill design, we investigated whether a permanent lesion of 
dopaminergic cells in the RRN gives rise to disorders that can be attributed to a 
dysfunction of the A9 system and/or the AIO system. The effects of the lesion were 
analysed for a post-lesion period of 64 days. The findings are presented in Chapter 3. 
We found that the lesion significantly impaired the ability of cats to switch their motor 
patterns arbitrarily, namely a deficit inherent to a hypofunction of the A9 system and 
being the animal analogue of the reduced shifting aptitude that is present in 
Parkinson's disease patients. In addition, we found that the lesion significantly 
improved the ability of cats to switch their motor patterns with the help of external 
information, namely a phenomenon inherent to a hyperfunction of the AIO system and 
being considered to be a valid animal analogue of the increased cue-directed 
switching ability that is present in Parkinson's disease patients. Thus, a lesion of the 
A8 cells turned out to result in the combined occurrence of symptoms characteristic of 
a hypofunction of the A9 system and symptoms characteristic of a hyperfunction of 
the AIO system. 

Apart from these subtle, long-lasting deficits in motor programming, the lesion 
produced additional disorders. It deteriorated the performance of hindlimb movements 
under some, but not all, circumstances. Because the latter deficit was only seen when 
the cat had to perform two motor tasks at the same time, and because the lesion 
impaired the simultaneous performance of two distinct motor tasks (Chapter 5; see 
below), we suggested that a lesion of A8 cells elicits disturbances of hindlimb 
movements as a consequence of the lesion-induced decrease in the ability to perform 
two distinct tasks at the same time. The lesion also altered the sequential patterning of 
motor behaviour as well as the kinetic melody of body movements. Because the latter 
changes actually allowed the invalidated cats to perform their treadmill task as good as 
possible, we suggested that these changes may be considered as forming part of a 
coping strategy, namely a strategy to compensate the deficits that hindered an 
adequate performance of the task. 

The study presented in Chapter 4 is devoted to the question whether the 
behavioural deficits produced by the A8 lesion could be affected by dopaminergic 
agents. For, our findings presented in Chapter 3 led us to hypothesise that the lesion-
induced behavioural disorders were due to lesion-induced alterations in the 
dopaminergic activity of A8, A9 and/or AIO systems. Because the available literature 
shows that dopamine Dl and D2 receptor subtypes are heterogeneously distributed 
across the various dopaminergic cells and their terminal regions, we investigated the 
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effects of the combined administration of the dopamine Dl receptor agonist SKF 
81297 and the dopamine D2 receptor agonist LY 171555. We analysed the effects of a 
cocktail containing a dose of each agonist that was separately tested and found to be 
marginally effective. The results show that the chosen cocktail fully restored the 
functional dysbalance between the A9 and AIO systems: it counteracted both the 
lesion-induced decreased ability to switch arbitrarily motor patterns, viz. a deficit due 
to a hypofunction of the A9 system, and the lesion-induced increase in the ability to 
switch motor patterns with the help of external information, viz. a deficit due to a 
hyperfunction of the AIO system. These findings led us to suggest that treatment with 
dopamine agents restored the lesion-induced functional dysbalance between the A9 
and AIO cells. The finding that this treatment did not alter the lesion-induced changes 
in the sequential patterning of the motor behaviour or the lesion-induced changes in 
the kinetic melody of the movements, strengthened our notion that these effects are 
compensatory by nature and mediated via non-dopaminergic pathways. 

In Chapters 3 and 4 evidence is provided that a lesion of A8 cells produces 
dopamine-specific motor programming deficits inherent to a hypofunction of the A9 
system. A hypofunction of the terminal region of the A9 system, in tum, is known to 
produce a hypofunction of its first-order outputstation, namely the SNR. Both gait and 
postural disorders that are seen in Parkinson's disease patients have been attributed 
amongst others to a malfunction of the SNR. In view of these considerations, we 
investigated whether a lesion of the A8 cell group could also affect the function of the 
SNR. Chapter 5 deals with this question. The integrity of the SNR allows animals to 
alter their stationary body position and to initiate goal-directed limb movements that 
are at rest: the occurrence of experimentally induced changes in this respect can be 
quantitatively assessed with the so-called food-reaching design. Therefore, the effects 
of a lesion of A8 cells upon the function of the feline SNR was investigated with the 
help of the food-reaching design. We found that the A8 lesion produced: (1) a short-
lasting increase in number of reaching errors, (2) a short-lasting delay in movement 
initiation, (3) a short-lasting increase in pellet collecting-time, (4) a long-lasting, 
reduced ability to perform two motor programmes simultaneously, and (5) a long-
lasting, reduced ability to realign the body position. These data led us to conclude that 
a lesion of A8 cells even disrupts the function of the SNR, being one of the 
outputstations of the A8 cell group. 

Chapters 6 and 7 are devoted to the question whether the RRN, including the 
A8 cell group, is involved in the control of orofacial musculature. We had the 
following reasons for this investigation. First, most Parkinson's disease patients who 
are chronically treated with L-DOPA, develop orofacial dyskinesia (OFD); OFD is a 
disorder characterised by involuntary movements of the oral and facial muscles. OFD 
can be elicited acutely in cats by stimulation of a subclass of dopamine receptors in 
the striatal region that is innervated by A8 fibres. This experimentally induced OFD is 
considered to be a valid animal analogue of OFD seen in man. Finally, the presence of 
"mask-face" is one of the earliest symptoms in Parkinson's disease: such a "mask-
face" may be the result of a rigidity of orofacial muscles. Therefore, we investigated 
whether pharmacological manipulations that either inhibit or stimulate the neural 
activity of RRN cells, play a role in the feline model of OFD in man. For that 
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purpose, the activity of the RRN was initially manipulated with local injections of the 
GABA-A receptor agonist muscimol and antagonist bicuculline. A detailed ethogram, 
allowing a qualitative and quantitative analysis of experimentally induced changes in 
orofacial musculature in cats was used, to evaluate the drug-induced effects. This 
study, that is presented in Chapter 6, shows that local injections of GABA-ergic 
compounds into the RRN do not elicit OFD attacks in cats. Nevertheless, RRN-
injections of bicuculline significantly potentiated OFD that was elicited by striatal 
injections of DPI (3,4-dihydroxyphenylimino)-2-imidazoline), namely a dopamine 
receptor agonist which selectively stimulates the subclass of dopamine receptors that 
is present in the striatal terminal region of A8 fibres. This attenuating effect of 
bicuculline was dose-dependent and GABA-ergic specific. 

Chapter 7 it was investigated whether direct excitation of RRN cells could 
affect orofacial musculature. For that purpose, local injections of different doses of N-
methyl-D-aspartate (NMDA), namely a selective agonist of a particular subclass of 
glutamate receptors, the so-called NMDA-receptors, were given into the RRN of cats. 
Again, a detailed ethogram was used to assess the behavioural changes in the orofacial 
musculature. We found that local injections of this agent into the RRN elicits orofacial 
dyskinesia in a dose-dependent and NMDA-specific manner. In order to investigate to 
what extent the effects that could be elicited by activation of NMDA-receptors in the 
RRN, are related to dopaminergic processes in the terminal areas of A8 fibres in the 
caudate nucleus, local injections of NMDA into the RRN were combined with 
injections of DPI into the striatal region that is innervated by A8 fibres. These 
experiments revealed that striatal injections of DPI inhibited the OFD elicited by 
RRN-injections of NMDA. We concluded that the dopaminergic A8 cells form part of 
the circuitry that is involved in the control of orofacial musculature. We hypothesised 
that the dopaminergic A8 cells may contribute to the occurrence of the L-DOPA 
induced OFD in Parkinson's disease as well as to the occurrence of the "mask-face" in 
Parkinson's disease. The role of the RRN in the "mask-face", however, requires 
additional studies that allow the assessment of rigidity, a phenomenon that could not 
be studied with the help of the behavioural method used in the present study 

Chapter 8 discusses the coherence and clinical impact of the findings presented 
in the previous Chapters. In short, we argued that our data underscore the hypothesis 
that degeneration of dopaminergic, A8 cells in the RRN may play a critical role in the 
pathogenesis and/or onset of Parkinson's disease for the following reasons. 

First, our studies showed that a lesion of dopaminergic cells in the RRN 
produces a series of long-lasting deficits that are considered to be an animal analogues 
of disorders seen in Parkinson's disease: (A) a reduced ability to switch arbitrarily 
motor programmes, namely an animal analogue of the reduced shifting aptitude in 
Parkinson's disease; (B) an increase in the ability to switch motor programmes with 
the help of external information, namely an animal analogue of the increased cue-
directed switching ability in Parkinson's disease; and (C) postural disorders and 
difficulties with initiating and executing goal-directed limb movements, namely an 
animal analogue of disorders inherent to a hypofunction of the SNR in Parkinson's 
disease. Thus, a lesion of the dopaminergic A8 cells in the feline RRN produces an 
animal model of Parkinson's disease with face validity. 
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Second, our pharmacological studies showed that stimulation of dopamine Dl 
and D2 receptors restored the above-mentioned key-deficits, namely the reduced 
ability to switch arbitrarily motor programmes and the increased ability to switch 
motor programmes with the help of external information. This underscores the 
predictive validity of our model. 

Fourth, the cells in the RRN are directly connected with the dopaminergic, A9 
and AIO cells as well as with their striatal terminal regions; moreover, the striatal 
terminal region of the A8 and A9 fibres projects to the SNR. We discussed that these 
anatomical connections can explain why a subtle lesion of dopaminergic cells in the 
RRN produced disorders characteristic of a hypofunction of the A9 system and its 
first-order outputstation, namely the SNR, as well as a hyperfunction of the AIO 
system. These data, together with the fact that degeneration of dopaminergic cells in 
the RRN of Parkinson's disease patients occurs, led us to suggest that cats with a 
lesion of the dopaminergic cells in the RRN provides an animal model of Parkinson's 
disease that has construct validity. 

The findings that the A8 fibres play a crucial role in the control of orofacial 
musculature and that the presence of a "mask-face" is one of the earliest symptoms in 
Parkinson's disease led us to suggest that the dopaminergic cells in the RRN may be 
one of the first dopaminergic cell groups that start to degenerate in Parkinson's 
disease. Finally, we speculated that both the key-position that these cells have in 
directing the activity of the other dopaminergic systems, and the lack of homeostatic 
mechanisms that can correct a spontaneously occurring or experimentally induced 
dysfunction of these cells, underlie the postulated key-role that these cells play in the 
pathogenesis and onset of Parkinson's disease. 
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Samenvatting 

De ziekte van Parkinson wordt neurologisch gekenmerkt door onder andere 
een bewegingsarmoede, een bepaalde vorm van stijfheid van de spieren en tremor. 
Deze symptomen ontstaan door een verlies van zenuwcellen in de middenhersenen 
die de neurotransmitter dopamine bevatten. Afgezien van het feit dat de oorzaak van 
het afsterven van deze zenuwcellen onbekend is, is het onduidelijk waarom deze 
degeneratie voortschrijdt ondanks het toedienen van medicijnen die de symptomen 
van de ziekte van Parkinson bestrijden. 

De zenuwcellen in de middenhersenen die dopamine bevatten, zijn verdeeld 
over drie celgroepen: de substantia nigra pars compacta (A9-celgroep), het ventrale 
tegmentale gebied (AlO-celgroep) en de retrorubrale kem (RRN; A8-celgroep). Uit 
postmortaal neuropathologisch onderzoek bij Parkinsonpatienten, maar ook uit 
onderzoeken verricht bij verschillende soorten proefdieren, is gebleken dat er 
verband bestaat tussen het verlies van A9- en A10-dopaminerge cellen en 
symptomen van de ziekte van Parkinson. Afgezien van het feit dat er een correlatie 
lijkt te bestaan tussen het verlies van A8-cellen en tremor, is tot op heden niet 
bekend in hoeverre het verlies van A8-cellen bijdraagt tot andere symptomen van de 
ziekte. 

Het huidige onderzoek, dat is verricht aan katten, is ondernomen om zowel 
de (motorische) gedragsveranderingen die optreden na een experimenteel 
geïnduceerd dysfunctioneren van de RRN, als de consequenties van farma
cologische manipulaties van bepaalde transmitter-receptoren in deze celgroep te 
bestuderen. De resultaten van deze studie tonen aan dat een dysfunctie van de RRN 
bij katten resulteert in verschillende symptomen, die vergelijkbaar zijn met 
symptomen van patiënten met de ziekte van Parkinson. Op basis van de resultaten 
van dit proefschrift kan de rol van de RRN in de pathologie van de ziekte van 
Parkinson dan ook beter worden begrepen. 

In hoofdstuk 1 wordt een aantal anatomische karakteristieken van de 
retrorubrale kern met de A8-celgroep beschreven en wordt verklaard waarom de kat 
als proefdier is gekozen in deze studie. 

In tegenstelling tot de andere dopaminerge celgroepen, de A9- en A10-
celgroepen, is de A8-celgroep tot op heden niet in detail bestudeerd. De 
belangrijkste reden hiervoor is het feit dat de RRN tot ongeveer 30 jaar geleden niet 
als een op zichzelf staand kerngebied werd beschouwd; bovendien is slechts 10 jaar 
geleden aangetoond dat A8-cellen in de RRN dopamine bevatten. De A8-celgroep is 
uniek omdat deze fundamenteel verschilt van de andere dopaminerge celgroepen in 
een zestal aspecten: (1) het dorsale striatale projectiegebied van de A8-cellen speelt 
een rol in de controle van orofaciale spieren bij de kat. Dit is een relevant gegeven 
omdat een masker-gelaat één van de eerste symptomen is bij de ziekte van 
Parkinson. Indien het striatale projectiegebied van de A8-cellen bij de mens 
eveneens een rol speelt bij de controle van orofaciale spieren, kan dit betekenen dat 
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de A8-cellen vroeg in het verloop van het ziekteproces afsterven; (2) er is 
gesuggereerd dat een verlies aan dopaminerge cellen in de A8-celgroep bijdraagt 
aan het ontstaan van tremor bij de ziekte van Parkinson; (3) bij bepaalde primaten 
blijken de cellen in A8-ceIgroep gevoeliger te zijn voor het neurotoxine l-methyl-4-
phenyl-l,2,3,6-tetra-hydropyridine (MPTP) dan de cellen in de overige dopaminerge 
celgroepen. Zowel de mens als andere primaten die met deze stof in aanraking zijn 
geweest, vertonen parkinson-achtige symptomen. Deze gegevens leiden tot de 
hypothese dat de A8-celgroep een belangrijke rol speelt bij het ontstaan van de 
ziekte van Parkinson; (4) de A9-cellen projecteren alleen naar het dorsale striatum, 
de Al O-cellen alleen naar het ventrale striatum, terwijl de A8-cellen naar zowel het 
ventrale- als naar het dorsale striatum projecteren: de A8-cellen bevinden zich dan 
ook in een sleutelpositie om de activiteit in beide striatale gebieden te reguleren; (5) 
de A9- en Al O-cellen ontvangen striatale projecties uit hun projectie gebieden in 
respectievelijk het dorsale- en ventrale striatum; de A8-cellen, daarentegen, 
ontvangen geen projectie uit het dorsale striatum en slechts een geringe projectie uit 
het ventrale striatale projectiegebied. Neuronale systemen die geen, of alleen 
indirecte, terugkoppeling krijgen, zijn waarschijnlijk minder stabiel en daarom 
gevoeliger voor pathogène factoren, farmaca en andere factoren die hun functie 
kunnen veranderen. Dit zou een verklaring kunnen zijn voor het feit dat zelfs een 
heel subtiele beschadiging in de A8-celgroep, zoals beschreven in de hoofdstukken 
3 en 4, aanleiding geeft tot zulke ernstige en langdurige stoornissen. Het zou 
eveneens kunnen verklaren waarom de RRN betrokken is bij orofaciale 
dyskinesieën zoals beschreven in hoofdstukken 6 en 7: de RRN mist eenvoudigweg 
een regulerend mechanisme dat de effecten van een kleine ontregeling van neurale 
activiteit kan tegengaan; (6) bij de rat is aangetoond dat de A8-cellen direct 
projecteren naar de Al O-cellen, hetgeen betekent dat A8-cellen de activiteit van 
andere dopaminerge cellen kunnen beïnvloeden. 

In het kader van deze gegevens, overwegingen en hypothesen hebben wij 
aanvankelijk bij katten onderzocht of de RRN, inclusief de A8-celgroep, projecteert 
naar de andere dopaminerge celgroepen in de middenhersenen; dit is beschreven in 
hoofdstuk 2. Injecties van de anterograde tracers gebiotynileerd dextraanamine of 
Phaseolus н/gam-leucoagglutinine werden stereotactisch in de RRN geplaatst. 
Vervolgens zijn de tracers zichtbaar gemaakt met behulp van een (immuno) 
histochemische kleuringstechniek. Bovendien is de tyrosine hydroxylase (snelheids-
beperkende enzym bij de vorming van dopamine) immunohistochemische kleuring 
gebruikt om de locatie van de injectieplaats en het patroon van anterograad 
gelabelde vezels te bepalen ten opzichte van de dopaminerge celgroepen. De 
resultaten wijzen uit dat beide tracers eenzelfde patroon van gelabelde vezels in de 
ventrale middenhersenen laten zien. Vezels met varicositeiten die hun oorsprong 
hebben in de RRN, projecteren ipsilateraal naar de substantia nigra pars compacta, 
de substantia nigra pars lateralis en het ventrale tegmentale gebied. Aan de 
contralaterale zijde projecteren deze vezels naar de substantia nigra pars compacta, 
het ventrale tegmentale gebied en de RRN. De vezels maken in deze gebieden nauw 
contact met tyrosinehydroxylase positieve cellen; soms zijn deze vezels zelfs om 
dendrieten en perikarya heen gewonden. Het bestaan van deze verbindingen 
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impliceert dat de RRN een cruciale rol speelt bij de coördinatie van het functioneren 
van de A9- en Al O-systemen; daardoor zou de degeneratie van retrorubrale cellen 
verregaande gevolgen kunnen hebben voor het functioneren van de twee ander 
celgroepen. Deze hypothese is nader onderzocht in de hoofdstukken 3, 4 en 5. 

De hoofdstukken 3, 4 en 5 beschrijven de stoornissen in de programmering 
van de motoriek die optreden na een uiterst klein letsel in de RRN. Voor dit doel is 
het neurotoxine 6-hydroxydopamine geïnjecteerd in de RRN; dit beschadigt 
selectief de cellen die dopamine bevatten. De resulterende stoornissen werden 
vervolgens geanalyseerd met behulp van twee verschillende experimentele 
opstellingen: (A) de "loopmolen opstelling" die het mogelijk maakt om stoornissen 
die het gevolg zijn van dysfunctionerende A9- en/of Al O-systemen te bestuderen en 
(B) de "vergaarkooi opstelling" die het mogelijk maakt om stoornissen die het 
gevolg zijn van een dysfunctionerende substantia nigra pars reticulata (SNR) te 
bestuderen. Deze opstellingen zijn gekozen om de volgende redenen. De loopmolen 
opstelling maakt een gedetailleerde studie mogelijk van (A) een valide diermodel 
voor het beperkte vermogen van Parkinsonpatienten om (motorische) programma's 
adequaat te wisselen, hetgeen het gevolg is van een verminderd functioneren van het 
A9-systeem en (B) een valide diermodel voor het toegenomen vermogen van 
Parkinsonpatienten om met behulp van externe stimuli (motorische) programma's te 
wisselen, hetgeen het gevolg is van een verhoogd functioneren van het A10-
systeem. De vergaarkooi-opstelling maakt het mogelijk om een diermodel voor 
houdings- en voortbewegings stoornissen, die bij Parkinsonpatienten optreden, te 
bestuderen. Deze stoornissen worden veroorzaakt door een slecht functioneren van 
de SNR. 

Met behulp van de loopmolen opstelling hebben we onderzocht of een 
permanent letsel van dopaminerge cellen in de RRN resulteert in stoornissen die ten 
grondslag liggen aan een dysfunctioneren van het A9- en/of het Al O-systeem. De 
resultaten van deze studie staan beschreven in hoofdstuk 3. Het effect van het letsel 
is gedurende een post-operatieve periode van 64 dagen bestudeerd. De resultaten 
laten zien dat het letsel het vermogen van de katten om hun motorische 
programma's eigenmachtig te wisselen reduceert, een stoornis die toe te schrijven is 
aan een verlaagd functioneren van de A9-celgroep en wordt beschouwd als een 
valide diermodel voor het beperkt vermogen van Parkinsonpatienten om te wisselen 
tussen (motorische) programma's. De katten raken gedurende dit experiment 
tegelijkertijd gefixeerd op de externe stimuli die geleverd worden door de 
loopmolen; vervolgens gebruiken ze deze stimuli om motorische programma's te 
wisselen. Dit effect is toe te schrijven aan een toegenomen functioneren van de 
AlO-celgroep en wordt beschouwd als een valide diermodel voor het toegenomen 
vermogen van Parkinsonpatienten om te wisselen met behulp van externe stimuli. 
Met andere woorden, een beschadiging van de A8-celgroep resulteert in symptomen 
die karakteristiek zijn voor een verminderd functioneren van het A9-systeem en 
symptomen die karakteristiek zijn voor een verhoogd functioneren van het A10-
systeem. Daarnaast vertonen deze katten een verstoring van bepaalde bewegingen 
van de achterpoten. Deze laatste stoornis werd alleen zichtbaar, wanneer de katten 
twee taken tegelijkertijd moesten uitvoeren. Omdat het letsel van de A8-cellen het 
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vermogen om twee taken tegelijkertijd uit te voeren reduceert (zie Hoofdstuk 5), 
suggereren we dat de verstoringen in achterpootbewegingen optreden als gevolg van 
het verminderd vermogen om twee motorische programma's tegelijkertijd uit te 
voeren. Bovendien worden door het letsel de opeenvolgende looppatronen en de 
wijze van bewegen permanent gewijzigd. Omdat hierdoor de kat met een A8-letsel 
beter in staat is om de taken op de loopmolen uit te voeren, suggereren we dat deze 
veranderingen beschouwd kunnen worden als onderdeel van een aanpassings
strategie. De resultaten tonen aan dat een geringe beschadiging van de A8-celgroep 
resulteert in langdurige stoornissen in de programmering van de motoriek. Dit 
impliceert dat degeneratie van dopaminerge cellen in dit kerngebied een rol kan 
spelen in het ontstaan van symptomen van de ziekte van Parkinson. 

In hoofdstuk 4 wordt de vraag aan de orde gesteld of bovengenoemde 
langdurige stoornissen die veroorzaakt worden door een A8-letsel, beïnvloed 
kunnen worden door een behandeling met dopaminerge stoffen. De resultaten, zoals 
beschreven in hoofdstuk 3, hebben tot de hypothese geleid dat letsel-geïnduceerde 
gedragsstoornissen veroorzaakt worden door veranderingen in de dopaminerge 
activiteit van A8-, A9- en /of Al O-systemen. Omdat de beschikbare literatuur laat 
zien dat dopamine Dl- en D2-receptor-subtypen heterogeen verdeeld zijn over de 
verschillende dopaminerge cellen en hun projectiegebieden, hebben we met name de 
gecombineerde toediening van dopamine Dl agonist SKF 81297 en dopamine D2 
receptor agonist LY 171555 onderzocht. We hebben de effecten geanalyseerd van 
een cocktail, bestaande uit de twee agonisten in een dosering waarin deze, 
afzonderlijk getest, marginaal effectief bleken te zijn. De resultaten van deze studie 
laten zien dat de cocktail de verstoorde balans tussen het A9- en Al O-systeem 
herstelt: deze heft niet alleen het letsel-geïnduceerd verminderde vermogen op om 
eigenmachtig te kunnen wisselen -een stoornis die veroorzaakt wordt door een 
verminderd functioneren van het A9-systeem- maar ook het letsel-geïnduceerd 
toegenomen vermogen om te wisselen met behulp van externe stimuli -een stoornis 
die veroorzaakt wordt door een verhoogd functioneren van het Al O-systeem. Deze 
bevindingen hebben tot de conclusie geleid dat behandeling met dopaminerge 
stoffen de letsel geïnduceerde verstoorde balans tussen A9- en Al O-cellen herstelt. 
Het feit dat deze behandeling de letsel-geïnduceerde veranderingen in 
opeenvolgende looppatronen en de wijze van bewegen niet beïnvloedt, versterkt ons 
idee dat deze effecten compensatoir van aard zijn en toegeschreven moeten worden 
aan niet-dopaminerge verbindingen. 

Uit hoofdstukken 3 en 4 is gebleken dat een letsel van A8-cellen dopamine-
specifieke tekortkomingen in de programmering van de motoriek veroorzaakt, die 
ten grondslag liggen aan een verminderd functioneren van het A9-systeem. Een 
verminderd functioneren van het projectiegebied van het A9-systeem, het striatum, 
veroorzaakt op zijn beurt weer een dysfunctioneren van het projectiegebied van het 
striatum, namelijk de SNR. Zowel verstoringen in houding als in voortbeweging, die 
kenmerkend zijn voor Parkinsonpatienten, worden onder andere veroorzaakt door 
een dysfunctioneren van de SNR. Op grond van deze feiten hebben we in hoofdstuk 
5 onderzocht of een letsel van A8-cellen het functioneren van de SNR kan 
beïnvloeden. De integriteit van de SNR maakt het voor de kat mogelijk de statische 
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lichaamspositie aan te passen en doelgericht pootbewegingen te initiëren vanuit rust. 
Experimenteel geïnduceerde veranderingen van deze parameters kunnen kwanti
tatief worden bepaald met behulp van de zogenoemde vergaarkooi opstelling. In 
hoofdstuk 5 zijn de effecten van een letsel van A8-cellen op de functie van de SNR 
bij katten onderzocht met behulp van deze opstelling. Letsels van de A8-celgroep 
hebben tot gevolg dat de katten gedurende een aantal dagen na de operatie een 
vertraging hebben bij het initiëren van bewegingen met hun voorpoten die nodig 
zijn om de brokjes te vergaren, meer fouten maken in deze bewegingen met hun 
voorpoten en daardoor meer tijd nodig hebben om de brokjes te vergaren. 
Bovendien resulteerde het letsel in een langdurig verminderd vermogen van de 
katten om twee taken gelijktijdig uit te voeren en in een gereduceerd vermogen om 
de lichaamspositie aan te passen. Uit deze resultaten is afte leiden dat een letsel van 
de A8-celgroep zelfs de functie van de SNR aantast. 

In de Hoofdstukken 6 en 7 is onderzocht of de retrorubrale kem -met de A8-
celgroep- betrokken is bij het ontstaan van orofaciale dyskinesieën. Kenmerkend 
voor orofaciale dyskinesieën zijn de onwillekeurige bewegingen van mond- en 
aangezichts-spieren. Dit aspect is in deze studie om een tweetal redenen onderzocht. 
Ten eerste, een groot aantal patiënten met de ziekte van Parkinson, die chronisch 
behandeld zijn met L-DOPA, ontwikkelen orofaciale dyskinesieën. Bij de kat 
kunnen orofaciale dyskinesieën acuut opgewekt worden door stimulatie van een 
bepaalde dopamine receptor-subclasse in het striatale projectiegebied van de A8-
celgroep. Deze acuut opgewekte orofaciale dyskinesieën worden beschouwd als een 
valide diermodel voor orofaciale dyskinesieën bij de mens. Ten tweede, een 
"masker gelaat" is één van de eerste symptomen van de ziekte van Parkinson en kan 
het resultaat zijn van een rigiditeit van de orofaciale spieren. Daarom hebben we 
onderzocht of een farmacologische manipulatie die de activiteit van RRN-cellen 
remt of juist stimuleert, resulteert in orofaciale dyskinesieën. We hebben daartoe de 
activiteit van retrorubrale cellen in eerste instantie gemanipuleerd met lokale 
toediening van de GABA-A receptor agonist muscimol en de GABA-A receptor 
antagonist bicuculline. Een gedetailleerd ethogram is gebruikt om de experimenteel 
geïnduceerde veranderingen in orofaciale dyskinesieën zowel kwalitatief als 
kwantitatief te analyseren. De resultaten van deze studie, die beschreven staan in 
hoofdstuk 6, laten zien dat lokale toediening van deze GABA-erge stoffen in de 
RRN geen orofaciale dyskinesieën opwekt. Echter, lokale toediening van 
bicuculline in de RRN verhoogt orofaciale dyskinesieën, die zijn opgewekt in het 
striatum door lokale injecties met DPI (3,4-dihydroxyphenylimino)-2-inidazoline), 
een dopamine receptor agonist die selectief een subclasse van dopamine receptoren 
beïnvloedt die aanwezig zijn in het striatale projectiegebied van A8-vezels. Dit 
potentiërende effect van bicuculline is dosis-afhankelijk en GABA-specifiek. 

In hoofdstuk 7 is onderzocht of stimulatie van RRN-cellen rechtstreeks de 
orofaciale spieren kan beïnvloeden. Hiertoe zijn lokale injecties met verschillende 
doseringen van N-methyl-D-aspartate (NMDA) in de RRN geïnjecteerd. Dit is een 
selectieve agonist van een bepaalde subclasse van glutamaat receptoren, de 
zogenoemde NMDA-receptoren. Opnieuw is gebruik gemaakt van een gedetailleerd 
ethogram om te bepalen of de orofaciale musculatuur wordt beïnvloed. De 
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resultaten laten zien dat lokale injecties van de glutamaat-receptor agonist NMDA in 
de RRN orofaciale dyskinesieën produceren. Dit effect is dosis-afhankelijk en 
NMDA-specifiek. Om te onderzoeken in welke mate de effecten van NMDA-
injecties in de RRN gerelateerd zijn aan de dopaminerge processen in het 
projectiegebied van de A8-vezels, zijn deze lokale injecties van NMDA in de RRN 
gecombineerd met lokale injecties van DPI in het striatale projectiegebied van A8-
cellen. De resultaten van deze experimenten laten zien dat de lokale striatale 
injecties van DPI, de orofaciale dyskinesieën die opgewekt zijn door lokale NMDA-
injecties in de RRN kunnen remmen. Wij concluderen hieruit dat de dopaminerge 
A8-cellen een onderdeel vormen van het circuit dat betrokken is bij de controle van 
orofaciale spieren. Wij hypothetiseren dat de dysfunctionerende dopaminerge A8-
cellen zowel aan het masker-gelaat bij de ziekte van Parkinson kunnen bijdragen, als 
aan de L-DOPA geïnduceerde OFD. De rol van de RRN bij het ontstaan van een 
masker-gelaat vergt echter aanvullende studies die het mogelijk maken om rigiditeit 
van spieren vast te stellen, een fenomeen dat niet met de huidige toegepaste 
methoden bestudeerd kon worden. 

In hoofdstuk 8 wordt de samenhang tussen de verschillende hoofdstukken en 
de klinische betekenis van deze resultaten bediscussieerd. Ten eerste heeft deze 
studie laten zien dat een letsel van dopaminerge cellen in de RRN een aantal 
langdurige stoornissen tot gevolg heeft die vergelijkbaar zijn met symptomen van de 
ziekte van Parkinson: (A) een gereduceerd vermogen van de katten om hun 
motorische programma's eigenmachtig te wisselen, hetgeen vergelijkbaar is met het 
gereduceerd vermogen van Parkinsonpatienten om te wisselen tussen (motorische) 
programma's; (B) een toegenomen vermogen van de katten om externe stimuli te 
gebruiken om motorisch programma's te wisselen, hetgeen vergelijkbaar is met het 
toegenomen vermogen van Parkinsonpatienten om met behulp van externe stimuli 
motorische programma's te wisselen; (C) houdingsproblemen en moeilijkheden bij 
het initiëren en uitvoeren van doelgerichte bewegingen met de voorpoot, die 
vergelijkbaar zijn met houdings- en voortbewegingsstoomissen bij Parkinson
patienten, die ten grondslag liggen aan een dysfunctionerende SNR. Met andere 
woorden, een letsel van A8-cellen bij de kat resulteert in een diermodel met 
symptoom-validiteit. Ten tweede, de farmacologische studies hebben laten zien dat 
stimulatie van de dopamine Dl- en D2-receptoren de bovengenoemde 
tekortkomingen herstelt: het gereduceerd vermogen om motorische programma's 
eigenmachtig te wisselen en een toegenomen vermogen om motorische 
programma's te wisselen met behulp van exteme stimuli. Een letsel van de A8-
cellen van de kat resulteert dus in een diermodel met predictieve validiteit. Ten 
derde, de cellen in de RRN zijn direct verbonden met de dopaminerge A9- en A10-
cellen en met het dorsale- en ventrale striatum. De striatale projectiegebieden van 
A8- en A9-vezels projecteren naar de SNR. Deze anatomische verbindingen zouden 
ten gondslag kunnen liggen aan de bevinding dat een uiterst klein letsel in de A8-
celgroep tekortkomingen kan produceren die karakteristiek zijn voor 
dysfunctionerende A9- en AlO-celgroepen en voor een dysfunctionerende SNR. 

Deze data, samen met het feit dat er een verlies aan dopaminerge A8-cellen 
optreedt bij Parkinson patiënten, hebben geleid tot de conclusie dat katten met een 
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A8-letsel een diermodel vormt met construct-validiteit voor de ziekte van Parkinson. 
De bevinding dat A8-vezels een cruciale rol spelen bij de controle van orofaciale 
spieren, samen met het feit dat een masker-gelaat één van de eerste symptomen is bij 
de ziekte van Parkinson, hebben tot de suggestie geleid dat de dopaminerge cellen in 
de RRN tot de eerste neuronen behoren die degenereren bij deze ziekte. 

De rol die deze cellen hebben in het reguleren van de activiteit van de andere 
dopaminerge celgroepen en het ontbreken van een terugkoppelingssysteem dat een 
spontane of een experimenteel geïnduceerde dysfunctie van deze neuronen kan 
controleren, ligt ten grondslag aan de hypothese dat degeneratie van dopaminerge 
A8-cellen in de RRN een kritieke rol spelen bij het ontstaan en de progressie van de 
ziekte van Parkinson. 
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Stellingen 

behorende bij het proefschrift 

THE RETRORUBRAL NUCLEUS: 
A STUDY ON CONSEQUENCES OF ITS DYSFUNCTION IN CATS 

Implications for its contribution to 
symptoms seen in Parkinson's disease 



I 

Blazende katten bijten met 

Π 

De dopaminerge retrorubrale A8-celgroep verschilt fundamenteel van de aangrenzende 

dopaminerge A9- en A10-celgroep - dit proefschrift 

III 

De retrorubrale kem bij katten projecteert naar de aangrenzende dopaminerge A9-celgroep in 

de substantia nigra pars compacta en naar de aangrenzende dopaminerge AlÛ-celgroep in het 

ventrale tegmentale gebied - dit proefschrift 

rv 
Een geringe beschadiging van de retrorubrale kem bij katten resulteert in stoornissen die het 

gevolg zijn van een dysfùnctioneren van het A9- en/of het AlO-systeem - dit proefschrift 

V 

De dopaminerge retrorubrale A8-celgroep bij katten vormt een schakel in het neuronale circuit 

dat, na manipulatie, dyskinetische bewegingen van mond- en aangezichtsspieren tot gevolg 

kan hebben - dit proefschrift 

VI 

Glutamaterge en GABA-erge neurotransmitter-systemen in de retrorubrale kern bij katten zijn 

betrokken bij de controle over mond- en aangezichtsspieren - dit proefschrift 

П 

De conventionele neuroanatomische nomenclatuur wordt in toenemende mate ontoereikend 

voor het beschrijven van celgroepen die met behulp van ïmmunocytochemische markers zijn 

geïdentificeerd 



Vili 

Hoewel een ander in principe het voordeel van de twijfel krijgt, ondervindt men zelf alleen 

maar het nadeel van de twijfel. 

К 

Het is verbazingwekkend hoe ver de kennis van een bioloog moet reiken 

in de ogen van een niet-bioloog. 

X 

Vallen-en-opstaan is goed, staan en opvallen is beter. 

XI 

Opgewekte antilichamen zijn neerslachtig van aard. 

XII 

Het huidige wetenschapsbeleid waarbij een overvloed aan AIO- en OIO-plaatsen gecreëerd 

wordt, dient te worden herzien omdat daarin niet zijn opgenomen de toekomstperspectieven 

van de opgeleiden. 

Nijmegen, 17 maart 1998 Monique P.M. Arts 
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