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CHAPTER I 

The organization and circuits of mesencephalic 
dopaminergic neurons and the distribution of 
dopamine receptors in the brain 

MARINA BENTIVOGLIO AND MICAELA MORELLI 

ABSTRACT 

The organization of the main dopaminergic cell groups in the brain, located in the ventral 
mesencephalic tegmentum, and the circuits in which they are inserted are reviewed here, 
with emphasis on rodents. Subdivisions based on cytoarchitecture (substantia nigra, 
ventral tegmental area and related nuclei, retrorubral field), dopaminergic phenotype (A8, 
A9 and A10 cell groups) and organization in dorsal and ventral tiers are discussed and 
compared. Dendritic release and gap junctional protein expression, interactions with glial 
cells, molecular and cellular features of the chemical repertoire of midbrain dopaminergic 
neurons and their main inputs are also reviewed. An account is given on basal ganglia 
circuits, including the organization of the direct, indirect and hyperdirect pathways of 
information processing and dopamine modulation of these pathways. Data on the 
dopaminergic innervation of limbic structures, including the extended amygdala, and the 
distribution and laminar organization of dopaminergic fibers in the cerebral cortex are 
summarized. The last part of the chapter focuses on the distribution of dopamine receptor 
subtypes and their relative densities in different brain structures. For each of the D1, D2, 
D3, D4 and D1B/5 receptors, an overview and distributional maps are provided, followed 
by data on their localization in the rat basal ganglia, cerebral cortex and limbic system, 
and a comparison with findings obtained in the human and nonhuman primate brain. This 
chapter thus presents an overview, at the molecular, cellular and systems levels, of central 
dopaminergic circuits involved in state-setting modulatory systems, generation and 
integration of motor behavior, cognitive functions and reward mechanisms. 

KEY WORDS: Basal ganglia; substantia nigra; ventral tegmental area; striatum; globus 
pallidus; subthalamic nucleus; limbic system. 

1. INTRODUCTION 

The organization, cellular features and molecular signature, as well as the functional 
correlates of the circuits which utilize dopamine (DA) as neurotransmitter represent one of 
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the most fertile fields of investigation in neuroscience. Interest in these circuits and their 
regulation has been and still is stimulated by their involvement in neurological and 
psychiatric diseases, besides their role in motor and cognitive functions, and in the 
motivational aspects of behavior in the normal brain. Thus, 40 years after the 
pioneering description of the mesencephalic dopaminergic cell groups by Dahlstr6m 
and Fuxe (1964), and 20 years after the classical chapters by Bj6rklund and Lindvall 
(1984) and H6kfelt et al. (1984a)in the Handbook of Chemical Neuroanatomy, the central 
dopaminergic systems are still in the forefront of neuroscience. 

The overviews of Bj6rklund and Lindvall (1984) and H6kfelt et al. (1984a) appeared 
20 years after the report of Dahlstr6m and Fuxe (1964) of monoamine-containing cell 
groups in the central nervous system by means of the Falck-Hillarp histofluorescence 
technique (see Section 1.1). Novel technical approaches, developed in the last two decades, 
have been applied to the study of dopaminergic neurons. Knowledge of these cells and 
circuits has thus been enriched by findings obtained with immunohistochemistry, 
molecular biology techniques, the use of transgenic mice and conditional mutants for 
the study of the role of molecules and as animal models of diseases, functional anatomy 
including the mapping of neurons activated by given stimuli through the induction of 
immediate early genes, electrophysiology including chronic recording, sophisticated 
behavioral analysis, imaging techniques including functional neuroimaging and imaging 
of receptors. In addition, the last two decades have witnessed a rapid development of 
studies on DA receptors, leading also to the discovery of DA receptor subtypes. The 
anatomical organization of dopaminergic pathways has thus been animated by novel 
functional correlates and enriched by molecules as protagonists and co-actors, regulated 
by complex mechanisms and interactions. Altogether, these studies have not only added 
new knowledge, but have also led to new conceptual frameworks on the healthy and 
pathological functioning of dopaminergic circuits at the molecular, cellular and system 
levels. 

In the first chapter of this volume, we will review the organization of the main 
dopaminergic cell groups in the brain, which are located in the ventral tegmentum of the 
mesencephalon, and the circuits in which they are inserted. The organization of 
hypothalamic dopaminergic cell groups and circuits is reviewed in the chapter by 
Lookingland and Moore in this volume. We will also focus on the distribution of DA 
receptors in the brain, to summarize current information on the brain geography of these 
key effectors of DA action. Signal transduction mechanisms of DA receptors are dealt 
with in the chapter of Herv~ and Girault, and interactions in the striatum at the receptor 
level in the chapter of Wickens and Arbuthnott. 

An account of the dopaminergic systems in the human forebrain is given by Hurd and 
Hall in this volume, and a chapter on these systems in the brain of primates has already 
appeared in the Handbook of Chemical Neuroanatomy (Lewis and Sesack, 1997). The 
present chapter will therefore refer mainly to rodents. Data on dopaminergic cell groups 
and circuits in other subprimates and in primates will be mentioned, whenever useful for 
comparison and discussion. Some emphasis will be given instead to the distribution of DA 
receptors in the primate brain as compared to the rat, in order to provide an overview of 
the distribution of DA receptor subtypes. 

As far as rodents are concerned, it should be noted that the anatomy of mesencephalic 
dopaminergic systems, in terms of both projections and neurochemical features, has been 
studied mainly in the rat, and the chapters by Bj6rklund and Lindvall (1984) and H6kfelt 
et al. (1984a) referred to this species. The mouse, however, is becoming increasingly 
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important in neuroscience because of its status as an animal model for gene manipulation. 
In addition, at variance with the rat, in which the selective neurotoxin 6-hydroxydopamine 
is still the main tool used to induce lesions of the dopaminergic system, DA-containing 
neurons in mice are sensitive to 1-methyl-4-phenyl-l,2,5,6-tetrahydropyridine (MPTP) 
toxicity (Heikkila et al., 1984). The mouse can, therefore, also provide a rodent model of 
lesions which characterize Parkinson's disease in humans. A comparison between the 
organization of the mesencephalic dopaminergic system of the rat and the mouse will, 
therefore, be discussed whenever data are available. 

To place information in the context of an itinerary of knowledge, an overview will first 
be given of the debates and the methodological developments which led to the 
identification of central dopaminergic cells and to the elucidation of neuronal networks 
in which DA exerts its action. 

1.1. THE OLD AND THE RECENT TORMENTED HISTORY OF 
THE MESENCEPHALIC DOPAMINERGIC CELL GROUPS AND 
THEIR PROJECTIONS 

The substantia nigra (SN) was observed in the human brain as a collection of pigmented 
cells lying dorsal to the cerebral peduncle by Vicq d'Azir, who described it in 1786 as 'locus 
niger crurum cerebri', and soon after by S6mmerring (1788) whose name was linked to this 
structure (see, for example, Fig. 1). The SN was then readily identified by pioneers in 
neuroscience in the midbrain tegmentum ventral to the red nucleus of human adults and 
during development (Fig. 1) as a cell mass, sandwiched between the huge cerebral 
peduncles and the medial lemniscus (Meynert, 1888; Mingazzini, 1888; Mirto, 1896; Sano, 
1910; Edinger, 1911; Castaldi, 1923). However, the projections of the SN, and more 
generally those of the ventral midbrain tegmentum, turned out to be very difficult 
to identify. 

The existence of the nigrostriatal pathway was predicted in the neuropathological 
literature (Von Monakow, 1895; Holmes, 1901) on the basis of retrograde degeneration of 
SN cells following large telencephalic lesions that involved the cerebral cortex and the 
striatum. Subsequent studies reported cell loss in the pars compacta of the SN (SNc) after 
lesions limited to the striatum (reviewed by Hattori, 1993). However, anterograde tracing 
studies, based on silver impregnation of degenerating fibers, first with the Marchi 
technique (Marchi and Algeri, 1886) and later with the Nauta technique (Nauta and 
Gygax, 1951), failed to demonstrate fibers reaching the striatum from the SN. 

On the other hand, degeneration of the SN following striatal lesions was ascribed to a 
transneuronal effect, so that prominent neuroanatomists questioned the existence of the 
nigrostriatal pathway. For example, Mettler stated in 1970: 'I believe that, at the present 
time, most neuroanatomists agree that the nigra projects to the pallidum'. Even 
neuroanatomists determined to verify the nigral output could not find an indication of 
nigrostriatal fibers in the rat (but could not find evidence of nigropallidal fibers either) 
with the Nauta technique, and stated that 'if such a pathway does exist, it must be 
refractory to the Nauta method ... or the terminals may be too fine to be resolved by the 
light microscope' (Faull and Carman, 1968). However, as it will be outlined, evidence of 
the dopaminergic nigrostriatal fibers had already been obtained in the mid-1960s. The 
anatomical confirmation was obtained with the sensitive silver impregnation protocol 
introduced by Fink and Heimer (1967). Using this technique, in 1970, Moore provided the 
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Fig. 1. Top: Transverse sections through the human mesencephalon, as drawn by Theodor Meynert from 
preparations stained with 'gold and potassium chloride'. Abbreviations (translated from the original legends in 
French): A, aqueduct; Big.s., superior quadrigeminal tubercle; Bri, geniculate body and its bundles; Dcs, 
decussation of the superior cerebellar peduncle; Krz.B., bundles of the anterior crossing, the X indicates the 
crossing; L, posterior longitudinal bundle; Lms, lemniscus after the decussation; Pcbl, superior cerebellar 
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first demonstration of anterograde degeneration in the striatum of the cat following 
lesions placed in the ventral midbrain tegmentum. 

The identification of cells of the SN as dopaminergic and of the dopaminergic 
innervation of the striatum through the nigrostriatal tract is recent history, inextricably 
intertwined with methodological achievements in experimental and chemical neuroanat- 
omy in the 1960s and 1970s, and with discoveries on the histopathology of the midbrain 
dopaminergic system in Parkinson's disease in the 1960s. 

As emphasized by Bj6rklund and Lindvall (1984), Carlsson (1959) proposed that DA 
could play a key role in motor control in the basal ganglia, and that the DA depletion in 
the striatum could be the cause of neurological symptoms in Parkinson's disease. Soon 
after, postmortem findings of the reduced levels of DA in the striatum and SN of the brain 
of Parkinsonian patients (Ehringer and Hornykiewicz, 1960; Hornykiewicz, 1963) led to 
the suggestion that a disturbance in the DA-containing nigrostriatal tract could represent 
the primary cause of neurological alterations in Parkinson's disease (Hornykiewicz, 1966). 

These studies were paralleled by the demonstration of central monoaminergic neurons 
at the light microscopic level, which represents a milestone in  the history of the 
dopaminergic system, and of neuroscience in general. This discovery was achieved by the 
formaldehyde fluorescence method, also known as the Falck-Hillarp technique, and its 
modifications (Carlsson et al., 1962; Falck, 1962; Falck et al., 1962), based on the 
condensation of monoamines with formaldehyde resulting in a fluorescent product. In 
1964, Dahlstr6m and Fuxe reported in the rat, the occurrence of catecholamine-containing 
cell bodies in the midbrain (Fig. 2) and lower brain stem. Lesion of the SN was found to 
cause a substantial loss of catecholamine fluorescence in the striatum (And6n et al., 1964), 
with accumulation of fluorescent material in axons of the nigrostriatal bundle (And6n 
et al., 1965), and loss of DA and its synthetic enzymes in the striatum (see Hattori, 1993). 
Evidence of a nigrostriatal fiber system originating from dopaminergic midbrain neurons 
was thus obtained while neuroanatomists were still discussing its existence, and these 
findings inspired the above-mentioned critical experiment which demonstrated nigral 
efferents to the striatum (Moore, 1970). Even the more skeptical neuroanatomists were 
then rapidly convinced of the existence of the nigrostriatal pathway, and stated that 
'nigral efferent fibers in the globus pallidus appeared entirely en passage' (Carpenter and 
Peter, 1972). 

Studies in experimental and chemical neuroanatomy underwent then, as it frequently 
happens in scientific research, a sudden acceleration. Retrograde axonal transport was 
discovered on the basis of the finding that proteins, such as the enzyme horseradish 
peroxidase (HRP), are retrogradely transported from axon terminals to their parent 
neuronal cell bodies (Kristensson and Olsson, 1971). The modern era of neuroanatomy 
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peduncle; P.P., pes pedunculi; R, raphe; RK, red nucleus; RIII ,  III, root and nucleus of the oculomotor nerve; 
S.S., intermediate layer (literally: 'stratum intermedium') with the 'substance of Soemmering'; T.gris., central 
gray substance; Th, bundles of the optic layer for the tegmentum (literally: 'calotte'); 3L.P., root of the 
oculomotor and posterior perforated substance. Reproduced from Meynert (1888). Bottom: Drawing made by 
Ludwig Edinger from sections of the human postnatal brain stained with hematoxylin-eosin. Edinger described in 
the text that the appearance of the substantia nigra illustrated in the drawing reproduced the features observed 
in the brain of newborns, and pointed out the 'comb-like' appearance of cells that 'fan-out' due to fibers. 
Reproduced from Edinger (1911). 
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Fig. 2. Schematic representation of the distribution of monoamine-containing cells in the rat midbrain, as 
illustrated in 1964 by Dahlstr6m and Fuxe in the study in which they first identified these cells and subdivided 
catecholaminergic cells of the midbrain into A8, A9 and A10 cell groups. The original drawings have here been 
arranged in rostrocaudal (A-D) order. The original legends specify that 'the catecholamine type cells are 
indicated with dots and the 5-HT type with crosses'. Abbreviations: AC, aqueduct; A8, A9, A10: catecholamine- 
containing cell groups; B8, B9: serotonin-containing cell groups; CC, crus cerebri; CM, corpus mammillare; FR, 
formation reticularis; FRF, fasciculus retroflexus; GC, griseum centralis; LM, lemniscus medialis; NIP, nucleus 
interpeduncularis; NR, nucleus ruber; SNC, substantia nigra, zona compacta; SNL, substantia nigra, pars 
lateralis; SNR, substantia nigra, zona reticulata. Reproduced from Dahlstr6m and Fuxe (1964). 

started with the introduction of HRP as a retrograde tracer for the study of the origin of 
neural circuits (La Vail and La Vail, 1972). At the same time, the anterograde axonal 
transport of tritiated amino acids, whose labeling is revealed by autoradiography, became 
a tool for the study of termination fields of neural projections (Cowan et al., 1972). With 
these techniques, not only was the nigrostriatal system definitely ascertained but also it 
became one of the most studied pathways in the brain. 

After the study of La Vail and La Vail (1972) in the visual system, the nigrostriatal 
projection was the first central pathway investigated with HRP (Kuypers et al., 1974; 
Nauta et al., 1974), and even became a test pathway for the identification of new 
retrograde tracers (Kuypers et al., 1977). The availability of tracers (and fluorescent dyes 
in particular) suited for multiple retrograde labeling allowed the simultaneous study of 
more than one population of projection neurons and the detection of collateralized 
pathways. As it will be repeatedly mentioned in this chapter, these techniques were rapidly 
applied to the study of basal ganglia circuits. New anterograde tracers resulting in high 
resolution labeling of axons and terminal fields, such as Phaseolus vulgaris leucoagglutinin 
(Gerfen and Sawchenko, 1984), were also introduced in the following years. These tracers 
proved to be valuable tools for the study of basal ganglia circuits at the light and the 
electron microscopic levels, including double anterograde tracing techniques (reviewed by 
Smith et al., 1998). 

The technical approaches for the visualization of neuroactive molecules were rapidly 
progressing in parallel. Geffen et al. (1969) introduced the principle of revealing 
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monoamines by the immunohistochemical labeling of their synthetic enzymes. The latter 
study was based on the use of antibodies to dopamine-[3-hydroxylase, the enzyme which 
converts DA to noradrenaline and is present in noradrenergic and adrenergic neurons as 
well as in cells of the adrenal gland. After working out methodological aspects including 
formalin fixation of the tissue to be processed with immunohistochemistry (H6kfelt et al., 
1973b), H6kfelt and coworkers (1973a) were the first to visualize midbrain dopaminergic 
neurons with immunohistochemistry using antibodies to aromatic acid decarboxylase, 
followed by the report of Pickel et al. (1975). 

The immunohistochemical revelation of tyrosine hydroxylase (TH), the rate-limiting 
enzyme of DA synthesis, was a breakthrough in the identification of dopaminergic cells. 
Such a strategy was adopted by the Swedish investigators (Ljungdahl et al., 1975) in a 
study which also pioneered double labeling approaches, combining TH immunohisto- 
chemistry with retrograde labeling of SNc cells after HRP injection in the striatum (Fig. 3). 
These findings (Ljungdahl et al., 1975) led to the final confirmation of the dopaminergic 
nature of the nigrostriatal pathway, and paved the way for the simultaneous investigation 
of neural circuits and their chemical characterizations (Bj6rklund and Skagerberg, 1979; 
Sawchenko and Swanson, 1981; H6kfelt et al., 1983; Skirboll et al., 1984), also at the 
ultrastructural level (see Smith et al., 1998; Sesack, 2003). 

Last but not least, altogether, these studies inspired the series of the Handbook of 
Chemical Neuroanatomy, whose first volume appeared in 1983. 

2. THE DOPAMINERGIC NEURONS OF THE VENTRAL 
MIDBRAIN TEGMENTUM 

2.1. CRITERIA OF NOMENCLATURE AND SUBDIVISION 

As all the brain regions and systems attract a great deal of attention and effort by the 
investigators, the nomenclature and subdivisions of the ventral midbrain tegmentum and 
of the DA-containing neurons distributed in this region have gone through revisions, 
reflecting new knowledge and deeper insight. This, however, may create some confusion 
when approaching the topic nowadays, and problems in the use of key words for the 
electronic search in literature data base, as well as in the comparison among different 
studies. It is therefore important to outline the different approaches to the subdivision of 
the midbrain dopaminergic cell groups, and the conceptual homologies and differences 
between such approaches. 

We will deal below with the subdivisions based on three different criteria that reflect the 
evolution of the theoretical concepts and the technical advances based on: 
(i) cytoarchitectonic features, (ii) the dopaminergic phenotype of neurons, and (iii) the 
organization of midbrain dopaminergic neurons into dorsal and ventral tiers. Cytoarch- 
itectonic features are observed with nonspecific cell staining, such as the Nissl staining, 
routinely used for the study of the nervous tissue. The definition of different 
catecholamine-containing cell groups in the midbrain was introduced by Dahlstr6m and 
Fuxe in 1964, when these cells were first observed, and is still widely used in studies 
referring to DA-containing cells. The subdivision into dorsal and ventral tiers derives from 
connectivity findings obtained with the axonal transport of tracers, together with data on 
the spatial arrangement of cell bodies and their processes obtained with the Golgi 
impregnation and other methods of cellular filling, as well as with chemoarchitectural data 
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Fig. 3. The plate reproduces illustrations of the first study in which dopaminergic neurons of the substantia nigra 
were characterized by tyrosine hydroxylase immunopositivity (TH, revealed by immunohistofluorescence in A 
and C) and simultaneously identified as nigrostriatal neurons through retrograde labeling (B and D are bright- 
field micrographs of the same fields shown in A and C, respectively, under fluorescence observation). Retrograde 
labeling was obtained by injection of the tracer horseradish peroxidase (HRP) 'in the head of the caudate nucleus' 
(as stated in the original legend) of the rat. The combined strategy was based on incubation with antibodies to TH 
and photography, followed by the histochemical procedure for HRP demonstration. A and B provide low power 
views, and the original legend states: 'The distribution of TH and HRP positive cells is very similar. Note that in 
A both cell bodies and cell processes are strongly stained, whereas the HRP reaction is confined mainly to the cell 
bodies'. The framed areas in B were illustrated at higher magnification, showing in pairs the immunofluorescence 
and the HRP labeling. In particular, C and D correspond to the framed area indicated with 'b' in the low power 
view of HRP labeling. The original legend states: 'most cells (1-5) contain both TH and HRP, whereas some cells 
are only TH positive (black asterisks) and others are only HRP positive (white asterisks)' and specifies that the 
weak appearance of some HRP-labeled cells in the bright-field micrograph was due to the fact that these cells 
were slightly out of focus as a consequence of the section thickness. Reproduced from Ljungdahl et al. (1975). 
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obtained by means of immunohistochemistry and in situ hybridization. The subdivision 
into dorsal and ventral tiers is relatively new and has rapidly become a classical criterion 
for the classification of midbrain dopaminergic neurons also in primates (see Haber, 2003). 
All the three criteria for the subdivision of the mesencephalic dopaminergic cell groups 
are, however, currently adopted in the literature. 

As mentioned earlier, emphasis here will be given to the organization of the 
mesencephalic DA system in rodents, and the reader is referred to Lewis and Sesack 
(1997) and Haber (2003) for findings in primates. 

2.2. CYTOARCHITECTONIC SUBDIVISIONS AND NEURONAL FEATURES 

2.2.1. Midbrain nuclei containing dopaminergic cells 

The dopaminergic neurons of the midbrain are distributed in a continuum across a 
number of anatomical structures (Figs. 2, 4-8). On the basis of cytoarchitectonic features, 
the main dopaminergic cell groups are located in the SNc, in the ventral tegmental area 
(VTA) medial to the SN, and in the retrorubral area (RRA), or retrorubral nucleus 
(as defined in the cat by Berman (1968) and in the rat by Swanson (1982)) which lies 
caudal and dorsal to the SN. 

Additional nuclei which contain dopaminergic cells have been identified in the ventro- 
medial tegmentum of the rat midbrain on the basis of cytoarchitectonic criteria (Phillipson, 
1979a). Three of these nuclei are medial: the rostral linear nucleus of the raphe, the caudal 
linear nucleus of the raphe (also called central linear nucleus, as defined in the cat by 
Berman (1968); this structure was also denominated nucleus linearis intermedius in the cat 
by Taber (1961)), and the interfascicular nucleus located just medial to the fasciculus 
retroflexus. Two other nuclei are more lateral and include the paranigral nucleus and the 
parabrachial pigmented nucleus. Although the relative prominence of these nuclei varies 
across species, the parabrachial pigmented nucleus is consistently the largest of these 
components in the rat, cat and primates, with a relatively high development also of 
the interfascicular nucleus in the rat (Halliday and T6rk, 1986). The DA-containing 
cells distributed throughout these structures are part of the A10 cell group identified 
by Dahlstr6m and Fuxe (1964), as determined by cytoarchitectonic criteria combined with 
glyoxylic acid histofluorescence (Phillipson, 1979a), and as observed with TH immuno- 
histochemistry (H6kfelt et al., 1984a) (Figs. 7 and 8; see Section 2.3). Therefore, although 
Halliday and T6rk (1986) preferred to define this region as ventromedial mesencephalic 
tegmentum because it is formed by different nuclear entities, the above-mentioned nuclei, 
and especially the paranigral and parabrachial pigmented nuclei, may be collectively 
considered part of the VTA (as suggested by Swanson (1982); see Fig. 5). 

Figures 4-6 show the cytoarchitectonic subdivisions which contain dopaminergic cells 
in the ventral midbrain tegmentum, as illustrated in stereotaxic atlases of the rat and 
mouse brain. These atlases nowadays represent common laboratory tools, especially for 
young researchers (who may not be necessarily experts in sophisticated neuroanatomical 
subdivisions and nomenclature). The SN and its different subdivisions (described in 
Section 2.2.2) are clearly delineated in Figures 4-6. Medially to the SN, the emphasis on 
the parcellation (or lack of parcellation) into different nuclei varies slightly according to 
the authors. The VTA is obviously indicated in all atlases, but its extent is rarely 
delineated, though the boundaries of this region are outlined at rostral levels in Swanson's 
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rat: Paxinos and Watson, 1998; Paxinos et aL, 1999 
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Fig. 4. The ventral midbrain tegmentum as illustrated at rostral (A-D) and middle (E,F) levels in coronal sections 
through the rat brain in the atlases by Paxinos and coworkers. A,C,D derive from Paxinos et al. (1999); B,E,F 
from Paxinos and Watson (1998). C and D reproduce sections processed for immunohistochemistry with 
antibodies to tyrosine hydroxylase (TH) or to the calcium binding protein calbindin. Abbreviations: Cli, central 
linear nucleus of the raphe; cp, cerebral peduncle; DG, dentate gyrus; DpMe, deep mesencephalic nucleus; dtgx, 
dorsal tegmental decussation; f, fornix; fr, fasciculus retroflexus; IMLF, interstitial nucleus of the medial 
longitudinal fasciculus; IPC, interpeduncular nucleus, caudal subnucleus; IPDL, interpeduncular nucleus, 
dorsolateral; IPDM, interpeduncular nucleus, dorsomedial; IPI, interpeduncular nucleus, intermediate 
subnucleus; IPL, interpeduncular nucleus, lateral subnucleus; IPR, interpeduncular nucleus, rostral subnucleus; 
LM, lateral mammillary nucleus; ml, medial lemniscus; ML, medial mammillary nucleus, lateral part; mlf, medial 
longitudinal fasciculus; MM, medial mammillary nucleus, medial part; mp, mammillary peduncle; 
mt, mammillothalamic tract; mtg, mammillotegmental tract; PBP, parabrachial pigmented nucleus; 

10 



Dopamine circuits and receptors Ch. I 

atlas of the rat (1992; Fig. 5A) and in the mouse atlas of Hof et al. (2000; Fig. 6A). The 
location of the parabrachial pigmented nucleus is indicated (but not delimited) by Paxinos 
and co-workers in the rat (Paxinos and Watson, 1998) and in the mouse (Franklin and 
Paxinos, 1997; Paxinos and Franklin, 2001; Fig. 6C). The paranigral nucleus is delineated 
both in the rat (Fig. 4F) and in the mouse (Fig. 6A; the extent of the paranigral nucleus is 
also delineated in the atlas of Franklin and Paxinos (1997), but at levels more caudal than 
that shown in Fig. 6C,D). The sections shown in Figures 4-6 also indicate in the rat and 
the mouse, the location and boundaries of the midline structures which contain 
dopaminergic cells: the interfascicular nucleus (Figs. 4E and F, 5C and D, 6) and the 
raphe nuclei (rostral linear nucleus in Figs. 4E and F, 5C and D, 6; central linear nucleus in 
Figs. 5C and D, 6). 

2.2.2. Substantia nigra 

Two main subdivisions have been recognized in the SN since the first detailed studies of 
this structure (Mingazzini, 1888; Sano, 1910; Cajal, 1911). In particular, Mingazzini 
(1888), who impregnated human midbrain tissue with the Golgi technique, was so 
impressed by the appearance of the different portions of the SN that he considered the 
organization of this structure similar to the layered organization of the cerebral cortex and 
described the SN neurons as pyramidal cells. 

Cajal (1911) stated that 'two zones or cellular bands' were recognizable in the SN in 
transverse Nissl-stained sections through the midbrain: 'the lower one is large and cell 
poor, but on the contrary rich in protoplasmic processes [dendrites] and fibers of passage; 
the upper or marginal one is narrow and richer in nerve cells'. Applying the Golgi 
impregnation to the SN of different animal species, Cajal (1911) clearly described a 
'general tendence' towards a 'perpendicular' orientation of dendrites (Fig. 9), which, as 
will be emphasized below, turned out much later to represent a major feature of SN 
dopaminergic cells. By the way, to offer to the junior and senior researchers a consolation 
for the hassle of literature update at present times, it is worth noting that Cajal (1911), 
probably unaware of Mingazzini's study which had appeared in 1888, mentioned that the 
SN had first been impregnated with the Golgi staining by Mirto in 1896. 

The two main subdivisions of the SN are the SNc, characterized by densely packed 
neurons (as the Latin adjective 'compacta' indicates), and the pars reticulata (SNr) 
characterized by sparser cells, enmeshed in fibers (which are the termination of the 
striatonigral pathway) as in a net (as the Latin adjective 'reticulata' indicates) 
(Figs. 4A,B,E,F; 5 and 6). A third portion, the pars lateralis (SN1), is formed by a small 
elliptical mass of neurons in the rostral and the dorsolateral portion of the SN (Figs. 4A,E,F 
and 6). The SN1 has many features in common with the other two subdivisions, 

+.._ 

PP, peripeduncular nucleus; PR, prerubral field; Reth, retroethmoid nucleus; RMC, red nucleus, magnocellular; 
RPC, red nucleus, parvocellular; scp, superior cerebellar peduncle; SNC, substantia nigra, compact part; SNL, 
substantia nigra, lateral part; SNR, substantia nigra, reticular part; SPFPC, subparafascicular thalamic nucleus, 
parvocellular part; SuML, supramammillary nucleus, lateral part; VTA, ventral tegmental area; VTM, ventral 
tuberomammillary nucleus; ZID, zona incerta, dorsal part; ZIV, zona incerta, ventral part; 3, oculomotor 
nucleus; 3n, oculomotor nerve or its root. Reproduced with permission from Paxinos and Watson (1998) and 
Paxinos et al. (1999). 
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Fig: 5. The plate illustrates the ventral midbrain tegmentum as illustrated in the atlas of the rat brain of Swanson 
(1992), at levels approximately equivalent to those shown in Fig. 4. B and D are images of Nissl-stained sections. 
Abbreviations: CLI, central linear nucleus of the raphe; cpd, cerebral peduncle; DGlb, dentate gyrus, lateral 
blade; EW, Edinger-Westphal nucleus; fr, fasciculus retroflexus; hf, hippocampal fixure; IF, interfascicular 
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and contains mostly medium-sized cells of various shapes resembling those of the SNc 
neurons. DA-containing neurons are concentrated in the SNc and are also found in the 
SN1 (Figs. 4A, 7, 8). The SN1 shares the projections of the SNc to the striatum and the 
amygdala (see further, Sections 5.2 and 7.2) but has also some distinct features of 
connectivity. In particular, nondopaminergic neurons of the SN1 project to the inferior 
colliculus (see the review by Fallon and Loughlin (1995)). 

According to the study of Poirier et al. (1983), in the rat the SN of either side has about 
22,400 neurons, and 44% belong to the SNc, whereas in the cat, the SN has about 38,400 
neurons (58% of which belong to the SNc), and the proportion of SNc cells increases in 
primates (about 73,500 neurons in the SN, 85% of which are located in the SNc). 
With some unavoidable variation, these numbers are roughly in agreement with the 
quantitative evaluations of the DA-containing cells identified with TH immunoreactivity 
(see Section 2.3). 

The cytoarchitectural organization of the SN has been described with Nissl staining 
(Hanaway et al., 1970; Poirier et al., 1983; Halliday and T6rk, 1986)). The cell types and 
their processes have been identified by Golgi impregnation (Juraska et al., 1977; 
Phillipson, 1979b) and intracellular filling (Tepper et al., 1987). Neuronal cell bodies in the 
SNc have various shapes (ovoid, polygonal, or fusiform), and sizes. Halliday and T6rk 
(1986) reported that the perikaryal diameter of the SN neurons ranges from 6 to 33 ~m in 
the rat, and SN neurons are relatively larger in primates (with diameters ranging from 11 
to 43 ~tm in the SNc of the macaque monkey, and from 14 to 50 ~tm in the human SNc). 

In both the SN and the VTA, dopaminergic cell bodies show with Nissl staining a 
marked basophilia, whereas nondopaminergic neurons, intermingled with dopaminergic 
ones especially in the VTA, are more lightly stained (Domesick et al., 1983). These light 
microscopic features correspond, at the electron microscopic level, to ultrastructural 
characteristics distinctive of dopaminergic neurons, whose cytoplasm appeared filled with 
regularly arranged rows of rough endoplasmic reticulum cisternae and free ribosomes, 
indicating a high protein synthesis activity (Domesick et al., 1983). 

In the Golgi preparations of the rat midbrain tegmentum (Juraska et al., 1977; 
Phillipson, 1979b), neurons of the SNc were seen to emit long dendrites which branched 
infrequently (exhibiting features that overall matched the Cajal's drawings shown in 
Fig. 9). The dendritic field was found to be oriented mediolaterally in the dorsal part of the 
SNc, whereas ventrally placed SNc neurons, exhibiting the morphology of inverted 
pyramids with the base lying dorsally, were seen to emit a long apical dendrite oriented in 
a dorsoventral direction and extending into the SNr. These findings fit well with the 
subdivision of midbrain dopaminergic cells into dorsal and ventral tiers (see Section 2.4). 

+..._ 

nucleus of the raphe; INC, interstitial nucleus of Cajal; IPNc, interpeduncular nucleus, central subnucleus; IPNlr, 
interpeduncular nucleus, lateral subnucleus, rostral part; IPNr, interpeduncular nucleus, rostral subnucleus; ml, 
medial lemniscus; mlf, medial longitudinal fasciculus; MM, medial mammillary nucleus; mo, molecular layer of 
dentate gyrus, lateral blade; mp, mammillary peduncle; MRN, mesencephalic reticular nucleus; MT, medial 
terminal nucleus of the accessory optic tract; mtg, mammillotegmental tract; opt, optic tract; PH, posterior 
hypothalamic nucleus; pm, principal mammillary tract; po, polymorph layer of dentate gyrus, lateral blade; PP, 
peripeduncular nucleus; RL, rostral linear nucleus of the raphe; RN, red nucleus; rust, rubrospinal tract; sg, 
granule cells layer of dentate gyrus, medial blade; SNc, substantia nigra, compact part; SNr, substantia nigra, 
reticular part; so, stratum oriens of CA1 field; SUM1, supramammillary nucleus, lateral part; SUMm, 
supramammillary nucleus, medial part; SUM1, supramammillary nucleus, lateral part; TMv, tuberomammillary 
nucleus, ventral part; VTA, ventral tegmental area; ZI, zona incerta. 
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~ mouse: I-Iof et al., 2000 

Fig. 6. The plate illustrates a section through the rostral level of the ventral midbrain tegmentum as presented in 
two different atlases of the mouse brain, to show nuclear subdivisions delineated by different authors, and for a 
comparison between the mouse and the rat (shown in Figs. 4 and 5). Abbreviations in A, B: CLI, central linear 
nucleus of the raphe; cpd, cerebral peduncle; DGmo, dentate gyrus, molecular layer; dtd, dorsal tegmental 
decussation; EW, Edinger-Westphal nucleus; IF, interfascicular nucleus; ipf, interpeduncular fossa; IPNc, 
interpeduncular nucleus, caudal part; IPNi, interpeduncular nucleus, intermediate part; IPN1, interpeduncular 
nucleus, lateral part; IPNr, interpeduncular nucleus, rostral part; LM, lateral mammillary nucleus; ml, medial 
lemniscus; mlf, medial longitudinal fasciculus; MM, medial mammillary nucleus; MT, medial terminal nucleus of 
the accessory optic tract; mtg, mammillotegmental tract; PN, paranigral nucleus; po, polymorphic layer; POL, 
posterior limitans nucleus of the thalamus; PP, peripeduncular nucleus; RL, rostral linear nucleus of the raphe; 
RN, red nucleus; rust, rubrospinal tract; scp, superior cerebellar peduncle; sg, granule cell layer; SNc, substantia 
nigra, compact part; SN1, substantia nigra, lateral part; SNr, substantia nigra, reticular part; VTA, ventral 
tegmental area; vtd, ventral tegmental decussation. Abbreviations in C, D: fr, fasciculus retroflexus; GrDG, 
granular layer of the dentate gyrus; IF, interfascicular nucleus; IPF, interpeduncular fossa; ML, medial 
mammillary nucleus, lateral; MM, medial mammillary nucleus, medial; MT, medial terminal nucleus of the 
accessory optic tract; mtg, mammillotegmental tract; PBP, parabranchial pigmented nucleus; PIL, posterior 
intralaminar thalamic nucleus; PoDG, polymorph layer of the dentate gyrus; PP, peripeduncular nucleus; 
RLi, rostral linear nucleus of the raphe; RPC, red nucleus, parvocellular; SNC, substantia nigra, compact part; 
SNL, substantia nigra, lateral part; SNR, substantia nigra, reticular part; SuM, supramammillary nucleus; VTA, 
ventral tegmental area; VTRZ, visual tegmental relay zone. 

On the other hand, neurons in the most ventral part of the SNr were seen to give off 
dendrites oriented parallel to the cerebral peduncle. 

Intracellular HRP injections (Tepper et al., 1987) also visualized cell bodies that emitted 
3-6 primary dendrites, some of which extended ventrally into the SNr, bearing spine-like 
appendages or other extrusions, especially in their distal portions. With intracellular HRP 
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Fig. 8. The plate illustrates the distribution of dopaminergic cells in the mouse, as shown by tyrosine hydroxylase 
immunoreactivity in coronal sections through the midbrain of the C57BL/6 mouse. Abbreviations: A9c, caudal 
part of the A9 cell group; A10c, caudal part of the A10 cell group; CLi, central linear nucleus; fr, fasciculus 
retroflexus; IF, interfascicular nucleus; IPC, caudal interpeduncular nucleus; IPR, rostral interpeduncular 
nucleus; mfb, medial forebrain bundle; ml, medial lemniscus; PBP, nucleus parabrachialis pigmentosus; 
PN, nucleus paranigralis; RRF, retrorubral field; SNC, substantia nigra, pars compacta; SNL, substantia nigra, 
pars lateralis; SNR, substantia nigra, pars reticulata; VTA, ventral tegmental area; 3n, third nerve. Reproduced 
with permission from Nelson et al. (1996). 

filling, SN axons revealed dense collateral arborizations, branching not only within the 
dendritic field of the parent cell but also in more distant regions of the SN. A peculiar 
feature observed with the intracellular HRP injections in the axons of the SNc and SNr in 
the rat, and also in the cat SNr (Karabelas and Purpura, 1980), was represented by the 
finding that some intrinsic collaterals were seen to terminate on dendrites of the parent 
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Fig. 9. Cajal's drawings of the features he observed in the ventral midbrain with Golgi impregnation. Left: 
Sagittal section of the mouse brain. A, cerebral peduncle; B, substantia nigra; C, bundle of collaterals destined to 
the infra-thalamic region; D, continuation of the cerebral peduncle; F, protuberance; d, bundle emanating from 
the substantia nigra. Right. Portion of a frontal section of the substantia nigra, from a kitten of a few postnatal 
days of age. A, upper cells; B, lower cells; C, cells with a short-axon (?) - the question mark is in the original 
legend; D, cerebral peduncle; a, collaterals deriving from the cerebral peduncle and ramifying in the substantia 
nigra. Reproduced from Cajal (1911). 

cells. This kind of contact formed 'autapses' (autaptic synapses), a term introduced by 
van der Loos and Glaser (1972) to describe a synapse between a neuron and a collateral 
of its own axon. 

Since the initial extensive studies based on TH immunohistochemistry (H6kfelt et al., 
1976), the arrangement of dendrites extending into the SNr in bundles in which DA 
neurons are intertwined turned out to be a remarkable feature of dopaminergic SN 
neurons (Fig. 10C,D). Such an arrangement defines finger-like extensions (frequently 
referred to as 'columns') that penetrate deeply into the SNr. 

2.2.3. Ventral tegmental area 

The VTA was originally described as 'nucleus tegmenti ventralis' by Tsai (1925) in a study 
on the optic tract and centers of the opossum (Fig. 11). In this investigation, Tsai (1925) 
referred to earlier studies (Hiraiwa, 1915; Castaldi, 1923) which had regarded this nucleus 
'as part of the substantia nigra'. However, Tsai (1925) described it as an independent 
entity, especially on the basis of its relationships with the surrounding fiber bundles, and 
thus stated that the 'nucleus tegmenti ventralis' differed 'from the nonspecific character of 
the substantia nigra connections'. Following this initial description in a marsupial, the 
VTA was identified in several animal species (cf. the review of Huber et al. (1943)). 

According to Halliday and T6rk (1986), the region of the ventromedial mesencephalic 
tegmentum contains approximately 27,000 cells in the rat (and approximately 47,000 cells 
in the monkey and 690,000 cells in the human). Swanson (1982) calculated that about 80% 
of these cells are TH-immunopositive, and therefore dopaminergic, in the rat VTA (see 
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Fig. 10. The plate illustrates details of midbrain dopaminergic neurons labeled by tyrosine hydroxylase 
immunoreactivity. A and B illustrate a comparison between dopaminergic neurons of the substantia nigra pars 
compacta (A) and of the ventral tegmental area (B), showing the different sizes and packing density of these 
neuronal subsets. C and D show the arrangement of immunostained dendritic arborizations extending from 
neurons of the substantia nigra pars compacta (zc) into the pars reticulata (zr). D shows at higher magnification a 
detail of the upper right corner of the low power view shown in C: smooth and varicose dendrites are evident and 
the arrow points to one varicose process. Adpated from H6kfelt et al. (1976). 
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Fig. 11. The figure is reproduced from Tsai (1925) and corresponds to one of the sections through the brain of 
the opossum (the 'transverse section at the level just anterior to the entrance of the nervous oculomotorius' in the 
original legend) in which Tsai first identified and labeled the 'nucleus tegmenti ventralis', that was later 
denominated as 'ventral tegmental area of Tsai' and became the VTA (dropping the eponym) of the modern 
nomenclature. Abbreviations: aq., aqueductus cerebri; br.q.inf., brachium quadrigeminum inferius; c.gen.m., 
corpus geniculatum mediale; c.mam., corpus mamillare; col.sup., colliculus superior; com.t.m., commissura tecti 
mesencephali; dec.teg.d, decussatio tegmenti dorsalis; dec.teg.v., decussatio tegmenti ventralis; f.l.m., fasciculus 
longitudinalis medialis; form.ret., formatio reticularis; lm.lat., lemniscus lateralis; lm.med., lemniscus medialis; 
nuc.f.l.m., nucleus of fasciculus longitudinalis medialis; nuc.III E-W., nucleus nervi oculomotorii, Edinger- 
Westphal; nuc.int., nucleus interstitialis tegmenti; nuc.mes.V., nucleus mesencephalicus V; nuc.op.teg., nucleus 
opticus tegmenti; nuc.rub.l., nucleus ruber lateralis; nuc.rub.m., nucleus ruber medialis; nuc.teg.v., nucleus 
tegmenti ventralis; ped., pes pedunculi; ped.c.mam., pedunculus corporis mamillaris; r.V.mes., radix 
mesencephalica trigemini; sub.nig., substantia nigra; tr.hab.ped., tractus habenulo-peduncularis; tr.mam.teg., 
tractus mamillo-tegmentalis; tr.ol.teg., tractus olfacto-tegmentalis; tr.op.ac.post., tractus opticus accessorius 
posterior; tr.op.m, mesencephalic fibers of the tractus opticus; 1, stratum zonale; 2, stratum griseum superficiale; 
3, stratum opticum; 4, stratum griseum medius; 5, stratum album medius; 6, stratum griseum profundum; 
7, stratum album profundum; 8, stratum griseum centrale. 
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also Section 2.3). Besides the dopaminergic neurons, the VTA also contains GABAergic 
neurons, which project to the ventral striatum or to the prefrontal cortex (Kosaka et al., 
1987; Van Bockstaele and Pickel, 1995; Carr and Sesack, 2000a) (see Sections 7.2 and 8.2). 

In the ventromedial mesencephalic tegmentum, cells are rather loosely arranged 
(Figs. 4-6), and Halliday and T6rk (1986) evaluated that the packing density of the SNc is 
about twice than in the VTA. In this latter area the cells are small-sized, ranging from 6 to 
26 ~tm in the rat (from 4 to 34 ~m in the monkey, and from 10 to 53 ~tm in the human), 
exhibiting in Nissl-stained sections a variety of staining intensities and shapes (round, 
ovoid, fusiform, stellate, polygonal or irregular) (Halliday and T6rk, 1986). 

In the Nissl-stained sections, the VTA appears continuous with the dorsal portion of 
the SNc (Phillipson, 1979a; Figs. 4-6). With Golgi impregnation (Phillipson, 1979b), some 
heterogeneity was found in the cells of the different VTA components (represented by 
the nuclear subdivisions listed in Section 2.1.1), with a main dendritic organization 
approximately in the horizontal plane. Although the VTA merges laterally with the SNc, 
Phillipson (1979b) emphasized that in the VTA, there is no clear counterpart to the SNr 
and neurons do not have long, ventrally directed dendrites. 

2.3. A8, A9 AND A10 CELL GROUPS 

On the basis of their observations with histofluorescence, Dahlstr6m and Fuxe adopted in 
1964 a new nomenclature for the monoamine-containing cell groups. For descriptive 
purposes, the catecholamine class of monoamines were given the 'A' (dopamine and 
noradrenaline) or 'C' (adrenaline) designation, and the indoleamine class of monoamines 
were defined as 'B' (serotonin) cell groups. The monoamine-containing cell groups were 
also numbered sequentially according to their caudorostral distributions from the medulla 
oblongata to the diencephalon. This new nomenclature was due to the fact that the 
distribution of neurons exhibiting fluorescent labeling appeared to cross anatomical 
boundaries, so that a precise correspondence with anatomically identified structures was 
difficult to determine. In addition, cytoarchitectonic features of the unlabeled structures 
surrounding monoaminergic cell groups were probably difficult to define under 
fluorescence observation. 

The DA-containing system of the midbrain was divided in the rat by Dahlstr6m and 
Fuxe (1964) in the A8, A9 and A10 cell groups (Fig. 2). As mentioned above, this 
nomenclature is still widely in use. The A8 cells are predominantly found in the RRA, 
whereas the subdivision into A9 and A10 cell groups was based on a lateral-medial 
topography. The A9 neurons are located in the SNc with some neurons extending in the 
SNr and SN1 (Fig. 7). The A10 cells are located in the VTA, extending into the structures 
located at the midline or closer to it, mentioned in Section 2.2.1 (Figs. 7, 8) (see also 
H6kfelt et al., 1984a). In both the rat (Fig. 10A,B) and the mouse (Nelson et al., 1996) the 
cells identified as dopaminergic are smaller in the A10 cell group than in the A9 cell group. 

Dopaminergic neurons of the A8 cell group, orginally defined by Dahlstr6m and Fuxe 
(1964) as supralemniscal cells, are located dorsal and caudal to the SN (Fig. 2). The A8 
neurons are generally considered to represent an extension of the A9 cell group, since 
the rostral and ventral portion of the A8 cell group cannot be clearly differentiated from 
the contiguous A9 cells of the caudal and lateral SN. The A8 cells are also continuous 
with the caudal and lateral portions of the A10 cell group extending in the parabrachial 
pigmented nucleus. Retrorubral neurons, visualized by intracellular filling in the cat, 
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appeared as medium sized and sparsely branched neurons, with long dendrites and distally 
located spine-line appendages, similar to the SNc neurons (Preston et al., 1981). 

In the rat, the A8 neurons form rostrally a cell bridge, which joins the A9 and A10 cells 
and includes the neurons embedded in the fascicles of the medial lemniscus. The A8 
neurons are organized caudally in a ventral cell sparse region which then disappears, and a 
dorsal cell dense portion which extends further caudally to the mesopontine junction 
(Deutsch et al., 1988). The position of the A8 cell group remains roughly comparable 
across the mammalian species (Deutsch et al., 1988), including the mouse (Nelson et al., 
1996) (Fig. 8). Dopaminergic neurons of the A8 cell group contribute efferents to all the 
forebrain dopaminergic pathways (Deutsch et al., 1988): they give origin to projections 
to the striatum as part of the nigrostriatal cell population (see Section 5.2), as well as to 
the mesolimbic pathways (see Section 7.2) and to projections to the cerebral cortex 
(see Section 8.2). 

Bj6rklund and Lindvall (1984) reported that in the rat TH immunohistochemistry 
reveals 15,000-20,000 dopaminergic neurons on each side of the midbrain tegmentum, and 
about 9000 of these cells belong to the VTA. Despite the unavoidable variability of cell 
counts, subsequent investigations in the rodents are in keeping with these quantitative 
figures. German and Manaye (1993) evaluated a total number of approximately 45,000 
TH-immunoreactive neurons bilaterally in the rat midbrain. In the mouse, marked 
differences in the number of midbrain dopaminergic (TH-immunoreactive) cells have been 
reported in different strains (Zfiborsky and Vadasz, 2001). For example, the total number 
of these cells varies from approximately 21,000 in C57BL/6 mice to 30,000 in FVB/N 
mice, with no differences in the volume of the striatum between these two strains (Nelson 
et al., 1996). 

In terms of relative proportion of TH-immunopositive cells, the A8 cells account for 
about 5%, and the A9 and A10 cells account for about 95%, with a more or less equal 
distribution in rodents. In particular, the A 10 cells account for 46% of the total number of 
midbrain dopaminergic neurons in the rat (German and Manaye, 1993), and 50-52% in 
the mouse (Nelson et al., 1996). These studies (German and Manaye, 1993; Nelson et al., 
1996) also emphasized that the proportion of DA-containing cells located in nuclei A8, A9 
and A10 differs greatly from rodents to primates. In the primates (with a total number of 
160,000 TH-immunoreactive neurons in the macaque monkey midbrain, and estimates 
ranging from 400,000 to approximately 600,000 in the human midbrain), the majority 
(> 70%) of midbrain dopaminergic neurons are located in the A9 cell group. In the 
primates, therefore, the A9 region seems to undergo a considerable expansion compared 
to the rodents. 

2.4. THE DORSAL AND VENTRAL TIERS 

The distinction of the midbrain dopaminergic system into a dorsal and a ventral tier is 
based on the main cellular features mentioned above, as well as on distinct neurochemical 
features and pattern of connectivity, which will be presented in the following sections but 
are summarized here. 

Tiers or 'sheets' of dopaminergic cell bodies were initially defined in the rat mainly on 
the basis of their projections. By the use of anterograde and retrograde tracers, Fallon and 
Moore (1978) observed that the A9 and A10 neurons formed a continuum, with both cell 
groups contributing to the nigrostriatal, mesolimbic and mesocortical pathways (Fig. 12), 
and were arranged in a dorsal to ventral gradient in the neural origin and termination 
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Fig. 12. The diagram, redrawn from Fallon and Loughlin (1995), summarizes the distribution in the rat of 
midbrain dopaminergic neurons which give origin to different sets of telencephalic projections. Abbreviations: 
CP, cerebral peduncle; ml, medial lemniscus; MT, medial terminal nucleus of the accessory optic tract: 
SNc, substantia nigra, pars compacta; SN1, substantia nigra, pars lateralis; SNr, substantia nigra, pars reticulata; 
VTA, ventral tegmental area. 

field. Therefore, the origin of efferents of midbrain dopaminergic cells encompassed not 
only cytoarchitectonic boundaries but also the subdivisions originally made with 
histo flu o re scence. 

In the rat, the dorsal tier includes cells of the dorsal parts of the VTA and SNc and cells 
of the RRA innervating the limbic portion of the striatum and limbic cortical fields, 
as well as the ventral basal forebrain structures, such as the olfactory tubercle and the 
amygdala. Neurons of the dorsal tier are mostly fusiform, with dendrites oriented 
horizontally in the mediolateral plane of the SNc. From the neurochemical point of view, 
neurons of the dorsal tier contain relatively low levels of TH mRNA and dopamine 
transporter (DAT) mRNA, and the calcium binding protein calbindin is colocalized with 
DA in most dorsal tier neurons (Gerfen, 1985) (Figs. 4D; 13C,D). 

The ventral tier includes in the rat cells of the ventral parts of the VTA and SNc 
which innervate the neostriatum and dorsal structures of the basal forebrain such as 
the septum. Ventral tier neurons include the 'columns' of dopaminergic neurons which 
pierce the SNr and project to the striatum (Figs. 12, 13A). The ventral tier neurons 
express high levels of DAT mRNA and do not exhibit calbindin immunoreactivity 
(Gerfen, 1985). 
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Fig. 13. The plate illustrates the features of neurons of the substantia nigra pars compacta (SNc) projecting to the 
striatum, as revealed by retrograde labeling after large injections of tracers in the rat striatum. A is a low power 
view of the SNc labeled by the fluorescent tracer Fast Blue: note the so-called 'columns' or 'fingers' of SNc cells 
extending into the (unlabeled) pars reticulata of the substantia nigra. B is a higher power view of SNc nigrostriatal 
neurons labeled by the fluorescent tracer Evans Blue: note the different cell shapes and sizes. C and D are 
microphotographs of SNc neurons in a double labeling experiment in which calbindin immunoreactivity 
(visualized by the brown reaction products of the chromogen 3'-3' diaminobenzidine) was combined with 
retrograde labeling with the tracer wheat germ agglutinin conjugated with enzymatically inactivated horseradish 
peroxidase and with colloidal gold (revealed by the black granules resulting from silver enhancement). D is a 
higher magnification of the upper part of C, and the star labels the same point for spatial reference. Note that 
there are single labeled neurons of each cell population (calbindin-immunoreactive or retrogradely labeled) and 
double labeled neurons containing black granules in a brown cytoplasm. Note in C the dorsal location of 
calbindin-immunostained neurons (which correspond to the dorsal tier of midbrain dopaminergic neurons). 
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At rostral levels (Fig. 4), the dorsal and the ventral tiers of the SNc are both located 
dorsal to the SNr, where they are distributed in two sheets of neurons one on top of the 
other. Proceeding caudally, the ventral tier of the SNc splits into two parts, one subjacent 
to the cells of the dorsal tier and the other comprising the dopaminergic neurons located 
within the SNr. These caudal dopaminergic neurons are also well evident in the mouse 
(Fig. 8). 

The spatial arrangement of the dopaminergic cells of the dorsal and ventral tiers and 
their projections will be dealt with again in relation to the nigrostriatal cell population (see 
Section 5.2). It is, however, important to mention here that the features of connectivity 
with the striatum strengthen the subdivision into dorsal and ventral tiers, whose neurons 
give origin to axonal subsets differentially organized in terms of their termination in the 
striatal compartments (see Section 5.2). 

2.5. SYNAPTIC FEATURES: DENDRITIC RELEASE OF DOPAMINE 
AND ELECTRICAL SYNAPSES 

2.5.1. Dendrodendritic synaptic contacts 

It is now well ascertained that dendrites are capable of propagating action potentials not 
only in distal to proximal direction, but also in the reverse direction by back-propagation 
after initiation at the cell body (Ludwig and Pittman, 2003). The so-called 'law of dynamic 
polarization' enunciated by Cajal (see Berlucchi, 1999) was aimed at stating the 
unidirectional propagation of excitations within the nervous system, and assumed that 
nerve impulses are conducted from the dendrite or soma to axon terminals. This dogma is 
now being reconsidered, not only in view of the evidence of dendrodendritic synapses, 
but also in view of the existence of electrical synapses in which the flow of information 
can be bidirectional. 

Since the description in the vertebrate olfactory bulb (Rall et al., 1966), the occurrence 
of presynaptic dendrites has been reported in a variety of central nervous system (CNS) 
regions. The SN was one of the structures in which dendrodendritic contacts were first 
observed (Bj6rklund and Lindvall, 1975), and demonstrated at the electron microscopic 
level (Hajdu et al, 1973; Wilson et al., 1977; Groves and Linder, 1983). DA was one the 
first neuroactive substances shown to be released from dendrites (Groves et al., 1975; 
Geffen et al., 1976), and, as reviewed by Cheramy et al., (1981), local dendritic release of 
DA in the SN was firmly established since the initial studies on this neurotransmitter. 

Groves and Linder (1983) made a number of interesting ultrastructural observations 
based on the labeling of dopaminergic dendrites with the false neurotransmitter 
5-hydroxydopamine (which is taken up by monoaminergic neurons and forms an 
electron-dense core within synaptic vesicles and other membrane-bound cell compart- 
ments). Exploiting this strategy, Groves and Linder (1983) described that dendrodendritic 
synapses represented a small proportion of the total synapses in the SN, and that, at 
variance with the dendrodendritic contacts in other brain regions, in the SN these contacts 
did not appear to engage in reciprocal or serial synapses. 

For many years dendritic release of the neurotransmitter was considered a peculiarity of 
the midbrain dopaminergic neurons. However, this mechanism of release has now been 
ascertained for other neuroactive substances as well, including other neurotransmitters. 
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The exocytotic machinery of dendritic release, which differs from that of axon terminals, 
is at present the subject of extensive investigation (Ludwig and Pittman, 2003). 

Local modulation through the dendritic release of DA occurs in both the SN and the 
VTA. Ultrastructural observations have been made with immunolocalization of the 
vesicular monoamine transporter-2 as marker for sites of intracellular monoamine storage 
within SN and VTA dopaminergic neurons identified by TH immunoreactivity (Nirenberg 
et al., 1996a). This study has reported that DA is stored in and may be released from 
dendritic small synaptic vesicles or large dense-core vesicles, while the smooth endoplasmic 
reticulum represents the main site for the DA storage. 

An inhibitory postsynaptic current elicited by somatodendritic DA release has been 
recently reported using whole-cell recordings from dopaminergic cells in slices of the 
ventral midbrain from mouse (Beckstead et al., 2004). The data obtained in this study 
indicated that depolarization of the dopaminergic cells activates the calcium influx 
through voltage-sensitive channels, releasing DA from somatodendritic vesicular stores to 
act on DA autoreceptors. In addition, the study of Beckstead et al. (2004) indicates that 
synaptic DA transmission directly regulates cell excitability, that is mediated through 
exocytosis, and that does not depend on volume transmission and acts instead in a 
localized area. 

2.5.2. Connexin 36 expression in midbrain dopaminergic cells and gap junctions 

Gap junctions are the sites of intercellular membrane channels which provide for direct 
cytoplasmic continuity between the adjacent cells (Simon and Goodenough, 1998). 
A wealth of recent data have indicated that connexins are the proteins assembled into gap 
junction channels, and represent the building blocks of these channels (see the reviews of 
Bennett, 1997; Hormuzdi et al., 2004). 

Gap junctions provide in the nervous system the structural correlate of one class of 
electrical synapses, characterized by very close apposition between the presynaptic and 
postsynaptic membranes. It should be noted, in this respect, that different junctional 
specializations can mediate different forms of electrical transmission between neurons 
(Bennett, 1997). Electrical synapses transmit preferentially, but not exclusively, low- 
frequency stimuli, that allow the rapid transfer of a presynaptic impulse into an electrical 
excitatory potential in the postjunctional cells. Electrical transmission, via the intercellular 
channels, can be bidirectional. The widely held opinion that electrical transmission is 
characteristic of lower vertebrates probably derives from the large cell systems in which 
electrical synapses were identified in the initial period of intracellular recording (reviewed 
by Bennett, 1997). Contradicting this view, electrotonic coupling between neurons has 
now been demonstrated in many areas of the mammalian central nervous system and has 
been implicated in neuronal synchronization. Gap junctional intercellular communication 
can occur between glial cells, glia and neurons, as well as between neurons. 

Connexins are tetra-pass membrane proteins that oligomerize into hexameric 
hemichannels called connnexons. These gap junction proteins are encoded by a multigene 
family. The presence of gap junctions and the expression of connexins has been described 
in many areas of the developing and adult central nervous system. Up to now, only 
connexin (Cx) 36 and Cx45 have been found to be expressed in neurons, besides Cx43 
which is expressed in the olfactory epithelium. 

The distribution of Cx36 mRNA has been mapped in the rat and human nervous 
system with in situ hybridization (Condorelli et al., 2000). Cx36 expression was found to 
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be very high in the inferior olive, and was also detected in several other areas. High 
expression of Cx36 mRNA was detected in the SNc and in the VTA, as well as in the SNr. 
Double labeling of Cx36 mRNA and TH immunoreactivity confirmed that this gap 
junctional protein was expressed by dopaminergic neurons (Fig. 14). 

It is also worth noting that in other key structures of basal ganglia circuits, such as the 
caudate-putamen, nucleus accumbens (NAc) and globus pallidus (GP), Cx36 expression 
was found in subpopulations of scattered cells (Condorelli et al., 2000). These findings are 
in agreement with the report of dye and electrotonic coupling in the NAc (O'Donnell and 
Grace, 1993). However, altogether, these data indicate that the midbrain dopaminergic 
neurons represent the main center in which electrical synapses are utilized for intercellular 
communication within the basal ganglia. 

The dye and electrotonic coupling between pairs of dopaminergic neurons has been 
reported in the SNc, and it has been suggested that electrical communication between 
these neurons could be involved in burst firing and in the synchronization of the DA 
release (Grace and Bunney, 1983; Freeman et al., 1985; Freeman and Bunney, 1987). In a 
recent study based on chronic electrical recording in the freely moving rats (Hyland et al., 
2002), simultaneous activation of midbrain dopaminergic neurons was found to be a rare 
phenomenon. However, the data obtained in slices have pointed out that in dopaminergic 
neurons of the rat midbrain, coactivation of glutamate receptor subtypes can transform a 
temporally dispersed GABAergic input into a rhythmic pattern of firing, probably 
through a mechanism involving electrotonic couplings (Berretta et al., 2001). The 
availability of Cx36 as a novel tool for the identification of neurons which build up gap 
junctional proteins, can now open new perspectives in the investigation of this mechanism 
of communication between dopaminergic cells in health and disease. 

2.6. GLIAL CELLS INHABITING DOPAMINERGIC CELL GROUPS 
IN THE MIDBRAIN 

Since DA is contained in and synthesized by neurons, the features of the glial cells which 
surround dopaminergic neurons are in general neglected when dealing with these cells. 
Interest is instead focused on both the neurons and glial cells in the studies dealing with the 
neurotoxic, neuroinflammatory and neurodegenerative alterations, which affect midbrain 
dopaminergic cells. It should, however, be emphasized that glial cells, both astrocytes and 
microglia, represent major components of cell groups of the ventral midbrain tegmentum, 
as elsewhere in the normal brain. The crosstalk between glia and neurons, including a key 
role of glia in neurotransmission, is now receiving increasing attention (see, for example, 
Haydon, 2000). 

In relation to the glia which co-inhabit the mesencephalic tegmentum in the normal 
brain, it is interesting to note that studies on astrocytes and microglia have pointed out 
peculiarities of the latter type of glial cells. Astrocytes, investigated in the rat brain, did not 
exhibit high density in the mesencephalon and in particular in the SN (Savchenko et al., 
2000). Studies in both the mouse (Lawson et al., 1990) and the rat (Kim et al., 2000) 
reported instead that microglia has a very high density in the SN. In the mouse, the 
microglial cells were also found to be very dense in the other basal ganglia structures, such 
as the striatum (Lawson et al., 1990). 

In the recent years microglial cells have received a wealth of attention in relation to 
their role as resident immune cells in the brain (Raivich et al., 1999; Streit, 2002). They are 
protagonists of the immune surveillance in the CNS, and virtually any inflammatory, 
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Fig. 14. The plate illustrates the signal obtained with in situ hybridization for Cx36 mRNA in the adult rat 
mesencephalon (A-C), and the expression of mRNAs of major histocompatibility complex (MHC) class I 
molecules in the adult mouse brain (D). A: Note in the dark-field microautoradiograph the intense labeling of the 
substantia nigra pars compacta (SNC), in contrast to the low signal in the pars reticulata (SNr); high signal is also 
seen in the supramammillary nucleus (SUM). B: The image shows that Cx36 mRNA (black grains) is expressed in 
dopaminergic neurons of the SNc, identified by tyrosine hydroxylase (TH) immunoreactivity (brown staining); 
the arrows point to some of the double labeled cells. C: Bright-field image of SNc neurons (cresyl violet staining) 
labeled by Cx36 mRNA signal (black grains); the arrows point to labeled neurons with relatively large nuclei. 
This figure was kindly provided by N. Belluardo, G. Mud6, and D.F. Condorelli. D: The coronal section 
illustrates the distribution of mRNAs for different MHC class I molecules (blue: H-2D; green: Qa-1; red: T22). 
Note the high expression of MHC class I T22 mRNA in the pars compacta of the substantia nigra (arrow). 
Adapted with permission from Boulanger and Shatz (2004). 
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infectious or toxic stimulus affecting a neuron of the CNS triggers microglia activation. 
Immediately after a challenge, the microglia release neurotrophic factors that promote 
recovery of the injured neurons. When the noxious stimulus elicits an irreversible damage, 
the neuronal signals induce microglia to produce toxic factors, thus accelerating neuronal 
degeneration and removal of debris by phagocytosis. 

Inflammatory responses mediated by microglia, which also trigger oxidative 
phenomena, are raising growing interest in relation to their role in neurodegenerative 
disorders, including Parkinson's disease (see, for example, Gonzalez-Scarano and Baltuch, 
1999). The abundance of microglia in the SN of the normal brain may, therefore, represent 
an important feature for the vulnerability of midbrain dopaminergic neurons to different 
kinds of insult. For example, the high density of microglia in basal conditions has been 
related to the susceptibility, higher in the midbrain DA-containing cell groups than in 
other brain sites, to a proinflammatory challenge, such as that provoked by injection of 
the bacterial endotoxin lipopolysaccharide (Kim et al., 2000). A regional vulnerability to 
oxidative damage, with a key role of microglia, has also been implicated in the 
susceptibility of midbrain dopaminergic neurons to the exposure to environmental agents, 
which is raising increasing interest as potential pathogenetic factor of Parkinson's disease 
(Gorell et al., 1998; Di Monte et al., 2002). It is interesting to recall in this context that the 
chronic administration of rotenone, a common herbicide, results in selective destruction of 
the nigrostriatal dopaminergic cells in the rat (Betarbet et al., 2000), and microglial cells 
intermingled with dopaminergic neurons have been demonstrated to play a pivotal role in 
the selective neurodegenerative ability of this pesticide (Gao et al., 2002). 

3. NEUROCHEMICAL FEATURES OF THE MIDBRAIN DOPAMINERGIC 
CELL GROUPS AND THEIR INPUTS 

3.1. A TERRITORY WITH A RICH MOLECULAR REPERTOIRE AND 
TARGETED BY DIVERSE AFFERENT INPUTS 

A complete account of the spectrum of neuroactive molecules expressed in midbrain 
dopaminergic neurons and contained in the fibers which innervate the ventral midbrain 
tegmentum would require a chapter in itself and goes beyond the scope of the present 
overview. These molecules include classical neurotransmitters, such as 3,-amino-butyric 
acid (GABA) and glutamate, as well as numerous neuromodulators. The activity of 
midbrain dopaminergic neurons is governed by a balance between excitatory and 
inhibitory inputs, and a significant proportion of these inputs is mediated through GABA 
and glutamate receptors. DA receptors also play an obvious key role in the SN and VTA, 
and the different classes of these receptors expressed in the ventral midbrain tegmentum 
will be dealt with in the last part of this chapter. 

We wish to briefly recall here that the dopaminergic midbrain cell groups, as well as the 
SNr, are recipients of inputs within basal ganglia circuits (see Section 4), and from other 
sources (see for review Fallon and Loughlin, 1995). In particular, the main GABAergic 
input to the SN is derived from the medium-sized spiny neurons of the striatum. The 
striatonigral pathway terminates densely upon GABAergic neurons of the SNr, and more 
sparsely in the VTA, SNc and SN1. As it will be dealt with in Section 5.1, striatonigral 
neurons projecting to the SNr and SNc reside in different compartments of the striatum. 
Neuropeptides are colocalized with GABA in the striatal cell bodies and fibers which 
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innervate the SN (see Section 3.4). Fibers deriving from the globus pallidus (GP) and 
ventral pallidum give rise to a less dense GABAergic projection to both the SNc and the 
SNr. The main excitatory input to the SN arises from the subthalamic nucleus (STh), and 
these afferents have a distribution similar to the GABAergic striatal input, being very 
dense in the SNr, and sparsely distributed to the SNc. 

Projections to the SNc and VTA also originate in the amygdala, hypothalamus, frontal 
and cingulate cortical areas, providing inputs which could play a critical role in the 
integration of cognitive, emotional, autonomic and motor components of behavior. In 
particular, the amygdalonigral pathway originates in rat in a discrete region of the central 
nucleus of the amygdala which extends rostrally into the so-called 'extended amygdala' 
(see Section 7.3). Amygdaloid fibers terminate in the SNc and in the SN1, but not in the 
SNr (Gonzalez and Chesselet, 1990). The SNc is also innervated by fibers originating in 
the lateral habenula (Herkenham and Nauta, 1979). 

Recent ultrastructural findings on the synaptic organization of the projections from the 
prefrontal cortex to the VTA in the rat have revealed selective targeting of specific neuronal 
populations in the VTA (Carr and Sesack, 2000b). In this study, prefrontal fiber terminals 
were seen to establish asymmetric synapses on dopaminergic and GABAergic VTA 
neurons whose target sites were not identified; however, a subset of prefrontal terminals 
established synaptic contacts with GABAergic VTA neurons that project to the nucleus 
accumbens (NAc) (see Section 7.2), and another population of prefrontal terminals on 
dopaminergic VTA neurons that project back to the prefrontal cortex (see Section 8.2). 

It has been recently reported in the rat that the SNc receives projections from the 
superior colliculus (Comoli et al., 2003). In this study, tectonigral fibers were seen to 
establish both asymmetric and symmetric synaptic contacts on TH-positive and TH- 
negative elements in the SNc. The anatomical and electrophysiological findings of this 
investigation indicated that visual information relayed to the DA-containing midbrain 
neurons could be involved in the critical perceptual discriminations that identify 
biologically salient events. 

Cholinergic inputs to dopaminergic cells derive mainly from the nuclei located at the 
mesopontine junction, namely the pedunculopontine and laterodorsal tegmental nuclei 
(review in Fallon and Loughlin, 1995), and it has been shown in primates that these nuclei 
provide also a glutamatergic input to the SN (Lavoie and Parent, 1994). Cholinergic fibers 
innervate rather densely the SNc and SN1, and are also distributed in the VTA but are very 
sparse in the SNr. Nicotinic acetylcholine receptors are very dense throughout the VTA, 
SNc and SN1 (Fallon and Loughlin, 1995; Golner et al., 1997). Nicotinic cholinergic 
modulation of dopaminergic transmission is considered to underlie the addictive 
properties of nicotine, the drug of abuse contained in cigarette smoke. Muscarinic 
receptors are sparse and, in particular, dopaminergic SN and VTA neurons express M5 
receptors (Yeomans et al., 2001). 

Studies based on dual immunolabeling in electron microscopy have confirmed that 
cholinergic axons terminate on dopaminergic neurons in both the SNc (Bolam et al., 1991) 
and the VTA (Garz6n et al., 1999), establishing asymmetrical synaptic specializations with 
dendrites and perikarya of dopaminergic cells. Exploiting dopamine transporter (DAT) 
immunoreactivity to identify dopaminergic VTA neurons and vesicular acetylcholine 
transporter immunoreactivity to identify cholinergic fibers, Garz6n et al. (1999) reported 
targeting of cholinergic afferents to both nondopaminergic and dopaminergic VTA 
neurons, and in particular to a subpopulation of dopaminergic neurons expressing low 
levels of DAT. Since the latter feature has also been reported in dopaminergic axons 
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innervating the rat frontal cortex (Sesack et al., 1998), these data suggest that cholinergic 
fibers target the VTA neurons of origin of cortical innervation (see Section 8.2). 

Dopaminergic cell groups of the ventral midbrain tegmentum are also innervated by 
other monoamine-containing fibers. As initially reported by Phillipson (1979c), the 
serotonin innervation of the SN and the VTA arises from the dorsal and median raphe 
nuclei (see also Halliday and T6rk, 1989). Serotonin receptors are distributed throughout 
the SNr. In addition, immunoreactivity to the serotonin receptor subunit 5-HTzA has been 
described in the rat throughout the dopaminergic A10 cell population, which could be 
relevant for DA and serotonin interactions potentially implicated in psychiatric disorders 
and drug abuse (Nocjar et al., 2002). 

Noradrenergic fibers efferent from the locus coeruleus are very scarce in the midbrain 
dopaminergic cell groups, where they provide a sparse innervation of the VTA; moderate 
levels of cz- and [3-adrenoceptor binding sites are present in the SN (reviewed by Marien et 
al., 2004). These findings are in contrast with the wealth of evidence indicating that the 
noradrenergic system influences the activity of the nigrostriatal dopaminergic system (as 
also shown by the electrophysiological findings of Paladini and Williams, 2004). 
Therefore, alternative multisynaptic pathways (with relays in the raphe nuclei or in the 
striatum) have been proposed for noradrenaline-DA interaction (Marien et al., 2004). 

Opioid receptors (and especially ~t receptor binding) are abundant in all the subregions 
of the ventral midbrain tegmentum, including the SNr (Fallon and Loughlin, 1995). 

Several data indicate that the activity of midbrain dopaminergic neurons is highly 
regulated via interactions of neurotransmitters with their receptors. For example, although 
activation of muscarinic receptors is known to activate dopaminergic neurons enhancing 
DA release, presynaptically located muscarinic receptors can modulate excitatory 
transmission to neurons of the SNc and VTA (Grillner et al., 1999). In addition, the 
activation of muscarinic receptors and metabotropic glutamate receptors on the midbrain 
dopaminergic cells can result in both inhibition and excitation, depending on the extent of 
calcium buffering and the duration of agonist application (Fiorillo and Williams, 2000). 
Also glutamate can mediate inhibition or excitation in midbrain dopaminergic neurons by 
activation of the same receptor, depending on the frequency and pattern of input (Fiorillo 
and Williams, 1998). Therefore, glutamate is not exclusively an excitatory neurotrans- 
mitter but can have a dual function in synaptic transmission. Recent data obtained in 
slices indicate that also the noradrenergic innervation of dopaminergic cells can inhibit 
directly their activity (Paladini and Williams, 2004). 

We will deal in greater detail with a few additional neuroactive molecules, selected on 
the basis of their interest in the chemical signature of dopaminergic circuits, or in view of 
the potential implication of midbrain dopaminergic cells in physiological regulation as well 
as in disease. 

3.2. DOPAMINE TRANSPORTER 

Besides the immunohistochemical revelation of dopaminergic cells with TH (see Sections 
1.1 and 2), anti-DA antibodies were also introduced (Geffard et al., 1984). These 
antibodies stain preferentially the DA-containing neurons, although DA is present as a 
precursor also in the other catecholaminergic cells. In addition, anti-DA antibodies have 
some fixation requirements (DA would diffuse out of the cell unless glutaraldehyde is used 
as fixative), which renders difficult the combination of DA immunohistochemistry with 
the immunohistochemical revelation of other antigens or other labeling techniques. 
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Growing interest was and still is raised by neurotransmitter transporters, both for the 
visualization of neurotransmitter-containing cell populations and for the implications of 
these molecules in synaptic communication. 

The mechanisms of rapid removal of neurotransmitters from the synaptic cleft termi- 
nate neurotransmission, and represent, therefore, a critical component of neuronal signal- 
ing. The sodium-dependent DAT, which removes DA from the extracellular space by 
active high affinity sodium-dependent reuptake, is largely responsible for the termination 
of DA neurotransmission. This mechanism leads to reaccumulation of DA into the 
presynaptic terminal, thus playing a key role in DA recycling (Uhl et al., 2003). Several 
psychoterapeutic drugs, and drugs of abuse, such as cocaine and amphetamine bind to 
DAT with high affinity. In addition, DAT transports the MPTP toxin into the dopamin- 
ergic neurons, and thus plays a role in determining the vulnerability of these neurons 
to MPTP toxicity, as indicated by the finding that DAT mRNA is low in midbrain regions 
spared by MPTP-induced degeneration in the mouse (Sanghera et al., 1994). 

In both rodents and primates, DAT expression provides a specific marker of 
dopaminergic elements. In fact, DAT mRNA was found to be expressed only in neurons 
which utilize DA as neurotransmitter (Augood et al., 1993; Lorang et al., 1994; Ciliax 
et al., 1995; Freed et al., 1995), and DAT immunoreactivity was not detected in 
noradrenergic cell bodies (Ciliax et al., 1995). 

In particular, in the rat DAT mRNA was found to be very intensely expressed by the 
AS, A9 and A10 cell groups (Lorang et al., 1994). DAT immunoreactivity based on the use 
of specific antibodies resulted in labeling of mesencephalic dopaminergic cells, with the 
exception of the medial VTA, as well as of their axons and terminal fields, although less 
intense than TH immunoreactivity (Ciliax et al., 1995; Freed et al., 1995). Interestingly, 
many DAT-immunostained dendrites were seen to descend from the SNc into the SNr, 
supporting a DA uptake mechanism on SNc dendrites in this region (see Section 2.5.1). 
In contrast, little or no DAT mRNA (Lorang et al., 1994) or immunoreactivity to DAT 
protein (Ciliax et al., 1995) was detected in the hypothalamus. The latter finding provided 
further indication that the hypothalamic dopaminergic system is independent from the 
midbrain dopaminergic system. 

At the ultrastructural level, DAT, investigated with the immunogold technique 
(Nirenberg et al., 1996b, 1997a), was found to be mainly localized within perikarya and 
proximal dendrites of dopaminergic neurons (double labeled by immunoperoxidase 
reaction product for TH). In both the VTA and the SN, DAT was found to be associated 
with intracellular membranes of organelles (relatively large vesicles and tubulovesicles) 
distant from the plasma membrane, suggesting a regulation of intracellular DA storage 
pools. Localization on the plasma membrane was instead detected in more distal 
dendrites, presumably playing a role in the regulation of extracellular DA concentration. 
Plasmalemmal DAT immunolabeling was found in dendrodendritic appositions much 
more commonly in the VTA than in the SN, which is of special interest since, as mentioned 
above, dendritic appositions are potential sites for DA release. 

3.3. CALCIUM BINDING PROTEINS 

The calcium binding proteins calbindin D28k, calretinin and parvalbumin are members of 
a family of proteins characterized by the presence of calcium binding EF-hand motifs, 
modulated by stimulus-induced increases in cytosolic free calcium ions (Persechini et al., 
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1989). These proteins are expressed by cell populations of the CNS (see, for the rat brain, 
Celio, 1990; Resibois and Rogers, 1992), and they have become widely used markers of 
neuronal subsets. 

Parvalbumin, which is frequently colocalized with GABA in subpopulations of 
inhibitory neurons, in the rat SN is expressed in cell bodies of the SNr, which are 
GABAergic (Gerfen et al., 1985). Calbindin and calretinin are instead expressed in 
midbrain dopaminergic cells. 

In the rat, calbindin was detected in a high proportion of dopaminergic VTA cells and 
RRA cells, whereas in the SN1 calbindin was mainly found in nondopaminergic neurons 
(Gerfen et al., 1985). In particular, as mentioned earlier (see Section 2.4), calbindin 
immunoreactivity (Figs. 4D; 13C,D) represents a distinctive chemoarchitectonic feature 
for the subdivision of dopaminergic midbrain neurons into dorsal (calbindin-positive) and 
ventral (calbindin-negative) tiers. 

Some evidence suggests that midbrain dopaminergic neurons which contain calbindin 
are less vulnerable to neurotoxic insults (e.g. Liang et al. (1996) for data in the mouse) and 
to neurodegeneration in Parkinson's disease (see Lewis and Sesak, 1997). Calbindin- 
containing dopaminergic neurons are also spared in the weaver mutant mice (Gaspar et al., 
1994), in which the DA neurons degenerate spontaneously. 

Calbindin-immunopositive fibers densely innervate the SNr, and derive from calbindin- 
containing neurons of the matrix compartment of the striatum (Gerfen et al., 1985) (see 
Section 5.1). 

Dopaminergic cells (identified with TH immunoreactivity) of the VTA, SNc, SN1, and 
of the caudal portion of the SNr contain calretinin (Rogers, 1992; Isaacs and Jacobowitz, 
1994). In the rat, about 50% of midbrain dopaminergic neurons exhibit calretinin 
immunoreactivity. It is interesting to note that, in contrast to calbindin, calretinin is found 
in neurons of both the dorsal and ventral tiers. 

Calbindin-immunoreactive and calretinin-immunoreactive neurons project to the 
frontal cortex and striatum (Gerfen et al., 1987). In the rat, the efferents of calbindin- 
positive neurons take part in the neostriatal mosaic (see Section 5.1), since they project 
selectively to the matrix compartment of the striatum, whereas calbindin-negative neurons 
innervate preferentially the patch compartment (Gerfen et al., 1985, 1987). 

In the mouse, calbindin and/or calretinin expression in mesencephalic dopaminergic 
neurons was found to have a distribution similar to that reported in the rat, except for a 
less frequent colocalization of TH with either of these calcium binding proteins in the SNc 
and in the dopaminergic cells located in the SNr (Liang et al., 1996). Calbindin and 
calretinin were found in similar proportions in VTA and medial SNc neurons, suggesting 
that in the mouse the medial SNc portion may represent part of the A10 cell group rather 
than of the A9 cell group (Liang et al., 1996). 

3.4. NEUROPEPTIDES 

Neuropeptides are expressed in cell bodies, fibers and axon terminals in the VTA and in all 
the subdivisions of the SN, and are a main component of the chemical repertoire of the 
input-output organization of the midbrain dopaminergic system. 

Approximately one-third of midbrain dopaminergic neurons contain the peptide 
cholecystokinin (CCK); these cells were initially identified in rat and man, mainly in the 
VTA, and were also seen in the SNc and SN1 (H6kfelt et al., 1980a). This study, which was 
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based on sequential TH and CCK immunofluorescence, provided the first evidence of the 
coexistence of a neuropeptide with DA in neurons. 

By means of immunofluorescence analyzed in the adjacent sections incubated with 
antibodies to CCK and TH, respectively, in combination with fluorescent retrograde 
tracing, H6kfelt and coworkers (1980b) could establish also the coexistence of TH and 
CCK in terminal fiber networks in the NAc and other targets of the mesolimbic system, 
and could determine that VTA neurons which contain both CCK and DA project to the 
caudal and medial portions of the NAc. 

A large proportion of dopaminergic neurons in the rat VTA and medial SNc also 
contain the peptide neurotensin (H6kfelt et al., 1984b). In the rat, CCK is colocalized with 
neurotensin in more than 90% of neurotensin-positive neurons, whereas only 10-15% of 
the CCK-positive neurons contain neurotensin (Seroogy et al., 1989). Dopaminergic 
neurons of the ventral midbrain which contain CCK, or neurotensin or both are part of 
the mesolimbic and mesocortical systems (see Sections 7 and 8), since they project to the 
NAc, prefrontal cortex and amygdala (Seroogy et al., 1987). In the rat, the neuronal cell 
population that contains the peptides CCK and neurotensin also expresses the calcium 
binding protein calbindin (German and Liang, 1993). 

The dendrites and axon terminals of midbrain dopaminergic neurons are endowed 
with CCK and neurotensin receptors (see for review Kalivas, 1993). As emphasized by 
Smith and Kieval (2000), such findings indicate that these neuropeptides can modulate 
the spontaneous activity or DA-containing neurons and/or control DA release in their 
targets. 

Fiber terminal networks containing substance P, enkephalin and dynorphin are densely 
distributed in the ventral midbrain tegmentum (reviewed by Fallon and Loughlin, 1985, 
1995). Terminal fibers containing substance P and those containing dynorphin are very 
dense in the SNr, and more sparsely distributed in the VTA and SNc, whereas the terminal 
fibers containing enkephalin are concentrated in the SNc and in the dorsal portion of 
the VTA. 

These neuropeptides are coexpressed with GABA in subpopulations of striatal 
medium-sized spiny neurons, and therefore in subsets of the fibers which target the SN. 
As will be mentioned further (see Section 4.3), the striatal output reaches the SN through 
two main circuits distinct from the anatomical and functional points of view, defined as 
direct and indirect pathways. Direct pathway striatal neurons express the neuropeptide 
substance P and dynorphin, whereas indirect pathway striatal neurons express enkephalin 
(see Section 6.1). 

The recently identified innervation of the SNc-VTA region by fibers which contain the 
peptide hypocretin/orexin is dealt with separately below, in view of its potential 
implication in distinct functions such as the regulation of arousal. 

3.5. OREXIN/HYPOCRETIN-CONTAINING INNERVATION OF MIDBRAIN 
DOPAMINERGIC CELL GROUPS AND THEIR INVOLVEMENT IN 
STATE-DEPENDENT BEHAVIOR 

Enhanced dopaminergic neurotransmission can influence both the sleep-wake cycle and 
the alternation of rapid eye movement (REM) and nonREM phases during sleep (see for 
review Pace-Schott and Hobson, 2002). The magnitude of the effect of DA on sleep cycles 
can also be argued on the basis of the potent effect of common psychostimulants (which 
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are inhibitors of DA reuptake) on the enhancement of wakefulness and prevention of 
sleep. Although the effect of dopaminergic drugs on sleep is beyond the scope of the present 
chapter, it is worth recalling here some features of the circuits which play a role in these 
mechanisms because of their interaction with the midbrain dopaminergic cells. 

Cholinergic and aminergic cell groups of the brain stem, as well as cholinergic basal 
forebrain neurons, are key structures in the regulation of cortical activity, directly and 
through the thalamocortical system, resulting in the electroencephalographic synchroniza- 
tion and desynchronization which characterize slow-wave sleep, and wakefulness and 
REM sleep, respectively (see Steriade, 2003). Other key stations in these circuits are 
located in the hypothalamus, and are represented by the sleep-promoting ventrolateral 
preoptic nucleus of the anterior hypothalamus, and the wake-promoting tuberomammil- 
lary nucleus of the posterior hypothalamus (Saper et al., 2001; Steriade, 2003). Neurons of 
the tuberomammillary nucleus contain histamine, and give origin to fibers widely 
distributed in the brain; the histaminergic arousal system is modulated by influences of the 
aminergic brain stem cell groups (Haas and Panula, 2003). As mentioned in Section 3.1, 
midbrain dopaminergic cell groups are innervated by serotonergic fibers and interact with 
the noradrenergic system. Dopaminergic neurons of the SN and VTA have instead weak 
connections with the histamine-containing neurons of the tuberomammillary nuclei (Haas 
and Panula, 2003). 

The firing rate of histaminergic, noradrenergic and serotonergic neurons decreases from 
nonREM to REM sleep, whereas firing of midbrain dopaminergic neurons does not seem 
to vary in phase with the REM-nonREM alternation during sleep and with the sleep/wake 
cycle (Miller et al., 1983). These data led to suppose that the effect of DA on sleep may be 
mediated by its interactions with other neurotransmitter systems (Pace-Schott and 
Hobson, 2002). 

The understanding of the interaction of dopaminergic pathways with brain systems 
subserving state-dependent behavior has now received new clues from the finding that 
the midbrain dopaminergic cell groups are densely innervated by fibers containing 
orexins/hypocretins. These peptides (two products of a single gene, Hcrt) were described in 
1998 by two different groups of investigators in a remarkable convergence of discoveries, 
which, however, has created some terminological complication because the peptides were 
baptized with two different names. In one study in which the gene for these molecules was 
cloned from the rat and the mouse, the peptides were called hypocretins because they 
are produced by hypothalamic neurons and have a weak homology to the gut peptide 
secretin (De Lecea et al., 1998). In the other study (Sakurai et al., 1998), the peptides were 
isolated with a chemical protocol in which brain extracts were used to stimulate a panel 
of orphan G-protein-coupled receptors. Sakurai et al. (1998) denominated the peptide 
orexin (from the Greek 'orexis', appetite) because their study ascertained the peptide 
activity in the control of food intake. Sakurai et al. (1998) also cloned the peptide cognate 
receptors: the orexin 1 receptor was shown to bind preferentially hypocretin 1/orexin A, 
whereas the orexin 2 receptor was shown to bind also hypocretin 2/orexin B with high 
affinity. 

The neurons containing orexin/hypocretin are located in the dorsolateral and posterior 
hypothalamus and have widespread projections in the brain and in the spinal cord (Peyron 
et al., 1998), indicating that they may be involved in multiple functions (see the reviews 
by Kilduff and Peyron, 2000; Sutcliffe and de Lecea, 2002). In particular, the orexin/ 
hypocretin system has been implicated in neuroendocrine and autonomic functions, in 
addition to food intake regulation. The hypocretin/orexin peptides are excitatory. 
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It has been ascertained in dogs, rodents and humans that narcolepsy, a disease 
characterized by the intrusion of REM sleep episodes into daytime wakefulness 
accompanied by loss of muscle tone, is associated with orexin ligand and receptor 
mutations or loss of orexin-producing neurons (reviews in Kilduff and Peyron (2000); 
Sutcliffe and de Lecea (2002); see also Sutcliffe and de Lecea (2004)). On the basis of this 
and other evidence, the orexin/hypocretin-containing cell group and their projections are 
considered to play a key role in arousal state control. The orexin/hypocretin-containing 
neurons exert an excitatory effect on tuberomammillary cells directly and by disinhibition 
(Eriksson et al., 2004), and may promote arousal through excitation of the other 'wake- 
active' monoaminergic cell populations which include noradrenergic and serotonergic 
neurons (Baldo et al., 2003), as well as via a link with midbrain dopaminergic neurons 
(see Kilduff and Peyron, 2000). 

In the context of the present chapter, it is of special interest that orexin/hypocretin- 
containing hypothalamic neurons innervate in the ventral midbrain tegmentum the VTA 
and the SNc with a dense plexus of terminal fibers, whereas the SNr is substantially spared 
(Fig. 15). Consistently with this pattern of orexin/hypocretin innervation, in the rat orexin 
1 and orexin 2 receptor mRNAs are very dense in both the VTA and the SNc, whereas no 
orexin receptor expression has been detected in the SNr (Marcus et al., 2001). 

These findings open new perspectives for the understanding of the action of 
endogenous DA on state-dependent behavior, as well as of the effects of dopaminergic 
drugs on sleep and wake regulation, and other functions regulated by hypothalmic 
networks. 

3.6. NITRIC OXIDE 

The gaseous free radical nitric oxide (NO), a non-conventional neural messenger, is 
synthesized in neurons by the enzyme nitric oxide synthase (NOS), which can be revealed 
in histological sections by NADPH-diaphorase histochemistry or NOS immunohisto- 
chemistry. The role of NO in neural signaling has raised considerable interest (see, for 
example, Schmidt and Walter, 1994), stemming also from the finding that NOS has a 
discrete distribution in subsets of brain neurons, including intense expression in neuronal 
subsets of the striatum (Vincent, 2000). 

Although NO modulation of basal ganglia circuits could mainly occur through release 
from striatal neurons and not at the level of midbrain dopaminergic cells, this free radical 
is mentioned here in view of its relevance in electrophysiological studies. It has been shown 
that NO affects burst firing induced in dopaminergic neurons by N-methyl-D-aspartate 
(Cox and Johnson, 1998). In addition, recent data have pointed out an important role of 
NO in indirect glutamate-mediated excitation of VTA neurons by nicotine (Schilstr6m 
et al., 2004a,b). However, the mapping of NOS-containing neurons in the CNS did not 
point out histochemical positivity to the enzyme in dopaminergic cells (Vincent, 2000). On 
the other hand, a detailed study of NOS histochemical positivity in monoaminergic 
neurons of the rat brain (Johnson and Ma, 1993) has reported the occurrence of some 
NOS-positive neurons close to the mesencephalic midline and in the rostrodorsal VTA. In 
the same study (Johnson and Ma, 1993), the sequential staining for NOS and TH 
indicated that these enzymes were colocalized in less than 1% of the neurons positive to 
either marker. Thus, such data do not provide ground for a production of NO by 
dopaminergic cells, but this free radical could affect VTA neurons through diffusion from 
neighboring sources, which remains a subject for future investigations. 
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Fig. 15. The plate illustrates the orexin/hypocretin-containing innervation of the substantia nigra in the rat 
midbrain. Images A-C show orexin/hypocretin immunoreactivity (obtained with rabbit polyclonal antibody 
raised against orexin A from Santa Cruz Biotechnology, Santa Cruz, CA). Note in A the dense plexus, with 
varicose and beaded fibers, distributed throughout the pars compacta of the substantia nigra and sparing the pars 
reticulata. B represents at higher magnification an area of A; the star marks the same blood vessel for spatial 
reference. C shows details of the preterminal and terminal elements in the pars compacta from an adjacent 
section. Scale bars are equivalent to 75 ~tm in A, 20 ~tm in B, 10 ~tm in C. (A. Sadki and M. Bentivoglio). D is a 
schematic drawing of the hypocretin/orexin immunoreactivity in the rat midbrain (obtained with the antibody 
#250 from Sigma- St Louis, M O -  raised against the 17-C terminal amino acids of hypocretin), reproduced with 
permission from Peyron et al. (1998). Abbreviations: APT, anterior pretectal nucleus; CG, central gray; cp, 
cerebral peduncle; ctg, central tegmental tract; Dk, nucleus Darkschewitsch; DpMe, deep mesencephalic nucleus; 
fr, fasciculus retroflexus; InG, intermediate gray layer of the superior colliculus; LPMC, lateral posterior thalamic 
nucleus, mediocaudal part; MGV, ml, medial lemniscus; OT, nucleus of the optic tract; PPT, posterior prectectal 
nucleus; R, red nucleus; SNC, SNc, substantia nigra, pars compacta; SNR, SNr, substantia nigra, pars reticulata; 
SNL, substantia nigra, pars lateralis; SuG, superficial gray layer of the superior colliculus; VTA, ventral 
tegmental area. 

3.7. CONSTITUTIVE EXPRESSION IN MIDBRAIN DOPAMINERGIC NEURONS 
OF MOLECULES IMPLICATED IN NEURAL-IMMUNE INTERACTIONS 

In the framework of neuroinflammatory mechanisms implicated in the neurodegenerative 
phenomena (see Section 2.6), and in particular in those affecting midbrain DA-containing 
neurons, growing interest is raised by the constitutive expression in the brain of molecules 
playing a role in these processes. These findings led to the hypothesis that immune 
molecules induced in pathological conditions could also act as modulators of neuronal 
activity in the normal brain (see, for example, the recent review of Boulanger and 
Shatz, 2004). 
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In relation to this, it should be recalled that the CNS has long been considered an 
immune-privileged site. This assumption was also based on the fact that the expression of 
major histocompatibility complex (MHC) molecules was considered to be low or absent in 
normal conditions. However, expression of MHC molecules can be induced in neurons 
and glia after different kinds of insult (see, for example, Fabry et al., 1994). In addition, 
constitutive expression of MHC class I genes has been detected in the rodent brain 
(Lidman et al., 1999; Boulanger and Shatz, 2004). MHC class I genes, which present 
peptides to CD8+ immunocompetent T cells, consist of classical, Ia, and nonclassical, Ib, 
types, sharing varying degree of homology. In the study of Lidman et al. (1999) most 
prominent expression of a set of MHC class Ib genes named RT1-U was detected in the rat 
SNc neurons. In addition, in the adult rat brain stem dopaminergic SNc neurons were 
found to express high levels of MHC class I heavy chain mRNA, as well as mRNA for [32- 
microglobulin, a light chain molecule noncovalently bound to MHC class I heavy chain 
for functional presentation of antigenic peptides to CD8§ T cells (Linda et al., 1999). 
In the same study, also dopaminergic VTA cells were found to express both the above 
mRNAs (whose expression was instead very low in the SNr), but at much lower levels than 
in the SNc. MHC class 1 mRNA, and in particular the mRNA for the H2-D MHC class I 
molecule, was also found to be highly expressed in the SNc of the adult mouse brain (see 
Boulanger and Shatz (2004) and Fig. 14D). Altogether these findings recall attention on 
the potential involvement of immune-related molecules in the activity of midbrain 
dopaminergic cells and have potential implications for the involvement of these cells in 
disease, and in particular in neurodegenerative conditions such as Parkinson's disease. 

Special attention has also been devoted in recent years to the expression of chemokines 
(a term originally introduced to describe a family of chemoattractant cytokines) in the 
CNS (Asensio and Campbell, 1999; Bacon and Harrison, 2000; Bajetto et al., 2001). 
Chemokines are low molecular weight soluble proteins, classified in different subgroups. 
Through G-protein-coupled cell-surface receptors, chemokine activities mediate a variety 
of biological activities, and especially leukocyte responses including chemotaxis and 
immune activation. On the basis of the constitutive expression of some chemokines and 
chemokine receptors in brain neuronal subpopulations and glial cells, these molecules are 
now implicated also in physiological mechanisms in the developing and mature CNS. 
Although the functional significance of the constitutive expression of chemokines and 
their receptors in the CNS is still poorly understood, such mechanisms include neuronal 
patterning and migration during development, as well as synaptic transmission and 
plasticity in adulthood. 

In studies devoted to the immunohistochemical identification of cells which express 
constitutively chemokines and their receptors, the distribution of the chemokine stromal 
cell-derived factor 1 (SDF-1/CXCL12) was found to be highly regionalized, and its 
expression was detected in dopaminergic cells of the VTA and SNc, as well as in SNr cells 
(Banisadr et al., 2003). In this study, SDF-1/CXCL12 was identified in approximately 
80% of neurons in the SNc. CXCR4, the cognate receptor of SDF-1/CXCL12, was also 
found to be highly expressed in dopaminergic cells of the VTA and the SNc (whose 
phenotype was confirmed by TH immunoreactivity), and to a lesser extent in the SNr 
(Banisadr et al., 2002a). Expression of another chemokine receptor, CCR2, which is the 
receptor for the monocyte chemoattractant protein-1/CCL2, was also detected in the SN 
with reverse transcriptase-polymerase chain reaction (RT-PCR) and receptor binding, and 
predominated in the dorsal tier of the SNc and ventrolaterally in the SNr (Banisadr et al., 
2002b). In these studies, the expression of chemokines and chemokine receptors was 
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detected in different brain regions, and it is indeed intriguing that midbrain dopaminergic 
cell groups are among the sites of a potential neuromodulatory function of these molecules 
in the normal brain. 

4. NEURAL WIRING IN THE BASAL GANGLIA 

4.1. 'EXTRAPYRAMIDAL SYSTEM', AND BASAL GANGLIA COMPONENTS 

In order to discuss the organization of dopaminergic pathways, an overview of basal 
ganglia components and circuits is first presented. These circuits form the system that was 
traditionally defined as 'extrapyramidal' and is now indicated with the more straight- 
forward definition of 'basal ganglia'. 

The term 'extrapyramidal system' has exerted a high impact in the clinical and basic 
neuroscience of the 20th century. It is commonly believed that this term was introduced by 
Wilson in 1912, but Parent (1986) noted that it was actually first used at the end of the 
19th century by Prus (1898), when terms such as 'extrapyramidenbahnen' (extrapyramidal 
tracts) were commonly employed by the members of the Vienna school of neurology 
dominated by Meynert. The adjective 'extrapyramidal' is still widely used in clinical 
neurology for the definition of symptoms and syndromes caused by basal ganglia 
dysfunction. However, as pointed out by Nauta (1989) the term 'extrapyramidal system' 
has never been satisfactorily defined anatomically. The designation of 'basal ganglia' is 
therefore more helpful in facilitating communication between neuroscientists. Although, 
acceptable from the functional point of view, the definition of basal ganglia (literally 
indicating the gray matter structures located at the base of the cerebral hemispheres) is not 
equivalent, from the classical anatomical point of view, to the structures whose alterations 
cause movement disorders. Therefore, in anatomy textbooks a variety of telencephalic 
structures, including the claustrum and the amygdala, may be designated collectively as 
basal ganglia. 

The main structures of the basal ganglia, defined nowadays in neuroscience as a system 
of functionally related and anatomically interconnected centers and circuits, include the 
striatum, the GP, the STh, and the SN (Fig. 16). The 'umbrella term' of basal ganglia 
therefore groups structures located in the telencephalon (the striatum and GP), 
diencephalon (the STh) and brain stem (the midbrain dopaminergic cell groups). 

The striatum comprises the caudate nucleus and the putamen (the 'neostriatum', 
frequently indicated, as in this chapter, simply as 'striatum') and the ventral striatum. 
The striatal components represent the key regions for DA release and action in the basal 
ganglia, and are dealt with in Sections 5 and 7. 

The GP, recognized as an individual anatomical entity by Burdach (see Parent, 1986), 
lies lateral to the internal capsule. In primates, the GP appears paler than the adjacent 
striatum in Nissl-stains (hence its definition as 'pallidus'), and is divided by the internal 
medullary lamina into a lateral or external segment (GPe) and a medial or internal 
segment (GPi) (Fig. 16). In most nonprimate mammalian species, neurons which form 
the GPi are completely surrounded by fibers of the internal capsule, thus forming the 
entopeduncular nucleus (EP), a structure homologous to the GPi in primates, whereas the 
term 'globus pallidus' refers to the division homologous to the GPe. These terminological 
differences are, however, moving at present towards a simplification (sometimes even 
neuroanatomists make an effort to simplify terminologies and homologies). Therefore, the 
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pathways: direct indirect hyperdirect 

motor output 

Fig. 16. The diagram summarizes the main neural circuits which subserve the processing of neural information in 
the basal ganglia, whose key centers are shown below in the outline of a section through the primate brain. In the 
diagram, excitatory projections are in green, inhibitory projections in red and the dopaminergic input to the 
striatum in blue. For a simplification, not all the connections have been indicated. In the anatomical scheme, 
the striatum is in red, and output nuclei of the basal ganglia (the internal segment of the globus pallidus, GPi, and 
the substantia nigra pars reticulata, SNr) are in yellow. The striatum (comprising the caudate, C, and the 
putamen, Pu) receives three major inputs: corticostriatal projections; thalamostriatal projections deriving 
primarily from the intralaminar nuclei (IL); dopaminergic projections deriving from the midbrain and in 
particular from the substantia nigra pars compacta (SNc), which reach both the striatal patch compartment (P) 
and the matrix. The basal ganglia output nuclei convey information to the thalamus, targeting in particular the 
ventral tier of thalamic nuclei (the ventral anterior and ventral lateral nuclei of the thalamus, VA/VL), which 
project via the thalamocortical system to frontal cortical areas giving origin to cortical descending pathways. 
Through the direct pathway of information processing, striatonigral and striatopallidal neurons reach directly the 
basal ganglia output nuclei. In the indirect pathway, different subsets of striatal neurons reach the basal ganglia 
output nuclei through a relay in the external segment of the globus pallidus (GPe), interconnected with the 
nucleus subthalamicus (STh) which, in turn, provide excitatory inputs to the basal ganglia output nuclei. 
In addition, through the hyperdirect pathway the STh is regulated directly by cortical input bypassing the 
striatum. Striatal cell populations of the direct and indirect pathways are distributed in the matrix compartment 
of the striatum. Direct pathway striatal neurons bear preferentially D] dopamine receptors and indirect pathway 
neurons bear preferentially D2 receptors. A different population of striatonigral neurons in the patch 
compartment of the striatum (P) projects to the SNc. Dopaminergic efferents of midbrain cell groups also 
innervate directly the GPe and the STh (not shown in the diagram; see Section 6.2 of the text). Other 
abbreviations: ic, internal capsule; thal, thalamus. 
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EP is frequently defined nowadays as GPi (or medial GP) also in rodents, adopting in 
rodents the subdivision of the GP in two segments (cf. the rat atlases of Paxinos and 
Watson (1998) and Swanson (1992); cf. also the mouse atlases of Hof et al. (2000) and 
Paxinos and Franklin (2001)). The majority of neurons of both the GP divisions are large 
and fusiform or triangular, with very long, thick, smooth and sparsely branching dendrites 
(see for reviews Heimer et al., 1995, and Gerfen, 2004). The term ventral pallidum refers to 
the ventral or subcommissural part of the pallidal complex (see Section 7). 

The STh was described by Luys (1865), and was designated by Forel in 1877 as 'corpus 
Luysii' (Pearce, 2003). The STh is an ovoid nucleus bordered dorsally by the zona incerta 
and medially by the lateral hypothalamus. Relatively prominent in the rat, the STh 
contains densely packed, medium sized, fusiform or polygonal neurons, giving off 
relatively long dendrites with a few or moderate number of spines. In the rat, the dendritic 
field of a STh neuron usually covers the whole extent of the nucleus and occasionally 
crosses its borders (see for review Heimer et al., 1995). The role of the STh in basal ganglia 
circuitry has recently received considerable attention as a target structure for stereotaxic 
surgery in Parkinson's disease, and will be discussed (Section 4.3) in the context of 
information processing in the basal ganglia. 

4.2. OVERVIEW OF BASAL GANGLIA CIRCUITRY 

Basal ganglia circuits have unique features in the brain, related to the abundance of feed- 
forward loops of information processing. In general terms, neural information is funneled 
into the striatum, the main input region to the basal ganglia, from three main sets of 
afferents: the corticostriatal, thalamostriatal and nigrostriatal pathways. Information is 
then processed within basal ganglia circuits, and exits from the basal ganglia to be 
conveyed to the thalamus and channeled from there mainly to the cortical fields, i.e. a 
cortical region far more restricted than those from which the information departed. 
In addition, the basal ganglia output is conveyed to the brain stem centers, including the 
superior colliculus and the pedunculopontine nucleus in the mesopontine tegmentum. 
Therefore, as summarized by Graybiel (1990), the basal ganglia collect signals from the 
cerebral cortex, 'redistribute these cortical inputs both with respect to one another and 
with respect to inputs from the limbic system, and then focus the outputs of these 
redistributed, integrated signals to particular regions of the frontal lobes and brainstem 
involved in aspects of motor planning and motor memory'. 

The main circuits of the basal ganglia are summarized in Fig. 16. Corticostriatal fibers, 
which derive from Layer V of nearly the entire cortical mantle, are glutamatergic and 
excitatory. The terminal fields of the different sets of cortical projections determine in the 
striatum distinct anatomofunctional regions (see below). 

As for the two additional channels of information destined to the striatum, 
dopaminergic fibers ascending from the ventral midbrain tegmentum are part of the 
basal ganglia loops. The other main input derives from the thalamus, and mainly (but not 
exclusively) from the intralaminar nuclei. Both the anterior intralaminar central lateral 
and paracentral nuclei, and the posterior intralaminar structures (represented in rodents 
by the parafascicular nucleus, which expands in carnivores and primates in the center 
median-parafascicular complex) give origin to thalamostriatal projections. As the cortical 
fibers, thalamostriatal fibers utilize an excitatory amino acid as neurotransmitter, and 
their termination is compartmentalized in the striatum (see Section 5.1). 
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The functional significance of the thalamostriatal innervation, which equals in density, 
the corticostriatal and nigrostriatal inputs, has been less studied than that of the other two 
channels of striatal input. Although a discussion of this problem goes beyond the scope of 
the present chapter, it is worth mentioning that the intralaminar nuclei, and the midline 
nuclei which are the main source of thalamostriatal inputs terminating in the NAc 
(see Section 7.1) are the structures grouped under the so-called 'nonspecific thalamus'. 
This thalamic region was supposed to give origin to widespread cortical and subcortical 
projections, and has been traditionally implicated in the activation of cortical activity as a 
relay of ascending brain stem pathways (see Bentivoglio et al., 1991; Groenewegen and 
Berendse, 1994; Steriade, 2003). It has, however, become clear that the intralaminar nuclei 
are also inserted in parallel processing in basal ganglia-thalamocortical circuits 
(Groenewegen and Berendse, 1994; O'Donnell et al., 1997). The mysterious role of the 
thalamostriatal system has been recently examined in the monkey (Matsumoto et al., 
2001). This latter study pointed out that neurons of the center median-parafascicular 
complex supply striatal neurons with information about attention-demanding, behavio- 
rally significant sensory events, which can activate conditional responses of striatal 
neurons in combination with dopaminergic inputs having motivational value. 

The striatum is the major target of midbrain dopaminergic neurons. By reaching the 
striatal complex, DA acts as protagonist of basal ganglia circuits modulating striatal cells 
via the DA receptors. In particular, DA regulates the activity of the striatal neurons of the 
so-called direct and indirect pathways of basal ganglia processing of cortical information 
(see Section 4.2). Through these pathways, information is conveyed to the output nuclei 
of the basal ganglia, the SNr and the GPi, via the GABAergic striatonigral and 
striatopallidal projections. Dopaminergic fibers also innervate the GP and the STh (see 
Section 6.2), thus modulating directly extrastriatal targets, and influencing the activity of 
STh neurons in the so-called hyperdirect pathway which bypasses the striatum. 

In addition, a set of striatonigral fibers project to the SNc, establishing a reciprocal loop 
with the midbrain dopaminergic neurons. Another main loop within the basal ganglia is 
represented by the circuit linking the GP and the STh, inserted in the indirect pathway of 
basal ganglia processing. STh neurons are glutamatergic and excitatory, and studies in the 
rat have indicated that they are highly collateralized, giving off axon collaterals to both 
pallidal divisions and to the SNr (although this collateralization is still disputed in 
primates). 

The information finally exits from the basal ganglia conveyed by GABAergic efferents 
of the ouput nuclei. The SNr gives origin to the nigrothalamic pathway, and the GPi to 
the pallidothalamic pathway (contained in the ansa lenticularis and lenticular fasciculus). 
The SNr and GPi are the two 'Ambassadors' (which can also be viewed as 'Ministers of 
Foreign Affairs' of the basal ganglia kingdom) which communicate to the thalamus 
messages processed in the basal ganglia. The main target of the basal ganglia output is the 
ventral tier of thalamic nuclei, from which information reaches frontal cortical areas 
through thalamocortical pathways. The pallidothalamic and the nigrothalamic pathways 
also reach the posterior intralaminar nuclei, configurating an internal loop of the basal 
ganglia because these structures, as mentioned above, give origin to thalamostriatal fibers. 
The intralaminar nuclei, however, project also to the cerebral cortex, and in particular to 
the frontal cortical areas (Macchi and Bentivoglio, 1986); these thalamocortical fibers are 
in part represented by collaterals of thalamostriatal fibers (Macchi et al., 1984). 

Similar to all the other thalamic afferent inputs, basal ganglia outputs give off 
collaterals to the thalamic reticular nucleus traversing this nucleus to enter the thalamus 
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(Smith et al., 1998). The thalamic reticular nucleus is an inhibitory sheet of GABAergic 
neurons, which belong to the ventral thalamus and surround the nuclei of the dorsal 
thalamus. The reticular nucleus projects to thalamic nuclei, playing a role as pacemaker 
of the excitatory activity of thalamic relay neurons (see Steriade, 2003). Therefore, 
GABAergic neurons of the thalamic reticular nucleus provide an additional gate for the 
final functional outcome of basal ganglia output on thalamocortical neurons. This gate 
plays a role in the information processing pathways deriving from both the neostriatum 
(Smith et al., 1998) and the ventral striatum (O'Donnell et al., 1997). 

In the cortex and from the cortex, information is conveyed through corticocortical 
and descending pathways. In particular, information meets in the cortex the sites of origin 
of the descending motor pathways, including cortical-brain stem pathways and the 
corticospinal tract. 

As already mentioned, basal ganglia efferents also reach directly the brain stem (see 
the reviews by Alexander and Crutcher, 1990; Smith et al., 1998). The GPi projects to 
the pedunculopontine nucleus, which is also innervated by the SNr. Cholinergic and 
noncholinergic neurons of the mesopontine tegmentum reciprocate input to the basal 
ganglia, projecting to different components, including the SN (see Section 3.1). The SNr 
sends projections to the superior colliculus via the GABAergic nigrotectal pathway. This 
pathway, which is largely formed by collaterals of the nigrothalamic pathway (Bentivoglio 
et al., 1979), is considered to play a key role in visuomotor integrative functions. 

The rodent motor thalamus consists of two main components: the ventromedial nucleus 
and the ventral anterior/ventral lateral nuclear complex. In the rat, both components are 
targeted by nigrothalamic fibers and by pallidothalamic fibers arising from both the 
pallidal divisions, and are conveyed to the medial agranular cortex, equivalent to the 
primate supplementary motor and premotor areas (Sakai et al., 1998; Kha et al., 2000; 
Sakai and Bruce, 2004). 

It should also considered that in the rat the projections of the thalamic ventromedial 
nucleus are widely distributed upon the cortical layer I (Herkenham, 1979). Despite the 
differences in the rodent and the primate motor thalamus and thalamocortical systems, 
a similar organization may also occur in primates. In the monkey, wide cortical projections 
to the most superficial layer arising from the magnocellular portion of the ventral anterior 
nucleus, which is the nigrothalamic recipient territory, have been detected (Bentivoglio 
et al., 2000). Therefore, information processed in basal ganglia may exert an integrative 
effect on behavior not only through their connections with the motor system, but also 
by modulating the processing of sensory information across a wide expanse of the 
cerebral cortex. 

4.3. THE DIRECT, INDIRECT AND HYPERDIRECT PATHWAYS OF BASAL 
GANGLIA INFORMATION PROCESSING 

As emphasized by Smith et al. (1998), when a large amount of data was gathered about the 
anatomical and functional organization of the basal ganglia and the pathophysiology of 
movement disorders associated with diseases that affect this system, an effort was made at 
the end of the 1980s to formulate a unifying model of the functional organization of the 
basal ganglia accounting for both normal and abnormal function (Albin et al., 1989). 
This model was rapidly elaborated and expanded (Alexander and Crutcher, 1990), also 
in view of the previous definition of parallel cortico-basal ganglia-thalamocortical 
circuits (Alexander et al., 1986), and is still the subject of extensive investigations 
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(see, inter alia, the reviews of Smith et al., 1998; Gerfen, 2000, 2004). The model is based 
on the so-called 'direct' and 'indirect' pathways, to which a 'hyperdirect' pathway was 
added (Nambu et al., 1996), for the flow of cortical information through the basal ganglia 
and the DA modulation. 

According to this model (Fig. 16), cortical information conveyed to the striatum by 
corticostriatal afferents is processed in the striatum and transmitted to the output nuclei of 
the basal ganglia (the SNr and GPi) directly, through the inhibitory striatonigral and 
striatopallidal projections, or indirectly via the GP and the STh. Thus, the indirect 
pathway striatal neurons reach the SNr and GPi through a relay in the GPe, 
interconnected with the STh neurons which, in turn, provide excitatory inputs to the 
basal ganglia output nuclei. The STh is considered to play, together with the GPe, a role 
of central pacemaker (Plenz and Kitai, 1999) inserted in the indirect pathway. The 
dopaminergic modulation of these pathways will be discussed in Section 6. 

The distinct striatal projection pathways contribute differentially to the excitatory and 
inhibitory circuits regulating the basal ganglia output, resulting in functionally opposite 
effects: the direct pathways lead to a disinhibition of the target regions, whereas the 
indirect pathways lead to their inhibition. Therefore, the roles of the direct and indirect 
pathways are implicated in the activation and suppression of motor behavior, respectively: 
activation of the direct pathway is thought to facilitate motor behavior, whereas the 
indirect pathway is thought to inhibit inappropriate motor behavior. 

The STh receives also direct excitatory input from the cerebral cortex, especially from 
the frontal cortical areas: the primary motor cortex, with a minor contribution of 
prefrontal and premotor areas (see for review Nambu et al., 2002). Cortical afferents from 
the primary motor cortex in rodents and cats are composed of collaterals of the pyramidal 
tract or of corticostriatal fibers (reviewed by Hamani et al., 2004). The hyperdirect 
pathway is a cortico-STN-pallidal pathway, which conveys excitatory input from the 
motor-related cortical areas to the GP bypassing the striatum, and therefore with shorter 
conduction time. According to the model of the hyperdirect pathway, the activity of the 
cortico-STh-pallidal route could result in a wide inhibitory effect on motor programs, with 
'adjustments' of signals through the direct cortico-striato-pallidal pathway (Nambu et al., 
2002). 

Despite the emphasis on parallel pathways in this conceptual scheme, it should also be 
considered that information processing through the direct and indirect pathways is 
subserved by complex synaptic interactions: striatal neurons giving origin to the direct 
pathway are synaptically interconnected with indirect pathway striatal neurons, and the 
direct and indirect pathways converge at the synaptic level on single output neurons of 
the basal ganglia (Smith et al., 1998). 

The development of this robust conceptual model of information processing in the 
basal ganglia and functional effects on the target regions has brought about important 
consequences also in clinical studies and in the development of new therapeutical 
approaches for the treatment of Parkinson's disease in humans. These are based on deep 
brain stimulation techniques, and in particular, on the electrical stimulation of the STh 
through chronically implanted electrodes, which was found to eliminate or alleviate resting 
tremor, rigidity and bradykinesia in Parkinson's disease (see, for example, Lozano et al., 
2002; Benabid, 2003). In a remarkable interaction between the basic and the clinical 
neurosciences, these findings are, in turn, boosting research on the mechanisms underlying 
these therapeutical effects (Bevan et al., 2002; Surmeier and Bevan, 2003; Hamani et al., 
2004). 
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4.4. DESCENDING EFFERENTS OF THE MIDBRAIN DOPAMINERGIC 
CELL GROUPS 

The projections ascending to the forebrain are the main efferents of midbrain 
dopaminergic cells, which, however, give also origin to some descending projections. 
These efferents, which will be mentioned briefly here, can explain features of the 
distribution of DA receptors in the brain stem and cerebellum, which will be reviewed in 
the last part of this chapter. 

In their study of the efferent connections of the SN and VTA performed in the rat with 
anterograde tracing using tritiated amino acids and autoradiography, Beckstead et al. 
(1979) detected little input to the brain stem. However, they could trace efferents to the 
central gray, mesopontine structures including the pedunculopontine tegmental nucleus, 
the dorsal raphe and median raphe nuclei, with a sparse innervation of the locus coeruleus. 
Dopaminergic axons originating in the SNc, VTA and medial hypothalamus have been 
described in subsequent studies to reach the mesencephalic trigeminal nucleus, with 
extension to the parabrachial nucleus and to the locus coeruleus (Copray et al., 1990; 
Maeda et al., 1994). 

Until recently, the cerebellum was not considered to utilize DA as a neurotransmitter, 
and the DA present in the cerebellum was considered to serve only as a precursor for 
noradrenaline in afferent fibers supplied by the locus coeruleus. However, DA release and 
binding and dopaminergic innervation have been reported in the 1990s in the rodent 
cerebellum (Panagopoulos et al., 1991; Chrapusta et al., 1994), in which, as presented in 
the last part of this chapter, the presence of DA receptor subtypes has been repeatedly 
described. These findings motivated mapping studies based on tract tracing combined 
with TH immunohistochemistry in the rat (Ikai et al., 1992), and TH and DAT 
immunohistochemistry in the monkey (Melchitzky and Lewis, 2000). 

Ikai et al. (1992) reported that the VTA sends projections to the rat cerebellar cortex and 
deep cerebellar nuclei bilaterally, with a slight contralateral predominance. In this study, 
dopaminergic efferents of the A10 cell group were reported to reach mainly the granule 
cell layer of the cerebellar cortex in the lateral portion of the hemispheres, with additional 
input to the Purkinje cell layer, but sparing the molecular layer. The deep cerebellar nuclei, 
and in particular the lateral nucleus, were instead found to receive inputs from 
nondopaminergic cells of the VTA, reciprocating projections to the VTA bilaterally and 
with a contralateral predominance. 

In the monkey cerebellar cortex, Melchitzky and Lewis (2000) have recently described 
a dopaminergic innervation that matched the rat data in terms of laminar distribution 
(reaching mainly the granule cell layer and arborizing densely in the subjacent Purkinje cell 
layer), but was confined to certain lobules of the cerebellar vermis. 

5. DOPAMINERGIC INNERVATION OF THE STRIATUM 

5.1. THE STRIATUM, STRIATAL COMPARTMENTS AND 
FUNCTIONAL SUBDIVISIONS 

Detected by anatomists who dissected the cerebral hemispheres, the main structure of the 
basal ganglia was defined as 'corpus striatum' by Thomas Willis in the 17th century 
(Willis, 1664) because of the mixture of gray matter and fiber tracts. Such mixture was 
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described as follows by de Vieussens (1684), an admirer of Willis who wished to advance 
Willis' work: '...[the white matter tracts] which have been so disposed that, mixed with the 
ashen substance [gray matter], they somewhat resemble bodies marked by striae' 
(translation provided by Clarke and O'Malley, 1996). However, as noted by Parent 
(1986), Vicq d'Azir (1786) was the first to realize that the caudate nucleus and the putamen 
belonged to the same structure defined as striatum. 

In primates and in many nonprimate mammals, the striatum is divided by the internal 
capsule into the caudate nucleus, located dorsomedially, and the putamen, located 
ventrolaterally. In other mammalian species, including the rat and the mouse, the bundles 
of the internal capsule traverse the striatum 'in the form of a brush rather than a plate' 
(Nauta, 1989), and the striatum cannot, therefore, be subdivided in two entities, so that 
it is often referred to as caudoputamen or caudate-putamen (CPu). 

As mentioned earlier, the striatum is classically divided into (i) dorsal striatum or 
neostriatum, which includes most of the caudate and putamen, and (ii) ventral striatum, 
which includes the NAc, the ventromedial parts of the caudate and putamen, and the 
striatal portion of the olfactory tubercle. 

The principal neuronal cell type of the striatum is the medium spiny projection neuron. 
This cell type accounts for about 95% of the striatal neuronal population and is rather 
homogeneously distributed. Approximately half of these neurons project to the SNr and 
the other half to the GPe. In these neurons, GABA coexists with neuropeptides, providing 
a chemical signature of cell subpopulations of striatonigral and striatopallidal neurons 
(see Section 6.1), which are interspersed with one another. The remaining striatal neurons 
are interneurons; these include large aspiny neurons which utilize acetylcholine as 
neurotransmitter and medium aspiny neurons which utilize GABA as neurotransmitter. 
Cholinergic neurons receive a dopaminergic input, and acetylcholine release is under 
dopaminergic control, configurating complex interactions between these neurotransmit- 
ters and glutamatergic inputs in the control of the activity of striatal neurons (see, inter 
alia, Di Chiara et al., 1994; Nicola et al., 2000; West et al., 2003). The intrinsic 
organization of the striatum is beyond the scopes of the present chapter, and the reader is 
referred to recent extensive accounts in the rat (Gerfen, 2004), and in primates (Haber and 
Johnson Gdowski, 2004). It is worth mentioning, however, that different classes of 
chemically characterized interneurons can influence differential responses of the striosome 
(or patch) and matrix compartments of the striatum, thereby regulating the differential 
responses of striatal projection neurons to DA-mediated signaling (Saka et al., 2002). 

An important characteristic of the dorsal striatum is its compartmental organization, 
based on the subdivision into patch/matrix compartments; in carnivores and primates, 
the patches are mostly termed as striosomes, which is their original definition. In fact, 
the compartments were first detected in sections processed for histochemistry to reveal 
acetylcholinesterase (ACHE) activity (Graybiel and Ragsdale, 1978) as AChE-poor zones 
(the striosomes), embedded in the large AChE-rich tissue (the extrastriosomal matrix) of 
the human, monkey and cat striatum. These observations stimulated intense research 
activities in many laboratories. The findings brought about evidence for the compart- 
mentalization of the vast majority of neuroactive molecules in the striatum (such as, 
neurotransmitters, neurotransmitter receptors and their binding sites, and a variety of 
neuromodulatory molecules and their receptors). These chemoarchitectural data were 
paralleled by data on striatal connectivity, so that all input-output connections of the 
striatum, as well as many intrinsic connections subserved by interneurons, were found to 
be organized following the patch/matrix compartmentalization (see for reviews Graybiel, 
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1990; Gerfen, 2004). The patch compartments of the striatum are characterized by low 
levels of acetylcholine and high levels of various opiates and substance P. The matrix 
compartment is characterized by cholinergic and somatostatin-containing neurons. 
Anatomically, corticostriatal and thalamostriatal projections are closely associated with 
the striatal matrix, while projections from limbic structures, such as the hippocampus and 
the amygdala, primarily innervate striatal patches. 

In addition, and superimposed to the compartmental patch/matrix organization, 
corticostriatal projections determine a tripartite anatomical and functional subdivision of 
the striatum into motor, associative and limbic territories, which have been the subject of 
detailed investigations in both the monkey and the rat (reviewed by Joel and Weiner, 
2000). 

In the rat, the motor striatum comprises the lateral portion of the CPu and receives 
input from the motor cortex (lateral and medial agranular cortical fields). This region of 
the striatum is equivalent in primates to the dorsolateral portion of the caudate nucleus 
and the dorsolateral putamen caudal to the anterior commissure, which receives input 
from the primary motor, premotor and supplementary motor areas. 

The associative striatum comprises instead in the rat the medial portion of the CPu, 
which receives input from the anterior cingulate area (considered analogous to the 
dorsolateral prefrontal cortex in primates). In primates the associative striatum includes 
most of the head, body and tail of the caudate and large parts of the putamen rostral to 
the anterior commissure; it receives input from associative areas of the cortex, including 
those of the prefrontal cortex. 

In the rat, the limbic or ventral striatum, which includes the ventral striatum proper and 
the ventromedial portion of the CPu, receives extensive input from limbic structures, such 
as the hippocampus and amygdala, as well as prefrontal cortical areas subserving limbic 
and autonomic functions (orbital, infralimbic, prelimbic and agranular insular fields) (see 
Section 7.2). In primates, the limbic striatum comprises the NAc and the most ventral 
parts of the caudate and the putamen and, as in the rat, receives input from the 
hippocampus and amygdala; its cortical input is further defined by projections deriving 
from the orbitofrontal cortex and the anterior cingulate area. 

5.2. THE NIGROSTRIATAL PATHWAY 

Following the debates and observations summarized in Section 1.1, Lindvall and 
Bj6rklund (1974b) traced the trajectory of the nigrostriatal pathway by means of the 
glyoxylic acid-histofluorescence technique (Lindvall and Bj6rklund, 1974a). Ascending 
from the midbrain, nigrostriatal fibers traverse the Forel field and then course into the 
dorsolateral medial forebrain bundle (Veening et al., 1982). The fibers then run through 
the ventromedial edge of the internal capsule and enter the striatum by several routes. 

Since this initial description, a wealth of data has increased knowledge on the 
organization of nigrostriatal projections (see, for example, the reviews by Smith and 
Kieval, 2000; Gerfen, 2004). Data on the organization of the nigrostriatal pathway 
have thus been obtained in relation to a number of features, including the topography of 
the cells of origin, pattern of axonal arborization, pattern of termination in striatal 
compartments, synaptic organization. 

Neurons projecting to the striatum arise from all subdivisions of midbrain 
dopaminergic cell groups (Figs. 17, 18A), being distributed in the ventral midbrain 
tegmentum in a somewhat continuous manner (see, for example, the retrograde tracing 

46 



Dopamine circuits and receptors Ch. I 

CD 
DA striatal terminals (in A) 

matrix (from dorsal tier) 

/ patch (from ventral tier) 

A 

_ _ r s ~ j o  

t51 t 
/ 

Ld\\ 1 / 

VDB I 

S1ULp 

r~,, D, 

'(~ AID" "" 
", .~AIV 

, ,  -:~,, 
Pit / 

) T  
I 

,~ . l  

OrtS 

B 
C 

",c ,' 

DA neuron types (in B,C,D) 

~ dorsal tier / calbindin positive 

/ ventral tier /calbindin negative 
D 

1 I 

~cp I l 
i 

PeR 
! 

Fig. 17. The figure illustrates the organization of the nigrostriatal dopaminergic pathway (shown in the sagittal 
diagram at upper right) in the rat, in relation to the inputs to the patch and matrix compartments of the striatum 
deriving from the dorsal tier and the ventral tier, respectively, of midbrain dopaminergic neurons. The 
termination of dopaminergic axons in the striatal compartments is illustrated in a coronal section through 
the striatum (A, corresponding to the level A indicated in the sagittal figurine). Coronal sections through the 
midbrain (B-D, cut at the corresponding levels indicated in the sagittal figurine) illustrate the location of the 
dorsal and ventral tiers. A general topography is also shown, in that dopaminergic neurons located medially in 
ventral midbrain tegmentum project ventrally in the striatum, including the territory of the nucleus accumbens, 
whereas laterally located midbrain dopaminergic cells project to dorsal striatal regions. Abbreviations of 
structures of the ventral midbrain tegmentum and surrounding it can be found in the legend to Fig. 4; all the other 
abbreviations can be found in the rat atlas of Paxinos and Watson (1998). Reproduced with permission from 
Gerfen (2004). 
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striatal spiny neuron 
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Fig. 18. Schematic representation of the organization of the mesostriatal and mesolimbic pathways (A), and of 
the synaptic organization of dopaminergic terminals contacting medium spiny neurons in the striatum (B). In the 
schematic representation shown in A, although, as explained in the text, mesostriatal and mesolimbic pathways 
take origin from a continuum of dopaminergic cells distributed in the ventral midbrain tegmentum (which in fact 
are not subdivided in the diagram), for the sake of clarity the nigrostriatal pathway (shown in blue) is indicated as 
originating from the A9 cell group and mesolimbic pathways (shown in purple) from the A10 cell group. The 
diagram in A depicts the long journey of dopaminergic nigrostriatal axons coursing throughout the length of the 
caudate-putamen (CPu), and whose varicosities establish multiple synaptic contacts with medium spiny neurons 
(shown in red). These striatal neurons give origin to the striatal output, and are contacted by corticostriatal axons 
(shown in green). The synaptic arrangements established by these inputs are illustrated in B. Features of 
organization similar to those of the nigrostriatal pathway are shown for the dopaminergic input to the ventral 
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studies of Fallon and Moore, 1978; Bentivoglio et al., 1979; Druga, 1989). In relation 
to this feature, Gerfen (2004) emphasizes that the delineation of subgroupings of the 
nigrostriatal cells may be somewhat arbitrary. Retrograde labeling after the injections 
of fluorescent tracers in the striatum combined with catecholamine histofluorescence in 
the rat revealed that only 5% or less of the nigrostriatal neurons are nondopaminergic 
(van der Kooy et al., 1981). 

The organization of the nigrostriatal projections in the mouse, studied with lectin- 
conjugated HRP as tracer, was reported to be similar to that of the rat (Mattiace et al., 
1989). 

Both in the rat (Beckstead et al., 1979) and in the mouse (Mattiace et al., 1989) no strict 
topographical organization of the afferent projections from the ventral midbrain 
tegmentum was found in the rostrocaudal dimension of the striatum. This suggested 
that fibers efferent from each locus of the SN are distributed over most or all of the length 
of the striatum, although the actual length of individual nigrostriatal fibers turned out to 
be very difficult to verify. 

The nigrostriatal projections are ipsilateral, but in studies performed with retrograde 
tracing a minor crossed contingent, arising from approximately 1% of SNc-VTA cells in 
the rat, has been identified (Fass and Butcher, 1981; Swanson, 1982; Altar et al., 1983). 
In double labeling experiments the contralateral mesostriatal pathway was found to 
contain catecholamines (thus strengthening its dopaminergic nature) and 50% of the cells 
of origin of this pathway contain the peptide CCK (Fallon et al., 1983). 

Differences in the crossed projections have been reported between the rat and the 
mouse, since it has been suggested that in the latter species the VTA and the retrorubral 
field, but not the SNc, contribute sparse crossed projections to the striatum (Mattiace 
et al., 1989). In addition, inter-strain differences have been reported in mice; for example, 
crossed projections were documented in the CBA strain, but not in the BALB/c strain 
(Mattiace et al., 1989). 

The reversal dorsoventral axis on the basis of which the ventral sheet of SNc and VTA 
cells project dorsally in the forebrain and the dorsal sheet project ventrally in the forebrain 
(Fig. 17), which led to the subdivision of the dopaminergic cells into dorsal and ventral 
tiers, has already been dealt with in Section 2.4. 

In terms of the functional subdivisions determined in the striatum by corticostriatal 
projections, the motor striatum is innervated mainly by the lateral portion of the SNc, the 
associative striatum mainly by the medial portion of the SNc and VTA, and the limbic 
striatum mainly by VTA neurons extending into the medial SNc (Joel and Weiner, 2000). 

Nigrostriatal axons are represented by relatively thin fibers, which exhibit a range of 
calibers: thin (0.1-0.4 lam) and smooth fibers, slightly thicker fibers (0.2-0.8 lam) with more 
frequent varicosities, and a minority of fibers of slightly larger calibre with large bulbous 

+. . -  

striatum, reaching the nucleus accumbens (NAc), olfactory tubercle (OT), and distributed also to the bed nucleus 
of the stria terminalis (BNST). Medium spiny neurons of the NAc receive input from the hippocampus (shown in 
green). Other abbreviations: cc, corpus callosum; OB, olfactory bulb; RR, retrorubral area (cell group A8); SNc, 
substantia nigra, pars compacta (cell group A9); VTA, ventral tegmental area (cell group A10). The diagram 
in A illustrates the convergence of dopaminergic and cortical boutons on the same dendritic spines 
of striatal projection neurons, and the other features of synaptic arrangement which are explained in the text 
(see Section 5.2). 
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varicosities. In particular, relatively thin and smooth fibers with few varicosities represent 
the most common type of dopaminergic nigrostriatal axon. In terms of their termination 
into the striatal compartments, this type of fiber arises from the dorsal tier neurons of 
midbrain dopaminergic cells and terminates preferentially in the striatal matrix (Fig. 17). 
A second type of dopaminergic axon is represented by the thicker fibers with numerous 
varicosities, which arise from the ventral tier neurons and innervate selectively the striatal 
patches (Fig. 17). 

With reference to the A8, A9 and A10 cell groups, the compartmental organization 
of their efferents to the striatum was examined in detail in the cat with anterograde 
tracing, TH immunohistochemistry and AchE histochemistry (Jimenez-Castellanos and 
Graybiel, 1987). Neurons of the A8 and A10 cell groups were reported to target the 
extrastriosomal matrix in the striatum (with dense projections of the A10 neurons to 
the ventral striatum), and the A9 neurons were instead found to target preferentially the 
striosomes. 

As mentioned above, dopaminergic nigrostriatal fibers are considered to travel for long 
distances throughout the striatum, and they establish multiple synaptic contacts with 
striatal neurons (Fig. 18A). The occurrence of varicosities is of crucial importance since, 
as explained below, they are the sites of DA release (Fig. 18B). 

With an anterograde tracing approach that resulted in cell filling, Gauthier et al. (1999) 
could visualize a limited number of individual nigrostriatal axons, which were seen to 
exhibit two main patterns of collateralization (see also Parent et al., 2000). The axons of 
the first type reached the striatum directly, emitting at the most, one thin collateral in the 
GP along their course, and they branched profusely within a rather restricted rostrocaudal 
sector of the striatum, breaking up into numerous, very thin and highly varicose terminal 
arborizations. The axons of the second type gave off instead collaterals to extrastriatal 
structures on their way, and arborized rather poorly within the striatum. 

The ultrastructural organization of dopaminergic boutons in the striatum has been 
extensively investigated (see, inter alia, the reviews of Smith and Bolam, 1990; Sesack, 
2003). Extrastriatal inputs, including the dopaminergic one, terminate mainly on the more 
distal part of the dendritic tree of medium spiny neurons, while intrinsic inputs terminate 
mainly on the proximal parts of the dendritic shaft and on the cell body. A small 
proportion of dopaminergic axons also contact the cell body of striatal projection neurons 
(Fig. 18B). 

More than 90% of the dopaminergic terminals form symmetric synapses with 
spines and dendrites of striatal projection neurons. Dopaminergic afferents in the 
striatum converge with asymmetric boutons of cortical terminals on individual 
dendritic spines of medium spiny neurons (Fig. 18B). In rats, a high proportion 
(approximately 40%) of spines of striatonigral neurons receive convergent synaptic input 
from cortical terminals and dopaminergic terminals. This pattern of synaptic organi- 
zation provides a strong indication that DA regulates in the striatum the flow of 
information transmitted by cortical synapses which establish contacts on the same 
dendritic spines. 

The synaptology of dopaminergic axons in the striatum also exhibits other striking 
and complex features (Sesack, 2003). These axons release DA at symmetric 
synapses formed by varicosities (Fig. 18B), acting on the DA receptors within or closely 
adjacent to the synapse. Some of the synaptically released DA diffuses away from the 
synaptic cleft, exerting parasynaptic actions on DA receptors located at a distance from 
the synapse. 
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DA can exert its action on striatal cells via different mechanisms, which include the 
modulation of different voltage-dependent conductances and indirect effects on excitatory 
and inhibitory synaptic transmission (reviewed by Nicola et al., 2000). Because DA can 
diffuse away from its site of release, cellular responses to exogenous DA are likely to be 
identical or similar to those that follow the synaptic release of DA (Nicola et al., 2000). 

DAT immunolabeling of axon terminals in the striatum revealed that DAT is 
concentrated near aggregates of synaptic vesicles, with less frequent labeling of 
intervaricose segments (Nirenberg et al., 1996b). These findings indicated that DAT is 
strategicaIly located to facilitate DA uptake in nigrostriatal axons. 

6. DOPAMINE MODULATION OF BASAL GANGLIA RELAYS 

6.1. DOPAMINE MODULATION OF STRIATAL OUTPUT THROUGH THE 
DIRECT AND INDIRECT PATHWAYS 

As mentioned in Section 4.3, the main output systems of the striatum are currently viewed 
as being organized into direct and indirect projection pathways originating from two 
populations of striatal GABAergic medium-sized spiny projection neurons (Fig. 16). 
In terms of dopaminergic modulation of these pathways, the direct pathway is dominated 
by D1 receptors, expressed at a high level by striatonigral substance P-containing neurons. 
The indirect pathway is mainly regulated by D2 receptors, expressed by striatopallidal 
neurons which contain enkephalin. 

The segregation or abundance of D1 and D2 DA receptor subtypes on the direct and 
indirect striatal projection neurons indicates that the dopaminergic input arising from 
midbrain cell groups affects differentially the function of the striatal neuronal populations. 
At the striatal level, DA appears to facilitate the striatonigral neurons of the direct 
pathway through D1 receptors, and to inhibit the striatopallidal neurons of the indirect 
pathway through D2 receptors. 

As discussed further in this chapter (see Sections 10.2 and 11.2; see also the reviews of 
Nicola et al., 2000; Smith and Kieval, 2000), both the anatomical segregation of the direct 
and indirect pathways and the segregation of the D~ and D2 receptors in subsets of striatal 
projection neurons giving origin to the two pathways is not exclusive. From the 
anatomical point of view, collaterals reaching both the GPi and the GPe from the same 
striatal neurons may subserve a crosstalk between the direct and indirect pathways. 
In addition, sensitive molecular biology techniques, such as RT-PCR, have shown 
colocalization of different receptors subtypes, though at low levels. In particular, 
striatonigral neurons also contain low levels of D2 receptors and striatopallidal neurons, 
low levels of D~ receptors. 

Despite these concerns, several lines of evidence support the processing of neural 
information via separate striatal cell populations of the direct and indirect pathways. 
A confirmation of this parallel processing has derived also from an animal model, 
represented by conditional ablation of striatal neuronal types containing the DA D2 
receptor by using immunotoxin-mediated cell targeting in the mouse (Sano et al., 2003). 
In these mutant mice, the elimination of the majority of striatopallidal medium-sized 
spiny neurons and cholinergic interneurons expressing the D2 receptors caused, besides 
molecular changes, hyperactivity of spontaneous movement and reduced motor activation 
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in response to DA stimulation. These findings support the role ascribed to the indirect 
pathway in the modulation of behavior. 

6.2. DOPAMINERGIC INNERVATION OF THE GLOBUS PALLIDUS AND 
SUBTHALAMIC NUCLEUS 

Observations made with histofluorescence had suggested that nigrostriatal fibers make 
along their way contacts en passant with neurons of the GP (Lindvall and Bj6rklund, 
1979). On the other hand, a dopaminergic fiber plexus was also seen in the STh (Bj6rklund 
and Lindvall, 1984), and SNc projections to the STh were described with retrograde 
tracing (Campbell et al., 1985). 

Therefore, inputs to both the GP and the STh, structures embedded within fiber 
bundles, are very difficult to investigate with retrograde tracing due to the problem of 
the potential tracer uptake by fibers passing through the injected area. Despite such 
methodological difficulties, refined techniques of anterograde tracing and/or retrograde 
tracer application have confirmed in the last years that the GP (both pallidal segments) 
and the STh receive projections from neurons of the SNc and VTA, whose dopaminergic 
nature was confirmed with TH immunohistochemistry (Hassani et al., 1997; Gauthier 
et al., 1999). Dopaminergic innervation of the STh from midbrain DA neurons was 
confirmed with the same strategy also in primates (Franqois et al., 2000; see also Hamani 
et al., 2004). 

The above-mentioned study of Gauthier et al. (1999), based on the tracing of single 
anterogradely labeled axons in the rat, has confirmed that the GP and STh are innervated 
by collaterals of the nigrostriatal bundle. In particular, these extrastriatal structures are 
innervated by the type of nigrostriatal axon which gives off thin and varicose collaterals 
along its way and does not display dense terminal fields in the striatum. The terminal 
domains of these fibers consist instead of a relatively limited number of thin and varicose 
fibers, scattered among neurons of both the pallidal segments and STh. 

DA modulates in the STh neurons the activity of the glutamatergic cortical afferents 
and GABAergic pallidal afferents (Hamani et al., 2004). Dopaminergic terminals, which 
contact mainly the neck of dendritic spines, establish synaptic contacts with the distal 
dendrites of STh neurons. These receive synaptic input also from thalamic fibers deriving 
from the intralaminar nuclei, serotonergic input deriving from the dorsal raphe nucleus 
and glutamatergic input from the motor cortex. Inhibitory pallidal afferents innervate 
mostly the proximal dendrites and the cell body of STh neurons. 

7. THE VENTRAL STRIATUM AND THE MESOLIMBIC SYSTEM 

7.1. THE NUCLEUS ACCUMBENS 

The NAc is the major component of the ventral striatum, and of the so-called limbic 
striatum. This striatal region corresponds to the entire anterior and ventromedial sector of 
the striatum and continues anteriorly into the NAc and the olfactory tubercle (Heimer and 
Wilson, 1975; Nauta, 1989). In the NAc, the principal neurons, which are the medium 
spiny projection neurons, make up approximately 90% of the total neuronal population 
and are generally similar to those of the striatal (i.e., neostriatal) counterpart. The local 
circuit neurons represent approximately 10% of the NAc neurons and vary greatly in size, 
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ranging from very small neurons to relatively large cholinergic interneurons (see for review 
Meredith, 1999). 

A compartmental inhomogeneous organization of neuropeptides, DA and calbindin 
has been demonstrated in the NAc, but overall the chemoarchitecture and connectivity 
indicated that the NAc is not organized into patch and matrix compartments equivalent to 
those in the dorsal striatum, but is instead organized in several compartments with 
different chemoarchitectural features and different input-output relationships (Voorn 
et al., 1989). 

Intense investigations on the cellular and molecular chemical neuroanatomy of the 
NAc, as well as on its connections, neuropharmacology and electrophysiology, have 
identified two main subterritories, namely the shell and the core (initially identified by 
Herkenham et al., 1984; Zaborsky, 1985); a third subdivision, represented by the rostral 
pole, has also been recognized (see for review Kelly, 1999; Meredith, 1999; Zham, 1999, 
2000). The organization in subregions has led to theories on a modular function of the 
NAc as a complex of 'neuronal ensembles' (Pennartz et al., 1994). The shell and the core of 
the NAc have been demarcated also in primates, and calbindin is the most consistent 
marker for the shell across species (Haber, 1999). 

Together with the olfactory tubercle, the NAc is characterized by its limbic input from 
the amygdala and allocortical regions (Heimer and Wilson, 1975; Nauta, 1989). Inputs 
to the NAc derive from the prefrontal cortex and limbic cortical fields, as well as 
hippocampal formation and amygdala (Meredith, 1999; Zham, 1999). Thalamic inputs to 
both the core and the shell of the NAc originate mainly in the midline nuclei, and derive in 
part also from the intralaminar nuclei. In particular, neurons projecting to the NAc are 
very dense in the thalamic paraventricular nucleus, a small structure which belongs to the 
midline group of thalamic nuclei and represents a key node in basal ganglia-limbic circuits 
(see Section 8.1). It has been reported in the rat that axons of the thalamic paraventricular 
nucleus which innervate the NAc give off also collaterals to prefrontal cortex (Bubser and 
Deutch, 1998). The NAc is also recipient of neuromodulatory input from hypothalamic 
(the preoptic area and the lateral hypothalamus) and brain stem structures. 

The NAc core and the shell show differences in their input-output organization. For 
example, although hippocampal projections reach both the core and the shell, the ventral 
subiculum projects to the shell, whereas the dorsal subiculum projects to the core. 
Different regions of the prefrontal cortex also target differentially the shell and core: the 
prelimbic area projects to the core, whereas the infralimbic and piriform cortices project to 
the shell (Berendse et al., 1992). Amygdaloid fiber subsets are also differentially distributed 
to the two main NAc territories. 

The core subregion of the NAc connects extensively to classic basal ganglia output 
structures, such as the ventral pallidum, STh and SN. In simple terms, it can be stated that 
the NAc core resembles the caudate-putamen, whereas the NAc shell region is more 
closely associated with the limbic system than the other regions of the ventral striatum. 
In particular, on the basis of the organization of the NAc subregions and their circuits, the 
NAc core has been associated with voluntary motor functions, whereas the shell has been 
rather associated with the 'extended amygdala'. Together with other regions of the CNS, 
the NAc shell is a key region initiating and maintaining the rewarding action of drugs of 
abuse (see, for example, McBride et al., 1999; Di Chiara, 2002) and therefore a key part of 
the brain reward system. 

The NAc shell is a distinct region, not only due to its chemoarchitectural and 
pharmacological organization, but also on the basis of its preferential projections to 
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subcortical limbic regions, such as the lateral hypothalamus, ventromedial part of the 
subcommissural ventral pallidum and autonomic centers in the brain stem. The NAc shell 
also projects densely to the VTA. Through the ventromedial ventral pallidum, this basal 
ganglia output is conveyed to the thalamus, and especially to the medial portion of the 
thalamic mediodorsal nucleus (MD). The MD in the rat has strong reciprocal connections 
with the dorsal prelimbic and agranular insular cortex. In turn, these cortical fields project 
massively to the core of the NAc and adjacent parts of the caudate-putamen. It is therefore 
interesting to note that via thalamocortical and corticostriatal pathways, neural 
information can be shunted from the shell to the core of the NAc (Zahm, 1999). 

7.2. MESOLIMBIC PATHWAYS AND THE VENTRAL 
STRIATOPALLIDAL SYSTEM 

Through the pathways of the 'mesolimbic system' (a term introduced by Ungerstedt 
in 1971), the basal ganglia provide an interface with limbic brain regions. This interface 
has been repeatedly implicated in psychiatric diseases, such as schizophrenia and other 
affective disorders, as well as in reward and addiction. 

As emphasized by Beckstead et al. (1979), a 'dualism' of the nigrostriatal pathway was 
proposed since the histofluorescence studies of And6n et al. (1966) and Ungerstedt (1971). 
According to these pioneering studies, the nigrostriatal dopaminergic system was 
subdivided into a 'nigrostriatal component proper' originating in the A9 cell group, and 
a mesolimbic system arising from the A10 cell group and projecting to the NAc and 
olfactory tubercle, i.e. the striatal regions which, as mentioned earlier, receive their major 
telencephalic input from the hippocampal formation and amygdala. Ungerstedt (1971) 
also noted additional dopaminergic fibers extending from the A10 cell group to the central 
nucleus of the amygdala and the bed nucleus of the stria terminalis (BNST). However, 
in their seminal paper on the efferents of SN, Beckstead et al. (1979) observed that the 
VTA projections involved 'the full length of the striatum' instead of being limited to the 
NAc and olfactory tubercle. Moreover, VTA projections were found to be very dense in 
the NAc, but were also seen to expand dorsally in the ventromedial half of the striatum, 
whereas the NAc and the olfactory tubercle appeared to receive only a few fibers from the 
SNc (Beckstead et al., 1979). These data indicated that the 'nigrostriatal system proper' 
and the 'mesolimbic system' were not segregated, but also suggested that neocortical and 
allocortical striatal inputs were conveyed through different streams and modulated mainly 
by different, though overlapping, dopaminergic cell groups of the midbrain. 

As mentioned earlier in Section 2.4, subsequent tracing studies have confirmed that a 
dualism between the SNc and VTA based on their different targets is not supported by the 
organization of their efferents, demonstrating that the neurons of origin of different sets 
of telencephalic projections do not exhibit clear-cut boundaries in the ventral midbrain 
(Fig. 12). However, the classical subdivision between the SNc and the more 'limbic- 
related' VTA is still widely adopted on the basis of the prevalence of limbic and limbic- 
related targets of VTA efferents. 

As the NAc, the olfactory tubercle and the BNST are innervated primarily by the A10 
cell group and they receive afferent inputs originating also in the medial part of the SNc 
(Fallon and Moore, 1978; Beckstead et al., 1979) (Fig. 18). As dealt with in detail by 
Bj6rklund and Lindvall (1984), the 'mesolimbic pathways' provide dopaminergic inputs 
also to the islands of Calleja, formed by clusters of neurons surrounded by a dense plexus 
of dopaminergic terminals, to the olfactory bulb and the anterior olfactory nuclei, to the 
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amygdala and to the septum. Dopaminergic innervation of the septum is localized to the 
lateral septal nucleus. 

Double retrograde labeling of the VTA neurons from the frontal cortex, lateral septum, 
NAc, CPu and lateral habenula did not point out a highly divergent collateralization of 
VTA neurons (Albanese and Minciacchi, 1983). VTA neurons bifurcating to more than 
one target did not seem to exceed 10% of the total labeled population, and were relatively 
numerous when the injections were placed in the frontal cortex, lateral septum or lateral 
habenula (see also Section 8.2). 

DA-containing axons which originate from all the midbrain dopaminergic cell groups 
(A8, A9 and A10) establish mainly symmetric synaptic contacts on the dendrites and cell 
bodies of projection neurons and interneurons in both the NAc shell and the core, with no 
obvious differences in the ultrastructural features or synaptic relations of the DA profiles 
in these different regions (Voorn et al., 1986; Meredith, 1999). The actions exerted by DA 
on the NAc medium spiny neurons are complex, resulting in inhibitory and facilitatory 
effects (Zahm, 2000). In the NAc, DA is likely to have effects on voltage-dependent 
conductances similar to those occurring in the dorsal striatum, but, in addition, DA in the 
NAc exerts effects on the excitatory and the inhibitory synaptic transmission independent 
of the modulation of ion channels (Nicola et al., 2000). 

Despite the similarity in ultrastructural features of dopaminergic terminals throughout 
the NAc, the morphology of DA-containing axons and axon terminals in the core is 
distinct from those in the shell (Voorn et al., 1989). The NAc shell has a lower density of 
DAT-labeled axons than the core (Nirenberg et al., 1997b). Since low expression of DAT 
in axon terminals may contribute to enhanced extracellular DA, this feature could play 
a role in determining extracellular DA diffusion, and in regional sensitivity to substances 
transported by DAT, such as psychostimulants and neurotoxins. 

The investigation of DAT immunolabeling at the ultrastructural level (Nirenberg et al., 
1997b) visualized the DAT in varicose and intervaricose segments of axons in both the 
NAc core and the shell, with an organization similar to that detected in the dorsal 
striatum. Symmetric synapses were seen in both the two main NAc subregions, but DAT- 
immunoreactive processes only rarely formed synaptic junctions. DAT was not detected 
over synaptic densities and was instead mostly distributed on the extrasynaptic portions 
of the plasma membranes, near appositions with somata, dendrites, dendritic spines 
and astrocytes. 

Recent ultrastructural data have demonstrated in the rat that DA can modulate 
thalamic inputs in the NAc shell (Pinto et al., 2003). This latter study documented some 
degree of convergence of terminals deriving from the thalamic paraventricular nucleus and 
dopaminergic axon terminals on the same target dendrites or dendritic spines. On these 
targets, thalamic terminals were found to establish asymmetric synapses, whereas 
dopaminergic terminals established symmetric synapses or appositional contacts. Interes- 
tingly, no similar features were observed in the prefrontal cortex (Pinto et al., 2003; see 
also Section 8.2). 

The ventral striatum (NAc and olfactory tubercle) send efferents to the ventral 
pallidum, which represents a ventral extension of the GP lying below the anterior 
commissure in the forebrain. The ventral pallidum also receives a dopaminergic 
innervation from the VTA (Beckstead et al., 1979), and noradrenergic innervation from 
the locus coeruleus. 

In its close association with the ventral striatum, the ventral pallidum constitutes 
the ventral striatopallidal system (Heimer and Wilson, 1975), a circuit integrated in a 
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feed-forward circuit similar to the neocortico-basal ganglia-thalamocortical loop (Fig. 18). 
Thus, while the main outflow of the GP is to the STh, SN and ventral tier of thalamic 
nuclei (Section 4), the efferent projections of the ventral pallidum involve not only the STh 
and the SN and VTA in the midbrain, but also various limbic and limbic-related structures 
(Heimer and Wilson, 1975; Nauta, 1989; Heimer et al., 1991): the amygdala, the medial 
frontal and cingulate cortex, the lateral habenular nucleus, the hypothalamus and regions 
of the midbrain tegmentum. The thalamic target of the ventral striatopallidal system 
is represented by medial and midline regions, and especially the MD nucleus, including 
also the thalamic paraventricular nucleus. 

Two anatomically and neurochemically different subdivisions have been described 
within the ventral pallidum, namely a dorsolateral and a ventromedial compartment 
(Zham and Heimer, 1988; Zahm, 1989). Recent data based on the combined DAT and TH 
immunoreactivity at the light and electron microscopic levels have shown that the DAT- 
positive axonal profiles are denser in the lateral than in the medial compartment of the 
ventral pallidum, whereas the TH-labeled axons show a complementary distribution, with 
higher density in the medial than in the lateral compartment of the ventral pallidum 
(Mengual and Pickel, 2004). This organization supports a dualism of the DA action in the 
ventral striatopallidal pathways. 

Drugs of abuse increase DA concentration in the mesolimbic system, and the NAc is a 
major site of action of psychostimulant drugs (Di Chiara and Imperato, 1988). DA plays a 
different role in the NAc subregions not only in behavior, but also in addiction (reviewed 
by Di Chiara, 2002). In particular, repetitive nondecremental stimulation of DA 
transmission by drugs in the NAc shell results in abnormal strengthening of stimulus- 
drug associations, so that the drug reward mechanisms acquire in the shell subregion 
powerful incentive properties, becoming resistant to extinction. Adaptive changes, whose 
significance is still uncertain, also occur in the NAc core, in which repeated drug exposure 
induces a sensitization of drug-induced stimulation of DA transmission. 

It is noteworthy to emphasize, in this context, that the dopaminergic system which 
arises mainly from the VTA and reaches the NAc as well as other forebrain sites, including 
the dorsal striatum, provide the major substrate of reward and reinforcement for natural 
rewards (positive natural stimuli associated with survival, such as food). In addition, 
as mentioned, addictive drugs, such as amphetamine and cocaine increase the level of 
synaptic DA in the NAc acting on DAT. In particular, the NAc has been implicated in the 
response to the motivational significance of stimuli, and the dorsal striatum in the learning 
and execution of behavioral sequences that permit an efficient response to those cues 
(Hyman and Malenka, 2001; Wise 2002). Altogether these circuits (Fig. 18) provide the 
neural substrates of compulsive drug use and its persistence, which imply synaptic 
plasticity phenomena. Dorsal striatal circuits, involved in normal habit leaning, may be of 
particular importance in the shift from controlled drug use to compulsive drug abuse 
(Berke and Hyman, 2000). 

7.2.1. Dopaminergic innervation of the habenula 

As described in detail by Bj6rklund and Lindvall (1984), the dopaminergic fibers form 
a dense plexus in the lateral habenular nucleus. This contingent of innervation is 
concentrated in the medial portion of the lateral habenula. Bj6rklund and Lindvall 
(1984) pointed out that substantial evidence from lesion and tracing experiments had 
indicated that such DA innervation originates in the A10 cell group. In the retrograde 
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tracing study of Takada et al. (1990), neurons projecting to the lateral habenula were 
found medially in the VTA and in the midline structures belonging to the A10 cell group 
(the interfascicular and central linear nuclei). However, a subsequent study based on 
retrograde tracing combined with TH immunohistochemistry in the rat (Li et al., 1993) 
showed that dopaminergic cells projecting to the lateral habenular nucleus are located not 
only in A10, but also in other cell groups, including A9 and the diencephalic cell groups 
A14 and A15. Throughout these cell groups, more than 90% of the neurons projecting 
to the lateral habenular nucleus were found to be nondopaminergic, though the 
dopaminergic innervation of the medial portion of the lateral habenula was confirmed 
to be very dense (Li et al., 1993). 

Interestingly, experimental chronic amphetamine and cocaine administration induces 
degeneration confined to the lateral habenula and its main output pathway, the fasciculus 
retroflexus (reviewed by Ellison, 1994). The habenula is the key relay in the descending 
dorsal diencephalic system, consisting of stria medullaris, habenula and fasciculus 
retroflexus, which links the limbic forebrain and the basal ganglia with lower dien- 
cephalic and mesencephalic centers (see for review Ellison, 1994). Dopaminergic dysfunc- 
tion in this circuit could be implicated in psychiatric diseases including schizophrenia 
(Ellison, 1994). 

7.3. THE CONCEPT OF EXTENDED AMYGDALA IN INFORMATION 
PROCESSING WITHIN DOPAMINERGIC CIRCUITS 

The anatomofunctional concept of the 'extended amygdala' has been introduced to define 
transitional territories between the amygdala and the adjacent basal forebrain territories. 
These regions were previously 'identified with the somewhat forbidding designation' 
(Alheid, 2003) of substantia innominata (indicating in Latin a substance 'with no name'). 
As stated by Alheid (2003), this term 'while possessing a certain lyricism, obscures the fact 
that it encompasses several distinct regions that are related to nearby forebrain systems'. 
Although still disputed, the concept of the extended amygdala has gained consensus 
because it provides a systematic classification of a brain region difficult to define from the 
anatomical and functional points of view. 

The structures included in the extended amygdala are located in the continuum of gray 
matter stretching rostromedially from the temporal lobe to the forebrain. This territory 
extends from the amygdala to the BNST. The anatomical and functional entities here have 
been identified as columns of neurons which accompany the stria terminalis, and are also 
found ventrally in the subpallidal zone (i.e. in the territory previously named as substantia 
innominata) (Alheid et al., 1995; Alheid, 2003; De Olmos et al., 2004). The rostral 
amygdala-related cell columns of the forebrain appear to form two major 'corridors', one 
related to the central nucleus of the amygdala and the other related to the medial nucleus of 
the amygdala. Because of the similarity between the central and the medial amygdaloid 
nuclei and their respective rostral counterparts based on a number of earlier anatomical 
studies, De Olmos et al. (1985) suggested that this continuum could be viewed as an 
extension of the amygdala. This was defined as 'extended amygdala' by Alheid and 
Heimer (1988), a term referring collectively to both the medial and central divisions of 
this region. Thus, the caudal part of the area previously included in the substantia 
innominata is occupied by extensions of portions of the amygdala into the forebrain, 
which are related to the medial and central amygdala, respectively. The rostral part of 
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Fig. 19. Schematic representation of the structural plan for the basal forebrain, depicting three major cortico- 
subcortical 'corridors': the hippocampal-septal-diagonal band, the central extended amygdala; the cortico- 
striatal-pallidal pathway. In all these three systems, glutamatergic neurons (level 1) and cortical-like amygdala 
neurons project to GABAergic medium-sized spiny neurons (level 2). These cells project in turn to long slender 
projection neurons (level 3) in the diagonal band nuclei, in the central extended amygdala, but also to 
downstream targets such as the dopaminergic neurons of the ventral tegmental area. The long slender projection 
neurons provide a massive output (level 4) to the hypothalamus, thalamus and brain stem. Large interneurons 
with long slender dendrites (level 2a) receive input from medium spiny neurons and from thalamus, but rarely 
from the cortex. To varying degrees these provide feedback locally to medium spiny neurons, but also back to 
cortical areas from which the input to medium spiny neurons originated. Reproduced with permission from 
Alheid (2003). 

the substantia innominata is instead represented by the ventral pallidum (Alheid et al., 
1995; Alheid, 2003). 

Both the medial and the central divisions of the extended amydala receive dopaminergic 
innervation from all the midbrain dopaminergic cells groups (A8, A9 and A10); the medial 
extended amygdala projects to the VTA, and the circuits efferent from the central 
extended amygdala also target the VTA, as well as the R R A  (Alheid et al., 1995; 
De Olmos et al., 2004) (Fig. 19). 

The study of the dopaminergic innervation of the principal components of the rat 
central extended amygdala by means of immunocytochemistry (Freedman and Cassell, 
1994) indicated that dopaminergic fibers are most densely distributed in the dorsolateral 
subdivision of the BNST, and in the lateral and caudomedial portions of the central 
amygdaloid nucleus. These regions contain a relatively high number of GABAergic 
medium spiny neurons, supporting similarities with the organization of dopaminergic 
input to the striatum, and therefore supporting a common scheme of neural information 
processing which will be dealt with here. 

The striatopallidal system and the extended amygdala have similar but also distinct and 
complementary chemical signatures (Alheid, 2003). On this basis, as well as on the basis of 
distinct circuitry, the extended amygdala is recognized as an entity independent from the 
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striatopallidal system, representing another pathway of information processing in which 
dopaminergic circuits are inserted (Fig. 19). The overall view of the extended amygdala as 
one of the main information channels in the cortical-subcortical basal forebrain systems 
(or cell 'corridors'), which also includes the hippocampal septal-diagonal band and the 
striatopallidal systems, proposes a common information processing scheme summarized in 
Fig. 19 (this figure depicts the central extended amygdala, but information processing in 
the medial extended amygdala 'corridor' proceeds through comparable steps). In this 
conceptual framework of a structural plan for the basal forebrain (Fig. 19), cortical 
neurons and cortical-like amygdala neurons direct their output to GABAergic medium- 
sized spiny neurons. In the septal-diagonal band circuits such medium spiny neurons are 
located in the lateral septum, in the central amygdala circuitry they are located in 
components which include the BNST, and in the striatopallidal system they reside in the 
striatum. Throughout these circuits, large interneurons with long slender dendrites receive 
inputs mainly from medium-sized spiny neurons. The 'second level' medium spiny 
neurons, in turn, project mainly to 'third level' projection neurons bearing relatively long 
and slender (relatively spine-poor) dendrites. To a lesser degree, the 'second level' medium 
spiny neurons also reach directly downstream targets, which include the VTA 
dopaminergic neurons. The 'third level' projection neurons provide massive output to 
the hypothalamus, thalamus and brain stem. 

8. DOPAMINERGIC INNERVATION OF THE THALAMUS AND 
CEREBRAL CORTEX 

8.1. DOPAMINERGIC INNERVATION OF THE THALAMUS 

The dopaminergic fibers which innervate diencephalic structures will be dealt with 
here briefly, since most of the diencephalic DA-containing system is related to the 
dopaminergic cell groups of the hypothalamus, which are the subject of the chapter of 
Lookingland and Moore in this volume. The dopaminergic innervation of the STh was 
dealt with above in Section 6.2. 

In the diencephalon, besides the hypothalamus, dopaminergic fibers have also been 
detected in the thalamic nuclei and in the habenula. It is interesting to note that in the 
thalamus dopaminergic fibers are distributed to nuclei that are also recipient of inputs 
from the ventral pallidum. 

In particular, dopaminergic fibers are very abundant in the thalamic paraventricular 
nucleus. As mentioned above, this nucleus is a main relay in the basal ganglia circuits 
because it receives afferents from the ventral pallidum and gives origin to projections 
to the NAc. The thalamic paraventricular nucleus is composed of a mosaic of cell 
populations projecting also to the prefrontal cortex, hippocampus and amygdala 
(Bentivoglio et al., 1991). In neurons of the thalamic paraventricular nucleus which 
project to the NAc or to the amygdala, the nuclear phosphoprotein Fos, encoded by the 
immediate early gene c-fos, whose expression is a marker of neuronal functional 
activation, undergoes a circadian oscillation and is spontaneously induced during the 
activity period (Peng et al., 1995). The thalamic paraventricular nucleus is a site of 
interaction of NOS-containing and monoaminergic afferents derived from nuclei 
implicated in sensory gating and in the regulation of cortical activity (Otake and 
Ruggiero, 1995). Psychostimulants induce dose-dependently Fos expression in the 
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thalamic paraventricular nucleus, which has thus been involved in both the arousing 
properties and reinforcing aspects of these drugs (Deutch et al., 1998). The thalamic 
paraventricular nucleus is among the key structures in which motivational drives are 
represented in the brain (Sewards and Sewards, 2003). 

Dense dopaminergic innervation of the thalamic paraventricular nucleus was detected 
since the initial studies based on histofluorescence (Lindvall and Bj6rklund, 1974b) and 
TH immunoreactivity (H6kfelt et al., 1976; 1984a), and subsequently with anti-DA 
antibodies (Groenewegen, 1988). Groenewegen (1988) suggested that the dopaminergic 
innervation of the thalamic paraventricular nucleus could derive from DA-containing 
diencephalic cell groups, and this problem is still under investigation. With retrograde 
tract tracing it has been ascertained in the rat that the thalamic paraventricular nucleus 
receives fibers arising from the VTA, the RRA, and to a lesser degree from the A11 
diencephalic dopaminergic cell group (Takada et al., 1990). However, in a subsequent 
investigation in which retrograde tracing was combined with immunohistochemistry 
(Otake and Ruggiero, 1995), it was reported that neurons projecting to the thalamic 
paraventricular nucleus from the A10 and A8 cell groups are nondopaminergic, and that 
dopaminergic inputs to these structures may derive instead from the diencephalic cell 
groups. 

The periventricular DA system could also be responsible for the dopaminergic axons 
detected with DA immunohistochemistry in the rat lateral geniculate nucleus, and in 
particular in the ventral lateral geniculate nucleus (Papadopoulos and Parnavelas, 1990). 

Projections to the thalamic MD from the SN and VTA have been repeatedly reported 
in several species (see, for the rat: Beckstead et al., 1979; Groenewegen, 1988), and seem to 
arise mainly from nondopaminergic cells, although SNc cells were proposed to account for 
dopaminergic innervation of the most medial portion of MD (Groenewegen, 1988). On the 
other hand, DA has been found to exert a marked modulation on the excitability of 
thalamic neurons recorded in slices of the rat MD and paraventricular thalamic nuclei 
(Lavin and Grace, 1998). 

Interestingly, findings based on DAT and TH immunoreactivity in the monkey 
(Melchitzky and Lewis, 2001) indicate that the dopaminergic innervation is denser in the 
primate than in the rodent thalamus. In this study (Melchitzky and Lewis, 2001), dense 
dopaminergic axon and terminal elements were detected in the ventral and lateral portions 
of MD in the macaque monkey, as well as in the anteromedial nucleus and in the 
magnocellular division of the ventral anterior nucleus (which is the main target of the 
GABAergic nigrothalamic pathway in the monkey), and it was hypothesized that this 
innervation could derive from SNc dopaminergic cells. 

8.2. DOPAMINERGIC INNERVATION OF THE CORTICAL MANTLE 

The findings obtained by Dahlstr6m and Fuxe in 1964 indicated the existence of 
a monoaminergic innervation of the cerebral cortex without a thalamic relay, but this 
idea seems initially heretic. However, methodological improvements of catecholamine 
histofluorescence with the sensitive glyoxylic acid histochemistry (Lindvall and Bj6rklund, 
1974a,b), together with the development of new techniques in experimental and chemical 
neuroanatomy mentioned earlier (see Section 1.1) convinced the neuroscience community 
that transmitter-characterized subcortical systems can innervate the cerebral cortex 
directly. 
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The dopaminergic innervation was the last to be identified in the cortex. By means of 
neurotoxic and electrolytic lesions of the noradrenergic system originating in the locus 
coeruleus, Thierry et al. (1974) could determine that DA was present in cortical fibers, and 
not in cortical cell bodies as believed initially (Thierry et al. 1973), and that the DA levels 
in the cortex were not affected by the lesions. In the same year, H6kfelt and coworkers 
(1974a,b), applying some sensitive modifications of the Falck-Hillarp technique, identified 
a plexus of dopaminergic fibers in the limbic cortex, with a patchy innervation of the 
entorhinal cortex. Interestingly, on the basis of these findings, H6kfelt et al. (1974b) 
hypothesized the potential involvement of dopaminergic limbic cortical innervation in 
major affective disorders such as schizophrenia, in line with current hypotheses based on 
pharmacological treatment. These pioneering observations paved way to another very 
stimulating and fertile field of research, related to the involvement of the central 
dopaminergic systems in psychiatric diseases. Thus, together with other brain systems, the 
dopaminergic circuits are still considered to play a key role in schizophrenia and its 
treatment (see for review Freedman, 2003). 

Mesocortical projections are more loosely organized than the mesostriatal ones in 
terms of topography of their cells of origin (see for review Fallon and Loughlin, 1987). 
Projections to the prefrontal cortex arise mostly from the VTA, and those to the 
anterior cingulate cortex arise from cells distributed in the lateral portion of the VTA and in 
the medial portion of the SNc (Fig. 12). Cells projecting to the suprarhinal and 
perirhinal (Fig. 12) cortices reside throughout the SNc and VTA, with a lateral prevalence 
in the VTA, whereas those projecting to the entorhinal cortex are located in the VTA and 
in part, scattered in the retrorubral field. Dopaminergic axons branch within the cortex 
to reach more than one cortical area, and, as mentioned above, neurons located in the 
medial portion of the SNc were found to send collaterals to both the frontal cortex 
and subcortical targets, including the striatum and the septum (Albanese and 
Minciacchi, 1983). 

Retrograde labeling from the frontal cortex combined with catecholamine histofluor- 
escence in rat indicated that the vast majority (up to 90%) of VTA-frontal cells were 
catecholaminergic (Albanese and Bentivoglio, 1982), but different proportions were 
obtained in other studies (see Fallon and Loughlin, 1985). 

DA-containing varicosities establish synaptic contacts preferentially on pyramidal 
neurons (Berger et al., 1991). In rodents, two main classes of cortical dopaminergic 
afferents have been defined (Berger et al., 1991). The first is preferentially distributed to 
the deep layers (V and VI) and exhibits a rostrocaudal gradient of decreasing density, 
from the prefrontal to the visual cortex. It is represented by smooth, sparsely varicose 
fibers, which originate mainly in the A10 cell group. The second type is distributed 
superficially to layers I-III and, although organized with a rostrocaudal gradient of 
density, is most dense in the anterior cingulate cortex. These fibers, which arise mainly 
from the A9 cell group, are thicker, more densely varicose and give off more collaterals 
than those of the first type. The neurons of origin of these two sets of dopaminergic 
cortical afferents have also a different peptidergic phenotype, since dopaminergic neurons 
projecting to the superficial layers do not express neurotensin, which is instead colocalized 
with DA in neurons which project to the prefrontal cortex and to the deep layers of other 
cortical targets. 

The areal and laminar termination of dopaminergic fibers in the rat brain is illustrated 
in Fig. 20. In the prefrontal cortex, these fibers are distributed densely in layers V and VI, 
and scattered in the more superficial layers (Fig. 20A). In the most anterior (pregenual) 
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Fig. 20. Coronal sections through the rat brain (A-C,E,G), showing the pattern of dopaminergic innervation, to 
illustrate, in particular, the distribution of dopaminergic fibers in the cerebral cortex. Adapted from Fallon and 
Loughlin (1987). The images D and F, reproduced with permission from Sesack et al. (1998), illustrate the pattern 
of dopaminergic innervation, as visualized by immunoreactivity to the dopamine transporter. D: in layer III of 
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region of the anterior cingulate cortex, dopaminergic fibers are distributed in the deep 
cortical layers (Fig. 20B), whereas in the supragenual region the innervation is denser 
and more superficial, with fibers distributed in layers II/II! and extending into 
layer I (Fig. 20C). Dopaminergic innervation is instead very sparse in the posterior 
cingulate retrosplenial cortex. The innervation of the perirhinal cortex does not 
show a preferential laminar distribution (Fig. 20E). In the piriform cortex dopaminergic, 
fibers are scarce and are found primarily in layers II/III (Fig. 20A,B,C,E). In the 
anterior portion of the lateral entorhinal cortex dopaminergic fibers have unique 
features, forming dense clusters in layers II/III (Fig. 20G) around islands of cells. 
The laminar distribution of cortical fibers in different cortical regions is summarized 
in Fig. 21. 

The cortical dopaminergic innervation exhibits striking species differences, and is more 
expanded in primates than in rodents (see the reviews of Berger et al., 1991; Lewis and 
Sesack, 1997). For example, the motor, premotor and supplementary motor areas are 
densely innervated in primates but not in rodents. In addition, in primates dopaminergic 
terminals innervate densely layer I throughout the cortical mantle, whereas in rodents only 
the anterior cingulate cortex, and to a lesser extent the entorhinal cortex, receive a dense 
contingent of dopaminergic fibers in layers I-II. 

The dopaminergic innervation of the prefrontal cortex has been repeatedly implicated 
in the modulation of normal cognitive processes, and in particular of working memory, 
as well as in cognitive dysfunction, such as age-related memory decline and alterations 
in neurodegenerative disorders including Parkinson's disease, as well as in psychiatric 
diseases. 

The ultrastructural observations of Sesack et al. (1998) indicated that considerable 
extracellular diffusion of DA in the prelimbic prefrontal cortex may result, at least in part, 
from a paucity of DAT content in dopaminergic mesocortical axons, as well as from 
a distribution of DAT protein at a distance from synaptic release sites. In this study, 
DAT-immunoreactive profiles in the striatum and in the cingulate cortex included 
both varicose and intervaricose segments of axons, but intervaricose axon segments 
predominated in the prelimbic cortex. 

In the rat prefrontal cortex, TH-immunoreactive terminals were seen to form 
occasionally symmetric synapses onto spines and dendrites, but were more commonly 
apposed to dendritic structures without establishing conventional synapses (Pinto et al., 

the rostral portion of the anterior cingulate cortex immunoreactive fibers exhibit the branching (small arrows) 
and beading (large arrows) characteristic of termianl fibers. F: in the dorsolateral striatum, immunoreactivity is 
localized to the neuropil beneath the corpus callosum (cc); perikarya (asterisks) and bundles of myelinated axons 
(m) are unlabeled. Abbreviations: AC, anterior cingulate cortex; ACB, nucleus accumbens; AG, agranular cortex; 
AOP, anterior olfactory nucleus, posterior part, BST, bed nucleus of the stria terminalis; Ce, central amygdaloid 
nucleus; CPu, caudate-putamen; DG, dentate gyrus; ENT, entorhinal cortex; Ep, entopeduncular nucleus; f, 
fornix; Fi, fimbria of the hippocampus; fmi, forceps minor of the corpus callosum; Fr, frontal cortex; ic, internal 
capsule; IL, infralimbic cortex; LS, lateral septum; mt, mammillothalamic tract; mfb, medial forebrain bundle; 
PC, posterior cingulate cortex; PCm, paracentral thalamic nucleus, medial part, PC1, paracentral thalamic 
nucleus, lateral part; PIR, piriform cortex; RSa, retrosplenial agranular cortex; RSg, retrosplenial granular 
cortex; S, subiculum; SNC, substantia nigra, pars compacta; SS, somatosensory cortex; TE, temporal cortex; 
TU, olfactory tubercle; VP, ventral pallidum; VTA, ventral tegmental area. 
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Fig. 21. Summary diagram of the laminar distribution of dopaminergic fibers in different fields of the rat cortex. 
Adapted from Fallon and Loughlin (1987). Abbreviations: ACd, dorsal anterior cingulate; ENT1, lateral 
entorhinal; PF, prefrontal; PIR, piriform; RSg, granular retrosplenial; SR, suprarhinal. 

2003). At variance with the ultrastructural features observed in the NAc shell, 
dopaminergic axon terminals and boutons of thalamocortical axons deriving from the 
thalamic paraventricular nucleus were not found to converge on the same structures, 
such as dendritic shafts or spines (Pinto et al., 2003). Also the terminals of hippocampal 
fibers did not show obvious synaptic relationship with dopaminergic terminals in the 
prefrontal cortex (Carr and Sesack, 1996), indicating a segregation of different sets of 
cortical inputs. 

An interesting study was performed on cortical slices (from young adult ferrets) with 
paired whole-cell recording to study the influence of DA on local inhibitory circuits (Gao 
et al., 2003). In this investigation, DA was found to depress inhibitory transmission 
between fast-spiking interneurons and pyramidal neurons, but enhanced inhibition 
between nonfast-spiking interneurons and pyramidal cells. 

8.3. DOPAMINERGIC INNERVATION OF THE HIPPOCAMPUS A N D  OF THE 
SUBEPENDYMAL ZONE AND ROLE OF DOPAMINERGIC PROJECTIONS IN 
NEURAL PRECURSOR PROLIFERATION 

A sparse dopaminergic innervation of the hippocampus has been described initially in 
the rat (Verney et al., 1985) and confirmed in primates in subsequent studies 
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(reviewed by Lewis and Sesack, 1997). In the rat, dopaminergic fibers were seen to 
target the subiculum and the ventral part of the Ammon's horn, whereas only sparse 
fibers were found in the dentate gyrus (Verney et al., 1985). Subsequent anterograde 
and retrograde tracing experiments in the rat (Gasbarri et al., 1994) reported that 
fibers reaching the hippocampus derive mainly from the VTA and also from the 
SNc. These dopaminergic fibers terminate in the ventral subiculum (stratum 
oriens and stratum moleculare), and in the adjacent CA1 field (strata oriens, pyramidale, 
suprapyramidale and moleculare), whereas in the dorsal hippocampus 
VTA fibers were found to be distributed in the CA1 polymorphic layer (Gasbarri et al., 
1994). 

Dopaminergic fibers identified with DAT immunoreactivity were recently identified in 
the mouse subgranular zone of the dentate gyrus, where stem cells are located in the adult 
brain, with only sparse immunoreactivity in the adjacent hilus or granule cell layer 
(H6glinger et al., 2004). In the subgranular zone, dopaminergic nerve terminals were 
found to contact proliferating cells (H6glinger et al., 2004), implicating DA in the 
modulatioI~ of adult neurogenesis. 

It has been proposed that the dopaminergic innervation of the hippocampus 
could play a role in the selective retention of memory events before reward (Otmakhova 
and Lisman, 1998a). DA was found to exert a strong control of transmission in 
the perforant path, inhibiting the response to perforant path stimulation, but not the 
response of Schaffer collateral input (Otmakhova and Lisman, 1998b). Recent data in 
slices have reported that DA strongly depresses cholinergic gamma oscillations in the CA3 
field of the rat hippocampus (Weiss et al., 2003). 

As mentioned above, recent interesting findings pointed out a role of dopaminergic 
innervation in the control of neurogenesis in the adult forebrain. Besides the dopaminergic 
innervation of the hippocampal subgranular zone, dopaminergic fibers (probably 
deriving from the VTA) were also identified in the adult mouse subependymal 
zone, where they established anatomical and functional contacts with highly proliferative 
cell precursors (H6glinger et al., 2004). These features of dopaminergic innervation 
were found to be conserved in the human bra in  (H6glinger et al., 2004). The 
subependymal or subventricular zone of the anterior lateral ventricle, which is 
immediately adjacent to both the caudate nucleus and the NAc, represents another site 
of neurogenesis in the adult mammalian brain. The neurons generated in this region 
migrate along the so-called rostral migratory stream to the olfactory bulb where they 
differentiate into neurons (see references in Baker et al., 2004; H6glinger et al., 2004). 
In the subependymal zone, DA was found to control cell proliferation through D2 
receptors (H6glinger et al., 2004). 

Destruction of dopaminergic neurons in the VTA and SNc with 6-OHDA and MPTP 
in adult rodents markedly reduced the number of proliferating cell precursors in 
the subventricular zone and in the dentate gyrus, providing strong indication for an 
implication of DA in the regulation of neurogenesis in the adult brain (Baker et al., 2004; 
H6glinger et al., 2004). Consistent with evidence that DA represents a stem cell regulator, 
mitotic activity was found to be reduced in the subependymal zone and the number of 
neural precursor cells markedly decreased in the olfactory bulb and dentate gyrus of 
individuals with Parkinson's disease; altogether these data are of special interest in 
view of the potential use of neural progenitor cells in brain repair processes (H6glinger 
et al., 2004). 
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9. DOPAMINE RECEPTORS: INTRODUCTORY REMARKS 

9.1. GRADIENTS OF DENSITY 

This part of the chapter will deal with the distribution of the DA receptors in the brain, in 
order to provide an overview of the sites of DA action. As in the previous sections, we will 
mainly refer to the rat brain, with a comparison with humans and nonhuman primates. 
Data on DA receptors in the human brain are also dealt with in the chapter of Hurd and 
Hall in this volume. 

Since the concentration of receptors provides clues for the efficacy of DA action at 
given brain sites, the distribution of each receptor subtype will be presented according to 
an overall indicative criterion of high, intermediate and low density, based on the 
comparison between literature data. The definition of high, intermediate and low density 
and their illustration in the distributional maps refer to the relative density of each 
receptor subtype and are not indicative of a relationship in density across different 
receptor subtypes. 

The wide distribution of DA receptors in the brain brings about the obvious 
consequences of the presence of more than one subtype of these receptors in the same 
brain sites. This does not necessarily imply, however, a colocalization of different DA 
receptors in single cells. 

9.2. SUBTYPES OF DOPAMINE RECEPTORS 

The physiological actions of DA are mediated by at least five different G protein-coupled 
receptor subtypes, which are classified into Dl-like family (D1 and Ds) and Dz-like family 
(D2, D3 and D4). The first identification of different DA receptor subtypes was made by 
Spano et al. (1978). Thereafter two receptor subtypes, named D1 and D2, were classified 
on the basis of their stimulatory or inhibitory activity on adenylyl cyclase (Kebabian and 
Calne, 1979). 

After the introduction of gene cloning methodologies, three new receptor subtypes, D3, 
04 and Ds, were characterized over the years. Characterization of complementary DNA 
for all five receptor subtypes showed that D1 and D5 receptors share high homology in 
their transmembrane sequences; similarly, the transmembrane sequences of D2, D3 and D4 
receptors are conserved in the three receptor species (Missale et al., 1998). 

The functions of D~ and D2 receptors, and in part of D3, have been charac- 
terized in behavioral and biochemical studies, whereas the lack of highly selective 
compounds for the analysis of D4 and D5 receptors has hampered a full clarification of 
their functions. 

9.3. RECEPTOR DETECTION AND ITS PITFALLS 

The main methods for receptor localization analysis are: (1) ligand binding to the receptor 
recognition site, (2) mRNA transcript detection, (3) immunohistochemical detection of the 
translated receptor protein with specific antibodies. Although these methods provide 
powerful (and somewhat complementary) tools, each of these approaches, as every other 
technique, has some limitations. 
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The distribution of the DA receptor subtypes was initially studied by analysis of ligand 
recognition site on receptor through the binding technique, utilizing isotope-labeled 
ligands and autoradiography. This technique provides a direct assessment of the 
pharmacologically active receptor. The major drawback of this methodological approach 
consists in the limited availability of drugs highly selective for each of D3, D4 and D5 
receptors. 

Detection of mRNA of each cloned DA receptor by means of in situ hybridization is a 
sensitive and specific methodology, mRNA, however, is almost exclusively contained in 
the neuronal cell body and, therefore, this technique does not allow the identification of 
receptors within dendritic arborizations or axon terminals. In addition, the presence of 
RNA transcript does not allow to determine to what extent the mRNA is translated into 
protein, and does not always correlate with the presence of active receptor protein or 
ligand binding sites. 

Utilization of selective antibodies is the most recent tool for receptor visualization, 
based on immunohistochemistry. This experimental approach has the advantage of 
allowing the identification of the receptor protein throughout the neuron, which can also 
be achieved at the ultrastructural level, with high selectivity and sensitivity. However, as 
for the mRNA, the antigenic sites detected by the antibodies may also be present on a 
receptor protein not physiologically active in the process of synthesis, catabolism or 
transport. 

The above limitations present in each of these techniques may account for the 
mismatches observed in the description of DA receptor localization provided by the 
various studies which are reviewed in this chapter. 

10. D1 RECEPTORS 

10.1. OVERVIEW OF D1 RECEPTORS 

Since the initial classification of DA receptor into D1 and D2 subtypes, more than one 
decade has elapsed before the D1 receptor was first cloned (Dearry et al., 1990; Monsma 
et al., 1990, Zhou et al., 1990). Differently from the D2 receptor, the D~ receptor gene lacks 
intronic sequences. Only one additional member of the D~ receptor family has been 
cloned, termed D5 for humans and D~B for rodents (Grandy et al., 1991; Sunahara et al., 
1991; Tiberi et al., 1991). 

Like the D2 receptor (see further, Section 11.1), the D~ receptor belongs to the family of 
G protein-coupled receptors and is characterized by its stimulatory activity on adenylyl 
cyclase being coupled to either Go or Gs protein (Spano et al., 1978; Kebabian and Calne, 
1979; Herve et al., 1993). Biochemical and electrophysiological studies have also evidenced 
a Dl-like receptor coupled to stimulation of phosphoinositide turnover (Missale et al., 
1998; Niznik et al., 2003). 

The D1 receptor subserves numerous psychomotor functions and, in concert with 
the D2 receptor, produces the great majority of DA-dependent behaviors. In line 
with such multiple functions, D~ receptors have a widespread distribution in the 
brain. 

In all brain structures except the VTA, and with the exception also of the pituitary 
gland, D~ receptors are present in higher density than D2 receptors (Boyson et al., 1986). 
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The presence and density of D1 receptors have been investigated in several studies (Aiso 
et al., 1987; Dawson et al., 1988; Richfield et al., 1989; Huang et al., 1992, Levey et al., 
1993; Yung et al., 1995). Figure 22 depicts the relative density of dopamine D1 receptor 
binding sites at selected representative levels of the rat brain in structures with high and 
medium concentration of this receptor. 

The highest concentration of the D1 receptor binding sites was found in the olfactory 
tubercle, NAc, CPu, SNr, and in the EP, the rodent homologous of the GPi (see Section 
4). Medium concentration of D1 receptor binding sites was found in several cortical fields 
and subcortical structures: the prefrontal, cingulate, parietal, piriform and entorhinal 
cortices, as well as in the olfactory bulb, major island of Calleja, claustrum, lateral septal 
nuclei, ventral pallidum, amygdala, hippocampus, substantia innominata, STh, through- 
out the thalamus, and in selected hypothalamic areas. In addition, medium concentration 
of D1 receptor binding sites was found in, the molecular layer of the cerebellar cortex and 
the retina. Medium/low amount of D1 receptors was detected in the VTA and in the GP 
(i.e. the rat homologous of the GPe). 

D1 receptor mRNA is most abundant in the olfactory tubercle, NAc and CPu. Cells 
expressing D1 receptor mRNA were also found in the neocortex, lateral septal nuclei, 
amygdala, hypothalamus (and in particular in the suprachiasmatic nucleus), in the 
thalamus and in the retina. D1 receptor mRNA was instead absent in the VTA, GP, SNr, 
SNc and EP (Mansour et al., 1990, 1992; Fremeau et al., 1991; Le Moine et al., 1991; 
Meador-Woodroff et al., 1991 b; Mengod et al., 1991; Weiner et al., 1991; Gaspar et al., 
1995). 

The lack of correspondence between receptor protein and mRNA in some areas is likely 
to be due to the transport of the receptor from the site of synthesis into terminal areas. 
In the cerebellar cortex, for example, D~ receptors synthesized in the granule cell layer 
are transported to the molecular layer (Mansour et al., 1992). 

10.2. D1 RECEPTOR DISTRIBUTION IN THE RAT BASAL GANGLIA 

Activation of D1 receptors has little effect on locomotor behavior; however, D1 receptors 
play a fundamental role in the control of movement in concert with D2 receptors, as shown 
by studies on the synergism between these two receptor subtypes and on sensitization of 
D1 receptors (Morelli et al., 1993a,b,c; Niznik et al., 2003). 

In the CPu, D1 receptors are mostly localized in medium-sized GABAergic neurons, 
whereas large aspiny cholinergic interneurons do not express either D1 receptor protein 
or D1 mRNA (Weiner et al., 1991; Huang et al., 1992; Bergson et al.,1995b). 

Most of the, striatal neurons containing D1 mRNA, contain the peptides substance P 
and dynorphin; on the other hand, neurons which contain preproenkephalin A do not 
contain D1 mRNA, showing a selective association of D~ receptor with the direct pathway 
of striatal output (Le Moine et al., 1991; Yung et al., 1995) (see Section 6.1). Although 
located in different striatal neuronal populations (see, Section 11.2), the D1 receptor acts in 
concert with the D2 receptor to produce DA-mediated behaviors. 

Ipsilateral cortical afferents to the striatum establish synaptic contacts with D1 receptor 
more: than D2 receptor-positive spines (Hersch et al., 1995). 

Ultrastructural studies in the striatum showed that D1 receptor is present on dendrites 
and spines (heads and necks) postsynaptic to asymmetrical synapses and on postsynaptic 
densities on small synapses characteristic of DA terminals. The D1 receptor is also 
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Fig. 22. Distribution of D1 receptor in selected representative sections through the rat brain. The sections, taken 
from the atlas of Paxinos and Watson (1998), correspond to the following levels from bregma: A, + 3.20; 
B, + 1.60; C , -  1.60; D , -  5.30. In this and the following distributional maps (Figs. 25, 26, 28, 29), the dots 
illustrate the high and medium relative density of each receptor subtype, whereas the low density is not illustrated. 
Abbreviations: AcbC, nucleus accumbens core; AcbSh, nucleus accumbens shell; AD, anterodorsal thalamic 
nucleus; AVVL, anterior thalamic nucleus; AI, agranular insular cortex; AM, anteromedial thalamic nucleus; 
APT, anterior pretectal nucleus; BLA, basolateral amygdaloid nucleus; Cg, cingulate cortex; Cpu, caudate- 
putamen; Ce, central amygdaloid nucleus; Den, dorsal endopiriform nucleus; DG, dentate gyrus; Icj, islands of 
Calleja; IL, infralimbic cortex (frontal cortex); GP, globus pallidus; LO, lateral orbital cortex; LS, lateral septal 
nucleus; M, motor cortex; MG, medial geniculate nucleus; MM, medial mammillary nucleus; PBP, parabrachial 
nucleus; Pir, piriform cortex; PrL, prelimbic cortex (frontal cortex); S, subiculum; S1J, parietal cortex; SC, 
superior colliculus; SI, substantia innominata; SNc, substantia nigra compacta; SN1, substantia nigra lateralis; 
SNr, substantia nigra reticulata; SO, supraoptic nucleus; Tu, olfactory tubercle; VA, ventral anterior thalamic 
nucleus; VO, ventral orbital cortex; VP, ventral pallidum; ZI, zona incerta. 
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presynaptically located, however, in contrast to D2 receptor, axon terminals containing D~ 
receptor are rare (Huang et al., 1992; Levey et al., 1993; Hersch et al., 1995). In spite of the 
association of D1 receptor with synaptic inputs, a high proportion of D1 receptors are 
located extrasynaptically. 

In the SN, the D1 receptor concentration is highest in the SNr, relatively high in the 
pars lateralis and lower in the SNc (Altar and Hauser, 1987; Dawson et al., 1988). 6- 
Hydroxydopamine lesion of DA nigrostriatal neurons or ibotenic acid lesion of intrinsic 
SNr neurons do not modify D~ receptor binding, indicating that D1 receptors are 
presynaptically located on nerve terminals originating in the CPu (Savasta et al., 1986; 
Filloux et al., 1987b; Morelli et al., 1988). In line with these findings, degeneration of 
striatal intrinsic and projection neurons produced an almost total depletion of D1 
receptors in the CPu and strongly decreased D1 receptors in the SNr; moreover, D1 
mRNA was not detected in the SNr (Fremeau et al., 1991; Le Moine et al., 1991). In 
addition, analysis of receptor localization with antibodies against D1 receptors showed 
that D1 receptor immunoreactivity was localized in axon terminals forming symmetrical 
synapses (Levey et al., 1993). 

A topographical organization of projections from the CPu to the SN was observed, 
since neurons containing D~ receptors and having rostral, central and caudal origin in the 
CPu correspond to medial, central and lateral terminations in the SNr, respectively (Altar 
and Hauser, 1987; Harrison et al., 1990). D1 receptor immunoreactivity in both the 
striatum and the SN is illustrated in in Fig. 23. 

B 

At 

Fig. 23. Comparison of D1 (A and C) and D2 (B and D) immunoreactivity in the rat striatum, nucleus accumbens 
(Acb), olfactory tubercle (Tu) and substantia nigra (SN) compacta (c) and reticulata (r). Bars: A and B, 250 ~tm; 
C and D 200 ~tm. Reproduced with permission from Levey at al. (1993). 
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10.3. D1 RECEPTOR DISTRIBUTION IN THE RAT CEREBRAL CORTEX 

DA is involved in complex physiological and pathological conditions related to cognitive 
functions (see the chapter of Robbins in this volume). Therefore, the detailed localiza- 
tion of DA receptors in the cerebral cortex, and in particular in the prefrontal cortex, has 
been the subject of several studies aimed at the understanding of the role of each DA 
receptor subtype in functions such as working memory, or in neuropsychiatric disorders. 
These investigations reported the presence of D~ receptor in the neocortex, mainly in 
neurons of prefrontal and cingulate fields. The D1 receptor was also found at high level in 
the piriform, entorhinal and retrosplenial cortices. The D~ receptor has both presynaptic 
and postsynaptic localization, with the postsynaptic more frequently observed (Huang 
et al., 1992; Levey et al., 1993). 

In the prefrontal cortex, D~ receptors were found to be present in layers II-VI, with 
highest density in layer V and VI; in layer VI cells containing D1 receptors belong to 
nonpyramidal neurons. Since the D2 receptor was mainly found in either large or small 
pyramidal cells, altogether the findings suggest that the two receptors are mainly found 
in different cortical cell populations (Vincent et al., 1993). 

D1 mRNA, similar to the D~ receptor, has higher expression than D2 mRNA. In the 
prefrontal cortex, D~ mRNA was found to be most abundant in layer VIb. mRNA was 
also detected in layers Via and V of the frontal cortex, and in layer II of the medial 
prefrontal, cingulate and insular fields (Weiner et al., 1991; Gaspar et al., 1995). In the 
frontal cortex, D~ mRNA, similarly to D2 mRNA, is expressed in GABAergic 
interneurons containing parvalbumin, whereas only 10% of the calbindin-positive 
neurons express D~ mRNA. Double labeling showed that D1 mRNA is also present in 
projection neuronal populations, including corticocortical, corticothalamic and corticos- 
triatal neurons (Gaspar et al., 1995; Le Moine and Gaspar, 1998). 

Figure 24 illustrates the laminar distribution of D~ receptor immunoreactivity in 
different cortical areas. 

10.4. D1 RECEPTOR DISTRIBUTION IN THE RAT LIMBIC SYSTEM 

The role of DA receptors in functions subserved by the limbic system, first of all 
reward and affective behavior, has been highlighted by behavioral studies which have 
pointed out a permissive role of the D1 receptor in these functions (Sutton and Beninger, 
1999). 

In the NAc shell and in the olfactory tubercle, a fraction of D~ receptors are expressed 
in cell patches surrounded by a high density of DA terminals, suggesting that in 
these compartments DA transmission mainly acts on D~ receptors. However, the overall 
density of TH correlates with the density of both D~ and D2 receptors (Jansson et al., 
1999). In the NAc core and shell, D~ mRNA is coexpressed with D3 mRNA in a 
subpopulation of neurons containing substance P. A significant proportion of 
NAc neurons, however, express only D~ mRNA (Le Moine and Bloch, 1996). In the 
olfactory bulb, D~ receptor is restricted to the internal granular and plexiform layers 
(Levey et al., 1993). 

As for the amygdala, D~ receptors are highly concentrated in the intercalated cells, 
with intermediate density of D~ receptors in the magnocellular and parvicellular 
basolateral nucleus, whereas a low density is found in the central nucleus (Scibilia 
et al., 1992). 
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Fig. 24. D1 receptor immunoreactivity in parietal cortex (A and B), cingulate cortex (C and D), hippocampal 
formation (E-G) and medial dorsal nucleus of the thalamus (H). In A and C, the numbers identify cortical 
layers and boxed areas are shown in B and D, respectively. Arrow in G identifies labeled dentate granule 
cells. Bars= 100 ~tm (A, C and E) or 50 ~tm (B, D and F-H). Reproduced with permission from Huang 
et al. (1992). 

In the hippocampal formation, D1 receptor binding is the highest in the molecular layer 
of the dentate gyrus and in the stratum moleculare. DA receptors in the hippocampal 
formation have a different laminar distribution: layers with high density of one receptor 
subtype exhibit low density of the other subtypes. In the entorhinal cortex, which contains 
the highest density of DA receptors, high D1 receptor density is found in layers II, IV, V 
and VI. Moreover, the parasubiculum and Ammon's horn (stratum lacunosum 
moleculare) have high D1 receptor density, whereas a few D, receptors are found in the 
presubiculum (Kohler et al., 1991). 
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D1 mRNA is differentially expressed in distinct hippocampal regions: granule cells of 
the dentate gyrus express D1 mRNA in dorsal but not in ventral regions; in contrast, the 
subicular complex is labeled in ventral rather than the dorsal regions (Fremeau et al., 
1991). D1 mRNA is localized in granule cells of dentate gyrus, whereas no D1 receptor 
mRNA is detected in the hippocampal formation. It is therefore suggested that either D1 
receptor is transported within the dentate gyrus, or synthesized in extrahippocampal areas 
and then transported to the stratum molecolare of the hippocampal formation (Mansour 
et al., 1992). Figure 24 shows the compartmentalization of the D~ receptor protein 
immunoreactivity, in the hippocampus. 

In general, D1 receptor is poorly expressed in the hippocampal formation as compared 
to the D1B/D5 receptor (see Section 14.4). It is therefore likely that the D5 receptor is more 
involved in memory and learning processes than the D1 receptor. 

10.5. D1 RECEPTOR DISTRIBUTION IN THE HUMAN AND 
NONHUMAN PRIMATE BRAIN 

In humans and monkeys, D1 receptors have a distribution similar to that described 
above in the rat brain, with the highest concentration in the striatum (caudate 
nucleus, putamen, NAc), olfactory bulb and SN. A good correlation between localization 
of D1 mRNA in the rat and primate brains has also been described, although 
specific differences have been reported within each region (Mengod et al., 1991; Levey 
et al., 1993; Bergson et al., 1995b; Choi et al., 1995; Meador-Woodruff et al., 1996; Hurd et 
al., 2001). 

D1 receptor binding sites were found to be 10-20 times higher than those of D2 receptor 
throughout primate neocortex. However, similar to the D2 receptor, the D1 
receptor binding sites were found to be distributed according to a rostrocaudal gradient, 
with the highest concentration in the prefrontal cortex and the lowest in the occipital 
cortex (Lidow et al., 1991). D1 receptor was detected in pyramidal neurons and 
concentrated in the dendritic spines of these cells, suggesting a primary role of D1 
receptor in the modulation of glutamate input to cortical pyramidal cells (Smiley et al., 
1994; Bergson et al., 1995b). 

A bilaminar pattern of the D1 receptor binding was described in the human 
and monkey neocortex, with the highest labeling in the supragranular layers I, II and 
IIIa and the infragranular layers V and VI (Lidow et al., 1991; Huntley et al., 1992). 
The differential laminar distribution of D1 receptors as compared to the D2 
receptors suggests that the two receptor subtypes subserve different functions in the 
cerebral cortex. 

Among DA receptors, the D1 receptor has been shown to play the most crucial role in 
cognitive functions. In the prefrontal cortex, the D1 receptor is present in 
interneurons expressing parvalbumin (Muly et al., 1998). At the ultrastructural level, 
the D1 receptor in the prefrontal cortex is associated with the Golgi apparatus and 
endoplasmic reticulum in the neuronal soma, with membrane vesicles in the proximal 
dendrites and with plasma membranes on distal dendrites located near asymmetrical 
synapses (Bergson et al., 1995b; Muly et al., 1998). The D1 receptor is also associated with 
presynaptic axon terminals forming symmetrical synapses with dendritic shaft and 
soma (Muly et al., 1998). The majority of D1 receptors in dendritic spines are connected 
to synapses which do not exhibit the features of dopaminergic elements or TH 
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immunoreactivity, suggesting that D1 receptors are located at extrasynaptic sites (Smiley et 
al., 1994). 

In the caudate nucleus, D~ receptors are concentrated in the dendritic spines and shaft 
of projection neurons (Bergson et al., 1995b). Furthermore, while in the caudate nucleus 
D~ mRNA is concentrated in calbindin-poor striosomes, in the putamen D1 mRNA is 
more homogeneously distributed (Rappaport et al., 1993). 

D1 receptor mRNA is prominently expressed in the SNr neuropil, at variance with 
the rat brain, in which, as mentioned above, D1 mRNA is absent in the SNc and 
SNr, as well as in the VTA, and in the external and internal segments of the GP (Mengod 
et al., 1991). 

11. Dz RECEPTORS 

11.1. OVERVIEW OF D2 RECEPTORS 

The D2 receptor was the first characterized receptor of the D2-1ike subfamily of 
DA receptors and the first cloned DA receptor (Bunzow et al., 1988). Two isoforms 
of the D2 receptor, namely short and long isoforms, are generated by alternative 
splicing of the same gene (Giros et al., 1989; Montmayeur et al., 1991). The D2 short, 
which is highly expressed on dopaminergic cell bodies and axons, is prevalent in 
the mesencephalon and hypothalamus, whereas the D2 long, which is prominently 
expressed at postsynaptic level, prevails in the CPu and NAc (Khan et al., 1998; Tan et al., 
2002). 

The D2 receptor is coupled to G protein and has been mainly characterized as an 
inhibitor of adenylyl cyclase. The D2 receptor also activates K + channels, stimulates 
phospholipase A2 and affects Ca 2+ channels. 

D2 receptors have been extensively investigated in the rat brain (Palacios et al., 1981; 
Jastrow et al., 1984; Boyson et al., 1986; Dawson et al., 1986; Bouthenet et al., 
1987; Charuchinda et al., 1987; Richfield et al., 1989; Mansour et al., 1990; Ariano et al., 
1993; Levant et al., 1993; Levey et al., 1993). Figure 25 depicts the relative density of D2 
receptor at selected representative levels of the rat brain. 

The highest density of D2 receptor, as measured by selective radiolabeled drugs or 
antibodies, was found in the NAc, olfactory tubercle, olfactory bulb (glomerular layer) 
and CPu. In the pituitary gland, D2 receptors were found to be present at a high level in 
the intermediate lobe. 

Medium-high density of D2 receptors was found in the islands of Calleja, ventral 
pallidum, zona incerta, GP, central amygdala, in some cells of the anterior lobe of the 
pituitary, and at several sites in the forebrain: the laterodorsal septal area, hippocampus, 
subiculum, lateral habenula, STh, lateral mammillary bodies. D2 receptors were also 
found with a medium-high density in various cortical fields: prefrontal, anterior cingulate, 
entorhinal and perirhinal cortices. In the brain stem, medium-high density of D2 receptors 
was found in the VTA, SNc, ventral SNr, parabrachial nucleus, superior and inferior 
colliculi, dorsal raphe nucleus and locus coeruleus. 

A medium-low density of D2 receptors was detected in the sensorymotor, 
visual, piriform and retrosplenial cortices, in the bed nucleus of the stria terminalis, 
basolateral amygdala, thalamus, EP, SNr, anterior hypothalamic area and cerebellar 
lobules 9 and 10. 

74 



Dopamine circuits and receptors Ch. I 

D2 RECEPTOR DISTRIBUTION 

A 

. . . . .  ".. 1 / ~J 

i~7" i 

~:;-,~,r . . . . .  ~ : ' : : - : :~  d/ ,  ,, ,,:2%:::/ 

B 

/ n  
t 

""t,~' ..... . /  

/ \ 
' l / I 

, q 

s 

' l 

. /  t 

C D 

Fig. 25. Distribution of D2 receptor in representative sections of the rat brain. See the legend to Fig. 22 for 
further details. 

The D2 receptor distribution parallels, in general, the distribution of the D2 transcript 
(Mansour et al., 1990; Meador-Woodruff et al., 1991a; Weiner et al., 1991). Good 
correspondence between the receptor binding sites and D2 mRNA was found in the 
prefrontal and cingulate cortex, NAc, olfactory tubercle, CPu, GP, SNc, VTA and in the 
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intermediate lobe of the pituitary. Lack of correspondence was instead found in the islands 
of Calleja, where high receptor level and low mRNA level were detected, and in the 
hippocampus and zona incerta, in which the mRNA level was higher than that of the 
receptors (Meador-Woodruff et al., 1989; Mansour et al., 1990; Weiner et al., 1991; 
Gaspar et al., 1995). 

11.2. D2 RECEPTOR DISTRIBUTION IN THE RAT BASAL GANGLIA 

The D2 receptor distribution in the basal ganglia structures has been extensively studied in 
relation to the role of these receptors in the control of movements and their involvement 
in Parkinson's disease, as it has happened for all the other features of the organization 
and regulation of the dopaminergic innervation of the striatum. 

The D2 receptors are evenly distributed in the CPu with a medial to lateral gradient, so 
that the lateral portion of the CPu exhibits higher D2 receptor concentration than the 
medial portion (Joyce et al., 1985; Fisher et al., 1994). 

Immunohistochemical analysis with specific antibodies and in situ hybridization studies 
showed that D2 receptor protein and mRNA are located in about 50% of the medium 
sized neurons and in about 80% of the large cholinergic interneurons (Bouthenet et al., 
1987; Le Moine et al., 1990a). 

Immunohistochemical studies have shown that in striatal neurons D2 receptors are 
concentrated in dendrites and perikarya having the characteristics of either spiny 
projection neurons or aspiny interneurons (McVitte et al., 1991; Delle Donne et al., 1997). 
In spiny neurons, D2 receptors are contained in the spine head within the neuropil more 
than in the somata (Levey et al., 1993; Fisher et al., 1994; Sesack et al., 1994). Postsynaptic 
densities are present at asymmetrical striatal synapses in spine head labeled with D2 
receptor antibodies (Levey et al., 1993). D2 immunoreactivity is also present in preterminal 
elements as well as in terminal boutons forming symmetrical more than asymmetrical 
synapses (Levey et al., 1993; Hersch et al., 1995; Wang and Pickel, 2002). Ultrastructural 
localization of D2 immunolabeling suggests that the varicose portion of terminals contains 
little immunoreactivity, whereas preterminal axons contain high D2 immunolabeling 
(Sesack et al., 1994; Yung et al., 1995). 

D2 immunolabeling present on DA nerve terminals is consistent with the presence of 
D2 autoreceptors. A high proportion of immunoreactivity was also detected on 
membranes at non-synaptic sites (Yung et al., 1995). D2 receptors in the SN-CPu 
system, therefore, are strategically located in order to subserve: (i) autoreceptor functions 
at the level of dendrites in the midbrain and on the presynaptic axon terminal, 
(ii) presynaptic functions on nondopaminergic terminals, (iii) postsynaptic actions on 
CPu spiny dendrites. 

An issue of critical importance for the understanding of striatal functions is the 
localization of D2 receptors in the striatal medium-sized projection neurons. Several 
studies using receptor antibodies or in situ hybridization have evidenced a segregation of 
D2 receptor on the enkephalin-containing indirect striato-pallidal-nigral pathway and of 
D1 receptors on the direct dynorphin/substance P striatonigral pathway (Gerfen et al., 
1990; Le Moine et al., 1990b, 1991; Le Moine and Bloch, 1995; Hersch et al., 1995; 
Yung et al., 1995; Maltais et al., 2000). However, other reports have proposed that all 
striatal neurons express both the D1 receptors and the D2 receptors or that they coexist 
in variable proportions (Ariano et al., 1992; Surmeier et al., 1992; Aizman et al., 2000) 
(see also Section 6.1). 
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In the SN, D2 receptors are located in the ventral SNr and SNc, both on perikarya and 
dendrites (Levey et al., 1993; Yung et al., 1995). Lesions of the DA nigrostriatal pathway 
with 6-hydroxydopamine decreased D2 receptor binding in the SNc, indicating that D2 
autoreceptors are present in SNc (Morelli et al., 1987, 1988; Filloux et al., 1987a). 
Moreover, recent studies have shown that the targeted deletion of the D2 receptor gene in 
knockout mice leads to total loss of the DA inhibitory effects on both SN DA neuron 
firing and striatal DA release, indicating that D2 receptor is the major DA autoreceptor 
(Tan et al., 2003). 

Figure 23 illustrates the features presence of D2 receptor immunoreactivity in the 
striatum and in the SN. 

11.3. D2 RECEPTOR DISTRIBUTION IN THE RAT CEREBRAL CORTEX 

In the neocortex, a main target of DA neurotransmission is the frontal cortex, where it 
could mediate effects of DA on psychiatric disorders, as shown by studies on antipsychotic 
drugs which all bind D2 receptors. 

In the medial prefrontal cortex, D2 receptor binding localization, evaluated with 
fluorescently coupled ligands, revealed the presence of D2 receptor in cell bodies of layers 
II-VI, with the highest density in the deep layers V and VI. The laminar distribution of 
receptors is similar to that of mesocortical DA afferents (see Section 8.2), suggesting that 
D2 receptors are functionally related to these inputs. D2 receptors were found to be mainly 
located in cells with a size range overlapping with both large interneurons and small 
pyramidal cells, consistent with a localization in neuronal populations different from those 
expressing D1 receptors, which were instead mainly found in cells with a size range 
overlapping with that for nonpyramidal neurons (Vincent et al., 1993). 

D2 mRNA was found to be present in almost all cortical areas, with greater expression 
in the medial prefrontal, cingulate and insular cortices, and lower in the motor and 
parietal cortices. D2 mRNA was restricted to layer V and to corticostriatal 
and corticocortical neurons (Gaspar et al., 1995). About 50% of D2 receptor mRNA 
was found in GABAergic interneurons expressing parvalbumin (Le Moine and Gaspar, 
1998). 

11.4. D2 RECEPTOR DISTRIBUTION IN THE RAT LIMBIC SYSTEM 

As mentioned in Section 7, the DA mesolimbic system plays a fundamental role in the 
rewarding properties of either natural or chemical rewards. The role of D2 and D1 
receptors in the mediation of these behaviors is complex and not yet clarified, since both 
the receptors are extensively located in these structures. 

In the NAc core and in the olfactory tubercle, similarly to the CPu, D2 receptors are 
located in GABAergic neurons coexpressing enkephalin, whereas in the NAc shell D2 
receptors are expressed in neurotensin-containing neurons (Le Moine et al., 1990b; Diaz 
et al., 1994; Le Moine and Bloch, 1995; Delle Donne et al., 1996). In addition, in both 
the NAc and the olfactory tubercle an overall co-distribution of D2 receptor and TH 
immunoreactivity was found, consistent with the presence of D2 autoreceptors. In the shell 
portion of the NAc, D2 immunoreactivity was detected with similar frequency in terminals 
and dendritic spines (Delle Donne et al., 1997). 
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In the olfactory bulb, D2 receptor immunoreactivity was detected in the glomerular 
and external plexiform layers; the olfactory nerve also exhibited immunopositivity (Levey 
et al., 1993). 

In the hippocampus, D2 receptor binding is present in the stratum lacunosum 
molecolare and all layers of subiculum (Mansour et al., 1990; Levey et al., 1993; 
Yokoyama et al., 1994). In the presubiculum D2 receptor is expressed in layer II, whereas 
the parasubiculum does not contain D2 receptor. Lower levels of D2 receptor are present 
in the CA1 field, and in the piriform, entorhinal and perirhinal cortices. In the entorhinal 
cortex, layers I and III exhibit the highest density of D2 receptor, whereas in the perirhinal 
cortex a trilaminar pattern of D2 receptor is observed, with the highest levels in the 
external and deep laminae (Goldsmith and Joyce, 1994). 

Autoradiographic studies have shown a laminar distribution of D2 receptors in 
register with D~ receptors: layer with high density of one receptor subtype have low 
density of the other. The D2 receptor mRNA, on the other hand, was found in the 
pyramidal cell layer of the Ammon's horn (the CA1, CA2 and CA3 fields) and in the 
granule cells of the dentate gyrus (Mansour et al., 1990). A mismatch between DA 
innervation and D2 receptors was observed in the hippocampus (Mansour et al., 1990; 
Kohler et al., 1991). 

In the amygdaloid complex, D2 receptors, evaluated by quantitative autoradiography, 
showed low density in most nuclei, but a relatively high concentration was detected in 
the central nucleus, with a medial to lateral gradient (Bouthenet et al., 1987; Scibilia 
et al., 1992). 

11.5. D2 RECEPTOR DISTRIBUTION IN THE HUMAN AND 
NONHUMAN PRIMATE BRAIN 

D2 receptor has similar regional distribution in the rat, monkey and human brain. 
In the human and monkey brain, the highest D2 receptor binding density is found in 

the NAc, olfactory tubercle, caudate nucleus and putamen as well as SNc; lower 
density is present in the GPe, whereas very low density is present in olfactory bulb, 
GPi, amygdala and cerebellum (Richfield et al., 1987; Camps et al., 1989; Levey 
et al., 1993). 

In the human hippocampus, the highest binding was found in the molecular layer of the 
dentate gyrus and subiculum, whereas the binding was lower in CA3 and CA1, and no 
binding was found in the entorhinal cortex; a trilaminar pattern of D2 receptor was instead 
observed in the perirhinal cortex (Goldsmith and Joyce, 1994). 

In the neocortex, D2 receptor was detected with the highest density in layer V of frontal, 
parietal and occipital areas (Lidow et al., 1991). 

A similar pattern of expression of D2 receptor mRNA was found in humans and in the 
rhesus monkey in the following order of density: caudate and putamen, claustrum, SNc, 
pyramidal cell layer of hippocampus, cerebral cortex, amygdala, medial and lateral 
thalamic nuclei and lateral geniculate nucleus (Meador-Woodruff et al., 1991 a; Choi et al., 
1995; Gurevich et al., 1997). 

In the motor cortex in situ hybridization for D2 mRNA revealed numerous labeled cells 
throughout layers II-VI, whereas in the prefrontal, temporal, and occipital cortical fields 
D2 mRNA was present at modest levels of expression as compared with mRNA of the 
other DA receptors (Huntley et al., 1992; Meador-Woodruff et al., 1994b, 1996). In the 
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prefrontal and temporal cortex, D2 receptor mRNA was found to be expressed in both 
superficial (II-III) and deep (V-VI) layers, and a similar pattern of distribution was found 
for D2 receptor binding in the temporal cortex (Goldsmith and Joyce, 1996; Meador- 
Woodroof et al., 1996). 

In both the nonhuman primates and humans, D2 mRNA was found to be 
homogeneously distributed in the striosomal and matrix compartments of the caudate 
nucleus and putamen, with no medial to lateral gradient. At variance with D1 receptors, 
D2 receptors were also detected in large, putatively cholinergic neurons. In the ventral 
portion of the striatum, NAc and olfactory tubercle, D2 receptor mRNA distribution was 
sparser than in to the dorsal striatum, with islands of tightly packed small cells (Richfield 
et al., 1987; Huntley et al., 1992; Rappaport et al., 1993; Meador-Woodruff et al., 1996). 

The GPi did not exhibit any detectable D2 receptor binding, whereas in the GPe 
(equivalent, as mentioned above, to the GP in the rat), the D2 receptors were present, 
although at low levels. The SNc was the only portion of the SN containing D2 receptor 
(Richfield et al. 1987; Rappaport et al. 1993). 

As for the rat, a mismatch between the pattern of distribution of D2 receptors and 
dopaminergic innervation was found (Goldsmith and Joyce, 1994). 

12. D3 RECEPTORS 

12.1. OVERVIEW OF D3 RECEPTORS 

For more than a decade, the actions of DA were attributed to the D1 and D2 receptors, 
until the presence of a new DA receptor, belonging to the Dz-like family, was 
demonstrated by Sokoloff et al. (1990). The cloning of this receptor, which was named 
D3, indicated a high homology with transmembrane segments I and II of the D2 receptor, 
suggesting that the D3 receptor is encoded by a gene homologous to the D2 gene. 

Similar to the D2 and D4 receptors, the D3 receptor inhibits cAMP accumulation 
through coupling to G proteins. In addition, the D3 receptor inhibits Ca 2+ currents and 
promotes mitogenesis, probably via tyrosine phosphorylation and activation of mitogen- 
activated protein kinases (Sokoloff and Schwartz, 2003). 

The expression of the D3 receptor in the brain is, in general, several times lower than 
that of the D2 receptor; however, the affinity of DA is higher for the D3 receptor than for 
the D2 receptor. 

In contrast to studies on D1 and D2 receptors, due to the relative lack of selective D3 
drugs the majority of studies on D3 receptor distribution have been performed with in situ 
hybridization rather than with receptor binding autoradiography. 

D3 receptors are characterized by their abundance in limbic areas, whereas the presence 
of these receptors in motor or other cortical areas is limited (Sokoloff et al., 1990). 
A report by Levesque et al. (1992), utilizing the D3 receptor agonist [3H] 7-OH-DPAT, 
showed that the highest number of D3 receptor binding sites could be found in the NAc, 
olfactory tubercle and archicerebellum. This report was confirmed by several studies on 
D3 mRNA, which demonstrated that the highest level of receptor transcript was present in 
the ventral striatal complex (NAc, olfactory tubercle and islands of Calleja), SN and 
archicerebellum (Bouthenet et al., 1991; Diaz et al., 1995). 

Detailed studies on the rat brain reported a wider distribution of the D3 mRNA. 
In particular, high density of the D3 transcript was detected in the medial mammillary 
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bodies, in other hypothalamic structures, such as the paraventricular hypothalamic 
nucleus, as well as in the Purkinje cells of lobules 9 and 10 of the cerebellum. 

Medium-high density of D3 mRNA was described in the septal area, in the medial 
division of the bed nucleus of the stria terminalis, in the nuclei of the horizontal and 
vertical limbs of the diagonal band, in the nucleus gelatinous and paracentral nucleus of 
the thalamus, in the medial and ventral lateral geniculate nuclei, and in the lateral portion 
of the SNc. 

Medium-low density of D3 mRNA was found in the agranular insular, fronto-parietal, 
temporal and occipital cortices, in the hippocampal formation, amygdaloid complex, 
in thalamic nuclei (anteroventral, anterodorsal, laterodorsal, ventroposterolateral and 
centromedial nuclei), in the lateral habenula, CPu, STh, VTA, paraventricular and 
ventromedial hypothalamic nuclei, and superior colliculus (Bouthenet et al., 1991; 
Landwehrmeyer et al., 1993b; Diaz et al., 1995, 2000). No receptor signal could be 
detected in the pituitary gland (Sokoloff et al., 1990). 

Except for the hilar region of the islands of Calleja, the lateral habenula and the 
Purkinje cells of cerebellum, D3 mRNA matched the distribution of the receptor (Diaz 
et al., 2000). In the archicerebellum, in fact, D3 mRNA was found to be expressed in the 
Purkinje cells of lobules 9 and 10, whereas D3 binding sites were contained in the 
molecular layer surrounding the Purkinje cell layer of lobule 10 and in the ventral 
molecular layer of lobule 9 (Levant et al., 1993; Diaz et al., 1995). 

Figure 26 depicts the relative density of dopamine D3 receptor at selected representative 
levels of the rat brain. 

12.2. D3 RECEPTOR DISTRIBUTION IN THE RAT BASAL GANGLIA 

A low density of D3 receptors was found in the CPu, with the exclusion of the dorsolateral 
portion where D3 receptor mRNA was hardly detected (Bouthenet et al., 1991). 

In the lateral part of the SNc, VTA and A8 retrorubral field, all the TH-positive 
cells displayed D3 receptor immunoreactivity; in contrast, some D3-positive cells were 
TH-immunonegative (Diaz et al., 2000). These results support the initial finding that D3 
receptors act as autoreceptors (Sokoloff et al., 1990), as well as the report, based on the 
study of D3 receptor mRNA, in which the SNc lateral part was shown to express D3 
receptor transcript (Bouthenet et al., 1991). Electrophysiological studies, however, showed 
that autoreceptor functions are maintained in D3 receptor-knock out mice, indicating that 
the D2 receptor is the major autoreceptor (Koeltzow et al., 1998). 

12.3. D3 RECEPTOR DISTRIBUTION IN THE RAT LIMBIC SYSTEM 

The most relevant contribution of D3 receptors to the DA functions is related to the 
actions of these receptors in the limbic system. 

In the NAc, D3 receptor binding and gene transcript are mainly found in medium-sized 
neurons of the rostral pole and ventromedial shell. In the ventromedial shell, about 60% 
of D3 receptor-expressing neurons are neurotensin-positive (Diaz et al., 1995). In the NAc 
shell and core, D3 receptor mRNA is coexpressed with either D1 receptor or D2 receptor 
mRNA in a subpopulation of substance P-containing and enkephalin-containing neurons, 
respectively. A significant part of NAc neurons, however, express either D1 or D2 
receptors without coexpression with D3 receptors (Le Moine et al., 1996). In the NAc shell, 
selective polyclonal antibody towards D3 receptor revealed a punctate distribution at the 
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Fig. 26. Distribution of D 3 receptor in representative sections of  the rat brain. See the legend to Fig. 22 for 
further details. 

plasma cell membrane and within the cytoplasm but not in the cell nucleus. D3 
immunoreactivity did not overlap with synaptophysin immunoreactivity, indicating that 
D3 receptors are not present in the vicinity of synaptic boutons (Diaz et al., 2000). 
Therefore, similar to D~ and D2, D3 receptors are also mainly extrasynaptic, a classical 
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Fig. 27. Comparison of the general topography of the expression of D1, D2 and D3 receptor genes in the dorsal 
and ventral striatum, as shown by in situ hybridization. Note the overall similar distribution of the DI and D2 
mRNAs in the caudate-putamen (cp) and nucleus accumbens (Acb); in contrast, note the restricted distribution of 
D3 mRNA in the nucleus accumbens, and the major (arrow) and minor (arrowheads) islands of Calleja. Scale bar. 
1 mm. Reproduced with permission from LeMoine and Bloch (1996). 

situation observed for neuromodulators which act at some distance from their site of 
release. 

In the islands of Calleja, D3 binding sites and mRNA are located on the entire 
population of granule cells, which establish sparse contacts with dopaminergic axons (Diaz 
et al., 1995). An extensive coexpression of D1 and D3 mRNAs was found in the granule 
cells of the island of Calleja major, which express substance P mRNA (Ridray et al., 1998). 

Several areas express both the D2 and D3 receptors and the mRNAs; however, overlap 
of the two receptors is rarely found (Bouthenet et al., 1991). A comparative study of D3 

and D2 mRNAs showed that in the islands of Calleja, where the D3 message is at the 
highest level, no D2 receptor message is detectable (Bouthenet et al., 1991; Landwehrmeyer 
et al., 1993b) (Fig. 27). In the bed nucleus of the stria terminalis, the cells of the medial 
division express selectively D3 receptors, whereas in the lateral and ventral divisions only 
D2 receptors are expressed (Bouthenet et al., 1991). 

The D3 receptor was also found in the hippocampal formation (granule cell layer of the 
dentate gyrus) and in the amygdaloid complex (anterior, basomedial and medial nuclei). 
In the posterior hypothalamus, D3 receptor was found to be expressed in the medial 
mammillary nucleus (Bouthenet et al., 1991). 

12.4. D3 RECEPTOR LOCALIZATION IN THE HUMAN AND 
N O N H U M A N  PRIMATE BRAIN 

The overall distribution of D3 receptor in the human and rat brain appears similar in terms 
of localization and abundancy (Hall et al., 1996). In both the species the D3 message was 
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found to be highest in limbic areas (islands of Calleja and ventral striatum/NAc), and 
medium-high in some thalamic nuclei (such as the anteromedial and mediodorsal nuclei) 
and in the dentate gyrus of the hippocampus (Suzuki et al., 1998; Gurevich and Joyce, 
1999). Differences are, however, reported in the neocortex: in the rat, D3 mRNA was 
detected in all cortical layers, whereas in the human brain a laminar prevalence was found. 
Thus, D3 transcript was found in the prefrontal and temporal cortex; but the highest level 
was detected in cingulate cortex and striate region of occipital cortex in both superficial 
layers and deep layers IV and VI (Meador-Woodruff et al., 1996; Suzuki et al., 1998). 
In most neocortical areas the highest D3 mRNA level was found in the superficial and 
intermediate layers II and IV (Suzuki et al., 1998). 

Marked differences between the rat and human brain are represented by the almost 
total absence of D3 receptors in the human VTA and the relatively high number of 
D3 receptors and mRNA in the human dorsal striatum (Landwehrmayer et al., 1993a; 
Meador-Woodruff et al., 1994a; Gurevich and Joyce, 1999), a finding confirmed in 
nonhuman primates (Hurley et al., 1996). 

Receptor binding studies in the human brain with D2 and D3 receptor ligands, showing 
the relative ratio of D3 and D2 receptors, reported a prevalence of D3-1ike receptor binding 
in the NAc and ventral putamen with a rostrocaudal gradient (Murray et al., 1994; Suzuki 
et al., 1998; Gurevich and Joyce, 1999). In these areas, D3-1ike binding was found to be 
intense in AchE-poor striosomes, whereas Dz-like binding was highest in the matrix 
compartment (Murray et al., 1994). The proportion of D3 versus D2 receptors was highest 
also in the septum, islands of Calleja, nucleus basalis, GPi, ventral pallidum and central 
amygdala (Murray et al., 1994). 

Other differences between the human and the rat brain consist in the high degree of 
coexpression of D2 and D3 mRNAs in the same neuronal population, suggesting a 
functional convergence of the two receptors in many regions of the human brain 
(Gurevich and Joyce, 1999). Moreover, it appears that the rat and human nigrostriatal 
(SNc) and mesocorticolimbic (VTA) DA systems may be differently autoregulated, since 
in humans only the projections arising from the SNc, but not those from the VTA, express 
D2 and D3 autoreceptors (Meador-Woodruff et al., 1994a). 

The abundance of the D3 receptor levels in limbic-related regions supports the view that 
D3 receptors may be involved in the modulation of emotional and cognitive processes. 
However, it is also evident that the D3 system extends beyond limbic and limbic-related 
structures, contributing to the complex of behaviors which characterize both emotional 
and cognitive processes (Sokoloff and Schwartz, 2003). 

13. D4 RECEPTORS 

13.1. OVERVIEW OF D4 RECEPTORS 

The D4 receptor, cloned by Van Tol et al. in 1991, exhibits a homology of 41% and 39% 
with the D2 and D3 receptors, respectively. The principal transduction mechanism of the 
D4 receptor is the inhibition of adenylyl cyclase; the D4 receptor, however, also stimulates 
Na+/H + exchange and potentiates stimulated arachidonic acid release (Chio et al., 1994; 
McHale et al., 1994). 

Little is known about the physiological role of the D4 receptor, except for some reports 
on D4 receptor role in behavioral sensitization (Feldpausch et al., 1998) and on reversal of 
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prepulse inhibition, a method to assess antipsychotic activity of drugs (Mansbach et al., 
1998). Moreover, a role of the D4 receptor in schizophrenia has been suggested by studies 
on postmortem tissue samples from schizophrenic patients, and on the basis of the efficacy 
of clozapine, an atypical antipsychotic drug, which has high affinity for D4 receptors 
(Seeman et al., 1993). 

Similarly to the D3 and D1B/5 receptors, the localization of the D4 receptor in the central 
nervous system was mostly evaluated through the localization of its mRNA and through 
studies using specific antibodies. The level of D4 receptor expression in the CNS was 
found, in general, to be lower than that of the D2 receptor. D4 receptor expression was 
found to be higher in limbic and cortical areas than in motor areas, suggesting a 
preferential involvement of these receptors in affective behavior and cognition (Civelli, 
2003). 

High D4 receptor concentration has been described in the rat frontal and parietal 
cortex; on the other hand, medium-high concentration of~4receptor has been reported in 
the NAc, CPu, SNc, as well as in the hippocampus, entorhinal cortex, and medium-low 
concentration in the olfactory tubercle, GP, thalamus, supraoptic nucleus of the 
hypothalamus, cerebellum, and pituitary gland (Ariano et al., 1997b; Defagot et al., 
1997; Mauger et al., 1998). 

In the rodent brain, D4 mRNA has a relatively restricted pattern of expression, being 
localized in the frontal cortex, in the olfactory bulb, hypothalamus and thalamus; in the 
retina, D4 mRNA is expressed in the photoreceptor cell layer and in the inner nuclear and 
ganglion cell layers (Cohen et al., 1992; O'Malley et al., 1992). 

Figure 28 depicts the relative density of the D4 receptor in selected representative levels 
of the rat brain. 

13.2. D4 RECEPTOR DISTRIBUTION IN THE BASAL GANGLIA 

The D4 receptor has a scattered distribution in mouse CPu (Mauger et al., 1998) and 
appears to be more abundant in the striatal patches than in the matrix of the rodent brain 
(Rivera et al., 2002b). The 04 receptor was found in both neuropil and cell bodies, and was 
mainly localized in the dendritic shaft and spines (Rivera et al., 2002b). The D4 receptor 
was also found in neurons of the rodent GP, where it reduces GABAergic currents 
(Mauger et al., 1998; Shin et al., 2003). 

13.3, D4 RECEPTOR DISTRIBUTION IN THE CEREBRAL CORTEX 

The D4 receptor has been described in layers II-VI of both the frontal and the piriform 
cortex of the mouse brain, with the highest concentration in layer II. 04 receptors are 
distributed in somata and proximal processes of pyramidal neurons. In cortical regions, 
the levels of D4 receptors were found to be higher than those of D2 and D3 receptors 
(Ariano et al., 1997; Mauger et al., 1998). 

13.4. D4 RECEPTOR DISTRIBUTION IN THE LIMBIC SYSTEM 

In the rat limbic system, the highest D4 receptor concentration of was found in the NAc 
and in the hippocampal formation (the fields CA1, CA2, CA3, and dentate gyrus), 
whereas the olfactory tubercle and the entorhinal cortex showed a lower concentration 
(Defagot et al., 1997). 
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Fig. 28. Dis tr ibut ion  o f  0 4 receptor  in representat ive  sect ions  o f  the rat brain. See the legend to Fig. 22 for 

further details.  

Studies at the ultrastructural level in the rat NAc shell showed that 65% of D4 receptors 
were contained in axons and axon terminals, in plasma and vesicular membranes, while 
only 22% were located in dendrites and dendritic spines which received input from TH- 
positive terminals (Svingos et al., 2000). The labeled terminals formed occasionally 
asymmetrical synapses, and only about 17% of them exhibited TH immunoreactivity. 
In the NAc, therefore, the D4 receptor appears to be involved in presynaptic rather than 
postsynaptic functions (Svingos et al., 2000). 
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13.5. D4 RECEPTOR LOCALIZATION IN THE HUMAN AND 
NONHUMAN PRIMATE BRAIN 

In the primate brain, a high concentration of the D4 receptor was detected in the cerebral 
cortex, hippocampus, thalamic reticular nucleus, GP and SNr (Mrzljak et al., 1996). 
Similar to rodents, in the primate striatum the D4 receptor appears to be more abundant 
in striosomes than matrix (Rivera et al., 2002b). 

D4 mRNA was found at the highest level in the human prefrontal cortex, and the 
trasncript was equally high in the human retina; high D4 mRNA was found in the human 
amygdala, dentate gyrus and hippocampal CA2 field, entorhinal cortex, medial temporal 
lobe, hypothalamus, thalamus, cerebellum, and pituitary gland, whereas no D4 mRNA 
was detected in the VTA and SN (Meador-Woodruff et al., 1994a; Matsumoto et al., 
1995). 

14. D1R/5 RECEPTORS 

14.1. OVERVIEW OF D1B/5 RECEPTORS 

The postulated presence of multiple D1 receptors was ascertained by Tiberi et al. (1991) 
and Sunahara et al. (1991), who showed, in the rat brain, the presence of a DA receptor 
structurally and functionally similar to the D1 receptor. This was then termed D~B receptor 
in rodents and D5 receptor in primates. 

The localization of D1B and D5 receptors by receptor binding autoradiography has been 
hampered by the lack of high affinity D1B/5 specific ligands. Therefore, in situ 
hybridization studies of the receptor mRNA and immunohistochemical studies with 
specific anti-D1B/5 antibodies have been used to map the distribution of D1B/5 receptors in 
the rat, monkey and human brain (Niznik et al., 2003). 

As compared to the very high concentration of the D1 receptor, D1B mRNA and D1B 
receptor in the rat were found in a lower concentration in the frontal cortex, NAc, 
olfactory tubercle, and striatum. In contrast, higher levels than D1 were found in distinct 
layers of the hippocampus, as well as in the mammillary nuclei and anterior pretectal 
nuclei (Tiberi et al., 1991; Meador-Woodruff et al., 1992; Ariano et al., 1997b). The 
parafascicular nucleus of the thalamus was found to be particularly rich in D1B receptors. 

Similarly, D5 mRNA exhibited a lower concentration than D1 mRNA in the primate 
striatum. High levels of D5 mRNA were found in the frontal cortex, in the SN, thalamus 
and dentate gyrus of the hippocampal formation (Beischlag et al., 1995; Choi et al., 1995). 
Although the D~ receptor is in general more abundant than D5 receptor, in cholinergic 
neurons of the basal forebrain, D5 receptors were found to be present at a higher 
concentration than D1 receptors (Beischlag et al., 1995; Bergson et al., 1995b). 

As in the earlier distributional maps, Fig. 29 depicts relative density of dopamine D~B 
receptor in selected representative levels of the rat brain. 

14.2. D1B/5 RECEPTOR DISTRIBUTION IN THE BASAL GANGLIA 

In the primate striatum, D5 mRNA does not exhibit the striosomal compartmentalization 
found for D1 mRNA, and the levels are roughly equal in the ventral and dorsal striatum 
(Rappaport et al., 1993). Moreover, it was found that, similar to D1 receptors but to a 
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Fig. 29. Distribution of Ds/1B receptors in representative sections of the rat brain. Although, as specified in the 
text, the receptor nomenclature is D1B in rodents and D5 in primates, the map has been labeled as D5 to avoid any 
confusion with Fig. 22. See the legend to Fig. 22 for further details. 

lesser extent, D5 receptors are contained in striatal medium-sized spiny neurons, whereas, 
differently from D1 receptors, D5 receptors are present in large aspiny neurons (Bergson 
et al., 1995a). Ultrastructural studies have demonstrated that the D5 receptor is 
predominantly present in the dendritic shaft of the projection neurons (Bergson et al., 
1995b). 
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In rat CPu, the D~B receptor, although at low concentration, is present in projection 
neurons of both the direct and indirect pathways (Rivera et al., 2002a). 

In the primate SNr, the D5 receptor is present in a few scattered cell bodies but is 
undetectable in the neuropil (Bergson et al., 1995b). 

The different cellular and subcellular localization of D5 receptors and D~ receptors 
suggests that the two receptors are associated with different circuits and may play distinct 
roles in synaptic transmission. 

14.3. D~B/5 RECEPTOR DISTRIBUTION IN THE NEOCORTEX 

Similar to the D5 receptor, the D~B receptor is expressed in the neocortex, with highest 
expression in frontal, parietal and temporal areas of the rat cortex (Meador-Woodruff 
et al., 1994b; Niznik et al., 2003). Moreover, similarly to D1 mRNA, D5 mRNA is most 
abundant in discrete cortical layers (II, IV, VI) (Beischlag et al., 1995). D1 and D5 mRNA 
are frequently coexpressed in pyramidal neurons, with predominant localization in the 
dendritic shaft of these cells (Bergson et al., 1995b). 

14.4. D~B/5 RECEPTOR DISTRIBUTION IN THE LIMBIC SYSTEM 

In the primate hippocampus the D5 receptor was found to be frequently coexpressed with 
the D~ receptor in pyramidal neurons. However, while the D~ receptor is prominent in 
dendrites and dendritic spines, the D5 receptor is mostly localized in the dendritic shaft 
(Bergson et al., 1995b). In the human brain, D5 mRNA is present in the hippocampus and 
subicular complex. 

15. CONCLUDING REMARKS 

This chapter demonstrates that the neural networks in which midbrain dopaminergic 
neurons are inserted and in which DA exerts its action are among those which have raised 
the greatest interest since the birth of neuroscience. The acceleration of knowledge in the 
past decades indicates that a lot is still to come to put in place the pieces of the big basal 
ganglia puzzle, and in particular the pieces of DA regulation in this puzzle. The wealth of 
data accumulated until now on the DA action on closed and open loops in the basal 
ganglia, modules of information processing, basal ganglia action-gating circuits, state- 
setting modulatory circuits provides undoubtedly an example 6f an exciting scientific 
endeavor. Acting at the interface between the limbic and motor systems, dopaminergic 
circuits are involved in an integrative role in the manifestation of motor behavior and its 
motivational aspects, in a variety of cognitive functions including the generation of 
context-dependent behaviors, in reward mechanisms subserving biological key functions 
for survival, as well as addictive phenomena. 

Dopaminergic neurons and DA receptors are affected in major neurodegenerative 
disorders, whose etiopathogenesis is still unknown. The degeneration of DA-containing 
midbrain neurons is a hallmark of Parkinson's disease, the second most common human 
neurodegenerative diseases after Alzheimer's dementia, and the most common neurode- 
generative movement disorder. Approximately 1% of the population older than 65 years 
suffers from Parkinson's disease, whose incidence increases markedly with age and 
therefore in the aging population of developed countries, and 95% of the cases of 
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Parkinson's disease are sporadic (Bossy-Wetzel et al., 2004; Vila and Przedborski et al., 
2004). The dopaminergic hypothesis of schizophrenia, based largely on the efficacy of 
neuroleptic drugs, is still exerting a high impact on the studies on this debilitating, chronic 
mental disorder which affects about 1% of people (Freedman, 2003; Carlsson et al., 2004; 
Siever and Davis, 2004). Drug abuse and dependence, in which dopaminergic brain 
systems and DA regulation exert a key role, are the major plagues of modern societies. 

The etiopathogenesis and therapy of these and other major neurological and psychiatric 
disorders in which DA is involved represent a great challenge for basic and clinical 
neuroscience in the new century. Future knowledge on the central dopaminergic systems 
has great chances to lead to progresses in this field, as it did in the past and is doing 
at present. 

16. ABBREVIATIONS 

AChE 
BNST 
CCK 
CPu 
Cx 
DA 
EP 
GABA 
GPe 
GPi 
HRP 
MD 
MHC 
MPTP 
NAc 
NO 
NOS 
REM 
RRA 
RT-PCR 
SDF-1 
SN 
SNc 
SN1 
SNr 
STh 
TH 
VTA 

acetylcholinesterase 
bed nucleus of the stria terminalis 
cholecystokinin 
caudoputamen 
connexin 
dopamine 
entopeduncular nucleus 
~,-amino-butyric acid 
globus pallidus, external segment 
globus pallidus, internal segment 
horseradish peroxidase 
mediodorsal nucleus of the thalamus 
major histocompatibility complex antigens 
1-methyl-4-phenyl- 1,2,5,6-tetrahydropyridine 
nucleus accumbens 
nitric oxide 
nitric oxide synthase 
rapid eye movement (sleep) 
retrorubral area 
reverse transcriptase-polymerase chain reaction 
stromal cell-derived factor 1 (also designated as CXCL12) 
substantia nigra 
substantia nigra pars compacta 
substantia nigra pars lateralis 
substantia nigra pars reticulata 
subthalamic nucleus 
tyrosine hydroxylase 
ventral tegmental area 
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