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Preface 

Dopamine, like Cinderella, has come a long way since its discovery. Initially 
regarded as a mere precursor of noradrenaline, dopamine has progressively 
gained its present status of a common target for major drug classes and a sub
strate for some basic functions and dysfunctions of the central nervous system 
(CNS). A tangible sign of this status is the fact that dopamine has been the 
main subject of the studies of the Nobel laureates of 2000, ARVID CARLSSON 
and PAUL GREENGARD, who also contribute to this book. 

The understanding of the function of dopamine was initially marked by 
the discovery, made in the early 1960s by HORNYKlEWICZ, BIRKMAYER and 
their associates, that dopamine is lost in the putamen of parkinsonian patients 
and that the dopamine precursor, L-dopa, reverses their motor impairment. 
For many years the clinical success of L-dopa therapy was quoted as a unique 
example of rational therapy directly derived from basic pathophysiology. For 
the next 10 years, on the wing of this success, dopamine was regarded as the 
main substrate of basal ganglia functions and was assigned an essentially 
motor role. 

In the early 1970s, studies on the effect of dopamine-receptor antagonists 
on responding for intracranial self-stimulation and for conventional and drug 
reinforcers initiated a new era in the understanding of the function of dopa
mine as related to the acquisition and expression of motivated responding. 

This era has merged into the present one, characterized by the notion 
of dopamine as one of the arousal systems of the brain, modulating the 
coupling of the biological value of stimuli to patterns of approach behaviour 
and the acquisition and expression of Pavlovian influences on instrumental 
responding. 

This notion of dopamine has shifted the interest from typically motor 
areas of the striatum to traditionally limbic ones such as the nucleus accum
bens and its afferent areas, the prefrontal cortex, the hippocampal formation 
and the amygdala. Through these connections, the functional domain of 
dopamine now extends well into motivational and cognitive functions. 

This long development has been marked at each critical step by the con
tribution of pharmacology: from the association between reserpine akinesia 
and dopamine depletion and its reversal by L-dopa in the late 1950s, to the 
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blockade of dopamine-sensitive adenylate cyclase by neuroleptics in the early 
1970s, to the involvement of the dopamine transporter in the action of cocaine 
in the 1980s. In no other field of science has pharmacology been as instru
mental for the understanding of normal and pathological functions as in the 
case of dopamine research. 

This book intends to provide a rather systematic account of the anatomy, 
physiology, neurochemistry, molecular biology and behavioural pharmacology 
of dopamine in the CNS. Nonetheless, the classic extrapyramidal function of 
dopamine and its role in the action of antiparkinsonian drugs has received rel
atively little attention here. One reason is that this topic has been the subject 
of a previous volume of this series. Another reason, however, is that in spite 
of their systematic layout, even these volumes cannot avoid being a reflection 
of the times, that is, of the current interests of the research on dopamine. 

G. DI CHIARA 
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CHAPTER 1 

Brain Dopamine: A Historical Perspective 

O. HORNYKIEWICZ 

A. Introduction 
To the student of the history of brain dopamine (DA), the amine offers an 
excellent example of an endogenous compound that right from the start has 
presented aspects of both scientific and clinical importance. Although on 
several points DA shares this characteristic with the other two catecholamines, 
adrenaline and noradrenaline (NA), what sets DA apart is the tightness of the 
interdigitation between its basic research and the clinical implications - for 
brain DA, there has never been a dividing line between the two; each has 
served as the driving force for the other. To bring out this interconnection has 
been the primary object of the following "Historical Perspective". The de
cidedly human relevance of brain DA research also has been the ultimate vin
dication of the pleasure we take in our work as DA researchers. The writer 
has tried to convey in this essay some of the excitement of this work. 

The reader of this chapter will soon notice that it has been written not by 
a detached historian, drawing his knowledge from the printed word, but by 
someone who from the very beginning has been an active party to the events 
that now, with the passage of many years, have become historically significant. 
The personal involvement has undoubtedly lent a distinctive colouring to the 
picture of those historical events, still so freshly remembered. However, the 
writer has made a special effort to leave intact the period's atmosphere of 
ideas and to bear witness to those who had been instrumental in translating 
these ideas into scientific knowledge. 

For the most part, the text was written from memory. Therefore, it cannot 
claim completeness or balance. The limitation on space alone forbade com
pleteness; and in order for the text to be balanced, in depth scrutiny of the lit
erature would have required more time than the writer could allow himself 
between the pleasures of remembering and the frustrations of forgetting. Thus, 
for lack of space many important developments had to remain unmentioned; 
many other events could not, within the given limit on time, be referenced with 
greater precision. For all these defects, the writer asks his colleagues' indul
gence. To the extent that in the last decades the DA literature has taken such 
dimensions that it would be in fact difficult to include even a fraction of it, the 
defects of the present article may be excused, if not forgiven. 
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B. The First Half-Century: 1910-1959 

DA is the youngest of the three catecholamines found to occur naturally in 
the mammalian organism. Although synthesized in the early years of the last 
century (BARGER and EWINS 1910; MANNICH and JACOBSOHN 1910), DA joined 
the circle of substances of biological interest proper not before 1951. In 
that year, GOODALL detected, for the first time, DA in mammalian tissues, 
specifically sheep heart and adrenal medulla (GOODALL 1951). Also in 
1951, DALE (SIR HENRY) coined the name "dopamine" for the, as he felt, 
confusing term 3-hydroxytyramine, short for the full chemical name ~-3,4-
dihydroxyphenylethylamine (see footnote in BLASCHKO 1952). Much earlier, 
in 1910, DALE was also the first to study DA's pharmacological actions, espe
cially on the arterial blood pressure in the cat, declaring the amine to be a 
weak sympathomimetic substance (BARGER and DALE 1910). In this modest 
role DA remained for nearly half a century (d. HORNYKIEWICZ 1986). When 
GOODALL, in 1951, found DA in mammalian tissues, this discovery was not too 
surprising. Already earlier, in 1939, BLASCHKO as well as HOLTZ - who, the year 
before, had discovered the DA-forming enzyme dopa decarboxylase (HOLTZ 
et al. 1938) - had postulated that DA was the metabolic intermediate, formed 
from L-dopa, in the biosynthesis of NA and adrenaline (BLASCHKO 1939; HOLTZ 
1939). Hence, small amounts of DA and L-dopa could be expected to occur in 
NA and adrenaline-containing tissues. As for L-dopa, this naturally occurring 
amino acid precursor of DA had been isolated, in 1913, from Vida [aba beans 
and tested by GUGGENHEIM who found it to be devoid of biological activity 
(in the rabbit), except for causing nausea and vomiting in a self-experiment 
(GUGGENHEIM 1913) - unaware that this unpleasant effect was due to the DA 
formed in his body from the swallowed L-dopa. It is also worth mentioning 
that FUNK, the inventor of the term "vitamin", in his early search for a "parent 
substance" of adrenaline, was the first to synthesize the racemic (D,L) form of 
dopa (FUNK 1911). 

Following up his discovery of dopa decarboxylase, HOLTZ soon showed 
that after administration of L-dopa to animals and humans, DA was excreted 
in the urine, thereby proving that also in the body was DA the product of L
dopa decarboxylation (HOLTZ and CREDNER 1942). As a matter of historical 
fact, a year earlier BING had already shown that the in vivo and in vitro arti
ficially perfused ischemic kidney of the cat formed DA from exogenous L-dopa 
(BING 1941; BING and ZUCKER 1941). HOLTZ, in the course of his studies, also 
made the intriguing observation that in the rabbit and the guinea-pig, DA had 
an action on the arterial blood pressure (vasodepression) opposite to the 
(vasopressor) action of adrenaline (HOLTZ and CREDNER 1942). It is of inter
est that considerably earlier HASAMA (1930) had observed the corresponding 
vasodepressor effect of L-dopa in the rabbit, already then wondering about 
the qualitative difference to the opposite (vasopressor) effect of adrenaline. 

The logical idea that should have immediately suggested itself from 
HOLTZ'S observations was that DA might have biological actions of its own, 
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different from those of the other catecholamines. However, HOLTz gave his 
discovery a trivial interpretation, suggesting a non-specific vasodepressor 
action of the DA-derived aldehyde which he assumed to be formed in espe
cially large amounts (through the action of monoamine oxidase) in rabbit and 
guinea-pig organism. It was not until 15 years later that BLASCHKO, in 1956, 
for the first time expressed the view that DA may have own physiological 
actions in the body (BLASCHKO 1957). In the same year, HORNYKIEWICZ, upon 
BLASCHKO'S suggestion, re-examined the vasodepressor action of DA and 
L-DOPA in the guinea-pig, conclusively showing that it was an intrinsic 
property of the amine (HORNYKIEWICZ 1958), consistent with BLASCHKO'S 
suggestion of DA having biological activity in its own right. 

The study of HORNYKIEWICZ coincided in time with several other crucial 
observations about DA. First, CARLSSON demonstrated that D,L-dopa (but not 
D,L-5-hydroxytryptophan) antagonized the reserpine catalepsy in mice and 
rabbits (CARLSSON et al. 1957); this observation was soon confirmed and 
enlarged by EVERETT and TOMAN (1959) and BLASCHKO and CHRUSCIEL (1960), 
and extended to the reserpine "sedation" in humans (DEGKWITZ et al. 1960); 
second, DA's occurrence in the mammalian brain was discovered (MONTAGU 
1957; CARLSSON et al. 1958); third, D,L-dopa was found to restore the brain 
levels, reduced by reserpine, of DA (and to a much smaller extent of NA) 
(CARLSSON et al. 1958; EVERETT 1961; EVERETT and WIEGAND 1962). Taken 
together, these studies laid the groundwork for all future research into the role 
of DA in normal and abnormal brain function. The final step was taken, again 
in CARLSSON'S laboratory, by BERTLER and ROSENGREN (1959) who found 
that the bulk of brain DA (in the dog) was concentrated in the corpus stria
tum, an observation soon confirmed for the human brain (SANO et al. 1959; 
EHRINGER and HORNYKIEWICZ 1960; BERTLER 1961). Based on their discovery, 
the Swedish workers suggested that the parkinsonism-like condition produced 
by reserpine in laboratory animals and humans may be due to lack of DA 
in the extrapyramidal-motor centres of the corpus striatum (BERTLER and 
ROSENGREN 1959; CARLSSON 1959). 

C. "The Great Brain Serotonin-Catecholamine Debate" 
At the time of the brain DA discoveries, a fierce controversy about how best to 
explain reserpine's central "sedative" actions was raging between two oppos
ing camps. On the one side stood the adherents of the brain serotonin hypoth
esis of reserpine's central actions; on the other side were the adherents of the 
brain catecholamine hypothesis. The auspicious arrival, in 1958, of brain DA on 
the reserpine scene would have been expected to put an end to this dispute. 
However, the controversy continued unabatedly well into the mid-1960s, 
forcing the cause of DA into the background. The literature of that time is 
replete with great debates - which generated much heat but gave little 
light (see discussion, pp 548-587, in VANE et al. 1960; BRODIE and COSTA 1962; 
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CARLSSON and LINDQVIST 1962; CARLSSON 1964; general discussion, pp 67-71, 
in HIMWICH and HIMWICH 1964; CARLSSON 1965). If at all mentioned, DA mostly 
played the role of a satellite of NA. In the heat of the debates, even the dis
tinction between the specific NA and DA receptors was sometimes forgotten. 
DA's crucial and so plainly evident role in reserpine parkinsonism and Parkin
son's disease (see below) was for some time diminished by claims that the 
central actions of L-DOPA and the direct (non-natural) NA precursor amino 
acid 3,4-dihydroxyphenylserine (DOPS) were similar (Carlsson 1964; 1965). 

The situation, hardly encouraging for DA, is well illustrated by the fact 
that at the "Second Symposium on Catecholamines" held in Milan in 1965 (see 
ACHESON 1966), of a total of 90 contributions, only a single presentation (from 
CARLSSON'S former laboratory), was devoted to brain DA (BERTLER and 
ROSENGREN 1966). Even in this contribution, the authors - who 7 years earlier 
had been the first to suggest the connection between striatal DA depletion and 
(reserpine) parkinsonism - found it safer to say that "relevant to Parkinson's 
syndrome" was "a decreased catecholamine [!] concentration in the brain". 
Lamentable as this state of affairs was, three notable exceptions should be 
mentioned (cf. HORNYKIEWICZ 1992). Two years before the meeting in Milan, 
at the "Second International Pharmacological Meeting" held in Prague in 
1963, a symposium on "Drugs interfering with the extrapyramidal system" 
included four papers on brain DA (by SOURKES, BERTLER, VAN RossuM and 
HORNYKIEWICZ; cf. TRABUCCHI et a1.1964). Strong experimental support for the 
cause of brain DA also kept coming from GUY EVERETT, who convincingly 
defended brain DA against NA, DOPS and serotonin (see EVERETT and 
WIEGAND 1962; EVERETT 1970). Lastly, GEORGE H. ACHESON, editor of Phar
macological Reviews had the right idea at the right time, and, in the summer 
of 1964, requested "a review of the interesting aspects of dopamine and the 
brain". The resulting article (HORNYKIEWICZ 1966) finally brought DA to the 
attention of the scientific community at large, placing the amine permanently 
on the agenda of modern neuroscience research. However, in the end it was 
the unprecedented success of the DA replacement therapy with L-dopa that 
brought the catecholamine-serotonin controversy to an end - simply by 
making it irrelevant. 

D. Striatal Dopamine, Parkinson's Disease and 
Dopamine Replacement 

In retrospect, it appears fortunate that despite the absolute priority claimed 
by "The Great Brain Serotonin-Catecholamine Debate", research on DA was 
being carried on, quietly but persistently, by a handful of "DA believers" (cf. 
HORNYKIEWICZ 1992). Thus, immediately after BERTLER and ROSENGREN had 
suggested a possible role of striatal DA in reserpine-induced parkinsonism, 
HORNYKIEWICZ, in Vienna, took up this idea and applied it within a few months 
to diseases of the human basal ganglia. A study, done in autopsied brains of 
six patients with Parkinson's disease (PD), two Huntington's disease patients, 
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seventeen controls, and six cases with extrapyramidal symptoms of unknown 
aetiology, already showed what now is common textbook knowledge: a severe 
loss of DA in the caudate nucleus and putamen, confined to the patients 
with PD (EHRINGER and HORNYKIEWICZ 1960). In the same year, Sano (1960) 
reported on low putamen DA in one case of PD. DA levels in the substantia 
nigra were also found to be markedly reduced (HORNYKIEWICZ 1963). In
dependently, SOURKES, MURPHY and BARBEAU in Montreal measured DA in the 
urine of patients with extrapyramidal disorders and found reduced amounts 
of the excreted amine in the parkinsonian group (BARBEAU et al. 1961). 

In Vienna and Montreal, these studies were immediately followed up inde
pendently by the involved researchers who successfully treated PD patients 
by replacing the missing brain DA with intravenous or oral doses of L-dopa 
(BIRKMAYER and HORNYKIEWICZ 1961, 1962; BARBEAU et al. 1962; see also 
GERSTENBRAND et al. 1963). Although for some time there was considerable 
reluctance, especially among neurologists, to accept L-dopa's anti-Parkinson's 
effect (cf. BARBEAU 1969; HORNYKIEWICZ 1994),5 years later COTZIAS definitely 
established L-dopa by introducing the high-dose oral regimen presently in use 
(COTZIAS et al. 1967). This was followed, in 1969, by the combination with 
peripheral (extracerebral) dopa decarboxylase inhibitors (cf. PLETSCHER 
and DAPRADA 1993). (Interestingly, also Sano tried D,L-DOPA i.v. in (two) 
PD patients, but dismissed it as of no therapeutic value [SANO 1960; cf. 
HORNYKIEWICZ 2001].) The high anti-Parkinson's efficacy of L-dopa demon
strated, for the first time, that neurotransmitter replacement was possible even 
in chronic, progressive, degenerative brain disorders such as PD. Two recent 
developments have logically grown out of the DA replacement concept, i.e. 
grafting of DA-producing fetal (nigral) cells into the PD striatum (BJORKLUND 
and STENEVI 1979) and intrastriatal transfer of somatic cells genetically mod
ified (by means of viral vectors) to express DA synthetic enzymes (GAGE et 
al. 1991). 

E. Dopamine Pathways 
At the time of DA's discovery in the brain, its place in brain function was 
unknown. To illustrate the situation, when in 1954 MARTHE VOGT found an 
uneven regional distribution of brain NA, she suspected, but could not prove, 
that the amine might be contained in neurons (VOGT 1954). Even 6 years later 
this uncertainty remained, applying also to DA's (and serotonin's) brain local
ization. A new approach to the problem of cellular localization soon removed 
all uncertainty. Studies using the new Falck-Hillarp method for the histochem
ical visualization of monoamines in brain-tissue slices demonstrated that in the 
rat, DA was localized to the neuronal cell bodies of the compact zone of the sub
stantia nigra and the nerve terminals in the striatum (AND EN et al. 1964a; 
DAHLSTROM and FUXE 1964; FUXE 1965). Thus, in PD the nigral cell loss typical 
for this disorder (HASSLER 1938), offered, together with the nigral DA loss 
(HORNYKIEWICZ 1964), a simple explanation for the marked DA loss in the stria-
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tum. This conclusion received substantial support from observations in Hunt
ington's disease, where despite the severe loss of the intrinsic striatal neurons, 
normal nigral cell counts were accompanied by normal levels of striatal DA 
(EHRINGER and HORNYKIEWICZ 1960; BERNHEIMER and HORNYKIEWICZ 1973). 

The great importance of the histofluorescence method for brain research 
of that time lay in the fact that it extended the knowledge about brain DA (as 
well as the other monoamines) beyond what could possibly be learnt from 
other methodologies. Thus, in addition to the nigrostriatal pathway, fluores
cence histochemistry soon permitted researchers to define other DA neuron 
systems in the rat brain. One of these pathways, originating in the midbrain 
tegmentum, terminated in forebrain limbic areas, notably in nucleus accum
bens, olfactory tubercle and areas of the limbic cortex (AND EN et al. 1966). 
These mesolimbic-mesocortical DA pathways were subsequently found to 
subserve both locomotor, psychomotor/motivational and higher (cognitive, 
mental) functions (AND EN 1972; PUNENBURG and VAN ROSSUM 1973; BROZOSKI 
et al. 1979; see also LAVERTY 1974). The knowledge about these extrastriatal 
forebrain DA systems provided a rational biochemical! anatomical basis for 
hypotheses implicating brain DA in psychiatric disorders. A third DA pathway, 
the tuberoinfundibular neuron system, was found to be involved in the hypo
thalamic control of hormone secretion of the anterior pituitary (FUXE 1964). 
Studies of this DA system played an important role in the discovery of ergo
line derivatives (e.g. bromocriptine) as direct acting DA receptor agonists. 

F. Experimental Models of Parkinson's Disease 
For several years, many brain scientists found it difficult to accept the exis
tence of the nigrostriatal DA pathway. Two reasons come to mind for this 
negative attitude. One argument that was used against a nigrostriatal fibre 
connection was that after experimental substantia nigra lesions no antero
grade fibre degeneration in the striatum could be demonstrated by the avail
able staining techniques. This point gave rise to a heated and protracted 
controversy between two prominent experimental neuroanatomists: MALCOLM 
CARPENTER, at Columbia University's Presbyterian Center, who saw no his
to anatomical reason for a nigrostriatal fibre connection; and LOUIS POIRIER, at 
Canada's Laval University, a pioneer of this pathway (see, for example, dis
cussion, pp 190-194, in COSTA et al. 1966). It was only by means of a new silver 
impregnation technique, introduced by FINK and HEIMER in 1967, that MOORE 
(1970) furnished irrefutable anatomical evidence for the nigrostriatal fibre 
connection. This brought the controversy slowly to an end. Another major 
obstacle for the acceptance of the nigrostriatal (DA) pathway was the rather 
idiosyncratic attitude towards the substantia nigra of several prominent neu
roscientists of that time. To quote only two examples: In the "Index" to DENNY
BROWN'S remarkable treatise of 1966 (DENNy-BROWN 1966) on the Cerebral 
Control of Movement (with a chapter on the "Mesencephalic and Pretectal 
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Organisation") no entry is to be found for "substantia nigra"; and HASSLER, 
that eminent expert on the functional neuroanatomy of PD, although assiging 
to substantia nigra an important role, accepted, On some functional consider
ations, only the caudal and, like Carpenter, tectal and tegmental projections 
of the nucleus, thinking very little of a rostral nigrostriatal connection. 

Of invaluable help in this situation was the development, by POIRIER and 
SOURKES, of an experimental model of PD in monkeys, by electrolytically 
lesioning the substantia nigra (cf. SOURKES 2000). In this first valid animal 
(primate) model of the disease, the essential clinical features of PD, the bio
chemical changes, and the effectiveness of DA replacement could be repro
duced and studied under controlled experimental conditions (POIRIER and 
SOURKES 1965; SOURKES and POIRIER 1965; GOLDSTEIN et al. 1966). This line of 
research was later extended by the introduction of the ("rotational") model 
of PD by Unilaterally lesioning the substantia nigra in the rat with locally 
injected 6-hydroxydopamine (6-0HDA) (UNGERSTEDT 1968; UNGERSTEDT et 
al. 1973). This modelled to much experimental work, especially in the fields 
of DA receptor and agonist pharmacology and behavioural (psycho )pharma
co logy (see JONSSON et al. 1975; UNGERSTEDT 1979; ZIGMOND and STRICKER 
1989). 

G. Dopamine Toxins 
6-0HDA was the first experimentally useful, although only locally effective, 
neurotoxin selective for the DA (and NA) neurons. It is historically of inter
est that 6-0HDA's discovery goes back to studies, in the late 1950s, on the 
enzymatic ~-hydroxylation of DA to NA. It was then found that a compound, 
which in more than ten different solvent systems behaved like NA, was formed 
from DA by auto-oxidation, both in vitro and in vivo (SENOH et al. 1959). The 
selectivity of 6-0HDA for catecholamine neurons was soon recognized to be 
due to its active intraneuronal accumulation by way of the specific neuronal 
(re-)uptake mechanism for DA and NA. The main reason for 6-0HDA's cyto
toxicity was later proposed to be its high susceptibility to non-enzymatic 
oxidation, with simultaneous formation of several very reactive products, 
including quinones, hydrogen peroxide and several reactive oxygen species 
(see JONSSON 1980). Although it is unlikely that in the human brain 6-0HDA 
is formed in large enough quantities to produce selective nigral cell death, this 
line of research continues to be of considerable interest in connection with the 
role of auto-oxidative processes and oxyradicals in neurodegeneration as well 
as the possibility that DA itself might be a potentially cytotoxic agent (see 
JENNER 1998). 

A great advance in this area was made by the discovery of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) as a systemically (parenterally) 
effective, highly selective toxin for nigrostriatal DA neurons. In this discovery, 
serendipity, as it so often does, played an important part. In a group of drug 
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addicts who after i.v. self-administration of a "synthetic heroin" had developed 
a permanent PD-like syndrome, MPTP was identified as the toxic contami
nant (LANGSTON et al. 1983; BALLARD et al. 1985). Studies on MPTP's mecha
nisms of action soon revealed the crucial role of (glial) monoamine oxidase B 
in converting MPTP to the actual DA toxin MPP+; the involvement of the spe
cific plasma membrane DA transporter as the "gate" allowing MPP+ to enter 
and accumulate specifically in the DA neurons; and the ability of MPP+ to 
inhibit mitochondrial respiration, i.e. complex I activity, and/or produce oxida
tive stress (cf. LANGSTON and IRWIN 1986; MARKEY et al. 1986). These possible 
mechanisms directly triggered numerous studies on the aetiology of PD, 
focussing especially on environmental and endogenous DA toxins and on 
genetic defects that might result in defects of detoxifying enzymes or enzymes 
of the mitochondrial respiratory chain. The recent neuroprotective strategy -
especially with neurotrophic factors and antioxidants - aimed at arresting the 
death of nigral neurons in PD, also owes its origin to MPTP research. 

H. Dopamine Uptake 
Work on DA uptake, which subsequently proved crucial for the understand
ing of the 6-0HDA and MPTP experimental parkinsonism models, was a 
logical extension of the work on the metabolic fate of the synaptically released 
NA that had led to the discovery of the specific neuronal re-uptake as an 
important step in terminating the amine's biological actions (cf. IVERSEN 1975). 

There appears to be little doubt that the first to have thought of this possi
bility was the Oxford pharmacologist WILLIAM D.M. PATON. While discussing 
a paper given by (SIR LINDOR) BROWN at the 1960 Ciba Symposium on 
"Adrenergic Mechanisms" (see pp 116-124 in VANE et al. 1960), PATON proposed 
that the presented data could be best explained by assuming that the NA in the 
nerve endings is "released when the membrane potential is reduced, and sucked 
back, recovered, returned to store, when the events of excitation are over" (see 
p 127 in VANE et al. 1960). This perfect definition of the (re-)uptake concept, to 
which even today nothing substantial needs to be added, was declared - right at 
the Symposium - as being "heretical" (BROWN) and incompatible with a number 
of established ideas about synaptic events. Fortunately, at about that time JULIUS 
AXELROD was busying himself with studies of the metabolic fate of NA (see, e.g. 
his contribution at the Ciba Symposium, pp 28-39, and numerous discussion 
remarks in VANE et al.1960), for which he started using, for the first time, tritium
labelled NA of high specific activity - an approach initiated by SEYMOUR KETY. 
In the course of these studies, AXELROD, together with HERTTING, proved by 
experiment what PATON had deduced by sharp logic, namely that the now easily 
detectable 3H-NA, after being released by adrenergic nerve stimulation, was 
removed from the surrounding medium by being indeed "sucked back", unme
tabolized, into the nerve terminal (HERTTING and AXELROD 1961; HERTTING et 
al. 1961). For brain DA it was GLOWINSKI who soon afterwards showed that the 
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amine, after intracerebroventricular injection in the rat, was taken up and stored 
in brain tissue (MILHAUD and GLOWINSKI 1962), specifically in the (striatal) 
synaptosomal fraction (GLOWINSKI and IVERSEN 1966). Subsequently, the kinet
ics of the synaptosomal DA uptake and its inhibition by amphetamine was 
worked out by COYLE and SNYDER (1969a), who also demonstrated that anti
cholinergic drugs used in treatment of PD were potent (non-competitive) 
inhibitors of the striatal synaptosomal DA uptake (COYLE and SNYDER 1969b). 
The recent cloning of the membrane protein responsible for the specific neu
ronal DA uptake has given an especially potent stimulus for work on the role of 
the brain DA transporter in normal brain function, addictive drug action and 
neurodegeneration (MILLER et al. 1999). 

I. Physiology and Pathophysiology of Brain Dopamine 

The crucial role of DA in the antireserpine and anti-Parkinson's activity of 
L-dopa quickly attracted the interest of neurophysiologists. The first neuro
physiological experiments with DA were performed right after the original 
DA/L-DOPA studies in PD. MCGEER et al. (1961a) and KERKUT and WALKER 
(1961) tested DA's actions on spontaneously active single neurons of inverte
brates, using as models the stretch receptor neuron of the crayfish and mol
luscan (snail) brain ganglia respectively. In both preparations, DA was found 
to be highly potent in inhibiting spontaneous neuronal activity and hyperpo
larizing the neuronal membrane (KERKUT and WALKER 1962). In mammals, 
CURTIS and DAVIS (1961) were the first to show that DA, locally applied in vivo 
to lateral geniculate neurons of the cat, also had predominantly inhibitory 
effects on either their spontaneous or glutamate-induced discharge rate. Of 
special importance were observations made on striatal neurons. In the 
unanaesthetized cat, BLOOM et al. (1965) and McLENNAN and YORK (1967) 
showed that DA most frequently inhibited caudate neuron activity, be it spon
taneous or stimulated by glutamate or acetylcholine. Very important was 
the demonstration that electrical stimulation of the substantia nigra had an 
effect on striatal neuron activity (inhibition) identical to the inhibition of 
the same neurons produced by iontophoretic DA (CONNOR 1970). Since the 
effects on striatal neuron activity were DA specific, they suggested the exis
tence of DA-sensitive sites (receptors) on the striatal effector cells. Later 
electrophysiological-behavioural correlations (see EVARTS et al. 1984; DELONG 
et al. 1983), together with advances related to striatal connectivity and neu
rotransmitter interactions (GRAYBIEL and RAGSDALE 1979) greatly contributed 
to our current concepts about the functional organization of the basal ganglia 
and our understanding of the pathophysiology of PD and other movement 
disorders (cf. DELONG 1990; PARENT and HAZRATI 1995). The new insights also 
have influenced the current work on the functional neurosurgery ("the new 
surgery") for PD, thus reviving the neurosurgical approach originally devel
oped in the early 1950s (cf. NARABAYASHI 1990). 
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Important for the further development of our ideas about the patho
physiology of the dopaminergically denervated striatum were findings about 
the functional compensatory mechanisms in the remaining DA neurons. Today, 
the concept of compensatory overactivity and large adaptive capacity of the 
nigrostriatal DA system is generally accepted. How did this concept arise? The 
beginnings of this idea go back to a biochemical study in a patient with uni
lateral PD (BAROLIN et al. 1964). In this patient, the DA levels in the striatum 
contralateral to the symptoms were, as expected, severely reduced. However, 
also the other striatum, corresponding to the side of the body free of symp
toms, already had distinctly subnormal DA levels. Could it be that not too 
severe degrees of DA loss were functionally compensated by the remaining 
DA neurons? Studies of DA metabolism (by measuring DA's metabolite 
homovanillic acid) soon gave substance to this possibility. They showed 
that in the PD striatum the metabolism of DA was indeed greatly increased 
(BERNHEIMER and HORNYKIEWICZ 1965; BERNHEIMER et al. 1973), thus sup
porting the possibility that lower degrees of DA loss could indeed be com
pensated by overactivity of the remaining DA neurons. This observation 
provided the basis for the concept of the plasticity and high adaptive capacity 
of the brain DA neurons in the face of partial damage. Subsequent studies 
measuring various indices of DA neuron activity in the 6-0HDA rotational 
model of PD fully confirmed the observations made in PD brain (AGID et al. 
1973; ZIGMOND et al. 1990), providing an additional stimulus for extensive 
studies on DA's synthesis, storage, release, metabolism and uptake, as well as 
a variety of regulatory mechanisms (see GLOWINSKI et al. 1979). 

J. Specific Dopamine Receptors 
The concept of specific receptors for DA was slow in developing. At that time, 
the notion of specific neurotransmitter receptors was not, as it is today, a self
evident matter. It is instructive to go a few decades back in the history of this 
concept. At a meeting in 1943, HENRY DALE expressed his doubts about the 
adrenergic receptor in the following words: "It is a mere statement of fact to 
say that the action of adrenaline picks out certain such effector cells and leaves 
others unaffected; it is a simple deduction that the affected cells have a special 
affinity of some kind for adrenaline; but I doubt whether the attribution to 
such cells of 'adrenaline-receptors' does more than re-state the deduction in 
another form" (DALE 1943). Twelve years later, GOODMAN and GILMAN'S phar
macology textbook of 1955 (2nd edn.) still cautions the reader, on pages 
412-413, that "it must be realized that the 'receptor' may not be a morpho
logically demonstrable structure"; also ALQUIST'S pioneering classification of 
adrenergic a and ~ receptors (ALQUIST 1948) is mentioned (on p 401) as "an 
interesting classification of these hypothetical [!] receptors". On the other 
hand, the unexpectedly high efficacy of L-dopa in PD patients (in doses inef
fective in normal individuals) could only be understood by assuming that in 
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PD the striatum developed a denervation supersensitivity to DA. This required 
the existence of specific DA receptors and their up-regulation after dopamin
ergic denervation. 

For the idea of a specific DA receptor, as for DA itself, the first difficulty 
was to free itself conceptually from the near-reflex connection, and confusion, 
with NA. The possibility of DA acting (in the crayfish preparation) on "a type 
of [inhibitory] receptor for catecholamines" different from the inhibitory 
receptor for y-aminobutyric acid (GABA), was first raised in print in 1961 
(MCGEER et a1. 1961a). When CARLSSON, in 1963, and ANDEN (in CARLSSON'S 
laboratory), in 1964, showed that neuroleptics (chlorpromazine, haloperidol) 
increased the metabolism of brain NA and/or DA, respectively, they suggested 
that this might be due to blockade of brain "monoaminergic" (CARLSSON) or 
"catecholaminergic" (ANDEN) receptors, with ANDEN stating that these recep
tors were "not of the a type" (CARLSSON and LINDQVIST 1963; ANDEN et a1. 
1964b). It seems that the possibility of "specific DA receptors" was for the first 
time clearly envisaged by EBLE (1964) in connection with the DA-induced 
vasodilation of renal and mesenteric blood vessels in the dog (see GOLDBERG 
1972). In the same year, VAN ROSSUM and HURKMANS (1964) already use the 
term "receptors for DA (as distinct from other catecholamine receptors) in 
the nuclei of the extrapyramidal system", when discussing their observations 
on the central actions of psychostimulant drugs (see also VAN ROSSUM 1964, 
1965). Finally, the DA receptor concept assumed a clearer molecular contour 
when ERNST, in a series of papers, drew attention to the striking similarity 
between the striatal effects (compUlsive motor behaviour in the rat) of apo
morphine and DA, and related these similar effects to the similarity of the 
molecular structures of the two substances (ERNST 1965, 1967; ERNST and 
SMELIK 1966). Subsequently, the occurrence of specific DA receptors in mam
malian, including human, brain was established in a great number of studies, 
using pharmacological and behavioural models in laboratory animals (e.g. the 
6-0HDA rotational rat model); DA's biochemical effects on signal transduc
tion, especially stimulation of adenylyl cyclase (KEBABIAN et a1. 1972); and 
receptor binding assays, using animal and human brain tissue membrane 
preparations (CREESE et a1. 1975; SEEMAN et a1. 1975; for review, see SEEMAN 
1980). By means of the latter method, as well as the more recently developed 
in vivo brain imaging technique of positron emission tomography, an increased 
number of DA receptors (i.e. neuroleptic binding sites) was detected in PD 
striatum (especially putamen; LEE et a1. 1978); this, in principle, explained the 
phenomenon of the high sensitivity of the PD patient to DA substitution. 

The finding of a compensatory increase in DA turnover in the (dener
vated) PD striatum (BERNHEIMER and HORNYKIEWICZ 1965; BERNHEIMER et a1. 
1973) suggested the possibility that the level of DA synthesis and release could 
be regulated - by way of a feedback mechanism - by the postsynaptic DA 
receptors located on the striatal effector cells. This possibility was borne out 
by observations from animal experiments showing that postsynaptic DA 
receptor blockers (neuroleptics) stimulated brain DA metabolism, and ago-
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nists inhibited it (CARLSSON and LINDQVIST 1963; ANDEN et al. 1967). Later 
biochemical and electrophysiological studies demonstrated that the presy
naptic DA metabolism was under the additional, and very effective, control of 
DA receptors located directly on DA cell bodies and terminals, the so-called 
autoreceptors (KEHR et al. 1972; AGHAJANIAN and BUNNEY 1973; cf. also USDIN 
and BUNNEY 1975). 

The understanding of DA receptor function was substantially advanced 
by work that permitted researchers to distinguish two classes of DA receptor: 
the DJ receptor, positively coupled to adenylyl cyclase, and the negatively 
coupled D2 receptor (SPANO et al. 1978; KEBABIAN and CALNE 1979), with the 
latter being localized also presynaptically on DA neurons. Using the recom
binant DNA approach, several subtypes of the DJ and D2 DA receptor "super
families" have been recently cloned and characterized (see SOKOLOFF and 
SCHWARTZ 1995). 

K. Direct-Acting Dopamine Agonists 

It was only logical that research on DA receptors should go hand in hand with 
attempts to develop, for clinical use, DA agonists directly acting on the post
synaptic striatal DA receptor sites. Apomorphine had been tried, in principle 
successfully, in PD patients as early as 1951 (SCHWAB et al. 1951), without any 
knowledge about the drug being a direct-acting DA agonist. An even earlier 
example of an empirical anti-Parkinson's medication involving DA is amphet
amine. Found in the late 1930s to be effective in patients with (especially 
postencephalitic) PD (SOLOMON et al. 1937), amphetamine continued to be 
recommended for that use until the beginning of the 1970s (cf. GOODMAN and 
GILMAN'S pharmacology textbook, 4th edn., 1970, p 518). Today we know that 
amphetamine has, in fact, an indirect DA agonistic mode of action via release 
of synaptic DA and blockade of its re-uptake. 

The first compound selected on an experimental basis was bromocriptine. 
Although originally singled out from among a series of ergot alkaloids and 
developed for the empirical clinical use as an inhibitor of prolactin secretion 
(FLUCKIGER and WAGNER 1968), it soon was shown - in the early 1970s - to act, 
both in the pituitary and in the striatum, as a direct DA agonist and immedi
ately suggested as a possible anti-Parkinson's drug (FUXE and HOKFELT 1970; 
HOKFELT and FUXE 1972; CORRODI et al. 1973). A year later, the first beneficial 
results with bromocriptine in patients with PD were reported (CALNE et al. 
1974). This was the starting point for the development of many new DA ago
nists, both ergoline derivatives, like bromocriptine, and non-ergolines (cf. 
LEVANT et al. 1999). Most of the agonists effective in PD act predominantly at 
the D2 receptor sites, but efforts at finding subtype specific compounds with 
fewer adverse effects are now being actively made. New subtype specific DA 
agonists might prove especially valuable for a selective control of extrastriatal 
DA systems, especially in the limbic forebrain and cerebral cortex - brain 
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structures which have been proposed to be involved in affective, motivational 
and cognitive processes, and which might contain substantial popUlations of 
subtype specific Dl and/or D2 DA receptor sites (SCHWARTZ et al. 1993). 

L. Dopamine and Striatal Neurotransmitter Interactions 
Until the introduction of the L-dopa treatment of PD, the only (moderately) 
effective anti-Parkinson's drugs were the anticholinergics. Immediately 
after the discovery of DA's pivotal role in PD, the concept of a brain 
DA-acetylcholine interrelationship was developed (MCGEER et al. 1961b; 
BARBEAU 1962). In PD, the reduction of striatal DA (corrected with L-dopa) 
was proposed to result in a cholinergic overactivity (responding to anticho
linergics). The underlying idea of this concept was that DA tonically inhibited 
the activity of the cholinergic neurons, which, if released from DA inhibi
tion, aggravated the PD symptoms. Although we now know that the DA
acetylcholine interrelationship is much more complex (cf. DICHIARA et al. 
1994), the original proposal was the starting point for the notion of various 
neurotransmitter interrelationships as the basis of striatal functioning (cf. 
LLOYD 1977). This notion was substantially supported by studies in PD brain 
showing that in addition to the severe DA loss, other brain neurotrans
mitters were also, although less markedly, affected (cf. HORNYKIEWICZ 1976, 
1998). The basal ganglia neurotransmitter interactions concept significantly 
influenced the current model of the functional anatomy of the neurotrans
mitter organization of basal ganglia (see WICHMANN and DELONG 1996). 

M. Dopamine in Psychiatry 
Psychotic reactions to L-dopa were for the first time observed in PD patients 
after the introduction of the (oral) high-dose regimen of the drug. Before that 
time, VAN ROSSUM had already hypothesized that L-dopa's behavioural actions 
(in rats) had certain elements in common with the "psychomotor" effects of 
psychostimulants (e.g. the amphetamines; VAN ROSSUM 1964). He also dis
cussed, apparently for the first time, the possibility that these effects were due 
to stimulation of a DA receptor distinct from the NA (or "catecholamine") 
receptor (VAN ROSSUM and HURKMANS 1964). These ideas were the direct fore
runners of the proposals postulating a connection between increased brain DA 
activity and psychotic, especially schizophrenic, behaviour (cf. HORNYKIEWICZ 
1978). Demonstration, by fluorescence histochemistry, of mesolimbic and 
mesocortical (limbic) DA pathways provided a possible anatomical substrate 
for this notion. At about the time of van Rossum's studies, CARLSSON and 
LINDQVIST (1963) showed that chlorpromazine and haloperidol, in addition to 
their effects on brain NA, also increased brain DA metabolism, suggesting, for 
the first time, the possibility of blockade of DA (and NA) receptors by neu
roleptics. This basic observation was later elaborated in several studies (see 
VAN ROSSUM 1966; ANDEN et al. 1970; SEEMAN et al. 1975; CREESE et al. 1976). 
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In the late 1960s, RANDRUP and MUNKVARD formalized the available 
behavioural and biochemical evidence on DA and amphetamine and proposed 
that the amphetamine-induced stereotypy in the rat, mediated by brain DA 
release and blocked by antipsychotic neuroleptics, was the correlate of abnor
mal behaviour in schizophrenia (RANDRUP and MUNKVAD 1972; see also 
SNYDER 1973). Until recently this simple form of the DA hypothesis of schiz
ophrenia was the dominant hypothesis in this field, replacing the earlier sero
tonin and NA hypotheses. The DA hypothesis proved of tremendous heuristic 
value, especially in the development of new classes of DA receptor blocking 
(neuroleptic) drugs with improved therapeutic (antipsychotic) activity and 
fewer extrapyramidal side-effects. This, on its part, greatly stimulated molecu
lar DA receptor research. Currently, the DA hypothesis is being substantially 
complemented by new neuroanatomical, pharmacological and neurochemical 
data, leading to novel concepts and therapeutic possibilities, especially in 
schizophrenia. In addition to schizophrenia, early clinical observations impli
cated brain DA also in affective disorders. The main evidence at that time was 
amphetamine's strong euphoriant potential as well as the neuroleptics' thera
peutic effectiveness in mania and their depression-inducing propensity. 

VAN ROSSUM'S initial studies had already indicated that the central effects 
of addictive psycho stimulants, such as amphetamine and cocaine, were well 
correlated to an activation of brain DA receptors. Also narcotic drugs, 
specifically morphine and methadone, were found to affect the metabolism 
of striatal and limbic DA (CLOUET and RATNER 1970; KUSCHINSKY and 
HORNYKIEWICZ 1972; SASAME et al. 1972). These and many other studies, includ
ing recent studies about the role of DA transporter (GIROS et al. 1996), have 
suggested a connection between brain DA, especially limbic DA (DICHIARA 
and IMPERATO 1988; TANDA et al. 1997), and the central actions of drugs of 
abuse, a notion that today has developed into a specialized field of CNS DA 
research. 

N. Concluding Remark 
From the preceding historical account the reader will be right in concluding 
that the research into brain DA has been an exceptional success story, having 
no parallel in the history of any of the other brain neurotransmitters. The 
aspect that most clearly sets DA apart from the rest is the fact that, for brain 
DA, the greatest possible success came practically the moment it entered the 
stage of brain science. This gave the whole research field right from the start 
a forceful impulse that has continued, in undiminished intensity, to this day. 
As would be expected, in the course of time this success has attracted to the 
field of DA research some of the best brains in neuroscience. 

Although the present essay has, of necessity, been limited in scope, the 
interested reader may have noticed the unusual number, and the diversity, of 
fields which DA research has entered over the four decades of its existence. 
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Today, it would be hard to name a field of neuroscience in which DA does not 
playa part - from "simple" motor systems to "complex" cognitive and mental 
processes. This breadth of research is the ultimate reason for the seemingly 
unending chain of DA's achievements; it also guarantees continuing scientific 
interest in this most versatile of brain amines whose research momentum 
shows no signs of slackening. It would appear that we are still far away from 
the time when it will be possible to write the final chapter on the history of 
research into brain DA. 

Abbreviations 
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dopa 
DOPS 
GABA 
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MPTP 
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CHAPTER 2 

Birth of Dopamine: A Cinderella Saga 

A. CARLSSON 

A. Introduction 

The history of dopamine goes back to the early part of the previous century. 
This compound was synthesized by WASER and SOMMER (1923). Its physiolog
ical significance became evident through the discovery of dopa decarboxylase 
in mammalian tissue by HOLTZ et al. (1938) and through its identification as a 
normal urinary constituent (HOLTZ et al. 1942). In 1939 it was proposed to be 
an intermediate in the biosynthesis of adrenaline (BLASCHKO et al. 1957). 
However, in certain tissues, including adrenergic nerves, dopamine was found 
to occur in amounts exceeding those to be expected from a catecholamine 
precursor (SCHUMANN 1956; EULER and LISHAJKO 1957). Thus EULER and 
LISHAJKO (1957) and BLASCHKO (1957) speculated on some additional func
tion of dopamine, besides being a precursor. However, the possible non
precursor function of dopamine in peripheral tissues seemed to be unrelated 
to neurotransmission, because its occurrence in greater than precursor amounts 
seemed to be limited to ruminants, and in ruminant tissues it correlated 
strongly to the occurrence of mast cells (BERTLER et al. 1959). What function 
dopamine might serve in the mast cells of ruminants remained completely 
unknown. Speculations about an independent role of dopamine had thus 
ended up in a blind alley. 

A new phase in the history of dopamine, starting in 1958, will be described 
in the present chapter. 

B. Brodie's Breakthrough Discovery, 
Focusing on Serotonin 

Thanks to a series of fortunate events, I had the opportunity to spend a sab
batical half year in the Laboratory of Chemical Pharmacology at the National 
Institutes of Health, Bethesda, Md., USA, starting in late August, 1955. The 
head of this laboratory was the renowned Dr. Bernard B. Brodie. He told me 
that he wanted me to work with him and Dr. Parkhurst A. Shore on the action 
of reserpine on the storage of serotonin in blood platelets in vitro. I started 
immediately on this project. Adequate equipment had already been acquired. 
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We were then able to demonstrate a direct action of reserpine on the storage 
of serotonin (CARLSSON et al. 1957a). 

It can hardly be over-emphasized how lucky I was to get this opportunity 
to work in Dr. Brodie's laboratory during a very dramatic period, when drug 
research was undergoing a revolution and psychopharmacology was in statu 
nascendi. This was only 3 years after the discovery of the antipsychotic action 
of chlorpromazine and 1 or 2 years after the re-discovery of the antipsychotic 
action of reserpine (reported by Indian psychiatrists three decades earlier). 
At this stage, Drs. Brodie and Shore introduced me into the most modern 
methods of biochemical pharmacology as well as into the hottest area of psy
chopharmacology at that time. 

What kind of person was Bernard B. Brodie, the man who has played the 
most important role in my scientific career? It is difficult to answer this ques
tion in a few words. He was obviously richly gifted, with a lot of charisma. His 
background was in organic chemistry, but he had specialized in drug metabo
lism, which he had pioneered by developing a multitude of methods for mea
suring the levels of drugs and their metabolites in tissues and body fluids. At the 
time of my visit, the prototype of a new instrument had been constructed in 
Brodie's laboratory by Dr. Robert Bowman in collaboration with Dr. Sidney 
Udenfriend, i.e., a spectrophotofluorimeter. This instrument was to revolu
tionize the measurement of drugs as well as endogenous compounds of great 
physiological interest. It combined a high sensitivity with specificity. For several 
decades, this instrument played a dominating role in biochemical pharmacol
ogy. It has now been surpassed by equipment that is even more powerful. 

At the time of my visit and during the following several years, an impres
sive number of young scientists came to spend some time in Brodie's labora
tory. A remarkable number of them then made very successful careers, mainly 
in pharmacology. It seemed as though Brodie had some magic gift to inspire 
young scientists, even though he did not show any particular ambition to be a 
mentor. This remarkable aspect of Brodie's personality has been discussed in 
a book titled An Apprentice to Genius (KANIGEL 1986). 

Brodie had a remarkable intuition and intensity. When he sensed that a 
research area was "hot," he did not hesitate to go into it, even if his knowl
edge in that area was limited. He liked to call himself a gambler. In his youth, 
he had tried his luck as a boxer, with some success. When he learned about 
the antipsychotic actions of chlorpromazine and reserpine and the finding that 
LSD (lysergic acid diethylamide) seemed to possess affinity for 5HT recep
tors, he started to do experiments with these drugs in order to find out more 
about their relation to serotonin. Although some of these experiments were 
primitive and inconclusive, they culminated in the demonstration of reser
pine's dramatic effect on the tissue storage of serotonin (PLETSCHER et al. 
1955). This seminal discovery was made only a few months before I joined 
Brodie's group. 

I proposed to Brodie that we should investigate the action of reserpine 
on some endogenous compounds chemically related to serotonin, such as the 
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catecholamines, but Brodie did not consider it worthwhile. He was convinced 
that serotonin was the important amine in this context. 

C. Catecholamines Entering the Scene 
After spending five very fruitful months in Brodie's lab, I returned to my home 
university in Lund, Sweden, having recently been appointed associate profes
sor of pharmacology. Already before my return, I had contacted DR. NILS-AKE 
HILLARP and proposed that we collaborate on the action of reserpine on 
catecholamines. He was working as associate professor of histology at the 
University of Lund. HILLARP was a highly talented and ingenious scientist 
with a remarkably broad knowledge in various aspects of neuroscience and 
endocrinology and had already made a number of seminal discoveries in these 
areas. HILLARP and I started to work together in early 1956, and this lasted 
until his untimely death in 1965. In the mid-1950s, HILLARP'S interest focused 
on the adrenal medulla where he had discovered the organelles storing the 
adrenal medullary hormones and the role of ATP as counter-ions in the 
storage complex. I had the hunch that reserpine might act on this kind of 
storage mechanism. With HILLARP, I discovered that reserpine caused deple
tion of the adrenal medullary hormones (CARLSSON and HILLARP 1956), and 
soon afterwards, I discovered, together with my students AKE BERTLER and 
EVALD ROSENGREN, that similar depletion took place in other tissues, includ
ing brain (BERTLER et al. 1956; CARLSSON et al. 1957b). These findings offered 
an explanation of the hypotensive action of reserpine, and this was confirmed 
by experiments where stimulation of sympathetic nerves no longer caused 
release of the neurotransmitter noradrenaline following reserpine treatment 
(for review and references, see CARLSSON 1987). 

These discoveries made us very excited, but at the same time they placed 
me in an awkward position in relation to my highly esteemed mentors, Drs. 
Brodie and Shore. Our results challenged their interpretations in two respects. 
First, they indicated that the action of reserpine should not necessarily be 
interpreted as due solely to its effect on serotonin, and second, they argued 
against the proposal that continuous release of the putative neurotransmitter 
serotonin onto its receptors is responsible for the action of the drug. Rather, 
our results suggested that at least the hypotensive action was due to an effect 
on catecholamines and that this effect was caused by depletion rather than 
release. Unfortunately, this divergence of opinion was to place my mentors 
and myself in different "camps" for many years to come and led to a large 
number of sometimes very intense debates, in writing as well as at various 
meetings. This was especially unfortunate, because we, despite these diver
gences, were much more on common ground than a great number of other 
workers in this field, as will be apparent in the following. 

To resolve the issue concerning the mode of action of reserpine, my col
leagues and I administered dopa to reserpine-treated rabbits and mice and 
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discovered the central stimulant action of this amino acid, as well as its ability 
to reverse the akinetic and sedative action of reserpine. Since the serotonin 
precursor 5-hydroxytryptophan was not capable of reversing the action of 
reserpine, we suggested that depletion of catecholamines rather than serotonin 
was responsible for some important behavioral effects of reserpine (CARLSSON 
et al. 1957c). 

D. Discovery of Dopamine 
When we analyzed the brains of the animals treated with reserpine and dopa, 
however, we found them still fully depleted of noradrenaline. Further analy
sis revealed that the behavioral action of dopa was closely correlated to the 
accumulation of dopamine in the brain. Moreover, our studies disclosed that 
dopamine is a normal brain constituent and is released by reserpine, like nora
drenaline and serotonin. The data suggested to us that dopamine is not just a 
precursor to noradrenaline, as was generally believed at that time, but is an 
endogenous agonist in its own right (CARLSSON et al. 1958). This received 
further support when BERTLER and ROSENGREN (1959) shortly afterwards dis
covered the marked difference in regional distribution between dopamine and 
noradrenaline, the former being largely accumulated in the basal ganglia. We 
could thus suggest that the parkinsonism induced by reserpine is due to 
dopamine depletion, which can be restored by L-dopa, and that dopamine is 
involved in the control of extrapyramidal motor functions. This was further 
supported by the fact that the motor disturbances in Huntington's chorea can 
be alleviated by reserpine and similar drugs (CARLSSON 1959). 

The discovery of dopamine in the brain (CARLSSON et al. 1958) has to be 
credited entirely to our research group. However, some authors have chal
lenged this, referring to two papers published in Nature the year before 
(MONTAGU 1957; WEIL-MALHERBE and BONE 1957), even though, to my knowl
edge, none of these authors have themselves challenged our claims to have 
discovered dopamine in the brain. It should be clear that they did not present 
any acceptable evidence for the occurrence of dopamine in the brain, nor pro
posed any particular function for it. I have commented on these papers in 
detail in my autobiography (CARLSSON 1998). 

Another priority issue deals with the discovery of the regional distribu
tion of dopamine in the brain. Credit for this discovery is sometimes given 
entirely to BERTLER and ROSENGREN (1959). I think it is fair to mention, 
however, that BERTLER and ROSENGREN were my graduate students preparing 
for their theses under my direction. We had agreed that the study of the dis
tribution of dopamine in the brain should be part of their thesis work. Thus, 
according to publication policies in Sweden at the time, it would be appro
priate not to have my name on the first publication on this issue. To maintain 
the balance, however, the first announcement of dopamine's abundance in 
the basal ganglia was made by me at the First International Catecholamine 
Symposium in October 1958 (CARLSSON 1959). Here I also summarized, for 
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the first time, the evidence for a role of dopamine in extrapyramidal functions 
and disorders and for a therapeutic potential of L-dopa in parkinsonism. 

E. Facing Rejection by Leaders in the Field 

For the first time, evidence was forthcoming for a role of endogenous agonists, 
present in brain tissue, in animal behavior. At first serotonin had come into 
focus, but the subsequent experiments pointed to a role of the catechola
mines, and especially dopamine, for the sedative and akinetic actions of reser
pine, and the reversal of these actions by L-dopa. We were very excited by 
these findings and were surprised to meet with considerable resistance to our 
views by some prominent investigators. The Ciba Symposium on adrenergic 
mechanisms, held in London in the spring of 1960 (VANE et al. 1960), was an 
especially strange experience to me. At this meeting, practically all prominent 
workers and pioneers in the catecholamine field were present. It was rather 
dominated by the strong group of British pharmacologists, headed by Sir 
Henry Dale. I was impressed to see the British pharmacologists, as well as 
many other former Dale associates, behave towards Sir Henry like school 
children to their teacher, although some of them had indeed reached a ma
ture age. It was also remarkable to find how little disagreement there was 
among these people, who behaved more or less like a football team. At 
this meeting, I reported on some of our data indicating a role of the cate
cholamines in motor functions and alertness. No doubts were expressed about 
our observations as such. In fact, Drs. Blaschko and Chrusciel presented 
observations that confirmed our findings on some essential points. Moreover, 
the anti-reserpine action of dopa had been confirmed in humans (DEGKWITZ 
et al. 1960). 

The discussions recorded in the Symposium volume conveyed a very clear 
message to me. In his summary of the session on central adrenergic mecha
nisms, Sir John Gaddum concluded (p 584): "The meeting was in a critical 
mood, and no one ventured to speculate on the relation between cate
cholamines and the function of the brain." However, my formal paper at 
the meeting was entitled "On the biochemistry and possible functions of 
dopamine and noradrenaline in brain," and a considerable number of remarks 
that I made during the discussion sessions dealt precisely with this issue. 
Obviously, in Gaddum's mind I was nobody! 

Why did Gaddum and the other British pharmacologists so completely 
ignore our arguments? At first there was some concern about L-dopa being 
a "poison." This appeared to be mainly based on the observation by WEIL
MALHERBE, that large doses of L-dopa, given together with a monoamine 
oxidase inhibitor, could be lethal. This discussion ended by a concluding 
remark by Sir Henry Dale (p 551) that L-dopa is, in fact, a poison, though he 
found it remarkable for an amino acid. Then Paton referred to unpublished 
data by Edith Bi.ilbring, suggesting the presence of catecholamines in glia 
rather than nerve cells. Responding to a question of Dale, Marthe Vogt 
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concluded (p 551) that there was absolutely no evidence that the cate
cholamines in the brain act as synaptic transmitters or serve a general 
hormonal function. The proposal that this may be the case was said to depend 
on the particular pharmacological agents used. A critical survey of all the avail
able evidence led, according to Marthe Vogt, to the conclusion that any of the 
theories on a relation between catecholamines or serotonin and behavior is 
"a construction which some day will be amended" (p 579). She also stated 
(p 578): "My personal view is that neither of these theories will have a long life." 

In order to understand the reluctance of some of the most prominent pio
neers in chemical transmission to accept a role of the monoamines in brain func
tion, it may help to recall that at that time brain research was dominated by 
electrophysiology. A vivid debate had been ongoing between Dale and Eccles 
about the role of electrical versus chemical transmission in general, and it is pos
sible that Dale, who had a great respect for Eccles, had been impressed by the 
arguments in favor of electrical transmission, at least concerning the brain. 
From a classical neurophysiological point of view, it must have seemed hard to 
accept that a loss of nerve function could be alleviated by administering a chem
ical such as dopamine (given as its precursor L-dopa). Moreover, pharmacolo
gists who had been unable to detect any significant physiological activity of 
dopamine, when tested on classical smooth-muscle preparations, were reluctant 
to accept the idea that dopamine could be an agonist in its own right. With such 
a perspective, the alternative interpretation of the L-dopa effects as being due 
to some strange kind of amino acid toxicity would seem less far-fetched. 

F. New Evidence for Monoaminergic 
N eurotransmission 

At the meeting in London, HILLARP and I decided to further increase our 
efforts to convince people about our ideas. I had just been appointed pro
fessor and chairman at the Department of Pharmacology, University of 
Gothenburg. We agreed that HILLARP should join me to work on catechola
mines in the new department, provided that he could be set free from his asso
ciate professorship in histology in Lund. We applied for the necessary funds 
at the Swedish Medical Research Council, and our grant was funded. We 
decided to focus on two problems, (1) to investigate a possible active amine
uptake mechanism by the adrenal medullary granules and its inhibition by 
reserpine, (2) to try to develop a histochemical fluorescence method to visu
alize the catecholamines in tissues. Both these projects turned out to be suc
cessful. Since detailed accounts of this work have been given elsewhere 
(CARLSSON et al. 1962a, 1964; ANDEN et al. 1964b; DAHLSTROM and CARLSSON 
1986; CARLSSON 1987), they will not be repeated here. I just want to conclude 
that in my opinion, both discoveries had a considerable impact on the scien
tific community'S acceptance of the concept of chemical transmission in the 
CNS and on the development of monoaminergic synaptology. 
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G. A Paradigm Shift: Chemical Transmission in 
the Brain and Emerging Synaptology 

29 

A series of observations made in Sweden by HILLARP, me, and our respective 
collaborators during the early part of the 1960s, using a combination of histo
chemical, biochemical and physiological methods and a number of pharma
cological tools, provided convincing evidence for a role of biogenic amines as 
neurotransmitters. This, in turn paved the way for a general acceptance of 
chemical transmission as an important physiological principle in the brain. 
That we can speak of a true paradigm shift is evident from a comparison 
between the proceedings of the meeting in London mentioned above and an 
international symposium held in Stockholm in February 1965 entitled "Mech
anisms of Release of Biogenic Amines" (VON EULER et al. 1966). In his intro
ductory remarks to this symposium, UVNAS stated that "these amines play an 
important role as chemical mediators in the peripheral and central system." 
None of the distinguished participants in this symposium expressed any doubts 
on this point. This time, there were some controversies regarding the function 
of various synaptic structures and mechanisms. A few recollections of this 
debate will be reviewed below. 

A major issue dealt with the role of the synaptic vesicles in the transmis
sion mechanism. In the mid-1960s, opinions still differed concerning the sub
cellular distribution of the monoaminergic transmitters. In the fluorescence 
microscope the accumulation of monoamines in the so-called varicosities of 
nerve terminals was obvious. This corresponded to the distribution of synap
tic vesicles, as observed in the electron microscope. In fact, HOKFELT (1968) 
was able to demonstrate the localization of central as well as peripheral 
monoamines to synaptic vesicles in the electron microscope. However, there 
was controversy about the nature and size of the extra vesicular (or extra
granular) neurotransmitter pool. This is evident from the recorded discussions 
of the above-mentioned symposium "Mechanisms of Release of Biogenic 
Amines." For example, Drs. Axelrod and von Euler (p 471) maintained that a 
considerable part of the transmitter was located outside the granules, mainly 
in a bound form. This fraction was proposed to be more important than the 
granular fraction, since it was thought to be more readily available for release. 
Indeed, the granules were facetiously referred to as "garbage cans." Our group 
had arrived at a different model of the synapse, based on combined biochem
ical, histochemical, and pharmacological data (CARLSSON 1966). We were 
convinced that the granules were essential in transmission, and that the 
transmitter had to be taken up by them in order to become available for 
release by the nerve impulse. In favor of this contention was our finding that 
reserpine's site of action is the amine uptake mechanism of the granules. The 
failure of adrenergic transmission, as well as the behavioral actions of reser
pine, was correlated to the blockade of granular uptake induced by the drug, 
rather than to the size of the transmitter stores (LUNDBORG 1963). Moreover, 
extragranular noradrenaline (accumulated in adrenergic nerves by pretreat-
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ment with reserpine, followed by an inhibitor of MAO (monoamine oxidase) 
and systemically administered noradrenaline) was unavailable for release 
by the nerve impulse, as observed histochemically (MALMFORS 1965). We 
proposed that under normal conditions, the extragranular fraction of mono
aminergic transmitters was very small, owing to the presence of MAO intra
cellularly, and that the evidence presented to the contrary was an artifact. 
Subsequent work in numerous laboratories has lent support to these views. 
Already at the Symposium, Douglas presented evidence suggesting a Ca++
triggered fusion between the granule and the cell membrane, preceding the 
release. The release is now generally assumed to take place as "exocytosis," 
even though a fractional rather than complete extrusion of the granule content 
seems to be the most likely alternative. For a discussion of this issue, see a 
recent paper by FOLKOW and NILSSON (1997), presented as a tribute to the late 
Jan Haggendal. 

An important issue in the early debate dealt with the site of action of 
major psychotropic drugs. In their first studies on reserpine, BRODIE and his 
colleagues had proposed that this agent was capable of releasing serotonin 
onto receptors, which would suggest the cell membrane to be its site of action. 
However, our observations, quoted above, demonstrated that reserpine acted 
on the storage mechanism of the synaptic vesicles. As to the tricyclic antide
pressants, BRODIE et al. suggested their site of action to be the synaptic vesi
cles. In their original studies reported in 1960, AXELROD et al. (see AXELROD 
1964) observed that the uptake of circulating catecholamines by adrenergic 
nerves could be blocked by a variety of drugs, for example, reserpine, chlor
promazine, cocaine, and imipramine. These studies obviously did not distin
guish between a number of different pharmacological mechanisms. In our own 
combined biochemical (CARLSSON et al. 1962b; see also the independent, 
simultaneous work of KIRSHNER 1962) and histochemical studies (MALMFORS 
1965), two different amine-uptake mechanisms could be distinguished, 
i.e., uptake at the level of the cell membrane, sensitive, e.g., to cocaine 
and imipramine, and uptake by the storage granules or synaptic vesicles, 
sensitive, e.g., to reserpine. These two mechanisms have of course to be 
distinguished because of the different, functional consequences of their 
inhibition, i.e., enhancement and inhibition, respectively, of monoaminergic 
neurotransmission. 

H. "Awakenings" 

Ensuing upon our above-mentioned proposal of a role of dopamine in parkin
sonism, some important parallel and apparently independent developments 
took place in Austria, Canada, and Japan. These will now be briefly commented 
upon, starting out with Austria. 

Later in the same year as the Symposium on Adrenergic Mechanisms, 
there appeared in Klinische Wochenschrift a paper in German, describing a 
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marked reduction of dopamine in the brains of deceased patients who had suf
fered from Parkinson's disease and postencephalitic parkinsonism (EHRINGER 
and HORNYKIEWICZ 1960). This was soon followed by a paper by BIRKMAYER 
and HORNYKIEWICZ (1961) in which a temporary improvement of akinesia was 
reported following a single intravenous dose of L-dopa to Parkinson's patients. 

As far as I can gather from HORNYKIEWICZ'S autobiography (1992), as well 
as a personal communication from him, the following had happened. I wish to 
mention this in some detail, because it illustrates how the interaction of dif
ferent minds can lead to important progress. In 1958, HORNYKIEWICZ was 
approached by his mentor, Prof. Lindner, or, according to a slightly different 
version, by his chief, Prof. Brticke, who tried to persuade him to analyze the 
brain of a Parkinson's patient, which the neurologist WALTER BIRKMAYER 
wanted analyzed for serotonin. Presumably, BIRKMAYER had been impressed 
by BRODIE'S already-mentioned discovery in 1955 of the depletion of this com
pound by reserpine, and in contrast to many neurologists at that time, he was 
aware of its possible implications. Shortly afterwards, in 1959, HORNYKIEWICZ 
read about our work on dopamine and its role in the Parkinson's syndrome. 
He then decided to include dopamine and noradrenaline in the study. In fact 
in the subsequent work, serotonin had to be left out initially because of some 
technical problems. 

HORNYKIEWICZ and his postdoctoral fellow EHRINGER were now facing a 
challenge because they had no adequate equipment to measure dopamine. But 
they managed to overcome this problem by using the purification of the brain 
extracts by ion exchange chromatography that our research group had worked 
out. The subsequent measurement was performed using the colorimetric 
method of EULER and HAMBERG (1949). Although this method by itself is 
highly unspecific, specificity could be obtained by using our purification step 
together with our finding that dopamine is by far the dominating cate
cholamine in the basal ganglia, where it occurs in high concentrations. They 
had to work up several grams of tissue and to concentrate the extracts by evac
uation to dryness. Following this heroic procedure, they were richly rewarded 
because the samples from the parkinsonian brains, in contrast to the controls, 
turned out to be colorless, as revealed by the naked eye! 

The corresponding development of Parkinson's research in Canada is 
summarized in a paper by BARBEAU et al. (1962), presented at a meeting in 
Geneva in September the previous year. The main findings of the Canadian 
workers was a reduction of the urinary excretion of dopamine in Parkinson's 
patients and an alleviation of the rigidity of such patients following oral treat
ment with L-dopa. 

In Japan some remarkable progress was made, which has not been ade
quately paid attention to in Western countries (see reviews by NAKAJIMA 1991; 
FOLEY 2000). In a lecture on 5 August 1959, less than a year after my lecture 
at the International Catecholamine Symposium mentioned above, the basic 
concept regarding the role of dopamine in the basal ganglia in Parkinson's 
disease was presented by SANO (1959). In this lecture, data on the distribution 
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of dopamine in the human brain were presented for the first time. In a lecture 
in Tokyo on 6 February 1960, SANO reported on reduced amounts of dopamine 
in the basal ganglia of a Parkinson's patient, analyzed postmortem, and in 
the same year he published a paper describing alleviation of rigidity in a 
Parkinson's patient following intravenous administration of DL-dopa (SANO 
1960). 

Thus, treatment of Parkinson's patients with dopa was initiated simulta
neously in three different countries only a few years after the discovery of the 
anti-reserpine action of this agent and the subsequent formulation of the 
concept of a role of dopamine in extrapyramidal functions. While this treat
ment led to results of great scientific interest, it took several years until it could 
be implemented as routine treatment of Parkinson's patients. The reason was 
that the treatment regimens used initially were inadequate and led to merely 
marginal improvement of questionable therapeutic value (HORNYKIEWICZ 
1966). It remained for GEORGE COTZIAS (1967) to develop an adequate dose 
regimen. After that, L-dopa treatment rapidly became the golden standard for 
the treatment of Parkinson's disease. 

When I had seen COTZIAS'S impressive film demonstrating the effect of 
escalating oral doses of L-dopa at a meeting in Canada, I hastened back to 
Goteborg and initiated studies together with DRS. SVANBORG, STEG, and others, 
which quickly confirmed COTZIAS'S observations (AND EN et al. 1970b), as 
occurred in many other places at the same time. This success story was soon 
afterwards told to the general public by OLIVER SACKS in Awakenings (SACKS 
1973), which became a bestseller and was also made into a movie. 

I. Mode of Action of Antipsychotic Agents 
In the early 1960s, we were puzzled by the fact that the major antipsychotic 
agents, such as chlorpromazine and haloperidol, have a reserpine-like phar
macological and clinical profile and yet lack the monoamine-depleting prop
erties of the latter drug. We found that chlorpromazine and haloperidol 
accelerated the formation of the dopamine metabolite 3-methoxytyramine 
and of the noradrenaline metabolite normetanephrine, while leaving the 
neurotransmitter levels unchanged. In support of the specificity, neither pro
methazine, a sedative phenothiazine lacking antipsychotic and neuroleptic 
properties, nor the adrenergic blocker phenoxybenzamine, caused any change 
in the turnover of the catecholamines (CARLSSON and LINDQVIST 1963). To us 
it did not seem farfetched, then, to propose that rather than reducing the avail
ability of monoamines, as does reserpine, the major antipsychotic drugs block 
the receptors involved in dopamine and noradrenaline neurotransmission. 
This would explain their reserpine-like pharmacological profile. To account for 
the enhanced catecholamine turnover, we proposed that neurons can increase 
their physiological activity in response to receptor blockade. This, I believe, 
was the first time that a receptor-mediated feedback control of neuronal activ-
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ity was proposed. These findings and interpretations have been amply con
firmed and extended by numerous workers, using a variety of techniques. In 
the following year, our research group discovered the neuroleptic-induced 
increase in the concentrations of de aminated dopamine metabolites (AND EN 
et al. 1964a). Later papers by ANDEN et al. (1970a) from our own laboratory 
and by NYBACK and SEDVALL (1970), emphasized the effect of neuroleptics on 
dopamine, and the work of AGHAJANIAN and BUNNEY (1974) described the 
effect of dopaminergic agonists and antagonists on the firing of dopaminer
gic neurons. Other important, subsequent discoveries were the dopamine
sensitive adenylate cyclase by GREENGARD and his colleagues (KEBABIAN and 
GREENGARD 1971) and the binding of dopamine to specific cell-membrane 
sites, from which it could be displaced by neuroleptics (SEEMAN et al. 1976; 
CREESE et al. 1976). 

These observations formed the basis for the "dopamine hypothesis of 
schizophrenia." It should be noted, however, that the paper by CARLSSON and 
LINDQVIST did not particularly emphasize dopamine, even though the adren
ergic blocker was inactive and the effect of haloperidol was more striking on 
dopamine than on noradrenaline turnover. In fact, CARLSSON and LINDQVIST 
did not exclude the possibility that serotonin receptors could also be involved 
in the antipsychotic action. Even though the subsequent research, referred to 
above, favored an important role of dopamine-receptor blockade in the 
antipsychotic action, the data could hardly exclude a contributory role of other 
monoaminergic receptors. Such a possibility has gained increased interest 
more recently, thanks to research on clozapine and other atypical antipsy
chotic agents. 

J. Dopamine, the Reward System, and 
Drug Dependence 

That dopamine plays a crucial role in the reward system and in drug depen
dence is now generally recognized. Our research group became interested in 
this problem in the mid 1960s, when we and others found that amphetamine 
releases dopamine and that its stimulating action can be blocked by an 
inhibitor of catecholamine synthesis, i.e., alpha-methyltyrosine. Somewhat 
later, GUNNE and his colleagues found that also the stimulant and euphoriant 
action of amphetamine in humans could be prevented by treatment with 
alpha-methyltyrosine (JONSSON et al. 1971). Our further pursuit of this line of 
research led to the concept that dopamine is also involved in the psy
chostimulant and dependence-producing action of some other major drugs of 
abuse, such as the opiates and ethanol. Thus, in the case of ethanol, we found 
that its stimulating action in animals is accompanied by an increase in 
dopamine synthesis (CARLSSON and LINDQVIST 1973) and can be prevented by 
alpha-methyltyrosine, which can also prevent the stimulating and euphoriant 
action of ethanol in humans (for review, see ENGEL and CARLSSON 1977). 
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The fundamental role of dopamine in the reward system has also impor
tant implications for the treatment with neuroleptic drugs. Since they are all 
dopamine-receptor blocking agents, they are likely to impair the reward 
system, resulting in dysphoria and anhedonia. Such side effects may be at least 
as serious as the extrapyramidal side effects (EPS). In fact, since the site of 
action on the reward system is probably in the ventral striatum, which appears 
to be more sensitive to dopamine-receptor blockade than the dorsal striatum, 
an impairment of the reward system is likely to show up after lower doses of 
neuroleptics. 

K. Autoreceptors: Discovery and 
Therapeutic Implications 

One area, closely related to the issue of receptor-mediated feedback discussed 
in the previous section, deals with the autoreceptors. In fact, already in our 
work published in 1963 we were investigating autoreceptors, even though we 
did not understand it at that time. The nature of the feedback mechanism that 
we proposed was obscure to us, apart from its mediation via receptors respond
ing to the neurotransmitter in question. It has sometimes been stated that we 
proposed a feedback loop, but this is not true. It was not until the early 1970s 
that we were able to examine the problem further. Meanwhile FARNEBO and 
HAMERGER (1971) had proposed the existence of presynaptic receptors as one 
possible explanation for their observation that the release of catecholamines 
from brain slices following field stimulation could be influenced by receptor 
agonists and antagonists. After we had developed a method to measure the 
first, rate-limiting step in the synthesis of catecholamines in vivo, we discov
ered that the synthesis of dopamine could be inhibited by a dopamine recep
tor agonist and stimulated by an antagonist even after exclusion of a feedback 
loop by means ofaxotomy (KERR et al. 1972). Thus, we felt convinced that the 
receptors involved were presynaptic. In order to avoid confusion about the 
nature of these receptors, which appeared to be located on various parts of 
the neuron and possessed a special functional significance among the presy
naptic receptors, I proposed to call them "autoreceptors" (CARLSSON 1975), 
and this has later become generally accepted. I also proposed that agents with 
selective action on autoreceptors may prove useful not only as research tools 
but also as therapeutic agents. Already at that time, we knew that low doses 
of a dopaminergic receptor agonist could have a preferential action on auto
receptors and thus cause a paradoxical behavioral inhibition. 

Four years later our collaboration with skilful organic chemists led to the 
discovery of 3-PPP. In our original studies this agent appeared to be highly 
selective for dopaminergic autoreceptors, but a few years later, when we had 
the opportunity to study the pure enantiomers of 3-PPP, we discovered that 
they had different pharmacological profiles. The (+) form turned out to be an 
agonist rather similar to apomorphine, though with somewhat lower intrinsic 
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activity, whereas the (-) form was found to have agonistic properties, espe
cially on the dopaminergic autoreceptors, though with but moderate intrinsic 
activity. On postsynaptic dopamine (D2) receptors the (-) form behaved essen
tially as an antagonist, although it seemed devoid of cataleptogenic properties 
(for review, see CLARK et al. 1985). 

Subsequent work revealed that the profile of (-)-3-PPP, now also called 
preclamol, is shared by many other dopaminergic agents, which all appear to 
have in common the property of being partial receptor agonists. Several such 
agents, with varying intrinsic activities and specificity, have been or are now 
being tested in the clinic, mainly as antipsychotic agents. In fact these agents 
may be said to test two different, though somewhat related hypotheses: (1) 
that a preferentially or selectively acting dopaminergic autoreceptor agonist 
may have antipsychotic properties, though with fewer side effects than the 
classical neuroleptics, and (2) that a partial dopamine receptor agonist may 
possess a suitable intrinsic activity to avoid extrapyramidal side effects, includ
ing tardive dyskinesias, and yet be sufficiently antagonistic on postsynaptic 
receptors to allow for an antipsychotic action. 

In 1986, I received a letter from DR. CAROL TAMMINGA of the Maryland 
Psychiatric Research Center, in which she enquired about the possibility of 
trying (-)-3PPP in schizophrenic patients. DR. TAMMINGA had a longstanding 
interest in the possible usefulness of dopaminergic agonists in the treatment 
of schizophrenia, starting out from her discovery that apomorphine, given 
in single doses, can alleviate psychotic symptoms in schizophrenic patients 
(TAMMINGA et al. 1978). With her letter, a most stimulating and fruitful colla
boration began and is still ongoing. I replied that I would be delighted to 
supply her with the drug and the documents needed for a personal IND (in
vestigational new drug application) and to assist her as much as possible to 
carry out such a study. 

It took some time to obtain the IND from the FDA. In 1989, the first series 
of patients started to receive single escalating intramuscular doses of (-)-3PPP 
or of placebo in a double-blind study. The results were encouraging. Psychotic 
symptoms tended to be reduced, and the drug seemed to be well tolerated 
(TAMMINGA et al. 1992). Subsequently schizophrenic patients received escalat
ing single oral doses of the drug, aiming to obtain the same plasma levels as 
in the parenteral study. Again, the results were promising. The next step was 
to give repeated doses of the drug compared to placebo in a double-blind 
crossover design. It was found that one weeks' treatment with (-)-3-PPP 
caused a significant antipsychotic response, but that no therapeutic effect 
remained after 2 or 3 weeks. Apparently some kind of tolerance had devel
oped (LAHTI et al. 1997). As expected from the preclinical data, no extrapyra
midal effects were detectable. In fact, (-)-3PPP is anticataleptic in rats and 
has been shown to possess mild anti-Parkinson's action in clinical studies 
(PIRTOSEK et al. 1993). In these studies, the partial dopamine receptor 
agonism became apparent, in that the drug was able to antagonize dopamine 
receptor agonists, while at the same time having antiparkinsonian properties. 
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Further studies are underway to investigate the possibility to develop 
(-)-3PPP to a therapeutically useful antipsychotic agent. If these efforts are 
successful, they will no doubt represent a breakthrough by being antipsy
chotic without manifesting the serious side effects induced by too severe 
dopamine receptor blockade. These effects are not limited to motor functions 
but extend to the endocrine system and to severe dysphoria, probably related 
to interference with the well-established function of dopamine in the reward 
system. 

More recently, the partial dopamine receptor antagonist aripiprazole has 
been studied fairly extensively in schizophrenic patients and seems to offer 
considerable promise. It seems to be comparable to haloperidol in terms of 
efficacy but superior to this agent as regards side effects (KANE et al. 2000). 

A group of agents which we call dopaminergic stabilizers, are pure antag
onists, again acting on the D2 family of receptors, and can thus readjust ele
vated dopamine functions, but in contrast to the currently used antipsychotic 
agents, they do not cause hypodopaminergia. In fact, they rather antagonize 
subnormal dopamine function. The reason for this aberrant pharmacological 
profile seems to be that their action on different subpopulations of dopamine 
receptors differs from that of the currently used antipsychotic drugs. Thus, 
whereas they exert a strong action on dopaminergic autoreceptors, they have 
a weaker effect postsynaptically and seem unable to reach a subpopulation of 
postsynaptic dopamine receptors (SVENSSON et al. 1986; SONESSON et al. 1994; 
HANSSON et al. 1995). (In spite of a different mode of action at the molecular 
level, these agents have a pharmacological profile similar to partial dopamine
receptor agonists; also, the latter agents may be described as "dopaminergic 
stabilizers.") 

In subhuman primates, in which parkinsonism had been induced by 1-
methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP), one member of this class 
of dopaminergic stabilizers, named (-)-OSU6162, given in single doses, could 
prevent L-dopa-induced dyskinesias without interfering with the therapeutic 
movement response, and in subsequent trials on parkinsonian patients, the 
same kind of response was observed (EKESBO et al. 1997; J. Tedroff et al., 
unpublished data). Subsequent trials on patients with Huntington's disease 
(TEDROFF et al. 1999) showed a marked reduction of choreatic movements, 
considerably outlasting the presence of the drug in the blood. These observa
tions support the view that drugs of this class are capable of stabilizing 
dopaminergic function; that is, they are able to alleviate signs of hyper
dopaminergia without inducing any signs of reduced dopaminergic function. 
If these findings can be extrapolated from neurology to psychiatry, these 
agents should possess antipsychotic activity without any concomitant signs of 
hypodopaminergia. Forthcoming trials with such agents in schizophrenia will 
answer this question. In fact, preliminary studies on a few schizophrenic 
patients, partly using a double-blind crossover design, have demonstrated an 
antipsychotic action of (-)-OSU6162 (GEFVERT et al. 2000; L. Lindstrom, per
sonal communication). 
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L. Concluding Remarks 
Dopamine has rightly been called the Cinderella among the monoaminergic 
neurotransmitters. After its discovery as a normal brain constituent in 1958, it 
took a long time for dopamine to be generally recognized as a neurotrans
mitter, despite the fact that compelling evidence for its role in important brain 
functions as an agonist in its own right was available within a few years after 
its discovery. One reason for the slow acceptance was probably dopamine's 
virtual lack of physiological activity in classical smooth-muscle preparations. 
I remember the disappointment that the renowned Danish pharmacologist 
Eric Jacobsen expressed when he, as an external examiner at AKE BERTLER'S 

dissertation in 1960, could read that drug-induced behavioral changes corre
lated better with dopamine than with noradrenaline. No doubt, his reaction 
was representative for the feelings of pharmacologists in those days. As 
already mentioned, such data led Sir Henry Dale to conclude that the behav
ioral action of L-dopa was probably due to an effect of the amino acid itself 
rather than to dopamine. 

To account for this peculiar profile of dopamine, with its almost exclusive 
role as an agonist in the central nervous system, it seems fruitful to apply an 
evolutionary perspective. Dopamine is especially dominant in a phylogeneti
cally recent part of the brain, that is the basal ganglia, and particularly so in 
the most recent part, that is the dorsal striatum. In the ventral striatum, 
dopamine dominates too, although this part of the striatum contains, in addi
tion, quite significant amounts of noradrenaline and serotonin. It is worth men
tioning that in amphibia, the dominating catecholamine is, by far, adrenaline 
- that is, the most elaborate among the catecholamines. It looks as though the 
increased need for quick motion in the evolution of vertebrates has necessi
tated a reduction of the number of steps in the synthesis of the cate
cholaminergic messenger. 

There is emerging evidence that dopamine has actually taken over as a 
leader in the monoaminergic ensemble of neurotransmitters in the sense that 
serotonergic and nor adrenergic behavioral components cannot be fully 
expressed in the case of a subnormal level of dopaminergic activity. It is 
remarkable how the crucial role of dopamine in various aspects of brain func
tion and pathophysiology has become increasingly evident during the several 
decades that followed its discovery. Thus, there are reasons to suspect that the 
Cinderella of the present saga has not yet reached her full glory. 
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CHAPTER 3 

The Place of Dopamine Neurons Within the 
Organization of the Forebrain 

S.N. HABER 

A. Introduction 

The midbrain dopamine neurons play a unique role in basal ganglia and 
cortical circuits, modulating a broad range of behaviors from learning and 
"working memory" to motor control. Dopamine neurons are considered to be 
key for focusing attention on significant and rewarding stimuli, a require
ment for the acquisition of behaviors (SCHULTZ et al. 1997; YAMAGUCHI and 
KOBAYASHI 1998). This acquisition not only involves limbic, cognitive, and 
motor pathways, but requires the coordination of information between these 
pathways. Consistent with its role as a mediator of complex behaviors in 
response to the environment (LJUNGBERG et al. 1992; SCHULTZ et al. 1995), the 
dopamine pathways are in a position to provide an interface between the 
limbic, cognitive, and motor functional domains of the forebrain, through 
complex forebrain neuronal networks. The differential relationship between 
dopamine projections to the striatum and cortex further emphasizes the role 
midbrain dopamine neurons play in the ability to respond appropriately to 
environmental cues. Sub populations of dopamine neurons have been associ
ated with different functions such as reward and motivation, cognition and 
higher cortical processing, and movement and sensorimotor integration. 
Classically, these functions are related to the mesolimbic, mesocortical system, 
and striatonigral pathways respectively. This chapter reviews the organization 
of the midbrain dopamine pathways and how they relate to the integration of 
limbic, cognitive, and motor functions of the forebrain. 

I. Organization of the Midbrain Dopamine Neurons 

The midbrain dopamine neurons have been divided in various ways into 
subgroups based on morphology, position, and pathways. Classically they have 
been partitioned into the ventral tegmental area (VTA) , the substantia 
nigra, pars compacta (SNc), and the retrorubral cell groups (FUXE et al. 1970; 
BJORKLUND and LINDVALL 1984; HOKFELT et al. 1984). The VTA consists of 
several nuclei, including the paranigral nucleus and the para brachial pig
mented nuclei. The prominence of these nuclei varies between different 
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species (HALLIDAY and TORK 1986). The SNc is divided into three groups 
(OLSZEWSKI and BAXTER 1954; POIRIER et al. 1983; FRANCOIS et al. 1985; 
HALLIDAY and TORK 1986; HABER et al. 1995b): a dorsal group (the y group, or 
pars dorsalis), a densocellular region (the p group), and the cell columns (the 
a group). The dorsal group is composed of loosely arranged cells, extending 
dorsolaterally to circumvent the ventral and lateral superior cerebellar pedun
cle and the red nucleus. These neurons, which form a continuous band with 
the VTA, are oriented horizontally and do not extend into the ventral parts 
of the pars compacta or into the pars reticulata. Calbindin (CaBP), a ca1cium
binding protein, is an important phenotypic marker for both the VTA and the 
dorsal SNc. The calbindin-positive staining of the adjacent VTA and the dorsal 
SNc cell groups emphasizes the continuity of these two cell groups (LAVOIE 
and PARENT 1991; HABER et al. 1995b; McRITCHIE and HALLIDAY 1995). In con
trast, the dendritic arbor of the cells in the den so cellular region and cell 
columns are oriented ventrally and can be followed deep into the pars retic
ulata. The cell columns are finger-like extensions of cell clusters that lie within 
the pars reticulata and are particularly prominent in primates. The densocel
lular group and the cell columns are calbindin-negative with high expression 
levels for the dopamine transporter and for the dopamine 2 receptor (D2R) 
mRNAs (HABER et al. 1995b). 

Based on these characteristics and specific connections (see below), 
recently, the midbrain dopamine neurons have been divided into two tiers: a 
dorsal tier (the dorsal SNc and the contiguous VTA) that is calbindin-positive, 
has relatively low expression levels for the dopamine transporter and the D2R 
mRNAs, and is selectively spared from neurodegeneration; and a ventral tier 
(the densocellular region and the cell columns) that is calbindin-negative, has 
relatively high levels of neuromelanin and expression of the dopamine trans
porter and the D2R mRNA, and is selectively vulnerable to neurodegenera
tion (FALLON and MOORE 1978; GERFEN et al. 1985; HIRSCH et al. 1992; PARENT 
and LAVOIE 1993; HABER et al. 1995b) (Fig. 1). The concept of the dopamine 
neurons as being divided into two tiers is relatively new. However, it builds on 
the classical distinctions between cells groups and pathways. It further empha
sizes the continuity and similarities between the VTA and the dorsal SNc. 

B. The Midbrain and Striatal Circuitry 

The striatum projects massively to the midbrain and the main target of the 
dopaminergic neurons is the striatum. The dorsal and ventral tiers contribute 
to these pathways creating a striato-nigro-striatal neuronal network. Both the 
striatonigral and nigrostriatal pathways show a general mediolateral, rostro
caudal topographic organization (SZABO 1967, 1970, 1979, 1980; CARPENTER 
and PETER 1971; JOHNSON and ROSVOLD 1971; FALLON and MOORE 1978; NAUTA 
et al. 1978; PARENT et al. 1983, 1984; FRANCOIS et al. 1984; DEUTCH et al. 1986; 
SMITH and PARENT 1986; HABER et al. 1990; SELEMON and GOLDMAN-RAKIC 
1990; HEDREEN and DELONG 1991; LYND-BALTA and HABER 1994a,b; PARENT 
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Fig.1. Schematic of the substantia nigra, illustrating the dorsal and ventral tiers of mid
brain dopamine neurons 

and HAZRATI 1994). There is also an important inverse dorsoventral topogra
phy to this midbrain-forebrain neuronal network. The ventral striatum 
projects to the dorsal midbrain and the dorsal striatum projects to the ventral 
midbrain. Likewise, the ventral midbrain projects to the dorsal striatum and 
dorsal midbrain projects to the ventral striatum. The inverse dorsoventral 
topography is of particular interest when considered with respect to the 
functional regions of the striatum. These functional regions are based on the 
organization of corticostriatal input (GOLDMAN-RAKIC and SELEMON 1986; 
FLAHERTY and GRAYBIEL 1994; GROENEWEGEN and BERENDSE 1994a; WRIGHT 
and GROENEWEGEN 1996; HABER and McFARLAND 1999). 

The dorsal and ventral striatum are classically associated with motor and 
limbic function respectively. Motor and premo tor cortex projects to the dor
solateral striatum at rostral levels and to much of the central and caudal 
putamen (KUNZLE 1975, 1978). These connections are supported by physio
logical studies demonstrating dorsolateral striatal involvement in sensorimo
tor processing and in movement disorders (LILES and UPDYKE 1985; DELONG 
1990; KIMURA 1990). Cortical areas are most closely associated with the limbic 
system and are involved in the development of reward-guided behaviors 
project to the ventromedial striatum (the nucleus accumbens, and the rostral, 
ventral caudate nucleus and putamen) (ROLLS et al. 1980; HEIMER et al. 1991; 
HABER et al. 1995a; GROENEWEGEN et al. 1997; KOOB and NESTLER 1997). The 
ventromedial striatum contains two subdivisions: the "shell," distinguished 
by its calbindin-negative staining; and the "core," which is histochemically 
indistinguishable from the rest of the striatum (ZABORSZKY et al. 1985; ZAHM 
and BROG 1992; GROENEWEGEN and BERENDSE 1994a,b; MEREDITH et al. 1996; 
VOORN et al. 1996; HEIMER et al. 1997; HABER and McFARLAND 1999). The shell 
is also distinguished by its limited and limbic-specific input from the cortex, 
midbrain, and thalamus. Between the dorsolateral and ventromedial striatum 
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Fig. 2. Schematic of the striatum. Shading represents topographic input from motor 
(black), association (gray), and limbic (light gray) cortical areas 

lies a region (the head of the caudate nucleus and the rostral putamen) that 
receives input from the dorsolateral prefrontal cortex (SELEMON and 
GOLDMAN-RAKIC 1985). This prefrontal region is involved in working memory 
(GOLDMAN-RAKIC 1994). Taken together, the combined corticostriatal projec
tions create a gradient of inputs, from dorsolateral to ventromedial, which 
correspond to motor, cognitive, and limbic functions (Fig. 2). 

I. Nigrostriatal Pathways 

The inverse dorsoventral nigrostriatal projection creates a generallimbic-to
limbic (VTA-ventral striatum), motor-to-motor (SNc-dorsolateral striatum) 
dopamine projection gradient. Most tracing studies have not used double
labeling techniques that would demonstrate retrogradely labeled cells to 
contain tyrosine hydroxylase or other markers indicative of dopamine. 
However, since the majority of SNc cells are dopaminergic (UNGERSTEDT 1971; 
PEARSON et al. 1979; FELTEN and SLADEK 1983; HOKFELT et al. 1984), projec
tions from the ventral tier are presumed to be largely dopaminergic. The 
percentage of cells from the dorsal tier presumed to be dopaminergic may be 
somewhat smaller, in that there are a greater number of nondopaminergic cells 
there. 

The dorsal tier neurons, (both the VTA and the dorsal SNc), project to 
the ventromedial striatum; the densocellular neurons of the ventral tier project 
throughout the striatum, with the exception of the shell; and the cell columns 
of the ventral tier project to the dorsolateral striatum (Fig. 3). The ventrome-
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Fig. 3. Schematic of the midbrain illustrating the distribution of cells that project to 
the ventromedial, central, and dorsolateral striatum from the midbrain. Open circles, 
cells projecting to the ventromedial striatum (limbic region); diamonds, cells project
ing to the central striatum (association region);filled circles, cells projecting to the dor
solateral striatum (motor region) 

dial striatum receives the most limited midbrain projection. This projection is 
derived primarily from the dorsal tier. The shell receives input from the VTA, 
with only a sparse projection from the dorsal SNc. The core receives input 
from the entire dorsal tier, including both the VTA and the dorsal SNc. The 
core also receives some afferent input from the dorsal part of the densocellu
lar region of the ventral tier. The central striatum does not receive input from 
the dorsal tier, but does from a wide area of the densocellular group. Cells 
from the dorsal part of the densocellular region that project to the central 
striatum are intermingled with cells that project to the core of the ventral stria
tum. The dorsolateral striatum receives the largest midbrain projection. This 
projection is derived from cells throughout the ventral tier, including the cell 
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Fig. 4. Schematic of the midbrain illustrating the relationship of nigrostriatal projec
tions to striatal regions defined by cortical inputs. Shading represents motor (black), 
association (gray), and limbic (light gray) areas 

columns. In fact, the cell columns project almost exclusively to the dorsolat
eral striatum. Neurons in the densocellular region that project to the dorso
lateral striatum overlap with those projecting to the central striatum. Thus, the 
organization of the midbrain dopamine projections onto the striatum, like 
the corticostriatal pathway, is organized as a functional gradient, but in a 
dorsomedial (limbic) to a ventrolateral (motor) manner (Fig. 4). 

II. Striatonigral Pathways 

Projections from the striatum are to the ventral midbrain and terminate in the 
dorsal and ventral tier dopamine cell groups in addition to the well-known 
projection to the pars reticulata. Like the nigrostriatal projection, the stria
tonigral projection has an inverse dorsoventral organization. The ventro
medial striatum terminates dorsomedially and the dorsolateral striatum 
terminates ventrolaterally. This organization links limbic and motor areas from 
the striatum and midbrain respectively. However, unlike the nigrostriatal 
pathways, the midbrain receives the largest projection from limbic regions 
and the most limited input from motor regions. 

Projections from the ventromedial striatum, including the shell, have an 
extensive terminal field. This field is found in the rostromedial midbrain, 
including the VTA, the medial SNc, and the medial pars reticulata. At central 
and caudal levels, it extends laterally and includes the dorsal densocellular 
ventral tier. The ventral striatum, therefore, projects not only throughout the 
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Fig. 5. Schematic of the midbrain illustrating the distribution of terminal fields from 
the ventromedial, central, and dorsolateral striatum to the midbrain. Light gray, 
terminal field from the ventromedial striatum (limbic region); gray, terminal field 
from the central striatum (association region); dark gray, terminal field from the 
dorsolateral striatum (motor region) 

rostrocaudal extent of the substantia nigra, but also to a wide mediolateral 
area of the SNc. The central striatum projection terminates more ventrally, pri
marily in the ventral densocellular dopamine cell group, the cell columns, and 
in the pars reticulata. The dorsolateral striatal projections to the midbrain are 
the most limited and terminate in the ventrolateral pars reticulata and in the 
cell columns of the ventral tier. Thus, the ventromedial striatonigral fibers 
terminate throughout a wide medial and lateral extent of the midbrain and 
interface with a large region of the dopamine cells in both the dorsal tier 
and the densocellular region of the ventral tier (HABER et al. 1990; HEDREEN 

and DELONG 1991). In contrast, efferent projections from the dorsolateral 
striatum are confined to a relatively small ventrolateral region of the sub
stantia nigra (SMITH and PARENT 1986; LYND-BALTA and HABER 1994b) (Fig. 5). 
These differences in the proportions of projections from different functional 
striatal regions have important implications for the type of information flow 
that can influence dopamine cells. 

III. The Striato-Nigro-Striatal Neuronal Network 

Taken together, the inverse dorsal-ventral topography both striatonigral and 
nigrostriatal pathways create complementary systems. The dorsolateral stria
tum is related to the ventrolateral midbrain and the ventromedial striatum is 
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related to the dorsomedial midbrain. They differ, however, in their relative 
proportion of nigrostriatal and striatonigral projections. The ventromedial 
striatum receives a limited midbrain input, but projects to a large region, which 
includes dorsal and ventral tiers and the dorsal pars reticulata. In contrast, the 
dorsolateral striatum receives a wide midbrain input, but projects to a limited 
region. These proportional differences in the network projections suggests 
that the ventromedial striatum is in a position to influence a wide range of 
dopamine neurons, but is influenced by a relatively limited group of dopamine 
cells. On the other hand, the dorsolateral striatum influences a limited mid
brain region but is affected by a relatively large midbrain region. The rela
tionship between these striatonigral pathways and the nigrostriatal pathways 
creates a complex striato-nigro-striatal neuronal network. 

For each striatal region there are three midbrain components to the 
striato-nigro-striatal network - one central reciprocal component and two, 
adjacent non-reciprocal components. Projections to the midbrain from each 
striatal region overlap extensively with midbrain cells that project back to that 
striatal region. This creates a central reciprocal or closed loop. In addition, 
there are two nonreciprocal connections (or open loops), one dorsal and one 
ventral to the closed loop. The dorsal open loop component consists of a dorsal 
group of midbrain cells that project to a specific striatal region, but does not 
receive a reciprocal efferent connection from that striatal region (Fig. 6, filled 
arrow heads). The closed loop lies ventrally and comprises a group of cells that 
project to the same specific striatal region and also lie within its reciprocal 
connection (Fig. 6, open arrow heads). The ventral, open loop consists of the 
efferent terminals that do not contain a reciprocally connected group of cells 
that project back to the specific striatal region (Fig. 6, arrows). 

The three components for each region of the striatum occupy a different 
position within the midbrain. The ventromedial striatal system lies dorsome
dially, the dorsolateral striatal system ventrolaterally, and the central striatal 
system between the two. The ventral open loop of each system overlaps with 
the dorsal loop of the adjacent system (Fig. 7). Each ventral open loop con
tains terminals from one striatal region, and each dorsal open loop contains 
the midbrain cells that project to a specific striatal region. Overlap between the 
ventral and dorsal open loops from different striatal regions allows dopamine 
to modulate between different striatal areas. This interaction between the 
striato-nigro-striatal open loops provides a mechanism for integration of 
information between different striatal regions. 

The nucleus accumbens plays a major role in influencing motor outcome 
by funneling information from the limbic system to the motor system (the 
"limbic/motor interface") (NAUTA and DOMESICK 1978; NAUTA et al. 1978; 
MOGENSON et al. 1980; SOMOGYI et al. 1981; HEIMER et al. 1982; KALIVAS et al. 
1993; HABER and FUDGE 1997). This ventromedial striatal modulation of the 
dorsal striatum via the midbrain dopamine cells has been considered one 
mechanism by which limbic circuitry can affect motor outcome directly. 
Since the ventral open loop component of each striato-nigro-striatal system 
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Fig. 6. The striato-nigro-striatal projection system illustrating the three components 
within the midbrain for each striatal area. Schematic of the midbrain showing the 
distribution of terminals (outline) from the dorsolateral striatum and cells (filled 
circles) that project to the dorsolateral striatum. Filled (black) arrowheads indicate cells 
dorsal to terminals (dorsal open loop), unfilled (white) arrowheads indicate the region 
of cells that project to the dorsolateral striatum within the dorsolateral striatal termi
nal field (closed loop), and arrows point to terminal field, ventral and lateral to cells 
that project to the dorsolateral striatum (ventral open loop) 

Ventral 
Striatum 

cells to VS 

Central striatum 

Dorsolateral 
Striatum 

Fig. 7. Diagram of the three striato-nigro-striatal components for each striatal region 
illustrating an overlapping and interdigitating system in the midbrain. The three mid
brain components for each striatal region are represented by three sequential disks. The 
first corresponds to the dorsal, open loop, the second corresponds to the closed loop, and 
the third corresponds to the ventral open loop. Note that the third midbrain component 
of a striatal region overlaps the first component of the adjacent, more dorsal striatal 
region VS = ventral striatum; CS = central striatum; DLS = dorsolateral striatum 
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overlaps with the dorsal open loop component of the adjacent striatal system 
(Fig. 7), information from limbic striatal regions reaches motor striatal regions 
through a series of connections passing through the central or cognitive 
striatal regions. The shell receives input only from the dorsal tier, but its pro
jection field includes the densocellular area. This area does not project back 
to the shell, but does project to the core. The core terminates within a wider 
range of densocellular region, much of which projects to the central striatum. 
The central striatum is reciprocally connected to the densocellular region and 
also to the cell columns. The cell columns project to the dorsolateral striatum. 
Since cortical innervation imposes a functional gradient from limbic to cogni
tive to motor functions onto the striatum, limbic influence on motor outcome 
is indirect, passing through cognitive areas of the striatum. Thus, this system 
of open and closed loops creates an interface between different striatal regions 
via the midbrain dopamine cells. This interface forms an ascending neuronal 
network that interconnects functional regions of the striatum from the limbic 
striatum to reach the motor striatum (HABER et al. 2000) (Fig. 8). 

C. Connections Between the Midbrain and Cortex 
The presence of dopamine in the cortex is clearly demonstrated by a variety 
of methods (LEVITI et al. 1984, 1987; GASPAR et al. 1989, 1992; LIDOW et al. 
1991; VERNEY et al. 1993; SESACK et al. 1998). The dopamine innervation of 
primate cortex is more extensive than in rats and found not only in granular 
areas but also in agranular frontal regions, parietal cortex, temporal cortex, 
and even, albeit sparsely, in occipital cortex. Dopamine terminals in layer I are 
prevalent throughout cortex and provide a rather general modulation of many 
cells at the distal apical dendrites. Dopamine terminals are also found in 
layers V-VI in specific cortical areas. Here they are in a position to provide a 
more direct modulation of specific cortical efferent projections, including cor
ticostriatal and corticothalamic projections. Through the deep layer projecting 
neurons, dopamine has an additional potentially important influence on basal 
ganglia function. Dopamine fibers are also found in the hippocampus, albeit 
to a lesser extent than found in neocortex. These terminals are densest in the 
molecular layer and the hilus of the dentate gyrus, and in the molecular layer 
and polymorphic layer of the subiculum (SAMSON et al. 1990). 

I. Midbrain Cortical Projections 

In rats, the majority of midbrain neurons projecting to the cortex arise from 
the VTA and the medial half of the SNc, throughout its rostrocaudal extent. 
In primates, the majority of dopamine cortical projections are from the 
parabrachial nucleus of the VTA and the dorsal SNc (AMARAL and COWAN 
1980;PORRINO and GOLDMAN-RAKIC 1982; FALLON and LOUGHLIN 1987; GASPAR 
et al. 1992). The ventral tier does not project extensively to cortex. The VTA 
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Fig. 8. Organization of striato-nigro-striatal projections. Projections from the shell to 
the VTA and from the VTA to the shell form a closed striato-nigro-striatal loop. 
Projections from the shell to the dorsomedial SNc feed-forward to the core form 
an open loop and the first part of a spiral. The spiral continues through the stria to
nigro-striatal projections through the central to the dorsolateral striatum. In this way, 
ventral striatal regions influence more dorsal striatal regions 

projects throughout prefrontal cortex including orbital, medial, and dorsolat
eral areas, with fewer projections to motor areas. Midbrain projections to the 
hippocampus are also derived primarily from the VTA, with few cells from the 
pars compacta proper terminating there. The dorsal SNc primarily innervates 
dorsolateral prefrontal cortex, motor and premo tor regions. The midbrain 
dopamine cells that project to different regions of motor and premotor cortex 
are intermingled; double-label studies show many cells sending collateral 
axons to different cortical regions (GASPAR et al. 1992). The dopamine
cortical projection is a more diffuse and widespread system compared to the 
nigrostriatal system. Of particular interest is the fact that the dorsal tier 
neurons project not only to limbic and cognitive cortical areas, but also to 
motor and premotor regions (Fig. 9). Thus, while divided into the VTA and 
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/ 

Fig.9. Schematic of the midbrain illustrating projections primarily from the dorsal tier 
to the cortex 

dorsal SNc respectively, cortical innervation of dopamine is derived primarily 
from neurons influenced by the limbic system. 

II. Cortical Midbrain Projections 

There is a general acceptance of descending cortical projections to the sub
stantia nigra, based primarily on studies in rats and cats. Cortical lesions result 
in reduced glutamate content in the rat substantia nigra as well as fiber degen
eration in the corticonigral pathway (AFIFI et al. 1974; CARTER 1980; USUNOFF 
et al. 1982; KERKERIAN et al. 1983; KORNHUBER 1984). Retrograde tracing 
studies confirm these projections (BUNNEY and AGHAJANIAN 1976; SESACK et 
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a1. 1989). However, these projections have been difficult to definitively demon
strate in primates. (LEICHNETZ and ASTRUC 1976; KUNZLE 1978) Descending 
corticonigral fibers have been demonstrated with fiber degeneration and 
anterograde tracing techniques in primates. However, neither technique 
clearly showed that fibers actually terminated in the substantia nigra. There
fore, the authors in both studies point out that the results must be interpreted 
with care. 

D. The Amygdala and Other Forebrain Projections 
Dopamine neurons project to several other forebrain regions including the 
bed nucleus of the stria terminalis, the septal nucleus, and the amygdala. These 
structures are often associated with the limbic system by virtue of their 
connections with the amygdala and the medial forebrain bundle. Within the 
amygdala, the basolateral complex and the central amygdala nuclei are most 
consistently associated with projections to and from the midbrain (FALLON 
1978; SADIKOT and PARENT 1990). The densest dopamine innervation is to the 
central and medial part of the central nucleus (FREEDMAN and CASSELL 1994). 
Projections arise primarily from the dorsal tier (both the VTA and the dorsal 
SNc) (AGGLETON et a1. 1980; MEHLER 1980; NORITA and KAWAMURA 1980). 

The central nucleus provides the main amygdaloid input to the dopamine 
neurons (HOPKINS 1975; BUNNEY and AGHAJANIAN 1976; KRETTEK and PRICE 
1978; PRICE and AMARAL 1981; GONZALES and CHESSELET 1990). This projec
tion is to the dorsal tier and to some extent the densocellular region, but not 
to the cell columns. The central nucleus is further subdivided into regions char
acterized by histochemical and morphologic features as well as by differential 
inputs (CASSELL et a1. 1999). These subregions project differentially to the 
midbrain. The medial central nucleus projects to a wide mediolateral extent 
of the dopamine neurons, including the dorsal tier, the rostrocentral medial 
SN and lateral SN, the pars lateralis (CASSELL et a1. 1986; GONZALES and 
CHESSELET 1990). The lateral capsular area of the central nucleus and the 
amygdalo-striatal area project primarily to the dorsal tier. The lateral central 
nucleus is unique in its restricted projection to the lateral SN, the pars 
lateralis. In addition to the amygdala proper, the bed nucleus of the stria 
terminalis and the sub lenticular substantia innominata project to the VTA 
and the dorsomedial SNc. These fibers travel with those from the amygdala. 
Together these structures form the "extended amygdala" (ALHEID and HEIMER 
1988; HEIMER et a1. 1991). 

The amygdala is generally involved in determining the emotional signifi
cance of complex sensory inputs (AGGLETON 1993; ADOLPHS et a1. 1994) 
thereby providing an important limbic input to the dopamine neurons. The 
central amygdala nucleus is particularly critical in increasing attention during 
unexpected shifts in predictive relationships (NISHIJO et a1. 1988; WILSON and 
ROLLS 1993; GALLAGHER and HOLLAND 1994). The projection from specific 
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subregions of the central nucleus to dorsal and ventral tier cells indicates that 
these subnuclear regions differentially modulate dopamine neurons. Thus, a 
direct limbic input influences the firing of certain dopamine cells that in turn 
project to striatum and cortex. In this way, dopamine is in a pivotal position 
to coordinate the initiation of appropriate responses which are carried out 
through basal ganglia and cortical circuits. 

E. Functional Modulation and Integration Through 
Dopamine Forebrain Pathways 

The dorsal tier neurons are tightly linked with the limbic system. Afferent 
projections to the dorsal tier are from the limbic-related striatum and from 
the central amygdala nucleus. In turn, the dorsal tier innervates the shell and 
core of the striatum, the amygdala, the extended amygdala, and limbic cortex. 
The fact that the dorsal tier neurons do not extend their processes into the 
ventral tier and receive little direct information from dorsal striatonigral path
ways indicates that this cell group is selectively and reciprocally connected 
with limbic structures. However, while the dorsal tier projection to the stria
tum is limited, it projects throughout cortex, placing it in a position to influence 
more than the limbic system through this widespread cortical innervation. 

The ventral tier is divided into two groups. The densocellular region is in 
a unique position of receiving information from both the limbic and associa
tion striatum, and as well as some input from the central nucleus of the 
amygdala. Unlike the dorsal tier, the densocellular cell group projects widely 
throughout the striatum and thus can have a profound influence on all striatal 
output, including the motor system. However, these cells do not send a 
significant projection to cortex. The cell columns are most tightly linked to the 
motor system and are the least influenced by descending fibers from limbic 
and association areas. Furthermore, they do not project to widespread regions 
of striatum or cortex. 

Investigation of the basal ganglia link between motivation and motor out
comes has focused primarily on dopamine pathways of the nucleus accumbens 
(MoGENSON et al. 1980, 1993; GROENEWEGEN et al. 1996). Behavioral studies 
of dopamine pathways have lead to the association of the mesolimbic and 
nigrostriatal pathways with reward and motor activity, respectively. While the 
role of dopamine and reward is well established (WISE and ROMPRE 1989), its 
primary function is to direct attention to important stimuli likely to bring 
about a desired outcome (LJUNGBERG et al. 1992; SCHULTZ et al. 1997). This 
requires processing a complex chain of events beginning with motivation and 
proceeding through cognitive processing that shapes final motor outcomes. 
This sequence is reflected in the complex organization of dopamine connec
tions to the forebrain. Information is channeled through the limbic and 
association regions of cortex and striatum to mediate motor outcome through 
motor regions of striatum and cortex. These cells are influenced by other fore
brain structure, most notably the amygdala. Motor decision-making processes 
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are thus influenced by motivation and cognitive inputs, allowing the animal to 
respond based on information from both internal and external stimuli. 

References 

Adolphs R, Tranel D, Damasio H, Damasio A (1994) Impaired recognition of emotion 
in facial expressions following bilateral damage to the human amygdala. Nature 
372:669-672 

Aggleton JP (1993) The contribution of the amygdala to normal and abnormal 
emotional states. Trends Neurosci 16:328-333 

Afifi AK, Bahuth NB, Kaelber WW, Mikhael E, Nassar S (1974) The cortico-nigral fibre 
tract. An experimental Fink-Heimer study in cats. J Anat 118(3):469-476 

Aggleton Jp, Burton MJ, Passingham RE (1980) Cortical and subcortical afferents to 
the amygdala of the rhesus monkey (Macaca mulatta). Brain Res 190:347-368 

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

Amaral DG, Cowan WM (1980) Subcortical afferents to the hippocampal formation in 
the monkey. J Comp NeuroI189:573-591 

Bjorklund A, Lindvall 0 (1984) Dopamine-containing systems in the CNS. In: 
Bjorklund, Hokfelt (eds) Handbook of Chemical Neuroanatomy, Vol. II: Classical 
Transmitters in the CNS, Part I, pp 55-122. Amsterdam: Elsevier 

Bunney BS, Aghajanian GK (1976) The precise localization of nigral afferents in the 
rat as determined by a retrograde tracing technique. Brain Res 117:423-435 

Carpenter MB, Peter P (1971) Nigrostriatal and nigrothalamic fibers in the rhesus 
monkey. J Comp NeuroI144:93-116 

Carter CJ (1980) Glutamatergic pathways from the medial pre-frontal cortex to the 
anterior striatum, nucleus accumbens and substantia nigra. Brti J Phermacol 70: 
50-51 

Cassell MD, Freedman LJ, Shi C (1999) The Intrinsic Organization of the Central 
Extended Amygdala. Annals of the New York Academy of Sciences 877:217-241 

Cassell MD, Gray TS, Kiss JZ (1986) Neuronal architecture in the rat central nucleus 
of the amygdala: a cytological, hodological, and immunocytochemical study. 
Journal of Comparative Neurology 246(4):478-99 

DeLong MR (1990) Primate models of movement disorders of basal ganglia origin. 
Trends Neurosci 13:281-285 

Deutch AY, Goldstein M, Roth RH (1986) The ascending projections of the dopamin
ergic neurons of the substantia nigra, zona reticulata: a combined retrograde 
tracer-immunohistochemical study. Neuroscience Letters 71:257-263 

Fallon JH (1978) Catecholamine Innervation of the Basal Forebrain. II.Amygdala, 
suprarhinal cortex and entorhinal cortex. J Comp NeuroI180(3):509-532 

Fallon JH, Loughlin SE (1987) Monoamine innervation of cerebral cortex and a theory 
of the role of monoamines in cerebral cortex and basal ganglia. In: Jones EG, 
Peters A (eds) Cerebral Cortex, pp 41-109. Plenum Press 

Fallon JH, Moore RY (1978) Catecholamine innervation of the basal forebrain. IV. 
Topography of the dopamine projections to the basal forebrain and neostriatum. 
J Comp NeuroI180(3):545-580 

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

Flaherty AW, Graybiel AM (1994) Input-output organization of the sensorimotor 
striatum in the squirrel monkey. J Neurosci 14:599-610 

Francois C, Percheron G, Yelnik J (1984) Localization of nigrostriatal, nigrothalamic 
and nigrotectal neurons in ventricular coordinates in macaques. Neuroscience 13, 
No. 1:61-76 



58 S.N. HABER 

Francois C, Percheron G, Yelnik J, Heyner S (1985) A histological atlas of the macaque 
(Macaca mulatta) substantia nigra in ventricular coordinates. Brain Res Bull 
14:349-367 

Freedman LJ, Cassell MD (1994) Distribution of dopaminergic fibers in the central 
division of the extended amygdala of the rat. Brain Research 633(1-2):243-52 

Fuxe K, Hokfelt T, Ungerstedt U (1970) Morphological and Functional Aspects of 
Central Monoamine Neurons. Int Review of Neurobiology 13:93-126 

Gallagher M, Holland PC (1994) The amygdala complex: multiple roles in associative 
learning and attention. Proceedings of the National Academy of Sciences of the 
United States of America 91(25):11771-6 

Gaspar P, Berger B, Febvret A, Vigny A, Henry JP (1989) Catecholamine innervation 
of the human cerebral cortex as revealed by comparative immunohistochemistry 
of tyrosine hydroxylase and dopamine-beta-hydroxylase. J Comp NeuroI279:249-
271 

Gaspar P, Stepneiwska I, Kaas JH (1992) Topography and collateralization of the 
dopaminergic projections to motor and lateral prefrontal cortex in owl monkeys. 
J Comp NeuroI325:1-21 

Gerfen CR, Baimbridge KG, Miller 11 (1985) The neostriatal mosaic: Compartmental 
distribution of calcium-binding protein and parvalbumin in the basal ganglia of 
the rat and monkey. Proc Natl Acad Sci USA 82:8780-8784 

Goldman-Rakic PS (1994) Working memory dysfunction in schizophrenia. J Neu
ropsychiatry Clin Neurosci 6:348-357 

Goldman-Rakic PS, Selemon LD (1986) Topography of corticostriatal projections in 
nonhuman primates and implications for functional parcellation of the neostria
tum. In: Jones EG, Peters A (eds) Cerebral Cortex Vol. 5, pp 447--466. New York: 
Plenum Publishing Corporation 

Gonzales C, Chesselet M-F (1990) Amygdalonigral Pathway: An anterograde study 
in the rat with phaseolus vulgaris leucoagglutinin. J Comp Neurol 297:182-
200 

Groenewegen HJ, Berendse HW (1994a) Anatomical relationships between the 
prefrontal cortex and the basal ganglia in the rat In: A-M. T (ed) Motor and 
Cognitive Functions of the Prefrontal Cortex, pp 51-77. Berlin Heidelberg: 
Springer-Verlag 

Groenewegen HJ, Berendse HW (1994b) The specificity of the "nonspecific" midline 
and intralaminar thalamic nuclei. Trends Neurosci 17:50 

Groenewegen HJ, Wright CI, Beijer AVJ (1996) The nucleus accumbens: gateway 
for limbic structures to reach the motor system? In: Holstege G, Bandler R, Saper 
CP (eds) Progress in Brain Research, pp 485-511: Elsevier Science 

Groenewegen HJ, Wright CI, Uylings HB (1997) The anatomical relationships of 
the prefrontal cortex with limbic structures and the basal ganglia. Journal of 
Psychopharmacology 11(2):99-106 

Haber SN, Fudge JL (1997) The primate substantia nigra and VTA: Integrative 
circuitry and function. Crit Rev Neurobiol11( 4):323-342 

Haber SN, Fudge JL, McFarland N (2000) Striatonigrostriatal pathways in primates 
form an ascending spiral from the shell to the dorsolateral striatum. J Neurosci 
20(6):2369-2382 

Haber SN, Kunishio K, Mizobuchi M, Lynd-Balta E (1995a) The orbital and medial 
prefrontal circuit through the primate basal ganglia. J Neurosci 15:4851--4867 

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

Haber SN, McFarland NR (1999) The concept of the ventral striatum in nonhuman 
primates. In: McGinty JF (ed) Advancing from the ventral striatum to the 
extended amygdala, pp 33-48. New York: The New York Academy of Sciences 

Haber SN, Ryoo H, Cox C, Lu W (1995b) Subsets of midbrain dopaminergic neurons 
in monkeys are distinguished by different levels of mRNA for the dopamine trans-



The Place of Dopamine Neurons 59 

porter: Comparison with the mRNA for the D2 receptor, tyrosine hydroxylase and 
calbindin immunoreactivity. J Comp Neurol 362:400---410 

Halliday GM, Tork I (1986) Comparative anatomy of the ventromedial mesencephalic 
tegmentum in the rat, cat, monkey and human. J Comp Neurol 252:423-445 

Hedreen JC, DeLong MR (1991) Organization of striatopallidal, striatonigal, and 
nigrostriatal projections in the Macaque. J Comp NeuroI304:569-595 

Heimer L, Alheid GF, de Olmos JS, Groenewegen HJ, Haber SN, Harlan RE, Zahm 
DS (1997) The Accumbens: Beyond the core-shell dichotomy. J Neuropsychiatry 
Clin Neurosci 9 (3):354--381 

Heimer L, de Olmos J, Alheid GF, Zaborszky L (1991) "Perestroika" in the basal fore
brain: Opening the border between neurology and psychiatry. In: Holstege G (ed) 
Progress in Brain Research, Vol. 87, pp 109-165: Elsevier Science Publishers 

Heimer L, Switzer RD, Van Hoesen GW (1982) Ventral striatum and ventral pallidum. 
Components of the motor system? Trends Neurosci Vol. 5:83-87 

Hirsch EC, Mouatt A, Thomasset M, Javoy-Agid F, Agid Y, Graybiel AM (1992) 
Expression of calbindin D28dike immunoreactivity in catecholaminergic cell 
groups of the human midbrain: normal distribution and distribution in Parkinson's 
disease. Neurodegeneration 1:83-93 

Hokfelt T, Martensson R, Bjorklund A, Kleinau S, Goldstein M (1984) Distributional 
maps of tyrosine-hydroxylase immunoreactive neurons in the rat brain. In: 
Bjorklund A, Hokfelt T (eds) Handbook of Chemical Neuroanatomy, Vol. II: 
Classical Neurotransmitters in the CNS, Part I, pp 277-379. Amsterdam: Elsevier 

Hopkins DA (1975) Amygdalotegmental projections in the rat, cat, and rhesus monkey. 
Neuroscience Letters 1:263-270 

Johnson TN, Rosvold HE (1971) Topographic projections on the globus pallidus and 
the substantia nigra of selectively placed lesions in the precommissural caudate 
nucleus and putamen in the monkey. Exp Neurol 33:584-596 

Kalivas PW, Churchill L, Klitenick MA (1993) The Circuitry Mediating the Translation 
of Motivational Stimuli into Adaptive Motor Responses. In: Kalivas PW, Barnes 
CD (eds) Limbic Motor Circuits and Neuropsychiatry, pp 237-275. Boca Raton: 
CRC Press, Inc 

Kerkerian L, Nieoullon A, Dusticier N (1983) Topographic changes in high-affinity 
glutamate uptake in the cat red nucleus, substantia nigra, thalamus, and caudate 
nucleus after lesions of sensorimotor cortical areas. Experimental Neurology 
81(3):598-612 

Kimura M (1990) Behaviorally contingent property of movement-related activity of 
the primate putamen. J Neurophysio163:1277-1296 

Koob GF, Nestler EJ (1997) The Neurobiology of Drug Addiction. The Journal of 
Neuropsychiatry and Clinical Neurosciences 9:482-497 

Kornhuber J (1984) The cortico-nigral projection: reduced glutamate content in the 
substantia nigra following frontal cortex ablation in the rat. Brain Res 322:124-126 

Krettek JE, Price JL (1978) Amygdaloid projections to subcortical structures within 
the basal forebrain and brainstem in the rat and cat. J Comp Neurol178:225-254 

Ktinzle H (1975) Bilateral projections from precentral motor cortex to the putamen 
and other parts of the basal ganglia. An autoradiographic study in Macaca fascic
ularis. Brain Res 88:195-209 

Ktinzle H (1978) An autoradiographic analysis of the efferent connections from pre
motor and adjacent prefrontal regions (areas 6 and 9) in Macaca fascicularis. Brain 
Behav Evol 15:185-234 

Lavoie B, Parent A (1991) Dopaminergic neurons expressing calbindin in normal and 
parkinsonian monkeys. Neuroreport 2, No. 10:601-604 

Leichnetz GR, Astruc J (1976) The efferent projections of the medial prefrontal cortex 
in the squirrel monkey (Saimiri sciureus). Brain Research 109(3):455-472 

Levitt P, Rakic P, Goldman-Rakic P (1984) Region-specific distribution of cat 
cholamine afferents in primate cerebral cortex: A fluorescence histochemical 
analysis. J Comp Neurol 227:23-36 



60 S.N. HABER 

Lewis DA, Campbell MJ, Foote SL, Goldstein M, Morrison JH (1987) The distribution 
of tyrosine hydroxylase-immunoreactive fibers in primate neocortex is widespread 
but regionally specific. J Neurosci 7(1):279-290 

Lidow MS, Goldman-Rakic PS, Gallager DW, Rakic P (1991) Distribution of dopamin
ergic receptors in the primate cerebral cortex: quantitative autoradiographic 
analysis using [3H] raclopride, [3H] spiperone and [3H]sch23390. Neuroscience 40, 
No. 3:657-671 

Liles SL, Updyke BV (1985) Projection of the digit and wrist area of precentral gyrus 
to the putamen: relation between topography and physiological properties of 
neurons in the putamen. Brain Res 339:245-255 

Ljungberg T, Apicella P, Schultz W (1992) Responses of monkey dopamine neurons 
during learning of behavioral reactions. J Neurophysiol 67(1):145-163 

Lynd-Balta E, Haber SN (1994a) The organization of midbrain projections to the 
striatum in the primate: Sensorimotor-related striatum versus ventral striatum. 
Neuroscience 59:625-640 

Lynd-Balta E, Haber SN (1994b) Primate striatonigral projections: A comparison of 
the sensorimotor-related striatum and the ventral striatum. J Comp Neurol 343: 
1-17 

McRitchie DA, Halliday GM (1995) Calbindin D28K-containing neurons are restricted 
to the medial substantia nigra in humans. Neuroscience 65:87-91 

Mehler WR (1980) Subcortical afferent connections of the amygdala in the monkey. 
J Comp NeuroI190:733-762 

Meredith GE, Pattiselanno A, Groenewegen HJ, Haber SN (1996) Shell and core in 
monkey and human nucleus accumbens identified with antibodies to calbindin
D28 k. J Comp Neurol 365:628-639 

Mogenson GJ, Brudzynski SM, Wu M, Yang CR, Yim CCY (1993) From motivation to 
action: A review of dopaminergic regulation of limbic-nucleus accumbens-pedun
culopontine nucleus circuitries involved in limbic-motor integration. In: Kalivas 
PW, Barnes CD (eds) Limbic Motor Circuits and Neuropsychiatry, pp 193-236. 
Boca Raton: CRC Press 

Mogenson GJ, Jones DL, Yim CY (1980) From motivation to action: Functional 
interface between the limbic system and the motor system. Prog NeurobioI14:69-
97 

Nauta WJH, Domesick VB (1978) Crossroads of limbic and striatal circuitry: 
hypothalamic-nigral connections. In: Livingston KE, Hornykiewicz 0 (eds) Limbic 
Mechanisms, pp 75-93. New York: Plenum Publishing Corp 

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

Nishijo H, Ono T, Nishino H (1988) Single neuron responses in amygdala of alert 
monkey during complex sensory stimulation with affective significance. J Neurosci 
8:3570-3583 

Norita M, Kawamura K (1980) Subcortical afferents to the monkey amygdala: an HRP 
study. Brain Res 190:225-230 

Olszewski J, Baxter D (1954) Cytoarchitecture of the Human Brain Stem. Basil: S. 
Karger 

Parent A, Bouchard C, Smith Y (1984) The striatopallidal and striatonigral projections: 
two distinct fiber systems in primate. Brain Res 303:385-390 

Parent A, Hazrati L-N (1994) Multiple striatal representation in primate substantia 
nigra. J Comp Neurol 344:305-320 

Parent A, Lavoie B (1993) The heterogeneity of the meso striatal dopaminergic system 
as revealed in normal and Parkinsonian monkeys. Adv NeuroI60:25-20 

Parent A, Mackey A, De Bellefeuille L (1983) The subcortical afferents to caudate 
nucleus and putamen in primate: a fluorescence retrograde double labeling study. 
Neuroscience 10(4):1137-1150 

Pearson J, Goldstein M, Brandeis L (1979) Tyrosine hydroxylase immunohisto
chemistry in human brain. Brain Res 165:333-337 



The Place of Dopamine Neurons 61 

Poirier LJ, Giguere M, Marchand R (1983) Comparative morphology of the substan
tia nigra and ventral tegmental area in the monkey, cat and rat. Brain Res Bull 
11:371-397 

Porrino LJ, Goldman-Rakic PS (1982) Brainstem innervation of prefronal and ante
rior cingulate cortex in the rhesus monkey revealed by retrograde transport of 
HRP. J Comp NeuroI205:63-76 

Price JL, Amaral DG (1981) An autoradiographic study of the projections of the 
central nucleus of the monkey amygdala. J Neurosci 1:1242-1259 

Rolls ET, Burton MJ, Mora F (1980) Neurophysiological analysis of brain-stimulation 
reward in the monkey. Brain Research 194:339-357 

Sadikot AF, Parent A (1990) The monoaminergic innervation of the amygdala in the 
squirrel monkey: an immunohistochemical study. Neuroscience 36:431-447 

Samson Y, Wu JJ, Friedman AH, Davis IN (1990) Catecholaminergic innervation of the 
hippocampus in the cynomolgus monkey. J Comp NeuroI298:250-263 

Schultz W, Dayan P, Montague PR (1997) A neural substrate of prediction and reward. 
[Review] [37 refs]. Science 275:1593-1599 

Schultz W, Romo R, Ljungberg T, Mirenowicz J, Hollerman JR, Dickinson A (1995) 
Reward-related signals carried by dopamine neurons. In: Houk JC, Davis JL, 
Beiser DG (eds) Models of Information Processing in the Basal Ganglia, pp 
233-248: Cambridge: MIT Press 

Selemon LD, Goldman-Rakic PS (1985) Longitudinal topography and interdigitation 
of corticostriatal projections in the rhesus monkey. J Neurosci 5:776-794 

Selemon LD, Goldman-Rakic PS (1990) Topographic intermingling of striatonigral and 
striatopallidal neurons in the rhesus monkey. J Comp Neurol 297:359-376 

Sesack SR, Deutch AY, Roth RH, Bunney BS (1989) Topographical organization of 
the efferent projections of the medial prefrontal cortex in the rat: an anterograde 
tract-tracing study with Phaseolus vulgaris leucoagglutinin. Journal Of Compara
tive Neurology 290:213-242 

Sesack SR, Hawrylak VA, Me1chitzky DS, Lewis DA (1998) Dopamine innervation of 
a subclass of local circuit neurons in monkey prefrontal cortex: ultrastructural 
analysis of tyrosine hydroxylase and parvalbumin immunoreactive structures. 
Cerebral Cortex 8(7):614-22 

Smith Y, Parent A (1986) Differential connections of the caudate nucleus and putamen 
in the squirrel monkey (Saimiri sciureus). Neuroscience 18(2):347-371 

Somogyi P, Bolam JP, Totterdell S, Smith AD (1981) Monosynaptic input from the 
nucleus accumbens-ventral striatum region to retrogradely labelled nigrostriatal 
neurones. Brain Res 217:245-263 

Szabo J (1967) The efferent projections of the putamen in the monkey. Exp Neurol 
19:463-476 

Szabo J (1970) Projections from the body of the caudate nucleus in the rhesus monkey. 
Exp NeuroI27:1-15 

Szabo J (1979) Cellular and synaptic organization of basal ganglia. Appl Neuro
physiol 42:9-12 

Szabo J (1980) Organization of the ascending striatal afferents in monkeys. J Comp 
NeuroI189:307-321 

Ungerstedt U (1971) Stereotaxic mapping of the monoamine pathways in the rat brain. 
Acta Physiol Scand 367:153-174 

Usunoff KG, Romansky KV, Malinov GB, Ivanov DP, Blagov ZA, Galabov GP (1982) 
Electron microscopic evidence for the existence of a corticonigral tract in the cat. 
Journal fur Hirnforschung 23(1):23-9 

Verney C, Milosevic A, Alvarex C, Berger B (1993) Immunocytochemical evidence of 
well-developed dopaminergic and noradernergic innervations in the frontal cere
bral cortex of human fetuses at midgestation. J Comp NeuroI336:331-344 

Voorn P, Brady LS, Berendse HW, Richfield EK (1996) Densitometrical analysis of 
opioid receptor ligand binding in the human striatum -I. Distribution of /l opioid 
receptor defines shell and core of the ventral striatum. Neuroscience 75:777-792 



62 S.N. HABER: The Place of Dopamine Neurons 

Wilson FA, Rolls ET (1993) The effects of stimulus novelty and familiarity on neuronal 
activity in the amygdala of monkeys performing recognition memory tasks. 
Experimental Brain Research 93(3):367-82 

Wise RA, Rompre PP (1989) Brain dopamine and reward. Annual Review of 
Psychology 40:191-225 

Wright CI, Groenewegen HJ (1996) Patterns of overlap and segregation between 
insular cortical, intermediodorsal thalamic and basal amygdaliod afferents in the 
nucleus accumbens of the rat. Neuroscience 73:359-373 

Yamaguchi S, Kobayashi S (1998) Contributions of the dopaminergic system to volun
tary and automatic orienting of visuospatial attention. Journal Of Neuroscience 
18:1869-1878 

Zaborszky L, Alheid GF, Beinfeld MC, Eiden LE, Heimer L, Palkovits M (1985) 
Cholecystokinin innervation of the ventral striatum: A morphological and 
radioimmunological study. Neuroscience 14, No. 2:427-453 

Zahm DS, Brog JS (1992) On the significance of subterritories in the "accumbens" part 
of the rat ventral striatum. Neuroscience 50, No. 4:751-767 



CHAPTER 4 

Synaptology of Dopamine Neurons 

S.R. SESACK 

A. Introduction 
Central dopamine (DA) neurons comprise several cell groups whose long 
range and local projections modulate neuronal systems mediating voluntary 
motor control, autonomic function, reproductive behavior, light/dark adapta
tion, and cognitive processes such as reward learning and working memory. 
The synaptology of DA cells reflects the richness of these diverse functions by 
exhibiting a continuum of morphological specializations that ranges from com
plete absence of synaptic connections to highly specific synapses onto selective 
dendritic compartments of target neurons. In addition to this diversity, certain 
common themes emerge from an examination of DA synaptology in various 
brain regions. For example, one of the most common synapses reported for DA 
nerve fibers is onto distal targets, such as spines or small-caliber dendrites in the 
immediate vicinity of convergent synaptic inputs from non-DA terminals. Such 
convergence suggests an anatomical substrate for DA modulation of afferent 
drive, as documented in electrophysiological studies of DA systems (MANTZ 
et al. 1988; CEPEDA and LEVINE 1998). Another common observation is the 
absence of identifiable DA synapses at particular sites where physiological 
studies suggest that DA mediates important regulatory control, or even at sites 
known to express DA receptors. Such findings have argued for the mediation 
of DA actions through non-synaptic mechanisms, sometimes referred to as 
volume transmission (GRACE 1991; GONON 1997; ZOLI et al. 1998). 

This chapter extends previous reviews on the ultrastructure of DA 
neurons in the rodent (PICKEL and SESACK 1999) and primate (LEWIS and 
SESACK 1997) by focusing on the architectural variability expressed by DA 
axons both within and across regions. The review is intended for a varied 
audience, including those (1) seeking a critical evaluation of the methods 
used to study DA synaptology, (2) desiring a current synopsis of DA synaptic 
connections within various brain regions, and (3) interested in the functional 
implications of DA synaptology, including the extent to which this transmitter 
may communicate via non-conventional means. The chapter thus begins with 
a description of the methodology used for identification of synapses formed 
by DA neurons and the general morphological features exhibited by these 
processes and synapses. Then, current knowledge regarding DA synaptology 
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within various brain regions is catalogued. All of the DA projection cells are 
reviewed, and retinal DA neurons are included as a specific example of DA 
cells that are local circuit neurons. Following the review of regional synaptol
ogy, the evidence for a continuum of DA synaptic architecture is integrated 
with findings regarding the localization of DA transporter and receptor 
proteins. It is then argued that the available anatomical and physiological 
data indicate that DA transmission occurs via a synaptic mode as well as a 
parasynaptic mode (para synaptic terminology according to SCHMITI 1984; see 
Sect. D.Il, this chapter). The specific structural components that may support 
one or both of these modes are discussed, along with the assertion that 
structural variability is dictated by the specific functions required. 

B. Methods for Ultrastructural Labeling of DA Axons 

I. Uptake of DA Analogs or Radiolabeled DA 

Autoradiographic detection of radio labeled DA uptake was among the first 
methods used to localize DA axons and varicosities (DESCARRIES et al. 1980; 
DOUCET et al. 1986,1988). In brain regions lacking other monoamines, this can 
be an effective marker of DA axons. However, norepinephrine (NE) fibers 
also avidly take up DA, and uptake has also been reported in serotonin 
(5-HT) fibers. To some extent, these limitations can be resolved by the use 
of selective uptake inhibitors (DOUCET et al. 1986,1988). However, an uptake 
barrier has also been described in areas like the striatum, where the tight 
packing of DA axons can limit the diffusion of radio labeled DA (DOUCET et 
al. 1986). Finally, there are issues regarding the resolution of the autoradi
ographic signal, which is not always localized precisely to the site of emission, 
although accumulation of multiple silver grains reasonably guarantees the 
specific labeling of underlying processes. Thus, this method is still utilized for 
quantitative studies (DESCARRIES et al. 1996). 

The false transmitter, 5-hydroxydopamine is applied to brain slices or 
injected into the lateral ventricle and subsequently taken up into monoamine 
neurons. It is visualized by precipitation with glutaraldehyde and oxidation by 
osmium tetroxide (GROVES 1980). There is some question as to the specificity 
of this method for labeling monoamine axons. For example, in initial studies 
of the striatum, most of the labeled profiles were reported to form synapses 
that are now known to be atypical of DA processes (GROVES 1980; see 
Sect. C.U, this chapter). However, the utility of this technique has been 
improved by recent observations that presumed monoamine axons label 
heavily with reaction product, while sparsely labeled profiles are likely to 
represent non-monoamine fibers (GROVES et al. 1994). Nevertheless, 5-
hydroxy dopamine uptake cannot distinguish between the various monoa
mine axons. Furthermore, early degenerative changes characteristic of 
toxicity have been noted in some 5-hydroxydopamine-Iabeled profiles 
(GROVES et al. 1994). 
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II. Tract-Tracing 

Anterograde tract-tracing from cells of origin can also be used to identify 
the synaptic connections of DA axons. However, the main problem with this 
approach is the need to identify the DA phenotype of the axons labeled with 
tracer; often such dual labeling is not performed. Moreover, the characteris
tics of the specific tracers used may cause more or less labeling of non-DA 
axons. For example, use of radiolabeled amino acids for anterograde transport 
is complicated by uncertainty in defining the injection-site boundaries. Amino 
acids can also be transported transneuronally, making it difficult to define the 
source of labeled axons observed in the electron microscope (EDWARDS and 
HENDRICKSON 1981). Use of biotinylated dextran amine is limited by the fact 
that it can also be transported retrogradely, with subsequent labeling of axon 
collaterals of retrogradely labeled neurons (PARE and SMITH 1996). 

Use of anterograde degeneration to trace DA projections is perhaps the 
least-specific method of identification. Physical destruction of DA cell bodies 
cannot be performed without damage to non-DA neurons and processes, 
including fibers of passage. This problem is alleviated to some extent by the 
use of selective neurotoxins. However, loss of DA and other monoamines can 
cause significant synaptic reorganization within target structures that includes 
degeneration of non-DA elements. For example, use of 6-hydroxydopamine to 
lesion the striatal DA innervation causes reorganization of spiny dendrites and 
their synaptic inputs that is not confined to DA axons (INGHAM et al. 1998). 
Nevertheless, some laboratories have made use of subtle, early morphological 
changes after neurotoxin lesion (for a review, see ZABORSKY et al. 1979) or have 
combined lesion-induced degeneration with immunocytochemistry (HORVATH 
et al. 1993) to improve the identification of probable DA axons. 

III. Immunocytochemistry 

The bulk of evidence for the synaptology of DA neurons comes from immuno
cytochemical studies. The use of highly selective antibodies allows identifica
tion of DA itself, its synthetic enzyme, tyrosine hydroxylase (TH), and its 
receptors and transporters. Immunocytochemistry also presents certain limi
tations (for a review, see LERANTH and PICKEL 1989), the most serious of which 
are the possibility of crossreaction with undesired antigens and non-specific 
binding of antibodies. The careful selection and characterization of antibodies 
and the use of appropriate blocking methods can usually minimize these prob
lems. However, many antigens are sensitive to the conditions of tissue fixation 
that are essential for electron microscopic visualization of brain tissue. More
over, the large size of antibodies limits their penetration. The methods used to 
enhance penetration (cycles of freezing and thawing or addition of detergent) 
can damage ultrastructure if excessive. Thus, immunoelectron microscopic 
studies are restricted to examinations of the outer surface of tissue, and 
even here, false-negative results can be expected (DESCARRIES et al. 1996). 
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Nevertheless, immunocytochemical methods are advantageous because of 
their flexibility and excellent specificity for particular antigens. In this chapter, 
we will emphasize the results obtained with immunocytochemical methods. 
However, the findings from other methods are included where appropriate. 

While immunoreactivity for DA ought to be the preferred method for 
studying DA synaptology, most available DA antibodies work only in tissue 
fixed with high glutaraldehyde concentrations, a condition incompatible 
with the localization of many other antigens. Thus, many single-label, but few 
double-label studies utilize these antibodies. Conversely, TH antibodies offer 
considerable advantage for labeling of DA axons because they perform 
optimally in many different fixation conditions. By direct comparison with 
immunolabeling for dopamine-~-hydroxylase (DBH), DA, or the dopamine 
transporter (DAT), TH immunoreactivity has often been found to distinctly 
label DA as opposed to NE axons, particularly in the cortex (GASPAR et al. 
1989; NOACK and LEWIS 1989; LEWIS and SESACK 1997), but also in other brain 
regions (LINDVALL and BH)RKLUND 1978; VERNEY et al. 1987; ASAN 1993,1998). 
The evidence to support this selective immunolabeling of DA axons by TH 
antisera has been extensively reviewed in the past (ASAN 1993, 1998; LEWIS 
and SESACK 1997) and will not be elaborated here. In addition, it should be 
noted that several studies directly comparing DA- and TH-immunoreactive 
profiles, have reported no significant differences in synaptology (GOLDMAN
RAKIC et al. 1989; TOTIERDELL and SMITH 1989; VERNEY et al. 1990; SESACK et 
al. 1995c; KARLE et al. 1996). Nevertheless, it is important to note that TH 
immunoreactivity cannot always be assumed to represent DA axons (GASPAR 
et al. 1989), particularly in regions where the DA innervation overlaps with 
dense NE or adrenergic afferents (LERANTH et al. 1988; ASAN 1998). 

Immunostaining for the DAT is also an appropriate marker for DA axons 
in the striatum and nucleus accumbens, where its distribution closely matches 
that seen with DA or TH immunoreactivity (NIRENBERG et al. 1996b; HERSCH 
et al. 1997; NIRENBERG et al. 1997b; SESACK et al. 1998b). However, many DA 
axons in the rat cortex, particularly the prelimbic prefrontal cortex, appear to 
lack appreciable DAT protein (SESACK et al. 1998b). Thus, this marker is not 
useful for studying the synaptology of DA axons in some cortical regions and 
perhaps in other brain areas such as the hypothalamus and retina, where DAT 
levels are reportedly low (CERRUTI et al. 1993; LORANG et al. 1994). 

IV. General Morphology and Synaptology 

Using any of the above methods, DA axons have typically been found to be 
thin (0.1-0.3llm; ARLUISON et al. 1984; SMILEY and GOLDMAN-RAKIC 1993b; 
GROVES et al. 1994; ASAN 1997b) and usually, though not always, unmyelinated. 
They give rise to varicosities whose small size (O.3-1.5Ilm; PICKEL et al. 1981; 
ONTENIENTE et al. 1984; SEGUELA et al. 1988; SMILEY and GOLDMAN-RAKIC 
1993b; DESCARRIES et al. 1996; ASAN 1997b) makes it sometimes difficult to 
define the limits of the varicose portion of DA axons (PICKEL et al. 1981; 
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FREUND et al. 1984; SMILEY and GOLDMAN-RAKIC 1993a; GROVES et al. 1994; 
HANLEY and BOLAM 1997; KUNG et al. 1998). In other instances, DA fibers 
possess large, well-defined varicosities (ARLUISON et al. 1984; ONTENIENTE et 
al. 1984; GROVES et al. 1994; DESCARRIES et al. 1996; ASAN 1997b). In the retina, 
DA fibers have features of both axons and dendrites (KOLB et al. 1990) and 
differ substantially from the axons of midbrain and diencephalic DA neurons. 
The vesicles contained in DA fibers are primarily small with clear centers; 
dense-cored vesicles are sometimes also observed, particularly within limbic 
and cortical regions (ONTENIENTE et al. 1984; VAN EDEN et al. 1987; SEGUELA 
et al. 1988; PHELIX et al. 1992; SMILEY et al. 1992; SMILEY and GOLDMAN-RAKIC 
1993a; SMILEY and GOLDMAN-RAKIC 1993b; ASAN 1997b). Peptides localized to 
these dense-cored vesicles typically include cholecystokinin or neurotensin 
(IBATA et al. 1983; LOOPUIJT and VAN DER Kooy 1985; BAYER et al. 1991a,b). 

In most cases, DA axons form en passant synapses that are small, punc
tate junctions with parallel apposed membranes, a cleft that is only slightly 
widened, and intracleft dense material (PICKEL et al. 1981; BUIJS et al. 1984; 
HOKOC and MARIANI 1987; LERANTH et al. 1988; SEGUELA et al. 1988; GROVES 
et al. 1994; DESCARRIES et al. 1996; ANTONOPOULOS et al. 1997; ASAN 1997b; 
RODRIGO et al. 1998). In keeping with their symmetric (Gray's type II; GRAY 
1959) morphology, a postsynaptic thickening is often absent, which makes 
these specializations difficult to recognize when morphology is compromised 
or presynaptic immunolabeling is dense. Recognition of DA synapses is also 
limited by their small size and low probability of being detected in single 
sections (GROVES et al. 1994; DESCARRIES and UMBRIACO 1995; DESCARRIES et 
al. 1996), as well as the fact that synapses can be formed by intervaricose as 
well as varicose portions of DA axons (PICKEL et al. 1981; FREUND et al. 1984; 
PICKEL et al. 1988b; GROVES et al. 1994; SMITH et al. 1994; HANLEY and BOLAM 
1997; KUNG et al. 1998). Occasionally, DA varicosities make asymmetric 
synapses with prominent postsynaptic densities (Gray's type I; GRAY 1959), 
although the frequency with which this occurs depends on the region and 
species examined (see below). 

c. Regional Observations of DA Synaptology 
I. Striatum: Dorsal Caudate and Putamen Nuclei 

The DA nigrostriatal pathway provides a crucial modulatory influence on 
basal ganglia function that facilitates adaptive movement control. Numerous 
studies have described the DA neurons in the substantia nigra (SN) and 
ventral tegmental area (VTA) that project to the striatum and other forebrain 
targets in rodent and primate, as well as the distribution of DA fibers within 
the striatal complex. The reader is referred to primary and review articles on 
these subjects (FALLON and MOORE 1978; LINDVALL and BJORKLUND 1978; 
SWANSON 1982; BJORKLUND and LINDVALL 1984; OADES and HALLIDAY 1987; 
LAVOIE et al. 1989; FALLON and LOUGHLIN 1995; LEWIS and SESACK 1997). For 
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clarity, the ventral portion of the striatum (nucleus accumbens) will be pre
sented separately, as the morphology and synaptology of DA axons in this 
region differs somewhat from the more dorsal caudate and putamen nuclei. 

1. Ultrastructural Morphology 

The initial studies of presumed DA axons in the striatum were performed in 
the rat using uptake of radiolabeled DA or 5-hydroxydopamine (TENNYSON et 
al. 1974; ARLUISON et al. 1978; DESCARRIES et al. 1980; GROVES 1980; DOUCET 
et al. 1986). Transport into NE fibers should be a low probability event in this 
region, although uptake by 5-HT axons is a possibility, particularly in the 
ventral striatum (VAN BOCKSTAELE and PICKEL 1993). Moreover, these early 
studies suffered from problems of specificity and difficulty in identifying 
synapses. A more recent comparison of radiolabeled DA uptake with immuno
cytochemistry for DA is described below (DESCARRIES et al. 1996), as is a 
detailed, corrected analysis of 5-hydroxydopamine uptake (GRovES et al. 
1994). 

Surprisingly few studies have examined the nigrostriatal projection by 
anterograde tract-tracing. In one investigation, transport of radiolabeled 
amino acids and degeneration induced by 6-hydroxydopamine were used to 
examine this pathway (HATTORI et al. 1991). In both cases, terminals forming 
asymmetric axospinous synapses were prevalent, although symmetric synapses 
were also seen. These results are at variance with the findings from studies 
using other labeling methods. Furthermore, as mentioned previously, neither 
of the techniques used is selective for labeling DA axons, suggesting that the 
striatal collaterals of non-DA neurons contributed to the results. The argument 
put forth that DA axons branch and give rise to collaterals with separate 
morphology and transmitter phenotype (HATTORI et al. 1991) is not com
pelling, because evidence that the asymmetric morphology originates from DA 
neurons is lacking. 

In a more recent investigation (HANLEY and BOLAM 1997), the DA 
innervation to the patch versus matrix compartments (GERFEN 1992) of the 
rat striatum was examined by both anterograde transport and TH immunocy
tochemistry. This elegant study reported no differences in any measure of size, 
synapse type, or target structure for profiles labeled by either method. Thus, 
even though the DA projection to these two compartments originates from 
different nigral neurons, and the compartments differ in their afferents and 
neurochemistry, the observed synaptology of the resident DA axons is 
virtually identical. This investigation also provided evidence for a non-DA 
nigrostriatal projection with y-aminobutyric acid (GABA) phenotype that is 
directed solely to the matrix compartment (HANLEY and BOLAM 1997; see also 
RODRFGUEZ and GONZALEZ-HERNANDEZ 1999). 

The first full immunocytochemical study of the striatal DA innervation 
was published in 1981 (PICKEL et al. 1981), and since that time, numerous 
immunolabeling studies have described the morphology and synaptology of 
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DA axons in the rat (ARLUISON et al. 1984; BOUYER et al. 1984b; FREUND et al. 
1984; DECAVEL et al. 1987b; ZAHM 1992; DESCARRIES et al. 1996; HANLEY and 
BOLAM 1997), mouse (TRIARHOU et al. 1988), bird (KARLE et al. 1996), lizard 
(HENSELMANS and WOUTERLOOD 1994), monkey (SMILEY and GOLDMAN-RAKIC 
1993b; SMITH et al. 1994), and, most recently, human (KUNG et al. 1998). Most 
of these studies have utilized antibodies against TH, since the striatum receives 
little NE input. Data from studies using antibodies directed against DA 
(HENSELMANS and WOUTERLOOD 1994; DESCARRIES et al. 1996; KARLE et al. 
1996) or the DAT (NIRENBERG et al. 1996b; HERSCH et al. 1997) largely confirm 
the results with TH immunoreactivity, and in general, there is considerable 
agreement among the various studies regarding the morphology of DA axons 
and synapses. Striatal DA axons are small (0.1-0.3 11m) and unmyelinated and 
give rise to varicosities (0.15-1.5 11m) containing almost exclusively small clear 
vesicles. Dense-cored vesicles have been described only rarely in this region. 
In the human, striatal DA axons are slightly larger and occasionally myeli
nated (KUNG et al. 1998). DA varicosities have been estimated to comprise 
15%-21 % of the axon terminals in the rat striatum (PICKEL et al. 1981; 
ARLUISON et al. 1984; KARLE et al. 1996) and 16% of the synapses in the human 
striatum (KUNG et al. 1998). Significant intrastriatal regional differences 
have not been observed (PICKEL et al. 1981; ARLUISON et al. 1984; KARLE et al. 
1996; HANLEY and BOLAM 1997), even between the human caudate and 
putamen nuclei (KUNG et al. 1998). 

2. Synaptic Incidence, Synapse Types, and General Targets 

The incidence with which DA striatal axons form synapses remains contro
versial. In studies reporting synaptic frequency from analysis of varicosities in 
single sections, the results vary considerably: 12%-30% in rats (ARLUISON et 
al. 1984; DESCARRIES et al. 1996),24% in mice (TRIARHOU et al. 1988),49% in 
birds (KARLE et al. 1996), 18% in lizards (HENSELMANS and WOUTERLOOD 
1994), and 11 % in humans (KUNG et al. 1998). The small length (i.e., diame
ter) of DA synapses is estimated at 0.21-0.27llm (mean synaptic area of 
0.039Ilm2) in rodent and human (GROVES et al. 1994; DESCARRIES et al. 1996; 
KUNG et al. 1998), suggesting that many DA synapses will be out of the plane 
of single sections. However, by serial section analysis, the reported frequency 
of DA synapses also varies. In the primate, the estimated synaptic frequency 
is nearly 100%, although only a small number of vesicle-containing profiles 
were examined in that study (SMITH et al. 1994). In an extensive evaluation 
of this question in the rat, DESCARRIES has estimated that DA varicosities 
identified either by radiolabeled DA uptake or DA immunocytochemistry 
form synapses 35%-40% of the time, whether calculated by extrapolation 
from single sections or full serial reconstruction (DESCARRIES et al. 1996). 

An important contribution to this debate was provided by Groves, who 
re-examined material labeled by 5-hydroxydopamine uptake to identify prob
able DA axons and to reconstruct long portions of these fibers from serial 
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sections (GROVES et al. 1994). While some of these axons are alternatingly 
thin and varicose, many DA axons maintain a nearly constant, small diameter 
throughout. Moreover, these axons clearly form synapses along their inter
varicose segments, with no obvious preference for synapse formation at the 
varicosities. Similar observations had been suggested previously based on TH
immunocytochemistry (PICKEL et al. 1981; FREUND et al. 1984). The significance 
of these observations is that they call into question the custom of defining 
synaptic incidence per varicosity (see Sect. D.Il, this chapter). Thus, there 
appears to be consensus that the varicose portions of DA axons do not always 
form synapses (PICKEL et al. 1981; FREUND et al. 1984; GROVES et al. 1994; 
DESCARRIES et al. 1996). However, regarding synapse formation along 
intervaricose segments of DA axons, DESCARRIES reportedly observed few such 
occurrences, while PICKEL, FREUND, and GROVES describe them as frequent 
events. The reasons for this discrepancy are unclear, although differences in 
the methods used for labeling DA axons and bias in the selection of profiles 
for measurement are possible contributors. Others have verified in human and 
non-human primates that DA axons form synapses along intervaricose 
segments (SMITH et al. 1994; KUNG et al. 1998), suggesting that a focus on 
varicosities as preferential sites of synapse formation may be unfounded 
(see Sect. D.Il, this chapter), at least in the striatum. 

By all recent accounts, striatal DA synapses are almost exclusively 
symmetric, regardless of the species or region of striatum examined. The rare 
occurrence of asymmetric DA synapses in the striatum varies from 0%-9% in 
different studies (Table 1). The vast majority of DA synapses target the spines 
and shafts of striatal dendrites, with only a few synapses formed on perikarya. 
Other DA axons are closely apposed to somal membranes without synapsing. 
The estimated frequency of spine versus shaft synapses varies considerably 
between studies (Table 1) for reasons that are unclear, beyond the obvious 
issue of sampling bias. The diameter of the DA axon and the area of the DA 
synapse are both smaller when the target structure is a spine compared to a 
dendrite (GROVES et al. 1994), suggesting that axospinous synapses will be 
observed less frequently in single-section analyses. However, this has not 
always been the case. Moreover, axospinous synapses are also observed less 
often in serial section analyses (SMITH et al. 1994; DESCARRIES et al. 1996). In 
the human striatum, an unbiased stereo logical estimate indicates that DA pro
files form 55% of all the symmetric axospinous and axodendritic synapses in 
the striatum. However, unbiased stereology was not used to determine the 
relative proportion of DA synapses that are axospinous versus axodendritic. 
It is important to note that individual DA axons can make synapses onto both 
spines and dendrites (FREUND et al. 1984; GROVES et al. 1994). Moreover, the 
same dendrite can receive synaptic input from multiple DA axons. 

In early striatal studies, axo-axonic contacts that were potentially synap
tic were often described. However, most investigators now agree that true 
axo-axonic synapses are rare in this region. Nevertheless, there is one report 
of a few DA synapses on axon initial segments (FREUND et al. 1984), and 
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occasional axo-axonic synapses involving DA profiles are reported in the 
lizard striatal complex (HENSELMANS and WOUTERLOOD 1994). Moreover, DA 
axons are commonly in direct apposition to other axons and varicosities, 
including other DA profiles and the class of terminals forming asymmetric 
axospinous synapses (PICKEL et al. 1981; BOUYER et al. 1984b; DESCARRIES 
et al. 1996; KUNG et al. 1998). 

3. Phenotypic Identification of Targets 

The fact that DA axons often synapse on spines or on the shafts of spiny 
dendrites indicates that the GABA-containing medium spiny projection 
neuron is the preferred target of these afferents. This suggestion has been 
directly confirmed by demonstration of DA synapses on the dendrites and 
even soma of neurons retrogradely labeled from the substantia nigra (FREUND 
et al. 1984). Furthermore, DA axons synapse on dendrites immunoreactive for 
enkephalin or substance P, the peptides expressed in striatopallidal and stria
tonigral projection neurons, respectively (KARLE et al. 1992; PICKEL et al. 1992; 
KARLE et al. 1994). Somal contacts on these neuron types have also been 
observed (KUBOTA et al. 1986a; KUBOTA et al. 1986b; KUBOTA et al. 1987a), 
although the "mirror technique" used in these studies can only identify con
tacts on large profiles seen in two adjacent sections, only one of which is 
labeled. Since few DA axons synapse on soma, most of these identified con
tacts are likely to be appositions rather than synapses (PICKEL et al. 1992). 

When contacting spines, DA axons synapse on the neck or on the side of 
the spine head, with the head itself always receiving asymmetric synaptic input 
(BOUYER et al. 1984b; FREUND et al. 1984; TRIARHOU et al. 1988; GROVES et al. 
1994; HERSCH et al. 1997; KUNG et al. 1998). This architecture, which has been 
identified throughout the striatum in all species examined to date, provides 
the geometry necessary for DA to modulate specific excitatory afferents 
without appreciably altering the electrical and/or metabolic activity of the 
parent dendrite (FREUND et al. 1984; KOCH and ZADOR 1993; YUSTE and DENK 
1995). Interestingly, it has been estimated that 47% of the spines of stria
tonigral projection neurons receive convergent asymmetric and symmetric 
synapses, and of the latter synapses, 83% are from DA afferents (FREUND et 
al. 1984). Admittedly, this analysis involved a sampling bias, and stereo logical 
estimates in the human striatum suggest that DA axons make up only 55% of 
symmetric axospinous synapses (KUNG et al. 1998). Nevertheless, DA appears 
to be one of the principal modulators of excitatory afferents to spines in this 
region. Many of the putative glutamate terminals forming convergent asym
metric synapses originate from the cortex (BOUYER et al. 1984b; FREUND et al. 
1984; SMITH et al. 1994), a phenomenon that has been observed for multiple 
cortical areas and in multiple species. Thus, DA afferents are in a position to 
strategically modulate cortical transmission throughout the striatal complex 
(SMITH and BOLAM 1990). The thalamus is another possible source of excita
tory afferents that could converge synaptically with DA axons. However, a 
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recent study identified no such associations in the monkey striatum (SMITH 
et al. 1994). DA may also modulate convergent inputs to common dendritic 
shafts. For example, DA axons reportedly converge with enkephalin
immunoreactive local axon collaterals of medium spiny neurons (PICKEL et al. 
1992). However, compared to spines, convergence on dendrites provides a 
lower degree of spatial selectivity for particular afferents. 

The determination of whether DA axons also synapse on aspiny local 
circuit neurons in the striatum is complicated by the low density of these cells 
(less than 10% of striatal neurons) (KAWAGUCHI et al. 1995). However, many 
have widely spreading processes, suggesting that some of the dendritic shafts 
postsynaptic to DA axons may belong to interneurons. Historically, there is 
reason to predict that cholinergic aspiny cells would be synaptically innervated 
by DA (LEHMANN and LANGER 1983). Nevertheless, clear evidence for such a 
synaptic input is lacking (PICKEL and CHAN 1990). Some studies have described 
close contacts between DA axons and the soma or proximal dendrites of cells 
immunolabeled for choline acetyltransferase (KUBOTA et al. 1987b; CHANG 
1988; DIMOVA et al. 1993). However, obvious synaptic specializations are typi
cally absent at these sites (PICKEL and CHAN 1990). Interestingly, similar obser
vations have been made in the striatal complex of reptiles (HENSELMANS and 
WOUTERLOOD 1994). DA and cholinergic terminals rarely synapse on common 
targets (CHANG 1988), but they are frequently in close apposition to each other 
(CHANG 1988; PICKEL and CHAN 1990). The latter observation, in addition to 
the known expression of DA receptors by cholinergic striatal neurons (see 
Sect. C.1.4, this chapter), is consistent with parasynaptic DA modulation of 
cholinergic transmission. 

In other studies of striatal interneurons, few if any synaptic contacts 
occur between DA axons and dendrites labeled for neuropeptide Y (AOKI and 
PICKEL 1988; KuBoTA et al. 1988; VUILLET et al. 1989) or nicotinamide adenine 
dinucleotide phosphate, reduced (NADPH)-diaphorase (FUJIYAMA and 
MASUKO 1996). Somal appositions do occur in some cases. Furthermore, DA 
axons and terminals immunoreactive for neuropeptide Y sometimes converge 
on common postsynaptic elements or are directly apposed to each other (AOKI 
and PICKEL 1988). Together, these findings suggest that DA afferents to the 
striatum primarily target spiny projection neurons and rarely synapse on local 
circuit neurons. 

4. Localization of Proteins Involved in DA Transmission 

It is important to determine the distribution of DA receptors and transporters 
in relation to DA axons in order to gain information about the probable sphere 
of DA's parasynaptic influence. In the striatum, numerous studies have 
described the cellular localization of DA receptors by light microscopic 
immunocytochemistry or in situ hybridization. However, only a few studies 
have conducted ultrastructural examinations of the subcellular distribution 
of these receptors alone or in relation to DA axons. With regard to light 
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microscopic studies, all five DA receptor subtypes have been localized to the 
striatum of rats, monkeys, and humans (BERGSON et al. 1995; LE MOINE and 
BLOCH 1995; JABER et al. 1996; MEADOR-WOODRUFF et al. 1996; LID ow et al. 
1998). The predominant Dl and D2 receptor subtypes have been localized 
to largely segregated popUlations of medium spiny projection neurons: DJ 
on striatonigral (substance P containing) neurons and D2 on striatopallidal 
(enkephalin containing) cells (LE MOINE and BLOCH 1995). It is generally 
appreciated that this anatomical segregation is at odds with electrophysiolog
ical observations of DJ and D2 receptor coexpression. However, a thorough 
discussion of this controversy is beyond the scope of this chapter, and the 
reader is referred to more pertinent references on the subject (HERSCH et al. 
1995; LE MOINE and BLOCH 1995; SURMEIER et al. 1996). DA receptors are also 
strongly expressed by cholinergic interneurons in the striatum (LE MOINE et 
al. 1990; JONGEN-RELO et al. 1995), consistent with a prominent parasynaptic 
effect of DA on this cell class. 

Ultrastructural studies largely confirm that Db D2, and Ds receptors are 
expressed predominantly in medium spiny neurons, by virtue of their being 
localized mainly to spines and distal dendrites (LEVEY et al. 1993; SESACK et al. 
1994; BERGSON et al. 1995; HERSCH et al. 1995; YUNG et al. 1995; CAILLE et al. 
1996), as well as by verification using morphological criteria (HERSCH et al. 1995; 
CAILLE et al. 1996), Golgi impregnation studies (FISHER et al. 1994), and dual 
immunocytochemistry for D2 receptors and GABA (DELLE DONNE et al. 
1997). Moreover, the electron microscopic study of HERSCH and colleagues 
supports the lack of DJ and D2 receptor co-localization within spines and 
distal dendrites. The possible distribution of DA receptors, particularly the D2 
subtype, to local circuit neurons has been noted (FISHER et al. 1994; HERSCH 
et al. 1995; YUNG et al. 1995) but little explored at the ultrastructural level. 

Presynaptic localization of D2 receptors is commonly reported in the 
striatum (LEVEY et al. 1993; FISHER et al. 1994; SESACK et al. 1994; HERSCH et al. 
1995; SESACK et al. 1995b; YUNG et al. 1995; DELLE DONNE et al. 1997; HERSCH 
et al. 1997), with occasional reports as well of presynaptic Dl receptors (LEVEY 
et al. 1993; BERGSON et al. 1995; YUNG et al. 1995). The presence of D2 autore
ceptors has been verified by localization of receptor immunoreactivity to 
axons also labeled forTH (SESACK et al. 1994; AN et al. 1998) or DAT (HERSCH 
et al. 1997). The localization of D2 receptor immunolabeling to axon terminals 
with glutamate morphology has been reported in some studies (FISHER et al. 
1994; SESACK et al. 1994; YUNG et al. 1995; DELLE DONNE et al. 1997). Other 
axon varicosities immunoreactive for the D2 receptor and forming symmetric 
synapses (FISHER et al. 1994; SESACK et al. 1994; HERSCH et al. 1995) include 
GABA nerve terminals (DELLE DONNE et al. 1997). The localization of such 
heteroreceptors in the striatum is consistent with parasynaptic effects of DA 
to regulate release of other neurotransmitters, in particular GABA and 
glutamate. 

Regarding the subcellular localization of DA receptors, studies utilizing 
immunoperoxidase methods have described a dense distribution of Dl and D2 
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receptor labeling to extrasynaptic plasma membranes, postsynaptic densities, 
and intracellular membranous structures such as the smooth endoplasmic 
reticulum (LEVEY et al. 1993; SESACK et al. 1994; HERSCH et al. 1995; YUNG et 
al. 1995; CAILLE et al. 1996; AN et al. 1998). However, some of this distribu
tion may reflect diffusion of the peroxidase reaction product from the site of 
generation, particularly when the reaction is excessive (NOVIKOFF et al. 1972; 
COURTOY et al. 1983). This is supported by the less-extensive association of Dl 
receptor immunoreactivity with synaptic membranes when peroxidase stain
ing is less intense (YUNG et al. 1995; AN et al. 1998). 

Immunogold labeling methods provide a more stable marker for subcel
lular localization, although these techniques are typically less sensitive than 
peroxidase immunocytochemistry (CHAN et al. 1990). Using a pre-embedding 
immunogold method, the principal localization of both Dl and D2 receptors 
to extra synaptic plasmalemmal surfaces has been confirmed in rat striatal 
sections (YUNG et al. 1995; CAILLE et al. 1996; DUMARTIN et al. 1998). The 
likelihood that this immunoreactivity represents functional receptors is sug
gested by the internalization of Dl-immunogold labeling following systemic 
administration of Dl agonists (DUMARTIN et al. 1998). Immunogold particles 
are occasionally observed at or near asymmetric or symmetric synapses, the 
latter indicating the potential localization of receptors postsynaptic to DA 
axons (YUNG et al. 1995). However, with dual immunogold labeling for Dl 
receptor and immunoperoxidase staining for TH, the synapses formed by 
TH-immunoreactive axons rarely exhibit immunogold labeling for the Dl 
receptor, although Dl labeling sometimes appears close to these synaptic 
sites or along plasmalemmal surfaces closely apposed to TH-Iabeled axons 
(CAILLE et al. 1996). While these observations argue for a predominant 
extrasynaptic localization of Dl receptors, it should be noted that the relative 
lack of synaptic receptors is likely to reflect both the low sensitivity of the 
immunogold method and the possible exclusion of gold-tagged antibodies 
from the synaptic protein complex in thick sections (BAUDE et al. 1995; NUSSER 
et al. 1995). 

In a preliminary study of the monkey dorsal caudate nucleus, we have 
performed dual immunolabeling of TH and Dl and D2 receptors by reversing 
the markers and using the more sensitive immunoperoxidase method for 
localization of the DA receptors (AN et al. 1998). Despite the concern 
regarding false-positive labeling with peroxidase, we have found that the 
majority of synapses formed byTH-immunoreactive axons on Dl-positive den
drites (62%) do not exhibit synaptic DJ receptor labeling. Nevertheless, a 
synaptic localization of Dl immunoreactivity is seen in 38% of the TH synapses 
on these structures. Conversely, the majority of synapses formed by TH
immunoreactive axons on Dz-positive dendrites (73%) exhibit synaptic D2 
receptor labeling, with the remainder exhibiting only extrasynaptic D2 
immunoreactivity. These results support the predominant extrasynaptic local
ization of DA receptors, but suggest that some Dl and especially D2 receptors 
may be localized in the immediate vicinity of DA synapses. 
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The function of the DAT is crucial for determining the extent and 
duration of DA diffusion in the extracellular space and the degree to which 
DA can access its receptors at pharmacologically relevant concentrations 
(GARRIS and WIGHTMAN 1994; GIROS et al. 1996). In the striatum, this protein 
has been localized to DA axon varicosities and intervaricose segments 
(NIRENBERG et al. 1996b; HERSCH et al. 1997; SESACK et al. 1998b), and investi
gations utilizing immunogold methods (NIRENBERG et al. 1996b; HERSCH et al. 
1997) have identified the subcellular distribution of the DAT as being along 
the plasma membrane throughout DA axons and in the perisynaptic region 
immediately at the edges of synaptic contacts. However, evidence of synaptic 
DAT localization is lacking. Whether this reflects the true distribution of the 
DAT or an inability of the pre-embedding methods used to detect proteins 
complexed in synaptic densities (BAUDE et al. 1995; NUSSER et al. 1995) has 
not yet been determined. Nevertheless, the extensive perisynaptic and extrasy
naptic localization of this crucial protein suggests that the extracellular diffu
sion of DA in the striatum is tightly controlled, a conclusion supported by 
neurochemical studies (GARRIS and WIGHTMAN 1994; GIROS et al. 1996). 

II. Striatum: Nucleus Accumbens 

1. Ultrastructural Morphology, Synapses, and General Targets 

The synaptology of DA axons in the ventral striatum, or nucleus accumbens 
(NAc) core and shell, has been examined by immunocytochemistry for TH or 
DA in rats and monkeys (ARLUISON et al. 1984; BOUYER et al. 1984a; VOORN 
et al. 1986; PICKEL et al. 1988b; TOTTERDELL and SMITH 1989; ZAHM 1992; 
IKEMOTO et al. 1996). This region receives a minimal NE input, suggesting that 
TH immunolabeling is an adequate marker for DA axons (TOTTERDELL and 
SMITH 1989). NAc DA fibers resemble those in the striatum in their small size 
(0.1-0.2 !lm), absence of myelination, presence of varicose portions (0.3-
1.5 !lm), content of primarily small clear vesicles, and formation of mainly 
symmetric synapses. DA varicosities may comprise as many as 33 % of the 
boutons in the NAc (BOUYER et al. 1984a). However, compared to their 
striatal counterparts, they more frequently: exhibit dense-cored vesicles (1-2 
or more per varicosity), contain flattened clear vesicles, form synapses that 
are shorter in length (0.1-0.15 !lm), and synapse on dendrites with larger diam
eter than comparable postsynaptic elements in the striatum. These observa
tions are not unexpected, based on the different midbrain source of afferents 
to the ventral versus dorsal striatum. Similar observations have been made on 
the basis of anterograde tract-tracing in rats (ZAHM 1992), although as much 
as 20% of the mesoaccumbens projection is non-DA (SWANSON 1982; VAN 
BOCKSTAELE and PICKEL 1995). Estimates of synaptic incidence in single 
sections range from 15%-52% in the rat and monkey (BOUYER et al. 1984a; 
VOORN et al. 1986; ZAHM 1989; IKEMOTO et al. 1996), and in one limited serial 
section analysis, a synaptic incidence of 72 % was reported in the monkey NAc 
(SMITH et al. 1999). DA axons have been reported to form synapses along their 
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intervaricose segments (VOORN et al. 1986; PICKEL et al. 1988b), and non
synaptic axo-axonic appositions involving DA fibers are common (BOUYER 
1984a; et al. PICKEL et al. 1988b; ZAHM 1989; IKEMOTO et al. 1996). 

Early studies of DA axons in the NAc were conducted prior to the 
parcellation of this region into core and shell districts (ZAHM and BROG 1992). 
Using DA immunocytochemistry, VOORN et al. did not report subregional dif
ferences within the NAc (VOORN et al. 1986). However, sampling in this study 
(described as ventromedial, dorsomedial, and septal pole) was probably con
fined to the NAc shell. In a subsequent direct comparison of DA axons in the 
dorsal striatum and NAc core and shell in the rat (ZAHM 1992), it was deter
mined that DA axon varicosities in the NAc shell are smaller in median area 
(0.18 versus 0.26 11m2 for striatum and core) and more frequently synapse on 
dendrites than spines. The studies by VOORN and ZAHM also represent the only 
ultrastructural examinations of DA fibers in the rat olfactory tubercle. Within 
this region, the synaptic incidence and formation of symmetric synapses on 
dendrites, spines, and soma is similar to that seen in the NAc, with the excep
tion that asymmetric synapses have not been reported. 

The observation of smaller size of DA profiles in the NAc shell of the rat 
(ZAHM 1992) is surprising in light of the larger size reported for a homologous 
region in the monkey (IKEMOTO et al. 1996): i.e., 0.33 11m2 compared to 0.14 11m2 
in the striatum (SMITH et al. 1994). Moreover, in the primate NAc shell, DA 
axons form asymmetric synapses on dendrites, spines, and soma with much 
greater frequency (33 %) than in the rat. In our own preliminary comparison 
of the monkey striatum and NAc using TH antibodies (AN et al. 1998, 1999), 
we have confirmed the morphological observations of IKEMOTO. Thus, the 
reported differences in synaptology appear to be related to species rather than 
labeling methods. The functional significance of this marked species difference 
in the mesoaccumbens DA innervation has yet to be determined. In the rat, 
hypothalamic afferents to the NAc shell have been described (SIM and JOSEPH 
1991; BROG et al. 1993). However, it remains to be determined whether these 
(1) include projections from DA cell groups, (2) form asymmetric synapses, 
and (3) constitute a greater proportion of DA afferents to the primate NAc 
shell. 

2. Phenotypic Identification of Targets 

Compared to the striatum, the finding that DA axons in the NAc synapse more 
often on dendrites than spines, and more frequently on larger dendrites, 
suggests either that DA's effects in this region are mediated by more proximal 
contacts on medium spiny neurons or that DA axons more frequently target 
aspiny cells (BOUYER et al. 1984a). However, few if any DA synapses have been 
reported on dendrites or soma of neurons that are cholinergic (PICKEL and 
CHAN 1990), neuropeptide Y-containing (AOKI and PICKEL 1988), or GABA
labeled aspiny (PICKEL et al. 1988b). Thus, mesoaccumbens DA axons appear 
to exhibit no greater innervation of interneurons than observed for nigrostri-
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atal fibers and therefore may target more proximal portions of medium spiny 
neurons. The latter conclusion is consistent with observations of DA synapses 
on dendrites immunoreactive for GABA (PICKEL et al. 1988b). 

The spines postsynaptic to DA axons also receive asymmetric synaptic 
input on the head (VOORN et al. 1986; IKEMOTO et al. 1996), as observed in the 
striatum. The sources of this convergent excitatory input have been well exam
ined in the NAc, and include all of the known cortical afferents: hippocampal 
(TOTTERDELL and SMITH 1989; SESACK and PICKEL 1990), prefrontal (SESACK and 
PICKEL 1992), and amygdaloid (JOHNSON et al. 1994). In addition, some of these 
excitatory, asymmetric terminals in the rat derive from the thalamic paraven
tricular nucleus (PINTO and SESACK 1998), an observation in contrast to reports 
in the monkey striatum, where thalamic afferents appear not to converge 
with DA axons (SMITH et al. 1994). In the NAc, the dendrites postsynaptic to 
DA axons also receive convergent symmetric or asymmetric synapses, some 
of which are immunoreactive for GABA, substance P, or 5-HT (PICKEL et 
al. 1988a,b; VAN BOCKSTAELE and PICKEL 1993). DA axons are also directly 
apposed to cortical terminals (SESACK and PICKEL 1990, 1992) and axons 
labeled for GABA (PICKEL et al. 1988a), 5-HT (VAN BOCKSTAELE and PICKEL 
1993), or substance P (PICKEL et al. 1988a). 

3. Localization of Proteins Involved in DA Transmission 

Most DA receptors have been localized to neurons in the NAc, with a pre
dominance of D1, D2, and D3 subtypes (LANDWEHRMEYER et al. 1993; LE MOINE 
and BLOCH 1995; JABER et al. 1996). At the ultrastructural level, D2 receptors 
have been localized to dendrites, spines, soma, and axons in the NAc core and 
shell of rats and monkeys (SESACK et al. 1995b; DELLE DONNE et al. 1996,1997; 
AN et al. 1999). In the rat NAc shell, some of the soma, dendrites, and spines 
expressing D2 receptors also contain GABA and probably derive from medium 
spiny neurons (DELLE DONNE et al. 1997). Other Drimmunoreactive somato
dendritic structures contain neurotensin and/or exhibit morphology consistent 
with aspiny local circuit neurons (DELLE DONNE et al. 1996, 1997). In the 
monkey, many of the axons expressing D2 immunoreactivity are also labeled 
for TH, indicating the presence of autoreceptors, or form asymmetric 
axospinous synapses, consistent with their being glutamatergic (AN et al. 1999). 
In the rat, other Drimmunoreactive axons are GABA labeled and occur in 
greater density than observed in the dorsal striatum (DELLE DONNE et al. 1997). 
Fewer ultrastructural studies have examined DJ receptors in the NAc. In a pre
liminary analysis in the monkey, DJ immunoreactivity has been localized to 
spines and dendrites, but not axons in the NAc core and shell (AN et al. 1999). 
Moreover, the proportion of D)- or Drimmunolabeled targets postsynaptic 
to TH-immunoreactive axons that exhibit evidence for synaptic receptor 
localization are similar to those reported for the striatum (AN et al. 1999). 

The cellular and subcellular localization of the DAT in the rat NAc is 
similar to that observed in the striatum, including the distribution to varicose 
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and intervaricose DA axon segments and predominance along extrasynaptic 
portions of the plasma membrane (NIRENBERG et al. 1997b). However, in the 
NAc shell, the density per axon of immunogold labeling for the DAT protein 
is lower than observed in the core (and likely the striatum as well). This obser
vation is consistent with the reportedly reduced efficiency of DA uptake in the 
NAc shell compared to the core (JONES et aL 1996). While reduced uptake 
suggests a higher degree of parasynaptic actions in the NAc, it is interesting 
that this is accompanied by a lower density of DA Dz receptors (MEN GOD et 
al. 1989; MANSOUR et al. 1990; SESACK et al. 1995b; DELLE DONNE et aL 1997). 

III. Globus Pallidus and Basal Forebrain 

Few studies have examined the ultrastructure of DA axons within the globus 
pallidus proper, although the ventromedial pallidum corresponding to the 
nucleus basalis of Meynert has been investigated (see below). In one study of 
the rat globus pallidus, the majority ofTH-immunoreactive profiles were axons 
of passage, and labeled varicosities forming synapses were rarely observed 
(ARLUISON et al. 1984). These observations are consistent with the finding that 
immunoreactivity for Dl and Dz receptors is sparse in this region, with Dl 
receptors being mainly presynaptic on presumed striatal axons (YUNG et aL 
1995). 

By light microscopic examination of the rat ventral forebrain, the com
parative distribution and morphology ofaxons labeled for TH versus DBH 
suggests that manyTH-immunoreactive fibers represent DA axons (GAYKEMA 
and ZABORSZKY 1996; ZABORSZKY and CULLINAN 1996; RODRIGO et al. 1998). 
Nevertheless, the possible contribution of NE fibers to the synaptic connec
tions observed for TH-Iabeled axons has not been ruled out (MILNER 1991a,b). 
Fibers labeled by TH-immunocytochemistry are frequently apposed to 
cholinergic perikarya in the diagonal band nuclei, substantia innominata, 
bed nucleus of the stria terminalis, and ventral pallidum (GAYKEMA and 
ZABORSZKY 1996; ZABORSZKY and CULLINAN 1996; RODRIGO et aL 1998). 
Within the ventral pallidum and diagonal band nuclei, synaptic contacts 
between TH-Iabeled fibers and cholinergic, as well as non-cholinergic struc
tures, have been verified by electron microscopy (MILNER 1991a; MILNER 
1991b; ZABORSZKY and CULLINAN 1996; RODRIGO et al. 1998). However, in both 
regions, the principal synaptic targets are distal dendrites and spines, with 
synapses on soma being uncommon. Most TH-immunolabeled profiles in the 
pallidum form symmetric synapses (RODRIGO et al. 1998), while those in the 
diagonal band are primarily asymmetric (MILNER 1991b). TH-immunoreactive 
axons in both areas converge synaptically on common targets with unlabeled 
or cholinergic terminals (MILNER 1991a; MILNER 1991b; RODRIGO et al. 1998). 

The observations that TH-Iabeled axons rarely synapse on soma in the 
pallidum and diagonal band (MILNER 1991a,b; RODRIGO et al. 1998) and that 
cholinergic neurons in the diagonal band are heavily invested with astrocytic 
processes (MILNER 1991a) suggests that few of the light microscopic contacts 
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described in these regions (GAYKEMA and ZABORSZKY 1996; ZABORSZKY and 
CULLINAN 1996; RODRIGO et al. 1998) represent synaptic input from DA axons 
to cholinergic perikarya. Nevertheless, some synaptic DA input to cholinergic 
neurons in the ventral pallidum and substantia innominata is supported by 
anterograde tract-tracing from the SN and VTA (GAYKEMA and ZABORSZKY 
1996). In addition, fibers anterogradely labeled from midbrain DA cell re
gions synapse on parvalbumin-immunoreactive, presumed GABA-containing 
dendrites and soma in the basal forebrain (GAYKEMA and ZABORSZKY 1997). 
Together, these observations suggest that DA midbrain neurons exert complex 
modulatory actions on a number of forebrain and cortical areas via direct 
projections to these regions and via synapses on the cholinergic and GABA 
neurons that maintain widespread connections to the same targets. 

IV. Lateral Septum and Bed Nucleus of the Stria Terminalis 

DA projections to the rat septal complex and bed nucleus of the stria termi
nalis contribute to the regulation of autonomic, endocrine, and behavioral 
responses to stressful environmental circumstances. Within the lateral septum, 
DA fibers identified by DA or TH immunoreactivity are conspicuous in the 
rostral basal portion and more caudally and dorsally in a band curving from 
the lateral ventricles to the medial septum (ONTENIENTE et al. 1984; DECAVEL 
et al. 1987b; JAKAB and LERANTH 1990). DA varicosities display similar mor
phological features in both areas, although those in the caudal dorsal septum 
tend to be larger (ONTENIENTE et al. 1984). In both regions, DA axons synapse 
on dendrites and perikarya (ONTENIENTE et al. 1984; VERNEY et al. 1987; JAKAB 
and LERANTH 1990; ANTONOPOULOS et al. 1997), with the latter being more 
frequently detected in the caudal septum where DA fibers form pericellular 
basket-like arrays (ONTENIENTE et al. 1984; JAKAB and LERANTH 1990). The DA 
nature of these pericellular baskets has been established by their absence of 
immunoreactivity for DBH (VERNEY et al. 1987). Occasional axospinous 
synapses are seen, some consisting of somatic spines, and DA profiles are 
sometimes apposed to unlabeled terminals. The frequency of synapse forma
tion per DA profile has been estimated at 45% by extrapolation from single 
sections (ANTONOPOULOS et al. 1997). 

With regard to identified cellular targets, presumed DA axons labeled by 
TH-immunoreactivity synapse on somatospiny neurons in the mediolateral 
lateral septum, some of which are GABA-immunoreactive (JAKAB and 
LERANTH 1990). This finding confirms a prior observation using a more indirect 
approach (ONTENIENTE et al. 1987). On the same population of somatospiny 
cells, TH-Iabeled axons converge with hippocampal, presumably glutamate 
afferents synapsing on common soma and dendrites (JAKAB and LERANTH 
1990). Whether these afferents also converge synaptically on common distal 
dendrites of these same cells has not been determined but is suggested by the 
frequent observation of TH-Iabeled and hippocampal terminals synapsing on 
common dendrites in the neuropil (JAKAB and LERANTH 1990). 
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There exists some controversy regarding the morphology of DA synapses 
in the septum, with some investigators reporting primarily asymmetric type 
(ONTENIENTE et al. 1987; VERNEY et al. 1987) and others describing mainly 
symmetric synapses (JAKAB and LERANTH 1990; ANTONOPOULOS et al. 1997). 
Interestingly, the density of perineuronal baskets (VERNEY et al. 1987) and both 
asymmetric and axosomatic synapses (ANTONOPOULOS et al. 1997) increase with 
postnatal age. This suggests the possibility that the septum is innervated by 
two different DA fiber systems, one developing early and forming primarily 
symmetric axodendritic synapses and the second developing towards the end 
of the second week postnatal and forming primarily asymmetric axosomatic 
synapses (ANTONOPOULOS et al. 1997). It is not yet known whether these inputs 
correspond to the differential innervation of the septum by VTA and hypo
thalamic DA cell groups (JAKAB and LERANTH 1993). Furthermore, some of the 
discrepancy may derive from different groups examining different regions of 
the lateral septum and focusing on proximal versus distal synaptic inputs. 
Finally, the functional consequences of a dual DA innervation have yet to be 
delineated, although the electrophysiological actions of this transmitter in the 
septum are certainly complex. 

Within the rat bed nucleus of the stria terminalis, presumed DA axons 
labeled by TH immunocytochemistry are most pronounced in the dorsolateral 
region. Based on comparison to the distribution of DBH-immunoreactive 
fibers, the majority of TH-Iabeled profiles in this dorsolateral area appear to 
represent DA axons (PHELIX et al. 1992). By electron microscopic examina
tion, approximately 30% ofTH-labeled profiles in the dorsolateral bed nucleus 
form synapses in single sections. Axodendritic synapses are the most common 
type of contact observed, with many being asymmetric in character. Symmet
ric axospinous and symmetric or asymmetric axosomatic synapses are also 
found, and axo-axonic contacts lacking synaptic specializations have been 
described (PHELIX et al. 1992). At least one of the cellular targets of presumed 
DA axons in the bed nucleus involves neurons expressing corticotropin
releasing factor (PHELIX et al. 1994). 

V. Amygdala 

Through projections to the amygdala, DA modulates the learning of auto
nomic and operant responses to aversive and appetitive conditions. Within the 
rat amygdala, DA axons labeled by TH immunocytochemistry are densely dis
tributed within the intercalated cell groups, central nucleus (medial and rostral 
intermediate divisions and the medial portion of the centrolateral region), and 
basal nuclei (ASAN 1997b, 1998). The overlap with fibers labeled for DBH or 
phenylethanolamine N-methyltransferase (PNMT) is greatest in the medial 
central nucleus and least in the intercalated cell groups. Based on extensive 
comparative studies, TH-immunoreactivity appears to be absent from many 
fibers labeled by DBH but to faithfully represent all PNMT-stained axons 
(ASAN 1998). Thus, the extent to which TH-immunolabeling represents DA 
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axons varies depending on which amygdala subdivision is examined, being 
most representative in the intercalated nuclei and the medial portion of 
the centro lateral central nucleus. Moreover, the low sensitivity of the 
methods used for immunoelectron microscopy enhance the selectivity of 
TH-immunoreactivity for DA axons (ASAN 1998). It should be noted that the 
distribution of TH immunolabeling in the amygdala matches well the light 
microscopic expression of DA receptors (LEVEY et al. 1993) and DAT (REVAY 
et al. 1996). 

The majority of synapses formed by TH-immunoreactive axons are 
symmetric, with a synaptic incidence estimated at 7%-20% in single sections 
(ASAN 1997b, 1998). Larger diameter TH-immunolabeled varicosities occa
sionally form asymmetric synapses with an incidence ranging from 11 %-22 % 
in the central nucleus, 4 % in the basal nuclei, and none in the intercalated cell 
groups (ASAN 1997b). Such large profiles closely resemble those labeled by 
PNMT antibodies, suggesting that many derive from adrenergic fibers (ASAN 
1998). Within the central and basal nuclei, TH-Iabeled axons synapse primar
ily on dendrites (approximately 64 %-76% ), frequently on spines (23 %-28 % ), 
and rarely on soma «1 %-3%). Although few soma are contacted by TH
positive fibers, those that do receive input exhibit multiple points of contact. 
Within the intercalated amygdala cell groups, probable DA profiles are 
exclusively symmetric and occur more frequently on soma (as high as 20%) 
and proximal dendrites; otherwise, the synaptology of TH-immunolabeled 
axons is similar to that of the central and basal nuclei. 

The fact that projection neurons in amygdaloid nuclei are often spiny cells 
(ASAN 1998) suggests that many of the DA afferents target output neurons. 
Furthermore, DA axons synapse on neurotensin-containing (BAYER et al. 
1991b) and somatostatin-expressing (ASAN 1997a) cells of the centro lateral 
subdivision of the central nucleus that are believed to project to brainstem 
and forebrain targets. Unlabeled dendrites postsynaptic to DA afferents may 
belong to projection or local circuit neurons. The spines and dendrites inner
vated by DA varicosities also receive synaptic input from unlabeled terminals. 
The triadic arrangement of a DA profile contacting a spine that also receives 
asymmetric input from a presumed glutamate terminal is a common observa
tion in the amygdala (ASAN 1998), suggesting that DA modulates glutamate 
transmission in this region in a manner similar to the striatum and other target 
areas. Candidate sources of this excitatory drive include sensory and limbic 
cortices, the thalamus, and intra-amygdaloid projections. Appositions between 
DA varicosities and unlabeled terminals, some of which exhibit the morphol
ogy of glutamate afferents, are also frequently observed in amygdaloid nuclei 
(ASAN 1997b, 1998). 

VI. Cortex 

The mesocortical DA projection plays an important role in facilitating cogni
tive, motor, and to a lesser extent sensory functions. In the rodent, DA fibers 
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are most dense in limbic regions: the medial prefrontal cortex (prelimbic and 
infralimbic cortices), suprarhinal area, other rhinal cortices, and the cingulate 
cortex (DESCARRIES et al. 1987; VAN EDEN et al. 1987; BERGER et al. 1991). 
Within prefrontal and rhinal cortices, DA axons are expressed primarily in 
layers 5 and 6, while the cingulate cortex receives a more substantial input to 
layers 1-3. In motor and sensory areas, sparse DA axons are observed mainly 
in layer 6 (DESCARRIES et al. 1987; PAPADOPOULOS et al. 1989; BERGER et al. 
1991). Deep layer DA fibers originate primarily from cells in the VTA, while 
superficial layer afferents derive mainly from SN neurons (DESCARRIES et al. 
1987; VAN EDEN et al. 1987; BERGER et al. 1991). The primate mesocortical DA 
innervation is more extensive, particularly within motor and association areas, 
where DA fibers are most dense in superficial layers, with a more moderate 
density in deep layers (BERGER et al. 1991; LEWIS and SESACK 1997). Compared 
to the rat, the midbrain neurons giving rise to the cortical DA innervation in 
the monkey are more broadly and loosely distributed within the SN, VTA, and 
retrorubral fields (WILLIAMS and GOLDMAN-RAKIC 1998). 

1. Ultrastructural Morphology 

Following the discovery of a cortical DA innervation separate from NE fibers 
(ThIERRY et al. 1973), ultrastructural studies examining these inputs were first 
performed using uptake of radiolabeled DA. Selective uptake blockers can be 
used to prevent spurious labeling of NE axons, and the nearly complete loss 
of labeling following destruction of midbrain DA neurons argues for the speci
ficity of the findings (DES CARRIES et al. 1987; DOUCET et al. 1988). Varicosities 
labeled in this manner range in diameter from 0.5 to 0.9 Jlm, contain mostly 
small clear vesicles, and arise from unmyelinated axons (DESCARRIES et al. 
1987). However, the synaptic connections of these profiles are often difficult 
to discern with this methodology. 

Ultrastructural investigation of meso cortical projections by use of 
tract-tracing has been attempted in only one study to date (KURODA et al. 1996). 
Anterograde transport of wheat germ agglutinin-conjugated horseradish 
peroxidase (WGA-HRP) from the VTA to the prefrontal cortex primarily 
labels large varicosities (O.7-2.8Jlm) that contact dendritic shafts at prominent 
symmetric or asymmetric synapses. Such morphological features are at odds 
with the characteristics of DA axons labeled by immunocytochemistry (see 
below) and are more consistent with synapses formed by GABA terminals 
(for symmetric synapses) or the collaterals of retrogradely labeled cortical 
neurons (for asymmetric synapses). We have recently confirmed that GABA 
neurons contribute substantially to the mesocortical projection in the rat 
(SESACK and CARR 1998), of which only 30% is dopaminergic (SWANSON 1982). 

Thus, a precise view of the synaptology of cortical DA axons generally 
requires application of immunocytochemical methods. Studies directly com
paring antibodies against TH or DA find that these markers produce remark
ably similar results (GOLDMAN-RAKIC et al. 1989; VERNEY et al. 1990; SESACK 
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et al. 1995c), in keeping with evidence that TH antibodies primarily label DA 
axons in the cortex (LEWIS and SESACK 1997). However, most of these inves
tigations have focused on frontal cortices that receive a substantial DA input 
in rodents and primates. In sensory cortical areas, where the density of NE 
axons exceeds that of DA afferents, TH-immunolabeling is present in a higher 
percentage of fibers that are also immunoreactive for DBH (GASPAR et al. 
1989; NOACK and LEWIS 1989). 

Within the deep layers of the rat medial prefrontal cortex, DA axons 
labeled by TH or DA immunocytochemistry are generally unmyelinated and 
give rise to varicosities filled with small clear, usually pleomorphic vesicles, as 
well as occasional dense-cored vesicles (VAN EDEN et al. 1987; SEGUELA et al. 
1988; VERNEY et al. 1990; SESACK et al. 1995c). Similar morphological features 
have been described in the superficial layers of the medial prefrontal, suprarhi
nal, cingulate, and primary visual cortices (VAN EDEN et al. 1987; SEGUELA et 
al. 1988; PAPADOPOULOS et al. 1989; VERNEY et al. 1990). In the monkey, most 
of the ultrastructural studies examining DA axons have also focused on frontal 
cortices: prefrontal, cingulate, and motor (GOLDMAN-RAKIC et al. 1989; SMILEY 
and GOLDMAN-RAKIC 1993a,b; SESACK et al. 1995a,c, 1998a). The morphologi
cal features of these axons are overall similar to those described in the rodent 
and do not exhibit laminar heterogeneity, with the exception of a population 
of large diameter fibers in layer 1 that represent parent axons (SMILEY and 
GOLDMAN-RAKIC 1993a). Similar morphological observations have also been 
made in the human temporal cortex from surgically excised tissue (SMILEY 
et al. 1992). 

2. Synaptic Incidence, Synapse Types, and General Targets 

The frequency with which DA axons form synapses in cortical regions has 
been the subject of some controversy. Monoamine cortical systems were 
initially reported to form synapses infrequently and instead, to mediate diffuse, 
non-specific actions primarily via parasynaptic communication (BEAUDET and 
DESCARRIES 1978; DESCARRIES and UMBRIACO 1995). However, subsequent 
analysis of DA varicosities in the rat medial prefrontal cortex has revealed a 
high incidence of synaptic contacts (93%) when viewed in complete serial 
sections (SEGUELA et al. 1988). Interestingly, DA varicosities in the suprarhi
nal area exhibit a lower synaptic incidence of 56% in serial sections. In a more 
limited sample of DA-immunoreactive varicosities in the primary visual 
cortex, an overall synaptic incidence of 90% per varicosity has been reported 
(PAPADOPOULOS et al. 1989). Ensuing analyses have also demonstrated a high 
incidence of synapse formation by NE and 5-HT cortical axons (PARNAVELAS 
and PAPADOPOULOS 1989,1991; BLOOM 1991), although there may be regional 
differences and not all studies agree (DESCARRIES and UMBRIACO 1995). These 
observations underscore the need to assess synaptic incidence by full serial 
reconstruction ofaxons, including an examination of the intervaricose 
segments. Nevertheless, the findings suggest that the meso cortical DA system 
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may be characterized primarily by synaptic actions on its targets, although 
parasynaptic effects cannot be ruled out and may be regionally specific. This 
is further suggested by observations in the primate prefrontal cortex, in which 
the overall synaptic incidence is lower than observed in the rodent (39%, with 
laminar variation of 27%-45%; SMILEY and GOLDMAN-RAKIC 1993a). 

The majority of DA profiles in the prefrontal cortex form symmetric 
synapses (VAN EDEN et al. 1987; SEGUELA et al. 1988; SESACK et al. 1995c), 
although asymmetric junctions are sometimes observed: 16%-22% in the rat 
medial prefrontal and suprarhinal areas (SEGUE LA et al. 1988), 3% in the 
monkey prefrontal cortex (SMILEY and GOLDMAN-RAKIC 1993a), and 13% in 
human temporal cortex (SMILEY et al. 1992). In the rat primary visual cortex, 
a greater number of asymmetric compared to symmetric synapses are formed 
by DA-immunoreactive varicosities (PAPADOPOULOS et al. 1989), suggesting 
that the functions of this transmitter may differ in primary sensory areas. The 
length of the DA synaptic contact has been estimated at 0.211lm (SEGUELA 
et al. 1988). 

The synaptic targets of cortical DA axons include both dendritic spines 
and small- to medium-diameter dendrites (VAN EDEN et al. 1987; SEGUELA et 
al. 1988; PAPADOPOULOS et al. 1989; SESACK et al. 1995c). Dendritic shafts com
prise 62% and 89% of the postsynaptic targets in the rat medial prefrontal 
and suprarhinal cortices, respectively (SEGUELA et al. 1988) and 64% in the 
monkey prefrontal cortex (SMILEY and GOLDMAN-RAKIC 1993a). Most of the 
remaining synapses are axospinous. However, in the human temporal cortex, 
the synaptic input to spines appears to be more extensive than to shafts (57% 
versus 43%; SMILEY et al. 1992). This observation may relate to the fact that 
most of the synapses were detected in deep layers, as laminar comparisons in 
the monkey reveal that dendritic shafts are the principle targets in superficial 
layers (79%), while DA axons are equally likely to synapse on spines as den
drites (50%) in deep layers (SMILEY and GOLDMAN-RAKIC 1993a). Axosomatic 
synapses are observed only rarely in any species, although DA axons some
times course along the plasmalemma of soma and proximal dendrites. 
Furthermore, DA axons are frequently in direct apposition to other axonal 
structures, and while membrane thickenings are occasionally seen at these 
sites, true axo-axonic synapses have not been identified. Finally, DA axons 
have recently been reported to lie in close apposition to the basal lamina of 
small cerebral blood vessels in the superficial layers of frontal cortical areas, 
suggesting a role in blood flow regulation (KRIMER et al. 1999). 

3. Phenotypic Identification of Targets 

The fact that cortical DA profiles synapse on dendritic spines suggests that 
some of the targets are spiny, glutamate-containing pyramidal neurons, 
a hypothesis confirmed by Golgi staining in the monkey frontal cortex 
(GOLDMAN-RAKIC et al. 1989).A similar relationship is thus likely in the rodent 
(see especially VERNEY et al. 1990). Whether DA axons differentially target 
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subpopulations of pyramidal neurons is difficult to ascertain because of the 
relative neurochemical homogeneity of pyramidal cells and the failure of most 
retrograde tracers to label the distal dendrites where DA fibers synapse. We 
have recently applied retrograde transport of pseudo-rabies virus (CARD et 
al. 1993) to address this issue, because transsynaptic passage of viral particles 
requires transport into the distal dendrites where most synapses are located 
(DEFELIPE and FARINAS 1992). By using this approach in the rat prefrontal 
cortex, we have shown that DA axons synapse on the spines and dendrites 
of pyramidal neurons that project to the NAc (CARR et al. 1997). We are cur
rently examining whether mesocortical DA axons synaptically innervate other 
classes of pyramidal neurons. Another approach to this question is to combine 
immunocytochemistry for DA or TH with intracellular filling of individual 
pyramidal cells (KRIMER et al. 1997). While this method has been applied 
primarily at the light microscopic level, some of the points where TH-Iabeled 
fibers contact pyramidal cell dendrites may be synaptic, as demonstrated by 
electron microscopy. 

The dendrites postsynaptic to DA axons could belong either to pyramidal 
cells or to GABA-containing local circuit neurons that are sparsely spiny to 
aspiny (KUBOTA et al. 1994; GABBOTT and BACON 1996a). The unique morpho
logical features of local circuit neuron dendrites (varicose shape, multiple 
axodendritic synapses and lack of spines) can be used to estimate the extent 
to which DA axons synapse on these cells. By serial section analysis in the 
primate (SMILEY and GOLDMAN-RAKIC 1993a), DA axons are estimated to 
synapse on local circuit neuron dendrites with a frequency of 30%-50% in 
superficial layers and 12.5% in deep layers. These results suggest that DA 
axons synapse on both local circuit and pyramidal neurons in superficial layers 
but preferentially target pyramidal cells in deep layers. However, the data 
derive from only a few observations in the deep layers of a single animal. 

Dual immunocytochemical analyses have also been performed to verify 
that cortical DA axons in fact synapse on GABA dendrites. While the first 
such study reported close contacts but few synapses between these cell types 
(VERNEY et al. 1990), the overall synaptic incidence in this investigation was 
low. Subsequent analyses using pre-embedding immunogold labeling for 
GABA have demonstrated that DA axons do indeed synapse on the dendrites 
of GABA local circuit neurons in the deep layers of the rat prefrontal cortex 
and the superficial layers of the monkey prefrontal, motor, and entorhinal 
cortices (SESACK et al. 1995c; ERICKSON et al. 1999). The overall incidence of 
these contacts is roughly 37%, similar to the estimates made using local circuit 
neuron morphology (SMILEY and GOLDMAN-RAKIC 1993a). Thus, DA axons in 
all cortical areas examined to date synapse on both pyramidal and non
pyramidal neurons, although there may be regional and laminar differences in 
the extent of these inputs. The finding of DA synaptic input to local circuit 
neurons in the cortex but not the striatum (see Sect. C.I.3, this chapter) 
indicates likely differences in DA function in these target areas. It should be 
noted that DA axons in the rat prefrontal cortex have been described in light 
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microscopic experiments as closely contacting the soma of GABA local 
circuit neurons, as well as pyramidal cells (BENES et al. 1993). However, the 
failure of most ultrastructural studies to identify synapses along somatic mem
branes suggests that the majority of these contacts represent close appositions 
or near juxtapositions separated by glia or neuropil. 

The fact that cortical interneurons belong to different morphological 
classes that correlate with their content of various calcium-binding proteins 
(CONDE et al. 1994; KUBOTA et al. 1994; GABBOTT and BACON 1996a,b) provides 
the opportunity to test whether DA axons selectively target different interneu
ron subtypes in these regions. In a series of studies in the superficial layers of 
the monkey prefrontal cortex, we have determined that DA axons preferen
tially synapse on the dendrites of local circuit neurons that contain parvalbu
min (SESACK et al. 1998a) but not those that label for calretinin (SESACK et al. 
1995a). Moreover, the synapses onto parvalbumin dendrites are observed pref
erentially in layers 3b-4, as opposed to layers 1-3a. Thus, mesocortical DA 
axons exhibit both phenotypic and laminar specificity in their synapses onto 
local circuit neurons and selectively innervate cells whose axons target proxi
mal as opposed to distal sites on pyramidal neurons (SESACK et al. 1998a). 
Regarding interneurons that contain calbindin, this protein is also expressed 
by a population of pyramidal cells in superficial layers (CONDE et al. 1994), 
which complicates the interpretation of immunocytochemical data. Neverthe
less, our preliminary observations suggest that DA axons are closely apposed 
to and may synapse on both spiny and aspiny calbindin-Iabeled dendrites, 
although contacts on spiny structures are more common (LEWIS et al. 1997). 

As observed in the striatum, DA axons in the cortex often converge synap
tically with unlabeled terminals on common targets, including convergence on 
spines with terminals forming asymmetric synapses (GOLDMAN-RAKIC et al. 
1989; SMILEY et al. 1992; SMILEY and GOLDMAN-RAKIC 1993a). Such arrange
ments offer anatomical substrates through which DA selectively modulates 
excitatory cortical drive. Similar convergence onto dendritic shafts of DA pro
files and processes forming asymmetric (and sometimes symmetric) synapses 
is also observed (VERNEY et al. 1990; SMILEY et al. 1992; SESACK et al. 1995c, 
1998a). However, such arrangements are less spatially restricted than those 
involving spines. Our laboratory has sought to identify the sources of gluta
mate terminals that converge synaptically with DA axons. In this regard, only 
5%-30% of spines in the cortex receive both asymmetric and symmetric 
synapses (JONES and POWELL 1969; KOCH and POGGIO 1983; BEAULIEU and 
COLONNIER 1985). Thus, DA axons are likely to modulate excitatory glutamate 
inputs from highly specific sources. To date, neither hippocampal nor callosal 
prefrontal afferents have been found to converge synaptically with DA axons 
(CARR and SESACK 1996, 1998). In preliminary studies, we are continuing to 
examine whether thalamic or amygdaloid afferents converge onto common 
targets with DA axons (PINTO and SESACK 1998, 1999). Furthermore, we have 
been exploring the possibility that DA fibers converge synaptically with the 
intrinsic collaterals of pyramidal neurons (SESACK and MINER 1997). To date, 
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we have observed instances where DA profiles synapse on dendritic shafts in 
close proximity to asymmetric synapses from intrinsic pyramidal collaterals. 
Further studies are needed to determine whether such convergence also 
occurs onto dendritic spines and to identify the sources of convergent 
glutamate terminals in the primate. 

4. Localization of Proteins Involved in DA Transmission 

In the rat and monkey cortex, DA D1 and Ds receptors are expressed primarily 
by pyramidal neurons (SMILEY et al. 1994; BERGSON et al. 1995; GASPAR et al. 
1995; LIDOW et al. 1998; MULY et al. 1998). At the ultrastructural level, Dl 
receptor expression is highest in spines, lower in dendritic shafts, and difficult 
to detect in proximal dendrites or soma. Conversely, Ds receptor labeling is 
more abundant in dendritic shafts than spines (BERGSON et al. 1995). Presy
naptic D1 or Ds receptors are occasionally observed in axons forming sym
metric or asymmetric synapses. Dslabeling is also sometimes seen in pyramidal 
cell axon initial segments. When Dl receptor immunoreactivity is examined in 
relationship to TH-containing axons, labeling is never found postsynaptic to 
these profiles; instead, it often appears near the side of asymmetric synapses 
(SMILEY et al.1994).As discussed for the striatum (see Sect. C.IA, this chapter), 
such negative data may partly reflect problems with signal detection. This is 
especially true in the cortex where the density of DA receptors is low. 

It has been reported that the Dl receptor in the monkey cortex is exten
sively localized to parvalbumin- and calbindin-containing local circuit neurons 
and less frequently to calretinin cells (MULY et al. 1998). Unfortunately, the Dl 
antibody used in this case cross-reacts with an unknown protein in the Golgi 
apparatus of many primate neurons (SMILEY et al. 1994); the same is not true 
for rodents (S.R. Sesack, unpublished observations). Thus, this antibody is not 
suitable for quantitative light microscopic studies of cellular expression. Nev
ertheless, it can be used to examine Dl receptor distribution in distal dendrites 
where the Golgi complex is absent. In this regard, D1 receptor labeling is found 
in distal parvalbumin-containing dendrites (MULY et al. 1998), consistent with 
the DA synaptic input to these cells (SESACK et al. 1998a). Dllabeling can also 
be found occasionally in parvalbumin-positive axon terminals (MULY et al. 
1998). Moreover, mRNA for both Dl and D2 receptors has been localized 
primarily to parvalbumin- as opposed to calbindin-containing local circuit 
neurons in the rodent cortex (LE MOINE and GASPAR 1998). 

Fewer ultrastructural studies have been conducted to localize D2 recep
tors in the cortex. By in situ hybridization, D2, D3, and D4 receptors have been 
observed in several classes of pyramidal projection neurons (GASPAR et al. 
1995; LID ow et al. 1998) and local circuit neurons (LE MOINE and GASPAR 
1998). This is consistent with preliminary ultrastructural observations of D2 
immunolabeling in spines and dendritic shafts in rat and monkey prefrontal 
cortex (SESACK et al. 1995b). In addition, D2 receptor immunoreactivity is 
prominently seen in presynaptic structures, many of which form asymmetric 
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synapses. This is similar to the presynaptic localization of D2 receptors in 
presumed glutamate terminals in the striatum (see Sect. CIA, this chapter). 
The DA D4 receptor has been localized to the primate cortex, where it is 
expressed in both pyramidal and non-pyramidal neurons (MRZLJAK et al. 
1996). Regarding the latter cells, D4 labeling is especially evident in the par
valbumin class of local circuit neurons, consistent with their synaptic DA 
innervation (SESACK et al. 1998a). At the ultrastructural level, D4 immunore
activity is seen along the plasmalemmal surface of soma and dendrites. 

In studies localizing the DAT within the rodent prelimbic prefrontal 
cortex, it is obvious that the level of DAT expression under represents the 
known DA innervation to this region, as observed with DA or TH antibodies 
(CIUAX et al. 1995; SESACK et al. 1998b). At the ultrastructural level, DAT 
is expressed primarily in intervaricose axon segments and rarely in axon 
varicosities (SESACK et al. 1998b). Similar observations have been made in the 
primate prefrontal cortex, although the overall level of DAT expression is 
higher than seen in the rat (D. Melchitzky, S.R. Sesack, and D. Lewis, in 
preparation). While not examined systematically, the DAT-immunoreactive 
intervaricose axon segments rarely appear to form synapses. These findings 
differ markedly from observations in the striatum, where DAT is a faithful 
marker of DA axons and varicosities and is localized near synaptic junctions 
(CIUAX et al. 1995; NIRENBERG et al. 1996b; HERSCH et al. 1997; SESACK et al. 
1998b). The findings are also inconsistent with observations in the cingulate 
cortex, where DAT is expressed more robustly (CIUAX et al. 1995) in both 
axons and their varicose portions (SESACK et al. 1998b). Given that synapses 
occur frequently at varicosities, at least in the rat prefrontal cortex (SEGUELA 
et al. 1988), DAT appears to be localized at a distance from sites of DA release 
and may even be absent from some DA axons. While this appears to argue for 
greater parasynaptic actions of DA in this region, it must be considered in the 
context of DA receptor distribution, which may be sufficiently low as to allow 
diffusion to terminate DA's cellular actions (SESACK et al. 1998b). 

VII. Hypothalamus 

In their hypothalamic functions, compared to midbrain or retinal DA systems, 
diencephalic DA neurons are more likely to mediate actions that are truly 
endocrine in nature. To a large extent, this is to be expected, given their role 
in the regulation of pituitary and autonomic functions (VAN DEN POL et al. 
1984). Hypothalamic DA cells generally belong to either the tuberoin
fundibular system or the incerto-hypothalamic system (HOKFELT et al. 1977; 
BJ ORKLUND and LINDVALL 1984; VAN DEN POL et al. 1984). Tuberoinfundibu
lar DA neurons in the arcuate nucleus and ventral peri ventricular nucleus send 
their axons into the median eminence and, to some extent, into the anterior 
and intermediate pituitary regions. Incerto-hypothalamic DA neurons consist 
of cells in the caudal thalamus, caudal dorsal hypothalamus, medial zona 
incerta, and anteroventral periventricular nucleus. They give rise to extensive 
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intra-hypothalamic projections, as well as having both rostrally and caudally 
directed axons that extend from the septal complex to the spinal cord 
(HOKFELT et al. 1977; BJORKLUND and LINDVALL 1984). 

1. Tuberoinfundibular DA System 

By most ultrastructural investigations in the rat, DA axons in the median 
eminence and pituitary do not form synapses on neuronal targets (AJIKA and 
HOKFELT 1973; CUELLO and IVERSEN 1973; CHETVERUKHIN et al. 1979; VAN DEN 
POL et al. 1984). Many of these axons are varicose (1-3J.!m diameter) and 
contain numerous small clear and occasional dense-cored vesicles; others 
contain abundant dense-cored vesicles. The colocalization of GABA has been 
reported in some of these fibers (SCHIMCHOWITSCH et al. 1991). Within the 
medial zone of the median eminence, DA axons frequently abut the portal 
pericapillary space; in the lateral zone, they are often closely ensheathed by 
tanycytes lining this space (CHETVERUKHIN et al. 1979; MEISTER et al. 1988). 
The localization of DARPP-32 immunoreactivity to some of these tanycytes 
suggests that DA may have modulatory actions on glial cells within this region 
(MEISTER et al. 1988). Infrequently, DA axons form "synaptoid contacts" on 
these tanycytes (CHETVERUKHIN et al. 1979). DA axons are frequently apposed 
to fibers containing luteinizing hormone-releasing hormone (LH-RH) (AJIKA 
1979); in the sheep, occasional synapses have been reported at these sites of 
close contact (KULJIS and ADVIS 1989). The LH-RH fibers are putative axons, 
suggesting that DA modulates LH-RH release via an axo-axonic influence that 
may be partly synaptic. If verified, this connection would represent a singular 
example of a DA axo-axonic synapse in the nervous system. The localization 
of DAT protein to arcuate nucleus neurons and fibers in the median eminence 
is interesting (REVAY et al. 1996) because it suggests that DA diffusion is 
limited to some extent by reuptake, despite the fact that DA's actions in this 
region are, by design, endocrine. Nevertheless, the levels of DAT message and 
protein are noticeably low in these cells, as they are in other hypothalamic DA 
neurons (CERRUTI et al. 1993; LORANG et al. 1994; REVAY et al. 1996). 

2. Incerto-hypothalamic DA System 

In various hypothalamic areas, TH-Iabeled axons synapse on somatodendritic 
targets (VAN DEN POL et al. 1984; MITCHELL et al. 1988). In the dorsal nucleus, 
these are primarily symmetric synapses, which occur with a frequency of 25% 
in single sections, and some of which contact enkephalin-Iabeled soma 
(MITCHELL et al. 1988). Within the arcuate nucleus, TH-immunoreactive vari
cosities synapse on the soma and dendrites of neurons labeled for neurotensin 
(MARCOS et al. 1996), adrenocorticotropic hormone (ACTH) (KOZASA and 
NAKAI 1987), or opioid peptides (HORVATH et al. 1992). However, in each case, 
the dopaminergic nature of the labeled axons has not been established, and 
both DA and NE afferents are abundant in these regions. In the supraoptic 
and paraventricular nuclei, the DA innervation has been examined by DA 
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antibodies. In this case, labeled axons give rise to varicosities that contain 
primarily clear vesicles and frequently synapse on the soma and dendrites of 
magnocellular neurons (BuIJS et al. 1984; DECAVEL et al. 1987a). Many of these 
synapses have symmetric thickenings, although asymmetric synapses are also 
observed. In the paraventricular nucleus, some of the neurons receiving synap
tic input from TH-immunoreactive axons may synthesize oxytocin (HORIE et 
al. 1993) or thyrotropin-releasing hormone (SHIODA et al. 1986). However, at 
least some of the TH-Iabeled contacts may derive from NE afferents. 

In the medial preoptic area, presumed DA axons labeled by TH
immunocytochemistry or uptake of radiolabeled DA or 5-hydroxydopamine 
synapse on the soma and dendrites of LH-RH-positive neurons and GABA 
cells (WATANABE and NAKAI 1987; LERANTH et al. 1988; HORVATH et al. 1993). 
Both symmetric and asymmetric junctions have been described at these con
tacts, although the majority appears to be symmetric (LERANTH et al. 1988). 
The DA nature of some of the TH profiles synapsing on GABA cells, and 
perhaps all of the TH synapses on LH -RH neurons, has been determined by 
tract-tracing, 6-hydroxydopamine lesions, and transection of the ascending NE 
bundles (LERANTH et al. 1988; HORVATH et al. 1993). The DA inputs to the 
medial preoptic area originate from the anteroventral periventricular nucleus 
and not from the medial zona incerta; the latter DA neurons synapse in the 
dorsomedial and paraventricular hypothalamic nuclei (HORVATH et al. 1993). 

VIII. Spinal Cord and Brainstem 

The functions of the DA innervation to the spinal cord are not clearly under
stood. However, DA-immunoreactive fibers from the caudal dorsal hypothal
amus have been described in the dorsal horn (primarily layers III and IV), 
intermediolateral cell column, and ventral horn of the rat and lamprey 
(SHIROUZU et al. 1990; RIDET et al. 1992; SCHOTLAND et al. 1996). At the 
ultrastructural level, DA varicosities in the spinal cord are larger than those 
typically described in the brain (mean diameter 0.75-0.91 f.Lm). Within the 
intermediolateral cell column and ventral horn, a majority of DA profiles 
form classical synapses (31 %-53% observed in single sections, extrapolated 
to nearly 100%). However, in the dorsal horn, DA axon varicosities vary from 
low synaptic incidence in cervical spinal segments (13 % observed, 34 % extrap
olated) to more frequent synapse formation in thoracic and lumbar segments 
(27% observed, 76% extrapolated) (RIDET et al. 1992). Both symmetric and 
asymmetric DA synapses occur in the spinal cord, with the principal targets 
being small, medium, and large sized dendrites (more than 85% of synapses). 
Synapses on soma or other axons are rare. 

DA neurons provide little input to the brainstem, although clusters 
ofaxons originating from the SN, VTA, and medial hypothalamus have 
been described in the mesencephalic trigeminal nucleus, with extension to the 
parabrachial nucleus and locus ceruleus (COPRAY et al. 1990; MAEDA et al. 
1994). Within the mesencephalic trigeminal nucleus, DA axons appear to make 
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symmetric synapses on soma, dendrites, and axons. The latter contacts, which 
were reported but not illustrated in this study, may derive from the hypothal
amus, as midbrain DA neurons almost exclusively target somatodendritic 
structures. A hypothalamic origin of some of the DA projections to this region 
is further suggested by the reportedly large size of the labeled boutons (mean 
diameter, 0.98/lm) and the formation of primarily asymmetric synapses 
(MAEDA et al. 1994). 

IX. Retina 

1. DA Neurons and Processes 

Unlike midbrain and diencephalic neurons, retinal DA cells are local circuit 
neurons. Depending on species, they belong to one or both of two classes in 
the inner nuclear layer: amacrine cells that extend processes to the inner 
plexiform layer and specialized interplexiform cells, that project to both the 
inner and outer plexiform layers (DJAMGOZ and WAGNER 1992; NGUYEN-LEGROS 
et al. 1997b). A few of the amacrine cells may be displaced into the ganglion 
cell layer, particularly in primates. It is difficult to classify the processes of 
amacrine cells as true axons, so that many of DA's retinal actions are exerted 
via release from beaded, axon-like processes (NGUYEN-LEGROS et al. 1997b) 
that may also have features of dendrites (KOLB et al. 1990). In most studies, 
DA retinal cells have been identified by TH immunocytochemistry, which is 
an adequate marker given the general absence of other catecholamines in 
retinal neurons (DJAMGOZ and WAGNER 1992; NGUYEN-LEGROS et al. 1997b). In 
some species, retinal DA cells may co localize GABA (DJAMGOZ and WAGNER 
1992; NGUYEN-LEGROS et al. 1997b). DA's physiological actions in the retina 
typically involve modulation of light-dark adaptation in a manner that atten
uates rod transmission in favor of the cone pathway. These functions are 
accomplished mainly by actions on amacrine cells in the rod pathway, but also 
in some cases via modulation of bipolar, horizontal, and photoreceptor cells 
(DJAMGOZ and WAGNER 1992; NGUYEN-LEGROS et al. 1997b). 

2. Ultrastructural Morphology, Synapses, and General Targets 

In the monkey retina, the first identified population of DA amacrine cells 
(type I) reside in the innermost inner nuclear layer, with synaptic processes 
extending into the outermost portion of the inner plexiform layer. They 
contain mostly small, clear vesicles and form synapses primarily onto non-DA 
amacrine cell bodies and dendrite-like processes and rarely onto bipolar cell 
terminals in the form of reciprocal synapses (DOWLING et al. 1980; HOKOC and 
MARIANI 1987). The synapses are often slight, and although not strictly con
forming, are commonly considered symmetric (DOWLING et al. 1980). In 80% 
of the synapses, the DA profile is the presynaptic element; in the remaining 
20% of contacts, the DA structure is the postsynaptic element (HOKOC and 
MARIANI 1987). A second, more numerous class of DA amacrine cells (type 2) 
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resides in the inner nuclear, inner plexiform, and ganglion cell layers (MARIANI 
1991). Processes of these neurons extend into the center of the inner plexi
form layer. The synaptic output of this cell class is sparse, being identified in 
only 5% of processes, with the remaining 95% involving the DA structure as 
the postsynaptic element. The few presynaptic DA profiles form exclusively 
symmetric synapses, directed primarily to non-DA amacrine cells (MARIANI 
1991). These observations are consistent either with a convergent funneling 
of information from widespread areas of the retina to a small number of 
amacrine cells or with a predominant parasynaptic function for type 2 retinal 
DA cells (MARIANI 1991). Little evidence supports the presence of DA inter
plexiform cells in the rhesus monkey, although such cells have been described 
in New World monkeys (DJAMGOZ and WAGNER 1992; NGUYEN-LEGROS et al. 
1997b), where they synapse on horizontal and bipolar cells and processes in 
the outer plexiform layer (DOWLING et al. 1980). 

In the cat, rat, and rabbit retina (DOWLING et al. 1980; POURCHO 1982; VOIGT 
and WASSLE 1987; KOLB et al. 1990; KOLB et al. 1991), the morphology and 
synaptology of DA amacrine and interplexiform cells is similar to that 
observed in the monkey. The synapses are formed at enlarged bead-like 
varicosities (up to 2Jlm in diameter) and not along interbead segments (0.15-
0.2 Jlm). Some of the structures postsynaptic to DA profiles contain glycine or 
GABA (KOLB et al. 1991). DA amacrine cells in the cat, like type I cells in the 
primate, form more output than input synapses (KOLB et al. 1990). In the outer 
plexiform layer, DA processes are less numerous and appear to synapse on 
the dendrites of non-DA interplexiform cells (KOLB et al. 1990). Some of the 
postsynaptic targets are GABA-containing and may include horizontal cell 
processes (KOLB et al. 1991). The synapses in the outer plexiform layer are 
remarkably small and punctate, which may explain why they are not always 
identified in ultrastructural studies. Other nonclassical junctions have also 
been identified in the inner and outer plexiform layers along the non-beaded 
portions of DA profiles (KOLB et al. 1990). Whether these represent synapse 
variants or sites of non-synaptic release is not known. In species where cone 
transmission dominates, such as the ground squirrel and tree shrew, the synap
tology of DA amacrine and interplexiform neurons is similar to species whose 
vision includes a greater rod component, although the number of DA neurons 
in the ground squirrel is noticeably low (MULLER and PEICHL 1991; LUGo
GARciA and BLANCO 1993). Interestingly, DA processes in the cat, rat, and 
monkey retina also exhibit close appositions to blood vessels and glial cell end 
feet, suggesting a possible regulation of blood flow (FAVARD et al. 1990; KOLB 
et al. 1990). 

In non-mammalian vertebrates, the synaptology of retinal DA neurons 
depends in large part on whether DA is present mainly in interplexiform cells 
or primarily in amacrine cells (DJAMGOZ and WAGNER 1992). Nevertheless, 
the ultrastructure of retinal DA cells appears to be remarkably conserved 
throughout phylogeny. In the inner plexiform layer of the fish, the processes 
of DA interplexiform cells form symmetric synapses (DOWLING and EHRINGER 
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1975; YAZULLA and ZUCKER 1988) that have been characterized as "rather 
meager," i.e., exhibiting few clustered vesicles and no prominent membrane 
densification (YAZULLA and ZUCKER 1988). Such marginal synapses are also 
formed by amacrine cells in the amphibian retina (GABRIEL et al. 1992; WATT 
and GLAZEBROOK 1993), but are not restricted to non-mammalian vertebrates, 
having also been described in monkey (DOWLING et al. 1980). Approximately 
40% of DA profiles exhibit synapses in single sections and contact primarily 
non-DA amacrine cells, some of which accumulate radiolabeled GABA. 
In most of the inner plexiform layer synapses, the DA profile is the pre
synaptic element (YAZULLA and ZUCKER 1988; GABRIEL et al. 1992; WATT and 
GLAZEBROOK 1993). Other contacts formed by DA processes exhibit no 
synaptic specializations and have been termed "junctional appositions" 
(YAZULLA and ZUCKER 1988). They target amacrine cell processes, bipolar cell 
terminal endings, soma within the ganglion cell layer (i.e., possibly displaced 
amacrine cells), and the processes of other DA cells. 

In the outer plexiform layer, the processes of DA interplexiform cells in 
the lamprey closely appose horizontal cells; membrane densifications, but not 
classical synaptic specializations, are sometimes observed at these sites (DALIL
THINEY et al. 1996). In the fish retina, similar connections involving horizontal 
cells have been described, with a widened and parallel intercellular cleft as 
their main morphological features (VAN HAESENDONCK et al. 1993; WAGNER 
and BEHRENS 1993). Whether such junctions represent specialized functional 
contacts is not known but has been suggested (VAN HAESENDONCK et al. 1993). 
Interestingly, DA profiles with this morphology are sometimes closely apposed 
to the horizontal cells that engage in gap junction complexes, known to be 
modulated by DA (VAN HAESENDONCK et al. 1993) and to rod and cone pedi
cles (WAGNER and WULLE 1990; WAGNER and WULLE 1992; VAN HAESENDONCK 
et al. 1993). Nearly identical contacts have been described in the toad retina, 
which possesses DA interplexiform cells with extensive processes in the outer 
plexiform layer (GABRIEL et al. 1991). In other cases in the fish, classical sym
metric synapses have been observed from DA interplexiform neurons onto 
horizontal cell soma and processes and occasionally onto bipolar cell dendrites 
(DOWLING and EHRINGER 1975; WAGNER and WULLE 1992; VAN HAESENDONCK 
et al. 1993; WAGNER and BEHRENS 1993). 

3. Localization of Proteins Involved in DA Transmission 

Retinal Dl receptors in rodents and primates have been localized by immuno
cytochemistry to a dense band in the outer plexiform layer, cells in the inner 
nuclear layer, and diffuse punctate processes in the inner plexiform layer 
(BJELKE et al.1996; VERUCKI and WAUSSLE 1996; NGUYEN-LEGROS et al. 1997a). 
Receptor-expressing profiles most likely derive from horizontal, bipolar, and 
amacrine cells, with the dense localization in the outer plexiform layer being 
consistent with Dl receptor regulation of horizontal cell electrical coupling 
(DJAMGOZ and WAGNER 1992). Amacrine cells expressing the Dl receptor are 
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not immunoreactive for TH (i.e., retinal Dl receptors are not autoreceptors) 
(NGUYEN-LEGROS et al. 1997a). In addition, Dllabeling of photoreceptor outer 
segments has been reported in one study (BJELKE et al. 1996). 

Dz receptor immunoreactivity has been localized in several species, includ
ing rat, rabbit, cow, chick, turtle, frog, and fish (WAGNER and BEHRENS 1993; 
WAGNER et al. 1993; ROHRER and STELL 1995; BJELKE et al. 1996; DEROUICHE 
and ASAN 1999). The densest expression of Dz receptors occurs in the inner 
and outer plexiform layers, within which considerable immunolabeling reflects 
autoreceptors on amacrine and interplexiform cells and their processes 
(ROHRER and STELL 1995; BJELKE et al. 1996; DEROUICHE and ASAN 1999). 
Other Dz labeling is on target elements, particularly non-DA amacrine cells 
and possibly bipolar cells. D4 receptor mRNA has also been identified in 
retinal neurons, but the D3 receptor appears to be absent (ROHRER and STELL 
1995; DEROUICHE and ASAN 1999). Controversy surrounds the localization of 
Dz receptors to photo receptors or their processes, with some investigators 
reporting their presence in inner and even outer segments (WAGNER and 
BEHRENS 1993; WAGNER et al. 1993; ROHRER and STELL 1995; BJELKE et al. 1996) 
and other studies failing to observe Dz receptors at these sites (DEROUICHE 
and ASAN 1999). The reasons for this discrepancy are unclear, although the 
different species examined and different antibodies used in each case may 
have produced varying results. Furthermore, photoreceptor outer segments 
may have a tendency for non-specific immunostaining (DEROUICHE and ASAN 
1999). In the most recent study in the rat, photoreceptor cells reportedly 
express D4 mRNA but no Dz receptor immunoreactivity or mRNA 
(DEROUICHE and ASAN 1999). Conversely, photo receptors in the chick retina 
express both Dz message and protein (ROHRER and STELL 1995). It should be 
noted that the presence of D2 receptors in photoreceptors is not unexpected, 
given the known modulation of retinomotor movement by this receptor 
(DJAMGOZ and WAGNER 1992). 

While the ultrastructural localization of Dl receptors has not been exam
ined, the reported extrasynaptic localization of Dz receptors (DEROUICHE and 
ASAN 1999), and the observed spatial distance between TH-immunolabeled 
profiles and neuronal structures expressing either Dl or Dz receptors, argues 
for a neuromodulatory influence of DA that may be largely parasynaptic. 
For example, if photoreceptor segments express DA receptors, they are likely 
to respond to transmitter that is released more than 10llm distant and that 
travels across the outer limiting membrane (WAGNER et al. 1993). The report
edly extrasynaptic localization of Dz receptors in the inner plexiform layer 
(DEROUICHE and ASAN 1999) is perhaps more puzzling, as DA processes do 
synapse on targets in this region. However, the pre-embedding immunogold 
method used is known to have limited sensitivity and to be restricted from 
synaptic densities in many instances (BAUDE et al. 1995; NUSSER et al. 1995) 
(see Sect. CI.4, this chapter). The mRNA for the DAT is localized to cells in 
the inner nuclear layer of the rat retina, although at levels that are only 
5%-10% of those expressed by SN cells (CERRUTI et al. 1993). The low 
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observed mRNA may relate to a different translational efficiency, smaller ter
minal fields, or lower expression of DAT protein. 

D. Discussion 
I. The Variability of DA Synaptology 

DA neurons project to their target structures via axons or axon-like profiles 
that share the common morphological features of small size, general lack of 
myelination, and content of primarily small clear vesicles. However, the trans
mitting elements of DA axons exhibit a wide range of structural features (see 
Fig. 1), including the complete absence of synapses, the presence of subtle, 
synapse-like contacts, and the formation of bona fide symmetric or even asym
metric synapses. This diversity of structure argues for the specificity of these 
systems. Moreover, it is the contention of this review that the morphology 
expressed by individual DA axons is that which best fulfills their specific func
tions, at specific points of connection, and, perhaps, for specific periods of time. 
Even though the anatomical discipline usually ordains that structure forms the 
basis for function, it is here proposed that form follows function for DA axon 
connections. 

Fig. 1. Schematic diagrams illustrating common features of the synaptology of DA 
axons in the striatal complex. Panel B shows an enlargement of the area outlined in 
panel A. The extracellular space has been exaggerated for effect. 1, DA axons release 
high concentrations of transmitter (shown in red) at synapses formed by varicosities. 
Synaptic DA acts on receptors (green curved rectangles in panel B) immediately within 
or closely adjacent to the synapse. 2, Some of the synaptically released DA diffuses 
away from the synaptic cleft, being reduced in concentration (shown in strong blue) 
and exerting parasynaptic actions on receptors located at a distance from the synapse, 
including receptors in neighboring synapses. 3, At some distance, the concentration of 
DA falls to levels that are ineffective for activating extrasynaptic DA receptors (shown 
in weak blue). 4, DA axons also release transmitter at synapses formed by intervari
cose segments. 5, It remains to be established whether DA axons contribute to parasy
naptic actions by release of transmitter from varicosities that fail to form synapses. At 
present, there is no clear evidence to prove or disprove this mode of transmission. 
However, if such release occurs, it would produce locally high concentrations of DA. 
6, DA axons frequently synapse in close proximity to asymmetric synapses, providing 
an anatomical substrate for DA modulation of glutamate transmission. 7, DA axons 
also converge synaptically with terminals forming symmetric synapses, consistent with 
DA modulation of inhibition mediated by GABA and other transmitters. 8, Localiza
tion of the DAT (purple bars in panel B) to the immediate perisynaptic region limits 
the diffusion of synaptically released DA. 9, DAT distribution to the extrasynaptic 
membrane of DA axons further reduces DA diffusion in the extracellular space and 
ultimately terminates its actions. Although DA diffusion is shown as spherical, the 
actual dimensions depend on tortuosity factors as well as the local density of the DAT 
and DA receptors. For simplicity, only D2 receptors are illustrated, including postsy
naptic receptors and auto- and hetero-presynaptic receptors. Structures in the darkest 
gray represent glial processes 
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Some of the variability in DA synaptology may reflect the nervous 
system's capacity to utilize the same substance for widely different functions. 
For example, opioid pep tides in the brainstem and spinal cord modulate 
nociception, while they serve completely disparate functions in the basal 
ganglia or enteric nervous system. Likewise, the DA projection from the 
arcuate nucleus to the median eminence serves a clear endocrine role in 

A 
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altering the release of pituitary hormones, a function reflected in the near 
absence of synapses at these nerve endings (VAN DEN POL et al. 1984). However, 
aside from such obvious exceptions, DA neurons often exert similar functions 
in different target areas, most typically the modulation of transmission evoked 
by other afferents. Thus, the occurrence of varying morphology, asynaptic to 
asymmetric, is more difficult to understand when it occurs across regions with 
similar function or even within a given brain area. 

Variable structure might also reflect different neuronal origins of DA 
afferents within a region. For example, the nearly unvarying synaptology 
observed in the dorsal striatum would be expected from its rather homoge
neous innervation by the SN (SMITH et al. 1994; HANLEY and BOLAM 1997). 
Conversely, DA axons in cortical, limbic, and autonomic forebrain areas 
exhibit a larger number of dense-cored vesicles and a greater tendency to 
form asymmetric synapses. Such features may indicate a more substantial 
contribution to these projections from DA neurons in the VTA or even the 
hypothalamus (SWANSON 1982). However, the physiological significance of 
asymmetric versus symmetric DA synapses remains to be determined. It has 
been hypothesized that midbrain DA neurons co localize and release gluta
mate at asymmetric synapses in the forebrain (HATTORI et al. 1991; SULZER et 
al. 1998). While a thorough critique of this argument is beyond the scope of 
this chapter, it should be mentioned that the anatomical basis for this suppo
sition is based on tract-tracing studies with serious technical limitations. More 
recent experiments using more appropriate tracers are not consistent with DA 
axons mediating glutamate excitation in the striatum (HANLEY and BOLAM 
1997; see Sect. c.I.1, this chapter). Nevertheless, it cannot be assumed that the 
morphology of a synapse always indicates its physiological action, as this 
correlation is only relative and not absolute. 

While variability in DA axon morphology may reflect mixed afferents from 
different neuronal sources, there is also evidence that variable synaptology can 
be exhibited by different processes emanating from the same neuronal popu
lation. For example, hypothalamic DA projections to the spinal cord are pri
marily synaptic in the ventral horn but more frequently asynaptic in the dorsal 
horn, suggesting that modulation of motor and autonomic functions requires 
the temporal and spatial fidelity associated with synaptic transmission, while 
modulation of pain and other sensory functions may be served by parasynap
tic control (RIDET et al. 1992; see Sect. C.VIl, this chapter). Other evidence sug
gests that variable synaptology may even be observed for different processes 
emanating from the same DA neurons. For example, in the toad retina, the 
processes of DA interplexiform cells form conventional synapses in the inner 
plexiform layer but no synapses in the outer plexiform layer (GABRIEL et al. 
1991,1992). As cells of this class do not arborize solely in the outer plexiform 
layer, both the synaptic and the asynaptic profiles must derive from the same 
neurons. DA processes in the outer plexiform layer do not function as 
dendrites, as they are never postsynaptic to other structures (GABRIEL et al. 
1991). Moreover, DA release is likely to occur from these asynaptic structures, 
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by virtue of the known physiological regulation of horizontal cell electrical 
coupling and photoreceptor movement during light adaptation (DJAMGOZ and 
WAGNER 1992; NGUYEN-LEGROS et al. 1997b). If these functions could be served 
by DA diffusion from the inner plexiform layer, then the extension of processes 
into the outer plexiform layer would seem to serve no purpose. Thus, the 
morphology and synaptology of DA profiles appears to be matched to the 
function exerted in a particular region regardless of the neuronal source. 

II. Parasynaptic DA Transmission 

Observations such as those in the retina and median eminence suggest that if 
the function of a particular DA system can be achieved without synaptic con
nections, then such specialized contacts may not be formed. There are numer
ous other examples of parasynaptic DA transmission in the brain. For example, 
in the striatum, DA regulates gene expression via mechanisms that appear 
not to require functional synapses (BERKE et al. 1998). In addition, striatal 
cholinergic neurons express high levels of DA receptors (LE MOINE et al. 1990; 
JONGEN-RELO et al. 1995) despite the rare occurrence of DA synapses on these 
cells (PICKEL and CHAN 1990). Likewise, the physiological actions of DA on 
the apical dendrites of cortical pyramidal cells (YANG and SEAMANS 1996; 
GULLEDGE and JAFFE 1998) match the distribution of DA receptors (SMILEY et 
al. 1994; BERGSON et al. 1995) but not the relatively few DA synapses onto 
proximal dendrites (SEGUELA et al. 1988; GOLDMAN-RAKIC et al. 1989; SMILEY 
and GOLDMAN-RAKIC 1993a; KRIMER et al. 1997). Moreover, the many reported 
examples of presynaptic actions of DA (VIZI 1991; LANGER 1997) are consis
tent with the axonal localization of DA receptors (see Fig. 1) but not the virtual 
absence ofaxo-axonic synapses in most target areas. 

Many of these examples of DA's parasynaptic actions can be explained by 
diffusion of transmitter from synaptic sites of release (see Fig. 1). However, 
historically, there has been an additional argument that DA can diffuse from 
non-synaptic release sites located at axon varicosities that do not form 
conventional junctions (BEAUDET and DESCARRlES 1978; DESCARRlES and 
UMBRIACO 1995). However, reports that not all DA varicosities form synapses 
must be considered in light of several caveats. First, determining that a DA 
varicosity fails to make a synapse requires complete serial section analysis in 
order to verify that these small junctions are not missed. Second, some DA 
synapses have been described as "small and subtle" (SMILEY and GOLDMAN
RAKIC 1993b; SMILEY and GOLDMAN-RAKIC 1993a), "delicate" (GROVES et al. 
1994), or "rather meager" (YAZULLA and ZUCKER 1988), suggesting that they may 
be rejected by some investigators because they fail to meet criteria that could be 
debated. Third, with few exceptions (DESCARRlES et al. 1996), the intervaricose 
segments of DA axons have been reported to make synapses (FREUND et al. 
1984; GROVES et al. 1994; SMITH et al. 1994; HANLEY and BOLAM 1997; KUNG et al. 
1998), and evidence that the varicosities are the preferential sites of synapse 
formation is lacking (see Fig. 1). In this regard, it should be noted that DA and 



100 S.R. SESACK 

other monoamine axons clearly differ from non-monoamine fibers, which 
typically synapse at the varicose portions (DES CARRIES and UMBRIACO 1995). 

These observations call into question the function of monoamine vari
cosities, if not to provide repositories of vesicles available for release at mor
phologically defined junctions. Indeed, it has been suggested that the varicose 
portions of DA axons are associated more with the presence of mitochondria 
than vesicle accumulation (FREUND et al. 1984; GROVES et al. 1994; KUNG et al. 
1998). As such, varicosities might represent structurally unstable elements 
whose position relative to synaptic junctions varies over time. Alternatively, 
or in addition, monoamine varicosities may function primarily as sites of 
transmitter uptake and storage (BLOOM 1991). Since the varicose portions of 
DA axons cannot be considered a priori to be synonymous with release sites, 
the practice of calculating the incidence with which these structures form 
synapses should probably be abandoned. Rather, in individual brain regions, 
it should be determined whether DA axons form conventional synapses, and 
attention should then be shifted to identification of the targets of these 
synapses and the localization of DA receptors relative to these junctions. 

This position does not imply that DA varicosities are incapable of 
transmitter release. While small clear vesicles are thought to be released only 
at morphologically defined junctions, there is as yet no concrete proof of this, 
and some evidence to the contrary does exist. For example, DA axons in the 
median eminence contain a predominance of small clear vesicles and make 
few, if any, synapses (VAN DEN POL et al. 1984). Nevertheless, DA is released 
from these profiles into the hypophyseal blood supply. Another example of 
such potential asynaptic release has been described above for the fibers of DA 
interplexiform neurons in the toad retina. Thus, there must be some mecha
nism for release of small clear vesicles in the absence of identifiable synapses, 
just as there is for exocytosis of dense-cored vesicles (THURESON-KLEIN and 
KLEIN 1990). Moreover, DA is known to be released from the dendrites of 
midbrain neurons (CHERAMY et al. 1981; HEERINGA and ABERCROMBIE 1995), 
despite the infrequent occurrence of conventional synaptic vesicles or junc
tional specializations at these sites (GROVES and LINDER 1983; HALLIDAY and 
TORK 1984; BAYER and PICKEL 1990; NIRENBERG et al. 1996a). As dendritic DA 
release is dependent on calcium and on compartmental sequestration by 
the vesicular monoamine transporter (CHERAMY et al. 1981; HEERINGA and 
ABERCROMBIE 1995), it is interesting to note that the vesicular transporter is 
extensively expressed along large tubulovesicular structures throughout DA 
dendrites (NIRENBERG et al. 1996a). While release from this compartment 
remains to be demonstrated, it should be noted that such tubulovesicles are 
also seen in striatal DA axons (NIRENBERG et al. 1997a). 

Thus, DA appears to be capable of parasynaptic actions (see Fig. 1), 
regardless of whether extracellular DA originates as overflow from conven
tional synapses, non-junctional fusion of synaptic vesicles, exocytosis from 
novel compartments, or even reversal of the DAT (BANNON et al. 1995). The 
contribution that anatomical investigations can make to the resolution of these 
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issues, as exemplified by the study of NIRENBERG and colleagues (NIRENBERG 
et al. 1996a), is to identify the molecular machinery necessary for non
synaptic release (for example, in the median eminence) and to provide evi
dence for the existence of this machinery at sites reputed to release DA. It is 
also essential that the distribution of functional DA receptors be delineated, 
as neurons are capable of selectively trafficking receptors and hence, deter
mining which compartments are receptive to DA signals (see Fig. 1). While 
most available studies provide little evidence to support the presence of DA 
receptors within or near DA synapses (SMILEY et al. 1994; CAILLE et al. 1996; 
DEROUICHE and ASAN 1999; but, see AN et al. 1998, 1999), most of the methods 
utilized lack the sensitivity necessary to demonstrate the presence of low abun
dance proteins embedded in a synaptic complex (BAUDE et al. 1995; NUSSER 
et al. 1995). Thus, the final resolution of this issue awaits application of postem
bedding immunocytochemical approaches for localization of DA receptors 
and/or additional technological advancements. Application of these methods 
to the localization of other G-protein coupled receptors, such as metabotropic 
glutamate receptors, has shown that they are distributed predominantly to 
perisynaptic sites (SOMOGYI et al. 1998). 

The concept of parasynaptic DA transmission is certainly not novel and 
has been reviewed previously, most recently under the nomenclature of 
"volume transmission" (ZOLI et al. 1998). While defined as "diffusion of 
signals in the extracellular fluid ... for distances larger than the synaptic cleft," 
the term itself seems to imply communication over considerable distances. 
Thus, this review has used the alternative term, "parasynaptic," defined by 
SCHMITT in 1984 as "in 'parallel with' or 'alongside' (not instead of or in com
petition with) neuronal circuitry" (SCHMITT 1984). Parasynaptic transmission 
simply characterizes signaling that is not purely synaptic and so, implies little 
with regard to distance. Thus, it would encompass short-range signaling initi
ated either by synaptic release and subsequent overflow or non-synaptic 
release events. Understanding the parasynaptic mode of transmission places 
emphasis on defining the microenvironment of DA releasing elements, so that 
in addition to synaptic targets, the cellular structures in close proximity to DA 
axons also need to be characterized, particularly those that express DA 
receptors (see Fig. 1). 

III. Synaptic DA Transmission 

A consideration of DA's substantial parasynaptic actions raises the question 
of why DA axons make synapses at all. One might speculate that by virtue of 
their sometimes meager morphology, DA specializations are not true synapses 
but some form of attachment point, such that DA axons are "tacked" onto 
their preferred targets during development, facilitating release in relatively 
close proximity to the desired areas of function. As suggested by DESCARRIES 
(DESCARRIES et al. 1996), such junctions "could be considered as structural 
devices to stabilize, in time as well as in space, the relationships and, hence, 
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the interactions between these varicosities and certain cellular targets in their 
immediate vicinity." However, it should be noted that DA junctions do not 
meet the morphological criteria for puncta adherentia, which exhibit electron 
densities that are extensively and symmetrically distributed on both sides of 
the membrane and are not associated with accumulated vesicles (PETERS et al. 
1991). Furthermore, ifDA axons are designed to be adhered close to their sites 
of action, then it is unclear why, in the cortex, they rarely contact apical den
drites (KRIMER et al.1997), despite exerting significant actions on voltage gated 
channels at these sites (YANG and SEAMANS 1996), or why, in the retinal outer 
plexiform layer of the fish, they are simply in close apposition to horizontal 
cell gap junction complexes, without forming obvious specializations (VAN 
HAESENDONCK et al. 1993). Clearly, DA axons can be located close to their 
functional targets without being physically attached to them. Moreover, many 
DA junctions actually do meet all the criteria for symmetric or asymmetric 
synapses (PETERS et al. 1991), including the accumulation of vesicles at the 
presynaptic specialization. 

Thus, it must be considered that DA axons form true synapses at sites 
where the spatial and temporal fidelity of synaptic transmission is required 
and for which parasynaptic transmission is functionally insufficient. This may 
be true regardless of whether these specific functions have yet been identified 
in electrophysiological studies. In this regard, it is interesting that DA axons 
in the rat cortex appear to have a greater synaptic incidence than those in the 
striatum (SEGUELA et al. 1988; PAPADOPOULOS et al. 1989; DESCARRIES et al. 
1996). In the striatum, DA axons primarily synapse on projection neurons, 
converge with axospinous synapses from the cortex, and exert parasynaptic 
actions on interneurons (see Sect. C.1.3, this chapter). Conversely, cortical DA 
fibers synapse on both pyramidal projection cells and selective subclasses of 
local circuit neurons, and the sources of excitatory afferents with which they 
converge synaptically appear to be highly selective (see Sect. C.VI.3, this 
chapter). Thus, a greater synaptic incidence may reflect a greater need for 
target specificity in cortical versus striatal regions. To some extent, this is 
contradicted by the lower synaptic incidence in primate cortex compared to 
rodent (SMILEY and GOLDMAN-RAKIC 1993a). While this might imply a heavier 
reliance on parasynaptic actions in the course of phylogeny, evolutionary 
studies suggest that synaptic actions represent the more recently evolved form 
of transmission (SCHMITT 1984). Moreover, the true synaptic incidence in the 
primate cortex has not yet been ascertained, because only the varicose 
portions of DA axons have been examined. Furthermore, a lower synaptic 
incidence does not translate a priori into lower specificity, as even in the 
striatum, the non-uniform distribution of DA synapses (GROVES et al. 1994) 
suggests that these inputs are directed only to specific dendritic processes. 

IV. Summary and Functional Significance 

The synaptology of DA neurons argues for anatomical specificity and supports 
multiple modes of neurotransmission lying along a continuum that includes 
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synaptic, parasynaptic, and endocrine. The parasynaptic mode either originates 
as overflow from synapses or non-synaptic mechanisms of release that remain 
to be defined in their spatial and molecular characteristics. Its limits are dic
tated by the distribution of DA receptors in relation to release sites, as well as 
the efficiency of DA reuptake and/or enzymatic breakdown (GONON 1997; see 
also Fig. 1). In this regard, the extent of parasynaptic DA transmission is likely 
to exhibit regional variability, given differences in the subcellular localization 
and density of the DAT protein (SESACK et al. 1998b) and differences in DA 
receptor density. Parasynaptic actions of DA are likely to communicate the 
tonic level of DA neuronal activity in behaving animals when not responding 
to environmental challenges (SCHULTZ 1998). Significant changes in extracel
lular DA levels may communicate gross alterations in systems function in a 
broadcast manner. 

The synaptic mode of DA transmission is mediated by release from junc
tional specializations and binding to receptors that are immediately within or 
in close proximity to the synapse (see Fig. 1), as observed for other G-protein 
coupled receptors (SOMOGYI et al. 1998). Synaptic transmission is best suited 
to communicate phasic alterations in DA cell activity that are temporally 
linked to behaviorally relevant events, such as those observed in response to 
stimuli that are rewarding or predictive of reward, and that are believed to 
constitute "learning" or "switching" signals (SCHULTZ 1998; REDGRAVE et al. 
1999). Such phasic and tonic modes of DA transmission have been described 
previously (GRACE 1991) but only recently linked to synaptic and parasynap
tic sites of action (MOORE et al. 1999). An alternative or additional function of 
DA synapses may be to ensure the reliability of transmission through signal 
amplification and/or reduction of variability (BARBOUR and HAUSSER 1997). 
This suggestion is consistent with the observation that individual striatal DA 
axons form multiple synaptic contacts in close proximity on the same dendritic 
target (GROVES et al. 1994). Synaptic DA connections may also function 
chronically with regard to plasticity (LOVINGER and TYLER 1996; CALABRESI 
et al. 1997; CEPEDA and LEVINE 1998; OTANI et al. 1998), such that activation 
of DA synapses in some temporal relationship to one or more afferents 
strengthens or weakens these synapses in a spatially specific manner. DA
mediated plasticity may regulate not only long-term synaptic strength, but also 
anatomical stability. This is suggested by studies of the DA denervated stria
tum, in which a subpopulation of terminals forming asymmetric synapses, and 
their spine targets, are selectively lost, while perforated asymmetric synapses 
are increased in number (INGHAM et al. 1998). 

Finally, it should be considered that synaptic and parasynaptic DA signals 
do not always serve independent functions but rather interact to facilitate 
DA modulation of target structures. Thus, a tonic level of parasynaptic DA 
activity might enable subsequent phasic alterations in modulatory drive when 
stimuli of relevance to the animal are encountered. This idea is reminiscent of 
the phenomenon of stochastic resonance, whereby background noise of a 
particular level boosts rather than masks weak inputs (Moss and WIESENFELD 
1995; MAYER-KRESS 1998). In this manner, extracellular DA may act on 
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receptors localized to extrasynaptic membrane or neighboring DA synapses 
(BARBOUR and HAUSSER 1997) to raise the probability of response to ensuing 
synaptic DA release. Given the likely importance of communication via 
multiple modes of transmission, it is perhaps not surprising that raising or 
lowering cortical DA levels degrades cognitive function (ARNSTEN 1997), 
particularly when these adjustments are applied without temporal reference 
to behaviorally significant events. Such functional degradation might be 
understood within the context of stochastic resonance, which if operative, 
would require an optimal level of parasynaptic DA to enhance the effect of 
behaviorally linked, albeit weak synaptic DA signals (Moss and WIESENFELD 
1995). Likewise, with pathological loss of DA axons and their attendant 
synapses, such as occurs in Parkinson's disease, it could be predicted that 
restoration of extracellular DA levels would only partially alleviate symptoms 
and might even induce alternate forms of motor dysfunction (CHASE 1998; 
CHASE et al. 1998). 

In summary, the range of DA ultrastructure parallels the range of DA 
functions mediated on target structures. Each mode of transmission is 
specialized to convey a particular type of behaviorally relevant signal, and, in 
addition, the parasynaptic and synaptic modes may act synergistically accord
ing to the rules of stochastic resonance. It is argued that DA axons do not 
simply express a synaptology to which target structures must then conform. 
Rather, the ultrastructure expressed by DA axons is that which has developed 
in concert with target cells in order to best serve their specific modulatory 
needs. Many examples have been presented of morphological substrates for 
delivery of DA along a continuum from maximum spatial specificity to more 
distributed, but still spatially limited exposure, and finally to widespread extra
cellular diffusion. In addition to morphology, the localization and efficacy of 
DA receptors and transporter molecules imposes constraints on the bound
aries of these modes of transmission that are still being defined. The divergent 
modes of DA synaptology and transmission described in this review have been 
presented in the context of normal communication. However, variability in 
DA ultrastructure may also occur as a result of plasticity in the functions of 
the target neurons or during the course of pathological processes. In this 
regard, the ultrastructure of DA axons described in any particular study may 
represent only a single snapshot from a portfolio of variable DA synaptology. 

Abbreviations 

5-HT 
ACTH 
DA 
DAT 
DBH 
GABA 
LH-RH 
NAc 

serotonin 
adrenocorticotropic hormone 
dopamine 
dopamine transporter 
dopamine-~-hydroxylase 
y-aminobutyric acid 
luteinizing hormone-releasing hormone 
nucleus accumbens 
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NADPH 
NE 
PNMT 
SN 
TH 
VTA 

nicotinamide adenine dinucleotide phosphate, reduced 
norepinephrine 
phenylethanolamine N-methyltransferase 
substantia nigra 
tyrosine hydroxylase 
ventral tegmental area 
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CHAPTERS 

Dt-Like Dopamine Receptors: 
Molecular Biology and Pharmacology 

H.B. NIZNIK, KS. SUGAMORI, lJ. CLIFFORD, and IL. WADDINGTON 

A. Introduction 
Initial classification of dopamine (DA) receptors into D j and D2 subtypes 
on the basis of stimulatory and no/inhibitory linkage to adenylyl cyclase 
(AC), respectively (SPANO et al. 1978; KEBABIAN and CALNE 1979), endured 
in substance for approximately a decade until the molecular cloning of D j 
and D2 receptors provided additional criteria for distinguishing these two re
ceptors in terms of genomic structure/localization, primary structure and 
mRNA tissue distribution profile. Thereafter, primarily during the early 1990s, 
further molecular cloning studies revealed the mammalian DA receptor family 
to be yet more heterogeneous (see MISSALE et al. 1998; NEVE and NEVE 1997; 
NIZNIK 1994): in particular, cloning both of primate D1 (rodent homologue 
D jA) and of primate Ds (rodent homologue D JB) receptors indicated the 
original designation of D j to encompass a family of Dj-like receptors whose 
properties are the focus of this chapter, in juxtaposition with a family of Dr 
like receptors (D2L1S, D3, D4) whose properties are the focus of subsequent 
chapters. 

Historically, interest in DA receptors at functional and clinical levels 
focused on the Drlike receptor family, due in large part to the substantial 
correlations observed between the functional/clinical potencies of DA re
ceptor antagonists/antipsychotic drugs and their in vitro affinities for blocking 
the D2 receptor in the initial absence of any selective D1 antagonist (SEEMAN 
1992). In contrast, the D j receptor was described in 1983 to be a site "in search 
of a function" (LADURON 1983); indeed, some scepticism for the existence of a 
distinct D j receptor entity endured until evidence for the physical resolution 
of DJ and D2 receptor protein moieties was obtained (DUMBRILLE-Ross et al. 
1985), and the time-lag between molecular advances and identification of 
pharmacological tools for exploring the functionality of the entities cloned has 
been a significant generic impediment to progress in this regard. 

This chapter will describe some of the salient molecular, pharmacological 
and functional properties encoded by members of the DJ-like receptor family. 
To the extent possible, recent advances with regard to identifying sUbtype
specific functional roles for Dj/DJA vs Ds/DJB receptors will be summarized also. 
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B. Molecular Biology of Dl-Like Receptors 

I. The DtfDIA Receptor Gene 

H.B. NIZNIK et al. 

The gene for the D\ receptor was first cloned based on the high degree of 
sequence homology between members of the superfamily of G protein
coupled receptors (GPCRs; DEARRY et al. 1990; MONSMA et al. 1990; 
SUNAHARA et al. 1990; ZHOU et al. 1990). Unlike the D2 receptor gene, the 
coding region of the D\ receptor gene was found to be unimpeded by 
intronic sequences and encoded by a seven transmembrane (TM) topology 
protein with a short third cytoplasmic loop (3rd CL) and large carboxyl 
terminus, typical of GPCRs that stimulate AC activity. The D\ receptor shares 
a higher degree of amino-acid identity to ~-adrenergic receptors (AR; -30%) 
than to the D2 receptor (24%). Using fluorescent in situ hybridization to 
metaphase chromosomes, the gene for the D\ receptor was mapped to the 
long arm of human chromosome 5 at 5q35.1. In addition, two restriction 
fragment length polymorphisms (RFLPs) were reported including a Taq 
I and an Eco RI. 

Cloning of the 5' upstream regulatory region of the human D\ receptor 
gene revealed the presence of an intron of 116 bp at positions -599 to -484 
upstream from the first putative translation initiation site (MOURADIAN et al. 
1994). The primary structure of the promoter region for the D\ receptor was 
found to lack both TATA and CAAT box sequences, but contained a high G+C 
content and putative sequences for transcription factors such as Spl (MINOWA 
et al. 1993), all of which are features typical of "housekeeping" type genes. The 
transcriptional activity of the 5' upstream region was shown to be cell-specific, 
as only cells that have the appropriate machinery to interact with this pro
moter could display transcriptional activity. A second functional TATA- and 
CAAT-Iess promoter (LEE et al. 1996) has since been discovered in the intron 
mentioned above, and appears to be trans activated by the POU transcription 
factor, Brn-4, which co-localizes with Dl mRNA in the striatum (OKAZAWA et 
al. 1996). Similarly, the 5' non-coding sequence of the rat D\A receptor gene 
has a promoter region characterized by a high G+C content, putative sites for 
the transcription factors Spl, Api and Ap2, absence of TATA or CAAT 
sequences, and an intron of 115 bp (ZHOU et al. 1992). 

II. The DsfDlB Receptor Gene 

An additional member of the DJ-like receptor family was cloned and termed 
the Ds receptor from humans, with its rodent orthologue termed the D\B recep
tor (GRANDY et al. 1991; SUNAHARA et al. 1991; TIBERI et al. 1991; WEINSHANK 
et al. 1991). The Ds receptor shares approximately 53% overall and 80% trans
membrane amino acid identities with the DJ receptor, lacks introns in the 
coding region, and possesses the same putative seven TM topology with a rel
atively small third CL and large carboxyl terminus. The DslDlB receptor can 
be distinguished from the DJ receptor on the basis of its chromosomal local-
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ization to human chromosome 4p15.1-15.3 (EUBANKS et al. 1992; GRANDY 
et al. 1992; SHERRINGTON et al. 1993). 

The transcription initiation site for the Ds receptor has been defined to 
2125 bp upstream from the translational initiation site and, similar to the Dl 
promoter region, the region 5' to the transcription initiation site lacks both 
TATA and CAAT canonical sequences but contains putative sites for Spl and 
ApI (BEISCHLAG et al. 1995). An intron of either 179 or 155 bp is found in the 
5' untranslated region of the Ds receptor gene. In addition, two pseudo genes, 
DS<pl and D S<P2, share high sequence identity (>94% nucleotide identity) with 
the Ds receptor and localize to human chromosomes 2pl1.1-pl1.2 and lq21.1. 
These possess mutations/deletions resulting in early termination of the gene 
products and have been identified exclusively in higher primates (GRANDY et 
al. 1992; MARCHESE et al. 1995). These two pseudogenes share significant 
sequence homology with the Ds receptor in the 5' untranslated region, only 
showing divergence beyond nucleotide -1916. It is postulated that these two 
pseudogenes may have arisen from two gene duplication events mediated by 
Alu sequences (MARCHESE et al. 1995). 

III. Primary Structure of Dt-Like Receptors 

Since D1-like receptors resemble structurally the seven a-helical membrane
spanning topology of GPCRs coupled to the activation of AC, much of what 
can be predicted about D1-like receptor structure-function relationships can 
be derived from the ~z-AR (DOHLMAN et al. 1991). Conserved residues in the 
DJ receptor include: an aspartic acid residue in TM2 (Asp 70) that appears to 
interact allosterically with agonists (TOMIC et al. 1993); an aspartic acid residue 
in TM3 (ASpl03) that is believed to bind the amine group of catecholamine 
ligands; two cysteine residues (Cys96, Cys186) that may form a receptor stabi
lizing disulphide bridge between the first and second extracellular loops (NODA 
et al. 1994) and a phenylalanine residue in TM6 (Phe289) which is postulated 
to stabilize the catechol ring. Also conserved in the Dl receptor is the 
AspArgTyr (DRY) sequence in the 2nd CL which, based on receptor model
ling and site-directed mutagenesis, is believed to be constrained in a 
hydrophilic pocket formed by conserved polar residues in TMl, TM2 and TM7 
(SCHEER et al. 1996). Most characteristic and distinctive of catecholamine 
receptors, though, are the three conserved serine residues in TM5, two of which 
for the ~z-AR are believed to form hydrogen bonds with the hydroxyl groups 
of the catechol moiety. Mutation of these conserved serine residues in TM5 
(Ser198, Ser199, Ser202) of the Dl receptor (Table 1) resulted in severe alterations 
in agonist and antagonist binding and in AC activity (POLLOCK et al. 1992). 

Within the carboxyl terminus of the Dl receptor is a conserved cysteine 
residue (Cys347); the corresponding residue in the ~z-AR is palmitoylated to 
form a putative fourth intracellular loop (IL). Mutation of this cysteine residue 
or truncation of the carboxyl tail at this residue results in the inability of the 
DJ receptor to desensitize, in addition to displaying a decreased affinity for 
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some antagonists, and a decreased efficacy for some agonists (JENSEN et al. 
1995; MOFFEIT et al. 1993). These findings were not, however, replicated in an 
independent study (JIN et al. 1997). The above residues are also conserved in 
the D5 receptor and include ASp87 in TM2, ASp120 in TM3, Ser229, Ser230 and 
Ser233 in TM5, Phe313 in TM6, Cysll3 and Cys217 in the first and second extra
cellular loops, and Cys 375 in the carboxyl terminus. Within the amino termi
nus, two potential N-linked glycosylation sites are present with an additional 
site found in the second extracellular loop for both Dl and D5 receptors. The 
precise role for glycosylation is unknown but may be necessary for the proper 
insertion/trafficking of the D5 receptor (BERGSON et al. 1996). 

IV. D1- Like Receptor Polymorphisms 

The possibility that single amino acid mutations can severely effect the ligand 
binding and functional characteristics of these receptors has led to the search 
for their possible involvement in the maintenance and expression of 
neuropsychiatric disorders, such as schizophrenia (OKUBO et al. 1997). While 
much intensive effort has focused on the DA system, studies on either Dl 
or D5 receptors and schizophrenia, Gilles de la Tourette syndrome, or bipolar 
disorder have revealed no linkage of either subtype with these diseases (BREIT 
et al. 1995; see BALDESSARINI 1997; BARR et al. 1997). 

Genetic association studies have also yielded mainly negative results. 
These studies in which DNA sequence variations (VAPSE) in the Dl or D5 
receptor genes were scanned in several cases of schizophrenia or bipolar dis
order and compared with healthy controls revealed several sequence muta
tions (Table 2) that resulted mainly in silent mutations occurring at the same 
frequency between patients and controls (CICHON et al. 1994, 1996; DOLLFUS 
et al. 1996; FENG et al. 1998; LIU et al. 1995; O'HARA et al. 1993; SAVOYE et al. 
1998; SOBELL et al. 1995; THOMPSON et al. 1998). The Ds receptor, in particular, 
displays a number of sequence changes (SoBELL et al. 1995), five of which 
result in either nonsense (C335X) or missense changes (N351D; A269V; S453C; 
P330Q). The nonsense change, C35SX, which causes premature truncation of 
the protein between TM domains 6 and 7 seemed particularly interesting; 
however, this mutation failed to show a co-segregation with schizophrenia, and 
the allele frequency of this mutation was not statistically different from 
controls. Neuropsychological testing of heterozygotes for the C355X allele 
did reveal a trend toward poor performance in tests sensitive to frontal lobe 
impairment. The four missense changes leading to amino acid substitutions 
also did not reveal an association with schizophrenia or any other neuro
psychiatric disease, nor did other D5 receptor sequence polymorphisms 
(ASHERSON et al. 1998). A polymorphic dinucleotide repeat (TC)13 has been 
localized to the Ds receptor promoter transactivation domain with additional 
allelic forms (TC)12 found in one patient with schizophrenia and one with 
Huntington's disease, and (TC)14 found in another case of schizophrenia. 
However, neither of these alleles altered Ds-promoter-mediated luciferase 
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Table 2. DJ and Ds receptor gene polymorphisms 

MutationlType Region Comments Reference 

Dopamine 
DJ receptor 
T-2218 => C 5'-UTR Same allelic frequency" CiCHON 1996 
Polymorphism 
C-21D2 => A 5'-UTR Same allelic frequency" CiCHON 1996 
Polymorphism 
T-2030 => C 5'-UTR Same allelic frequency" CiCHON 1996 
Polymorphism 
G-1992 => A 5'-UTR Same allelic frequencya CICHON 1996 
Polymorphism 
G-1251 => C 5'-UTR Same allelic frequency" CiCHON 1996 
Polymorphism 
T-800 => C 5'-UTR Same allelic frequency" CICHON 1996 
Polymorphism 
G-94 => A 5'-UTR Same allelic frequency" CiCHON 1994a 
Polymorphism 
A-48 => G 5'-UTR Same allelic frequency" O'HARA 1993; 
Polymorphism CiCHON 1994a; 

Lru 1995 
Leu => Leu30 TM1 O'HARA 1993 
Silent (A90G) 
Ile49 => Ile TM1 THOMPSON 1998 
Silent (C147T) 
Leu66 => Leu TM2 Asian-specific variant Lru 1995 
Silent (G198A) 
Ala 74 => Ala TM2 O'HARA 1993 
Silent (A222C) 
Ser421 => Ser COOH Same allelic frequencya CiCHON 1994a; 
Silent (G1263A) Lru 1995 
T1403 => C 3'-UTR Same allelic frequencya CICHON 1994a 
Silent 

Dopamine 
Ds receptor 
Ala22 => Ala NH2 SoB ELL 1995 
Silent 
Leu88 => Phe TM2 Found in one autistic patient FENG 1998 
Missense 
Ala269 => Val IL3 No association with schizophrenia SoB ELL 1995 
Missense 
Pro326 => Pro IL3 No association with schizophrenia SOBELL 1995 
Silent (T978C) 
Pro330 => Pro EL3 
Silent 
Pro330 => Gin EL3 No association with schizophrenia SoB ELL 1995 
Missense 
Cys335 => Stop EL3 No association with schizophrenia SoB ELL 1995; 
Nonsense FENG 1998 
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Table 2. Continued 

Mutation/Type Region Comments Reference 

Asn351 ::::} Asp 
Missense 
Ser453 ::::} Cys 
C1481 ::::} T 
Polymorphism 

TM7 No association with schizophrenia SoBELL 1995 

COOH No association with schizophrenia SoB ELL 1995 
3'-UTR SoB ELL 1995 

3'-UTR, 3' untranslated; 5'-UTR, 5' untranslated; COOH, carboxyl terminus; EL, 
extracellular loop; IL, intracellular loop; NH2, amino terminus. 
a Between schizophrenic and bipolar affective disorder patients and controls. 

activity in SK-N-SH cells and thus were not functional (BEISCHLAG et al. 1996). 
In addition, an association study of two RFLPs of the D) receptor, a Taq I and 
an Eco RI polymorphism, failed to show an association with bipolar 
disorder (SAVOYE et al. 1998). Some recent interest, however, has focused on 
chromosome 4 (for review see KENNEDY and MAC CIARDI 1998) and linkage 
disequilibrium of markers on chromosome 4p are suggestive of a site relevant 
to schizophrenia in close proximity to the Ds receptor gene. There is some 
preferential transmission of Ds receptor polymorphic alleles (DALY et al. 1999) 
in families with attention deficit disorder, another putative "hyperdopamin
ergic" disease state (PUSZKA et al. 1996). 

c. Dl-Like Receptor Pharmacology 

There has been a steady increase in the identification of compounds exhibit
ing selectivity for D}-like over D2-like receptors, as pharmaceutical companies 
and academic laboratories have directed medicinal chemistry resources in 
accordance with evolving pre-clinical research and evidence for therapeutic 
potential; however, identification of compounds exhibiting selectivity within 
the D)-like family, e.g. for D)A over DlB receptors, has yet to match these 
advances. 

I. Selective Dt-Like Agonists 

Identification in the late 1970s of the 1-phenyl-3-benzazepine SKF 38393 as a 
partial agonist in terms of stimulation of DA-sensitive AC preceded even 
initial D)/D2 receptor classification but was soon recognized as the first selec
tive D) (D)-like) receptor (partial) agonist, and its status as a reference func
tional tool endures; however, its limited selectivity, low in vivo potency and 
only partial agonist activity, together with increasing appreciation of the bio
logical role and therapeutic potential of the Dl receptor, engendered a search 
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for superior agents, the primary objective being identification of a highly selec
tive and potent full efficacy agonist (WADDINGTON and O'BOYLE 1989). 

Within this extensive benzazepine series, a large number of homologues 
have been examined to reveal DJ (Dj-like) agonists having from very low 
(SK&F 75670), through intermediate (SK&F 77434), to very high (SK&F 
81297, SK&F 83189) efficacies to stimulate AC (O'BOYLE et al. 1989; 
ANDERSEN and JANSEN 1990). It should be emphasized that while one of these, 
SK&F 82958, has been marketed and used widely as a full efficacy agonist, this 
status is not straightforward. This compound demonstrates a complex and 
anomalous interaction with D j (Dj-like) receptors in terms of supramaximal 
stimulation of AC (O'BOYLE et al. 1989) or stimulation with a very shallow 
dose-response relationship, that indicates an unconventional and/or indirect 
mechanism at DJ-like receptors (MOTTOLA et al. 1992), with anomalous neu
rophysiological effects (NISENBAUM et al. 1998; RUSKIN et al. 1998); these prop
erties necessitate considerable caution in its use as a putative full efficacy DJ 
(Dt-like) agonist (WADDINGTON et al. 1995, 1998a). 

Among non-benzazepine compounds, the thienopyridines SK&F 89145 
and 89641 were identified as partial and their congeners SK&F 89615 and 
89626 as full efficacy selective D j (DJ-like) agonists, but with little penetration 
through the blood-brain barrier (WADDINGTON and O'BOYLE 1989). Similar to 
many of the benzazepines, the indolophenanthridine CY 208-243 shows only 
partial DJ-like agonist activity and only limited selectivity over D2-like and 
non-dopaminergic receptors (WADDINGTON and O'BOYLE 1989; MURRAY and 
WADDINGTON 1990); while the related benzophenanthridine dihydrexidine 
(MOTTOLA et al. 1992) demonstrates full efficacy to stimulate AC, it too shows 
only limited selectivity over Drlike receptors. Thus, it is the isochroman 
A 68930 (DENINNO et al. 1991) which constitutes the first high-affinity, full
efficacy selective D)-like agonist; its congener A 77636 (KEBABIAN et al. 1992) 
demonstrates lower selectivity and reduced biological potency, but was pre
ferred as a (unsuccessful) candidate for clinical development. Thereafter, the 
thienophenanthrene A 86929 was identified also as a high-affinity, full-efficacy 
selective Drlike agonist, with its diacetyl prodrug offering improved pharma
co kinetic characteristics (SHIOSAKI et al. 1998). Conformational studies on 
novel Dj-like agonists (and antagonists) complement molecular biological 
studies in resolving the pharmacophore for Dj-like receptor recognition and 
transduction. Additionally, it must be noted that while Dj-like pharmacologi
cal interactions with AC have been studied primarily in rodent tissue, it has 
been argued that there exist species differences therein, particularly vis-a-vis 
(non-human and human) primates; these issues are considered further below. 

II. Selective Dt-Like Antagonists 

Identification in the early 1980s of the 7-halogenated 1-phenyl-3-benzazepine 
SCH 23390 as the first agent having all the defining characteristics of a selec
tive DJ antagonist, in terms of high affinity for inhibition of DA-sensitive AC 
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and selectivity for Dl (Dl-like) over D2 (D2-like) receptor binding sites, had a 
fundamental impact on DA receptor pharmacology, and its status as a refer
ence functional tool endures; however, while its material affinity for 5-HT2 
receptors presented some practical limitations, at a conceptual level its unex
pectedly profound pharmacological effects, in an era where prepotency of the 
D2 receptor was assumed, indicated potential danger in fundamentally revis
ing parcellation of function between DA receptor subtypes on the basis of a 
single agent from one chemical class (WADDINGTON and O'BOYLE 1989). Thus, 
a series of modifications to the basic benzazepine moiety were explored. 

The 6-Br homologue of SCH 23390 was identified as an enantiomeric Dl 
(Dj-like) antagonist pair (R-»S-SK&F 83566); more importantly, the ben
zonaphthazepine SCH 39166 was subsequently introduced as an important 
high-affinity selective D j (Dl-like) receptor antagonist with reduced affinity 
for 5-HT2 receptors (WADDINGTON and O'BOYLE 1989). Further exploration of 
variants to the benzazepine moiety resulted in identification of the benzofu
ranylbenzazepines NNC 112, NNC687 and NNC 756 (ANDERSEN et al. 1992), 
the aminoalkyllcinnamylbenzazepines (SHAH et al. 1996), and the thienoben
zazepine LY 270411 (DEVENEY and WADDINGTON 1996) as further selective Dl 
(Dj-like) antagonists. Perhaps yet more important, however, has been the iden
tification of the isoquinolines A 69024 (KERKMAN et al. 1989) and BW 737C 
(RIDDALL 1992), the dibenzoquinolizines (MINOR et al. 1994), and the benzo
quinoxoline SDZ PSD 958 (MARK STEIN et al. 1996) as selective D j (Dl-like) 
antagonists chemically distinct from the benzazepines or their congeners. 

III. Selectivity for Dt/DIA Vs DslDlB Receptors? 

It has been argued that drug-based discrimination of the various subtypes of 
Dl-like receptor is best described in general by a "profile" of binding affinities 
for several drugs that can readily be compared in different species rather than 
by the particular properties of a single "specific" ligand; indeed, a quandary in 
receptor classification may occur when minor sequence differences between 
orthologous receptors (species homologues) are recognized by specific ligands 
or, conversely, when paralogous receptors (true subtypes) are not distin
guished by different ligands (VERNIER et al. 1995). Assignment of distinct func
tional roles between Dj/D1A and Ds/DlB receptors has been impeded by 
the relatively high pharmacological similarity that exists between them. At 
present, only a few ligands have been identified that can differentiate these 
two cloned receptor subtypes, at least in recombinant cell lines, in terms either 
of ligand binding assays or of AC activation. These include DA itself and the 
agonist 6,7-ADTN which for the Ds receptor display a tenfold higher affinity 
than for Dl receptor (SUNAHARA et al. 1991); the magnitUde of this increased 
affinity, however, was not as great for the rat DlB receptor, for which only a 
threefold increase in affinity was observed (TIBERI et al. 1991). 

In contrast, some antagonists such as cis(Z)-fiupentixol and (+)
butaclamol exhibit a much lower (seven- to tenfold) affinity for DslDlB 
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than for DI/DIA receptors. These differences in the pharmacological profiles 
of DA/ADTN and butaclamollflupenthixol for cloned DI vs Ds receptors 
appear to define the pharmacological signature of D1 and Ds receptors. Recent 
evidence suggests that part of the molecular substrate which may confer some 
of the inherent agonist pharmacological characteristics defining DI vs Ds 
receptors appears to reside within amino acid motifs of the carboxyl terminal 
tail. Thus, the characteristic tenfold higher affinity exhibited for DA and 6,7-
ADTN by the Ds receptor can be completely converted to one displaying D1 
receptor characteristics by Ds receptor mutants in which the carboxyl termi
nal domains have been replaced by sequences encoded by the DI receptor tail 
(DEMCHYSHYN et al. 1997). These changes are specific for these agonists, while 
discriminating antagonists such as butaclamol and cis(Z)-fluphentixiol, and 
virtually all other non-selective D1IDs agonists and antagonists, retain their 
"normal" pharmacological profiles. 

However, while these ligands can be used to differentiate DIIDIA and 
DslDlB receptors using radioligand binding and functional assay systems, none 
of these ligands can be used meaningfully in vivo to differentiate between 
subtype-specific responses. Ongoing efforts are continuing to identify specific 
Ds/DlB receptor ligands, and to study structure-activity relationships that may 
govern receptor specificity. 

D. Molecular Aspects of Functional Coupling and 
Signal Transduction for Dr Like Receptors 

I. G-Protein Selectivity 

Binding of an agonist to a receptor is believed to cause a conformational 
change of individual transmembrane domains that is propagated to the intra
cellular receptor surface whereby coupling to specific classes of G proteins is 
mediated; the agonist catalyzes the exchange of GDP for GTP on the a
subunit with the resultant dissociation of the a~y-heterotrimer. The activated 
a-subunit and the free ~y-subunit can then act on specific effector systems 
(AC, ion channels, phospholipases) to mediate specific biological responses. 
The highly variable 3rd CL or IL of heptahelical receptors is believed to be 
one of the main structural determinants forming part of the molecular inter
face conferring either selectivity or efficiency of coupling (see WESS 1997). This 
has been confirmed for DA receptors as revealed by the generation of D)/D2 
receptor chimeras in which replacement of the D) 3rd CL with D2 receptor 
sequence or addition of the DI minigene encoding the 3rd CL abolished the 
ability of the receptor to stimulate cyclic adenosine monophosphate (cAMP) 
production (KOZELL et al. 1994; LUTIRELL et al. 1993). Conversely, a chimeric 
D2 receptor with D) receptor sequence from TM5 to TM6, encompassing the 
3rd CL, coupled to Gs (KOZELL and NEVE 1997). The regions within the 3rd 
CL that mediate selectivity or activation of G protein has been further refined 
to the amino and/or carboxyl terminal motifs at the junctions of TM5 and 6 
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(DOHLMAN et al. 1991; GUAN et al. 1995; OKAMOTO et al. 1991) and form the 
contact site to both a and ~ subunits of G proteins (TAYLOR et al. 1994, 1996). 

In as much as the amino and/or carboxyl regions of the 3rd CL appear to 
affect coupling and in some cases selectivity of coupling, these regions cannot 
solely account for receptor-G-protein interactions. Studies have also impli
cated the carboxyl terminus (OKAMOTO et al. 1991; NAMBA et al. 1993; SANO et 
al. 1997) and other intracellular domains such as the 1st and 2nd CL in recep
tor-G-protein-coupling interactions (MORO et al. 1993; SCHREIBER et al. 1994; 
VARRAULT et al. 1994; VERRALL et al. 1997). For the DJA receptor, synthetic pep
tides directed to the 2nd and 3rd IL and the N-terminal part of the carboxyl 
terminus prevented interaction with Gs (KONIG and GRATZEL 1994). Thus, it 
appears that depending on the receptor, several cytoplasmic domains may act 
in concert to determine either selectivity or coupling efficiency by forming a 
three-dimensional binding site. Alterations in these cytoplasmic domains may 
result in functionally promiscuous receptors (WONG and Ross 1994) that 
can couple to multiple G proteins, or in a constitutively active receptor state 
(KJELSBERG et al. 1992; KOZELL and NEVE 1997). 

Functionally, D1 and Ds receptors both stimulate the activity of AC when 
expressed in a number of eukaryotic cell lines and are believed to couple to 
either Gaol! or Gas, (HERVE et al. 1993). Promiscuity of coupling to multiple 
G proteins, however, may provide a means by which DJ and Ds receptors may 
possibly differentiate their functional status. This has been demonstrated in 
cell lines either endogenously expressing the D1 receptor, or transfected with 
either the D1 or the Ds receptor, and immunoprecipitation with antisera 
directed against specific G proteins (KIMURA et al. 1995a,b; SIDHU et al. 1998). 
D1 receptor-mediated events in stably transfected rat pituitary GH4C1 cells 
are responsive to both cholera and pertussis toxin treatment and are co
immunoprecipitated with antisera to Gao and Gas and not Gai (KIMURA et al. 
1995a). In the neuroblastoma cell line SK-N-MC, which endogenously 
expresses the DJ receptor (SIDHU 1997) but lacks Gao, only cholera toxin treat
ment abolished high affinity DJ receptor interactions. In contrast, the human 
Ds receptor, when stably expressed in GH4C1 cells, appeared to associate with 
Gas but not Gam Gail. Gai2, Gai3 or Gaq and a pertussis toxin-insensitive G 
protein, recently identified as Gaz (SIDHU et al. 1998). It may be speculated 
that since Gaz inhibits AC type I and type V (KozAsA and GILMAN 1995), the 
Ds receptor in some cells may have a negative effect on AC activity. For 
instance, a dopaminergic Ds inhibition of catecholamine secretion observed in 
chromaffin cells is associated with an unidentified pertussis toxin-insensitive 
G protein (DAHMER and SENOGLES 1996a,b). 

II. Constitutive Activation of DsfDlB Receptors 

One of the unique characteristics distinguishing between DJ and Ds receptors 
is that the DslDJB receptor is known to be constitutively activated (TIBERI and 
CARON 1994), defined as an increase in agonist-independent basal activity. A 
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number of GPCRs have been shown to be constitutively activated in the 
absence of agonist, or can be modified to become constitutively activated by 
specific mutations. Based on studies with AR, a modified allosteric ternary 
complex model has been proposed to explain the endogenous activation of 
receptors in the absence of agonist (LEFKOWITZ et a1. 1993). In agreement with 
the peptide studies on G-protein activation, the carboxyl region of the 3rd CL 
adjacent to TM6 and the endofacial region of TM6 appear to be involved in 
the active vs inactive conformation of the receptor (see PAUWELS and WURCH 
1998; JAVITCH et a1. 1997). 

Similar to the AR, the carboxyl terminal region of the 3rd CL has been 
implicated in the constitutive activity displayed by DJB receptors (TIBERI and 
CARON 1994). Site-directed mutagenesis of an amino acid (Ile288) in the car
boxyl region of the 3rd CL of the rat DJB receptor by the counterpart Phe 
residue present at the corresponding site of the DIA receptor attenuated the 
constitutive activity of the mutant DIB receptor (CHARPENTIER et a1. 1996). 
Conversely, replacement of the Phe264 residue by an Ile residue in the DIA 
receptor resulted in a constitutive activity for the DIA receptor, thus implicat
ing the importance of this residue in mediating the constitutive activity 
phenotype of the DIB receptor. Another study in which a conserved Leu 
residue adjacent to a proline residue in TM6 was mutated to an Ala residue 
(Leu286Ala) also displayed a constitutive activity phenotype for the Dl recep
tor, indicating that this mutation may lead to a release of constraint in the 
adjacent carboxyl terminal (CT) region of the 3rd CL or alteration in the con
figuration of TM6 (CHO et a1. 1996). Consistent with the observation of one 
critical conserved Ile residue at the CT end of the 3rd CL (CHARPENTIER et a1. 
1996), the Xenopus (SUGAMORI et a1. 1998) and eel DJB (CARDINAUD et a1. 1997) 
receptors also display an enhanced basal or constitutive activity. Thus, consti
tutive activity is absolutely conserved throughout the evolutionary course of 
the DslDJB receptor subfamily. 

While a majority of the amino acid domains involved in the constitutive 
activation of either mutated GPCRs and those found in pathology appear 
restricted to sites within the 3rd IL and TM6 (PAUWELS and WURCH 1998), it 
is clear that additional sequence motifs, particularly those within the CT-tail, 
regulate the expression of Ds receptor-constitutive activity. It appears, from 
work with Ds-successive deletion/truncation mutants (DEMCHYSHYN et a1. 
1997) that Ds receptor-mediated constitutive activity, but not the receptor's 
ability to stimulate AC in response to agonists, is dependent upon sequences 
encoded by the amino acids of the Ds CT-tai1. These data would argue for 
involvement of the CT-tail of the receptor, either directly or indirectly, with 
the Ile residue defined in the 3rd CL to regulate this receptor's ability to inter
act with subtype-specific G proteins. In any event, constitutive activation of 
AC by the DsIDJB receptor system appears to be fundamental to this subtype, 
and thus may be functionally relevant to the physiology of DA in the verte
brate nervous system. 
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III. Desensitization 

Desensitization is the phenomenon of attenuation or waning of response upon 
continued activation by an agonist. With GPCRs two forms of desensitization 
may occur: (1) homologous desensitization, which is mediated by specific G 
protein-receptor kinases (GRKs), such as ~-ARKs or rhodopsin kinase, which 
phosphorylate the agonist-occupied receptor and promote the binding of 
arrestin proteins; and (2) heterologous desensitization, in which activation of 
the receptor turns on second messenger-dependent kinases such as protein 
kinase A or protein kinase C which, in turn, can phosphorylate that receptor 
and others at specific Ser/Thr residues (see; PREMONT et al. 1995; PITCHER et 
al. 1998; KRUPNICK and BENOVIC 1998; LEFKOWITZ 1998). 

Studies on the DJ receptor indicate that in most expression systems, the 
DJ receptor undergoes a homologous desensitization (reviewed in SIBLEY and 
NEVE 1997; SIBLEY et al. 1998). This is manifested as a decrease in maximal 
activation (V max) of cAMP accumulation and a slower decrease in receptor 
number upon more prolonged exposure to DA, suggesting that specific GRKs 
may be phosphorylating the receptor. The Dl receptor, when co-expressed 
with various GRKs in a heterologous expression system, can serve as a sub
strate for GRK 2, GRK 3 and GRK 5 (TIBERI et al. 1996) resulting in either a 
rightward shift in the dose response curve for DA with little effect on V max 

(GRK2,3), or a decrease in both potency and efficacy (GRK 5). GRK 5 
belongs to a separate family of GRKs that is highly expressed in heart, lung 
and retina, and is characterized by being constitutively associated with the cell 
membrane. 

The observation that Dl receptors are endocytosed in a dynamin
dependent manner (VICKERY and VON ZASTROW 1999) and the association of 
internalized receptors with light vesicular membrane fractions (NG et al. 1995; 
TROGADIS et al. 1995) would suggest that once phosphorylated by subtype spe
cific GRKs, DJ receptors probably associate with ~-arrestin-like molecules for 
subsequent recruitment into clathrin-coated pits and vesicular compartments, 
thereby promoting sequestration and resensitization (FERGUSON et al. 1996; 
ZHANG et al. 1997). The internalization of Dl receptors can also occur in CHO 
cells, primary striatal cultures and rat striatal brain slices following agonist 
exposure (ARIANO et al. 1997a,b). In these cases concanavalin A, which blocks 
endocytosis, prevented sequestration without affecting stimulation of AC, indi
cating that sequestration and uncoupling of the receptor G-protein complex 
occur by biochemically distinct pathways. In one in vivo study (DUMARTIN et 
al. 1998), an acute and massive internalization of postsynaptic Dl receptors in 
endocytic vesicles, occurring as early as 4 min. after injection, was visualized 
in the striatum after treatment with either a DJ-like agonist or amphetamine 
without modification of cAMP responsiveness. However, recruitment of DJ 
receptors to the plasma membrane has also been reported following agonist 
stimulation (BRISMAR et al. 1998). Less is known about the desensitization 
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pattern of the DslDJB receptor; the human Ds receptor can undergo homolo
gous desensitization in Uk cells, manifested as a decrease in maximal response 
(JARVIE et a1. 1993) but studies on internalization and long-term desensitiza
tion are lacking. 

The DJ receptor also appears to undergo heterologous desensitization 
when stably expressed in Y1 mouse adreno-cortical tumour cells (OLSON and 
SCHIMMER 1992). A heterologous desensitization was also demonstrated in D1-
CHO mutants expressing low activities of protein kinase A, where the degree 
of agonist-induced desensitization was reduced (SIBLEY et a1. 1998), indicating 
that protein kinase A phosphorylation plays a role in the Dl acute desensiti
zation. Site-directed mutagenesis of all potential protein kinase A phospho
rylation sites in the DIA receptor resulted in an attenuation of DA-induced 
desensitization in C-6 glioma cells (JIANG and SIBLEY 1996), which was further 
refined to the Thr268 residue in the 3rd CL (JIANG and SIBLEY 1997). However, 
a cAMP-independent mechanism for Dl receptor desensitization has been 
reported in these cells (LEWIS et a1. 1998), the functional magnitude of which 
appears not to correlate with receptor efficacy of various agonists. Whether 
the Dl receptor undergoes a homologous vs heterologous desensitization will 
depend on the intrinsic cellular machinery, on the individual complement of 
GRKs within the particular cell or tissue, and perhaps on the mode of stimu
lation such as duration of action. 

Studies on CT-tail truncations (Table 1) of the Dl receptor indicate a 
decreased propensity for desensitization (JENSEN et a1. 1995). This was also 
apparent on site-directed mutagenesis of the putative palmitoylated Cys347 
residue. While the potential protein kinase A sites in the carboxyl terminus do 
not appear to affect desensitization or down-regulation of the DJ receptor 
(KOZELL et a1. 1997), perhaps loss of sites targeted by specific GRKs may 
mediate the attenuated desensitization response seen with these truncation 
mutants. However, the goldfish DIA receptor which has carboxyl terminus 
truncated by 80 amino acids, can still undergo desensitization and down
regulation after long-term pre-treatment with agonists (FRAIL et a1. 1993). 

E. Distribution of Dl-Like Receptors 
The localization of D1-like receptors was first delineated by auto radiographic 
studies using either the tritiated- or iodinated-labelled and/or ftuorescent
tagged high-affinity antagonists SCH 23390 or SCH 23892 (ARIANO et a1. 1989; 
LIDOW et a1. 1991). These studies revealed that DJ-like binding sites within the 
CNS are particularly enriched in the striatum (caudate-putamen, nucleus 
accumbens), olfactory tubercle, medial substantia nigra, and as a bilaminar dis
tribution in the neocortex. Drlike binding sites have also been identified in 
the retina, kidney and peripheral vasculature (AMENTA 1997; RICCI et a1. 1997; 
OZONO et a1. 1997). While these studies have identified Dj-like binding 
sites displaying the appropriate Dl characteristics, the two D1-like subtypes 
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revealed by molecular cloning cannot be distinguished by autoradiography 
since both receptors bind with high affinity to the ligands typically used to 
localize DJ-like binding sites. Thus, the precise cellular or subcellular localiza
tion of the DsIDJB receptor by autoradiographic means awaits the identifica
tion of a high affinity Ds-specific ligand that displays poor affinity for the DJ 
receptor. 

In situ hybridization studies using specific cRNA probes have since been 
used to map the distribution of DJ and Ds receptor mRNAs in the human, 
primate and rat brain. These studies revealed that DJ mRNA is highly abun
dant in the striatum, and is found in the olfactory tubercle, amygdala, hypo
thalamus, retina and neocortex (FREMEAU et al. 1991; LE MOINE et al. 1991; 
CHOI et al. 1995; GASPAR et al. 1995). The Ds mRNA displays a somewhat dif
ferent distribution in that low levels of this gene are expressed in the striatum, 
with slightly higher levels in the frontal cortex and substantia nigra and with 
high levels in the dentate gyrus of the hippocampus (MEADOR-WOODRUFF et 
al. 1994; BEISCHLAG et al. 1995; CHOI et al. 1995; LID ow et al. 1997). DJB mRNA 
has also been identified recently in bovine retinal pigment epithelium, and 
may mediate the DA-induced phagocytosis of the retinal photoreceptor outer 
segment (VERSAUX-BoTTERI et al. 1997). 

Immunohistochemical studies with subtype-specific antibodies to DJ or Ds 
receptors have revealed intense DJ staining in the basal ganglia, olfactory bulb 
and substantia nigra pars reticulata of rat brain (LEVEY et al. 1993), and for 
DJB in frontal and parietal cortices, and CA2/CA3 region of the hippocampus 
and dentate gyrus. Within the prefrontal cortex, DJ immunoreactivity is appar
ent in interneurons, being most prevalent in parvalbumin-containing inter
neurons and virtually absent in calretinin-containing interneurons (MULY et 
al. 1998). In the neostriatum, DJ-specific antibodies and to a lesser extent Ds
specific antibodies labelled medium spiny neurons while only Ds-specific 
antibodies labelled the large aspiny neurons typical of cholinergic interneu
rons (BERGSON et al. 1995a,b). Cells immunoreactive for DJA have also been 
visualized in the rat mesencephalic trigeminal nucleus, specifically in the area 
receiving inputs from masticatory muscle spindles, and thus may process 
proprioceptive information from jaw-closing muscles (LAZAROV and PILGRIM 
1997). 

DJ and Ds receptors appear to be differentiated in terms of their subcel
lular distributions. In the caudate nucleus, DJ labelling is localized to spines 
and shafts of projection neurons, whereas Ds labelling is restricted to shafts. 
In the cerebral cortex and hippocampus, both Dl and Ds are co-expressed in 
pyramidal neurons and appear to be trafficked to distinct cellular compart
ments, spines for DJ and shafts for Ds (BERGSON et al. 1995b). At the ultra
structural level in the prefrontal cortex, DJ immunoreactivity is associated with 
membranes of vesicles in proximal dendrites, with the plasma membrane on 
distal dendrites located near asymmetric synapses, and with presynaptic axon 
terminals giving rise to symmetric synapses. The different cellular (ARIANO et 
al. 1997a,b) and subcellular distributions for the DJ and Ds receptors suggest 
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that these two receptors, although coupled to the same second messenger 
system, may subserve different functions within the brain. 

F. Pharmacology of Dt-Like Receptor-Mediated Function: 
Behaviour and Dt-Like:DrLike Interactions 

Relating aspects of function to DJ-like as distinct from Dz-like receptors was 
hindered, at least initially, by two factors: first, a paucity of pharmacological 
tools able to discriminate between them, and, second, resistance from the con
ceptual presumption that particular aspects of function would be mediated by 
either one receptor/receptor family or the other (WADDINGTON and O'BOYLE 
1989). It is beyond the scope of this chapter to review the breadth and depth 
of the literature that has progressively challenged and rectified these anom
alies. Hence the strategy adopted here is to briefly summarize the core 
processes and putative neuronal substrates, using examples from uncondi
tioned psychomotor behaviour as they might apply to further aspects of func
tion considered more extensively in Chaps. 20-27 (Vol. II), and to exemplify 
their clinical potential in terms of anti-parkinsonian therapy. 

I. Core Processes at the Level of Behaviour and Their Putative 
Neuronal Substrates 

Identification of SCH 23390 as the first selective DJ (DJ-like) antagonist 
rapidly terminated the era over which functional prepotency of D2 (Dz-like) 
receptors was presumed; together with selective DJ (DJ-like) agonists, it 
revealed DJ (DJ-like) receptors to playa fundamental role in multiple aspects 
of mammalian psychomotor behaviour. As reviewed in detail elsewhere 
(WADDINGTON and DALY 1993; WHITE and Hu 1993; WADDINGTON et al. 1994, 
1995, 1998a), the picture that has emerged is one of DJ (DJ-like) receptors 
acting in concert with their D2 (D2-like) counterparts to regulate the great 
majority of DA-dependent behaviours. 

These functional DJ-like:D2-like interactions appear primarily co
operative in nature, particularly in relation to typical DA-dependent behavi
ours, such that tonic or phasic dopaminergic activity through D)-like receptors 
"enables" or is "permissive" of phenomena initiated through Dz-like receptor 
activation; hence, for example, selective DJ-like antagonists attenuate typical 
stimulant responses (sniffing/locomotion) to selective Dz-like agonists, while 
selective DJ-like agonists synergize with selective Dz-like agonists to translate 
these stimulant responses into compulsive stereotyped behaviour. However, a 
very restricted range of other, atypical behaviours appears regulated by oppo
sitional Dr like:D2-like interactions, such that tonic or phasic dopaminergic 
activity through DJ-like receptors normally inhibits such phenomena, which 
are then released when that inhibitory DJ-like influence is removed; hence, 
for example, selective DJ-like antagonists not only block typical stimulant 
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responses to selective Drlike agonists but also release the atypical response 
of myoclonic jerking. 

When dopaminergic function is driven using a selective Drlike agonist, 
similar principles appear to apply, though some elements of detail are less 
certain. Thus, while selective Drlike antagonists attenuate typical responsiv
ity (grooming) to selective Drlike agonists, there is debate as to whether this 
reflects reciprocal co-operative/synergistic DJ-like:Drlike interactions or a 
more non-specific motor depressant effect (WADDINGTON and DALY 1993; 
WHITE and Hu 1993); selective D2-like agonists synergize with selective DJ-
like agonists to translate this response into stereotyped behaviour. However, 
again a restricted range of other, atypical behaviours appears regulated by 
oppositional DJ-like:Drlike interactions, such that tonic or phasic dopamin
ergic activity through Dz-like receptors normally inhibits such phenomena, 
which are then released when that inhibitory Drlike influence is removed; 
hence, for example, selective Drlike antagonists not only attenuate the typical 
grooming response to selective DJ-like agonists but also release the atypical 
response of vacuous chewing. 

Co-operative/synergistic Drlike:Drlike interactions are influenced impor
tantly by the extent of integrity of tonic dopaminergic transmission. They are 
evident in the intact animal, and under conditions of acute DA depletion, but 
become at least in part decoupled under conditions of chronic disruption of 
dopaminergic tone through lesioning of DA neurons or prolonged depletion 
of DA; in particular, under such conditions selective antagonists act no longer 
in a heterologous manner but, rather, homologously block only responses to 
their counterpart agonists, though elements of synergism between D)-like and 
Drlike agonists endure. Oppositional DJ-like:Drlike interactions appear to 
endure in the face of chronic disruption of dopaminergic tone. 

As described in detail elsewhere (WHITE and Hu 1993; WADDINGTON et al. 
1994, 1995, 1998a), these behavioural phenomena, particularly those indicat
ing Dr like:D2-like interactions, have attracted considerable efforts to identify 
their neuronal substrates at multiple levels of enquiry: from receptor binding 
site, through transduction systems and neurophysiological events, to more 
distal neurochemical processes. Perhaps the most enduring controversy is 
whether these interactions are mediated by adjacent Drlike and Drlike recep
tors that are co-localized on the same neuronal membrane, or are mediated 
in a more integrative manner by DJ-like and D2-like receptors located on dis
tinct populations of neurons whose efferents interact downstream of these 
locations; these issues are considered further in Chap. 11 of this volume. 

II. Prototypical Dt-Like Behavioural Phenomena 

The most widely accepted behavioural index of DJ-like receptor activation in 
rodents is the induction of grooming, particularly of "intense grooming" which 
refers to well-characterized, ethologically complete grooming syntax (MOLLOY 
and WADDINGTON 1984; WADDINGTON et al. 1995, 1998a); its origin appears to 
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reside in a "pattern generator" within the anterior dorsolateral striatum 
(NEISEWANDER et al. 1995; WADDINGTON et al. 1998a). This behaviour is 
induced by all D)-like agonists identified to date, is readily blocked by all 
known selective D)-like antagonists, and attenuated by selective Drlike anta
gonists in accordance with co-operative/synergistic D)-like:Dz-like interac
tions (WADDINGTON et al. 1995, 1998a). The induction of vacuous chewing/rapid 
jaw movements is a more controversial index of D)-like receptor activation 
that has proved less replicable between laboratories (ROSENGARTEN et al. 1993; 
WADDINGTON et al. 1995, 1998a); furthermore, when reported, there is contra
dictory evidence as to whether SK&F 38393-induced perioral movements are 
resistant to inactivation of 60%-90% of striatal and accumbal D)-like recep
tors using peripherally-administered EEDQ (ROSENGARTEN et al. 1993), or are 
less robust than the grooming response but similarly sensitive to <50% inac
tivation of D)-like receptors in the dorsolateral striatum (but not elsewhere in 
the striatum or in the nucleus accumbens) using intracerebrally administered 
EEDQ (NEISEWANDER et al. 1995). We have found the AC-stimulating ben
zazepine D)-like agonists not to induce this behaviour when given alone 
but to do so following pre-treatment with a selective Drlike antagonist in 
accordance with oppositional D)-like:Dz-like interactions (MURRAY and 
WADDINGTON 1989). However, vacuous chewing is induced by the isochroman 
D)-like agonist A 68930 (DALY and WADDINGTON 1993) in a manner that is 
sensitive to an isoquinoline (BW 737C) but not to benzazepine (SCH 23390), 
thienoazepine (LY 270411) or benzoquinoxoline (SDZ PSD 958) D)-like 
antagonists (DEVENEY and WADDINGTON 1996; WADDINGTON et al. 1998b). 

On classical pharmacological grounds these findings would suggest intense 
grooming to be mediated via a Dt-like receptor that recognizes all known 
chemical classes of Dt-like compounds, while vacuous chewing is mediated via 
a D)-like subtype that recognizes preferentially the isochromans/isoquinolines. 
Furthermore, while the thienoazepine LY 270411 shares the action of all other 
known Dt-like antagonists to block D)-like agonist-induced grooming, it is the 
only Dt-like antagonist examined to date which fails to attenuate materially 
the typical stimulant response of sniffing and locomotion or to release atypi
cal myoclonic jerking to selective Dr like agonism (DEVENEY and WADDING
TON 1996; WADDINGTON et al. 1998b); thus, the site mediating typical D)-like 
agonist-induced behaviour may be dissociable pharmacologically from D)-like 
sites participating in Dt-like:Drlike interactions. However, these putative D)
like sites are implicated in an era where molecular biology has to a con
siderable extent supplanted classical pharmacological criteria for receptor 
sub typing. 

III. Paradoxes in Relation to the Defining Linkage to 
Adenylyl Cyclase 

While linkage to the stimulation of AC endures as the defining characteristic 
of D)-like receptors, an increasing body of evidence indicates that a broader 
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perspective of DJ-like receptor second messenger/transduction is required 
(WADDINGTON et al. 1995, 1998a). 

At one level, it is now well recognized that interpretation of DJ-like 
agonist efficacy in terms of AC stimulation is considerably more complex that 
envisaged originally (WADDINGTON and DEVENEY 1996; MAK et al. 1996): 
agonist efficacy appears to be dependent upon receptor reserve, such that 
some DJ-like agonists with high efficacy under conditions of high receptor 
reserve (e.g. SK&F 82958) evidence lower efficacy under conditions of low 
receptor reserve, while other agonists (e.g. A 68930, dihydrexidine) evidence 
full efficacy independent of extent of receptor reserve (WAITS et al. 1995); such 
phenomena could contribute to some of the differences in the behavioural 
profiles of Drlike agonists between rodent and (non-human and human) 
primate species, which may differ in receptor reserve (GILMORE et al. 1995). 

However, there is a deeper level of incongruity between stimulation of AC 
and functional (here, behavioural) responsivity to selective DJ-like agents. 
There is considerable evidence that the functional effects ofDJ-like agonists are 
unrelated to their efficacies to stimulate AC. For example, the generally com
parable maximal extent to which a broad range of structurally diverse DJ-like 
agonists induce grooming is in marked contrast to their widely varying effica
cies to stimulate AC (MURRAY and WADDINGTON 1989; WADDINGTON et al. 1995, 
1998a); these data are complemented by similar dissociations between AC effi
cacy and effects both at other levels of behaviour (GNANALINGHAM et al.1995a) 
and, particularly, at the level of accumbal electrophysiology (JOHANSEN et al. 
1991). These anomalies attain critical proportions in relation to the pharmacol
ogy of the benzazepine SK&F 83959. This agent shows high affinity and selec
tivity for Drlike over D2-like receptors, fails to stimulate AC, and inhibits the 
stimulation ofAC induced by DA (ARNT et al. 1992; DEVENEY and WADDINGTON 
1995; ANDRINGA et al. 1999); thus, it exhibits all of the defining characteristics of 
a D)-like antagonist such as SCH 23390. However, SK&F 83959 readily induces 
grooming that is sensitive to antagonism by SCH 23390, and vacuous chewing 
that is insensitive to SCH 23390, together with other effects typical of Drlike 
agonists; thus, its behavioural profile is essentially indistinguishable from that 
of the full efficacy selective Drlike agonist A 68930 (DALY and WADDINGTON 
1993). Furthermore, SCH 23390 can also induce vacuous chewing (DALY and 
WADDINGTON 1993; DEVENEY and WADDINGTON 1995), and can exert electro
physiological effects on rat nucleus accumbens neurons, which are very similar 
to those effects of DJ-like agonists that appear unrelated to their efficacies to 
stimulate AC (WACHTEL and WHITE 1995). SK&F 83959, like A 68930, synergizes 
with the Dz-like agonist quinpirole in an SCH 23390-sensitive manner to 
promote jaw movements in a spinal model (ADACHI et al. 1999). 

Given that these effects of SK&F 83959 cannot be accounted for readily 
in terms of an active metabolite having a different pharmacological profile 
(ARNT et al. 1992; DEVENEY and WADDINGTON 1995), how else can these pro
found paradoxes be explained? The most radical explanation is that these (and 
possibly other) behavioural responses held to be mediated via D)-like recep-
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tors involve not the AC-coupled D)A (or D lB) receptor; rather, they appear to 
involve a D)-like receptor that is coupled to a transduction system other 
than/additional to AC, and which is able to respond similarly to drugs having 
a common affinity for this Drlike site independent of whether they exert 
agonist or antagonist action at classical AC-coupled D)A (or D lB) receptors. 

IV. Dl-Like Receptors and Anti-parkinsonian Activity 

These paradoxes endure when such concepts are generalized into the area of 
therapeutic potential in Parkinson's disease. D)-like agonists are active in con
ventional rodent models of anti-parkinsonian activity, though these acute 
effects can be accompanied by proconvulsant activity; furthermore, the acute 
"anti-parkinsonian" effects of many Dt-like agonists, particularly newer agents 
such as A 68930 and A 77636, show rapid desensitization on repeated admin
istration (SHIOSAKI et al. 1998; VERMEULEN et al. 1999). Unlike effects in 
rodents, however, the acute efficacy of D)-like agonists in the 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) non-human primate model of 
Parkinson's disease was considered initially to be related to their intrinsic 
activity, which for partial agonists (such as SK&F 38393, which exacerbated 
parkinsonism; but not for full agonists such as A 68930) appeared to be 
reduced in primates due to lower receptor reserve relative to rodents (WATTS 
et al. 1993; WEED et al. 1998). 

The full efficacy Dt-like agonist A 86929, however, appears not to show 
rapid tolerance (SHIOSAKI et al. 1998); additionally, its profile of acute anti
parkinsonian activity in the MPTP model, together with that of its pro-drug 
ABT-431 both in the MPTP model and in preliminary studies in patients (now 
terminated), was held to have advantages over that of L-DOPA and Drlike 
agonists such as quinpirole in terms of reduced propensity to induce dyskine
sias (SHIOSAKI et al. 1998; PEARCE et al. 1999). Yet the extent to which these 
concepts generalize to other agents remains unclear (GRONDIN et al. 1999; 
VERMEULEN et al. 1999). Furthermore, the clinical anti-parkinsonian activity 
of the full efficacy, preferential Dt-like agonist dihydrexidine appears to be 
accompanied by L-dopa-like dyskinesias (BLANCHET et al. 1998). 

It is on this background that the anti-parkinsonian efficacy of SK&F 83959 
in the MPTP non-human primate model, with induction also of oral dyskine
sias, is striking (GNANALINGHAM et al. 1995a); furthermore, modest doses of 
SK&F 83959 synergized with quinpirole to prolong its duration, though higher 
doses synergized to produce hyperexcitability and seizures (GNANALINGHAM 
et al. 1995b). Recent studies have confirmed that SK&F 83959 has no efficacy 
to stimulate AC and readily inhibits the stimulation of AC induced by DA 
in (non-human and human) primate cells, with some affinity also for Uz 

receptors (ANDRINGA et al. 1999). Thus, as in rodent studies, those in non
human primates contradict the involvement of AC-coupled entities in typical 
functional responses mediated through Drlike receptors; additionally, they 
indicate these paradoxes to be of therapeutic significance. 
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v. Targeted Gene Deletion 

While the lack of subtype-specific ligands has greatly impeded investigation 
of the functional roles of individual cloned Dl-like receptor subtypes in vivo, 
molecular biology has generated new techniques for addressing these issues. 
The use of antisense oligonucleotides to block the expression of specific gene
directed proteins indicates that D1-like agonist-induced grooming is blocked 
by intracerebroventricular administration of a Drlike antisense oligonu
cleotide; more recently, lordosis behaviour in female rats, which can be induced 
by Dl-like agonists and blocked by D1-like antagonists, was blocked also by 
such administration of DlA but not DlB antisense; additionally, DIA antisense 
blocks SK&F 38393-induced motor responses in denervated animals, while 
DlB antisense potentiated these responses (SIBLEY 1999). These are some of 
the earliest indications of specific functional dissociations between DlA and 
DlB receptors at the level of behaviour. 

However, parcellation of function between receptor subtypes in the 
absence of selective pharmacological agents has been advanced yet further by 
the generation of mice in which a given subtype is absent through targeted 
gene deletion by homologous recombination ("knockouts"; PICCIOTTO and 
WICKMAN 1998; SIBLEY 1999). These techniques have been applied in two lab
oratories to generate mutant mice having deletion of the DlA receptor, though 
using different genetic constructs (DRAGO et al. 1994; Xu et al. 1994). While 
both laboratories have assessed their "knockouts" for spontaneous behaviour, 
and find them to manifest no gross neurological impairment, some inconsis
tencies have emerged. Thus, DRAGO et al. (1994) have reported their D1A-null 
mice to show reduced levels of rearing but with no reduction in locomotion 
or elimination of grooming, as assessed in terms of accumulation of events and 
line crossings by direct visual observation; conversely, Xu et al. (1994a,b) 
reported their D1A-null mice to show increased activity in terms of accumula
tion of photobeam interruptions and with some reduction in grooming on 
visual inspection. Recently, targeted gene deletion of the DlB receptor has 
been reported (HOLLON et al. 1998); while studies are at a preliminary stage, 
these DlB-null mice appear to develop normally without gross neurological 
deficit, though behaviourally they also display higher levels of some locomo
tor activities. 

It has been suggested that D1A-null mice may evidence a deficit in initiat
ing, though not in expressing, spontaneous activity (SMITH et al. 1998), or may 
initiate more chains of grooming syntax though with fewer expressed to com
pletion (CROMWELL et al. 1998). In our own studies, we have proceeded etho
logically to resolve all elements of behaviour within the natural repertoire of 
the mouse (CLIFFORD et al. 1998): D1A-null mice were characterized over initial 
exploration by reductions in rearing free, sifting and chewing, but significant 
increases in grooming, intense grooming and locomotion; sniffing and rearing 
to wall habituated less readily in D1A-null mice such that these behaviours 
occurred subsequently to excess. Thus, their acute spontaneous behaviour was 
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characterized by neither "hypoactivity" nor "hyperactivity" but, rather, by 
prominent topographical shifts between individual elements of behaviour; fur
thermore, targeted gene deletion of the DJA receptor appeared to interact with 
the psychological processes of habituation to sculpt the changing topography 
of behaviour from initial exploration towards quiescence, and thus to reveal 
gene effects obscured over more acute time frames. 

In relation to pharmacological challenge studies, a reduction both in the 
stimulation of photobeam interruptions by the DJ-like agonist SK&F 81297 
and in the attenuation of photobeam interruptions by the DJ-like antagonist 
SCH 23390 has been reported in DJA-null mice (Xu et a1.1994a,b). In our own 
ethologically based studies (CLIFFORD et al. 1999), topographies of behaviour 
were materially conserved in DJA -null mice following challenge either with the 
full efficacy selective DJ-like agonist A 68930 or with the anomalous agent 
SK&F 83959; in particular, there was substantial conservation of intense 
grooming to A 68930, with a modest reduction at a single dose associated with 
a marked increase in locomotion and a marked reduction in rearing, while 
intense grooming to SK&F 83959 was unaltered; stereotyped sniffing and plod
ding locomotor responses to the Drlike agonist RU 24213 were also unaltered. 
Interestingly, behavioural synergism between D1-like and Drlike agonists 
appears to be enhanced in mice with targeted gene deletion of the D3 receptor, 
hence D3 receptors may exert an inhibitory influence on co-operative/syner
gistic DJ-like:Drlike interactions (Xu et al. 1997); recent cellular evidence 
suggests interplay between DlA/Ds and D3 receptors (SCHWARTZ et al. 1998). 

These findings indicate that DJA-null mice, in which DJA receptor binding 
and DA-sensitive AC are essentially absent, evidence substantial conservation 
of topographical responsivity of wildtypes to A 68930 and to SK&F 83959, 
agents that act as a full agonist and antagonist, respectively, at AC-coupled 
Dl-like receptors; furthermore, co-operative/synergistic and oppositional D J-
like:Drlike interactions, through which DlA receptors have been presumed to 
critically "enable" or inhibit the expression of, respectively, typical and atypi
cal responses to Drlike agonism, appear also to be conserved in DlA-null mice 
at the level of behaviour. It would appear that, in accordance with the phar
macological analysis offered above, these behavioural events in DlA-null mice 
involve a Dl-like receptor that is neither the DlA nor indeed any other mole
cular biologically characterized Dl-like receptor (such as D lB ) having the 
"defining" characteristic of linkage to the stimulation of AC. 

G. Are There Additional D1-Like Receptor Subtypes? 

I. DI-Like Receptors Linked to Phosphoinositide Hydrolysis 

These substantially behaviourally based notions of one or more additional 
Dl-like receptors having an alternative transduction system are buttressed by 
cellular evidence, both at biochemical (SCHOORS et al. 1991; LAITINEN 1993) 
and at electrophysiological (JOHANSEN et al. 1991; HARVEY and LACEY 1997) 
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levels, for brain Dl-like receptors that are not coupled to AC. More specifi
cally, there is a substantial body of cellular evidence for a Dl-like receptor 
coupled to phosphoinositide (PI) turnover (MAHAN et al. 1990; UN DIE and 
FRIEDMAN 1990; UNDIE et al. 1994). Because neither DJA nor DIB receptors 
appear to couple to PI turnover when expressed in several cell lines (MONSMA 
et al. 1990; TIBERI et al. 1991; PEDERSEN et al. 1994), these biochemical results 
have provided the strongest evidence for an additional Dl-like receptor 
SUbtype. Stimulation of PI turnover is induced by DA and numerous ben
zazepine Dl-like receptor agonists with a rank order of potency that is unre
lated to that for stimulation of AC; however, stimulation of PI turnover is 
blocked by the DJ-like antagonist SCH 23390 but not by a or 5-HT antago
nists (UNDIE and FRIEDMAN 1992; PACHECO and lOPE 1997). It would seem 
important to characterize as a matter of urgency the actions of SK&F 83959 
on PI turnover. 

As yet, there is little direct evidence for the involvement of DJ-like recep
tors linked to PI turnover in behavioural regulation. Since reports of the induc
tion of vacuous chewing by the Dl-like antagonist SCH 23390 (DEVENEY and 
WADDINGTON 1995), SCH 23390 has been reported to be a weak partial agonist 
at PI-linked DJ-like receptors (UNDIE 1999). Recently, ROSENGARTEN and 
FRIEDHOFF (1998) have reported repetitive jaw movements induced by the 
Dl-like agonists SK&F 38393 and A 68930 to be conserved following pre
treatment with EEDQ, with associated loss of DA-sensitive AC but preserva
tion of DA-sensitive PI hydrolysis. We have found that synergism between 
A 68930, a full-efficacy Dl-like agonist, and the Dz-like agonist quinpirole in 
the induction of jaw movements is potentiated by low doses of the Dl-like 
antagonists SCH 23390 and particularly BW 737C (ADACHI et al. 1999); this 
would be consistent with removal by these antagonists of an inhibitory influ
ence from AC-coupled DJ-like receptors on PI-coupled Dl-like receptors as 
reported by UNDIE and FRIEDMAN (1994). Most recently, our demonstration of 
elevated spontaneous grooming and conservation of grooming induced by 
A 68930 and by SK&F 83959 in D1A-null mice (CLIFFORD et al. 1998, 1999) 
would be consistent with the essential absence of DA-sensitive AC but preser
vation of DA-sensitive PI hydrolysis in such mutants (FRIEDMAN et al. 1997). 
In the present climate, these issues are likely to be resolved only by the cloning 
of a novel DJ-like receptor that might be coupled to PI hydrolysis and have a 
pharmacological profile consistent with that evident in the above behavioural 
studies. 

II. Expansion of the Dt-Like Receptor Family 

Existence of only two mammalian Dl-like receptors was challenged by the 
identification of two additional DJ-like receptors from lower vertebrate 
species: the DIe receptor, first isolated from the amphibian Xenopus laevis 
(SUGAMORI et al. 1994); and the DID receptor, cloned from the avian Gallus 
domesticus (DEMCHYSHYN et al. 1995). These receptors were isolated in addi-
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tion to genes encoding corresponding orthologues to mammalian DI/DIA and 
Ds/DJB receptors. A DlC-receptor clone has been isolated from the freshwater 
eel species Anguilla anguilla (CARDINAUD et al. 1997) and from several addi
tional vertebrate organisms (MACRAE and BRENNER 1995; LAMERS et al. 1996; 
HIRANO et al. 1998). The identification of a Die receptor from Anguilla 
anguilla, whose ancestors appeared earlier in evolution and is representative 
of ray-finned fish (actinopterygians) which diverged from flesh-finned fish (sar
copterygians) -420 million years ago, suggests that the gene duplication events 
at the origin of DI-like receptor diversity occurred prior to the separation of 
actinopterygians from sarcopterygians, from which the first tetrapod ancestor 
descended. In addition, a Dlc-like receptor appears to be found in Gallus 
domesticus, indicating that in the avian brain all four distinct receptor subtypes 
exist (CARDINAUD et al. 1998; NIZNIK et al. 1998). 

The Die receptor, in accordance with its almost equivalent sequence iden
tity to both DIID1A and Ds/D1B receptors, displays a somewhat intermediate 
pharmacological profile. This is evident by an intermediate affinity for the dis
tinguishing agonists, DA and 6,7-ADTN. Overall, its affinity for antagonists 
resembled more closely the D1A receptor than the DIB receptor. One second 
generation benzazepine derivative, NNC 01-0012, which structurally resem
bles the antagonist SCH 23390, was found to show preferential selectivity for 
the Die receptor; it displayed a 10- to 20-fold higher affinity for this receptor 
subtype than for either vertebrate/mammalian D1/DIA, Ds/DJB or DID recep
tors. Although this compound displayed full functional antagonism at the 
Xenopus Die receptor, NNC 01-0012 provoked an inherent partial agonist 
activity at both vertebrate DIB and DID receptors (SUGAMORI et al. 1998). 

Similar to DslDJB receptors, the DID receptor displays -10-fold higher 
affinity for the distinguishing agonists DA and 6,7-ADTN, suggesting that 
the DID receptor shares some pharmacological features with the Ds/DJB sub
class of receptor. This is consistent with the observed partial agonist response 
seen with NNC 01-0012 at this receptor subtype in terms of stimulation of 
cAMP accumulation. Unique pharmacological features of the DID receptor 
include -10-fold higher affinity for the partial agonists SKF 38393, pergolide 
and lisuride, and observed low affinity for the antagonist haloperidol 
(DEMCHYSHYN et al. 1995). Recent work suggests that the series of isoquino
line DI-like receptor antagonists typified by BW 737C are potent in display
ing up to 50-fold selectivity for the DID receptor (NIZNIK et al. 1998). 

H. Conclusions 
While neither Die or DID receptors can stimulate PI turnover in transfected 
cells, the isolation of these genes provides compelling evidence for the possi
ble existence of additional Drlike receptors in mammals. The presence of such 
subtypes in mammals may give rise to the full spectrum of DI-like receptor
mediated events that cannot be reconciled with the existence of currently rec-
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ognized DllDs receptor sUbtypes. Although it is possible that Dle and DlO 
receptors may have been lost at the time of the divergence of the mammalian 
lineage, the widespread appearance of multiple Dl-like receptors throughout 
several vertebrate phyla would suggest some gain or loss of Dl-like receptor
mediated function in mammals. Elucidating the molecular or functional cor
relates of these receptor subtypes may allow for a better understanding of 
mammalian Dl-like receptor-mediated events. Conceivably, the use of mutant 
mice deficient in DlA receptors (DRAGO et al. 1998), DlB receptors (HOLLON et 
al. 1998) or both may be instrumental in delineating the contributory role of 
both known and putative, yet-to-be-identified subtypes (MORATALLA et al. 
1996; FRIEDMAN et al. 1997; lIN et al. 1998; CLIFFORD et al. 1999). It must be 
emphasized that whether or not additional mammalian Dl-like receptor sub
types are found, multiple Dl-like receptors clearly do not have redundant roles 
in the CNS, and are essential regulators of numerous aspects of psychomotor 
function. While the days are long past since the Dl receptor was considered 
merely to be a receptor "in search of a function", the precise and unique roles 
that each of these receptors encode are, however, still poorly understood. 
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CHAPTER 6 

Understanding the Function of the Dopamine 
D2 Receptor: A Knockout Animal Approach 

S. TAN, B. HERMANN, C. IACCARINO, M. OMORI, A. USIELLO, and E. BORRELLI 

A. Introduction 
Dopamine (DA) is an important regulator of different physiological functions 
in the central nervous system (CNS) as well as in other organs. Known dys
functions of the dopaminergic system lead to pituitary tumors and to diseases 
affecting the CNS such as Parkinson's disease (PD), Tourette's syndrome, and 
schizophrenia. Among these diseases however, PD is the one that has the most 
defined etiology. It has been established that PD arises from the degeneration 
of mesencephalic dopaminergic neurons with the consequent reduction of 
brain DA levels. However, the mechanisms leading to the degeneration of 
mesencephalic neurons is still awaited. In contrast, deficits in the dopaminer
gic system which can lead to other neuropathologies, such as schizophrenia, 
are still matter of debate. Schizophrenia may result from dysfunctions in 
several neural systems and probably is a multi-genic disease. However, effi
cient therapeutic protocols for the treatment of this disease utilize drugs that 
modulate the function of the dopaminergic system. Consequently, the princi
pal aims of the study of the dopaminergic system are to identify and charac
terize the function of each of its components, and to understand how these 
components interact with each other and with other neural systems. Such work 
will not only advance our knowledge of the dopaminergic system, but also will 
help to develop novel therapies and strategies for the cure of neuropsychiatric 
diseases that are linked to the dopaminergic system. 

Since the cloning of the different DA receptors information has been 
rapidly acquired on these proteins at the molecular level (for review see 
LACHOWICZ and SIBLEY 1997; MISSALE et al. 1998). Such work is quickly leading 
to the characterization of a very intricate series of events which control the 
correct function of these proteins in vivo. Analysis of the DA receptors extends 
from their transcriptional regulation to their membrane presentation and 
association with other receptors. Finally, it includes the generation of living 
animals deprived of the expression of dopaminergic components. The bulk 
of this research is unraveling an unexpectedly complex regulation of the 
dopaminergic system. Thus, alterations occurring in any of these regulatory 
events could lead to dysfunction of the system. Therefore, understanding each 
of the steps involved in the generation of functioning elements is of key impor-
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tance. This review will focus on the DA D2 receptor (D2R), one of the major 
components of the dopaminergic system. We will give an overview of what has 
been done to date to unravel the role of this receptor in both the transduction 
of the dopaminergic signal as well as in its function in vivo. Finally, the D2R 
in human diseases and psychiatric disorders will be discussed, and the possi
ble capacity of this receptor during neuronal degeneration will be explored. 

B. Transcriptional Regulation of the Dopamine 
D2 Receptor 

Regulation of the transcription of DA receptors is a key element in the normal 
function of the dopaminergic system. In this respect, it is interesting to note 
that the two major DA receptors, Dl and D2, possess promoters with house
keeping characteristics (SAMAD et al. 1997). This feature is characterized by 
the absence of a functional TATA box or upstream CAAT rich-regions. 
Thus, it appears that a specific expression pattern of DA receptors must be 
temporally and spatially dictated by cell-specific transcription factors. 

We have analyzed the proximal promoter region of the DA D2R, and iden
tified and characterized a retinoic acid responsive element (RARE) in the 5' 
flanking region of the DA D2R gene at position -68. The described RARE in 
the D2 promoter is composed of repeated motifs closely related to the core 
motif 5'-PuG(G/T)TCA-3'. The two motifs are separated by three base pairs, 
a spacing which has been described to favor the binding of the vitamin D3 
receptor (SAMAD et al. 1997). At present, we cannot exclude that this element 
might be a target of the vitamin D3 receptor in a class of dopaminergic or 
target cell neurons, or in cells of the pituitary gland. In addition, a canonical 
Sp1 binding site is contiguous with the RARE in the D2 promoter. It is 
speculated that in the D2R promoter, an interaction between members of the 
retinoid receptor family and the Sp1 factor, could modulate the DNA-binding 
specificities of these proteins. Non-consensus responsive elements present in 
native promoters may result in lower binding affinities with their correspond
ing transcription factors, thus representing a putative regulatory mechanism 
to attenuate the response to specific ligands in vivo. It is also possible that 
transcription factors which recognize non-consensus motifs may be subject to 
cooperative interactions with other factors binding to close or adjacent sites 
(DAY et al. 1990; RHODES et al. 1993). The presence of these cooperative inter
actions could determine the strength and the cellular specificity of the tran
scriptional response. In the case of the D2R promoter, the close vicinity of 
the D2R RARE and the Sp1 sites might represent an example of such 
cooperation. 

D2R is expressed particularly by the dopaminergic cells in mesencephalic 
nuclei and also by post -synaptic target neurons, such as the medium spiny 
neurons of the striatum, cortex, hypothalamus, and other brain regions. In 
addition, outside of the brain the D2R is highly expressed in the pituitary gland 
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by two cell types, melanotrophs and lactotrophs. It is thus conceivable that the 
DzR promoter might be controlled by different combinations of members of 
the thyroid hormone/retinoic acid and vitamin D3R families in different cell 
types. However, the analysis of DzR expression in retinoid receptor mutant 
mice revealed a stronger decrease of expression in double mutant animals 
[retinoid X receptor (RXR) and retinoid acid receptor (RAR) knockout] 
compared to simple mutant mice (RAR or RXR knockout) (KREzEL et al. 
1998). This suggests that the absence of one retinoid receptor might be 
partially compensated by other members of the RAR/RXR family in simple 
mutants. The most important decrease in DzR mRNA expression was observed 
in the RARP/RXRy double knockout mice, which strongly supports in vitro 
data (SAMAD et al. 1997) and identifies these receptors as specific transcription 
factors required for full expression of the DzR gene in the striatum. 

These data showed for the first time the involvement of RA in adult eNS 
functions. RA plays a key role in the control of DzR transcription, and in the 
absence of RAR or RXR receptors there is a reduced expression of the DA 
DzRs. These data have a strong impact on the understanding of pathologies 
linked to DzR expression since, as we have previously shown in mice, altered 
expression of this receptor results in a parkinsonian phenotype and pituitary 
tumors. Thus, impaired RA control of DzR might also be involved in human 
diseases such as Parkinson's, schizophrenia, and endocrine tumors. 

c. Dopamine D2 Receptor Signal Transduction 
I. Gi Protein Coupled Pathways and the D2 Receptor 

Splice Variants 

For many years the existence of multiple DA receptors was postulated to 
underlie the diverse behavioral and biochemical properties associated with 
dopaminergic neurotransmission and DA receptor activation (SEEMAN 1980). 
These receptors are known to belong to the family of seven transmembrane 
domain (7TM) G-protein-coupled receptors (GPCR). DzRs belong to the DT 
like subfamily of DA receptors consisting of Dz, D3, and D4• These receptors 
couple to Ga/Gao members of the guanosine triphosphate (GTP)-binding pro
teins (G proteins), and have been mainly characterized as inhibitors of adeny
lyl cyclase (KEBABIAN and CALNE 1979; FISHBURN et al. 1995). However, Dz-like 
receptors can also activate other transduction pathways (PICETTI et al. 1997). 

The DzR exists in two isoforms, the short (D2S, 415 aa) and the long (DzL, 
444 aa) isoform, which are generated from the same gene by alternative 
splicing (MONTMAYEUR et al. 1991). Interestingly, these isoforms follow the 
same pattern of expression, although the DzLlDzS ratio may change depend
ing on the brain region (Fig. 1). Indeed, while D2S mRNAs are highly 
expressed in the dopaminergic cell bodies and axons, DzL is more prominently 
expressed at postsynaptic sites (MONTMAYEUR et al. 1991; KHAN et al. 1998). 
Moreover, the two isoforms present a very similar pharmacology when 
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Fig. 1. S1 nuclease mapping assay. The expression of the two D2R isoforms, D2S and 
D2L, was examined in the cortex, mesencephalon, striatum, pituitary, and cerebellum. 
10 Ilg of total RNA was loaded per lane 

expressed in established cell lines (PICETII et al. 1997). Little is known about 
the regulation of the alternative splicing of D2R. Experiments on rats show 
that changes in circulating sex hormone levels modulate the splicing without 
affecting the total amount of D2R messenger RNA (GUIVARCH et al. 1995). 

D2L differs from D2S only by a 29-amino acid insertion in the third 
intracellular loop, a well-characterized site for G-protein interaction (KOBILKA 
et al. 1988; LEFKOWITZ and CARON 1988; MALEK et al. 1993). G proteins are the 
intracellular transducers of the signals received by membrane receptors upon 
binding to the appropriate ligand (SIMON et al. 1991). These heterotrimeric 
GTP-binding proteins are composed of three subunits: a, ~,and y, whereby the 
a subunit is responsible for the coupling of these proteins to the receptor. To 
date three different inhibitory Gai-subtypes have been characterized (ail. a2, (3) 
(JONES and REED 1987). Experiments performed in vitro have demonstrated 
that D2S and D2L may vary in their coupling to these subunits. D2L interacts 
preferentially with the GCXj2 subunit while the D2S receptor probably binds more 
specifically with other Gasubunits (MONTMAYEUR et al.1993;PICETII et al.1997). 
Thus, differential interaction with the Ga subunits underlies the possibility that 
these two receptors might have different physiological activities. 

Interestingly, some of the known G proteins are localized not only to the 
membrane but they are also located intracellularly, raising the possibility that 
they might influence cellular trafficking (PIMPLIKAR and SIMONS 1993; HELMS 
1995). Therefore, they may not only transduce signals from membrane recep
tors, but also regulate receptor presence at the cell surface. Our laboratory has 
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demonstrated that the mRNA of the GUi2 subunit encodes two proteins, GUi2 
and sGi2, by an alternative splicing mechanism. sGi2 differs from GUi2 by the 
replacement of the last 24 amino acids of GUi2 with an alternative 35 amino 
acid segment in the C-terminal region. This novel segment targets SGi2 to 
the Golgi apparatus rather than to the plasma membrane as with GUi2 
(MONTMAYEUR and BORRELLI 1994). This peptide exchange alone is necessary 
but not sufficient for the retention of the sGi2 subunit in the Golgi apparatus, 
strongly suggesting that this segment interacts with other regions within the 
sGi2 protein sequence (PlCETTI and BORRELLI 2000). Once activated, sGi2 leaves 
the Golgi and it is found in the cytoplasm. Preliminary experiments suggest 
that this protein might be able to retain D2R in the Golgi on its way to the 
plasma membrane (unpublished results). If this is the case in vivo, this might 
represent an alternative level of regulation of D2R's function. 

II. Kinase Pathways Involved in Signaling 

In addition to the inhibition of adenylyl cyclase, other transduction pathways 
have been shown to be affected by D2R activation, such as the stimulation 
of phospholipase A2, activation of K+ channels, and activation or blocking of 
Ca2+ channels. D2Rs also influence the calcium/calmodulin-dependent protein 
kinase's (CaMKII) function by varying the intracellular Ca2+ concentration 
(PlCETTl et al. 1997). 

Recently it has been demonstrated that D2R stimulation can lead to both 
the phosphorylation and activation of cAMP-response element binding 
protein (CREB) and mitogen-activated protein kinase (MAPK) in vitro (YAN 
et al. 1999) as well as to phosphorylation of MAPK in vivo (CAl et al. 2000). 
Interestingly, CREB and MAPK seem activated by two different transduction 
pathways. Indeed, D2R agonists increase intracellular Ca2+ and protein kinase 
C (PKC) activity leading to the activation of the Ras/Raf/MEK/MAPK 
signal transduction cascade, while intracellular Ca2+ and calmodulin-dependent 
protein kinase (CaMK) are required for the activation of CREB (YAN et al. 
1999). It has been shown that activated MAPKs in the CNS are mainly cyto
plasmic and localized in the cell bodies and dendrites. Conversely, activated 
CREB is found in the nucleus. The different subcellular localizations of 
these two activated components indicates that DA-induced activation of D2Rs 
might result in the simultaneous stimulation of multiple targets. It has been 
proposed that MAPK phosphorylation, which occurs primarily in dendrites, 
may regulate protein synthesis, cytoskeletal dynamics, and ion channel activi
ties at synapses. On the other hand, phosphorylated CREB may regulate gene 
expression (YAN et al. 1999) by acting at the nuclear level. 

III. Receptor Heterodimers 

A further level of regulation of D2R-mediated signal transduction might be 
dependent upon intracellular interactions with membrane receptors for other 
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neurotransmitters and neuromodulators. Indeed, a direct intramembrane 
interaction between DzR and the somatostatin receptor has been recently 
shown (ROCHEVILLE et al. 2000). However, intra-membrane and intracellular 
modulation of the Dz-mediated signaling was already evoked for the adeno
sine AZA receptor as well as for other heterologous receptors (FUXE et al. 
1998). In addition, recent in vitro and in vivo studies have shown that D j and 
DzRs colocalize in striatal neurons (SURMEIER et al. 1996; AIZMAN et al. 2000). 
These observations are interesting since the described synergistic and antag
onistic actions exerted by activation of D j and Dz subclasses of DA receptors 
might well be mediated by intracellular rather than by exclusively intercel
lular mechanisms. 

D. D2 Receptor Function In Vivo 
I. Generation of Knockout Mice 

In order to analyze the specific function of DA DzR in vivo, the DzR gene was 
knocked out by homologous recombination (BAlK et al. 1995). The DzR gene 
is a "split" gene composed of eight coding exons. As described previously, 
the DzR transcript is spliced into two isoforms, DzL and DzS. Therefore, the 
strategy we used to generate DzR-null mutant mice was designed to avoid 
formation of truncated receptors. To do so, the second coding exon of the 
DzR gene was deleted, and substituted by a pGK-neomycin cassette to select 
recombinant embryonic stem (ES) cells (Fig. 2A). We analyzed the possibility 
that an alternative transcript originating in exon 1 could branch on exon 3 in 
the mutated gene, in the absence of exon 2. We assessed that if this happens, the 
transcript is not in the wild-type reading frame and if translated would create 
a DzR unrelated product. Striatal membranes from DzR mutant mice do not 
bind the Dz-like specific antagonist spiperone, supporting the absence of active 
DzRs. Thus, the knockout of the gene was successfully achieved, and a line of 
mice lacking the D2R was generated in our laboratory (BAlK et al. 1995). 

Two other groups have also recently generated DzR-null mice by homol
ogous recombination (KELLY et al. 1997; JUNG et al. 1999). While JUNG et al. 
followed a similar knockout strategy to ours, KELLY'S group has used a differ
ent one. KELLY and colleagues deleted part of the C-terminal region of the 
receptor (Fig. 2B). Interestingly, a shorter DzR mRNA is formed in these mice. 
This raises the question of whether these mice still produce a truncated recep
tor. Unfortunately, experiments aimed at establishing this eventuality have not 
been reported. However, recent work demonstrates that truncated DzRs can 
antagonize wild-type (WT) D2Rs when they are co-expressed (LEE et al. 2000). 
These data suggest that DzRs are oligomeric and that a truncated receptor 
retains the ability to dimerize with the WT receptor. As described in 
Sect. CUI, new evidence shows that the D2R is able to heterodimerize with 
other membrane receptors. Therefore, it is conceivable that a truncated DzR 
could interact with other membrane receptors and lead to both pharmaco-
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Fig.2. Two different strategies to create the D2R-1- mouse. A BAlK et al. (1995) removed 
exon 2 while JUNG et al. (1999) removed nearly all of exon 2. Both labs replaced these 
almost-identical regions with neo cassette, creating a frame shift in the transcript and 
a loss of the D2R. B KELLY et al. (1997) replaced exon 7 and most of exon 8 with a neo 
cassette. This construct leads to a truncated transcript and possibly a truncated protein 

logical and behavioral phenotypes. It is also possible that a truncated recep
tor could bind to DA and to D2R agonists/antagonists, producing unpre
dictable results. 

E. D2 Receptor's Role as an Autoreceptor 
Dz-like receptors have been shown to possess autoreceptor functions by 
pharmacological, neurochemical, and electrophysiological means. Indeed, both 
D2R and D3R are localized in dopaminergic neurons. This has raised the 
question of whether both receptors have autoreceptor functions. Therefore, 
D2R-null mice represent a tool to test whether DA D2 and D3 receptors share 
the autoreceptor function in vivo, or if only one of them is responsible for 
regulating DA concentrations in the synapse. 

Interestingly, the knockout of the D2R leads to a total abrogation of 
the inhibitory effects of DA on both the firing of dopaminergic neurons in 
the substantia nigra (MERCURI et al. 1997) as well as the release of DA in the 
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striatum (L'HIRONDEL et al. 1998; DICKINSON et al. 1999). More recently, 
experiments performed by in vivo micro dialysis and voltammetry support 
these results (unpublished data). These data strongly indicate that D2R is the 
major DA autoreceptor. Importantly, the analysis of DA D 3- 1- mice supports 
this view. Indeed, in these mice autoreceptor functions are maintained in spite 
of lack of D3Rs (KOELTZOW et al. 1998). However, in this study a potential role 
for D3R in the control of postsynaptic short-loop feedback modulating DA 
release has been evoked. 

F. D2 Receptor Signaling in Physiology 
D2-like receptors are the primary sites of action of most antipsychotics 
(SEEMAN et al. 1975; BURT et al. 1976; KAPUR and SEEMAN 2000). Indeed, a 
combination of pharmacological studies with behavioral analyses on humans 
and laboratory animals has been central to reveal the physiological functions 
in which these receptors are involved. Such work has been a major driving 
force in the growth of fields devoted to the pharmacological characterization 
of the DA D2R and its function (HORNYKIEVICZ 1973; CHASE et al. 1974; VAN 
KAMMEN 1979; OLSEN et al. 1980). Assays have also been used to define the 
effects of DA agonists and antagonists on behavior in order to identify new 
drugs for their therapeutic value. A major bias of these studies, however, is the 
lack of specificity of the available drugs for only one of the receptors. Indeed, 
while it is possible to discriminate Dl from Drlike receptors by pharmaco
logical means, drugs directed at each member of the subfamily are still 
awaited. Furthermore, dopaminergic ligands may also present specificities for 
heterologous neurotransmitter systems. 

In the last decade pharmacogenetic research has played a crucial role in 
providing a link between gene function in the CNS and behavior. Knockout 
mice are now widely utilized by behavioral neuroscientists to better under
stand the relevance of the molecular and cellular mechanisms underlying 
behavior (CRABBE et a1.1994; WYNSHAW-BoRIS 1996). This section of the review 
will focus specifically on the DA D 2R-1- mice and the behavioral work that 
has been done to observe the role of the D2R in motor function and drug 
abuse. 

I. Motor Function 

The basal ganglia, comprising the striatum, are a major brain system through 
which the cerebral cortex affects the motor system. Processing of cortical input 
in the striatal portion of the basal ganglia is modulated by dopaminergic input 
from the substantia nigra. Two major pathways involved in the control of 
motor function have been described in this system, the direct and the indirect. 
The direct pathway projects to the internal segment of the globus pallidus 
and substantia nigra pars reticulata, and then projects to the thalamus. The 
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indirect pathway comprises afferents to the external segment of the globus 
pallidus, which then projects to the subthalamic nucleus. The subthalamic 
nucleus in turn projects back to both the pallidal segments and the sub
stantia nigra. These pathways are composed of medium-sized spiny neurons, 
which utilize the inhibitory neurotransmitter, y-aminobutyric acid (GABA) 
(ALEXANDER and CRUTCHER 1990). Neurons of the direct pathway express 
DjR, dynorphin (Dyn) and substance P (SP), while those of the indirect 
pathway express D2R and enkephalin (Enk). 

The significance of D j and D2 receptor-specific regulation of stria
tonigral and striatopallidal pathways is related to their opposite effects on 
GABAergic neurons and their regulation of the expression of Dyn, SP, and 
Enk. Normal movement results from a coordinated balance of cortical and 
thalamic excitation of the striatonigral and striatopallidal pathways, which reg
ulate the tonic activity of substantia nigra pars reticulata neurons. DA excites 
the striatonigral pathway while it inhibits the striatopallidal pathway. Reduc
tion of the dopaminergic input to the striatum results in increased expression 
of Enk and a decrease in SP (GERFEN et al. 1990). Disruption of this balance 
leads either to the production of involuntary movements or to akinesia, 
bradykinesia, and a shuffling gait as observed in PD patients. In this context, 
mice lacking DA receptors offer great opportunities to assess the specific func
tion of each receptor in these functional interactions. Locomotor activity is 
reduced by DA receptor antagonists, bilateral lesions of the substantia nigra 
(SN) with 6-hydroxydopamine (6-0HDA), electrolytic lesions of ascending 
DA pathways, or by drugs such as reserpine, which deplete catecholamines. 
On the other hand, drugs that enhance transmission at DA synapses either 
increase locomotor activity or produce stereotypy, depending on the dose 
administered (LE MOAL and SIMON 1991). 

Despite their different signal transduction mechanisms, it is believed that 
the DjRs and DzRs both contribute to locomotion through direct and indirect 
striatopallidal projections synergistically (WADDINGTON 1993). In this respect, 
D2R-mutant mice have helped in the establishment of the role of this recep
tor in the control of locomotion. D2R-mutant mice have impaired locomotion 
in contrast to DjR-mutant mice which, under basal conditions, present normal 
motor functions (Xu et al. 1994). The behavioral phenotype of the D 2R-1- mice 
was quantified using three different tests which are commonly employed to 
examine motor function: the open field, rotarod, and the ring test. In the 
open field, D2R-1- mice present a significant reduction in both locomotion and 
rearing behavior when compared to the WT littermates (Fig. 3). It should be 
noted that the stressful conditions of the open field, dramatically exacerbate 
the delay in the initiation of movement in the D2R-deficient mice versus the 
WT group. The rotarod apparatus instead, tests the ability of mice to coordi
nate movements. This test was performed in only one session to allow a direct 
observation of the motor function of each mouse in a natural and naive setting. 
The D2R-1- mice group had difficulties performing on the rotating rod and fell 
easily. They also spent significantly less time on the rotarod apparatus than the 
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Fig. 3. Locomotion of WT and D2R-1- mice in an open field test. The distance traveled 
(cm) was tested in 6 WT and 6 knockout mice using the open field test for 1 h. The 
knockout mice traveled significantly less distance than the WT mice did 

WT mice (BAlK et al. 1995). Finally, we used the ring test to observe whether 
spontaneous movements were affected. In this test D2R-1- mice showed a 
significant increase in time spent immobile compared with the control group. 
Importantly, together with the motor deficits, we documented an increase of 
Enk expression. This has often been used to assess the efficacy of destruction 
of dopaminergic neurons. These observations led us to propose that D2R-null 
mice present a "parkinsonian-like phenotype," intending that lack of D2R 
signaling affects movements in a similar manner to that of DA reduction in 
other models, although to a much lower extent. 

The spontaneous behavior of D2R-null mice was also investigated by etho
logical analyses. Individual elements of behavior were resolved and quantified 
via direct visual observations using an ethologically based rapid-time sampling 
behavioral checklist procedure (COLGAN 1978; CLIFFORD and WADDINGTON 

1998; CLIFFORD et al. 2000). This approach allowed us to observe the mice 
under conditions that were relatively free of situation-dependent stress. The 
ethograms of spontaneous behavior showed a significant decrease in locomo
tion, rearing to the wall, free rearing, and grooming in the D2R-null mice 
compared to the WT littermates as measured by an observer blind to the 
mice genotype. Nevertheless, the magnitude of the locomotor deficit in the 
knockout mice appeared to be less dramatic with respect to the previous 
investigations, which were executed in unnatural conditions. 

In PD, a degeneration of dopaminergic neurons of the nigrostriatal 
pathway is observed. Loss of dopaminergic regulation of striatal neuron 
activity results in altered motor functions. Adenosine A2A receptors (A2ARs) 
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and DzRs are colocalized in striatal medium spiny neurons. It has been pro
posed that adenosine binding to AZARs lowers the affinity of DA for the DzR, 
thus modulating the function of DA receptors. Absence of DzRs in knockout 
mite results in impaired locomotion and coordinated movements. Recently, 
we explored the possibility that an A2AR antagonist might re-establish motor 
functions. Interestingly, blockade of AZAR rescues the behavioral parameters 
altered in DzR-1- mice. In addition, the level of expression of enkephalin and 
substance, P which were altered in DzR-1- mice, were re-established to normal 
levels after AZAR antagonist treatment of mutant mice. These results show that 
AZAR and DzR have independent and antagonistic activities. Selective AZAR 
antagonists might provide a potential nondopaminergic approach to the 
therapeutic treatment of PD (AOYAMA et al. 2000). 

In the last 2 years the two previously mentioned independent lines of 
DzR-null mice have been tested for motor functions (KELLY et a1.1998; JUNG 
et al. 1999). Using activity boxes to measure locomotion, JUNG et al. showed 
a clear motor impairment in their knockout mice, which was characterized by 
bradykinesia and postural abnormalities. These results confirm those obtained 
by our laboratory. In sharp contrast to our results and those of JUNG and col
leagues, another DzR-1- mouse line (KELLY et al. 1997,1998) has been reported 
to show no evident motor abnormalities, raising the possibility that in this last 
line some residual DzR activity is still present. 

II. Drug Abuse 

The meso limbic dopaminergic system is believed to playa crucial role in the 
behavioral effects of drugs of abuse, including cocaine, amphetamine, opiates, 
and alcohol. It is well known that cocaine and amphetamine bind directly to 
the DA transporter to inhibit DA reuptake activity, thereby increasing extra
cellular concentrations of DA. With such a large elevation of extracellular DA 
following cocaine or amphetamine administration, substantial interest has 
turned to the role of the different DA receptors in drug abuse. Previous work 
reported that Dz-like receptor agonists such as quinpirole and bromocriptine 
induce cocaine-like behavioral effects in animals, including stimulation of 
locomotor activity, generation of stereotyped behavior, and positive reinforc
ing effects (WOOLVERTON et al. 1988). In addition, Dz-like receptor antagonists 
such as sulpiride can block many of the behavioral effects of cocaine and 
amphetamine, although there are some studies that report the opposite 
response to Dz antagonists (CALLAHAN et al. 1994). 

In the last few years the analysis of gene-targeted mice has provided 
insights into the involvement of DA receptors in the response to drug abuse. 
D1R-1- mice revealed a complete abolition of locomotor activation in response 
to cocaine (Xu et al. 1994). In our laboratory, the study of DzR-null mice using 
the place preference paradigm has shown the absence of conditioning to 
morphine compared to their wild-type littermates (MALDONADO et al. 1997). 
This effect is specific to morphine since no difference is observed between 
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D2R-deficient and WT mice in the same behavioral paradigm in response to 
food. Interestingly, we also demonstrated that the D2R is not required for the 
development of opiate withdrawal or for the locomotor response to acute 
administration of morphine. Ethanol preference and sensitivity to ethanol
induced locomotor impairment are also markedly reduced in D2R-deficient 
mice (PHILLIPS et al. 1998). These results demonstrate the importance of DA 
signaling via D2Rs in the response to drug abuse. In contrast, D3R mutant mice 
exhibit enhanced behavioral sensitivity to injections of cocaine and ampheta
mine. Furthermore, the mutant mice show significant place preference at low 
doses of amphetamine, whereas no preference is seen in the WT mice at this 
low dose (Xu et al. 1997). D4R-null mice are supersensitive to the stimulation 
of locomotor activity elicited by ethanol, cocaine, and methamphetamine, 
although they displayed less spontaneous locomotor activity (RUBINSTEIN 
et al. 1997). 

What are the molecular mechanisms underlying the physiological 
response to drug abuse? A striking feature of the neural responses to such 
drugs is stimulation of cAMP which leads to the activation of the CREB 
(KONRAD! et al. 1994) and immediate early genes in the forebrain, such as 
Fos/Jun (GRAYBIEL et al. 1990; HOPE et al. 1992). There is also an induction in 
NAC-1 mRNA in the nucleus accumbens by chronic cocaine administration 
(CHA et al. 1997). D2R antagonists prevent CREB activation and the expres
sion of c-fos and zif268 induced by acute cocaine and amphetamine treatment 
(YOUNG et al. 1991; DAUNAIS and MCGINTY 1996). Therefore, a major aim in 
future studies will be the identification of the genes whose expression is dif
ferentially either stimulated or inhibited in mutant versus WT mice. This will 
give insights on target genes regulated by D2R-mediated signaling. 

G. Neuronal Protective Pathways via the D2 Receptor 
DA has long been associated with neurodegenerative diseases such as PD and 
Huntington's disease, as well as with traumatic injury and ischemia. DA can 
be oxidized to a semiquinone and act as a potent neurotoxic free radical, or it 
can be metabolized by monoamine oxidase B, leading to the production of 
hydrogen peroxide. By these mechanisms it is believed that DA itself can be 
toxic in the nervous system during pathological conditions and can contribute 
to neurodegeneration. However, it has also been demonstrated that DA is a 
potent antioxidant, with antioxidant activities equal to those of vitamin E (SAM 
and VERBEKE 1995; YEN and HSIEH 1997; KANG et al. 1998; SMYTHIES 1999). 
Recent evidence also suggests that DA D2R pathways are protective and can 
lead to activation of antioxidant enzymes in the brain (SAWADA et al. 1998; IIDA 
et al. 1999). IIDA et al. demonstrated that activation of the D2Rs leads to upreg
ulation of antioxidant enzymes such as glutathione (GSH), catalase, and 
superoxide dismutase (SOD). SAWADA and colleagues have also shown that a 
D2R-mediated pathway probably leads to upregulation of SOD in glutamate 
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toxicity. Finally, O'NIELL et al. (1998) showed that D2R agonists can protect 
from ischemia-induced hippocampal damage. 

Work done in our laboratory also demonstrates that a D2R-mediated 
protective pathway exists in kainate toxicity (BOZZI et al. 2000).11 was shown 
that mice lacking the D2R were much more sensitive to kainic acid (KA)
induced epileptic seizures. The D2R-1- mice developed KA-induced seizures at 
doses that do not affect the WT mice. In addition, the knockout mice experi
ence seizure-induced neurodegeneration in the dorsal CA3 region of the 
hippocampus. This death was shown to be apoptotic, accompanied by induc
tion of c-jun, DNA fragmentation, and BAX activation in the dorsal CA3 
region of the hippocampus of the D2R-1- mouse. These data imply that a D2R 
pathway normally acts to protect certain regions of the brain from elevated 
glutamate. Furthermore, these results have great implications for the treat
ment of neurodegenerative diseases, epilepsy, ischemia, and traumatic brain 
injury which all involve glutamate-induced cell death. Since DA is highly abun
dant in the CNS and can be both an antioxidant or contribute to oxidative 
stress, it is important to establish how the D2R may regulate the function of 
DA under different circumstances. 

H. Antiproliferative Role of Dopamine in the Pituitary 

The D2R is also strongly expressed in the anterior (AL) and intermediate 
lobes (IL) of the pituitary gland (BUNZOW et al. 1988; JACKSON and WESTLIND
DANIELSSON 1994; PICETTI et al. 1997), in addition to the CNS. More precisely, 
D2Rs are highly expressed by the lactotroph and the melanotroph cells. 
Lactotrophs produce prolactin (PRL) (ELSHOLTZ et al. 1991; LEW et al. 1994; 
LEW and ELSHOLTZ 1995), while melanotrophs make a-melanocyte stimulat
ing hormone (a-MSH) and ~-endorphin (CHEN CL et al. 1983; COTE et al. 
1986). The dopaminergic regulation on these cells has been shown to inhibit 
the synthesis and the release of these hormones. Both D2L and D2S receptors 
are co-expressed by these cells, and the ratio of D2L1D2S always favors 
D2L expression. Interestingly, KUKSTAS and colleagues (KUKSTAS et al. 1991) 
reported the existence of two populations of lactotrophs with different 
D2L1D2S ratios that are dependent upon progesterone and testosterone 
regulation. This observation strongly suggests that D2L and D2S might have 
different functions in vivo, and that a fine regulation of the ratio of D2L1D2S 
might be critical in the control of their functions in the pituitary. 

DA has been reported to control the rate of lactotroph proliferation, 
probably through the inhibition of the cAMP pathway (WEINER et al. 1988). 
In agreement with this, bromocriptine, a D2R agonist, is successfully used to 
induce the regression of human lactotroph-derived pituitary tumors (pro
lactinomas) (BANSAL et al. 1981). This key control on lactotroph proliferation 
seems to be counteracted by estrogens. Indeed, estrogens positively regulate 
lactotroph proliferation after birth (LIEBERMAN et al. 1983; ELIAS and WEINER 
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1987). Estrogens may act at two levels, to stimulate the rate of transcription 
of the prolactin gene and to uncouple DA receptors. Thus DA and estrogens 
have opposing effects on lactotroph growth. Interestingly, mice lacking D2R 
develop pituitary tumors of lactotroph origin (KELLY et al. 1997; SAIARDI et al. 
1997). Prolactin om as in D 2R-1- mice were found in 100% of 1-year-old females, 
while they are present only in 3% of males (SAIARDI et al. 1997). This sexual 
dimorphism seems to be directly linked to the higher number of lactotrophs 
and the greater concentration of prolactin in female versus male mice. Indeed, 
in the absence of D2R, female mutant mice present a robust rise in PRL levels 
(tenfold) in comparison with their WT controls (SAIARDI et al. 1997). The 
analysis of the expression of hypothalamic hormones such as thyrotropin
releasing hormone (TRH) and vasoactive intestinal peptide (VIP), known 
regulators of prolactin levels, showed that they were unaffected in D2R+ mice. 
One possible interpretation of these results is that prolactinomas in D 2R-1-

mice are due to the lack of the inhibitory dopaminergic control on estrogen 
stimulation of these cells. However, we showed that D 2R-1- female mice are 
also hypoestrogenic. Estrogen levels in D2R-1- females were as low as in males. 
These findings brought us to the conclusion that the pituitary tumors in D 2R-1-

mice are specifically derived from the absence of dopaminergic control. One 
possible factor responsible for the formation of prolactin om as in D2R-1- mice 
might be PRL. In this respect, we showed that PRL receptors are present on 
anterior pituitary cells. Thus, PRL may act as an autocrine modulator of 
lactotroph proliferation. A continuous stimulation of PRL receptors is mito
genic (MERSHON et al. 1995) and is likely to be the cause of pituitary tumors 
in the D 2R-1- mice. Therefore, the inhibitory dopaminergic tone is pivotal in 
the control of the rate of lactotroph proliferation by regulating PRL synthe
sis and release. 

This hypothesis is supported by the findings that the DA transporter 
(DAT) knockout mice, in contrast to the D 2R-1- mice, show a hypoplasic 
pituitary. In these mice, a higher extracellular DA concentration has been 
reported, which may lead to an over-stimulation of D2Rs in the pituitary. 
Abnormal stimulation of D2Rs in the pituitary leads to decreased production 
of PRL and to a reduced number of lactotrophs. In DAr-/- mice, the number 
of somatotrophs is also reduced because the expression of the hypothalamic 
growth hormone-releasing hormone (GHRH) is concomitantly reduced 
(BOSSE et al. 1997). 

The novel concept of DA as a regulator of cell growth and differentiation 
was also confirmed in the melanotrophs, another population of pituitary cells 
which express high levels of D2Rs. D2R-1- mice present a hypertrophy of the 
intermediate lobe, with a 40% increase in melanotroph number (SAIARDI and 
BORRELLI 1998). This leads to in an increase in proopiomelanocortin (POMC) 
transcripts (SAIARDI and BORRELLI 1998). Strikingly, the products of the 
cleavage of the POMC genes were altered in the D 2R-1- mice. POMC is 
expressed by two pituitary populations, the melanotroph of the intermediate 
lobe and the corticotrophs in the anterior lobe. The pro-hormone is normally 
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processed by two convertases, PC1 and PC2, which are expressed in a cell-spe
cific manner by the corticotrophs in the AL and the melanotrophs in the IL 
respectively. D2R are only expressed by melanotrophs. POMC processing gives 
rise to adrenocorticotropin (ACTH) in corticotrophs and a-MSH and ~

endorphin in melanotrophs. It was therefore surprising to observe a significant 
increase of the circulating levels of ACTH in D2R-1- mice, despite an unaltered 
POMC expression in the corticotrophs. PC1 is strongly expressed in the cor
ticotrophs, while PC2 is found in the melanotrophs (BLOOMQUIST et al. 1991; 
DAY et al. 1992). Interestingly, PC1 was abnormally upregulated in the mel an
otrophs of D2R-1- mice (SAIARDI and BORRELLI 1998). PC1 upregulation results 
in an aberrant production of ACTH by melanotrophs in mutant mice. This 
result illustrates a novel function of DA in the control of pituitary cell iden
tity. Thus, in the absence of dopaminergic control, melanotrophs produce 
ACTH. This leads to an aberrant control of ACTH production since POMC 
expression cannot be downregulated by glucocorticoids in the melanotrophs 
as it is in corticotrophs. ACTH overproduction causes an over-stimulation of 
the adrenal gland, a higher production of glucocorticoids, and a hypertrophy 
of the adrenal cortex, which leads to a phenotype that resembles Cushing's 
syndrome (SAIARDI and BORRELLI 1998). This result establishes an unprece
dented link between the dopaminergic system and the etiology of Cushing's
like syndrome. 

I. Genetic Association of the D2 Receptor with Disease 
D2R antagonists are commonly used to treat schizophrenia and other diseases 
associated with psychosis, while D2R agonists act as one of the major treat
ments for Po. The use of D2 antagonists and agonists as treatments for 
disorders which exhibit a range of symptoms from psychotic episodes and per
sonality impairments to loss of motor function and memory was an initial clue 
that the D2R is a key player in coordinating many systems of the nervous 
system. This section of the review will focus on the major disorders involving 
the D2R and its genetic association with these diseases. We will review only 
the work that has been done in the past few years as there have been many 
polymorphisms located in the D2R gene and its promoter region, but few 
genetic links to any of the diseases or disorders. 

I. Schizophrenia 

It is clear that genetic factors contribute to the development of schizophrenia. 
However, it is a complex disease, which is also affected by environmental influ
ences (KARAYIORGON and GOGOS 1997). For this reason, no genetic factors have 
been linked to schizophrenia to date (TERENIUS 2000). The DA hypothesis of 
schizophrenia speCUlates that DA systems in schizophrenic patients are over
active (VAN ROSSUM 1966) since all of the clinically effective antipsychotic 
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drugs are Drlike receptor antagonists (EMILIEN et al. 1999). Therefore, it is 
clear that the D2R is important for understanding the molecular basis of the 
disease. Many labs have focused on the possible genetic associations between 
the D2R and schizophrenia. 

Both a Japanese and a Swedish group of patients were examined for the 
-141C Del/Ins DzR polymorphism. In these patients the -141C Del allele fre
quency was significantly lower in the patients versus the controls (ARINAMI et 
al. 1997; JONSSON et al. 1999). However, contrary data were recently found in 
a group of British and Scottish schizophrenics who had higher levels of the 
-141C Del allele than the controls (BREEN et al. 1999). 

Because a solid genetic link has not been established between the DzR 
and schizophrenia, other genetic connections are being explored. For example, 
SEEMAN and colleagues looked for variations in D2R RNA to find genetic alter
ations in its splice products. A unique splice site in the D2L receptor was iden
tified (SEEMAN et al. 2000), although no link was established between this splice 
variant and psychosis. Such studies could be useful in trying to understand how 
the D2R may be involved in schizophrenia. Striatal D2R DA binding is 
elevated in many schizophrenic patients (SEEMAN 1992; SOARS and INNIS 
1999; PRINCE et al. 2000; ABI-DARGHAM et al. 2000). Exciting new work done 
by ABI-DARGHAM and colleagues used an innovative technique that demon
strates that schizophrenic patients have both an increase in the amount of 
striatal DA as well as in the quantity of striatal D2Rs (ABI-DARGHAM et al. 
2000). Perhaps a genetic factor, such as the splice variant mentioned above 
affects D2R expression or its affinity for DA and increases the risk of devel
oping schizophrenia. However, at this time there remain no clear data that 
genetically link the D2R to schizophrenia. 

II. Alcoholism 

Two D2R polymorphisms, TaqAl and the -141C Ins, have been observed with 
respect to alcoholism with varying results. Some studies have shown an asso
ciation while others were not able to demonstrate a link between the D2R and 
alcoholism (ISHIGURO et al. 1998; LOBOS and TODD 1998; HILL et al. 1999a,b; 
SANDER et al. 1999). An alternate way that the D2R may affect one's vulnera
bility to alcoholism is through an association with personality traits which 
alcoholics commonly exhibit. In one such study, HILL et al. (2000) compared 
personality traits between alcoholics and control subjects using the multidi
mensional personality questionnaire (MPQ) and found that the MPQ traits 
may be linked to both a DzR polymorphism as well as to a D4 receptor loci. 

III. Parkinson's Disease 

Since D2R agonists are commonly used with levodopa to treat PD, D2R has 
been examined for possible genetic linkage to the disease. One recent paper 
linked the disease with polymorphisms at the Al allele (TaqAl) and the Bl 
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allele (TaqBl), demonstrating that these two polymorphisms were more 
frequent in PD patients than in age-matched controls. Thus, people possessing 
these two polymorphisms may have an increased risk of developing PD 
(OLIVERI et al. 2000). Similar to the research on genetic factors in schizophre
nia, many groups have failed to show any association between the DzR and 
PD using various polymorphisms (COMINGS et al. 1991; NANKO et al. 1994; 
PASTOR et al. 1999; OLIVERI et al. 2000). 

Alternatively, the relationship between DzR polymorphisms and the like
lihood of developing hallucinations following long-term treatment with 
levodopa and DA agonists is being explored. MAKOFF et al. (2000) demon
strated that the C allele of the TaqAl polymorphism is associated with 
late-onset hallucinations as a result of chronic treatment with levodopa and 
DA agonists. Another group explored a short tandem repeat polymorphism 
of the DzR gene. They showed that the 15 allele of the polymorphism is 
increased in PD patients and that the 13 and 14 alleles are increased in nondys
kinetic PD patients versus ones that develop dyskinesia as a side effect of lev
odopa therapy. If a PD patient carries at least one of these two alleles, they 
have a reduced risk of developing dyskinesia (OLIVERI et al. 1999). While no 
strong genetic linkage shows that polymorphisms in the DzR are responsible 
for genetic predisposition to PD, agonists to the receptor remain highly effec
tive in treating PD. As a result, it will be imperative to continue to search for 
mutations associated with the DzR's function to identify possible genetic links 
to PD. This type of research will ultimately provide clues to how the disease 
occurs. Two genes have been clearly linked to inheritable forms of PD, alpha
synuclein and parkin (POLYMEROPOULOS et al. 1997; KITADA et al. 1998), yet to 
date no relationship has been demonstrated between these genes and the DzR. 

J. Distinct Functions of the Dopamine D2 
Receptor Isoforms 

Before concluding this review on the dopamine DzR and studies that utilize 
the analysis of genetically engineered animals, we would like to add a short 
paragraph on very recent results (USIELLO et al. 2000). 

The presence of two isoforms for DzR prompted us to generate knockout 
animals for the DzL isoform. This was achieved through the deletion of exon 6 
from the DzR gene. These animals are viable and reproduce normally 
(U SIELLO et al. 2000). The analysis of the Dz-specific binding capacities of these 
mice revealed a normal amount of Dz-specific binding sites. This indicated that 
in the absence of exon 6, DzR gene transcription proceeds by default, gener
ating animals that express an equal amount of Dz-binding sites which, in this 
case, will be formed only by D2S. A neurochemical analysis performed by in 
vivo microdialysis of DzL-1- mice indicated that autoreceptor functions are 
maintained in these animals. This finding was further supported by behavioral 
evidence showing that low amounts of the D2R-specific agonist quinpirole 
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Fig. 4. Scheme of the events known to take place upon D2R stimulation in the eNS. 
Dopaminergic neurons contain D2 autoreceptors which regulate the amount of DA 
released from the pre-synaptic cell into the synapse. Once DA is released in the 
synapse, it binds to both the pre- and postsynaptic D2Rs. In the D2R-containing post
synaptic neuron, a GUi-mediated signal is induced which activates the mesocorticol
imbic, nigrostriatal, and tubero-infundibular pathways. These pathways are involved in 
regulating learning and memory, motivated behaviors, locomotion, and the regulation 
of pituitary hormones respectively 

induced the well-characterized sedative effect on locomotion. Furthermore, at 
the electrophysiologicallevel, autoreceptor functions are also present in D2L-1-

mice (WANG et al. 2000). Interestingly, when D2R-mediated postsynaptic 
effects of Dz-specific agonists and antagonists were tested, very reduced or 
absent responses were observed. In particular, the cataleptic effect of haloperi
dol was absent in D2L-null mice. These results indicate that D2L serves mainly 
postsynaptic functions, while D2S presynaptic ones (USIELLO et al. 2000). 

In addition, loss of D2L revealed a functional antagonism between D2S 
and DJ receptor-mediated functions. Indeed, the behavioral response of D2L-1-

mice to D)-specific agonists was highly reduced (USlELLO et al. 2000). Thus, 
the generation of D2L-null mice has finally clarified that D2L and D2S have 
different functions in vivo and they should not be considered as functionally 
redundant molecules. 
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K. Conclusion 
A general scheme of the known functions of the D2R has been outlined in this 
review (Fig. 4). Great strides in the understanding of the signaling and physi
ological functions of D2Rs have been made since the cloning of this receptor. 
The advances made to date underscore the importance of combining 
molecular, cellular, biochemical, pharmacological, and behavioral approaches 
in the study of protein function. By understanding what is occurring on a cel
lular level and by observing the behavioral response to these cellular and mol
ecular events, it will be easier to untangle the many signals dictated by D2R 
activation. The knockout approach has allowed, and will allow in the future, a 
dissection of the cellular and molecular mechanisms underlying Dz-mediated 
responses to DA. Molecular neuroscience is a promising and exciting area that 
may lead to great advances in the treatments of both psychiatric disorders such 
as schizophrenia as well as neurodegenerative diseases such as PD. 
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CHAPTER 7 

The Dopamine D3 Receptor and Its 
Implication in Neuropsychiatric Disorders 
and Their Treatments 

P. SOKOLOFF and I-C. SCHWARTZ 

A. Introduction 

The pleiotropic actions of dopamine, as well as of drugs used in the treatment 
of Parkinson's disease and schizophrenia, have long been assumed to result 
from interaction with only two dopamine receptors termed Dl and D2• In spite 
of previous suggestions of additional dopamine receptors, the discovery of the 
D3 receptor (SOKOLOFF et al. 1990) was rather unexpected, as were those of 
the D4 and Ds receptors that followed (SUNAHARA et al. 1991; VAN TOL et al. 
1991). From the beginning, attention has been attracted by the restricted dis
tribution of the D3 receptor in the brain, seemingly related to functions of 
dopamine associated with the limbic brain. Nevertheless, the initial lack of 
evidence of functional coupling of this receptor, as well as of selective 
pharmacological tools to investigate its functions, raised questions about its 
physiological significance. 

The present chapter aims at measuring the progress accomplished a 
decade after its identification and reviews some anatomical, pharmacological, 
and genetic data currently available that now allow us to unravel functions 
mediated by the D3 receptor and its possible implications in several neu
ropsychiatric disorders. 

B. Intracellular Signaling of the D3 Receptor 
Early attempts to establish an efficient functional model has proved a difficult 
task in the case of the D3 receptor. The D3 receptor heterologously expressed 
in Chinese hamster ovary (CHO) cells did not initially appear to be coupled 
to G proteins, as indicated by the lack of regulation of dopamine binding by 
guanine nucleotides (SOKOLOFF et al. 1990). In the same cell line, no evidence 
was obtained for coupling to inhibition of adenylyl cyclase (SOKOLOFF et al. 
1990, 1992), and only weak stimulation of arachidonic acid release was ob
served (PIOMELLI et al. 1991). Subsequent studies using transfected fibroblasts 
as recipient cells show either no (FREEDMAN et al. 1994; TANG et al. 1994) or 
weaker effects (CHIO et al. 1994; LAJINESS et al. 1995; McALLISTER et al. 
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1995) on adenylyl cyclase or other classical effectors than those obtained with 
the close receptor homologues D2 and D4. Among possible explanations to 
this apparent weak coupling, it could be hypothesized that the endogenous 
G proteins and effectors present in fibroblasts were not suitable for D3 re
ceptor coupling. Indeed, using cell lines with a neuronal origin, likely to 
express a wider variety of G proteins and effectors, functional coupling could 
be uncovered. 

When expressed in immortalized mesencephalic dopaminergic neurons 
(the MN9D cell line), the D3 receptor promotes upon stimulation mor
phogenic changes of the cells, characterized by neuritic outgrowth 
(SWARZENSKI et al. 1994) and inhibits dopamine release (TANG et al. 1994). 
In the neuroblastoma-derived cell line NG 108-15, stably expressed D3 re
ceptors are present under two affinity states for dopamine, interconverting 
by a guanine nucleotide (PILON et al. 1994). In this cell line, D3 receptor 
activation induces mitogenesis (PILON et al. 1994), an effect also observed in 
one CHO-transfected cell line (CHIO et al. 1994), and inhibits Ca2+ currents 
(SEABROOK et al. 1994). Stimulation of NG 108-15 cells transfected with the 
human D3 receptor cDNA, also strongly inhibits cyclic adenosine monophos
ph ate (cAMP) accumulation triggered by forskolin (GRIFFON et al.1997). Thus, 
in agreement with its structural homology, the D3 receptor seems to use similar 
transduction pathways as the D2 and D4 receptors. The differences observed 
among various cell lines may be related to different combinations of G protein 
and effector isoforms. 

Rather unexpectedly, however, mitogenesis induced by D3 receptor 
stimulation is markedly enhanced when cAMP was increased by forskolin. 
This effect actually involves cAMP, since it was reproduced by two permeable 
cAMP analogs and depends upon the activation of the cAMP-dependent 
kinase, being blocked by an inhibitor of this enzyme (GRIFFON et al. 1997). 
Several mechanisms probably contribute to mitogenesis, and potent mito
genic factors acting through G protein-coupled receptors increase phos
phatidylinositol turnover and inhibit cAMP formation. D3 receptor-mediated 
mitogenesis seems to depend upon tyrosine phosphorylations (GRIFFON et al. 
1997) and activation of mitogen-activated protein kinases (CUSSAC et al.1999). 
This latter response is sensitive to genistein, a tyrosine kinase inhibitor, 
and wortmannin, a phosphatidyl inositol 3-kinase inhibitor (SCHWARTZ et al. 
1998; CUSSAC et al. 1999). In analogy with signaling mediated by other recep
tors, these features suggest that the mitogenesis is attributable to the ~y 
complex of a Gi whereas the inhibition of adenylate cyclase is presumably due 
to the a subunits. These data indicate that inhibition of adenylyl cyclase does 
not take a major part in the D3 receptor-mediated mitogenic response, which 
occurs in presence of forskolin and cAMP analogs. Finally, they suggests 
that transduction of the D3 receptor can involve both opposite and synergis
tic interactions with cAMP, which may support functional interactions 
between this receptor and receptors activating the cAMP cascade, such as the 
Dl receptor. 
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c. Pre- and Postsynaptic Localizations of the D3 Receptor 
in the Brain 

In rat brain, in which the phenotypes of neurons expressing the D3 receptor 
have been characterized, the largest receptor densities occur in granule cells 
of the islands of Calleja and in medium-sized spiny neurons of the rostral and 
ventromedial shell of nucleus accumbens which co-express the D J receptor, 
substance P, dynorphin and/or neurotensin (DIAZ et al. 1994, 1995; LE MOINE 
and BLOCH 1996). These output neurons from the nucleus accumbens receive 
their dopaminergic innervation from the ventral tegmental area and reach the 
entorhinal and prefrontal cortex after relaying in the ventral pallidum and 
mediodorsal thalamus. In turn, the shell of nucleus accumbens receives pro
jections from the cerebral cortex (infralimbic, ventral, agranular, insular, and 
piriform areas), hippocampus, and amygdala and also projects to the ventral 
tegmental area from which originate its dopaminergic afferents (ZAHM and 
BROG 1992; PENNARTZ et al. 1994). These various specific connections of the 
shell of nucleus accumbens, a part of the "extended amygdala" (HEIMER 2000), 
suggest that this area is involved in a series of feedback or feed-forward loops, 
involving notably the prefrontal cortex and ventral tegmental area and sub
serving control of emotions motivation and reward. 

In the human and nonhuman primate brains, the phenotype of neurons 
expressing the D3 receptor are not yet identified, but several studies show their 
distribution to be rather similar to that in the rat (highest levels in islands of 
Calleja and nucleus accumbens, see Fig. 1) with, however, higher densities and 
larger distribution in the ventral part of the caudate putamen and the 
cerebral cortex (LANDWEHRMEYER et al. 1993; MEADOR-WOODRUFF et al. 1994; 
MURRAY et al. 1994; LAHTI et al. 1995; HALL et al. 1996; MORISSETTE et al. 1998; 
SUSUKI et al. 1998). 

One aspect of the localization and function of the D3 receptor which has 
remained highly debated is its occurrence as an autoreceptor, regulating the 
activity of dopamine neurons. We originally proposed the existence D3 
autoreceptors on the basis of the expression in substantia nigra and ventral 
tegmental area of D3 receptor mRNA, which strongly decreases after lesion 
of dopamine neurons (SOKOLOFF et al. 1990). This lesion, however, also down
regulates postsynaptic D3 receptor in nucleus accumbens (LEVESQUE et al. 
1995), by deprivation of brain-derived neurotrophic factor (BDNF), an antero
grade factor of dopamine neurons (see below). Hence, the lesion-induced 
decrease in areas of dopamine cell bodies could reflect a similar process occur
ring in nondopaminergic neurons. Dopamine release (TANG et al. 1994) and 
synthesis (O'HARA et al. 1996) are inhibited by stimulation of the D3 receptor 
expressed in a transfected mesencephalic cell line, and various agonists, with 
limited preference for the D3 receptor (SAUTEL et al. 1995), inhibit dopamine 
release, synthesis, and neuron electrical activity (see LEVANT 1997 for a review), 
giving support to the existence of D3 auto receptors. However, the selectivity 
of these agonists towards the D3 receptor in vivo has been strongly questioned, 
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Fig.1. D3 receptor mRNA distribution in the human brain. In situ hybridization signals 
were quantified from three individuals and expressed as percentage of the level in 
nucleus accumbens (N. accumbens). Frontal Cx, frontal cortex; Oce. Cx, occipital cortex; 
Cing. Cx, cingulate cortex; Caudate N, caudate nucleus; lsi of Calleja, islands of Calleja; 
Subthal N, subthalamic nucleus; Sub. Nigra camp., substantia nigra pars compacta. 
(Data from SUSUKI et a1. 1998) 

because they elicit similar inhibition of dopamine neuron activities in wild
type and D3 receptor-deficient mice (KOELTZOW et al. 1998). In addition, 
dopamine autoreceptor functions are suppressed in Dz receptor-deficient mice 
(MERCURI et al. 1997; L'HIRONDEL et al. 1998). Nevertheless, dopamine extra
cellular levels in the nucleus accumbens (KOELTZOW et al. 1998) and striatum 
(R. Gainetdinov and M.o. Caron, personal communication) are twice as high 
in D3 receptor-deficient as in wild-type mice, suggesting a control of dopamine 
neurons activity by the DJ receptor. 

We have recently developed a selective anti-DJ receptor antibody, the 
immunoreactivity of which perfectly matches DJ receptor binding (Fig. 2) and 
that allowed us to confirm the presence of DJ autoreceptors at the somato
dendritic level of all dopaminergic neurons in substantia nigra and ventral 
tegmental area. The function of DJ autoreceptors remains to be established, 
but, together with Dz autoreceptors (MERCURI et al. 1997), they may control 
the electrical activity of dopamine neurons, which would explain the elevated 
extracellular dopamine levels in projections areas of these neurons in D3 
receptor-deficient mice. This control could have been masked in experiments 
using compounds inadequately selective of the D3 receptor (KOELTZOW et al. 
1998), since the compounds used also activate the Dz receptor. The existence 
of a control of dopamine release by the DJ receptor has recently received 
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Fig. 2A-D. Immunohistochemical localization of the D3 receptor in rat brain. Super
imposable distributions of binding of pZ51]trans-7-0H-PIPAT, a D3 receptor-selective 
ligand (A) and D3 receptor immunoreactivity (B), with highest levels in the islands of 
Calleja (lcjM and ICj) and moderate levels in the shell of nucleus accumbens (Sh). ac, 
anterior commissura. Expression of D3 receptor immunoreactivity alone (red in C) and 
in combination with tyrosine hydroxylase immunoreactivity (green in D). All tyrosine 
hydroxylase-positive neurons in the mesencephalon express the D3 receptor. (Data 
from DIAZ et al. 2000) 

support from the use of selective D3 receptor antagonists (see Sect. F, this 
chapter). Alternatively, D3 autoreceptors could not be operant in anesthetized 
animals or in vitro in brain slices used in electrophysiological studies (MERCURI 
et al. 1997; KOELTZOW et al. 1998), whereas dopamine extracellular levels were 
measured in freely moving animals. Finally, D3 autoreceptors may mediate yet 
unrecognized control by dopamine of other activities of dopamine neurons, 
such as synthesis or release of neuropeptides co-expressed with dopamine in 
these neurons, e.g. neurotensin, cholecystokinin, or neurotrophins. 

D. Coexisting Dl and D3 Receptors in Ventral Striatum 
Mediate Both Synergistic and Opposite Responses 

The D3 receptor is selectively distributed in the ventral striatum, a projection 
area of mesolimbic dopamine neurons, namely in the islands of Calleja and 
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Fig.3. A Distribution of substance P mRNA in the striatal complex. B-D Overlapping 
distributions of mRNAs of substance P and DJ and D3 receptors, respectively, in islands 
of Calleja major (CjM) and ventromedial shell of nucleus accumbens (Sh V). (Data 
from RIDRAY et al. 1998) 

the ventral part of the shell subdivision of nucleus accumbens, regions in which 
the Dz receptor is not or scarcely expressed (BOUTHENET et al. 1991; DIAZ et 
al. 1994; DIAZ et al. 1995), but in which Dl receptor mRNA and protein are 
found (FREMEAU et al. 1991; HUANG et al. 1992). We examined to which degree 
the Dl and D3 receptor mRNAs colocalize in these two areas by using in situ 
hybridization histochemistry on thin adjacent sections (Fig. 3, Table 1). These 
quantitative studies indicated that in granule cells of the islands of Calleja 
major, a class of substance P-containing neurons receiving dopaminergic in
nervation from the mesencephalon, there is a large degree of D)/D3 receptor 
coexistence. In fact, the values of Table 1 might be even underestimated inas
much as previous studies suggested that all these granule cells express Dl 
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Table 1. Co-expression of Dl receptor, D3 receptor, and substance P mRNAs in ven
tromedial shell of nucleus accumbens (data from RIDRAY et al. 1998) 

Categories of neurons 

(Dl+D3)1D1 
(Dl+D3)1D3 
D1/SP 
D3/SP 

Percentage of expressing neuronsa 

Islands of Calleja 

82% 
79% 
84% 
65% 

N. accumbens shell 

45% 
63% 
72% 
71% 

aNeurons simultaneously present on paired adjacent 3-j.lm frontal sections and posi
tive (~4 silver grains around the nucleus) for either one or two markers were counted. 
Percentages based upon counting of 117-440 cells. 

receptor (HUANG et al. 1992) and D3 receptor (DIAZ et al. 1995), an underes
timation presumably inherent to the method, based upon counting of cells 
having to be present on two adjacent sections. Taking into account this factor 
for the interpretation of data in the ventromedial shell of nucleus accumbens 
leads to the conclusion that, here also, a large majority of neurons expressing 
the D3 receptor are substance P neurons also expressing the DJ receptor. It 
should be noted however that the level of expression per cell and the number 
of expressing cells are much higher in the case of the DJ receptor than in the 
case of the D3 receptor. 

The functional consequences of the DJ/D3 receptor coexistence in these 
two areas were assessed by evaluating changes in gene expression triggered 
by co stimulation of the two receptor subtypes in vivo. In the island of Calleja 
major, activation of the DJ and D3 dopamine receptor subtypes, the only ones 
to be expressed, leads to clearly opposite effects on the expression of the proto
oncogene c-fos. Activation of the DJ receptor enhances whereas D3 receptor 
activation reduces c-fos mRNAs (Fig. 4). Furthermore, the basal c-fos expres
sion seems to be under tonic control by endogenous dopamine acting on both 
receptor subtypes since SCH 23390 and nafadotride, preferential Dl and D3 
receptor antagonists respectively, both modified, although in opposite manner, 
c-fos mRNA levels. This opposition, demonstrated in vivo, seems in line with 
(1) the Dl and D3 receptors exerting opposite effects on cAMP generation, 
(2) cAMP being a potent c-fos gene expression activator, (3) the higher sen
sitivity of the D3 than the Dl receptor to dopamine allowing it to contribute 
to the response in spite of its much lower abundance. 

What could be, however, the functional significance of such a paradoxical 
control by a single transmitter acting together on a "brake" (the D3 receptor) 
and an "accelerator" (the Dl receptor). Such a device might have a "buffer
ing" effect, allowing it to increase the response threshold to dopamine, to 
maintain a low and constant level of basal gene expression, and attenuate the 
effects of fluctuations of phasic dopamine release. This would ensure a con
tinuous expression of genes regulated by the transcription factor Fos. 
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Fig. 4A,B. Opposite and synergistic interactions between DJ and D3 receptors. In the 
islands of Calleja (A), SKF 38393 (SKF, 10mg/kg i.p.), a DJ receptor agonist, increases 
c-fos mRNA level and quinpirole (LY, 1 mg'/kg i.p.), a Dz/D3 receptor agonists, 
decreases it and opposes to the effects of SKF. In the shell of nucleus accumbens (B), 
SKF increases substance P (SP) mRNA; LY has no effect alone but potentiates the 
effect of SKF. This potentiation is reversed by NAF. *p < 0.05; **p < 0.001 vs control; 
§p < 0.01 vs SKF; Op < 0.01 vs SKF+LY. (Data from RID RAY et al. 1998) 

In marked contrast with the above mechanism, in the shell of nucleus 
accumbens, D1 and D3 receptor activation resulted in a synergistic enhance
ment of substance P gene expression (Fig. 4). In view of the high degree of 
co-expression of the two receptor subtypes in medium-sized neurons of this 
area, it seems likely that the synergism occurs at this single-cell level. This may 
reflect the participation of the mitogen-activated protein (MAP) kinase 
pathway of D3 receptor signaling that shows amplification by cAMP in trans
fected NG 108-15 cells. 

E. DtfD3 Receptor Interplay in the Induction 
and Expression of Behavioral Sensitization: 
Role of Brain-Derived Neurotrophic Factor 

The expression of the D3 receptor in medium-sized neurons of the nucleus 
accumbens is highly dependent upon the dopaminergic innervation; ablation 
of the afferent neurons by unilateral 6-hydroxydopamine results in a drama
tic decrease in the D3 receptor density in ipsilateral nucleus accumbens 
(LEVESQUE et al. 1995). D3 receptor density is also decreased in a nonhuman 
primate model of Parkinson's disease, i.e., in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-treated monkeys (MORISSETIE et al. 1998) or in 
patients suffering from this disease (Ryoo et al. 1998). This paradoxical change 
(the D2 receptor is upregulated under these circumstances) was shown to 
depend on the deprivation of an unidentified anterogradely transported factor 
from dopaminergic neurons, distinct from dopamine itself and its known 
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peptide co-transmitters (LEVESQUE et al. 1995). We have recently identified 
this factor as being BDNF, a neurotrophin synthesized by dopamine neurons 
(SEROOGY et al. 1994), released upon neuron depolarization (THOENEN 1995), 
and anterogradely transported (ALTAR et al. 1997): the D3 receptor and Trk B, 
the receptor for BDNF, colocalize in the shell of nucleus accumbens and mice 
bearing a targeted mutation of the BDNF gene have an ablated D3 receptor 
expression in this brain region (GUILLIN et al. 2001). No such changes are 
observed for D j and D2 receptors (GUILLIN et al. 2001). 

In these hemiparkinsonian rats, repeated administration of levodopa is 
able to induce progressively not only the recovery but even the overexpres
sion of the receptor in the denervated nucleus accumbens (BORDET et al.1997). 
Furthermore, the levodopa treatment elicits also the ectopic expression of the 
D3 receptor mRNA and protein in the dorsal striatum, i.e., a brain area in 
which it is normally undetectable or hardly detectable. This ectopic induction 
takes places in substance P-containing neurons of the direct striatonigral 
pathway, projecting to the substantia nigra pars reticulata, in which expression 
of the D3 receptor protein is also induced (BORDET et al. 2000). The process is 
clearly attributable to stimulation of a D1/Ds receptor in the denervated stria
tum since it is reproduced by a Dj/Ds-receptor agonist and prevented by a 
Dj/Ds-receptor antagonist. 

Several observations indicate that the process of levodopa-induced D3 
receptor induction is causally related with the development of behavioral 
sensitization, which results of the progressive enhancement of sensitivity to 
levodopa of denervated striatal neurons (ENGBER et al. 1989; CAREY 1991): (1) 
the time courses of ectopic D3 receptor appearance and disappearance 
were closely parallel to the changes in behavioral responsiveness to levodopa 
as evaluated in the Ungerstedt's rotation model (Fig. 5), (2) both processes 
require previous dopaminergic de nervation and depend on repeated inter
mittent stimulation of a DJ/Ds receptor (BORDET et al. 2000), (3) development 
of both processes can be partly prevented by treatment with MK-801, a 
NMDA receptor antagonist (BORDET et al. 2000) and (4) the expression of 
behavioral sensitization, i.e., the enhanced rotational response to levodopa, is 
blocked by co-administration of nafadotride, a preferential D3 receptor antag
onist (BORDET et al. 1997), and is mimicked by administration of BP897, a 
recently designed and highly selective D3 receptor agonist, together with a 
DJ/Ds receptor agonist which, alone, does not induce increased rotational 
response (PILLA et al.1999).A similar process seems to occur in MPTP-treated 
monkeys (MORISSETTE et al. 1998). It is noteworthy that whereas overexpres
sion of the D2 receptor occurs as a result of dopamine denervation and may 
be related to disuse hypersensitivity, chronic levodopa treatment does not 
result in any further enhancement in this receptor abundance. 

Although levodopa induces the appearance of D3 receptor in substance 
P neurons, i.e., the direct striatonigral pathway that dopamine regulates via 
the D j receptor (BORDET et al. 2000), this effect does not directly originate in 
striatal neurons, but indirectly, via upregulation of corticostriatal BDNF: the 
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Fig. 5. Parallel changes in D3 receptor binding and levodopa-induced rotations in 
hemiparkinsonian rats during and after repeated administration of levodopa. Rats with 
an unilateral 6-hydroxy dopamine-induced lesion of the ascending mesencephalic 
dopaminergic pathways placed 3 weeks earlier, received levodopa (50mg/kg, i.p., bj.d.) 
for up to 15 days and were challenged with a single same dose of levodopa. Con
tralateral rotations were counted 35 min afterwards, and animals killed 4 h after the 
challenge and Drreceptor binding quantified on autoradiograms using PH]7-0H
DPAT as the ligand. (Data from BORDET et al. 1997) 

process necessitates the integrity of cortical neurons and is blocked by a selec
tive BDNF antagonist (GUILLIN et al. 2001). Moreover, levodopa induces 
BDNF mRNA in cortical pyramidal cells projecting to striatum in the lesioned 
side, via a DJ/Ds receptor-mediated mechanism, and the lesion itself upregu
lates TrkB expression (NUMAN and SEROOGY 1997; GUILLIN et al. 2001). Hence, 
induction of D3 receptor expression in striatum is triggered by the combina
tion of these two processes, that are prominent in the 6-0HDA-Iesioned side 
as compared to the control side, which accounts for the induction of D3 recep
tor expression restricted to the lesioned side. 

Thus, D3 receptor overexpression causes a more pronounced disequilib
rium between the two sides in responsiveness to dopamine in the direct stri
atonigral pathway. It appears, therefore, that stimulation of the D3 receptor 
neosynthesized in striatonigral neurons enhances the DJ-receptor mediated 
activation of the efferent y-aminobutyric acid (GABA)/substance P/dynorphin 
pathway, leading to inhibition of GABA neurons in substantia nigra pars re
ticulata and, consequently, disinhibition of target motor nuclei. Although the 
exact mechanism through which the D3 receptor facilitates the activation of 
the striatonigral pathway remains conjectural, it was hypothesized that recip
rocal changes in the expression and release of substance P and dynorphin, two 
peptide co-transmitters in this GABA pathway, may account for the sensiti
zation (BORDET et al. 1997). 

Whatever the mechanism through which the neosynthesized D3 receptor 
exerts its role, induction of its expression in patients with Parkinson's disease 
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treated with levodopa may account for both beneficial and detrimental effects 
of the therapy, i.e., progressive motor improvement at the beginning and abnor
mal involuntary movements after long-term use. It is important to underline 
that intermittent levodopa administration to the hemiparkinsonian rats also 
induces D3 receptor overexpression in the shell of nucleus accumbens. Such a 
change may be responsible for the development of psychological disturbances, 
e.g., hallucinations, a rather common side effect of levodopa therapy. 

A similar process might also be operant for induction of D3 receptor 
expression during development. In the rat brain, whereas Dl and Dz receptors 
appear prenatally, the D3 receptor appears in the ventral striatum and fron
toparietal cortex during the first postnatal week (DIAZ et a1. 1997). This event 
coincides with the time at which these areas become innervated by the 
dopaminergic neurons from the ventral tegmental area and it may well be that 
it is, in fact, triggered by BDNF. 

F. D3 Receptor-Selective Pharmacological Agents 
Initial pharmacological studies with recombinant D3 receptor showed that 
dopamine, as well as some of its agonists, display higher affinity at D3 re
ceptor than at Dz receptor (SOKOLOFF et a1. 1990, 1992). Among antagonists, 
antipsychotics display very similar affinities at Dz and D3 receptors (Table 2), 
but (+)AJ-76 and (+)UH 232, two aminotetralin derivatives acting as prefer
ential dopamine autoreceptor antagonists (SVENSSON et a1. 1986), show a little 
preference for the D3 receptor, as compared to Dz receptor (SOKOLOFF et a1. 
1990). In fact, (+) UH 232 has been shown to exhibit partial agonistic proper
ties at the D3 receptor (GRIFFON et a1. 1995). 

An important step towards identifying selective D3 receptor ligands was 
the discovery that the dopamine agonist [3H](+)7-0H-DPAT selectively binds 
in vitro to the natural D3 receptor (LEVESQUE et a1. 1992), allowing to visual
ize this receptor in the rat (LEVESQUE et a1. 1992) and human (HERROELEN et 
a1. 1994) brain slices and to confirm its pharmacological properties previously 
unraveled when expressed in recombinant cells. Subsequently, (+)7-0H-DPAT 
has been used in vivo in a flurry a animal studies aiming at assigning biologi
cal functions to stimulation of the D3 receptor. Such a use of (+)7-0H-DPAT 
was particularly inappropriate, because this ligand was identified just as a 
selective D3 receptor ligand in peculiar binding experimental conditions in 
vitro (discussed by LEVESQUE 1996) and losses almost all its selectivity when 
functional tests are utilized (SAUTEL et a1. 1995). Indeed, it appears now that 
most, if not all responses elicited by (+)7-0H-DPAT (reviewed by LEVANT 
1997) are not mediated by the D3 receptor, insofar as they are not abolished 
in mice bearing a targeted mutation of the D3 receptor gene (Xu et a1. 1999; 
PERACHON et a1. 2000). 

Three putative D3 receptor antagonists, nafadotride (SAUTEL et a1. 1995), 
PNU-99194A (WATERS et a1. 1993) and S14297 (MILLAN et a1. 1995) have 
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Table 2. Compared potencies of various antipsychotic drugs at recombinant human D2 
and D3 receptors 

Drug 

Amisulpride 
Amperozide 
Carpipramine 
Chlorpromazine 
Clozapine 
Haloperidol 
Iloperidone 
Pimozide 
Pipotiazine 
Prochlorperazine 
Raclopride 
Remoxipride 
Risperidone 
Sertindole 
(-)Sulpiride 
Sultopride 
Thioridazine 

Ki values (nM) 

D2(s) receptor 

1.3 
322a 

8.7 
2.3 

69 
0.6 
3.5 
9.8 
0.20 
0.40 
1.8 

198 
1.0 
0.38a 

10 
4.5 
3.3 

D3 receptor 

2.4 
235a 

15 
5.9 

479 
2.9 
4.8 

11 
0.28 
1.8 
3.5 

2,300 
5.4 
1.6a 

20 
8.1 
7.8 

0.53 
1.37 
0.58 
0.39 
0.14 
0.21 
0.73 
0.88 
0.72 
0.22 
0.51 
0.09 
0.19 
0.24 
0.50 
0.55 
0.42 

Values derived from studies of the inhibition of P2SI]iodosulpiride binding to hD2(s) and 
hD3 receptors expressed by transfected CHO cells (data from SOKOLOFF et al. 1992; 
p. Sokoloff et al. unpublished data). 
aData from MALMBERG et al. 1993. 

appeared later on, displaying 7-20 times higher affinity for the D3 than the 
D2 receptor. Nafadotride and PNU-99194A are pure antagonists, i.e., agents 
with no agonistic activity, and they increase locomotor activity at low dosage 
without affecting dopamine synthesis or release in rats (WATERS et al. 1993; 
HAADsMA-SvENssoN et al. 1995; SAUTEL et al. 1995), suggesting an inhibitory 
role of postsynaptic D3 receptors. This hypothesis is consistent with the obser
vation that D3 receptor-mutant mice display hyperactivity in a novel envi
ronment (ACCILI et al. 1996). However, the selectivities of nafadotride and 
PNU-99194A have been questioned, since their stimulant effects on locomo
tor activity persist in D3 receptor-mutant mice (Xu et al. 1999). S14297, previ
ously assumed as an antagonist (MILLAN et al. 1995), actually acts as a full 
agonist on D3 receptor-mediated mitogenesis and inhibition of cyclic AMP 
accumulation in recombinant cells (PERACHON et al. 2000), which questions the 
nature of the effects shown with this compound. It follows that highly selec
tive ligands were needed for assigning functional role(s) for the D3 receptor. 

Screening of a series of newly designed molecules (PILLA et al. 1999) led 
to the identification of BP 897 (see the chemical structure in Fig. 6). This com
pound displays a high affinity at the D3 receptor (Ki = 0.92 ± 0.2nM), a 70 times 
lower affinity at the D2 receptor (Ki = 61 ± 0.2nM) and much lower affinity at 
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Dl and D4 receptors, as well as at a variety of non-dopamine receptors. In 
NG 108-15 cells expressing the human D3 receptor, BP 897 potently inhibits 
forskolin-induced cyclic AMP accumulation and is mitogenic (ECso of -lnM), 
however to a maximal extent (-55%) lower than that maximally elicited by 
dopamine or the full agonist quinpirole. In contrast, in cells expressing the 
D2 receptor, BP 897 fails to either inhibit cyclic AMP accumulation or trigger 
mitogenesis; it reversibly antagonizes quinpirole-induced mitogenesis, how
ever only at concentrations largely exceeding those required to stimulate the 
D3 receptor. Hence, BP 897 appears as the first selective, potent, but partial 
(intrinsic activity -0.6) D3 receptor agonist, and a weak D2 receptor antago
nist in vitro. 

In vivo, BP 897 at high doses (10-20mg/kg) occupies brain dopamine D2, 
receptors and, as a result of blockade of these receptors, displays typical neu
roleptic-like properties (induction of catalepsy, antagonism of apomorphine
induced stereotypies). This indicates that selective occupancy of D3 receptors 
should be obtained at doses not exceeding 1 mg/kg. At these low doses, BP 897 
does not affect spontaneous locomotor activity and body temperature. BP 897 
agonist/antagonist potency in vivo were assessed On two presumably D3 recep
tor-mediated responses. As mentioned in the previous section, in hemiparkin
sonian rats repeatedly pretreated with levodopa, BP 897 potentiates rotations 
elicited by a Dl receptor-selective agonist; this potentiation does not occur 
before levodopa treatment, i.e., before induction of D3 receptor expression and 
is abolished by co-treatment with the nafadotride, indicating that BP 897 acts 
as an agonist for this response (PILLA et al. 1999). In the islands of Calleja of 
rats, BP 897 enhanced c-fos mRNA, an effect similar in direction and ampli
tude to that produced by nafadotride (RIDRAY et al. 1998); in addition, in 
contrast to D2/D3 receptor agonists, BP 897 potentiates the response to a Dl 
receptor agonist (PILLA et al. 1999). This effect is abolished in D3 receptor
mutant mice. Thus, in vivo, BP 897 increases DJ receptor-mediated responses 
by acting as either an agonist or an antagonist, depending upon the response 
considered, consistent with its partial agonist properties in vitro. BP 897 acts 
as a receptor agonist on rotations elicited in dopamine-depleted brain and as 
a receptor antagonist on c-fos expression maintained by a dopaminergic tone. 
In addition, BP 897 reduces dopamine efflux measured by micro dialysis 
(1. Costentin, personal communication), suggesting that this compound acts as 
an autoreceptor agonist, in agreement with the presence of D3 receptors on 
dopamine neuronS. 

More recently, two novel and highly selective D3 receptor antagonists have 
been identified. S33084 has a Kj value of 0.25nM at the D3 receptor and a 120 
times lower affinity at the D2 receptor (MILLAN et al. 2000). SB-277011-A has 
a Kj value of llnM at the D3 receptor and a 100 times lower affinity at the D2 
receptor (REAVILL et al. 2000). Both compounds have much lower affinity at 
dopamine Dl and D4 receptors, as well as various other nondopaminergic 
receptors. In several functional in vitro assays, they display no agonistic activ
ity and competitively antagonize dopamine or dopamine agonist-induced 
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responses. Remarkably, both compounds have no effect on spontaneous loco
motor activity or dopamine efflux, measured by brain micro dialysis, but antag
onize preferential D3 dopamine agonist-induced inhibition of dopamine efflux. 
This indicates that D3 receptors, presumably D3 autoreceptors, exert a phasic, 
but not tonic control of the activity of dopamine neurons. In agreement, the 
two D3 receptor antagonists do not modify spontaneous or psychostimulant
induced locomotion. 

G. The D3 Receptor and Schizophrenia 

Among the novel dopamine receptor subtypes revealed by molecular ap
proaches, the D3 receptor was, from the beginning, considered as potentially 
relevant to the topic of schizophrenia, due to its localization and pharmacol
ogy (SOKOLOFF et al. 1990). A number of more recent observations have pro
gressively strengthened this hypothesis. 

Although it is clear that the therapeutic actions of antipsychotic drugs 
could be safely attributed to blockade of D2 rather than Dl receptor subtypes, 
the recent cloning of several Dz-like receptors, i.e., the D2, D3, and D 4 receptors, 
has raised the question of their role. The positive correlation between drug 
affinity at Dz-like receptor binding sites and drug plasma levels identified these 
receptors as a common target for all antipsychotics (SEEMAN et al.1976; SNYDER 
1976). This was apparently confirmed when D2-receptor occupancy in striatum 
of patients receiving various antipsychotics at therapeutic dosage was deter
mined by positron emission tomography and found to be ~70%-80% in most 
cases (FARDE et al. 1989). It remains to be established whether it is also accom
panied by significant occupancy of D3 or D4 receptors. Comparing the affinity 
of antipsychotics at recombinant D2 and D3 receptors (Table 2) indicates that 
these compounds generally show some but very limited preference for the D2 
receptor. Hence, assuming an equal access of the drugs to brain regions where 
each receptor sUbtype is mostly expressed, as seems likely (GULAT-MARNAY et 
al. 1985), it can be estimated that significant D3 receptor occupancy occurs 
during antipsychotic treatments resulting in 70%-80% D2 receptor occupancy. 
Hence, the idea that selective blockade of the D3 receptor is sufficient to afford 
antipsychotic efficacy remains to be tested. 

Following repeated administration of antipsychotics, supersensitivity to 
dopamine and, its counterpart, tolerance to dopamine antagonists develops, a 
process partly attributable to an enhanced expression (upregulation) of the 
D2 receptor. In patients, the antipsychotic activity does not diminish upon long
term treatment. It is therefore noteworthy that repeated administration of 
haloperidol for 2 weeks to rats failed to trigger any significant upregulation in 
D3 receptor mRNA or binding in various brain areas, whereas in the same rats 
D2-receptor mRNA and binding were enhanced by up to more than 50% 
(FISHBURN et al. 1994; LEVESQUE et al. 1995; TARAZI et al. 1997). In addition, 
the decrease in neurotensin gene transcripts in ventromedial shell of nucleus 
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accumbens, a characteristic response to Drreceptor blockade (DIAZ et al. 
1994), does not show tolerance following repeated administration of haloperi
dol, whereas the reverse response in the core of nucleus accumbens, mediated 
by D2 receptors, diminishes upon repeated haloperidol administration 
(LEVESQUE et al. 1995). These observations tend to support the idea that the 
antipsychotic activity of neuroleptic drugs is related to D3 rather than D2 
receptor blockade. 

A link between the D3 receptor and schizophrenia was suggested by the 
initial observation that, in rat brain, the receptor is mainly expressed in fore
brain limbic areas (see Sect. C, this chapter), connected to various cortical 
areas, that may be directly or indirectly involved in schizophrenia. Many func
tional imaging and neuropsychological studies have implicated the hetero
modal association neocortex, comprising several interconnected association 
areas (dorsal, prefrontal cortex, Broca's area, and inferior parietal cortex), in 
higher integrative functions (memory, speech, focused attention) and in the 
disorders of these functions that are observed in schizophrenia (Ross and 
PEARLS ON 1996). In agreement, subtle neuropathological abnormalities were 
also described in these brain areas of schizophrenic patients (or those to which 
they are connected) (ROBERTS 1991). It seems likely that dopamine plays a 
modulatory role on the efficiency of these heteromodal cortico-ventrostriatal 
circuits, in analogy with the role dopamine plays on motor cortico
dorsostriatal circuits. A dysfunction of these former circuits with functional 
dopamine deafferentation of the prefrontal cortex and enhanced dopamine 
subcortical tone was proposed to occur in schizophrenia (WEINBERGER 1987; 
DEUTCH 1993). It is noteworthy that dopamine seems to control these circuits 
not only at the level of the nucleus accumbens but also at their various relays 
and that the D3 receptor is also expressed in the corresponding areas of the rat 
brain, e.g., in the ventral pallidum, mediodorsal thalamus, cerebral cortex, ventral 
tegmental area, amygdala, etc. (BOUTHENET et a1. 1991; DIAZ et a1. 1995). 

Taken together these observations are consistent with the hypotheses that 
(1) schizophrenia might be associated with (caused by) a defective function
ing of the circuits linking the extended amygdala and limbic cortices, and (2) 
dopamine regulates the gain factor of these circuits via interacting with the D3 
receptor. However, the effect of D3 receptor activation on these circuits is still 
largely conjectural but was recently investigated in an indirect manner by 
studying the role of the D3 receptor in disruption of prepulse inhibition of the 
startle reflex. This paradigm can be evaluated in schizophrenic patients 
in which it is altered, reflecting a deficit in sensorimotor gating, a cardinal 
symptom of the disease (BRAFF et al. 1992). Therefore, it is often considered 
as a relevant index of cognitive performance in rodents and a reliable test 
for antipsychotic drugs. The prepulse inhibition impairment that results from 
dopamine receptor stimulation by amphetamine was found unaltered in 
knockout mice deficient in D3 and D4 receptors, whereas it was suppressed in 
mice without D2 receptors (RALPH et al. 1999). Although this might have re
flected a lack of implication of the D3 receptor in sensorimotor gating, this 
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view has been challenged by the observation that the selective D3 receptor 
antagonist SB-277011-A reverses disruption of pre pulse inhibition in isola
tion-reared rats, in which deficits may reflect aspects of developmental abnor
malities associated with schizophrenia (GEYER et al. 1993). 

Whereas in rodents overexpression of the D3 receptor as a mechanism of 
behavioral sensitization is, so far, substantiated only in the case of levodopa 
(see Sect. E, this chapter), a carefully performed radioligand binding study 
with post-mortem brain samples of schizophrenic patients, which were not 
taking antipsychotics for at least 1 month prior to death, shows elevated levels 
of D3 receptor in the ventral striatum (GUREVICH et al. 1997). In contrast, in 
patients that had been treated with antipsychotics up to the time of death, D3 
receptor levels did not differ significantly from those of controls. These data 
were interpreted as indicating that antipsychotics actively downregulate the 
D3 receptor in schizophrenic patients that, otherwise, have a higher density 
of this receptor in the ventral striatum. Since schizophrenic patients also 
have BDNF levels elevated in anterior cingulate cortex and hippocampus 
(TAKAHASHI et al. 2000), brain regions projecting to striatum, this neurotrophin 
may, as in the case of levodopa-induced sensitization, participate in D3 re
ceptor overexpression and the pathological manifestations of the disease. 

Various lines of evidence suggest the potential contribution of sensiti
zation as a pathophysiologic mechanism in schizophrenia (GLENTHOJ and 
HEMMINGSEN 1997; LIEBERMAN et al.1997). Administration of psycho stimulants 
such as amphetamine to healthy subjects can produce psychotic symptoms 
(ANGRIST et al. 1974) and exacerbate psychotic symptoms in patients with 
schizophrenia (JANOWSKY and DAVIS 1976; LIEBERMAN et al. 1987). The height
ened inhibition in Dz-like receptor binding elicited by amphetamine, almost 
twice higher in drug-free schizophrenic patients than in controls, is interpreted 
as an enhanced dopamine release in these patients (LARUELLE et al. 1996). 
Although its mechanism remains conjectural, this enhanced responsiveness to 
amphetamine could be considered as reflecting a sensitized dopaminergic 
state, perhaps via a higher setting point of the feedback loops controlling 
dopamine release. 

Two main features connect D3 receptor ontogeny to schizophrenia patho
physiology. The first one is that the dopaminergic system appears early in brain 
development in higher species (VOORN et al. 1988) and a neurodevelopmental 
role for dopamine has been suggested (ROSENGARTEN and FRIDHOFF 1979; 
MILLER and FRIEDHOFF 1986). The second one is that the hypothesized role of 
Drreceptor overexpression in the etiology of schizophrenia raises the ques
tion of mechanisms governing this receptor expression during development. 
Drreceptor expression during embryonic and early postnatal development is 
characterized by an appearance of transcripts at early stages in neuroblasts or 
migrating neurons in the rat (DIAZ et al. 1997) or human brain (SCHWARTZ et 
al. 2000), in which it was already detected at week 6. However, the cortical 
neuroepithelium giving rise to the cerebral neocortex was heavily labeled in 
the human but not in the rat embryo (SCHWARTZ et al. 2000). Tentatively, the 
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D3 receptor expressed in neuroepithelial cells lining the cerebral ventricles 
might regulate their mitotic activity since, in NGI08-15 cells, activation of 
the recombinant receptors enhances MAP kinase activity and [3H]thymidine 
incorporation (see Sect. B, this chapter). Putative dopaminergic neurons were 
seen in the human brain, adjacent to the ventricle, presumably in the ger
minal zone at 16 days of gestation (FREEMAN et al. 1991). Being the only 
dopamine receptor subtype expressed in these dividing neuroepithelial cells 
and owing to its high sensitivity to dopamine (allowing dopamine to act at 
a certain distance from its release), the D3 receptor could have a role in 
the control of their proliferation elicited by dopamine and, therefore, in the 
number of neurons of their progeny. Among the cerebral morphometric 
abnormalities detected in either in vivo or post mortem studies, ventricular 
enlargement, reduction in neocortical and hippocampal neuronal density 
could result from an abnormal control of their progenitors in the neuroep
ithelium during early development. 

A very large series of studies (nearly 50 published so far) aiming at assess
ing the implication of the dopamine D3 receptor gene in schizophrenia and 
other psychiatric disorders have started after the identification of polymor
phisms this gene (DRD3), notably a mutation substituting a Gly9 for a Ser9 in 
the N-terminus of the receptor and creating a Ball restriction site (LANNFELT 
et al. 1992). The first studies consisted in linkage analysis and did not favor a 
nonrandom segregation of either allele and schizophrenia (COON et al. 1993; 
WIESE et al. 1993), leading to the suggestion that the DRD3 gene does not play 
a major role in the susceptibility to schizophrenia. However, it has been 
repeatedly proposed that, in presumably polygenic diseases such as schizo
phrenia, the minor contribution of a susceptibility allele to genetic predis
position might be more reliably detected in association studies. CROCQ and 
coworkers were the first to detect, in French and Welsh populations, evidence 
for an association of homozygosity of either allele 1 (Ser-Ser) or allele 2 
(Gly-Gly) with schizophrenia (CROCQ et al. 1992). A flurry of other association 
studies has followed that has been split into confirmation and non-replications 
(the majority of the studies). Nevertheless, two independent meta-analyses 
of a large number (29-30) of association studies were recently performed 
in an attempt to minimize the lack of statistical power of individual studies 
and to control for population heterogeneity in a total population of over 
2,500 patients and 2,500 controls, and convergent conclusions were obtained 
(DUBERTRET et al. 1998; WILLIAMS et al. 1998). Significant, although limited, 
excess of homozygotes for both alleles were found, clearly suggesting that 
having the 1-1 allele (or the 2-2 allele) of the D3 receptor gene slightly en
hances susceptibility to the disease over having the 1-2 allele. 

The Ser9-Gll mutation takes place in a region of the protein (the N
terminal extracellular tail) not likely to be involved in either ligand binding 
or signal generation. In agreement, only minor differences were detected 
between the dopamine-binding affinities of the homozygous and heterozygous 
recombinant receptors expressed in a cell line (LUNDSTROM and TURPIN 1996). 
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Nevertheless, a point mutation in the same region of rhodopsin, which also 
belongs to the superfamily of heptahelical signaling proteins, is responsible for 
one of the most common forms of retinitis pigmentosa (SUNG et al. 1991). The 
mutation could affect the level of membrane expression of the D3 receptor, 
via a linkage disequilibrium with other genetic variations in its promoter 
region. The association of schizophrenia was significant with the Ball poly
morphism but not with another polymorphism (MspI) situated -35 kb down
stream in the same sample of subjects (GRIFFON et al. 1996). 

In conclusion, the data obtained during the last decade concerning the 
dopamine D3 receptor lead to a tentative but rather coherent picture of the 
receptor's role in schizophrenia. Dopamine, via the D3 receptor, may regulate 
the gain of neural circuits involving the heteromodal association neocortex and 
controlling emotional and cognitive processes. The neural expression of the 
D3 receptor is triggered during development and regulated afterwards in a 
complex manner, depending namely upon the activity of afferent dopamine 
and glutamate neurons and the release of the neurotrophic factor BDNF by 
these neurons. Hence, the level of D3 receptor expression is controlled by 
neural loops, the activity of which is, in turn, controlled by the D3 receptor abun
dance. The excessive expression of the D3 receptor in schizophrenia, observed 
in one study, may result from genetic or developmental factors and account for 
the behavioral sensitization to psych 0 stimulants observed in schizophrenia and 
at least a fraction of the psychotic symptomatology of this disease. This "D3 
receptor hypothesis" in schizophrenia has the advantage to put together a 
variety of recent and old observations, but has to be evaluated notably by the 
assessment of the clinical efficacy of selective D3 receptor agents. 

H. The D3 Receptor and Drug Addiction 
Abused drugs (alcohol, heroin, and cocaine) elicit a variety of chronically 
relapsing disorders by interacting with brain reward systems. Converging 
evidence supports the idea that the mesocorticolimbic system, which projects 
from the ventral tegmental area to the nucleus accumbens, frontal cortex, 
olfactory tubercle, amygdala, and septal area, is an important substrate for the 
hedonic and reinforcing effects of drugs (KOOB 1992; NESTLER 1992). The 
involvement of these regions in hedonistic effects is indicated by the fact that 
a strong electrical intracranial self-stimulation is maintained in these regions 
in animals (MILNER 1991). Destruction of dopaminergic neurons by 6-hydrox
ydopamine induces an extinction-like responding in cocaine and amphetamine 
self-administration, as reflected by a reduction in responding over days; this 
lesion also induces a decrease in the reinforcing effects of cocaine using a 
progressive-ratio schedule (NESTLER 1992). In addition, it is well established 
that all abused drugs share the property to unconditionally elevate dopamine 
extracellular concentrations in the nucleus accumbens (DI CHIARA and 
IMPERATO 1988; KOOB 1992). Dopamine receptor agonists and antagonists mod
ulate psychostimulants self-administration in the rat, an effect interpreted as 
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an interaction with their rewarding effect, because it is similar to the behavioral 
adaptation observed after changing the unit dose of self-administered drug. 

One of the major projection areas of the dopaminergic mesocorticolim
bic system, the shell of nucleus accumbens projects to the prefrontal cortex 
and receives projections from the hippocampus and amygdala (ZAHM and 
BROG 1992; PENNARTZ et al. 1994), which makes it a critical brain structure to 
control motivation and responses to drug-conditioned cues (WHITELAW et al. 
1996; MEIL and SEE 1997). The D3 receptor is highly expressed in this struc
ture, where its expression has been found elevated in postmortem brain from 
cocaine addicts (STALEY and MASH 1996; SEGAL et al. 1997), suggesting either 
a drug-induced overexpression of the D3 receptor or a defect in the D3 recep
tor-gene regulation in vulnerable subjects. In agreement with the former 
hypothesis, repeated intermittent administration of drugs of abuse induces a 
sensitization strikingly similar to that produced by levodopa in hemiparkin
sonian rats, characterized by enhanced behavioral responses (KALIvAs and 
STEWART 1991) and similar activation of neuropeptide synthesis and tran
scription factors (COLE et al. 1995). It is tempting to speculate that a Dl recep
tor-mediated increase in D3 receptor responsiveness is a common mechanism 
underlying both types of sensitization. As the reinforcing efficacy of drugs of 
abuse under repeated administration is also intensified under certain condi
tions (WOOLVERTON et al. 1984; LETT 1989; HORGER et al. 1990), alteration of D3 
receptor responsiveness could also be involved in drug seeking and depen
dence. Moreover, a weak but significant genetic association has been found 
between the D3 receptor gene and heroin addiction (DUAUX et al. 1998) or 
drug abuse in schizophrenia (KREBS et al. 1998), suggesting that a defect in this 
gene, possibly in its regulatory parts, might be implicated in vulnerability to 
drug addiction. 

Cocaine self-administration in rats is highly dependent on Dl receptor
mediated mechanisms (CAINE and KOOB 1994). Dl receptor-deficient mice pro
duced by gene targeting demonstrate the essential role of the Dl receptor in 
the locomotor and neurochemical effects of psychostimulants; in these mutant 
mice, cocaine fails to induce the typical locomotor hyperactivity (Xu et al. 
1998) and can no longer stimulate striatal neurons to express various imme
diate early genes, such as c-fos and JunB (DRAGO et al. 1996; MORATALLA et al. 
1996; Xu et al. 1998). The basal and cocaine-induced expression of neuropep
tides, such as dynorphin and substance P, are also altered (DRAGO et al. 1996; 
Xu et al. 1998). Antagonists of Dl receptor have been shown to block several 
behavioral effects of cocaine, including locomotor hyperactivity (CABIB et al. 
1991; TELLA 1994), subjective effects measured by drug discrimination proce
dures (SPEALMAN et al. 1991) and rewarding effects assessed by drug self
administration paradigms (MALDONADO et al. 1993; CAINEKooB 1994). A 
number of studies also suggest the involvement of the D3 receptor in modu
lating cocaine reward (CAINE and KOOB 1993,1995; SPEALMAN 1996; CAINE et 
al. 1997). suggesting that both Dl and D3 receptor stimulations contribute to 
mediate or enhance the reinforcing effect of cocaine. It should be stressed, 
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Fig. 6A-C. BP 897 inhibits cue-controlled cocaine seeking but has no reinforcing 
effects. A During repeated sessions, rats are trained to self-administer i.v. cocaine by 
having them press a lever. BP 897, tested when a stable pattern of self-administration 
is acquired, has no effect on cocaine self-administration session, i.e., no reinforcing 
effect. B Progressively, a light stimulus is associated with cocaine self-administration, 
which gains reinforcing properties and finally maintains drug-seeking behavior, even 
without drug delivery (C). During this last phase, the behavior of the animal, which 
reflects the motivation to take drug induced by the conditioned stimulus, is dose
dependently reduced by BP 897 (by ANOYA, *p < 0.05 and **p < 0.01 vs saline). (Data 
from PILLA et al. 1999; reprinted from SOKOLOFF and SCHWARTZ 1999) 

however, that none of these studies has utilized fully D3 receptor-selective 
compounds, and that the use of a fairly selective D3 antagonist has challenged 
these conclusions (BAKER et al. 1999). 

It was thus of high interest to assess the highly selective and partial agonist 
BP 897 for its ability to interact with or to substitute for cocaine in self-admin
istration paradigms. This work was performed in B.J. Everitt's laboratory at 
Cambridge University (PILLA et al. 1999) and it was found that, in marked con
trast with full D21D3 receptor agonists (CAINE and KooB 1993, 1995; CAINE 
et al. 1997), BP 897 has no effect on cocaine self-administration, i.e., does not 
enhance the reinforcing effects of the drug (Fig. 6). When BP 897 was substi
tuted for cocaine, responding rapidly declined over days, indicating that the 
drug does not possess reinforcing properties sufficient to maintain drug-taking 
in animals (PILLA et al. 1999), whereas full D2/D3 receptor agonists do (CAINE 
and KOOB 1993). Thus, it appears from two sets of independent observations 
that BP 897 is without intrinsic reinforcing effects. The absence of effects of 
BP 897 might equally well be explained by either its partial agonistic property, 
as agonists and antagonists have opposite effects in modulating cocaine self
administration, or its D3 receptor-selectivity, as all other compounds tested 
have also a high potency at the D z receptor. 

Environmental stimuli appears to be one of the major factors that can 
cause relapse in abstinent drug addicts. This process is critical for psychostim-
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ulants, but also for nicotine and heroin addiction (CHILDRESS et al. 1992; 
O'BRIEN et al. 1992; GRECH et al. 1996; O'BRIEN and McMELLAN 1996). More
over, in animals, such cues can induce and maintain drug-seeking behavior and 
also reinstate drug-seeking after extinction (DE WIT and STEWART 1981; 
STEWART 1983; SELF and NESTLER 1988; MEIL and SEE 1996,1997; ARROYO et al. 
1999). Reducing the motivational effects of drug-related cues might therefore 
provide an effective means for preventing the reinstatement of drug-seeking 
behavior and have potential therapeutic utility in the treatment of drug addic
tion (O'BRIEN and McMELLAN 1996). 

A second-order schedule of reinforcement was used for evaluating the 
effects of BP 897 on drug cue-controlled seeking-behavior (ARROYO et al.1999 
). In this paradigm, rats are first trained to self-administer intravenous cocaine 
and each self-administration is made contingent upon a response on a lever, 
paired with a light stimulus which becomes the conditioned stimulus (CS). 
During training, the number of lever responses to get the CS is progressively 
increased, as well as the number of CS required to get a cocaine infusion, so 
that the CS progressively gains motivational salience and, as a conditioned 
reinforcer, maintains and controls drug-seeking behavior (ARROYO et al.1999). 
Hence, evaluating the lever-pressing of the rat under this schedule is a mea
surement of the motivation to self-administer cocaine following the presenta
tion of the CS. BP 897 dose-dependently reduces cocaine-seeking behavior 
(Fig. 6), without disrupting the pattern of responding and without increasing 
the latency to initiate responding at any dose up to 1 mg/kg, indicating the 
absence of any nonspecific, for example motor, effects that might have dis
rupted performance. 

These results show that BP 897, although having no intrinsic reinforcing 
effect, is nevertheless able to reduce drug-cue-controlled cocaine-seeking 
behavior. This property, so far unprecedented, indicates that neural mecha
nisms underlying responding with conditioned reinforcement and responding 
for cocaine itself are pharmacologically dissociable, in agreement with neu
roanatomical studies (WHITELAW et al. 1996; MEIL and SEE 1997). The partial 
agonistic character and D3R selectivity of BP 897 seems essential for its dis
sociated actions: partial agonism of BP 897 may confer a "buffering" capacity 
allowing it to oppose, as an antagonist, to a chain of neural events initiated by 
conditioned increase of dopamine release (FONTANA et al. 1993) while main
taining, as an agonist, a moderate degree of D3R stimulation. The idea that 
compounds like BP 897 could be useful in reducing relapse vulnerability, with 
minimal liability of dependence in humans deserves clinical verification. 

I. The D3 Receptor and Depression 
Emphasis has been placed upon the putative role of nucleus accumbens 
dopamine systems in appetitive motivation and positive reinforcement (KOOB 
1992; SALAMONE 1994). Hence, mesolimbic dopaminergic neurons projecting 
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to the nucleus accumbens have been suggested to be involved in the neuro
biology of depression and the therapeutic actions of some antidepressant 
drugs (KAPUR and MANN 1992; BROWN and GERSHON 1993; FIRIGER 1995; 
WILLNER 1997). This hypothesis postulates that decreased dopamine activity 
is involved in depression, while increased dopamine function contributes to 
mania. Accordingly, dopaminergic drugs (e.g., amphetamine or cocaine) can 
produce effects in humans that are remarkably similar to an idiopathic manic 
episode (SILVERSTONE 1985; GESSA et al. 1995) and the discontinuation of such 
drugs (MARKOU and KooB 1991) or the acute administration of dopamine 
receptor antagonists can result in a psychopathological state similar to a 
depressive episode (BELMAKER and WALD 1977). Furthermore, dopaminergic 
drugs such as the dopamine-uptake inhibitors amineptine, nomifensine, and 
buproprion have been successfully used for treating major depression (ZUNG 
1983; KINNEY 1985; GARATTINI 1997). 

Nevertheless, in spite of the long-standing clinical use of antidepressant 
drugs, the neural mechanisms underlying the therapeutic effect of these drugs 
are still incompletely understood. Most antidepressant drugs are active after 
an acute administration in mouse behavioral tests suggested to predict anti
depressant activity, such as the forced swimming test (PORSOLT et al.1978) and 
the tail suspension test (STERU et al. 1985). However, the antidepressant effect 
emerges in patients after chronic but not acute treatment, enlightening the 
crucial importance of adaptive changes in promoting this activity. Moreover, 
the various antidepressant drugs have different primary pharmacological tar
gets, which make it difficult to define a final common mechanism of action, 
and the situation is even less clear regarding other antidepressant treatments 
such as electroconvulsive therapy (ECT). 

Chronic treatment with antidepressant drugs produces in rats a variety of 
changes in dopaminergic neurotransmission, most notably a sensitization of 
behavioral responses to agonists acting at dopamine D2/D3 receptors within 
the nucleus accumbens (MAl et a1. 1984; WILLNER 1997). Similar results have 
been obtained after chronic ECT (BARKAI et a1. 1990; NOMIKOS et al. 1991; 
SMITH and SHARP 1997). Hence, we were wondering whether these changes in 
dopamine responsiveness would be attributable to changes in D3 receptor 
expression (LAMMERS et al. 2000). A selective increase in D3 receptor binding 
or mRNA expression in the shell of nucleus accumbens indeed accompanies 
all chronic antidepressant treatments including monoamine uptake inhibitors, 
a monoamineoxidase inhibitor, and ECT (Table 3). Some features of the 
response to these antidepressant treatments suggest that enhanced dopamine 
neurotransmission through this receptor participates in the adaptive changes 
leading to antidepressant activity. 

First, antidepressant drugs enhanced D3 receptor mRNA after chronic 
(21-day), but not acute treatment; in addition, fiuoxetine and amitriptyline 
enhanced D3 receptor binding after a 42-day treatment, which is in agreement 
with the delayed therapeutic action of these drugs in depressed patients. 
Several antidepressant drugs had actually an opposite effect when tested after 
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Table 3. Changes in D3 receptor expression in the shell of nucleus accumbens after 
antidepressant treatments (data from LAMMERS et al. 2000) 

Treatment 

Desipramine 
Imipramine 

Fluoxetine 
Tranylcypromine 
Electroconvulsive shocks 

nd, not determined. 

Acute 
D3RmRNA 
(1 day) 

nd 
-24%a 
-31%b 
+24% 
-22%a 
nd 

a p < 0.05; b P < 0.01 vs saline-treated animals. 

Chronic D3R binding 
D3RmRNA (42 days) 
(21 days) 

+54%b nd 
+35%b nd 
+35%b +46%a 
-30%a +42%a 
+38%a nd 
+49%a +42%b 

a single administration: imipramine, amitriptyline, and tranylcypromine sig
nificantly reduced D3 receptor mRNA in the shell of nucleus accumbens. Inter
estingly, fluoxetine, which markedly differed from other antidepressant drugs 
in its effects on D3 receptor mRNA, especially after short chronic treatment, 
also increased D3 receptor protein in the shell of nucleus accumbens after a 
42-day chronic treatment, suggesting a delayed action in rats as compared with 
other antidepressant drugs. A short-term exposure to fluoxetine decreases 
dopamine extracellular levels, whereas other antidepressant drugs have an 
opposite effect (IcHIKAWA and MELTZER 1995), this also exemplifies the fact 
that acute effects of antidepressant drugs may not be relevant to their clinical 
efficacy. 

Secondly, whereas the various antidepressant treatments have most likely 
different short-term outcomes, they all increased D3 receptor expression upon 
long-term repeated administration. These observations, together with those of 
a previous study showing that other antidepressant drugs increase D3 recep
tor binding (MAJ et al. 1998), show that enhanced D3 receptor expression is a 
common secondary action of antidepressant treatments (LAMMERS et al. 2000). 
Moreover, this common effect is restricted to the shell of nucleus accumbens, 
that various studies have shown to sub serve the role of dopamine in appeti
tive motivation, positive reinforcement, pleasurable effect of reinforcing 
stimuli (KooB 1992; SALAMONE 1994) and therapeutic actions of some antide
pressant drugs (KAPUR and MANN 1992; BROWN and GERSHON 1993; FIBIGER 
1995; WILLNER 1997). Interestingly enough, ECT produced the most rapid and 
robust increase in D3 receptor protein and mRNA expression, as compared to 
antidepressant drugs, which is in agreement with their therapeutic efficacy in 
refractory depression. 

Although some antidepressant drugs elicit changes in DJ and D2 receptor 
expression (DZIEDZICKA-WASYLEWSKA et al. 1997a,b), this effect is not com
mon to all antidepressant drugs (AINSWORTH et al. 1998), or occurs in differ
ent brain regions. Several previous studies have reported that ECT treatment 



208 P. SOKOLOFF and I-C. SCHWARTZ 

increases D1 and D2 receptor mRNA and D2 receptor protein in the nucleus 
accumbens (BARKAI et al. 1990; SMITH and SHARP 1997), but these changes are 
limited in amplitude or short lasting. We could confirm that there were no 
changes in Dl or D2 receptor mRNAs in the nucleus accumbens 24 h after ter
mination of chronic ECT (LAMMERS et al. 2000). In contrast, chronic ECT 
induced a robust and long-lasting increase in both D3 receptor binding and 
mRNA in the shell of nucleus accumbens. A selective enhanced D3 receptor 
expression in this brain region thus appears as a common consequence of 
various antidepressant treatments. . 

Furthermore, antidepressant treatments not only increase in D3 receptor 
expression, but also elicit changes related to D3 receptor function. In the shell 
of nucleus accumbens this receptor is found expressed mainly in substance P
and dynorphin-expressing neurons (LE MOINE and BLOCH 1996; RID RAY et al. 
1998) and both neuropeptide expressions are influenced by pharmacological 
manipulations of Dl and D3 receptors in various experimental circumstances 
(BORDET et al. 1997; RID RAY et al. 1998; BORDET et al. 2000). In agreement with 
a previous observation (WALKER et al. 1991), we found that amitriptyline and 
fluoxetine increased substance P mRNA in the shell of nucleus accumbens, 
which might be the result of an increased D3 receptor function (LAMMERS et 
al. 2000). Since antidepressant treatments decrease substance P concentrations 
(SHIRAYAMA et al. 1996), they may accelerate substance P turnover and release. 
Nevertheless, this hypothesis is hardly reconcilable with the antidepressant 
effect of a substance P receptor antagonist recently reported (KRAMER et al. 
1998). 

These results suggest that the increased locomotor stimulants effects of 
D2/D3 receptor agonists following repeated treatments with various antide
pressant drugs (MAJ et al. 1989; SERRA et al. 1990) may result from increased 
D3 receptor function, a process analogous to that elicited by levodopa in 
hemiparkinsonian rats (see Sect. D). Moreover, enhancement of dopamine 
function by repeated ECT requires concomitant activation of Dl and D21D3 
receptors (SMITH and SHARP 1997), which is in line with observations showing 
that stimulation of the D3 receptor potentiates Dl receptor-mediated re
sponses (PILLA et al. 1999). Finally, the role of D3 receptor overexpression in 
one form of behavioral sensitization (BORDET et al. 1997) is consistent with the 
idea that a similar process participates in the behavioral changes triggered by 
antidepressant treatments. 

Importantly, our data also show a progressive and strong downregulation 
of D3 receptor binding by repeated handling and injections, even though no 
drug was administered. This change is not related to increasing age, which actu
ally enhances D3 receptor expression (GUREVICH et al. 1999) and might be 
interpreted as a stress-induced effect. Actually, the action of fluoxetine and 
amitriptyline were not strictly to enhance D3 receptor binding in the shell of 
nucleus accumbens, but rather to counteract this downregulation, thus op
posing the effects of stress. Accordingly, antidepressant drugs reverse chronic 
mild stress-induced decrease in the consumption of palatable sweet solutions 
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(WILLNER et al. 1992), an effect accompanied by increased Dz/D3 receptor 
binding (PAPP et al. 1994) and D2 receptor mRNA (DZIEDZICKA-WASYLEWSKA 
et al. 1997b). These results point to a role of the D3 receptor in the adaptive 
changes induced by chronic stress, a major risk factor in depression (ANISMAN 
and ZACHARKO 1992; RISCH 1997; AGID et al. 1999; HARKNESS et al. 1999), 
that antidepressant treatments may correct by their effects on D3 receptor 
expression. 

One can speculate about possible mechanisms by which chronic stress and 
antidepressant treatments regulate the D3 receptor gene in opposite direc
tions. Acute stress activates the mesocortical dopaminergic system (THIERRY et 
al. 1976), but chronic stress triggers adaptive processes leading to decreased 
dopaminergic transmission in the shell of nucleus accumbens (FINLAY and 
ZIGMOND 1997; GAMBARANA et al. 1999). On the contrary, antidepressant drugs 
and ECT induce a subsensitivity of dopamine autoreceptors, leading to a 
persistent enhancement of dopamine neuron electrical activity (CHIODO 
and ANTELMAN 1980a,b; WHITE and WANG 1983). Although antidepressant 
drug treatments have variable effects on basal extracellular dopamine in the 
nucleus accumbens (AINSWORTH et al. 1998), they increase amphetamine
evoked dopamine release (BROWN et al. 1991; STEWART and RAJABI 1996), and 
ECT treatments enhance spontaneous dopamine release (No MIKOS et al. 
1991). There is also some evidence for a decreased dopamine metabolism and 
turnover in depressed patients (KAPUR and MANN 1992; D'HAENEN and 
BossuYT 1994; SHAH et al. 1997). Hence, the data in the literature are rather 
consistent with a decreased activity of mesolimbocortical dopamine neurons 
by chronic stress and in depression, which is reversed by chronic antidepres
sant treatments. The convergent effects of antidepressant drugs with different 
serotonin/norepinephrine pharmacological selectivities on dopamine neuron 
activity can be explained as an adaptation of these neurons to the inhibitory 
actions of both serotonin and norepinephrine, suggested by various anatomi
cal and functional studies (PRISCO and ESPOSITO 1995; GRENHOFF et al. 1993). 
We have previously shown that D3 receptor expression, unlike that of other 
dopamine receptor subtypes, depends critically upon dopamine neuron activ
ity, through the release of an anterograde factor different from dopamine itself 
and its known co-transmitters (LEVESQUE et al. 1995). Thus, the opposite vari
ations of dopamine neuron activity in response to chronic stress or antide
pressants drug treatments may determine opposite parallel variations in D3 
receptor expression in the shell of nucleus accumbens. In agreement with the 
contention that BDNF controls D3 receptor expression (see Sect. E), BDNF 
mRNA is reduced by stress (SMITH et al. 1995) and elevated by chronic anti
depressant treatments (NIBUYA et al. 1995), which suggests an important role 
for this neurotrophin in mediating early events elicited by chronic antide
pressant treatments. 

In conclusion, these results suggests that D3 receptor expression and func
tion are downregulated in stress and, possibly, depression, and that these 
changes are reversed by antidepressant treatments. As a corollary, selective D3 
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receptor agonists may represent a new class of antidepressant drugs, a pro
posal supported by data showing that pramipexole, a preferential D3 receptor 
agonist (MIERAU et al. 1995; SAUTEL et al. 1995), displays antidepressant-like 
effects in animals (WILLNER et al. 1994; MAJ et al. 1997) and is efficacious as 
antidepressant in humans (SZEGEDI et al. 1996; GOLDBERG et al. 1999). 

J. Conclusions 
The various data collected so far and reported above are compelling enough 
to assume that, a decade after its birth, the D3 receptor has now reached its 
years of maturity. This age is notably marked by the development of useful 
experimental tools, including a selective antibody, mice bearing a targeted 
mutation of the D3 receptor gene, and the first highly selective D3 receptor 
ligands. The combined use of these tools has removed some of the uncertain
ties regarding the functions mediated by the D3 receptor, that can be summa
rized below. 

It is suggested that, acting as an autoreceptor, the D3 receptor may control 
the phasic, but not tonic, activity of dopamine neurons. This hypothesis is 
consistent with the presence of D3 receptors on all mesencephalic dopamine 
neurons (DIAZ et al. 2000) and with the observations that a selective D3 recep
tor agonist inhibits dopamine efflux and that selective D3 receptor antagonists 
reverse dopamine-agonist induced inhibition of dopamine efflux (MILLAN et 
al. 2000; REAVILL et al. 2000). It is also consistent with observations that selec
tive D3 receptor antagonists do not affect spontaneous locomotor activity nor 
dopamine efflux (MILLAN et al. 2000; REAVILL et al. 2000). Phasic activity of 
dopamine neurons may be induced by novelty, which may account for the 
hyperactivity displayed by D3 receptor-deficient mice in a novel environment 
(ACCILI et al. 1996; Xu et al. 1997), or presentation of drug-conditioned cues, 
which may account for the inhibition by a selective and partial D3 receptor 
agonist of cocaine cue-controlled seeking behavior (PILLA et al. 1999). Further 
work will be necessary to directly substantiate this hypothesis. 

Various converging anatomical, pharmacological, and genetic observa
tions also suggest that the D3 receptor might be implicated in Parkinson's 
disease (BORDET et al. 1997), schizophrenia (SCHWARTZ et al. 2000), drug addic
tion (PILLA et al. 1999), and depression (LAMMERS et al. 2000), or the treat
ment of these disorders. The identification of selective D3 receptor agents and 
their forthcoming introduction into the clinics will be decisive for evaluating 
this hypothesis. 
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CHAPTER 8 

Dopamine D 4 Receptors: 
Molecular Biology and Pharmacology 

0. CIVELLI 

A. The Dopamine D4 Receptor 
I. Discovery 

The discovery of the dopamine D4 receptor stems from the same principle 
as the one which led to the cloning of the D2 and the other dopamine recep
tors: the recognition that G protein-coupled receptors are evolutionarily 
related and thus may share sequence similarities (BUNZOW et al. 1988). Con
sequently, homology-screening approaches may lead to the identification of 
novel subtypes. By analyzing the mRNAs of human neuroepithelioma SK-N
MC cells with D2 receptor cDNA probes under conditions of low stringency 
hybridization, a D2-related mRNA was detected which encoded a protein of 
387 residues containing seven hydrophobic domain regions. This protein 
exhibited an overall homology of 41 % and 39% with the D2 and D3 receptors 
respectively and about 56% for both receptors within the hydrophobic regions. 
It was named the dopamine D4 receptor (VAN TOL et al. 1991). 

II. Pharmacological Profile 

The D4 receptor, when expressed in COS-7 cells, bound dopamine with high
and low-affinity states (VAN TOL et al. 1991). It also exhibited a saturable 
binding of [3H]-spiperone, the prototypic Dz-like antagonist. Further phar
macological characterization revealed that the D4 receptor bound other D2 
antagonists and agonists with similar or somewhat lower affinity than did the 
D2 receptor (VAN TOL et al. 1991) (Table 1). A particularly notable exception 
to this profile was observed for the atypical antipsychotic clozapine, which 
bound to the D4 receptor with higher affinity than to the D2 receptor (VAN 
TOL et al. 1991; VAN TOL et al. 1992; LAHTI et al. 1993; MILLS et al. 1993; CHIO 
et al. 1994; McHALE et al. 1994). The D4 receptor did not show a particularly 
high affinity for other newer atypical antipsychotics, such as olanzapine, 
risperidone, and remoxipride. Interestingly, The D4 receptor has been shown 
to bind and be activated by epinephrine and norepinephrine at concentrations 
that are in the range of those activating the adrenergic receptors (LANAU 
et al. 1997; NEWMAN-TANCREDI et al. 1997). 
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Table 1. Pharmacological profile of the D4 receptor 

GTP-yS binding EC50~M 

D4 D2 
Dopamine 0.2 9.4 
Epinephrine 1.2 >100 
Norepinephrine 2.7 >100 

Binding affinities KinM 

D4 D2 
Chlorpromazine 7.9 1.1 
Haloperidol 1.8 0.67 
Raclopride 1,650 2.3 
Sulpiride 569 9 
Spiperone 0.4 0.13 
Olanzapine 27 11 
Risperidone 3.6 1.5 
Remoxipride 3,690 125 
Clozapine 10 60 

Affinities of different dopamine-related compounds to the 
D4 receptor expressed in heterologous cell lines. Agonist 
affinities are measured as GTP-yS binding to membranes 
(LANAU et al. 1997). Antagonist affinities are measured as 
spiperone displacement (HARTMAN and CIVELLI 1996). 

III. Biological Activities 

0. CIVELLI 

Heterologous expression of the D4 receptor has further shown that, depend
ing on the cellular environment, the D4 receptor couples to inhibition of 
adenylyl cyclase activity, stimulation of Na+/H+ exchange, and potentiation of 
stimulated arachidonic acid release in Chinese hamster ovary (CHO) cells 
(CHIO 1994; McHALE 1994). In cultured cerebral granule cells, D4R activation 
inhibits an L-type calcium current via a G/Go protein, but independent of 
adenylyl cyclase inhibition (MEl et al. 1995). Furthermore, the D4R repeats 
are capable of direct interaction with SH3-domain containing proteins (i.e., 
cytoskeletal proteins, serine/threonine and tyrosine kinases) for additional 
D4 receptor signaling mechanisms independent of G-protein activation 
(OLDENHOF et al. 1998). 

IV. Tissue Localization 

In the CNS, the D4 receptor is expressed in limbic and cortical areas which 
are involved in emotional/affective behavior and cognition. The D4 mRNA has 
been detected in human frontal cortex, amygdala, thalamus, hypothalamus, 
cerebellum, and hippocampus (MATSUMOTO et al. 1995). In situ hybridization 
in human temporal lobe have detected D4 mRNA in the dentate gyrus and 
the CA2 region of the hippocampus, as well as in the entorhinal cortex 
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(MEADOR-WOODRUFF et a1. 1994). In mouse retina, D4 mRNA has been local
ized in the photoreceptor cells, the inner nuclear and the ganglion cell layers 
(COHEN et a1. 1992). D4 mRNA has been detected in the pituitary, and high 
levels have been found in the rat heart (O'MALLEY et a1. 1992) although this 
was not confirmed in human tissue (MATSUMOTO et a1. 1995). Several D4 spe
cific antisera have been raised (ARIANO et a1. 1997; DEFAGOT et a1. 1997), one 
in particular has been reported to label y-aminobutyric acid (GABA)ergic 
neurons in the cerebral cortex, hippocampus, reticular thalamic nucleus, globus 
pallidus, and substantia nigra (MRZLJAK et a1. 1996). In the mouse brain, D4 
immunoreactivity was found in neurons located in layer II-VI of the frontal 
and piriform cortices, in scattered neurons in the caudate putamen and in 
larger neurons of the globus pallidus (MAUGER et a1. 1998). Together, these 
data show that the D4 receptor is expressed in the CNS but that its level of 
expression is low when compared to that of the Dz receptor in the striatum. 

V. Physiological Role 

Thus far, little is known about the physiological role of the D4 receptor. In 
retina, D4-like activation mediates dopamine-induced contraction and elon
gation of cone photoreceptor cells (HILLMAN 1995) and regulates activity of 
serotonin N-acetyltransferase, which controls melatonin synthesis (ZAWILSKA 
and NOVAK 1994). In rats, D4 receptors play an important role in the induction 
of behavioral sensitization to amphetamine and accompanying adaptations in 
pre- and postsynaptic neural systems associated with the meso limbo cortical 
dopamine projections (FELDPAUSCH et a1. 1998) and to be active in the rever
sal of apomorphine-induced blockade of prepulse inhibition (MANSBACH et a1. 
1998). Moreover, mice devoid of D4 receptor have been engineered. These null 
mutant mice were less active in open field tests but outperformed wild-type 
mice on the rotarod and displayed locomotor supersensitivity to ethanol, 
cocaine, and methamphetamine. Biochemical analyses revealed that dopamine 
synthesis and its conversion to DOPAC were elevated in the dorsal striatum 
from mutant mice suggesting that the D4 receptor modulates normal, coordi
nated, and drug-stimulated motor behaviors as well as the activity of nigros
triatal dopamine neurons (RUBINSTEIN et a1. 1997). 

B. The Multiple Human D4 Receptors 

I. D4 Receptors with Variable Third Cytoplasmic Loops 

The D4 receptor gene (DRD4) is located at the tip of the short arm of the 
human chromosome llp15 (GELERNTER et a1. 1992) and is highly polymorphic 
in humans and other primates predicting great diversity in D4 receptor pro
teins (Fig. 1). The most striking polymorphism involves a 48-base pair (bp) 
sequence which encodes an imperfect 16 amino acid repeat in the putative 
third cytoplasmic loop of the protein (VAN TOL et a1. 1992). DRD4 alleles differ 
not only in the number of these repeat units, which can vary from 2 to 10 (4 
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Fig. 1. Schematic representation of the human D4 receptor gene organization and of 
the location of the polymorphic sites 

is most common, and no alleles with 9 repeats have been found), but they also 
vary in nucleotide sequence and in the order in which they are arranged 
(LICHTER et al. 1993). In one study, 18 distinct D4R protein sequences were 
identified among 178 human alleles (LICHTER et al. 1993), and although this 
repeat structure is not apparent in rat or mouse D4R sequences, similar repeat 
units have been identified in several species of primates (LIVAK et al. 1995). 
The 16 amino acid repeats are proline-rich, and consist of tandem copies of 
consensus SH3-binding domains (OLDENHOF et al. 1998). Although the func
tional significance of D4 repeat sequence variation is not clear, weak differ
ential effects of sodium on antagonist binding have been reported depending 
on the number of repeat sequences (VAN TOL et al. 1992), and a somewhat 
reduced response to dopamine was observed in the D4.7 variant compared to 
the shorter D4.2 and D4.4 variants (ASHGARI et al. 1995). Moreover, genetic 
linkage studies have found no correlation between the number of 16-amino 
acid repeats in the D4R and incidence of schizophrenia (NANKO et al. 1993). 
On the other hand, two studies have suggested that the presence of the D4.7 
allele (containing seven 16-amino acid repeats) correlates with a higher level 
of "novelty seeking" behavior than that found in persons with the shorter D4.4 
allele (BENJAMIN et al. 1996; EBSTEIN et al. 1996). These results would suggest 
that the D4 receptor can contribute to variation in a human psychological trait; 
however this linkage has been challenged by several studies showing that the 
dopamine D4 receptor gene is probably not of importance to different per
sonality dimensions (VANDENBERGH et al. 1997; JONSSON et al. 1997; POGUE
GEILE et al. 1998; GELERNTER et al. 1997). In another study, the D 4.7 allele has 
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been reported to occur more frequently in children who develop attention 
deficit hyperactivity disorder (ADHD) (LAHoSTE et al. 1996) indicating that 
the dopamine D4 receptor may be a susceptibility gene in ADHD (SMALLEY 
et al. 1998; SWANSON et al. 1998). 

II. D4 Receptor with Different N-Termini 

A second D4DR polymorphism has been discovered involving a 12-bp repeat 
in the extracytoplasmic terminus bordering the first putative transmembrane 
domain. The more common allele (AI) contains two 12-bp repeats. The pres
ence of the mutated allele (A2), containing only one 12-bp repeat, correlates 
with delusional disorder (CATALANO et al. 1993) whose affected individuals 
respond poorly to neuroleptics, suggesting that the A2 allele may encode a D4 
receptor with altered affinities for these drugs. The two allelic receptors have, 
however, been shown to respond similarly to dopamine stimulation (ZENNER 
et al. 1998). A third polymorphic site has been found in the first transmem
brane domain. It leads to a nonsense mutation which has been found in 
humans with a frequency of about 2 % in the general population but which did 
not correlate with schizophrenia, bipolar disorder, or Tourette's syndrome 
(NOTHEN et al. 1994). One individual homozygous for the null mutation has 
been identified who suffers from acoustic neurinoma, obesity, and reduced 
body temperature. He has four children; one suffers from Tourette's syndrome, 
another from a mild tic disorder, and a third from obsessive-compulsive dis
order. No correlation was found between the presence of heterozygosity for 
the D4 null mutation and either schizophrenia, bipolar disorder, or Tourette's 
syndrome (reviewed in HARTMAN and CIVELLI 1997). 

c. The D4 Receptor Involvement in Schizophrenia 
The antipsychotic action of neuroleptics has been correlated with their ability 
to block D2-like receptors (CREESE et al. 1976; SEEMAN et al. 1976). Two obser
vations pointed at the D4 receptor as the dopamine receptor having a central 
role in the etiology of schizophrenia. 

First was the report that claimed elevated densities of D4R in striatal 
homogenates from postmortem tissue samples of schizophrenic vs control sub
jects (SEEMAN et al. 1993). Lack of a D4R-specific radioligand led to use of 
an indirect method to measure D4 receptor density by subtraction of 3H
raclopride binding sites (labels D2R+D3R) from 3H-emonapride sites (labels 
D2R+D3R+D4R). In these tissues, D4R levels were found to be low or unde
tectable in control tissues, but readily measurable in schizophrenic samples, 
with an estimated two- to sixfold increase over control levels (SEEMAN et al. 
1993). The levels of D4 receptor-like binding sites in these samples, however, 
is much higher than predicted from mRNA levels in these areas. In fact, since 
emonapride binds with high affinity to sigma and 5-HT2A sites while raclo-
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pride does not, this labeling will also reflect sigma and 5-HT2A binding sites 
(TANG et al. 1997; NODA-SAITA et al. 1999). Confirmation of this observation 
awaits the use of D4-specific ligands. 

The second observation is the fact that clozapine, an effective atypical 
antipsychotic with a low propensity for side effects, has a higher affinity for 
the D4 vs the D2 receptor (VAN TOL et al. 1991), suggesting that D4-specific 
antagonists might be useful in the treatment of schizophrenia. An increasing 
number of D4-specific ligands have been reported (HID AKA et al. 1996; KULA 
et al. 1997; ROWLEY et al. 1997; UNANGST et al. 1997; ARLT et al. 1998; 
BOURRAIN et al. 1998; FARACI et al. 1998; SANNER et al. 1998; LOBER et al. 1999), 
none of which show activity in animal models for antipsychotic activity. The 
D4-selective antagonist, NGD94-1, did not affect locomotor activity in rats but 
attenuated apomorphine-induced disruption of prepulse inhibition, an effect 
which has been observed with other antipsychotic drugs (TALLMAN et al. 1997). 
U-101387, another D4 antagonist, also produced no effects on locomotor activ
ity and failed to alter dopamine neuronal firing or affect monoamine turnover, 
but did substantially induce c-fos expression in cortical areas of rat brain 
(MERCHANT et al. 1996). Two substituted 4-aminoperidines (U-99363E and U-
101958) have also been reported to be high-affinity antagonists to the D4 
receptor but have poor stability and low bioavailability (SCHLACHTER et al. 
1997). Finally, L-745870 a selective high affinity D4 antagonist did not increase 
dopamine metabolism or plasma prolactin levels in rodents, two responses 
affected by standard neuroleptics (PATEL et al. 1997). Moreover, L-745870 was 
evaluated in phase II clinical trials of patients with acute schizophrenia and, 
while generally well tolerated, did not show clinical efficacy. It was thus con
cluded that blockade of D4 receptors does not appear to confer antipsychotic 
activity (KRAMER et al. 1997). 

D. Conclusions 
Among the new dopamine receptors, the D4 receptor is the one that has 
been most heavily studied. It is a Drlike receptor, which places it among the 
targets of antipsychotic drugs. It is expressed in brain areas involved in 
emotional/affective behavior and cognition. It exhibits two particularities that 
have not been found with the other dopamine receptors. One is a high degree 
of sequence polymorphism in human. Although variations in D4 receptor 
structure have not been directly associated with prevalent psychiatric disor
ders, it is possible that they affect more subtle psychological traits. The other 
particularity of the D4 receptor is its particular affinity for clozapine. This fact 
carried high hopes for discovering better atypical neuroleptics; however, the 
first result reported in that direction is not promising. In any case, the D4 recep
tor has evolved to become a bona fide dopamine and possibly other cate
cholamine target and thus must participate in some aspect of the regulatory 
role of dopamine. 
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CHAPTER 9 

Signal Transduction by Dopamine 
Dl Receptors 

I-A. GIRAULT and P. GREENGARD 

In vertebrates the D] family of dopamine receptors comprises at least three 
members, coded by different genes: D]a (or D]), D]b (or D s), and D]c/d (VERNIER 
et al. 1995). However, only D] and Ds have been identified in mammals. These 
receptors are characterized by their high degree of sequence identity and their 
common ability to interact with Gs-like proteins and to stimulate adenylyl 
cyclase. Most of our knowledge of the signaling by these receptors has been 
gained by studying the D]a isoform, by far the most abundant in brain, espe
cially in striatonigral medium-size spiny neurons. 

A. Historical Perspective 
The D] receptors were the first dopamine receptors to be identified. Follow
ing the discovery that epinephrine and norepinephrine were capable of stim
ulating the formation of cyclic AMP (cAMP) in target cells, it was shown that 
dopamine had the same effect in the superior cervical ganglia and the retina 
of the cow (KEBAB IAN and GREENGARD 1971; BROWN and MAKMAN 1972). Soon 
afterwards, the presence of a dopamine-sensitive adenylyl cyclase was demon
strated in rat striatum (KEBABIAN et al. 1972). Antipsychotic drugs were found 
to block this response and it was hypothesized that dopamine receptors might 
be their site of action (CLEMENT CORMIER et al. 1974; MILLER et al. 1974). Inter
estingly, the effects of dopamine, lost in the absence of the cytoplasmic frac
tion, were recovered following addition of exogenous (GTP) (CLEMENT 
CORMIER et al. 1975). This was the first indication that GTP was involved in 
the coupling of DJ dopamine receptors to adenylyl cyclase, in agreement with 
the concept proposed by RODBELL (RODBELL et al. 1971). Subsequently, the 
distribution of dopamine-sensitive adenylyl cyclase was studied in various 
brain regions and non-neuronal tissues such as the parathyroid gland (BROWN 
et al. 1977). Although the physiological effects of stimulation of D] receptors 
in neurons were not known, in parathyroid it was demonstrated that this stim
ulation induced the release of parathyroid hormone. However, it was found 
later that some effects of dopamine did not involve stimulation of adenylyl 
cyclase and that drugs acting on mammotroph cells of the anterior pituitary 
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displayed "inappropriate" activity in the adenylyl cyclase assay, leading to the 
discovery of D2 receptors (for a review, see KEBAB IAN and CALNE 1979). In the 
following years, research on dopamine D1 receptors was pursued in three 
directions: the identification of the mechanism of coupling of Dl receptors to 
adenylyl cyclase, the study of the biochemical and physiological effects of 
cAMP, and the search for targets different from the adenylyl cyclase. In spite 
of the considerable progress made, there are many important questions still 
to be answered, and these areas of research are very active. 

B. GTP-Binding Proteins Associated with 
D1-Family Receptors 

The role of a heterotrimeric GTP-binding protein (G protein) in mediating 
the activation of adenylyl cyclase by dopamine was suspected as early as 1974, 
as indicated above, and several years later the binding of Dl agonists was 
shown to be modulated by guanine nucleotides. The G protein involved was 
initially assumed, without experimental evidence, to be Gs• Recently, it has 
been shown that in striatal neurons, Go1f (see Fig. 1), and not G" couples Dl 
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Fig.t. Schematic representation of the main signaling pathways activated by dopamine 
DJ receptors in striatonigral neurons. DJ receptors activate adenylyl cyclase (mostly 
type V) through a heterotrimeric GTP-binding protein containing the aol! isoform. The 
major target of cAMP is cAMP-dependent protein kinase (PKA), which can increase 
the state of phosphorylation of substrate proteins either by phosphorylating them 
directly, or by inhibiting protein phosphatase 1 (PPl) via the phosphorylation of 
DARPP-32. Identified proteins phosphorylated by PKA in striatonigral neurons in 
response to dopamine include ARPP-16 and ARPP-21, synapsin 1, stathmin, NMDA 
receptors, and CREB 
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receptors to adenylyl cyclase (CORVOL et al. 2001). Golf is characterized by the 
presence of an aolf subunit that is very similar to as (80% amino acid identity). 
The aolf subunit was initially thought to be specific to the olfactory epithelium 
in which it had been identified (JONES and REED 1989). However, the aolf 

mRNA and the corresponding protein are found in several other tissues, in 
particular in brain where they are highly expressed in the basal ganglia 
(DRINNAN et al. 1991; HERVE et al. 1993). In contrast, the basal ganglia contain 
very low levels of as (HERVE et al. 1993). The medium-sized spiny neurons, 
which contain high levels of D1 receptors, express aolf and very little if any as 

(HERVE et al. 1993, 2001). In contrast, both as and aolf transcripts are detected 
in cholinergic interneurons (HERVE et al. 2001). Stimulation of cAMP produc
tion by dopamine is virtually abolished in the striatum of aolf knockout mice 
(CORVOL et al. 2001). However, it should be noted that as may couple DJ recep
tors to adenylyl cyclase outside of the basal ganglia, since DI responses were 
normal in the cerebral cortex of these aolf knockout mice. The phenotype of 
homozygous aolf knockout mice is very severe, in part due to their olfactory 
deficit, and most die in the three postnatal weeks, making it difficult to analyze 
specifically the alterations in dopamine signaling (BELLUSCIO et al. 1998). 
Nevertheless, the cocaine-induced locomotor activity and striatal immediate 
early genes expression observed in wild type littermates were blocked in 
homozygous aolf knockout mice (ZHUANG et al., 2000). Heterozygous aolf +/
mice may provide a better model for studying the role of aolf in dopamine 
actions. In the striatum of these animals the levels of aolf protein are about half 
those in wild type, there is no compensatory change in a" and the activation 
of adenylyl cyclase by dopamine is significantly decreased (CORVOL et al. 2001). 
Although these heterozygous mutant mice are apparently normal, their loco
motor activity in response to amphetamine injection is markedly diminished 
(HervE et al. 2001). These results indicate that aolf levels are a limiting para
meter in D1-mediated responses to dopamine. 

In transfection experiments as and aolf have similar properties (JONES et 
al. 1990) and it is unclear whether these two related gene products have dif
ferent functional properties. It is possible that the selection by evolution of a 
two-gene system resulted from the advantage of achieving a highly specific 
pattern of expression. Accordingly, the regulation of the expression of the aolf 

gene itself appears to be rather complex since at least four different transcripts 
are generated that are expressed in different ratios in brain and in the olfac
tory epithelium (HERVE et al. 1995). Although all these mRNAs contain the 
same coding sequence, they appear to be transcribed from two different pro
moters and to have very different abilities to be translated (HERVE et al. 1995). 

The fact that levels of aolf are limiting for the action of dopamine on 
adenylyl cyclase in the striatum may account for several puzzling observations. 
First, the levels of aolf are several times higher in the soma to-dendritic region 
of striatonigral neurons than in their nerve terminals, in the substantia nigra 
(HERVE et al. 1993). This provides an explanation for the more potent DJ stim
ulation of cAMP production by dopamine in the striatum than in the sub
stantia nigra, whereas the amounts of DJ receptors (HERVE et al. 1992) and 
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adenylyl cyclase molecules (WORLEY et al. 1986) are similar in the two regions. 
Second, an increased response of dopamine-stimulated cyclase has been 
observed in the striatum following lesion of dopamine neurons (VON 
VOIGTLANDER et al. 1973; MISHRA et al. 1974; KRUEGER et al. 1976; HERVE et al. 
1989), in the absence of alteration of Dl receptors or adenylyl cyclase (SAVASTA 
et al. 1988; HERVE et al. 1992). This can be explained by the levels of aol!, which 
increase following lesion of dopamine neurons (HERVE et al. 1993; PENIT-SORIA 
et al. 1997). Interestingly, aol! levels appear to be negatively regulated by the 
activity of dopamine Dl receptors in the striatum since they increase follow
ing lesion of dopamine neurons (HERVE et al. 1993) or in DJ receptor knock
out mice, whereas they decrease in dopamine transporter knockout mice in 
which dopamine receptors are permanently stimulated (HERVE et al. 2001). In 
both cases there is no change in aol! mRNA levels, showing that the regulation 
takes place at a post-transcriptional level. One possible explanation is that aol! 

is released into the cytoplasm and degraded during its activation cycle trig
gered by dopamine, as has been reported for as following stimulation of ~
adrenoreceptors (LEVIS and BOURNE 1992). Thus, the absence of dopamine or 
the absence of Dl receptor would result in the accumulation of aol! secondary 
to its lack of use. All these results indicate that the levels of aol! are an impor
tant parameter of dopamine signal transduction and that changes in these 
levels in physiological or pathological circumstances could have important 
consequences. 

Little is known about the other subunits which associate with aol! to form 
a functional heterotrimeric G protein in the striatum. It has been observed 
that 'Y7 is highly expressed in basal ganglia (WATSON et al. 1994), but the 
meaning of this observation is not known. Although it is possible that the G 
protein associated with Dl receptor in the striatum contains aoll and Y7, it is 
not known whether this is also the case in other cell types, in which Dl recep
tors are expressed at much lower levels. Several ~ subunit isoforms are 
expressed in the striatum (BETTY et al. 1998), but there is, as yet, no evidence 
for a specific association of any of them with Dl receptors. 

Coupling of DJ receptors to other G proteins has been reported. Striatal 
Dl receptors associate with ai in reconstituted vesicles (SIDHU et al. 1991). DJ 
receptors interact with G/Go in transfected GH4C1 cells (KIMURA et al. 1995b) 
and co-immunoprecipitate with a o (KIMURA et al. 1995a) or a q (WANG et al. 
1995). Activation of phospholipase C (PLC) in response to dopamine has been 
reported in kidney (FELDER et al. 1989), in several brain regions (UN DIE and 
FRIEDMAN 1990), and in Xenopus oocytes injected with Dl receptor mRNA 
(MAHAN et al. 1990). However, the activation of phosphoinositide hydrolysis 
by dopamine was still observed in striatum from DJa knockout mice, suggesting 
that the Dl-like dopamine receptors coupled to PLC are not Dla (FRIEDMAN 
et a1. 1997). A transmembrane protein associated with Dl receptors has been 
recently identified (LEZCANO et al. 2000). This protein, termed calcyon, appears 
to promote Ca2+ release from internal stores in response to stimulation of Dl 
receptors. Finally, a synergistic effect of transfected D j and D2 receptors on 
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arachidonic acid release has been reported, whereas Dl receptors alone had 
no effect (PIOMELL! et al. 1991). The physiological meaning of these various 
observations is not yet clear, but they indicate the coupling of Dl receptors to 
pathways other than the activation of adenylyl cyclase. Nevertheless, hard 
evidence for these possible coupling mechanisms in the physiological effects 
of dopamine is still missing. 

C. Adenylyl Cyclases and Phosphodiesterases in 
the Striatum 

Adenylyl cyclases (Fig. 1) are large proteins with several transmembrane 
domains and two cytoplasmic domains with enzymatic activity (SUNAHARA et 
al. 1996; HURLEY 1999). There are at least ten distinct genes coding for adeny
lyl cyclases in mammals. All of these isoforms are activated by a/GTP, but 
have different sensitivities to other regulators including Ca2+/calmodulin and 
~y subunits. Type V adenylyl cyclase is the most abundant in the striatum 
(GLATI and SNYDER 1993). This adenylyl cyclase is negatively regulated by 
Ca2+/calmodulin and is independent of ~y subunits. Moderate levels of type IX 
adenylyl cyclase are also found in these neurons (ANTONI et al. 1998). This 
isoform is inhibited by calcium through a calcineurin-dependent mechanism 
(ANTONI et al. 1998). Interestingly, striatal neurons also contain high levels of 
the 61-kDa isoform of phosphodiesterase (PDE1B1) which is activated by the 
Ca2+-calmodulin complex (POLL! and KINCAID 1992,1994). These observations 
indicate that Ca2+ transients are likely to reduce the level of cAMP in striatal 
neurons. 

D. cAMP.Dependent Protein Kinase 
The major target for cAMP in eukaryotes is cAMP-dependent protein kinase 
A (PKA) (Fig. 1). This enzyme is a heterotetramer comprising two regulatory 
subunits (R) and two catalytic subunits (C) (see review by TAYLOR et al. 1988). 
Two molecules of cAMP bind cooperatively to the R subunits, leading to the 
dissociation of the holoenzyme and the diffusion of the free and fully active 
catalytic subunits that phosphorylate cytoplasmic proteins and have the capac
ity to diffuse to the nucleus (ADAMS et al. 1991). The regulatory subunits also 
have important targeting functions. Whereas PKA containing the RI isoforms 
is mostly cytosolic, that which contains RII subunits is associated with a variety 
of organelles. There are two RII isoforms, a and ~, which interact with a 
number of anchoring proteins [A-kinase anchoring proteins (AKAPs); see 
DELL'AcQUA and SeoTI 1997). AKAPs provide cell-specific intracellular tar
geting. For example in neurons, AKAP75179 targets PKA to postsynaptic 
densities (CARR et al. 1992; COGHLAN et al. 1995). AKAPs are also scaffolding 
proteins that bring together several signal transduction enzymes at the same 
location in neurons. For example, AKAP79 anchors PKA, PKC and cal-
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cineurin in postsynaptic densities (KLAUCK et al. 1996). The RII~ isoform, as 
well as AKAP150, are highly enriched in the striatum (GLANTZ et al. 1992; 
VENTRA et al. 1996). PKA activity is markedly decreased in the striatum of 
mice lacking a functional RII~ gene (BRANDON et al. 1998). Although these 
mice have an overall normal motor behavior, they perform poorly on the 
rotarod, and have impaired cFos expression, and an increased locomotor sen
sitization in response to amphetamine (BRANDON et al. 1998). 

E. cAMP-Activated Phosphorylation Pathways 
PKA is a broad spectrum protein kinase and it is likely that many substrates 
are phosphorylated in D j receptor-containing neurons in response to 
dopamine stimulation (Fig. 1). However, only a limited number of cAMP
regulated proteins have been experimentally identified. Almost 20 years ago 
a systematic attempt to identify protein substrates for PKA in brain was 
undertaken, leading to the characterization of several proteins enriched in the 
dopamine-innervated brain areas (WALAAS et al. 1983a,b). They included a 
dopamine- and cAMP-regulated phosphoprotein with an apparent Mr of 
32,000 (DARPP-32, see below), and a cAMP-regulated phosphoprotein with 
an apparent Mr of 21,000 (ARPP-21). ARPP-21 is highly enriched in the stria
tum and cerebral cortex (HEMMINGS JR. and GREENGARD 1989; HEMMINGS JR. 
et al. 1989; GIRAULT et al. 1990a). Its phosphorylation is increased in striatal 
neurons in culture by vasoactive intestinal peptide (GIRAULT et al. 1988) and 
in nigral slices by dopamine D j agonists (Tsou et al. 1993). However, to date 
the function of ARPP-21 is not known. Another phosphoprotein of unknown 
function enriched in striatal neurons is ARPP-16 (GIRAuLT et al. 1990b; 
HORIUCHI et al. 1990). This protein is a member of a multigene family highly 
conserved during evolution (DULUBOVA et al. 2001). In striatonigral neurons, 
the phosphorylation of ARPP-16 is increased by dopamine D j receptors 
(DULUBOVA et al. 2001). 

Increased phosphorylation of proteins of known function has been 
observed in response to stimulation of dopamine receptors. These include 
stathmin, a protein which regulates the stability of microtubules (CHNEIWEISS 
et al. 1992), and synapsin 1, a protein which regulates the availability of synap
tic vesicles for release (WALAAS et al. 1989). An increase in phosphorylation 
of the N-methyl-D-aspartate (NMDA) receptor subunit NR1 has been demon
strated in striatal slices treated with dopamine D J agonists (SNYDER et al. 
1998). This phosphorylation is likely to occur at Ser-897, the consensus PKA 
site, and to result from a direct activation of PKA as well as from an indirect 
inhibition of protein phosphatase 1 (PP1) by DARPP-32 (see below). This 
latter effect probably accounts for the concomitant increased phosphorylation 
of the PKC-site (Ser-890) in NR1 subunit. The physiological significance of 
phosphorylation of Ser-897 is not known. In contrast, phosphorylation of 
Ser-890 appears to increase the channel conductance, possibly by preventing 
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its inhibition by Ca2+/calmodulin (HISATSUNE et al. 1997). This may account 
for the facilitatory effect of D] receptors on NMDA currents (CEPEDA et al. 
1993). 

Free catalytic subunit of PKA readily accumulates in the nucleus where 
it can phosphorylate a number of proteins important for the regulation of tran
scription. One of the best-characterized nuclear substrates of PKA is the 
transcription factor CRE-binding protein (CREB; MONTMINY 1997). As a 
homodimer, CREB binds to a specific DNA sequence, the cAMP-responsive 
element (CRE). When phosphorylated on Ser-133, it becomes a potent acti
vator of transcription. Dopamine agonists increase CREB phosphorylation in 
the striatum by stimulating DJ receptors (KONRAD! et al. 1994). Interestingly, 
the stimulation of NMDA receptors also appears to be necessary for this effect 
(KONRAD! et al. 1996). This may be related to the complex regulation of CREB 
phosphorylation which is also a substrate for Ca2+/calmodulin-dependent 
kinases. Alternatively, it could reflect an indirect mechanism of action. The reg
ulation of CREB by dopamine D, receptors probably accounts in part for the 
effects of dopamine on immediate early gene expression including that of 
c-Fos, c-Jun, and Zif-268. Induction of these factors provides an explanation 
for the dopamine-induced increase in activator protein (AP)-1 activity 
(HUANG and WALTERS 1996). However, a pathway involving ERK (extracellu
lar signal-regulated kinase) and the transcription factor Elk-1 is also likely to 
be involved in the D,-mediated effects on immediate early genes expression 
(VALJENT et al. 2000). The mechanism of D, receptor coupling to the ERK 
pathway in striatal neurons is not known. 

F. The Role of Protein Phosphatase 1 in the Action of 
Dl Receptors 

The state of phosphorylation of proteins results from an equilibrium between 
the activity of protein kinases and protein phosphatases. Protein phosphatase 1 
(PP1) (Fig. 1) is a broad-spectrum Ubiquitous protein phosphatase that plays 
a central role in cell signaling by catalyzing the dephosphorylation of a wide 
range of cellular proteins (see SHENOLIKAR and NAIRN 1991). It comprises a 
catalytic subunit, highly conserved among all eukaryotes, which can interact 
reversibly with a variety of targeting and inhibitory proteins. Several of these 
proteins are highly concentrated in neurons, including those which contain 
D] dopamine receptors. Two homologous PP1-binding proteins, spinophilin 
(ALLEN et al. 1997) and neurabin-I (neuronal actin binding protein I; NAKAN
ISHI et al. 1997), are highly enriched in neurons. Both proteins are also capable 
of binding F-actin (SATOH et al. 1998). Spinophilin is concentrated in dendritic 
spines where it accounts for a large part of the targeting of PP1 (ALLEN et al. 
1997). Neurabin-I and spinophilin have the potential to self-associate through 
coiled-coil interactions of their carboxy-termini. They are also likely to asso
ciate with other proteins, such as ion channels or neurotransmitter receptors, 
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through their PDZ domain. These domains, named after the three proteins in 
which they were first identified (PSD-95, Dig, ZO-l), are capable of interact
ing with specific C-terminal sequences. By analogy with other targeting sub
units, spinophilin and neurabin I may promote activity of PP1 toward relevant 
substrates and inhibit activity toward other phosphoproteins (HUBBARD and 
COHEN 1993). 

In addition to targeting subunits, PP1 is regulated by inhibitory proteins 
whose activity is controlled by phosphorylation. Three such inhibitors are 
small proteins known as inhibitor-1, inhibitor-2, and DARPP-32 (dopamine
and cAMP-regulated phosphoprotein with an apparent Mr of 32,000; see 
SHENOLIKAR and NAIRN 1991 for a review). Inhibitor-2 is active in its unphos
phorylated state, whereas inhibitor 1 and DARPP-32 are active only when 
phosphorylated on a threonine residue by PKA, providing a pathway by which 
cAMP can regulate a protein phosphatase. Although inhibitor-1 is relatively 
abundant in neurons which contain Dl receptors, including striatonigral 
neurons (HEMMINGS JR. et al. 1992; GUSTAFSON et al. 1991), its role in the action 
of Dl receptors has not been documented. In contrast, DARPP-32, a protein 
related in sequence and function to inhibitor-1 and highly enriched in stria
tonigral neurons, has been extensively characterized and shown to play an 
important role in the action of dopamine (see GREENGARD et al. 1998, 1999). 

G. DARPP-32 
DARPP-32 (Figs. 1,2) was originally identified as a striatal-enriched substrate 
for PKA, the phosphorylation of which was regulated by cAMP and dopamine 
in striatal slices (WALAAS et al. 1983a; WALAAS and GREENGARD 1984). When 
it was purified and sequenced, it was found to be similar to inhibitor-1 in 
its NH2-terminal region, which is important for phosphatase inhibition 
(HEMMINGS JR. et al. 1984b,c; WILLIAMS et al. 1986). When phosphorylated on 
threonine 34, DARPP-32 becomes a potent inhibitor of PP1 with an IC50<10-9 M 
(HEMMINGS JR. et al. 1984b). The interaction between PP1 and DARPP-32 is 
now well understood (Fig. 2) (HEMMINGS JR. et al. 1990; DESDOUITS et al. 1995b; 
KWON et al. 1997; HUANG et al. 1999). It involves two different binding sites: 
one is phosphorylation-dependent and comprises Thr-34 in DARPP-32, which 
is likely to interact with the phosphatase active site; the other is phosphoryla
tion-independent and comprises the residues 7-11 (KKIQF) of DARPP-32, 
which interact with PP1 at a site distant from the active site. This dual inter
action accounts for the mixed kinetics of inhibition of PP1 by DARPP-32 
(competitive and non competitive) (HEMMINGS JR. et al. 1984b). Interestingly, 
the KKIQF motif in DARPP-32 (one or more basic residues followed by two 
hydrophobic residues separated by a variable residue) is common to other pro
teins which bind to the catalytic subunit of PP1, including targeting subunits 
(EGLOFF et al. 1997; HIRANO et al. 1997). Thus, binding of DARPP-32 and tar
geting subunits to PP1 is likely to be mutually exclusive. 
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Fig. 2. Regulation of protein phosphatase 1 catalytic subunit (PP1c) in striatonigral 
neurons. PPlc is associated with a targeting subunit, spinophilin, which is enriched in 
dendritic spines where it is associated with actin. This interaction inhibits PPlc. Free 
PPlc is inhibited by DARPP-32 phosphorylated on Thr-34 (T34). The interaction 
between DARPP-32 and PPlc involves phospho-Thr-34 and a sequence that is con
served in DARPP-32 and PP1c-targeting proteins (RKKIQF). Thr-34 is phosphorylated 
by cAMP-dependent protein kinase (PKA) and cGMP-dependent kinase (PKG). It is 
dephosphorylated by protein phosphatase 2A (PP-2A) and protein phosphatase 2B 
(PP-2B, calcineurin). DARPP-32 can also be phosphorylated on Thr-75 (T7s) by Cdk5, 
a phosphorylation which turns it into a potent inhibitor of PKA catalytic subunit 
(PKAc). Phospho-Thr-75 appears to be dephosphorylated by PP2-A. In addition, 
DARPP-32 is phosphorylated by protein casein kinase (CK)2 on Ser-45 and Ser-102 
and by protein CK1 on Ser-137. Phosphorylation of Ser-137 prevents dephosphoryla
tion of Thr-34 by calcineurin (PP2B). Phosphate groups are indicated by P 

DARPP-32 is highly expressed in neurons which express DJ receptors, 
especially the medium-sized spiny neurons in the striatum (OUIMET et al. 1984; 
OUIMET and GREENGARD 1990; OUIMET et al. 1992, 1998). However, its distrib
ution is wider than that of DJ receptors. For example, it is also found at high 
levels in striatopallidal neurons which contain predominantly D2 receptors 
and few Dl receptors. DARPP-32 is also expressed in other specific neuronal 
populations in brain and in several non-neuronal cell types induding tanycytes 
(MEISTER et al. 1988), chromaffin cells (MEISTER et al. 1991a), parathyroid 
hormone producing cells (MEISTER et al. 1991 b), brown adipose tissue 
(MEISTER et al. 1988), epithelial cells from choroid plexus (SNYDER et al. 1992), 
ciliary bodies (STONE et al. 1986), and kidney tubules (FRYCKSTEDT et al. 1993). 
Some but not all of these cells also contain D[ receptors. This widespread dis
tribution is in agreement with the ability of numerous extracellular signals to 
regulate its phosphorylation state (see GREENGARD et al. 1998, 1999). 
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Table 1. Signaling molecules which regulate phosphorylation of DARPP-32 on Thr-34 

Tissue Extracellular signal Receptor 

Signals that increase DARPP-32 phosphorylation on Thr-34 

Striatum Dopamine Dl 
Adenosine A2a 
GABA GABAA 

Substantia nigra Dopamine Dl 
NO 
GABA GABAA 

Choroid plexus Norepinephrine ~ 
VIP ? 
Atrial natriuretic factor ANF-R 
Serotonin ? 

Signals that decrease DARPP-32 phosphorylation on Thr-34 

Striatum Glutamate NMDA-R 
Opiates 11 and 0 
Dopamine D2 
Cholecystokinin CCKB 

Substantia nigra Depolarization Ca2+ channels 

Mechanism 

[cAMP 
[cAMP 
J,. Ca2+ 

[cAMP 
[cGMP 
J,. Ca2+ 

[cAMP 
[cAMP 
[cGMP 
? 

[ Ca2+ 

? 
? 

t glutamate? 
[ Ca2+ 

The phosphorylation of DARPP-32 on Thr-34 is critical for inhibition of 
PPl. This threonine can be phosphorylated by cAMP- and cyclic guanosine 
monophosphate (cGMP)-dependent protein kinases (HEMMINGS JR. et a1. 
1984a). Several neurotransmitters in various cell types have been shown to act 
through one or the other of these protein kinases (Table 1). Dephosphoryla
tion of Thr-34 is also catalyzed by two different protein phosphatases, protein 
phosphatase-2A (PP2A) and protein phosphatase-2B (PP2B or ca1cineurin) 
(HEMMINGS JR. et a1. 1984b; KING et al. 1984). PP2B is highly enriched in stri
atonigral neurons (GOTO et a1. 1986). PP2B dephosphorylates DARPP-32 in 
response to stimulation of NMDA receptors in the striatum (HALPAIN et a1. 
1990), and to depolarization in nigral nerve terminals (F. Desdouits, Ie. Sicil
iano, and J.-A. Girault, unpublished observations). PP2B can also be activated 
in striatal slices by stimulation of D2 receptors, via a mechanism which is still 
to be clarified (NISHI et a1. 1997). In addition to Thr-34, DARPP-32 is phos
phorylated on several serine and threonine residues, which appear to have 
modulatory effects. Phosphorylation of Ser-102 (and perhaps Ser-45) by 
protein kinase CK2 (casein kinase 2) increases the ability of PKA (but not 
cGMP-dependent protein kinase) to phosphorylate Thr-34 (GIRAULT et a1. 
1989). Phosphorylation of Ser-137 by protein kinase CK1 (casein kinase 1) 
decreases the ability of PP2B to de phosphorylate Thr-34 (DESDOUITS et a1. 
1995a,c). Thus, both CK1 and CK2 enhance responses to neurotransmitters 
that stimulate phosphorylation of DARPP-32 at Thr-34, including dopamine. 
Recent results have also demonstrated that DARPP-32 is phosphorylated by 
cyclin-dependent protein kinases on Thr-75 (BIBB et al. 1999). In striatal 
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neurons DARPP-32 is phosphorylated on Thr-75 by Cdk5, and this phospho
rylation turns DARPP-32 into a potent inhibitor of PKA (BIBB et al. 1999). 
Conversely, dopamine promotes the dephosphorylation of Thr-75 , providing a 
positive-feedback loop which amplifies dopaminergic signaling (NISHI et al. 
2000). Interestingly, Cdk5 levels are regulated by LWosB, a transcription factor 
induced by chronic exposure to cocaine, and may thus contribute to the adap
tive changes related to cocaine addiction (BIBB et al. 2001). 

There are several important neuronal proteins for which regulation of 
phosphorylation by a DARPP-32-mediated inhibition of PP1 has been shown 
to be a critical aspect of their response to dopamine, including ion channels, 
receptors, enzymes, and transcription factors. The tetrodotoxin-sensitive Na+ 
channel is regulated by phosphorylation by PKA and PKC (GRAY et al. 1998). 
It has been shown to be inhibited by dopamine DJ receptors, through a PKA
dependent pathway in striatal (SURMEIER and KITAI 1993; SCHIFFMANN et al. 
1995) and hippocampal neurons (CANTRELL et al. 1997). Interestingly, an 
inhibition of Na+ currents is also achieved by injection of phospho-Thr-34-
DARPP-32 or pharmacological inhibition of PP1 (SCHIFFMANN et al. 1998). 
The precise level of action of PP1 is unclear, however, since purified Na+ chan
nels are poor substrates for this phosphatase in vitro (MURPHY et al. 1993). 
Thus, it is possible that PP1 acts on a Na+ channel-associated protein in intact 
neurons 

Stimulation of dopamine D1 receptors enhances L-type Ca2+ currents, and 
decreases N- and P-type currents (SURMEIER et al.1995). Both effects are medi
ated by PKA. However, inhibition of PP1 by phospho-DARPP-32 enhances 
the effects of dopamine on L-type currents, whereas it attenuates its effects 
on N- and P-type currents (SURMEIER et al. 1995). These latter effects suggest 
that PKA might also increase PP1 activity in striatal neurons, by phosphory
lating the targeting protein and promoting the release of the free catalytic 
protein, as reported in the case of glycogen-associated PP1 (DENT et al. 1990). 
In DARPP-32 knockout mice the modulatory effects of dopamine on Ca2+ cur
rents are attenuated, indicating a physiological role for DARPP-32 in the 
control of Ca2+ influx (FIENBERG et al. 1998). 

As mentioned above, DARPP-32 is also involved in the positive regula
tion of glutamate receptors by dopamine. DARPP-32 participates in the 
cascade regulating NMDA receptors reconstituted in oocytes (BLANK et al. 
1997), as well as in mice (SNYDER et al. 1998). D j agonists prevent a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) current rundown in stri
atal neurons (YAN et al. 1999). This stimulatory effect of dopamine on AMPA 
receptors appears to involve phosphorylation by PKA, inhibition by DARPP-
32 of PP1-catalyzed dephosphorylation (YAN et al. 1999) and to require the 
precise targeting of PP1 by spinophilin (HSIEH-WILSON et al. 1999). 

Dopamine acting on D j and D2 receptors inhibits the activity of the elec
trogenic ion pump Na+,K+-ATPase (BERTORELLO et al. 1990; NISHI et al. 1999). 
This inhibition, like that induced by ouabain, is predicted to result in enhanced 
depolarization and greater inward current in response to low concentrations 
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of glutamate (CALABRESI et al. 1995). Although the precise molecular mecha
nisms underlying the effect of dopamine receptors on Na+, K+-ATPase are still 
unclear, it is noteworthy that its inhibition by D j agonists is greatly attenuated 
in DARPP-32 knockout mice (FIENBERG et al. 1998). 

In addition to the regulation of ion channels and pumps, DARPP-32 
appears to be critical for other responses in striatal neurons. In DARPP-32 
knockout mice, several responses to dopamine are abolished or markedly 
decreased. Stimulation of Dl receptors increases GABA release in the dorsal 
striatum (GIRAULT et al. 1986). Although the precise mechanism of this D j 

effect is not known, it is blunted in mice lacking DARPP-32, suggesting that 
it involves an inhibition of PP1 by DARPP-32, among other mechanisms 
(FIENBERG et al. 1998). Induction of Fos by acute administration of ampheta
mine and induction of ~FosB by chronic administration of cocaine are also 
markedly decreased in DARPP-32 knockout mice, indicating the importance 
of phosphatase inhibition in the effects of dopamine on gene expression 
(FIENBERG et al. 1998). These mutant mice also display less locomotor hyper
activity in response to cocaine. Thus, many biochemical, electrophysiological, 
and behavioral responses to dopamine are either blocked or diminished in the 
absence of DARPP-32. This is in agreement with the idea that inhibition of 
PP1 by DARPP-32 amplifies the responses generated by phosphorylation of 
specific proteins by PKA. This amplification may not be absolutely necessary 
in optimized breeding conditions, as indicated by the normal growth and 
reproduction of DARPP-32 knockout mice in a laboratory environment. 
However, it appears to become critical when the dopamine system is put under 
a higher demand. 

H. Other Actions of cAMP 
In recent years, new targets for cAMP have been identified, opening, at least 
in principle, a novel range of actions for this second messenger. A cation 
channel stimulated by cAMP was discovered in olfactory neurons in which 
it is a critical component in the detection of odorants (see ZAGOTTA and 
SIEGELBAUM 1996). Related cation channels, with cAMP-binding domains, have 
been identified in brain neurons (SANTORO et al. 1997, 1998). These channels 
have a pacemaker activity that is triggered by cAMP and thus could have very 
interesting properties in central neurons. However, nothing is known at 
present of their possible involvement in the effects of cAMP in response to 
dopamine. Another group of cAMP-activated proteins, which have been 
identified recently, are cAMP-GEF (cAMP-regulated guanine nucleotide 
exchange factor) (KAWASAKI et al. 1998), also termed Epac (exchange protein 
directly activated by cAMP) (DE ROOIJ et al. 1998). These proteins are capable 
of activating Rapl, a small GTP-binding protein, and thus, are potential acti
vators of the MAP-kinase (mitogen-activated protein kinase) pathway in 
neurons. The two isoforms of cAMP-GEF are expressed, although at relatively 
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low levels, in the striatum (KAWASAKI et al. 1998), and are candidates for being 
activated by cAMP in response to stimulation of D j receptors. 

I. Concluding Remarks 

Dopamine D] receptors play primarily a modulatory role in synaptic trans
mission, as discussed in other chapters of this book. In addition, they are likely 
to play an important role in regulating synaptic plasticity, as indicated by their 
role in reward systems, as well as by their ability to regulate long-term poten
tiation in several neuronal populations. Their discreet, although essential, role 
has been difficult to decipher and is, as yet, far from being fully understood. 
Important progress has been made by the patient dissection of the signaling 
pathways activated by cAMP in striatal neurons. During recent years, several 
of the more prominent players in neuronal electrical activity (e.g., ion chan
nels or ion pumps) and in gene expression (e.g., transcription factors) have 
been shown to be regulated by dopamine and by cAMP-dependent phospho
rylation. Thus, D j receptors are in a strategic position, capable of controlling 
most functions of the cells in which they are expressed and thereby modulat
ing their physiology. Remarkably, the study of D] signaling has led to the dis
covery of a second modulatory system within the cell. DARPP-32, one of the 
proteins regulated by D j receptor-induced phosphorylation is itself a phos
phatase inhibitor, capable at the same time of amplifying the effects of these 
receptors and of modifying those of other signaling pathways. This highly 
sophisticated regulatory mechanism appears to provide dopamine neurons 
with a capacity to tune very finely the activity of their target cells. Two major 
goals lie before us at present, one is to pursue the characterization of the sig
naling networks regulated by dopamine through D j receptors, the other is to 
determine experimentally the function of these networks in physiological and 
pathological situations at the level of the basal ganglia, limbic areas, and pre
frontal cortex. The precise understanding of this function may be the key to 
understanding behavioral disorders that are known to involve these brain 
regions, but the mechanisms of which are still elusive. 
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CHAPTER 10 

The Dopamine Transporter: Molecular Biology, 
Pharmacology and Genetics 

C. PIFL and M.G. CARON 

A. Introduction 
More than 30 years ago, accumulation of dopamine by brain tissue was demon
strated after intraventricular injection of [3H]dopamine (GLOWINSKI and 
IVERSEN 1966). The highest concentration was found in the striatum, the brain 
region with the highest innervation by dopaminergic neurons. From neuronal 
noradrenaline uptake, which had been discovered several years earlier 
(AXELROD et al. 1959; HERTIING et al. 1961) dopamine uptake was shown to 
be pharmacologically different: tricyclic antidepressants such as desipramine 
inhibited dopamine uptake with low potency in vivo (GLOWINSKI et al. 1966; 
CARLSSON et al. 1966; FUXE and UNGERSTEDT 1968) and in vitro (Ross and 
RENYI 1967; HAMBERGER 1967; JONASON and RUTLEDGE 1968) and, in contrast 
to the uptake system in noradrenaline neurons, (+)- and (-)-noradrenaline 
were equipotent as inhibitors of [3H]dopamine uptake by striatal synapto
somes (COYLE and SNYDER 1969). The potent inhibitors of dopamine uptake, 
nomifensine, mazindol and cocaine were radiolabelled and used as ligands to 
specifically label what was called the dopamine transporter (DAT) complex 
(JAVITCH et al. 1983; KENNEDY and HANBAUER 1983; PIMOULE et al. 1983; 
DUBOCOVICH and ZAHNISER 1985). Photo affinity probes based on dopamine 
uptake blocking diphenylpiperazine derivatives were shown to incorporate 
into a glycoprotein of approximately 60 kDa apparent molecular mass 
(GRIGORIADIS et al. 1989; SALLEE et al. 1989), and molecular cloning finally 
established the DAT as a molecular entity distinct from other plasmalemmal 
neurotransmitter transporters (GIROS et al. 1991; KILTY et al. 1991; SHIMADA 
et al. 1991; USDIN et al. 1991). Interest in the function of dopamine uptake 
sites was especially raised by its role in the mechanism of the parkinsonism
inducing drug 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (CHIBA 
et al. 1985; JAVITCH et al. 1985a) and in the abuse of cocaine (RITZ et al. 1987). 
The decisive role of the DAT not only in the pharmacology/toxicology but also 
in the physiology of dopaminergic neurotransmission was finally revealed by 
its genetic deletion in mice (GIROS et al. 1996; BOSSE et al. 1997; JONES et al. 
1998a). 
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B. Molecular Biology 
I. Cloning of the Dopamine Transporter 

The first studies aiming at the molecular characterization of the DAT were 
based on the injection of poly(AtRNA isolated from rat forebrain or brain 
stem (BLAKELY et a1. 1988) or from human substantia nigra (BANNON et a1. 
1990) into Xenopus laevis oocytes which, as a result, accumulated tritiated 
dopamine. In a similar study Xenopus oocytes were injected with a transcript 
from a size-selected rat midbrain cDNA library and displayed uptake of 
dopamine in a cocaine-blockable fashion (UHL et a1. 1991). However, the 
cDNAs encoding the rat and bovine DATs were finally obtained on the 
basis of their structural homology to the gamma-aminobutyric acid (GABA) 
and noradrenaline transporter (NET) which had been cloned previously 
using oligonucleotides derived from sequence data of the purified protein 
(GUASTELLA et a1. 1990) or using a COS cell expression system (PACHOLCZYK 
et a1. 1991), respectively. Degenerate oligonucleotide primers from conserved 
regions of the GABA transporter (GAT) and NET were used to amplify by 
polymerase chain reaction partial cDNA clones from midbrain or substantia 
nigra to generate probes for screening cDNA libraries. Full-length cDNAs 
were identified which encoded a cocaine-sensitive rat (GIROS et a1. 1991; KILTY 
et a1. 1991; SHIMADA et a1. 1991) or bovine DAT (USDIN et a1. 1991). The cDNA 
of the human DAT was cloned by screening human substantia nigra cDNA 
libraries with probes derived from the rat (GIROS et a1. 1992; VANDENBERGH 
et a1. 1992a; ESHLEMAN et a1. 1995) or the bovine DAT (PRISTUPA et a1. 1994). 
Functional expression and pharmacological characterization of the human 
transporter was reported in three of these studies (GIROS et a1. 1992; PRISTUPA 
et a1. 1994; ESHLEMAN et a1. 1995). By awareness of gene homology to 
the GAT/NET gene family following the genome-sequencing project of 
Caenorhabditis eiegans, a catecholamine transporter was cloned from this 
species (JAYANTHI et a1. 1998). This transporter was not only inhibited by 
the DAT-selective drug GBR 12909 but also potently blocked by the NET
selective antagonists nisoxetine and desipramine. Although, on the basis of the 
higher maximal transport rate of dopamine over noradrenaline, this protein 
was considered to be a DAT, it may represent a non-selective catecholamine 
transporter in this species. Recently, an endogenous DAT in several kidney
derived cell lines was characterized and a partial cDNA clone from COS-1 
cells was obtained that shared functional, pharmacological and molecular 
characteristics with the neuronal DAT (SUGAMORI et a1. 1999). 

II. Structural Features of the Cloned Dopamine Transporter 

The open reading frame predicted by the respective cDNA encodes 619 amino 
acids for the rat, 629 for the human, 693 for the bovine and 615 for the C. 
elegans DAT with an estimated molecular mass of 68-70 kDa. The human DAT 
has a 92 % overall identity with the rat (differing by 48 amino acids including 



The Dopamine Transporter: Molecular Biology, Pharmacology and Genetics 259 

one additional glycine at position 199 in the human protein), and is 84% iden
tical to the bovine transporter (an additional 72 amino acids exist on the 
carboxy-terminal tail of the bovine transporter). The C. elegans catecholamine 
transporter exhibits -43% identity with the known mammalian DATs. The 
human DAT displays 66% homology with the human NET (75% with con
servative substitutions), 46% with the serotonin (RAMAMOORTHY et al. 1993) 
and 42% with the GABA transporter (NELSON et al. 1990). Based on amino 
acid sequence homology between these neurotransmitter transporters and 
transporters for glycine, proline, taurine, betaine and creatine, as well as trans
porters without identified substrates, the DAT is part of a family of Na+-/CI-
dependent transporters as reviewed recently (NELSON 1998). As far as 
transport has been studied on members of this gene family, it depends on 
extracellular Na+ and Cl-. The amino acids deduced from their genes revealed 
a common structure of presumably 12 stretches of 20-24 hydrophobic amino 
acid residues that possibly represent membrane-spanning domains (trans
membrane helices, TM). The lack of a signal peptide for promoting insertion 
into the membrane during translation, together with the 12 TMs, suggest the 
amino- and carboxy-terminal regions of these transporters are present in the 
cytoplasm. The proposed model predicts five intracellular and six extracellu
lar loops between the TMs. The predicted position of the TMs suggests that 
the second extracytoplasmic loop is much larger (50--65 amino acid residues) 
than the other five (6-25 residues); the intracellular amino- and carboxy
terminal parts of the human DAT consist of about 68 and 44 amino acid 
residues, respectively. 

The topology of the DAT is supported by the following experimental find
ings. In electron microscopic studies, immunogold labelling using an amino
terminal domain anti-peptide antiserum was associated with the cytoplasmic 
surface of membranes whereas an antibody directed against a second extra
cellular loop peptide was found extracellularly (NIRENBERG et al. 1996; HERSCH 
et al. 1997). In a biochemical study, the effect of membrane permeant and 
impermeant derivatives of methanethiosulphonate, which react with cysteines, 
were determined on the binding of a cocaine analogue to membranes versus 
intact cells heterogeneously expressing the wild-type or constructs of the DAT 
with mutated cysteines (FERRER and JAVITCH 1998). The rates of modulation of 
binding were consistent with an extracellular localization of Cys90 in the loop 
between TM1 and TM2 and Cys306 in the loop between TM5 and TM6 as pre
dicted by the model. Similarly, results on mutated cysteines in positions 135 
and 342 suggested the loop between TM2 and TM3 and that between TM6 
and TM7 to be intracellular, again consistent with topology originally pro
posed by hydropathicity analysis. Like all other members of the family of 
Na+/CI- neurotransmitter transporters, the DAT displays consensus sites for 
N-linked glycosylation in the large loop between TM3 and TM4 (four in the 
rat, three in the human and bovine, and two in the C. elegans transporter) 
which argues in favour of an extracellular localization of this loop. Controlled 
proteolysis of photoaffinity-Iabelled DAT and epitope-specific immuno-
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precipitation of the labelled fragments provided evidence that N -glycosylation 
of the transporter does occur in the region between TM3 and TM4 (VAUGHAN 
1995). Two co-ordinating residues in an endogenous Zn2+-binding site in the 
human DAT have been defined, His193 in the large extracellular loop and His375 

in the loop between TM7 and TM8, which provided evidence for spatial prox
imity between this residues and consequently between the respective loops 
(NORREGAARD et al. 1998). 

Putative consensus phosphorylation sites for protein kinase C were found, 
one in the third intracellular loop (conserved in most members of the Na+/Cl
neurotransmitter transporters), another near the amino-terminus. Also in 
the amino-terminal domain, but nearer to TM1 lie two cyclic adenosine 
monophosphate (cAMP)-dependent protein kinase consensus sites whereas a 
putative Ca2+-calmodulin-dependent kinase site is found near the carboxy ter
minus. Phosphorylation of the transporter can modify its function (see below). 

The three mammalian species homologues (human, rat, bovine) of the 
DAT display two "leucine zipper" motifs, that consist of at least four leucine 
residues periodically spaced by six amino acids in an alpha helix, in TM2 (one 
of the leucines replaced by an allowable methionine residue) and in TM9. This 
structural motif, originally thought to mediate protein-protein interactions 
in DNA-binding proteins (LANDSCHULZ et al. 1988) and also found in TM2 of 
the GAT and NET, might be involved in structural organization of the trans
porter. Interestingly, radiation inactivation analysis of radioligand binding to 
the DAT yielded target size estimates of 94-143kDa in rat striatum (BERGER 
et al. 1994) and 278kDa in canine striatum (MILNER et al. 1994), well beyond 
the estimate of 70 kDa derived from the deduced amino acid sequence for the 
cloned DAT cDNA. This suggests that the functional transporter protein might 
be a homo- or hetero-oligomer. Size-exclusion chromatography of solubilized 
membranes from primate striatum indicated binding of a cocaine analogue to 
a single protein with an apparent molecular weight of 170 kDa (GRACZ and 
MADRAS 1995). The formation of DAT oligomeric complexes was suggested to 
be regulated by the carboxy-terminal tail based on studies with truncation 
mutants (LEE et al. 1996). 

III. Chimera and Mutagenesis Studies on the Cloned 
Dopamine Transporter 

In the absence of crystallographic or high resolution nuclear magnetic reso
nance structural data from the DAT, analysis of functional chimeras between 
closely related family members and of mutant transporters represents the only 
way to map functional domains of the protein. 

For the chimeric approach, the structural homology and functional 
relationship between the dopamine and NET was exploited. Uptake of 
the substrates dopamine, noradrenaline, and the neurotoxin 1-methyl-4-
phenylpyridinium (MPP+) and blockade of uptake by antidepressants and 
psycho stimulants were used to determine which part of the protein is respon-
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sible for the distinct pharmacology of the transporters. Chimeric constructs 
based on the engineering of restriction sites unique in the cDNA of the DAT 
into the cDNA of the NET and expression of recombined cDNA cassettes 
suggested the carboxy-terminal part starting with the fourth intracellular loop 
and including TM8 to TM12 to be involved in substrate specificity and amphet
amine stereoseiectivity, the region between TM5 and TM8 to determine inter
action with antidepressants, as well as cocaine, and the amino-terminal part up 
to TM5 to provide functions common to all members of the protein family as, 
for example, ionic dependence (GIROS et al. 1994). A series of chimeras con
structed by a restriction site-independent method also delineated the middle 
part of the protein chain, TM5 to TM7, as influencing the sensitivity to NET
selective inhibitors such as desipramine, in contrast to the carboxy-terminal 
region including TM8-12, which did not contribute to differences between 
the catecholamine transporters in interacting with antidepressants (BUCK and 
AMARA 1995). These authors also assigned parts of the carboxy-terminal 
domain (TM10--11) a role in affinity for the substrate MPP+, but, in addition, 
showed an effect of TM1-3 in determining apparent Km values for transport 
of catecholamines and also an impact of TM1-3 on antidepressant selectivity 
(BUCK and AMARA 1994, 1995). A recent study attempted to explain the higher 
efficacy of dopamine, MPP+ uptake and cocaine binding of the human versus 
the bovine DAT by the chimeric approach. Bovine TM3 in the human trans
porter impaired its function, but human TM3 in the bovine backbone restored 
only dopamine uptake (LEE et al. 1998). 

The first site-directed mutations of the rat DAT (KITAYAMA et al. 1992a) 
focused on the aspartate residue (Asp79) conserved in TM1 of the monoamine 
transporters but absent from the other members of the Na+/Cl- neurotrans
mitter transporters and on two serine residues in TM7 (Ser356 and Ser359 in the 
rat transporter). The latter are reminiscent of two closely located serines in 
TM5 of adrenoceptors which had been implicated in the binding of the 
hydroxyl group of the catechol ring (STRADER et al. 1989). Substitution of ASp79 
to glycine or alanine resulted in loss of apparent affinity to dopamine, in a 
reduction of the maximal uptake rate (V max) and of the affinity to the tritiated 
cocaine analogue (-)-2~-carbomethoxy-3~-( 4-fluorphenyl)tropane (CFT); the 
conservative substitution to glutamate had a slightly smaller impact (KITAYAMA 
et al. 1992a). Mutation in TM7 serines to alanine or glycine, respectively, 
resulted in reduced dopamine transport and preservation of cocaine analogue 
binding with a minor reduction in affinity. Mutation of two other serines in 
TM7 of the rat transporter (Ser350 and Ser353) had also minor effects on 
[3H]CFT binding but enhanced the V max of dopamine and, even more, of MPP+, 
whereas replacement of serines and a tyrosine in TMll (Ser507 , Ser518, Tyr513 ) 

by alanine increased substrate affinity, particularly to MPP+ (KITAYAMA et al. 
1993). Single mutations of Tyr533 in TMll also affected substrate translocation 
more than binding of a cocaine analogue and again transport of MPP+ in 
particular was changed: substitution to phenylalanine, which is present at 
this position in the human transporter, caused increased uptake velocity 
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with decreased affinity (MITSUHATA et al. 1998). In this respect, observations 
using chimeric transporters (BUCK and AMARA 1994; GIROS et al. 1994) are in 
line with conclusions reached in site-directed mutagenesis in that more carboxy
terminal transmembrane domains are involved in substrate specificity. 

Phenylalanines in or near the TM domains of the rat DAT were singly 
mutated to alanines based on the idea that catechol-1t and phenyl-1t inter
actions could allow the DAT to recognize dopamine or cocaine, respectively 
(LIN et al. 1999). A cluster of Phe-Ala substitutions that yielded specific reduc
tions in transport turnover was found in TMl-2 and TM6-8 consistent with 
suggestions from chimeric studies on a role of the amino-terminal part in basic 
transport functions (GIROS et al. 1994) and the TM5-8 determining the Vrnax 

of substrate translocation (BUCK and AMARA 1994). Other mutants have 
yielded selective reduction in either dopamine or cocaine affinity. Losses of 
the phenyl side chains of Phe76, Phe98, Phe155, Phe361 or Phe390 selectively reduce 
dopamine (Phe155) or CFT affinities (Phe76, Phe98, Phe36\ Phe390). A three
dimensional model of the DAT based on the primary DAT sequence and 
initial mutagenesis data predict a central DAT recognition pocket domain 
toward which these phenyl side chains are oriented (EDVARDSEN and DAHL 
1994). The cocaine-selective domain around Phe361 in TM7, part of the struc
tural domain conferring blocker selectivity in chimeric studies (GIROS et al. 
1994; BUCK and AMARA 1995) seems to have enough space to hold a molecule 
of the size of cocaine which could prevent cocaine binding without affecting 
dopamine transport (LIN et al. 1999). Such potential cocaine antagonists are 
discussed as anti-addiction and anti-intoxication therapeutic agents. 

Differences between the DAT and NET were the starting point for a 
mutagenesis study on Zn2+-binding sites (NORREGAARD et al. 1998). Inhibition 
of uptake and potentiation of CFT-binding by micromolar Zn2+ in the DAT 
but not the NET was shown to be due to a histidine in the second extracellular 
loop of the DAT (His189) and absent in the NET which allows co-ordination 
of Zn2+ between this site and a His375 conserved between DAT and NET in 
the fourth extracellular loop. These studies imply that substrate translocation 
is being modulated by the spatial proximity between the second and fourth 
extracellular loop. 

Cysteine substitution and covalent modification can also be used to study 
structure-function relationships and the dynamics of protein function. The 
human DAT has 13 endogenous cysteines, 4 in extracellular loops (CysYO in the 
first, Cys180 and Cys189 in the large second and Cys306 in the third), 2 in intra
cellular loops (Cys135 in the first, Cys342 in the third) and 5 in transmembrane 
domains (Cys243 in TM4, Cys319 in TM6 and Cys530 and Cys523 in TMll), the 
remaining 2 in amino- and carboxy-terminal parts (Cys6 and Cys581, respec
tively). Substitution of Cys180 and Cys189 by alanine in the large second but not 
of Cys90 in the first nor of Cys305 in the third extracellular loop of the rat trans
porter dramatically impaired uptake and [3H]CFT binding and the reduced 
membrane versus perinuclear staining with an anti-DAT antiserum indicated 
a role in membrane insertion for the cysteines in the second extracellular loop 
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(WANG et al. 1995). The effect of thiol reactive methanethiosulphonates of dif
ferent membrane permeability on mutants of the DAT with combinations of 
mutated cysteines was investigated for determination of transporter topology 
and interaction with cocaine (FERRER and JAVITCH 1998; see also Sect. B.ll, this 
chapter). The reactivities of the cysteines in the intracellular loops (Cys135 

in the first, Cys342 in the third) with a membrane permeant sulphhydryl
specific reagent were dramatically reduced in the presence of either cocaine 
or dopamine, that of the extracellular Cys90 in the first loop substantially 
potentiated by cocaine. Thus, binding of cocaine and dopamine resulted in a 
conformational change of the DAT protein, which suggests the substituted
cysteine accessibility method to be useful for mapping the binding site and 
transport pathway of the DAT. 

The only truncation study of the DAT published so far removed the 
carboxy-terminal tail of the human transporter or substituted it by sequences 
of the intracellular carboxy-terminal of the DJ or Ds dopamine receptors 
which all shifted uptake of dopamine but not of noradrenaline to tenfold 
higher affinity but resulted in a profound loss of affinity of cocaine and other 
uptake inhibitors in [3H]CFT binding experiments (LEE et al. 1996). 

IV. Dopamine Transporter Gene 

In situ chromosomal mapping revealed that the gene encoding the human 
DAT is localized on the most distal part of chromosome 5, at 5p15.3 (GIROS 
et al. 1992; VANDENBERGH et al. 1992b; locus symbol: SLC6A3, for solute 
carrier family 6, member 3). It spans over 64 kb and is divided into 15 exons 
separated by 14 introns (KAWARAI et al. 1997). Putative transmembrane 
domains were encoded by individual exons with the exception of TMll 
and TM12. Exons encoding the TMs are interrupted by introns at co dons 
homologous to the NET and serotonin transporter (LESCH et al. 1994; 
PORZGEN et al. 1995). The promoter sequence 5' to the transcriptional start 
contained neither a canonical "TATA" nor a "CAAT" box but two E-boxes 
(CATCTG) and eight SP-1 binding sites (GGCGGG) the relative positioning 
of some of them is similar to that of the human DIA dopamine receptor gene 
and the human monoamine oxidase gene; this may be important cis-acting 
sequences for cell-specific transcription in catecholamine containing cells 
(KAWARAI et al. 1997). For polymorphism of the DAT gene see below 
(Sect. E.!.). 

c. Distribution of the Dopamine Transporter 

The DAT acts exclusively on the plasma membrane of dopaminergic neurons 
and represents the only known specific marker for this particular type of 
neuron. In this sense distribution data on the DAT are also relevant for the 
distribution of this neurotransmitter system which is implicated in a broad 
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range of physiological functions. The function the CNS dopaminergic system 
may also be implicated in many neuropsychiatric disorders. 

I. Distribution of Dopamine Transporter Binding 

The development of radioligands that bind to the DAT was a prerequisite for 
determining the distribution of this protein in the brain since there are obvious 
limits to the spatial resolution of uptake studies and to the feasibility of trans
port on frozen tissue. Potent inhibitors of uptake were radiolabelled and 
their binding properties studied in membranes from the striatum, the brain 
area with the highest dopamine uptake rates. [3H]Cocaine (KENNEDY and 
HANBAUER 1983; PIMOULE et al. 1983; SCHOEMAKER et al. 1985), pH]mazindol 
(JAVITCH et al. 1983, 1984), [3H]nomifensine (DUBOCOVICH and ZAHNISER 
1985), [3H]threo-( + )methylphenidate (JANOWSKI et al. 1985), [3H]GBR-12935 
(BERGER et al. 1985) and [3H]GBR-12783 (BONNET et al. 1986) were among 
the first radioligands developed to label dopamine uptake sites. The link was 
based on binding of these ligands being sodium-dependent similar to dopa
mine uptake, on the correlation of binding inhibition with uptake inhibition 
by different drugs and on the sensitivity of binding to destruction of dopamine 
nerve terminals by neurotoxins or Parkinson's disease. Highest density was 
found in the striatum, followed by the nucleus accumbens and the olfactory 
tubercle (DUBOCOVICH and ZAHNISER 1985; BONNET et al. 1986; JANOWSKY et 
al. 1986). Early quantitative autoradiographic studies with [3H]nomifensine 
(SCATTON et al. 1985), [3H]mazindol (JAVITCH et al. 1985b) and [3H]GBR 12935 
(DAWSON et al. 1986) allowed a higher spatial resolution and detected uptake 
sites with lower density in the lateral septum, stria terminalis, basolateral 
amygdaloid nucleus, lateral habenula, prefrontal cortex, and substantia nigra 
in agreement with dopaminergic pathways (LINDVALL and BJORKLUND 1983). 

The drawbacks of these first ligands were low affinity ([3H]cocaine, 
[3H]threo-( + )methylphenidate), low ability to discriminate against the NET 
([3H]mazindol, [3H]nomifensine) or binding to a transporter unrelated 
piperazine acceptor site WH]GBR 12935; ANDERSEN 1987), identified as 
cytochrome P450IID1 (NIZNIK et al. 1990). Still, autoradiography of 
[3H]mazindol in the presence of desipramine to occlude noradrenaline uptake 
sites allowed analysis of subregional differences in the striatum of the rat 
(MARSHALL et al. 1990) and the first detailed mapping of dopamine uptake 
sites in the human brain (DONNAN et al. 1991). Dopaminergic fibres of the 
ventral striatum, especially the nucleus accumbens, have been shown to 
contain a relatively low capacity for uptake. This might explain regional dif
ferences in susceptibility to MPTP-induced neuronal loss, which depends on 
the uptake of the toxic metabolite MPP+ (MARSHALL et al. 1990; PIFL et al. 
1991). Cocaine derivatives with higher affinity (['H]CFT; MADRAS et al. 1989) 
and higher DAT selectivity {3~-( 4p25iodo ]phenyl)tropane-2-carboxylic acid 
isopropyl ester ([125I]RTI_121), SCHEFFEL et al. 1992; [125I]altropane, MADRAS 
et al. 1998aJ were demonstrated to detect losses of the DAT consistent with 
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dopamine depletion in Parkinson's diseased tissue (KISH et al. 1988; MADRAS 
et al. 1998b). These ligands have also been used as ligands for in vivo imaging 
studies (see below). 

II. Distribution of the mRNA 

Northern analysis with a radiolabelled hDAT cDNA-probe detect mRNAs of 
4.2 kb in the human substantia nigra, slightly larger than the 3.7 kb species 
detected in the rat and mouse midbrain RNA samples (SHIMADA et al. 1991, 
1992; LORANG et al. 1994; DONOVAN et al. 1995). By Northern analysis, no 
consistent hybridization was found in preparations from rat cerebral cortex, 
cerebellum (SHIMADA et al. 1992; LORANG et al. 1994) and human thalamus 
(DONOVAN et al. 1995) except low, although variable, hybridization densities in 
samples from rat hypothalamus (SHIMADA et al. 1992). 

By a nuclease protection assay, DAT mRNA was found in human sub
stantia nigra but not in cerebellum, cingulate cortex, hypothalamus, nucleus 
accumbens, putamen and caudate (BANNON et al. 1992). By the same method, 
DAT mRNA was detected in rat substantia nigra/ventral tegmentum and, 
although only at levels 5% of substantia nigra/ventral tegmentum, in hypo
thalamus; no signal was found in caudate/putamen, nucleus accumbens, 
hippocampus, olfactory bulb, locus coeruleus and prefrontal cortex (RICHTAND 
et al. 1995). 

By in situ hybridization, the localization and distribution of DAT mRNA 
could be examined on a cellular level. DAT mRNA was found in perikarya of 
brain neurons known to be dopaminergic. The most intensely labelled DAT 
mRNA-containing neurons were found in the substantia nigra, pars compacta, 
and the ventral tegmental area of the rat (GIROS et al. 1991; SHIMADA et al. 
1992; Au GOOD et al. 1993; CERRUTI et al. 1993a; MEISTER and ELDE 1993; 
LORANG et al. 1994). Much lower, but consistent expression, was found in cells 
of the dorsomedial part of the arcuate nucleus of the hypothalamus (A12 
dopamine cell group), which contribute to the tuberoinfundibular pathway 
and in the zona incerta (A13); inconsistent were the results for the antero
ventral periventricular nucleus of the hypothalamus (A14) and the rostral 
periaqueductal grey (All) (CERRUTI et al. 1993; MEISTER and ELDE 1993; 
LORANG et al. 1994; HOFFMAN et al. 1998). 

A focus of interest is whether DAT mRNA varies across subpopulations 
of dopaminergic neurons in the mesencephalon, since subregional differences 
of vulnerability with preferential loss of cells in the ventromedial substantia 
nigra pars compacta and relative sparing of the ventral tegmental area have 
been reported in MPTP-induced parkinsonism and idiopathic Parkinson's 
disease (SCHNEIDER et al. 1987; GIBB and LEES 1991). In rat, lower DAT mRNA 
expression was reported in neurons of the ventral tegmental area than in 
neurons of the substantia nigra pars compacta (SHIMADA et al. 1992; Au GOOD 
et al. 1993; BLANCHARD et al. 1994). In monkey, lower levels of hybridization 
for DAT mRNA were found in the dorsal tier compared to the ventral tier of 
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midbrain dopamine neurons including the ventral tegmental area, which con
sists of ventral regions of the substantia nigra pars compacta (HABER et al. 
1995). This pattern could explain differential effects of MPTP neurotoxicity 
due to differential uptake of the toxic metabolite MPP+ by the DAT. 

Studies on the human brain are less consistent. The ventral tegmental area 
displayed lower DAT expression than the substantia nigra compacta in two 
studies on neurologically normal individuals (HURD et al. 1994; UHL et al. 
1994), but no difference was found in two other studies (BANNON and WHITTY 
1997; COUNIHAN and PENNEY 1998). More consistent were findings about a sig
nificant reduction in cellular abundance of DAT mRNA in surviving nigral 
cells in Parkinson's disease when compared to controls; tentative explanations 
are that an unknown toxin entering dopamine neurons by the DAT and 
causing Parkinson's disease leaves behind neurons that express less trans
porter or that a compensatory change takes place to increase the amount 
of dopamine in the synaptic cleft (UHL et al. 1994; HARRINGTON et al. 1996; 
COUNIHAN and PENNEY 1998). 

Interestingly, in midbrain of humans around the age of 20 years, a regional 
heterogeneity in DAT mRNA was found that disappeared during normal 
ageing followed by a profound loss of DAT mRNA over cells in the ventral 
tier of the substantia nigra (BANNON and WHITTEY 1997). 

III. Distribution of Dopamine Transporter Immunoreactivity 

Molecular cloning of the DAT cDNA provided peptide sequences for anti
body preparation. The first anti-peptide antibodies directed at peptide 
sequences from the N-terminal, C-terminal and putative large second extra
cellular loop of the DAT were useful in immunoprecipitation and Western 
blot assays (VAUGHAN et al. 1993). Subsequently, antisera were produced 
that allowed immunohistochemical studies describing the distribution of 
immunoreactivity on a cellular and subcellular level in rat (for implications 
for the molecular topology see Sect. B.II, this chapter). 

DAT immunoreactivity was concentrated in regions of dopamine cell 
groups and of dopaminergic innervation from neuronal somata and dendrites 
to axons with varicosities (CIUAX et al. 1995; FREED et al. 1995). Dense 
immunoreactivity was observed in the striatum, nucleus accumbens, and 
olfactory tubercle. Perikarya of cell groups that project to these terminal fields 
were immunostained with moderate density: neurons in the substantia nigra 
pars compacta (cell group A9) and, with less intensity, especially in medial 
parts, somata in the ventral tegmental area (A10) (OUAX et al. 1995; FREED 
et al. 1995). In another light microscopic study, immunoreactive axons and 
varicosities were found in the zona incerta, the external layer of the median 
eminence (including fibres of the tuberoinfundibular neurons) and various 
parts of the amygdala; much weaker was the staining of neuronal cell bodies 
in the arcuate nucleus (the cell bodies of tuberoinfundibular neurons in the 
hypothalamus) and in the olfactory bulb (REVAY et al. 1996). In general, 
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regional distribution of DAT immunoreactivity coincided with established 
dopaminergic innervation of several regions, but sporadic mismatches to the 
immunocytochemical distribution of tyrosine hydroxylase were apparent, for 
example in the cingulate cortex (CIUAX et al. 1995). 

Electron microscopic immunocytochemistry in rat revealed that DAT 
is localized to extrasynaptic portions of the plasma membrane of striatal 
terminals (NIRENBERG et al. 1996; HERSCH et al. 1997), supporting the concept 
of volume transmission (HERKENHAM 1987). Interestingly, extrasynaptic dopa
mine uptake was also inferred from fast -scan cyclic voltammetry in vivo 
(GARRIS et al. 1994). Immunogold labelling of plasma membrane was denser 
in dendrites than in perikarya of neurons in substantia nigra (NIRENBERG et al. 
1996; HERSCH et al. 1997) and ventral tegmental area (NIRENBERG et al. 1997a); 
in these cell bodies, DAT could be also visualized on subcellular membrane 
compartments. This could be sites of synthesis, posttranslational modification 
and recycling or, potentially, sites of subcellular functions of the transporter. 
These findings support the concept that the DAT is synthesized constitutively 
in the cell body and subsequently transported to and inserted into the plasma 
membrane. In fact, lesion of the nigrostriatal pathway by 6-hydroxydopamine 
produced accumulations of high-affinity dopamine uptake sites proximal to 
the injection 4 days later (O'DELL and MARSHALL 1988). 

Immunochemical analysis of the DAT protein was also used to bring 
insight into the role of the transporter in vulnerability patterns of dopamin
ergic neurons in parkinsonism. Weaker immunolabelling of the more resistant 
ventral tegmental neurons in comparison to the cells in the substantia nigra 
pars compacta was observed (CIUAX et al. 1995; FREED et al. 1995). An ultra
structural study reported lower density of DAT gold particles per unit peri
meter on plasma membranes of dopaminergic axons in the nucleus accumbens 
shell than in the core, which could contribute to the relative resistance of 
mesolimbic dopamine neurons to neurotoxic insult (NIRENBERG et al. 1997b). 
Interestingly, although conflicting, regional differences in the sensitivity of 
nucleus accumbens terminals to psycho stimulants have been reported 
(PONTIERE et al. 1995; JONES et al. 1996). The greater extracellular diffusion 
distance of dopamine in prefrontal cortex might be linked to lower levels of 
DAT protein on dopamine axon varicosities of pre limbic prefrontal cortex 
than of striatum and cingulate cortex (SESACK et al. 1998). 

The first DAT antibody studies in humans focused on the dramatic loss of 
this protein in the striatum of Parkinson's disease patients. DAT immuno
reactivity, as determined by Western blotting, correlated better with dopamine 
loss than other neurochemical markers of dopamine terminals (WILSON et al. 
1996). Immunohistochemistry revealed that the loss of DAT in the basal 
ganglia followed dorsal to ventral, caudal to rostral, and lateral to medial gra
dients, with caudolateral putamen being the most severely depleted and 
nucleus accumbens being least affected (MILLER et al. 1997). This pattern was 
first observed in a neurochemical study assessing dopamine on post-mortem 
idiopathic Parkinson's disease brain (KISH et al. 1988). According to a detailed 
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analysis on the normal human brain, the distribution of DAT immunoreactiv
ity followed established dopaminergic mesostriatal, mesolimbic, and meso
cortical pathways, corroborating findings in rat brain (OLIAX et al. 1999); 
whereas in the rat, cortical DAT-positive axons are confined to a few regions 
(cingulate: OLIAX et al. 1995), DAT-immunolocalization in human cerebral 
cortex was widespread, albeit less dense than dopamine-immunoreactive 
fibres (SMILEY et al. 1992). Within the hypothalamus, dopaminergic neurons 
were predominantly DAT negative, but fine DAT-positive axons were scat
tered throughout this region (OLIAX et al. 1999). A decline in the number of 
DAT-containing neurons (6.1% per decade) and an age-related transition 
from heavy- to light-labelled neurons was seen within the human substantia 
nigra with age (MA et al. 1999). 

D. Pharmacology 

I. Uptake by the Dopamine Transporter 

1. Ion Dependence of Transport 

Neuronal uptake of dopamine and other biogenic amines is controlled by the 
transmembranal gradient of Na+ and abolished in a medium in which Na+ 
is iso-osmotically replaced with sucrose, choline or lithium (HARRIS and 
BALDESSARINI 1973; HOLZ and COYLE 1974). Substitution of Cl- with any of 
several anions also causes a marked reduction of high-affinity uptake (KUHAR 
and ZARBIN 1978). A detailed evaluation of the effects of external ions on 
dopamine uptake shows the relationship between the initial rate of uptake and 
external Na+ being sigmoidal whereas the rate of uptake versus Cl- can be 
described by a rectangular hyperbola in rat striatal preparations (KRUEGER 
1990; McELVAIN and SCHENK 1992; data for NA+: WHEELER et al. 1993), and in 
cells transfected with DAT cDNA (Gu et al. 1994; PIFL et al. 1997; EARLES and 
SCHENK 1999; however hyperbolic Na+ dependence: CHEN et al. 1999). A pos
sible interpretation of these results is that DAT-mediated dopamine uptake 
requires the presence of two Na+ ions and one Cl- ion at the outer surface of 
the membrane. A multi-substrate mechanism was proposed in studies on rat 
brain tissue where a minimum of two Na+ ions and a single molecule of 
dopamine randomly bind first to the transporter followed by the binding 
of a single Cl- ion before the movement of dopamine across the membrane 
(McELVAIN and SCHENK 1992; PaVLOcK and SCHENK 1997). However, a fixed 
binding order of Na+ binding before dopamine was observed in two indepen
dent studies on cells transfected with the human DAT (CHEN et al. 1999; 
EARLES and SCHENK 1999). In the presence of either 36 mM or 136 mM Na+ 
neuronal dopamine uptake is optimal with 1-2 mM Mg2+, K+ or Ca2+. An 
increase in K+ concentrations from 0 to 10 mM, in an incubation medium 
containing a high Na+ concentration, modifies the dopamine uptake according 
to a bell-shaped curve. Such an increase in uptake probably results from an 
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activation of the K+/Na+ exchange through the Na+/K+-ATPase (adenosine 
triphosphatase) and, consequently, in a more favourable transmembrane ionic 
gradient (AMEJDKI-CHAB et al. 1992a; CORERA et al. 1996). The dependency of 
dopamine uptake on Na+ is greatly affected by cations such as K+ and Tris+, 
present in many buffer systems (ZIMANY et al. 1989; AMEJDKI-CHAB et al. 
1992a). Membrane depolarization by action of veratridine or elevated exter
nal K+ reduces the rate of uptake (HOLZ and COYLE 1974; KRUEGER 1990). 
Kinetic studies provide evidence for Na+ and Cl- being co-transported with 
dopamine into the cell and are consistent with a rheogenic, that is, a net ionic 
current carrying process (KRUEGER 1990; AMEJDKI-CHAB et al. 1992a,b). 

2. Substrates of the Dopamine Transporter 

Substrates are compounds which by interacting with the DAT are translocated 
to the opposite side of the plasma membrane. The initial velocity of transport 
can be described by the Michaelis-Menten equation. The natural substrate 
dopamine is translocated with an apparent Km of 0.3-1.2/lM and turnover 
numbers of 0.3-1.5 S-1 at 37°C depending on conditions of equilibrium 
exchange or zero trans entry of dopamine into rat striatal preparations 
(MEIERGARD and SCHENK 1994a). Turnover of the human DAT in stably trans
fected cells at 37°C was estimated to be 14-18s-1 (PIFL et al. 1996; EARLES and 
SCHENK 1999). The somehow higher Km values (1-5/lM) found in the major
ity of studies on recombinant transporters may be due to differences in post
translational modifications. However, recently, cells heterologously expressing 
high-affinity uptake by the human DAT have been reported (ZHANG et al. 
1998; PRISTUPA et al. 1998). The DAT has considerably lower affinity for nora
drenaline, Km values 3-5 times higher than that for dopamine with V max values 
quite similar for both catecholamines (SNYDER and COYLE 1969; PIFL et al. 
1996). There is no stereoselectivity with regard to noradrenaline (SNYDER and 
COYLE 1969; MEIERGARD and SCHENK 1994a). The toxic metabolite MPP+ of 
the parkinsonism-inducing agent MPTP is a good substrate of the DAT in rat 
striatal synaptosomes (CHIBA et al. 1985; JAVITCH et al. 1985a). MPP+ obeys a 
kinetic similar to that of noradrenaline on the human DAT (PIFL et al. 1996). 
Other drugs translocated by the DAT in a Na+- and temperature-dependent 
and cocaine-block able manner are amphetamine and tyramine (PETRALI et al. 
1979; ZACZEK et al. 1991; SITTE et al. 1998). The Vmax values are less than a 
fourth of that measured using dopamine as a substrate (SITTE et al. 1998); an 
intact catechol with a primary ethylamine side chain has been shown to be 
necessary for optimal uptake activity (HORN 1973; MEIERGERD and SCHENK 
1994a). Thermodynamic analysis suggested substrate binding to the trans
porter to occur with a change in entropy, by contrast the binding of uptake 
inhibitors with a change in enthalpy (BONNET et al. 1990). The cationic form 
of dopamine, perhaps including the zwitterion, is the most likely substrate of 
the transporter based on the pH -dependence of dopamine uptake and 
[3H]cocaine-analog displacement (BERFIELD et al. 1999). 
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3. Uptake Blockers 

Uptake blockers are strictly speaking drugs which by interacting with the 
transporter lock it in a conformational state incapable of translocation in 
both directions. "Pure" uptake inhibitors such as cocaine, nomifensine and 
benztropine are devoid of releasing effect at uptake-inhibiting concentrations 
in contrast to amphetamine and its derivatives (see below) (HEIKKILA et al. 
1975; RAITERI et al. 1978). Drugs selectively blocking the DAT in the nanomo
lar range are diphenyl-substituted piperazine derivatives of the GBR series 
(VAN DER ZEE et al. 1980). However, this selectivity is not more than 20-fold 
on recombinant plasmalemmal monoamine transporters whereas drugs with 
a 100- to 1,000-fold selectivity for the noradrenaline or serotonin transporter 
are available (BUCK and AMARA 1994; ESHLEMAN et al. 1999). Competitive 
inhibition of uptake was reported for mazindol (KRUEGER 1990; MEIERGERD 
and SCHENK 1994b), nomifensine, benztropine (KRUEGER 1990; JONES et al. 
1995) and amphetamine (KRUEGER 1990; CHEN et al. 1999). Different forms of 
inhibition of dopamine uptake by cocaine were found: competitive (KRUEGER 
1990; JONES et al. 1995; CHEN et al. 1999; EARLES and SCHENK 1999), non
competitive (MISSALE et al. 1985) and an uncompetitive type of inhibition 
(McELVAIN and SCHENK 1992). Allosteric interactions between cocaine and 
Na+ on the DAT have been observed: its blocking action is enhanced by Na+ 
(WHEELER et al. 1994; CHEN et al. 1999), and cocaine,just as mazindol, depends 
on a minimum of Na+ for blockade of reverse transport (PIFL et al. 1997). 
Cocaine competitively inhibits the involvement of Na+ in the uptake process 
in striatal preparations (McELVAIN and SCHENK 1992) but does not seem to 
have an effect at the Na+ binding site of the human DAT (CHEN et al. 1999; 
EARLES and SCHENK 1999). On the other hand, raising Na+ enhances the appar
ent affinity of substrates for the human DAT more than that of inhibitors 
(CHEN et al. 1999). 

II. Reverse Transport by the Dopamine Transporter 

Under normal conditions the DAT translocates dopamine from the extra
cellular compartment into the cytoplasm of dopaminergic cells. However, 
there are several ways to reverse the direction of transport. 

First, a change of the ion gradient can make the transporter operate in a 
reverse mode: a decrease of extracellular NaCl, or replacement of either Cl
or Na+ ions by sucrose, isethionate, Li+ or choline induces release of dopamine 
from striatal synaptosomes (RAITERI et al. 1979; SITGES et al. 1994) or cells 
transfected with the human DAT (PIFL et al. 1997). The ion gradient can also 
be changed by an increase of intracellular Na+. This can be realized by block
ade of the Na+,K+-ATPase either by metabolic inhibitors, ouabain or K+-free 
medium, measures which all reverse transport and can be blocked by DAT
inhibitors (RAITERI et al. 1979; LIANG and RUTLEDGE 1982; C. Pift and E.A. 
Singer, unpublished observation on recombinant DAT). 
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Second, substrates presented at the external face of the DAT can induce 
carrier-mediated release of intracellular substrates, a mechanism of exchange 
diffusion common to amphetamine-like drugs in striatal preparations (FISCHER 
and CHO 1979; RAITERI et al. 1979; PARKER and CUBEDDU 1988) and DAT
transfected cells (ESHLEMAN et al. 1994; WALL et al. 1995; PIFL et al. 1995). That 
amphetamine-induced release is DAT-mediated, can again be demonstrated 
by the blocking action of cocaine-like drugs or, especially convincing, by 
amphetamine being without dopamine releasing action in DAT knock-out 
mice (GIROS et al. 1996; JONES et al. 1998b). The importance of intracellular 
Na+ also for substrate-induced release was already emphasized by the release
potentiating effect of ouabain (RUTLEDGE 1978) and gains new aspects by the 
channel-like features of the DAT, which allow Na+-influx induced by sub
strates. The releasing action of substrates correlates with their inward-current 
inducing action but not with their uptake rates; furthermore, substrate-induced 
release is absent under conditions of low extracellular Na+ despite ongoing 
uptake of the releasing drug (SITTE et al. 1998; PIFL and SINGER 1999). These 
findings make a point for Na+-influx as a trigger for substrate-induced reverse 
transport. Reverse transport induced solely by an increase of cytoplasmic 
dopamine as demonstrated after intracellular injection of dopamine into 
Planorbis giant neurons (SULZER et al. 1995) is not supported by findings on 
reserpine-like compounds which are unable to induce release from striatal 
synaptosomes (RAITERI et al. 1979) or slices (JONES et al. 1998b) in the absence 
of one of the above-mentioned triggers for the DAT to transport in reverse 
direction. 

III. The Dopamine Transporter as a Binding Site 

Drugs which inhibit the dopamine carrier at nanomolar concentrations bind 
to the DAT protein with an affinity comparable to that of ligands for G-protein 
coupled receptors. Radioligands for the DAT allow mapping of this marker 
for dopaminergic pathways and provide tools to evaluate the molecular mecha
nism of dopamine transport. 

1. Ligands for the Dopamine Transporter 

The molecules most extensively characterized by radioligand binding tech
niques on striatal preparations and cells expressing the recombinant DAT of 
different species are phenyltropane analogs of cocaine, such as eH]CFT, also 
designated [3H]WIN 35,428 (MADRAS et al. 1989), diphenyl-substituted pipera
zine derivatives, such as [3H]1-[2-(diphenylmethoxy) ethyl]-4-(3-phenyl
propyl)-piperazine, [3H]GBR 12,935 (JANOWSKY et al. 1986) and the potent 
blocker of both, dopamine and noradrenaline uptake, [3H]mazindol (JAVITCH 
et al. 1984). These ligands and [3H]cocaine seem to share a common binding 
site (CALLIGARO and ELDEFRAWI 1988; REITH and SELMECI 1992; REFAHI
LYAMANI et al. 1995; Xu and REITH 1997), that is the DAT, the putative cocaine 
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receptor that is responsible for cocaine's stimulant and reinforcing properties 
(RITZ et al. 1987; CALLIGARO and ELDEFRAWI 1988). 

In the absence of Tris, which has an inhibitory effect on the specific 
binding, Na+ has a biphasic effect on the binding of radioligands to the DAT, 
stimulating at lower «30 mM) and inhibiting at higher concentrations, 
whereas K+ has an inhibitory effect (BONNET et al. 1988; CALLIGARO and 
ELDEFRAWI 1988; ZIMANYI et al. 1989; REITH and COFFEY 1993). At an increased 
[K+]/[Na+] ratio there is not only a decreased binding affinity of the radio
ligand but also a lower potency of dopamine to compete with the binding 
(HERON et al. 1996; CHEN et al. 1997). Competition of substrates for binding 
sites is an option to determine the binding affinity of substrates for the DAT. 
Whereas uptake inhibitors have about the same inhibitory potency in uptake 
and binding experiments, transporter substrates are typically more potent at 
inhibiting uptake than at inhibiting radio ligand binding in striatal membranes 
(JAVITCH et al. 1984; SCHOEMAKER et al. 1985; DUBOCOVICH and ZAHNISER 1985; 
BONNET et al. 1986; JANOWSKY et al. 1986) or cells transfected with the DAT 
cDNA (ESHLEMAN et al. 1995, 1999) suggesting that these inhibitors may not 
bind to exactly the same pharmacaphores on the DAT. While there is a lack 
of effect of Cl- on blocker binding (BONNET et al. 1988; REITH and COFFEY 
1993) the potency of substrates to competitively inhibit blocker binding is 
enhanced by Cl- (AMEJDKI-CHAB et al. 1992b; WALL et al. 1993). Thus, Cl- par
ticipates in transport both by increasing substrate affinity and by serving as a 
co-transported substrate in the subsequent translocation step. A substrate 
inhibits uptake more potently than ligand binding because the substrate not 
only prevents binding of [3H]dopamine, but also, by causing translocation of 
the [3H]dopamine binding site, slows the return of the transporter to an 
outward-facing conformation capable of binding and transporting extra
cellular dopamine (ZIMANYI et al. 1989). The lower affinity of dopamine for 
the DAT at higher [K+]/[Na+] ratios in the intracellular fluid may favour the 
dissociation of dopamine from the DAT on the inside which is required for 
translocation of the unloaded transporter, possibly the rate-limiting step of 
uptake or release (HERON et al. 1996; CHEN et al. 1997). 

Photoaffinity probes developed on the basis of high-affinity ligands of the 
aryl-dialkylpiperazine series identified the DAT as a glycoprotein with an 
apparent molecular weight of about 60 kDa (GRIGORIADIS et al. 1989; SALLEE 
et al. 1989). The DAT seems to be glycosylated differently in striatum and 
nucleus accumbens (LEW et al. 1992). Comparison of the binding of photo
affinity labels based on GBR 12,935 and cocaine has shown the former becom
ing incorporated near TM1 and TM2 whereas the cocaine derivative 
incorporates closer to the carboxy-terminal near TM4-TM7, and both closely 
associate with transmembrane regions (VAUGHAN 1995; VAUGHAN and KUHAR 
1996). A benztropine-based photo affinity ligand was found to become incor
porated in the same N-terminal region as the GBR-based one and, based on 
the distinct behavioural pharmacology of benztropine/GBR-compounds 
versus cocaine, a tempting correlation with binding properties on the DAT has 
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been suggested (VAUGHAN et al. 1999). Differences between cocaine and other 
uptake inhibitors in the molecular interaction with the DAT have been studied 
intensively in order to find molecular substrates for differences in liability for 
drug abuse or potential "cocaine antagonists". 

2. Imaging Techniques Based on the Dopamine Transporter 

The high density of DAT in the striatum as compared to other brain regions 
allows in vivo assessment of transporter concentrations using l1C_, 18F_ or 1231_ 
labelled uptake blockers by positron emission tomography (PET) or single
photon emission computed tomography (SPECT). Cerebellar uptake is 
routinely used as the reference value for non-specific binding since that region 
contains negligible DAT sites. [l1C]Nomifensine (AQUILONIUS et al. 1987), 
[18F]GBR 13,119 (KILBOURN 1988), [1IC]cocaine (FOWLER et al. 1989), and its 
analogs [123I]-2~-carbomethoxy-3~-( 4-iodophenyl)tropane ([123I]~_CIT) (INNIS 
et al. 1991) were the first ligands for in vivo imaging. Recently, DAT changes 
have been studied in various neuropsychiatric disorders with more DAT
selective, tropane-derived ligands. In early drug-naIve Parkinson'S patients, 
DAT-binding measurements could be assessed in the subdivided striatum with 
marked losses in the contralateral posterior putamen (GUTTMAN et al. 1997). 
In multiple system atrophy and progressive supranuclear palsy, fewer marked 
differences were found between caudate and putamen than in Parkinson's 
disease (BRUCKE et al. 1997). In non-violent alcoholics, striatal DAT densities 
were lower than in healthy controls (TUHONEN et al. 1995) and increased after
alcohol withdrawal (LAINE et al. 1999). DAT density was also found reduced 
in caudate and putamen by 25% in abstinent methamphetamine and meth
cathinone users (MCCANN et al. 1998) and by nearly two-thirds in Lesch
Nyhan disease (WONG et al. 1996). Striatal P23I]-CIT was a mean of 37% higher 
in subjects with Tourette's disorder than in age- and gender-matched healthy 
comparison subjects (MALISON et al. 1995). New radiotracers for SPECT 
studies of the DAT with faster kinetics than ~-CIT were developed which 
allow analysis in a I-day protocol (Boon et al. 1997; FISCHMAN et al. 1998). 

IV. Electrophysiology of the Dopamine Transporter 

Kinetic studies reveal that the DAT operates by translocating one molecule 
of dopamine with two Na+ and one Cl- ions per transport cycle. This electro
genic cycle should result in an inward current that can be calculated from 
turnover numbers. In fact, substrates of the DAT such as dopamine, nora
drenaline, amphetamine and tyramine elicit an inward current in voltage
clamped oocytes or HEK 293 cells expressing the human DAT (SONDERS et 
al. 1997; SITTE et al. 1998). This current is considered transport-associated since 
it is absent in cells without dopamine uptake, blockable by cocaine, saturates 
with increasing substrate concentration following the Michaelis-Menten 
kinetics of substrate uptake and is abolished by replacement of extracellular 
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Na+ or Cl-. However, the charge movement is higher than the dopamine con
currently accumulated by the same oocytes (SONDERS et al. 1997) and is 
elicited in similar amounts by substrates whose maximal uptake rates differ 
by a factor of more than four (SITIE et al. 1998). This means, substrate-induced 
currents are found in addition to that arising from the stoichiometric coupling 
of substrates with ions. Similar extra-currents in other plasmalemmal neuro
transmitter transporters have been attributed to a channel mode of these 
transporters (SONDERS and AMARA 1996). 

In voltage-clamped oocytes, an increase of uptake velocity with membrane 
hyperpolarization can be demonstrated consistent with the transmembrane 
electrical potential being a thermodynamic driving force in addition to chemi
cal gradients (SONDERS et al. 1997). Substrate affinity is independent of mem
brane potential which supports the notion that the voltage-dependent and 
rate-limiting step in transport occurs subsequent to substrate binding. 

Besides the transport-associated current, a leak current was also observed 
in oocytes and HEK 293 cells expressing the DAT (SONDERS et al. 1997; SITIE 
et al. 1998). This current, found in the absence of any drug and inwardly 
directed at negative potentials, is DAT-related: (1) it is lacking in cells without 
DAT, (2) it is blockable by cocaine (SONDERS et al. 1997; SITIE et al. 1998) and 
(3) its amount is related to the amplitudes of currents induced by dopamine in 
the same cell (SITIE et al. 1998). Blockade of the leak current by dopamine can 
be demonstrated if the transport-associated current is eliminated by replace
ment extracellular of Na+ by K+ or Li+ (SONDERS et al. 1997). From the shifts in 
the cocaine reversal potential in different ion-substituted buffers it can be 
assumed that the tonic DAT leak-conductance is Cl-impermeant but, besides 
Na+, readily carries Lt, K+ and protons (SONDERS et al. 1997). The physiologi
cal role of the leak current, if it occurs at all in an in vivo setting, is unclear. 

The shifts of the I-V curve of transport-associated currents by dopamine 
and amphetamine may be predicted by an increase of ionic conductances for 
either Na+ or Cl-. Substitution experiments with acetate suggest that these 
currents are carried by Na+ (SITIE et al. 1998). Based on its correlation with 
substrate-induced release and on the sensitivity of substrate-induced release 
to lowering of extracellular Na+, transport-associated current has been sug
gested as a trigger for DAT-mediated release induced by substrates, including 
amphetamine (SITIE et al. 1998; PIFL and SINGER 1999). 

v. Regulation of the Dopamine Transporter 

Because DAT plays such an important role in the control of the extracellular 
availability of dopamine, it becomes a potentially crucial target for modula
tion by second messenger and effector systems. Actual findings for regulation 
of the DAT are quite recent, and their physiological relevance is not totally 
appreciated. In rat hypothalamic cells in culture, increases in intracellular 
cAMP enhances dopamine uptake (KADOWAKI et al. 1990). However, this 
effect could be detected in striatal preparations only by rotating disk electrode 
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voltammetry, possibly due to the transient nature of protein kinase A stimu
lation (BATCHELOR and SCHENK 1998). DAT activity is also increased by 
stimulation of D2 receptors: the agonist quinpirole increased, whereas the 
antagonist raclopride decreased, clearance rates of extracellular dopamine 
(MEIERGERD et al. 1993; CASS and GERHARDT 1994). This may explain why 
the D2 receptor antagonist pimozide blocked up-regulation of DAT activity 
following repeated treatments with cocaine (PARSONS et al. 1993). The link 
between D2 receptors and uptake could be through G-protein-mediated 
opening of K+ channels causing hyperpolarization, which has been shown to 
increase transporter velocity (SONDERS et al. 1997). The link between mem
brane potential and DAT activity may be also the basis for the inhibitory effect 
of nicotinic acetylcholine-receptor stimulation, which elicits depolarization 
(IZENWASSER et al. 1991; YAMASHITA et al. 1995; HUANG et al. 1999). 

Quite different is the mechanism of DAT modulation by protein kinase 
C (PKC). The decrease of Vrnax of dopamine uptake was first described on the 
recombinant DAT (KITAYAMA et al. 1994) and subsequently on striatal 
synaptosomes (COPELAND et al. 1996). PKC stimulation also diminished the 
transport-associated and leak current at the DAT (ZHU et al. 1997). The 
DAT protein was found to be phosphorylated (HUFF et al. 1997; VAUGHAN 
et al. 1997). Immunofluorescent confocal microscopy revealed rapid seques
tration/internalization of DAT protein from the cell surface by PKC stimula
tion and suggests cellular trafficking as a mechanism of DAT regulation 
(PRISTUPA et al. 1998). This trafficking is endocytic through a clathrin
mediated mechanism; targeting to both an endosomal recycling compartment 
and a lysosomal/degradative pathway has been demonstrated recently - a dif
ferent expression system may explain these conflicting data (DANIELS and 
AMARA 1999; MELIKIAN and BUCKLEY 1999). If translocation of DAT protein 
is really the result of transporter phosphorylation, is not yet clear; mutational 
analysis of the five consensus PKC/PKA sites did not abolish the effect of PKC 
on DAT function (c. Pifl and M.G. Caron, unpublished observation). Non
canonical sites or another PKC-sensitive protein may be involved. 

The possibility that Ca2+/calmodulin-dependent protein kinase II regulates 
the DAT was shown; whether this is mediated by phosphorylation of the 
transporter itself, is unclear (UCHIKAWA et al. 1995). The molecular basis of the 
modulation of DAT function and binding by micromolar Zn2+ (RICHFIELD 
1993; BONNET et al. 1994) was identified as a direct interaction with the protein 
(NORREGAARD et al. 1998; see Sects. B.lI. and B.III, this chapter). 

The long-term regulation of DAT by chronic action of cocaine in vivo is 
due to changes in DAT expression and reviewed recently (PILOTTE 1997). 

VI. Behavioural Studies Related to the Dopamine Transporter 

1. Cocaine-Like Substances 

This class of dopamine-uptake inhibitors (in early studies called 
methylphenidate-like drugs) increases locomotor activity, maintains self-
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administration, and increases responding maintained by electrical brain stimu
lation and under a fixed-interval schedule (for review see FIBIGER 1977). 
Uptake inhibitors can be differentiated from amphetamine-like releasing 
drugs by reserpine. Their action depends on cell-firing induced release. 
Whereas amphetamine increase hypermotility in both normal and reser
pinized animals, uptake-inhibitors are not only unable to stimulate motor 
behaviour after pre-treatment with reserpine, they also block the effect of 
amphetamine in vesicle-depleted animals since they block amphetamine 
uptake (SCHEEL-KRUGER 1971). The orders of potency are the same for the 
inhibition of dopamine uptake, the central stimulatory action in normal mice, 
and the antagonism of the amphetamine-induced hypermotility in reser
pinized mice (Ross 1979; HEIKKILA 1981). The order of potency for effects on 
fixed-interval responding (operant behaviour) is equally similar to that on 
dopamine uptake (McKEARNEY 1982). Finally, the potency of monoamine
uptake inhibitors in maintaining self-administration behaviour is directly 
related to their affinities for the DAT, more closely than to their affinities for 
the NET or serotonin transporter (RITZ et al. 1987). Lesions of dopamine-rich 
sites lead to changes in cocaine-induced locomotion and self-administration, 
but this is not produced by lesions of other areas (ROBERTS et al. 1975, 1977). 
Cocaine elevates synaptic dopamine levels in both terminal-field regions, 
especially nucleus accumbens, and cell-body regions, that is, the ventral 
tegmental area, of mesolimbic dopamine neurons (DI CHIARA and IMPERATO 
1988; BRADBERRY and ROTH 1989). This action, particularly in the nucleus 
accumbens, is thought to underlie cocaine-induced behavioural effects (DI 
CHIARA and IMPERATO 1988). DAT occupancy is associated with euphorigenic 
effects of cocaine in humans (VOLKOW et al. 1997). However, not all dopamine 
uptake inhibitors are subject to abuse as is cocaine. Among inhibitors that 
are structurally dissimilar to cocaine, the relationship between DAT affinity 
and behavioural effects is distinctly different from that of analogs of cocaine 
(VAUGEOIS et al. 1993; IZENWASSER et al. 1994). The molecular basis for these 
differences is intensively investigated in binding studies (see Sect. D.IILl, this 
chapter); however, currently no mechanistic explanation is available. 

2. Amphetamine-Like Substances 

This class of substances comprises all lipophilic and therefore centrally active 
indirectly acting sympathomimetic amines. Profound effects on a wide range 
of behavioural processes have been shown for amphetamine: motor activity, 
attention, aggression, sexual behaviour, learning and memory, classical condi
tioning and operant behaviour are mostly stimulated, sleep and ingestive 
behaviour are suppressed, and self-administration is reinforced (for review see 
MOORE 1978). Amphetamine increases the concentration of both noradrena
line and dopamine in the synapse, but amphetamine-induced locomotor 
stereotypies and self-administration of amphetamine depend on an intact 
dopaminergic system (SCHECHTER and COOK 1975; CREESE and IVERSEN 1975). 
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That amphetamine-induced dopamine release in turn depends on an active 
DAT was shown by its inhibition by dopamine uptake blockers in superfused 
synaptosomes (RAITERI et al. 1979) and striatal microdialysis (BUTCHER et al. 
1988; HURD and UNGERSTEDT 1989). Blockade of the locomotor effect of 
amphetamine by selective DAT inhibitors can only be shown in reserpinized 
mice (HEIKKILA 1981). The crucial role of the DAT in the neurochemical and 
behavioural actions of amphetamine has recently been confirmed in animals 
lacking a functional DAT gene. 

3. Dopamine Transporter Knock-Out 

The significance of the DAT for dopaminergic neurotransmission can be 
assessed by the effects of uptake blockade. However, the drugs available are 
by no means selective and, in vivo, an anomalous increase of clearance by 
inhibitors has been described (STAMFORD et al. 1986; NG et al. 1992; ZAHNISER 
et al. 1999). 

Disruption of the DAT protein by homologous recombination techniques 
avoids problems of lack of pharmacological specificity. Antisense oligodeoxy
nucleotides or antisense plasmid of the DAT injected intranigrally reduced 
striatal dopamine uptake by about 30% (SILVIA et al. 1997; MARTRES et al. 
1998). After unilateral antisense-treatment, amphetamine induced contra
lateral rotations, but spontaneous behaviour was not affected (SILVIA et al. 
1997). However, behaviour was profoundly altered by complete disruption of 
the DAT gene by homologous recombination (GIROS et al. 1996). 

Spontaneous hyperlocomotion of homozygote DAl1- mice was similar to 
that obtained with maximal doses of psycho stimulants in wild-type animals. 
This is due to a prolonged half-life of extracellular dopamine as revealed by 
a 300 times slower clearance rate and a fivefold higher basal levels of extra
cellular dopamine as measured by cyclic voltammetry in electrically stimulated 
striatal slices and by micro dialysis in the striatum of freely moving mice, 
respectively (JONES et al. 1998a). The high motor activity occurred despite 
marked adaptive changes, such as reductions of striatal D) and D2 receptors 
by 50% and of tissue levels of dopamine and tyrosine hydroxylase protein 
by more than 95% (GIROS et al. 1996; JONES et al. 1998a). A marked down
regulation of D2 receptors (-70% ) was also found in pituitaries of DAl1- mice 
with a dramatically reduced number of lactotrophs and somatotrophs and a 
lack of responsiveness to secretagogues (BOSSE et al. 1997). The phenotype of 
inability to lactate and dwarfism in the DAT knock-out mice is due to an 
increased extracellular dopamine in the hypothalamus and the pituitary. DAT 
message has been found in hypothalamic neurons (MEISTER and ELDE 1993) 
and DAT function in this area of the brain can now be ascertained by results 
from the knock-out approach (BOSSE et al. 1997). 

Besides other conclusions arrived at by this approach for the physiology 
of dopaminergic neurotransmission, such as vesicular dopamine being more 
dependent on recycled rather than newly synthesized dopamine which in turn 
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seems to be preferentially degraded by monoamine oxidase (JONES et al. 
1998a), corollaries for the pharmacology of psychostimulants are especially 
valuable. In DAli- mice, neither cocaine nor amphetamine were able to 
further enhance locomotor activity, even under daylight conditions when spon
taneous activity is low. As expected in the mice, psychostimulants have no 
effect on basal overflow in striatal slices and microdialysates (GIROS et al. 1996; 
JONES et al. 1998b; ROCHA et al. 1998). 

Amphetamine obviously depends on the plasmalemmal carrier for its 
dopamine-releasing action. However, amphetamine does not depend solely on 
the DAT for entering the cell, because it can deplete vesicles of dopamine and 
inhibit monoamine oxidase in DA11- mice. Using the DAT knock-out mice, it 
has been shown that an increase in free cytosolic dopamine by mobilizing it 
from vesicles is not sufficient to make the transporter act in reverse direction 
(JONES et al. 1998b). 

Despite of its lack of effect in terms of motor excitation, cocaine still pro
vides rewarding cues for self-administration and conditioned place preference 
(ROCHA et al. 1998; SORA et al. 1998). This is quite surprising considering the 
correlation between psychostimulant properties of drugs in tests of reward and 
their DAT-blocking potency (RITZ et al. 1987). Another surprising finding in 
DAT knock-out mice is a paradoxical behavioural effect of methylphenidate, 
amphetamine and cocaine: they are not only unable to further enhance loco
motion, but they in fact attenuate motor activity (GAINETDINOV et al. 1999). 
This behaviour, reminiscent of the calming effect of these drugs in attention
deficit hyperactivity disorder (ADHD), seems to be due to their serotonin
releasing or potentiating action since it is mimicked by serotoninergic agents. 
Indirect evidence also suggests that the serotonin system may also mediate the 
initiation and maintenance of the cocaine self-administration behaviour in 
DAT knock-out mice (ROCHA et al. 1998). By this means, the knock-out 
approach shows the whole behavioural potential of a drug. 

VII. The Dopamine Transporter as a Gate for Neurotoxins 

Neurotoxic substrates of monoamine transporters were initially used as a tool 
for the topographical and functional mapping of the monoaminergic pathways 
in the brain. However, treatment of animals with DAT-related neurotoxins 
recapitulates the sequelae of dopaminergic cell loss in Parkinson's disease so 
closely that research on these toxins has been vigorously pursued to get insight 
into the aetiology of this disease. This approach was given a fresh impetus by 
MPP+, a substrate of the DAT and the active metabolite of MPTP, which, as a 
contaminant of designer drugs, induces parkinsonism in humans (LANGSTON 
and IRWIN 1986). 

1. 6-Hydroxydopamine 

6-Hydroxydopamine competitively inhibits [3H]noradrenaline uptake in brain 
homogenates with about twofold higher potency in the hypothalamus than 
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in the striatum (IVERSEN 1970). Accordingly, low doses of intraventricular 
6-hydroxydopamine decrease brain noradrenaline and leave dopamine unaf
fected (URETSKY and IVERSEN 1970). Destruction of nor adrenergic or dopa
minergic neurons by a higher doses can be selectively prevented by desipramine 
or bupropion, respectively (COOPER et al. 1980) and cultured dopaminergic 
neurons can be protected against the toxicity of 6-hydroxydopamine by 
the phencyclidine derivative N-[1-(2-benzo(b )thiopenyl)cyclohexyl]piperidine 
(BTCP), a selective dopamine uptake blocker (CERRUTI et al. 1993b). 

2. Methamphetamine 

Methamphetamine, a potent psychomotor stimulant drug that induces release 
of dopamine from presynaptic sites, is not a neurotoxin in the sense that 
neurons are lost together with their cell bodies. However, repeated high doses 
show large, depletions of brain dopamine and serotonin in different animals 
and were shown to persist for up to 4 years in monkeys (WOOLVERTON et al. 
1989). Chronic users show even in abstinent state reduced DAT density in vivo 
(MCCANN et al. 1998). The DAT was also mechanistically implicated by the 
protecting action of uptake inhibitors (MAREK et al. 1990). The complete resis
tance of DA'r-/- mice provides direct evidence that an intact and functional 
DAT is required for methamphetamine neurotoxicity: striatal monoamines are 
unchanged and signs of astrogliosis, strongly present in wild-type animals, are 
lacking in DA'r-/- mice (FUMAGALLI et al. 1998). This goes in line with extra
cellular striatal dopamine and free radical formation being unaffected by 
methamphetamine in these animals. Methamphetamine-induced increase in 
intracellular dopamine via disruption of vesicular storage and subsequent auto
oxidation of dopamine to toxic free radicals may be a critical part for toxicity 
of this drug as recently inferred from studies in mice deficient in the vesicular 
monoamine transporter (FUMAGALLI et al. 1999). 

3. MPTP 

MPTP was discovered as the cause of Parkinson's disease-like syndromes in 
individuals in the early 1980s after they had used of a special preparation of 
designer drugs. It is bioactivated in the brain by monoamine oxidase B to 
MPP+, and this in turn is actively accumulated in dopaminergic neurons by the 
DAT where it mainly acts as a toxin by inhibition of complex I in the mito
chondria (for review see LANGSTON and IRWIN 1986). The decisive role of 
the DAT for toxicity of MPTP and related agents is supported by the pro
tective action of uptake blockade or genetic deletion (JAVITCH et al. 1985a; 
GAINETDINOV et al. 1997; BEZARD et al. 1999). In addition, the pattern of 
striatal dopamine loss corresponds to the dopamine uptake distribution 
(MARSHALL and NAVARRETE 1990) and the structural requirement for MPP+ 
analogs with dopaminergic toxicity is to be substrate for the DAT (SAPORITO 
et al. 1992). Transfection of the DAT cDNA makes cells susceptible to the 
cytotoxicity of micromolar concentrations of MPP+ (KITAYAMA et al. 1992b; 
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PIFL et al. 1993) and cell-sensitivity correlates with the expression level of the 
DAT (PIFL et al. 1993). The loss of other monoamine transmitters, especially 
noradrenaline, found in MPTP-induced parkinsonism (PIFL et al. 1991), may 
be explained by the even higher affinity of MPP+ for the NET (PIFL et al. 1996). 
That noradrenergic neurons are still less susceptible than dopaminergic neurons 
may be due to the lower turnover rate of the NET (PIFL et al. 1996). Differences 
in the density of uptake sites per cell of dopaminergic and noradrenergic cells 
may also playa role but this is a matter of speculation due the lack of data. 

4. Isoquinolines and Carbolines 

Isoquinolines and carbolines are formed in the brain by condensation of bio
genic amines (COLLINS et al. 1996; NAGATSU 1997). Some of these compounds 
induce parkinsonism with indices of dopamine toxicity (MATSURABA et al. 1998; 
NAGATSU and YOSHIDA 1988). They have affinity for the DAT (DRUCKER et al. 
1990) and cytotoxicity appears to be correlated with their substrate affinity 
(McNAUGHT et al. 1996). The rather similar pattern of monoaminergic de
generation in Parkinson's disease and in parkinsonism induced by a toxic 
substrate of catecholamine transporters (HORNYKIEWICZ and PIFL 1994) raises 
the possibility of endogenous toxic monoaminergic-derived substrates as a 
cause for idiopathic Parkinson's disease. 

E. Genetics Related to the Dopamine Transporter 

I. Polymorphism 

Three forms of polymorphism have been exploited in molecular genetic 
studies. 

1. In the 3'-untranslated region the human DAT cDNA displays 3-11 copies 
of a 40-base repetitive element (variable number tandem repeat, VNTR) 
that are arrayed in a head-to-tail fashion and are absent from the rat cDNA; 
the ten-copy allele is the most common allele, accounting for about 70% of 
the alleles in Caucasians and for about 90% in Asians (VANDENBERGH et al. 
1992a,b; SANO et al. 1993; DOUCETTE-STAMM et al. 1995). This 3' VNTR was 
used in the majority of genetic studies. 

2. A restriction fragment length polymorphism (RFLP) has been published 
for Tag I in the 5' end of the gene; two alleles of 7 and 5.6 kb were observed 
with a significant racial dimorphism (VANDENBERGH et al. 1992b). 

3. Finally, a highly polymorphic large-allele VNTR has been identified with 
16 alleles ranging from 4.4 to 11.5 kb (BYERLEY et al. 1993a). 

II. Linkage Studies 

The DAT is a candidate gene for several neuropsychiatric conditions. Hyper
active dopaminergic neurotransmission has been implicated in the patho-
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physiology of schizophrenia and mania. The role of DAT in the termination 
of the activity of (extracellular) dopamine through reuptake makes it a logical 
candidate gene. However, neither a linkage (BYERLEY et al. 1993b; PERSICO 
et al. 1995; KELSOE et al. 1996; MAIER et al. 1996; KING et al. 1997) nor associ
ation (DANIELS et al. 1995; INADA et al. 1996; MAIER et al. 1996; SOUERY et al. 
1996) was found in the majority of studies. 

Being the direct target of cocaine action, the DAT is an obvious candidate 
gene for involvement in substance-abuse vulnerability. Whereas DAT gene 
polymorphism was not found associated with polysubstance abuse (PERSICO 
et al. 1993), the 9-repeat allele of the 3' VNTR occurred two times more 
often in cocaine-induced paranoia than in cocaine-users without this symptom 
(GELERNTER et al. 1994). A significant increase of the 7-repeat allele frequency 
was observed in Japanese alcoholics with an inactive aldehyde dehydrogenase 
(MURAMATSU and HIGUCHI 1995) and of the 9-repeat allele in alcoholics dis
playing withdrawal seizures or delirium, compared with ethnically matched 
non-alcoholic controls (SANDER et al. 1997). 

3' VNTR polymorphism of the DAT gene was also studied in Parkinson's 
disease based on DAT-mediated neurotoxicity being a tentative mechanism 
for this disease. The rare ll-copy allele was found more common in patients 
of one study (LE COUTEUR et al. 1997) but allelic frequencies were not differ
ent from control in several other studies (HIGUCHI et al. 1995; LEIGHTON et al. 
1997; PLANTE-BoRDENEUVE et al. 1997; MERCIER et al. 1999). 

ADHD is a common disorder of childhood that consists of inattention, 
excessive motor activity, impulsivity and distractibility. The most frequent 
treatment of choice, methylphenidate and D-amphetamine, act by inhibiting 
the DAT. Two independent studies examined the 3' VNTR of the DAT gene 
by the haplotype relative risk method and found a significant association 
between ADHD and the 480-bp (10-copies) allele (COOK et al. 1995; GILL et 
al. 1997). Analyses of parent-offspring transmission to affected children con
firmed the 480-bp allele as the high-risk allele (WALDMAN et al. 1998). DAT 
knock-out studies, by bringing the serotonin system into play, offer an expla
nation for the therapeutic effect of stimulant drugs that seems paradoxical 
at first sight (GAINETDINOV et al. 1999). The functional consequence of the 3' 
VNTR is not yet known. A function of the VTNR in itself is less likely, 
however, by its closeness to the coding region of the DAT, the VTNR could 
be in linkage disequilibrium with a vulnerability-causing mutation that alters 
gene expression or protein structure. 

Abbreviations 

P23I]~-CIT) 
ADHD 
cAMP 
BTCP 
CFT 
DAT 

[1231]_ 2~-carbomethoxy -3 ~-( 4-iodophenyl )tropane 
attention deficit hyperactivity disorder 
cyclic adenosine monophosphate 
N-[I-(2-benzo(b )thiopenyl)cyclohexyl]piperidine 
(-)-2~-carbomethoxy-3~-( 4-fiuorphenyl)tropane 
dopamine transporter 
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GABA 
GAT 
MPP+ 
MPTP 
NET 
PET 
PKC 
RFLP 
SPECT 
TM 
VNTR 
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CHAPTER 11 

Cellular Actions of Dopamine 

DJ. SURMEIER and P. CALABRESI 

A. Introduction 
The neostriatum is the gateway of the basal ganglia, a group of brain nuclei that 
control a wide variety of psychomotor behaviors. Most of the functions of the 
neostriatum are dependent upon its rich dopaminergic innervation that origi
nates in the ventral mesencephalon. For example, the loss of this dopaminergic 
innervation results in Parkinson's disease (ALBIN et al. 1989; WOOTEN 1990). 
Disordered dopaminergic signaling in the neostriatum is also thought to be a 
critical determinant of several other common neuropsychiatric disorders 
including Tourette's syndrome, schizophrenia, and drug addiction (NEMEROFF 
and BISSETTE 1988; ERENBERG 1992; KOOB and NESTLER 1997; WISE 1998). 

In spite of its clinical importance, the physiological consequences of 
dopamine (DA) in the neostriatum have been matter of debate. Part this 
debate has been the outgrowth of approaching DA as a classical fast trans
mitter that could be thought of as excitatory or inhibitory. Recent work has 
shown that this is a fundamentally erroneous way of thinking about how DA 
modulates neuronal excitability. DA is neither excitatory nor inhibitory. DA 
alters the way neurons integrate synaptic input by modulating intrinsic 
voltage-dependent ion channels participating in the postsynaptic response to 
synaptic input and by modulating the synaptic process itself. Changing our 
conceptual framework is essential to understanding the functional role of DA 
in the neostriatum (and elsewhere). In this review, an attempt will be made 
to summarize new insights into dopaminergic modulation of the intrinsic 
excitability of neostriatal neurons and of synaptic transmission and plasticity. 

B. DA Receptor Expression in Neostriatal Neurons 
Five DA receptors have been cloned (CrVELLI et al. 1993; SOKOLOFF and 
SCHWARTZ 1995; MISSALE et al. 1998). These can be divided into two families 
based upon molecular and biochemical criteria. D) and Ds receptors consti
tute the D)-like family of receptors. These receptors activate Gs/o1f proteins that 
stimulate adenylyl cyclases isoforms (HERVE et a1.1993). There is also evidence 
that Dl and Ds receptors can activate other classes of G proteins, such as Go 
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and Gz proteins (SIDHU 1998). D2, D3, and D4 receptors constitute the Drlike 
family of receptors. These receptors activate Gila proteins that can influence a 
variety of intracellular proteins either through a or py subunits (HERLITZE 
et al. 1996; IKEDA 1996; YAN et al. 1997). 

y-Aminobutyric acid (GABA)ergic medium spiny neurons are the princi
pal neurons of the neostriatum, which in the rodent constitutes 90%-95% of all 
neostriatal neurons (CHANG et al. 1982; CHANG and KITAI 1985). In addition to 
having local, densely arborizing recurrent axon collaterals, medium spiny 
neurons innervate other basal ganglia structures and have been divided into two 
groups based on anatomical and biochemical grounds. Members of the "direct" 
pathway have axons that terminate in the substantia nigra (SN) and express 
high levels of substance P (SP), whereas members of the "indirect" pathway ter
minate in the external segment of the globus pallidus (GP) and express high 
levels of enkephalin (ENK) (ALEXANDER et al.1986; GERFEN 1992). 

Although this classification has had heuristic value, recent work indicates 
that it is oversimplified. First, neurons projecting to the SN also can send axon 
collaterals to the GP, arguing that "direct" and "indirect" pathways are not 
truly segregated (KAWAGUCHI et al. 1990). Second, although DJ and D2 recep
tors appear to be largely segregated, there is a substantial sUbpopulation 
(20%-25%) of medium spiny neurons that co-express these receptors, as well 
as SP and ENK (SURMEIER et al. 1996). The existence of this population was 
not apparent using in situ hybridization or immunocytochemical techniques 
and only became evident with the application of single cell reverse transcrip
tase polymerase chain reaction (RT-PCR) methods. These RT-PCR experi
ments also suggest that the less abundant DA receptors (D3' D4, and Ds) are 
expressed to varying extents, making it considerably more difficult to estimate 
the extent to which DJ- and D2-class receptors are colocalized. 

A key question that remains to be answered is how abundant these 
"other" DA receptors truly are and what functional roles they play. The limited 
work that has been done thus far suggests that both D4 and Ds are present at 
low levels (BERGSON et al. 1995), whereas D3 receptors may be expressed at 
higher levels in a subpopulation (-40%) of neurons in the so-called direct 
pathways that express DJ receptors and substance P. Interestingly, following 
DA depletion and the introduction of L-dopa, the expression of D3 receptors 
in these neurons appears to be upregulated (BORDET et al. 1997). 

In addition to medium spiny neurons, the neostriatum contains three 
groups of interneurons that have been defined on anatomical, histochemical, 
and electrophysiological grounds (KAWAGUCHI 1993). These are: (1) slow-firing, 
large cholinergic interneurons with prominent after-hyperpolarizations, (2) 
fast-spiking, parvalbumin-expressing GABAergic interneurons and (3) burst
firing, somatostatin/nitric-oxide-expressing interneurons. Each group consti
tutes 1 %-3% of all neostriatal neurons. It has been difficult to generate an 
accurate picture of DA receptor expression in interneurons except for the 
cholinergic interneurons, which are readily identifiable by their large size. 
Early work using in situ hybridization suggested that cholinergic interneurons 
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express D2 receptors but not Dl receptors (LEMOINE et al. 1990). Single-cell 
RT-PCR analysis of cholinergic interneurons confirmed the presence of D2 
receptor mRNA (both short and long isoforms) but revealed that virtually all 
cholinergic interneurons co-express high levels of Ds receptor mRNA (YAN 
et al. 1997; YAN and SURMEIER 1997). 

C. Dopaminergic Modulation of Intrinsic Properties of 
Neostriatal Neurons 

Although our ultimate goal is to understand the consequences of DA recep
tor activation in vivo, there are substantial technical limitations to study in this 
setting. For mechanistic experiments, the advantages of in vitro preparations 
are well documented and include the ability to apply drugs at known con
centrations, manipulate the extracellular ionic milieu, and obtain more stable 
electrophysiological recordings. In large part because of these technical advan
tages, studies in brain slices or acutely dissociated neostriatal cells using intra
cellular or whole-cell recording techniques have yielded a more consistent 
picture of the effects of DA than those observed in vivo. In fact, the results of 
these experiments can begin to explain many of the in vivo observations on 
the effects of DA. 

In earlier studies, activation of Dl-class receptors in medium spiny neurons 
was reported to reduce the spike activity evoked by current injection (e.g., 
UCHIMURA et al. 1986; AKAIKE et al. 1987; CALABRESI et al. 1987). In contrast, 
activation of Dz-class receptors was reported to excite medium spiny neurons 
(AKAIKE et al. 1987). More detailed, voltage-clamp studies of medium spiny 
neurons have put these observations on firm footing. As suggested by 
CALABRESI et al. (1987) and later definitively shown by SURMEIER et al (1992), 
Dl receptor activation results in a reduction in depolarizing Na+ currents 
in medium spiny neurons. This modulation is dependent upon a cyclic AMP/ 
protein kinase A (PKA) signaling cascade that results in the phosphorylation 
of the pore-forming subunit of the channel (SCHIFFMANN et al. 1995; ZHANG 
et al. 1998). 

In addition, Dl receptor activation or application of cAMP analogs 
increases anomalous rectifier K+ currents in medium spiny neurons (D.]. 
Surmeier and P.G. Mermelstein, unpublished observations; PACHECO-CANO 
et al. 1996) (see Fig. 1D). These currents are important determinants of the 
resting membrane potential of medium spiny neurons (see below) and are 
attributable to Kir2 family channels (MERMELSTEIN et al. 1998). Interestingly, 
Dl receptor/substance P-expressing medium spiny neurons have a distinct 
complement of Kir2 channels (Kir2.2/2.3) that do not inactivate with main
tained hyperpolarization (Fig. lA-C). The enhanced activity of these chan
nels brought about by Dl receptor activation should serve to suppress 
evoked activity from membrane potentials close to the potassium equilibrium 
potential. 
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Fig.lA-D. Inwardly rectifying K+ current in medium spiny neurons are correlated with 
Kir2 mRNA expression and modulated by DJ receptor stimulation. A An enkephalin
positive neuron, where a large proportion of the inwardly rectifying current inactivated 
during a voltage step from -50 mV to -120 mY. B Another neuron where the inward 
rectifier did not inactivate. This cell expressed substance Palone. C Single-cell RT-PCR 
profiles showing the correlation of Kir2 subunits with peptide expression. The ENK 
mRNA-positive neuron (top) expressed detectable levels of Kir2_1 and Kir2.2_ On the 
other hand, the SP-positive neuron (bottom) expressed KIR2.2 and KIR2_3. KIR2.1 
expression was only found in ENK-positive neurons while KIR2.3 expression was 
most often present in SP-positive cells. Data taken from MERMELSTEIN et al. 1998. 
D Activation of DJ dopamine receptors or perfusion with cyclic adenosine monophos
phate (cAMP) analogs increases inwardly rectifying K+ currents in SP-expressing 
neurons 

Voltage-dependent Ca2+ channels are also targets of the Dl receptor sig
naling cascade. Medium spiny neurons express L-, N-, po, Q- and R-type Ca2+ 

channels (BARGAS et aL 1994; CHURCHILL and MACVICAR 1998; MERMELSTEIN et 
aL 1999)_ Activation of Dl receptors decreases N- and P/Q-type Ca2+ currents 
but increases L-type Ca2+ currents in medium spiny neurons (SURMEIER et aL 
1995)_ The suppression of N- and P/Q-type Ca2+ channels appears to be depen
dent upon re-targeting of protein phosphatase 1 activity through a PKA
dependent mechanism (HUBBARD and COHEN 1993; FIENBERG et aL 1998)_ The 
modulation of L-type currents, on the other hand, is simpler. It takes place in 
neurons expressing the cardiac (class C) isoform of the a1 subunit of the L-type 
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channel (SONG and SURMEIER 1996), making the modulation homologous to the 
well-described PKA modulation of Ca2+ channels in the heart (YUE et al.1990). 

The physiological consequences of activating D2 receptors on medium 
spiny neurons are less well understood than the actions of Dl receptors. 
Voltage-clamp studies have reported that activation of Dz-class receptors on 
medium spiny neurons can modulate Na+, K+, as well as Ca2+ channels, but 
these effects can vary from cell to cell. For example, SURMEIER et al. (1992) 
found that D2 receptors could either enhance voltage-dependent Na+ currents 
or suppress them. The biophysical signature of the observed enhancement was 
consistent with a reversal of Dl receptorladenylyl cyclase/PKA-mediated sup
pression of Na+ currents (see above), as expected from biochemical studies 
(STOOF and KEBABIAN 1984). On the other hand, the suppression of currents 
involved a negative shift in the voltage-dependence of inactivation, without a 
change in peak conductance. These features resembled those reported for 
direct inhibition of Na+ channels by G-protein ~y subunits (MA et al. 1994). 
Understanding how these mechanisms might interact in shaping excitability 
has yet to be determined. 

The effects of D2 receptors on inwardly rectifying K+ (IRK) channels are 
controversial. D2 receptors have been reported both to activate a K+ channel 
with weak inward rectification (FREEDMAN and WEIGHT 1988; FREEDMAN 
and WEIGHT 1989) and to suppress currents attributable to Kir2 channels 
(UCHIMURA and NORTH 1990). This latter observation is consistent with D2 
receptor-mediated inhibition of adenylyl cyclase and PKA enhancement of 
Kir2 currents (see above). D2 receptors have also been found to enhance depo
larization activated K+ conductances in some medium spiny neurons (KITAI 
and SURMEIER 1992). 

The origins of the apparent discrepancies in the regulation of Na+ and K+ 
channels are not clear at this point. One possibility is that there are different 
subtypes of medium spiny neuron with different Dz-class receptors or differ
ent ion channels. Another possibility is that the qualitative features of the 
modulation are dependent upon recording conditions. For example, recent 
work from one of our laboratories (HERNANDEZ-LoPEZ et al. 2000) suggests 
that D2 receptors in medium spiny neurons are capable of mobilizing intra
cellular Ca2+ stores (V ALLAR et al.1990; TANG et al.1994). Recordings that sup
press this component of the D2 response with intracellular Ca2+ chelators may 
observe a different pattern of effects than those that enable this component 
of the signaling chain. Although D2 receptors may increase the release of Ca2+ 
from intracellular stores, transmembrane flux through voltage-dependent N-, 
P/O-type Ca2+ channels is suppressed through a Gi/o-protein signaling pathway 
(HERNANDEZ-LoPEZ et al. 2000), as in heterologous systems (e.g., SEABROOK et 
al. 1994). Given this array of results, it is difficult to construct, at this point in 
time, a coherent model of how D2 receptor activation modulates medium spiny 
neuron physiology. 

The situation appears to be much simpler in cholinergic interneurons. DA 
has long been thought to directly modulate neostriatal cholinergic interneu-
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rons because of its impact on acetylcholine (ACh) release. Dz receptor ago
nists have been reported to decrease ACh release (LEHMANN and LANGER 
1983; SrooF et al. 1992) while DJ receptor agonists enhance ACh release 
(DAMSMA et al. 1990; CONSOLO et al. 1992). Patch clamp studies have revealed 
that Dz receptors negatively couple to N-type Caz+ channels through a mem
brane-delimited signaling pathway, typical of that expected by G-protein ~y 
subunits (YAN et al. 1997). Given the involvement of N-type Caz+ channels in 
transmitter release, these observations provide a cellular mechanism for the 
Dz receptor mediated inhibition of ACh release. As mentioned above, cholin
ergic interneurons express Ds but not Dl DA receptors. Activation of these 
DJ-class receptors has been reported to enhance the responsiveness of Znz+_ 
sensitive GABAA receptors through an adenylyl cyclase/PKA signaling 
pathway (YAN and SURMEIER 1997). Ds receptor activation has also been found 
to enhance after-hyperpolarizing potentials, slowing discharge rates (BENNETT 
and WILSON 1998). Seemingly inconsistent with these two observations are 
reports that Ds receptors depolarize cholinergic interneurons through a mech
anism similar to substance P (AOSAKI et al. 1998), although this observation 
was not confirmed in a subsequent study (BENNETT and WILSON 1998). All in 
all, these studies argue that Dz and Ds receptor activation suppresses ACh 
release and the activity of cholinergic interneurons in a manner consistent with 
that seen in vivo (AOSAKI et al. 1994). They also argue that the ability of sys
temically applied DJ-class agonists to increase neostriatal ACh release is indi
rectly mediated (ABERCROMBIE and DEBOER 1997). 

D. Dl Receptor Modulation of Synaptic Transmission and 
Repetitive Activity in Medium Spiny Neurons 

Medium spiny neurons receive excitatory synaptic inputs from several areas 
of the cerebral cortex (GRAYBIEL 1990). Corticostriatal afferents form synapses 
primarily with dendritic spines and dendritic shafts. Corticostriatal afferents 
form asymmetrical contacts with the heads of dendritic spines (SMITH and 
BOLAM 1990). Dopaminergic terminals make symmetrical contacts with necks 
of spines that also receive input, at their head, from corticostriatal gluta
matergic terminals. The remainder of dopaminergic terminals form synapses 
with dendritic shafts and perikarya of spiny neurons. The close proximity of 
cortical glutamatergic and nigral dopaminergic terminals form an anatomical 
basis for possible physiological interactions at the postsynaptic level (KOETTER 
1994). 

To begin to understand the functional consequences of the dopaminergic 
modulation of ionic conductances and synaptic transmission in medium spiny 
neurons, it is necessary to review their electrophysiological behavior in an 
intact circuit. In vivo studies have shown that the stimulation of the sensori
motor cortex in the rat produces excitatory postsynaptic potentials (EPSPs) 
(HERRLING 1985; CALABRESI et al. 1990a). These EPSPs are mainly mediated 
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by the activation of non-N-methyl-D-aspartate (NMDA) glutamate recep
tors (a-amino-3-hydroxy-5-methyl-4-isoxazoleprionic acid [AMP A] and/or 
kainate) while NMDA glutamate receptors do not seem to greatly contribute 
to the generation of EPSPs evoked by a single stimulus under physiological 
conditions in slices. In vivo, medium spiny neurons move between two mem
brane states, referred to as the "down-state" and the "up-state" (WILSON and 
KAWAGUCHI 1996). In the down-state, neurons are relatively hyperpolarized 
(ca. -85 m V) and do not generate action potentials. In response to temporally 
coherent, convergent excitatory synaptic input derived from the cortex, 
medium spiny neurons depolarize to the up-state during which the neurons sit 
at a membrane potential close to the threshold for spike generation (ca. 
-60mV). Weaker, less temporally coherent synaptic input typically fails to 
trigger an up-state transition and the neuron falls back to the resting or down
state. The critical importance of excitatory synaptic input for the transition 
from the down- to the up-state is provided by the finding that decortication 
and disruption of thalamic efferents by transection abolished spontaneous 
transitions to the up-state in the neostriatum (WILSON 1993). Similarly, inter
ruption of the hippocampal fibers that project to the nucleus accumbens is suf
ficient to prevent cells in this structure from entering the up-state (O'DONNELL 
and GRACE 1995). In vitro recordings obtained from corticostriatal slices do 
not show this oscillatory behavior, further supporting that an intact corticos
triatal projection is required for its generation (CALABRESI et al. 1990b). 

The movement between up- and down-states may be a critical determi
nant of the response to excitatory synaptic input (and plasticity). In vitro 
recordings performed in the presence of a physiological concentration of mag
nesium (1.2mM) have shown that EPSPs recorded from neostriatal spiny 
neurons evoked by a single cortical activation are not altered by APV, a 
NMDA glutamate receptor antagonist, while they are blocked by CNQX, an 
antagonist of AMPA glutamate receptors. However, when the experiments 
were performed in the absence of external magnesium (to remove the voltage
dependent magnesium blockade of the NMDA receptor) the corticostriatal 
EPSP revealed a large NMDA-dependent component (CALABRESI et al. 
1992a). These results show that NMDA receptors are present and potentially 
functional in medium spiny neurons. Because the magnesium block of NMDA 
channels is relieved by depolarization, in the up-state it will be possible for 
glutamatergic inputs to activate NMDA receptors. Conversely, when a similar 
input occurs during the hyperpolarized down-state, NMDA receptors should 
be largely blocked and the excitatory response will be dominated by AMP A 
glutamate receptors. This differential activation of the various subtypes of the 
ionotropic glutamate receptors during these two functional states of the spiny 
neurons will also have important consequences for the direction of the long
term changes of the synaptic excitability induced by repetitive cortical activa
tion (see below). 

Once an up-state transition occurs, neurons can stay in the up-state for a 
variable period of time, sometimes extending for a second or more (WILSON 
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1993). In this state, spikes can be generated in response to further depolar
ization. Recent work in dorsal neostriatum suggests that the state transitions 
of medium spiny neurons within functionally related microzones are highly 
correlated (STERN et al. 1998). Although medium spiny neurons are not intrin
sically bistable and the transition from down- to up-state clearly is triggered 
by synaptic input, the probability of making a successful transition to the 
up-state, its kinetics, duration, and membrane potential envelope all are 
influenced by intrinsic membrane conductances. In the down-state, inwardly 
rectifying Kir2 channels dominate the membrane conductance, tending to hold 
the cell close to the K+ equilibrium potential (WILSON and KAWAGUCHI 1996; 
MERMELSTEIN et al. 1998). In response to synaptic depolarization, voltage
dependent Na+, K+, and Ca2+ conductances come into play, determining the tra
jectory of the membrane potential (WILSON 1993; NISENBAUM et al.1994). The 
enhancement of L-type Ca2+ channels by Dl receptor activation may be impor
tant in promoting this bistability between up- and down-states (HERNANDEZ
LOPEZ et al. 1997). 

Based upon the studies discussed, two predictions can be made about how 
DA will modulate the evoked activity of Dl receptor expressing neurons. First, 
from negative membrane potentials that are governed by inwardly rectify
ing Kir2 channels, D1 receptor activation will make it more difficult to evoke 
spikes by excitatory input. This is a consequence not only of the increased 
ability of Kir2 channels to clamp the membrane potential near the K+ equi
librium potential but also the diminished capacity of voltage dependent Na+ 
channels to boost sub-threshold depolarization to spike threshold. In current 
clamp experiments in slices, this is in fact what is seen (CALABRESI et al. 1987; 
HERNANDEZ-LoPEZ et al. 1997) (Fig. 2A). However, if medium spiny neurons 
succeed in making an up-state transition, Kir2 channels cease to be a factor 
because of their inward rectification and L-type Ca2+ channels begin to open. 
Thus, a second prediction is that when cells are in the up-state, D1 receptor 
activation will depolarize the cell further by enhancing L-type Ca2+ currents 
and thus promote more vigorous spiking. Current clamp experiments where 
the up-state has been simulated by intracellular current injection have pro
vided support for this prediction by showing that the response to depolariz
ing input and spike generation is in fact enhanced by D1 receptor activation 
and augmentation of L-type Ca2+ currents (HERNANDEZ-LoPEZ et al.1997). DJ 
receptor mediated suppression of N a + IK+ adenosine triphosphatase (ATPase) 
should support this enhancement of evoked activity at depolarized membrane 
potentials (BERTORELLO et al. 1990). 

Are these predictions born out in studies examining excitatory synaptic 
input to medium spiny neurons? This issue has yet to be fully resolved. First, 
in agreement with this model, DJ receptor stimulation has been shown to 
enhance AMPA and NMDA receptor mediated EPSPs at depolarized mem
brane potentials through modulation of L-type Ca2+ channels (GALARRAGA et 
al. 1997; CEPEDA et al. 1998). On the other hand, DJ receptor activation has 
been reported to decrease AMPA EPSPs at depolarized membrane potentials 
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Fig. 2A,B. Effects of DJ and D2 DA receptor activation on synaptic transmission in 
the striatum. A The injection of depolarizing current pulse (0.9 nA) and the synaptic 
activation of corticostriatal fibers produced action potentials in a striatal neuron 
recorded in vitro. The application of the DJ DA receptor agonist SKF 38393 blocked 
the firing discharge evoked by both current injection and synaptic stimulation (middle). 
This inhibitory action of SKF 38393 was antagonized by the co-administration of the 
DJ DA receptor antagonist SCH 23390 (right). B In striatal neurons intracellularly 
recorded from naive animals, the application of the D2 DA receptor agonist quinpirole 
did not significantly affect the amplitude of corticostriatal EPSPs (upper traces). This 
pharmacological treatment, conversely, produced an inhibition of the EPSP amplitude 
in striatal neurons recorded after chronic haloperidol treatment (middle traces) or uni
lateral nigrallesion (lower traces). In this figure and in the following one, the black tri
angle indicates when the synaptic stimulation is delivered 

(CALABRESI et al. 1987, 1988). This suppression could be mediated by D1 recep
tor suppression of Na+ and N/P/Q-type Ca2+ channels (SURMEIER et al. 1992, 
1995). The biological bases for these apparently discrepant observations 
have yet to be worked out, but it may indicate that there are functional 
microdomains within the dendritic tree of medium spiny neurons that respond 
to D1 receptor stimulation in different ways depending upon the relative 
density of Na+ and Ca2+ channels. 

Taken together, the experimental findings thus far suggest that D1 recep
tor activation can suppress the response to weak excitatory synaptic input, 
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making it more difficult to make the transition from down- to up-states. 
However, once the up-state transition has been achieved, D1 receptor stimu
lation indirectly enhances NMDAR-mediated EPSPs by augmenting L-type 
Caz+ currents activated by the synaptic input. The impact of D1 receptors on 
AMP A receptor EPSPs remains to be fully worked out. Nevertheless, acting 
in this way, D1 receptor stimulation may focus activity in only those neostri
atal ensembles that receive highly convergent excitatory input, effectively 
decreasing system level noise. These results also explain the apparent paradox 
in the literature reporting that activation of D1 receptors can either be exci
tatory or inhibitory. That is, when neurons are in the up-state, activation of D1 
receptors enhances the response to excitatory input. But in the down-state, 
activation of D1 receptors suppresses the response to excitatory input. This 
view is largely consistent with a diverse in vivo literature showing a variety 
of effects on spontaneous and driven neostriatal activity (e.g., KIYATKIN and 
REBEC 1996). It should also be noted that changes in the strength of the exci
tatory input to medium spiny neurons due to the generation of long-term 
potentiation (LTP) or long-term depression (LTD) would likely also greatly 
influence the spatial and temporal dynamics of up- and down-state transitions. 

E. Modulation of Synaptic Transmission by 
Dr Like Receptors 

Dz-class receptor agonists are currently used to attenuate parkinsonian symp
toms. One major target of these ligands appears to be synaptic transmission 
in the neostriatum. However, there are fundamental disagreements about the 
conditions under which such a modulation is seen and its mechanisms. In the 
normosensitive neostriatum, Dz-class agonists have been reported to have a 
variety of effects. For example, Dz receptor activation has been reported to 
depress excitatory synaptic responses mediated by AMPA receptors (Hsu et 
al. 1995; LEVINE et al. 1996b; UMEMIYA and RAYMOND 1997). This modulation 
was attributed to postsynaptic mechanisms because it was not accompanied 
by a change in paired-pulse facilitation and was mimicked during ion
tophoresis of glutamate (or AMPA) (LEVINE et al. 1996b; CEPEDA et al. 1992). 
Others have suggested a presynaptic site of action (Hsu et al. 1995). In other 
studies, activation of Dz-class receptors failed to cause significant changes in 
either AMPA-mediated synaptic potentials (CALABRESI et al. 1988, 1992b, 
1993) or of exogenous applied AMPA and glutamate (CALABRESI et al. 1995). 
Recently, MALENKA'S group (NICOLA and MALENKA 1998) has reported similar 
findings. In this study, Dz-class agonists did not modulate synaptic transmis
sion in the dorsal neostriatum (where the previous studies were performed) 
but did observe a presynaptic inhibition of excitatory, glutamatergic synaptic 
transmission in the nucleus accumbens. 

Following neostriatal DA depletion, modulation of synaptic transmission 
by Dz-class receptors is easier to observe (CALABRESI et al. 1988, 1992c, 1993). 
For example, in slices obtained from rats in which the neostriatal content 
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of DA was decreased by reserpine treatment, Dz-class receptor agonists 
(bromocriptine and lisuride) and DA induced a significant depression of exci
tatory synaptic transmission. A similar inhibitory effect was observed in slices 
taken from rats chronically treatment with haloperidol (CALABRESI et al. 
1992c) (Fig. 2B). In these animals, a presynaptic site of action was inferred 
from the inability of DA or Dz-class agonists to alter the response to exoge
nous glutamate. Similar results were obtained in rats unilaterally depleted of 
DA by nigral injection of 6-hydroxydopamine. In the DA-depleted neostria
tum, D2-class receptor agonists exerted a dose-dependent inhibition on corti
costriatal EPSPs (CALABRESI et al. 1993) (Fig. 2B). There also was an increase 
in spontaneous excitatory depolarizing potentials. These potentials were 
reversibly inhibited by the Dz-class agonist quinpirole, suggesting that DA 
de nervation increases neostriatal excitability in part by increasing glutamate 
release. The inference that presynaptic D2 receptors are involved in this effect 
is consistent with studies showing that the frequency of 4-aminopyridine
induced spontaneous EPSPs is reduced by D2-class agonists (FLORES-HERNANDEZ 
et al. 1997). By analogy with miniature EPSPs, it is assumed that alterations 
in the frequency of these synaptic events reflect a presynaptic site of action. 
The mechanisms underlying the change in intrastriatal D2-class receptor func
tion remain to be clearly determined. The modest changes in receptor number 
that occur following 6-hydroxydopamine (6-0HDA) lesioning or D2 agonist 
treatment are unlikely to explain super-sensitivity (LAHoSTE and MARSHALL 
1992). A redirection of D2 receptor signaling is one possibility (THOMAS et al. 
1992) as are alterations in the expression of regulatory RGS proteins that 
affect D2 receptor signaling (INGI et al. 1998; BURCHETT et al. 1999; RAHMAN 
et al. 1999). The studies done to date have not effectively isolated the contri
bution of D2 and D4 receptors, both of which are expressed by cortical neurons 
projecting to the neostriatum (GASPAR et al. 1995; TARAZI et al. 1998). Studies 
in DA receptor knockout animals or the development of more selective phar
macological tools should help clarify the situation. 

There is also growing appreciation that dendrites are not passive conduc
tors of synaptic events but actively shape somatically conducted potentials 
(COLBERT et al.1997; MAGEE et al.1998; COOK and JOHNSTON 1999). This insight 
potentially has fundamental implications for our understanding of synaptic 
transmission and its modulation by DA. Given the overwhelming predomi
nance of dendritic postsynaptic DA receptors in the neostriatum (e.g., DELLE 
DONNE et al. 1997), it will be interesting to see how our views of dopaminer
gic modulation change as we gain access to the dendrites of medium spiny 
neurons. 

F. Dopaminergic Regulation of Corticostriatal 
Synaptic Plasticity 

Long-term changes in synaptic transmission have served as a hypothetical sub
strate of memory storage and learning for over 30 years. Both LTP and LTD 
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in synaptic strength have been described (JOHNSTON and Wu 1995). Although 
experimental analysis of this type of synaptic plasticity has focused on hip
pocampal and cortical regions, it is now clear that similar changes take place 
in a variety of other brain structures - including the neostriatum. 

One of the most important subcortical regions implicated in learning and 
memory is the basal ganglia. For example, positron emission tomography 
in humans (SEITZ et al. 1990) has suggested that storage of motor memory 
involves the basal ganglia. The corticostriatal projection also is thought to play 
a major part in learning (KIMURA and GRAYBIEL 1995). In humans, non-humans 
primates, and rodents, the neostriatum appears to participate in neural cir
cuitry that is important for procedural learning (GRAYBIEL et al. 1994). LTP 
and LTD are potential substrates for this learning. Both LTP and LTD have 
been described at corticostriatal synapses (CALABRESI et al. 1992a,b, 1997a, 
1998; LOVINGER and CHOI 1995; CHARPIER and DENIAU 1997; CHOI and 
LOVINGER 1997; CHARPIER et al. 1999). It has been hypothesized that these two 
forms of synaptic plasticity might represent the cellular mechanisms for the 
long-term changes in basal ganglia activity and motor learning (CALABRESI 
et al. 1996a). 

DA appears to be a critical regulator of neostriatal LTD. In fact, endoge
nous DA appears to be necessary for the expression of neostriatal LTD
neostriatal slices obtained from 6-0HDA-Iesioned rats do not express LTD 
(CALABRESI et al. 1992b). Interestingly, D 1- and Dz-class receptors may playa 
cooperative role in the expression of this form of synaptic plasticity. This 
hypothesis is supported by two kinds of experimental evidence (CALABRESI et 
al. 1992b). First, the induction of LTD is blocked either by D 1- or Drclass 
receptor antagonists. Second, in DA-denervated slices, LTD can be restored 
by co-administration of Dr and D2-class receptor agonists, but not by the 
application of a single class of receptor agonist alone (Fig. 3). Co-activation of 
Dl and D2 receptors on the same medium spiny neuron (SURMEIER et al. 1992, 
1996) may result in the activation of phospholipase A2 (PIOMELLI et al. 1991) 
and subsequent activation of protein kinase C - enabling LTD. In agreement 
with this view, inhibition of phospholipase A2 alters LTD (CALABRESI et al. 
1992b). 

More recently, DA receptor transgenic mice have been used to investigate 
the role of DA receptors in neostriatal synaptic plasticity. Mice in which 
D2 receptors have been "knocked out" display partial motor impairments, as 
expected from previous studies (BAlK et al. 1995). In these animals, tetanic 
stimulation of corticostriatal fibers produced LTP in medium spiny neurons 
rather than the LTD seen in wild-type mice (CALABRESI et al. 1997b). This LTP 
was observed in the presence of physiological concentrations of magnesium, 
whereas this form of synaptic plasticity is inducible in slices wild-type rodents 
only in the absence of magnesium (CALABRESI et al. 1992a). The LTP observed 
in the D2 receptor knockout mice was not coupled with major changes in the 
response to intracellular somatic current injection or resting membrane poten
tial. Nor were there obvious changes in the response to exogenous NMDA or 
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Fig. 3a~. Effects of unilateral DA denervation on corticostriatallong-term depression 
(LTD). a In naIve animals, high-frequency stimulation (3 trains, 100Hz, 3s duration, 
20 s interval) of corticostriatal fibers produced a LTD of excitatory transmission in the 
neostriatum. b LTD was absent in slices obtained from DA-denervated rats. c In these 
animals, the administration of the DJ receptor agonist SKF 38393 did not re-establish 
LTD. d Application of the D2 receptor agonist quinpirole was also ineffective. e This 
form of synaptic plasticity was present in DA-lesioned rats following the administra
tion of both these DA agonists 

the pharmacological properties of the corticostriatal EPSP evoked by a single 
stimulus. These latter observations seem to suggest that in D2 receptor
deficient animals there is a synaptic abnormality that is revealed only when 
the corticostriatal projection is activated in a repetitive manner. As we have 
previously reported, in magnesium-free medium, LTP was seen in wild-type 
mice and found to be enhanced by L-sulpiride, whereas it was reversed into 
LTD by quinpirole, a D2 receptor agonist. In Dz receptor-null mice, this mod
ulation was lost. These findings suggest that Dz receptors playa key role in 
mechanisms underlying the direction of long-term changes in synaptic efficacy 
in the neostriatum. 

In the 6-0HDA-lesioned neostriatum, tetanic stimulation in a 
magnesium-free medium fails to induce LTP (CALABRESI et aL 1997b). In light 
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of the inference from the work with D2 receptor knockout mice, that these 
receptors suppress the induction of neostriatal LTP, these results are rather 
surprising. However, DA denervation obtained by unilateral nigral lesion 
undoubtedly produces other changes that may alter the properties of LTP. In 
fact, morphological studies have shown that after 6-0HDA de nervation, den
dritic spines of neostriatal neurons are numerically reduced and abnormal in 
size and shape (INGHAM et al. 1989; NITSCH and RIESENBERG 1995). Similar data 
were found in brains of parkinsonian patients (McNEILL et al. 1988). Dendritic 
spines are a principal site of long-term synaptic modifications in other CNS 
areas (DESMOND and LEVY 1990) and may serve a similar function in medium 
spiny neurons (CALABRESI et al. 1996b, 1997b). Thus, the remodeling of these 
neuronal structures might cause an impairment of corticostriatal LTP. 

G. Summary and Conclusions 

In recent years, dramatic progress has been made in unraveling the physio
logical impact of DA in the neostriatum. The application of voltage-clamp 
techniques and single-cell RT-PCR has begun to provide a much clearer 
understanding of the intrinsic mechanisms by which DA controls excitability. 
To be sure, controversies still exist but these appear to be dissipating. Nowhere 
is this more evident than in studies of Dl receptor effects on the principal 
neurons of the neostriatum - the medium spiny neuron. In these neurons, Dl 
receptors exquisitely orchestrate the modulation of a variety of ion channels. 
Rather than leading to simply inhibition or excitation, this pattern of modu
lation leads to suppression in responsiveness in the quiescent down-state but 
an enhancement of responsiveness in the active up-state. The consequences of 
this state-dependent change have yet to be fully worked out but they suggest 
that one of the principal actions of DA at Dl receptors is to focus neuronal 
activity in those ensembles that receive the most temporally and spatially con
vergent excitatory input. 

In spite of the advances made in the last few years, much remains to be 
done in the cellular and molecular analysis of dopaminergic modulation of 
excitability. For example, relatively little is known about the linkages of D2 DA 
receptors in medium spiny neurons. Studies from one of our labs show 
that these receptors utilize a novel linkage to intracellular Ca2+ metabolism 
(HERNANDEZ-LoPEZ 2000). Obviously, intracellular Ca2+ is a key determinant 
not only of short-term regulation of ion channels but of longer-term changes 
in synaptic plasticity and gene expression. Tracing the cellular consequences 
of this linkage will undoubtedly lead to as rich and interesting a story as has 
begun to unfold for D1 receptors in medium spiny neurons. 

The advances in understanding the intrinsic integrative mechanisms is par
alleled by our rapidly growing understanding of DA's role in regulating synap
tic transmission and plasticity. Although considerably more complicated, it is 
clear that both D1 and D2 DA receptors are key determinants of corticostri-
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atal transmission. Moreover, activation of both receptors is necessary for the 
induction of LTD in the neostriatum. Work in D2 knockout mice has shown 
that D2 receptors also regulate the induction of LTP. What remains to be 
determined is precisely how DA receptors interact in promoting these two 
forms of synaptic plasticity. 
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CHAPTER 12 

Dopamine and Gene Expression 

E.J. NESTLER 

A. Introduction 
When dopamine is released from dopaminergic neurons at the synapse, it 
quickly binds to its receptors that are located on dendrites or nerve terminals 
of target neurons as well as on dopaminergic neurons themselves. Interactions 
between dopamine and its receptors then leads rapidly (from a few hundred 
milliseconds to several seconds) to electrophysiological changes in those target 
neurons. These electrophysiological changes mediate the acute effects of 
dopaminergic transmission on the functioning of neural circuits and thereby 
on behavior. 

The electrophysiological changes elicited by activation of dopamine 
receptors are mediated by cascades of postreceptor, intracellular messenger 
pathways. Perturbation of these cascades by dopamine, in addition to leading 
to very rapid changes in the electrical excitability of neurons, also mediates 
large numbers of adaptive responses in the neurons. These adaptive responses 
can also occur relatively rapidly, but can persist for longer periods of time than 
the dopamine signal outside of the neuron. Among the many types of adap
tive responses that are elicited by dopamine is the regulation of gene expres
sion. Such changes in gene expression would be expected to occur over hours 
or days, and likely reflect the net level of dopaminergic transmission over rel
atively prolonged periods of time. The changes also would be expected to be 
particularly stable and would therefore appear to mediate longer-lasting adap
tive responses to the dopamine signal. In some sense, then, dopamine's effects 
on gene expression can be viewed as the ultimate endpoint of dopamine's 
signal transduction pathways. 

B. Dopamine Signaling to the Nucleus 
I. Overview of Dopamine's Signal Transduction Pathways 

Dopamine produces its biological effects via the activation of two main classes 
of dopamine receptors, termed DJ-like and Drlike. DJ-like receptors include 
the DJ and D5 receptors; Drlike receptors include the Dz (which exists in two 
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alternatively spliced forms), D3, and D4 receptors (MISSALE et al. 1998; SIBLEY 
1999). 

D)-like receptors produce their biological effects predominantly via the 
activation of the cAMP (cyclic adenosine monophosphate) pathway. The re
ceptors, via coupling with the G protein, Gs, activate adenylyl cyclase, the 
enzyme that catalyzes the synthesis of cAMP; cAMP then activates protein 
kinase A, which produces a myriad of biological effects via the phosphoryla
tion of diverse types of neuronal proteins (NESTLER and GREENGARD 1999). 
For example, phosphorylation of ion channels is thought to mediate the 
rapid electrophysiological effects of D) receptor activation on target neurons 
(SURMEIER et al. 1995). 

In contrast, Drlike receptors produce their biological effects via coupling 
to the G i/o family of G proteins. This coupling leads to the activation of inwardly 
rectifying K+ channels and inhibition of voltage-gated Ca2+ channels via the 
G protein ~y subunits (NESTLER and DUMAN 1999). The coupling also leads to 
inhibition of adenylyl cyclase and, as a result, reduced activation of protein 
kinase A, which could further affect the activity of specific ion channels. 

These initial effects of dopamine receptor activation on G proteins, the 
cAMP pathway, and ion channels would set in stage many additional effects 
on the target neurons. Altered activity of protein kinase A would, via the phos
phorylation of many other proteins, modify many aspects of the neurons' func
tioning. Similarly, altered fluxes of Ca2+ into the neurons, via direct effects on 
Ca2+ channels or indirect effects on neuronal firing, would alter the activity of 
many types of Ca2+-dependent protein kinases in the neurons, which would 
further alter many aspects of neuronal function. Two major classes of Ca2+
dependent kinases would be affected: Ca2+/calmodulin-dependent or CaM
kinases and protein kinase C (NESTLER and GREENGARD 1999). 

Activation of dopamine receptors is reported to exert many additional 
effects on intracellular messenger cascades. There is evidence that D)-like and 
Drlike receptors can regulate the activity of the phosphatidylinositol pathway, 
which would alter cellular Ca2+ levels and protein kinase C activity. It remains 
unclear whether this effect is mediated indirectly via the receptors' actions on 
the cAMP pathway or directly via distinct effects of the receptors (see MISSALE 
et al. 1998; SIBLEY 1999; LEZCANO et al. 2000). Also, activation of Drlike recep
tors leads to activation of MAP (mitogen-activated protein)-kinase cascades, 
in particular, the ERK (extracellular signal regulated kinase) pathway (Lua 
et al. 1998; WELSH et al. 1998). This is an action shared by many Gi/o-coupled 
receptors, and is mediated by the G protein ~y subunits (see NESTLER and 
DUMAN 1999). Activation of MAP-kinase cascades would elicit still additional 
effects of dopamine receptor activation on target neurons. 

II. Regulation of Gene Expression 

Perturbation of these various intracellular signal transduction cascades would 
be expected to produce two major types of responses. First, as mentioned 
above, it would alter the phosphorylation of many proteins and lead to adap-
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tive responses in the neurons. For example, phosphorylation of receptors would 
alter the responsiveness of the neurons to many types of neurotransmitters, and 
phosphorylation of synaptic vesicle proteins would alter the amount of neuro
transmitter released by the target neurons. Second, perturbation of signal trans
duction cascades would alter the total amounts of certain proteins present 
within the neurons, which would also contribute to adaptive responses. For 
example, changes in the total amount of receptors or synaptic vesicle proteins 
in the neurons would modulate the efficacy of synaptic transmission. 

The amount of a protein present within a neuron, a process termed gene 
expression, is controlled at every conceivable level between the gene and the 
final protein product (see HYMAN and NESTLER 1999). In order for a gene to 
be actively transcribed, its region on the chromosome must be in a suitable 
conformational state; DNA tightly bound in chromatin's nucleosomal struc
tures may not be expressed effectively. The expression of genes that are avail
able for transcription is controlled by the process of transcription initiation, 
whereby the macromolecular RNA polymerase II complex binds to the tran
scription initiation site present within the gene. Basal rates of transcription are 
relatively low and must be increased by regulatory elements located at other 
regions in the gene; some are close to the transcription initiation site, whereas 
others can be thousands of nucleotides away. The ability of response elements 
to promote transcription is mediated by a series of proteins, termed tran
scription factors, that bind to these response elements and then interact with 
proteins in the RNA polymerase II complex. Transcription factors can also 
inhibit transcription via analogous mechanisms. A typical gene contains 
response elements for numerous transcription factors, which means that the 
rate of transcription of most genes is determined by the summated effects of 
many transcription factors. 

Once a gene is transcribed, the primary RNA transcript must be modified 
by splicing events and the addition of a poly-A tail, after which it is trans
ported to the cytoplasm as a mature mRNA. These steps are highly regulated 
in neurons, although the underlying mechanisms remain poorly described at 
the molecular level. The mRNA is translated into the protein product on ribo
somes. One prominent mechanism that regulates protein translation is the 
stability of the mRNA. Many mRNAs contain specific sequences in their 
untranslated 3' (and possibly 5') regions that bind specific proteins, which 
control the stability of the mRNA and, therefore, the amount of protein that 
can be translated (see Ross 1996). 

A protein product of a gene undergoes many levels of processing. It may 
be cleaved from an immature product to its mature form, as is the case for 
many peptide hormones and neurotransmitters. The protein must also be 
transported form the ribosome to its correct location within the cell. Finally, 
the life cycle of the protein will be influenced by its degradation by proteases. 
The molecular basis by which each of these steps is controlled is becoming 
increasingly well-known at the molecular level (SEIDAH and CHRETIEN 1997). 

Dopamine, via perturbation of intracellular signaling pathways, could 
conceivably regulate the level of a protein product in a target neuron at any 
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Fig.I. Scheme showing the mechanisms by which dopamine can regulate gene expres
sion. Activation of Drlike receptors would activate the cAMP pathway, leading to the 
activation of protein kinase A (PKA) and to the phosphorylation and activation of 
cAMP-response element binding protein (CREB). Activation of Dz-like receptors 
would inhibit cell firing (via activation of K+ channels). This action, plus inhibition of 
voltage-gated Ca2+ channels, could alter Ca2+ flux into neurons and alter the activity of 
CaM-kinases and protein kinase C. These receptors would also be expected to activate 
the ERK pathway. Perturbation of these various kinases would be expected to regu
late CREB and Fos/Jun proteins. In addition, activation of dopamine receptors is 
reported to perturb the phosphatidylinositol pathway, which would further recruit Ca2+
dependent mechanisms, although the precise mechanisms involved remain incom
pletely understood 

of these aforementioned steps (Fig. 1). This would occur via the activation 
or inhibition of specific protein kinases or protein phosphatases, which, 
by altering the phosphorylation state of various nuclear, ribosomal, and 
protease-related proteins, would regulate the transcription, translation, and 
post-translational processing of a protein. While dopamine probably does reg
ulate gene expression via such diverse actions, the only level of regulation that 
has been well studied at present is the regulation of transcription via alter
ations in transcription factors. The remainder of this chapter reviews what is 
known about dopamine regulation of transcription factors, with an emphasis 
on the types of regulation that have been documented in the brain in vivo. 

c. Acute Effects of Dopamine on Gene Expression 
Current knowledge of dopamine's effects on gene expression in vivo is based 
largely on studies of drugs that influence the functioning of dopamine recep-
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tors. This includes psycho stimulant drugs (e.g., cocaine, amphetamine), which 
act as indirect dopamine receptor agonists by decreasing dopamine reuptake 
or increasing dopamine release, and typical antipsychotic drugs, which act as 
antagonists of D2 and perhaps other Dz-like receptors. These studies have doc
umented that acute perturbation of dopamine systems causes potent changes 
in specific transcription factors in target brain regions. However, as will be seen 
below, the target genes whose expression is altered as a consequence of these 
changes in transcription factors have been difficult to identify with certainty. 

I. Regulation of CREB Family Proteins 

CREB (cAMP-response element binding protein), a member of the leucine 
zipper family of transcription factors, was first discovered as a protein that 
mediates many of the effects of the cAMP pathway on gene expression (see 
GOLDMAN et al.1996;FINKBEINER and GREENBERG 1998;DE CESARE et al.1999). 
In the basal state, CREB dimers (bound to one another via their leucine zipper 
domains) bind to a specific sequence in the regulatory region of certain genes, 
called cAMP response elements (CREs), which show the consensus sequence 
TCACGTCA. To a first approximation, the binding of CREB dimers to CREs 
does not exert potent transcriptional effects, although more subtle conse
quences have been suggested (XING and QUINN 1993). Activation of the cAMP 
pathway leads to the phosphorylation of CREB on serl33 by protein kinase A. 
This enables CREB to bind to CREB-binding protein (CBP), which is a com
ponent of the RNA polymerase II complex, and to thereby regulate tran
scription. More-recent studies have shown that ser133 of CREB can also be 
catalyzed by CaM-kinases (particularly CaM-kinase IV) and various kinases 
activated by the ERK pathway (e.g., RSK family of kinases) (FINKBEINER and 
GREENBERG 1998). Based on this knowledge, activation of several types of 
dopamine receptors would be expected to alter the phosphorylation and acti
vational state of CREB. 

It is not surprising, then, that psychostimulants, which increase dopamin
ergic transmission in the brain, stimulate CREB phosphorylation in specific 
brain regions (KONRADI et al. 1994; KANO et al. 1995; TURGEON et al. 1997; SELF 
et al. 1998). This occurs most prominently in striatal regions (caudate-putamen 
and nucleus accumbens), which are the major targets of midbrain dopamine 
neurons. These effects can be blocked by administration of Dl-like receptor 
antagonists, which is consistent with the scheme (illustrated in Fig. 1) that 
dopamine produces this effect via activation of D]-like receptors and of the 
cAMP pathway. 

The target genes whose expression is then regulated in striatal neurons as 
a consequence of dopamine-elicited perturbations in CREB have remained 
largely obscure. The transcription factor, c-Fos, is one potential target. The 
ability of a psychostimulant to acutely induce c-Fos in striatum is reported to 
be antagonized by the local infusion of antisense oligonucleotides to CREB 
into this brain region (KONDRADI et al. 1994). This possibility is discussed in 
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greater detail below. Another potential target is the neuropeptide dynorphin. 
The prodynorphin gene contains CRE sites, which have been shown to 
potently regulate the expression of the gene in vitro (COLE et al. 1995). Psy
chostimulants, which stimulate CREB phosphorylation, also stimulate dynor
phin expression in striatum (see KREEK 1996; GERFEN et al. 1998; MCGINTY and 
WANG 1998). Moreover, increased expression of CREB in striatal neurons, 
achieved via viral-mediated gene transfer, increases dynorphin expression in 
these neurons, while increased expression of a dominant negative mutant of 
CREB (which functions as a CREB antagonist) produces the opposite effect 
(CARLEZON et al. 1998). (The mutant form of CREB - termed mutCREB -
used in this study lacks ser133 and therefore cannot be activated. However, it 
can still dimerize with wildtype CREB, and CREB-mutCREB heterodimers 
lack transcriptional activity since interactions with CBP require that both 
members of the dimer be phosphorylated. As a result, if mutCREB is 
expressed at high enough levels in the cell, it successfully antagonizes the 
activity of endogenous CREB.) 

There are presumably many additional genes whose expression is altered 
by dopamine through CREB-dependent mechanisms. Many neural genes 
contain CREs, and have been shown to be regulated by CREB in vitro (see 
GOLDMAN et al. 1996; FINKBEINER and GREENBERG 1998; DE CESARE et al. 1999), 
but it has been difficult to obtain causative information with respect to 
dopamine action in vivo. 

Another area that requires analysis is the potential regulation by 
dopamine of many CREB-like proteins in dopamine-responsiveness neurons. 
ATF1 (activating transcription factor-1) and various isoforms of CREM (CRE 
modulator protein) also bind to CRE sites in target genes and regulate gene 
expression (see DE CESARE et al. 1999). Interestingly, some CREM isoforms 
activate transcription and thereby function like CREB, whereas others (e.g., 
ICER, inducible CRE repressor) inhibit transcription via a mechanism similar 
to that described above for mutCREB. Little information is available, 
however, with respect to the regulation of these CREB-like transcription 
factors by dopamine. 

II. Regulation of Fos Family Proteins 

c-Fos and other Fos-like proteins, which include FosB, Fra-1 (Fos-related 
antigen-1), and Fra-2, are products of immediate early genes (MORGAN and 
CURRAN 1995). This means that the proteins can be induced very rapidly within 
cells, and that this induction is mediated via regulation of transcription factors 
(like CREB), which are present in cells at relatively high levels under basal 
conditions. In cultured cells, c-fos mRNA can be detected within 10 min of cel
lular activation, which indicates the rapidity of this transcriptional response. 

Fos family proteins dimerize with a Jun family protein (see below) to form 
an active transcription factor complex called AP-1 (activator protein-1). Fos 
and Jun proteins, like CREB, contain leucine zippers, which mediate this 
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dimerization. In vitro, there is some evidence of cross-dimerization between 
CREB and Fos-Jun family members, although the in vivo significance of this 
phenomenon remains obscure. AP-1 complexes then bind to AP-1 sites 
present within the regulatory regions of certain genes. AP-1 sites show the 
consensus sequence TCAG( or C)TCA. Note that the consensus AP-1 site is 
different from the consensus CRE site by only a single nucleotide, yet this 
difference is sufficient to direct regulation by Fos-Jun versus CREB. 

Psychostimulants cause the rapid, but transient, induction of several Fos 
family proteins (c-Fos, FosB, and Fra-l) in striatal regions, and to a lesser 
extent in other dopamine target regions in brain, such as prefrontal cortex 
(e.g., GRAYBIEL et al. 1990; YOUNG et al. 1991; HOPE et al. 1992; GERFEN et al. 
1998; MCGINTY and WANG 1998). Induction of c-Fos is maximal within 2 h after 
acute administration of cocaine or amphetamine and reverts to normal within 
4-6 h (Fig. 2). Induction of FosH and Fra-1 is somewhat more delayed, becom
ing maximal at 4-6h and reverting to normal within 12-18h. The transient 
nature of the induction of these proteins is due to the fact that the mRNAs 
for the proteins, and the proteins themselves, are highly unstable. Induction of 
Fos family proteins by psychostimulants in striatum is mediated by activation 
of DJ-like receptors. Moreover, the induction appears to be selective for the 
y-aminobutyric acid (GABA)ergic medium spiny neurons that comprise the 
striatonigral (direct) pathway: those cells that project directly back to the mid
brain and coexpress the neuropeptides, dynorphin and substance P (BERRETTA 
et al. 1993; KOSOFSKY et al. 1995; GERFEN et al. 1998). 

A similar response of Fos-like proteins is caused by acute administration 
of typical antipsychotic drugs (e.g., Dz-like receptor antagonists) (e.g., NGUYEN 
et al. 1992; DEUTCH 1994; FIBIGER 1994; ROBERTSON et al. 1995). Second gen
eration antipsychotic drugs such as clozapine (which show lower relative affin
ity toward Dz-like receptors and greater affinity for certain non-dopamine 
receptors) produce much less induction of Fos family proteins in dorsal stria
tum, but equivalent or even stronger induction in ventral striatum and pre
frontal cortex. Induction of Fos family proteins by Dz-like receptor antagonists 
in striatum appears to be selective for the GABAergic medium spiny neurons 
that comprise the striatopallidal (indirect) pathway, which project to the 
globus pallidus-ventral pallidum and coexpress the neuropeptide, enkephalin 
(HIROI and GRAYBIEL 1996; GERFEN et al. 1998). 

The c-fos gene has been characterized in detail, and many response ele
ments located within the 5' promoter region of the gene have been shown to 
regulate its transcription in vitro (JAN KNECHT 1995). However, little is known 
about the mechanism by which dopamine induces c-Fos in vivo. As stated 
above, there is evidence that CREB mediates c-Fos induction in striatum seen 
in response to psycho stimulants. On the other hand, there are lingering con
cerns over the limitations of antisense oligonucleotide technology, particularly 
in vivo, which means that other approaches are needed to verify CREB's role 
in this phenomenon. Even less is known about how Dz-like antagonists induce 
c-Fos. One possibility is that this induction is mediated indirectly via gluta-
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Fig. 2A,B. Scheme showing the gradual accumulation of .1.FosB versus the rapid and 
transient induction of acute Fra's in brain. A Several waves of Fra's are induced in 
neurons by many acute stimuli, including psychostimulants and antipsychotic drugs. c
Fos is induced rapidly and degraded within several hours of the acute stimulus, whereas 
other "acute Fra's" (e.g., FosB, .1.FosB, Fra-l, in some cases perhaps Fra-2) are induced 
somewhat later and persist somewhat longer than c-Fos. "Chronic Fra's" are biochem
ically modified forms of .1.FosB; they, too, are induced (although at low levels) follow
ing a single acute stimulus but persist in brain for long periods due to their 
extraordinary stability. In a complex with Jun-like proteins, these waves of Fra's form 
AP-l binding complexes with shifting composition over time. B With repeated (e.g., 
twice daily) stimulation, each acute stimulus induces a low level of .1.FosB. This is indi
cated by the lower set of overlapping lines, which indicate AFosB induced by each acute 
stimulus. The result is a gradual increase in the total levels of .1.FosB with repeated 
stimuli during a course of chronic treatment. This is indicated by the increasing stepped 
line in the graph. The increasing levels of AFosB with repeated stimulation result in the 
gradual induction of significant levels of a long-lasting AP-l complex, which is pro
posed to underlie persisting forms of neural plasticity in the brain. (Modified from 
HOPE et al. 1994) 

mate: according to this scheme, blockade of Dz-like receptors on glutamatergic 
nerve terminals in striatum leads to increased glutamate release and increased 
activation of certain GABAergic medium spiny neurons. Another theoretical 
possibility is that c-Fos induction by D2-like antagonists is mediated via 
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activation of ERK pathways, although this has not yet been investigated 
directly. 

Similar to the situation for CREB, it has been very difficult to identify 
target genes for AP-1 in the brain. The genes that have received the most atten
tion to date are those that encode various neuropeptides, for example, dynor
phin and neurotensin. The dynorphin gene contains an AP-1 site, and increases 
in dynorphin expression are reported following acute administration of psy
chostimulants (see above). It is possible that induction of AP-1 mediates this 
effect, although direct evidence is lacking. The neurotensin gene also contains 
AP-1 sites, and increases in neurotensin expression occur in response to Dz
like antagonist administration (MERCHANT et al. 1994; ROBERSON et al. 1995). 
While it is plausible that AP-1 may mediate this effect, direct evidence has not 
yet been obtained. Many other neurally expressed genes are known to contain 
AP-1 sites (see HIROI et al.1998). This includes the genes for certain dopamine 
and glutamate receptors, neurofilament subunits, and protein kinase subunits. 
The goal of current research is to use tools of viral-mediated gene transfer 
(described above) or genetic mutations in mice (described below) to provide 
direct evidence for a role of AP-1 in mediating the ability of dopaminergic 
transmission to regulate the expression of these and other putative target 
genes in vivo. 

III. Regulation of Jun Family Proteins 

Jun family members include c-Jun, JunB, and JunD. The genes for c-Jun and 
JunB, like those encoding Fos family members, are immediate early genes and 
can be induced rapidly and transiently in brain in response to many types 
of acute stimuli. Indeed, there are reports that acute administration of psy
chostimulants can induce these Jun family members in striatum and other 
dopamine target brain regions (e.g., HOPE et al. 1992; MORATALLA et al. 1996). 
In contrast, the gene for JunD is not as highly regulated and may be expressed 
constitutively. 

There is growing evidence that the activity of Jun family members is reg
ulated by certain SAP kinases (stress-activated protein kinases) that form 
one component of MAP-kinase cascades (see NESTLER and GREENGARD 1999). 
SAP kinases, also called lNK (or lun N-terminal kinases), are activated in cul
tured cells in response to noxious stimuli, such as osmotic stress, UV irradia
tion, and certain toxins. Activation of the kinases leads to the phosphorylation 
of Jun proteins; this activates their transcriptional activity and is thought to 
mediate the responses of challenged cells to these noxious stimuli. The 
specifics, like which genes are altered as a consequence of Jun phosphoryla
tion and the net effect of such targets on cell function, are only now being 
revealed in cultured cells. 

While the role of the JNK pathway in mediating the effects of dopamine 
on gene expression in vivo remains unclear, recent work has demonstrated 
that the pathway can be stimulated in primary cultures of striatal neurons 
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(SCHWARZSCHILD et al. 1997). This activation seems to be mediated via NMDA 
(N-methyl-D-aspartate) glutamate receptors, which provides insight into the 
types of in vivo situations in which such regulation might occur. 

The notion that dopamine may under certain circumstances regulate gene 
expression via activation of JNK pathways raises some interesting questions 
with respect to the specificity of AP-1 regulation of transcription. This is 
because activation of Fos-like proteins, by dimerizing with recently induced or 
preexisting Jun proteins, may form one type of active AP-1 complex, whereas 
phosphorylation of preexisting Jun proteins (dimerizing with themselves in the 
absence of Fos proteins) may form another type of active AP-1 complex. A 
major challenge for the future is to better understand the potential functional 
differences between these two types of AP-1 complexes and ultimately to iden
tify the target genes they regulate. 

IV. Regulation of Egr Family Proteins 

The Egr family of transcription factors (also called Zif268 or NGFI-A) are 
classified as zinc finger proteins and are structurally very different from the 
CREB and Fos-Jun families. The Egr family consists of three proteins, termed 
Egr-1, -2, and -3. The gene for each of these proteins is regulated as an im
mediate early gene and can be induced in specific brain regions by a wide 
array of acute stimuli. For example, acute administration of psychostimulants 
induces Egr proteins in striatal regions with a time course similar to that seen 
for c-Fos (O'DONOVAN et al. 1999). Interestingly, Egr3 appears to be somewhat 
more stable than the other Egr proteins or c-Fos and, as a result, persists in 
brain for up to 24 h after psychostimulant administration. The mechanism by 
which psycho stimulants induce Egr proteins is poorly understood. Egr pro
teins bind to GC (guanine-cytosine )-rich regions of DNA and are believed to 
thereby regulate gene expression. However, it has been very difficult to iden
tify physiological targets for Egr proteins both in vitro and in vivo. 

D. Chronic Effects of Dopamine on Gene Expression 
By analogy with the acute situation, much of what we know about dopamine's 
longer-lasting changes in gene expression comes from studies of the chronic 
effects of psychostimulants and antipsychotic drugs. Knowledge of dopamine's 
influence on gene expression over the long term also can be inferred from the 
effects of dopaminergic lesions (e.g., by 6-hydroxydopamine) or genetic muta
tions in mice that alter dopaminergic transmission (e.g., dopamine transporter 
knockout; GAINETDINOV et al. 1998). The levels of many proteins are known to 
be altered under these various circumstances. However, with a few notable 
exceptions, the transcriptional or post-transcriptional mechanisms involved 
remain unknown. However, some of these chronic conditions have been asso
ciated with some interesting effects on CREB and Fos family transcription 
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factors; these actions provide some insight into the types of mechanisms by 
which dopaminergic transmission may produce relatively long-lived changes 
in gene expression in target neurons. 

I. Regulation of CREB 

Chronic administration of psychostimulants leads to a sustained increase in 
CREB phosphorylation in striatal regions (COLE et al. 1995; TuRGEON et al. 
1997). This may occur as a result of increased levels of protein kinase A that 
are known to be induced in these regions by chronic psychostimulant expo
sure (see NESTLER and AGHAJANIAN 1997), although direct evidence for this 
possibility is lacking. 

A recent study suggests a possible functional consequence of this alter
ation in CREB. Overexpression of CREB in ventral striatum, achieved by 
viral-mediated gene transfer, was found to decrease an animal's sensitivity to 
the rewarding effects of cocaine (CARLEZON et al. 1998). In fact, low doses of 
cocaine were made aversive upon overexpressing CREB. Conversely, overex
pression of mutCREB (the dominant negative mutant mentioned above) in 
this brain region increases an animal's sensitivity to the rewarding effects of 
cocaine. These findings suggest that the sustained phosphorylation of CREB 
caused by chronic psychostimulant exposure may represent a negative feed
back mechanism (i.e., a mechanism for tolerance) that serves to dampen the 
animal's sensitivity to subsequent drug exposure. 

This effect of CREB may be mediated via regulation of dynorphin expres
sion. Recall from earlier in the chapter that overexpression of CREB increases 
dynorphin expression whereas overexpression of mutCREB decreases dynor
phin expression in ventral striatum. Dynorphin, in ventral striatal circuits, is 
known to exert an aversive effect on an animal and oppose drug reward by 
activating K opioid receptors, which then inhibit the dopamine neurons that 
mediate acute reward (SHIPPENBERG and REA 1997). Direct evidence for this 
scheme is that the aversive effects of low doses of cocaine, seen in animals that 
receive viral vectors encoding CREB in ventral striatum, can be blocked by 
administration of a K opioid antagonist (CARLEZON et al. 1998). While dynor
phin is likely just one of many target genes for CREB in these neurons, these 
findings do provide one scheme by which dopamine-induced changes in gene 
transcription underlie an important form of behavioral plasticity (Fig. 3). 

II. Regulation of Fos Family Proteins: Induction of MosB 

Repeated administration of psychostimulants produces very different effects 
on Fos proteins as compared to acute exposure. Repeated exposure is associ
ated with desensitization of the induction of c-Fos and the other Fos family 
members that are induced acutely in striatal regions (HOPE et al. 1994; NYE et 
al. 1995). Instead, such treatments cause the gradual accumulation of novel 
isoforms of .1FosB in these regions . .1FosB is a truncated splice variant of the 
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Fig. 3. Scheme showing the role of CREB and dynorphin in modulating psychostim
ulant-induced neural plasticity. Repeated exposure to psychostimulants causes the sus
tained phosphorylation and activation of CREB in ventral striatal neurons, which may 
be mediated by upregulation of the cAMP pathway that is known to occur under these 
conditions (NESTLER and AGHAJANIAN 1997). The sustained activation of CREB leads 
to the induction of dynorphin in these neurons. Dynorphin then inhibits dopaminergic 
neurons via the activation of 1C opioid receptors located on dopaminergic nerve termi
nals within the ventral striatum as well as on dopaminergic cell bodies in the midbrain. 
Inhibition of dopaminergic transmission reduces the effects of subsequent exposure to 
psychostimulants, which are dependent on dopamine release. In this way, the reward
ing properties of the drug are dampened via the sustained activation of CREB and 
induction of dynorphin 

fosB gene. Unlike all other Fos family members, certain isoforms of ~osB 
are highly stable proteins. Whereas ~osB is induced to only a slight extent 
after an acute stimulus, it accumulates in brain after repeated stimulation 
due to this extraordinary stability (Fig. 2). The mechanism responsible for 
the enhanced stability of these chronic ilFosB isoforms remains unknown, but 
could involve their phosphorylation. Psycho stimulants induce ~osB selec
tively within the GABAergic medium spiny neurons of the striatonigral 
pathway (see above), the same neurons where c-Fos is induced by acute drug 
exposure (NYE et al. 1995; MORATALLA et al. 1996). 

Induction of ilFosB thereby provides one mechanism by which a chronic 
treatment can cause changes in gene expression that outlive the treatment 
itself. Thus, whereas the sustained increase in CREB phosphorylation seen 
after chronic psychostimulant administration reverts to normal within days, 
the ~osB induced by the same treatment persists for weeks or longer and 
can thereby mediate still longer-lasting consequences of drug exposure. In 
fact, ilFosB is the longest-lasting molecular adaptation yet documented under 
these conditions. On the other hand, ~osB per se cannot mediate the near
permanent changes in striatal function that have been documented after 
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chronic psycho stimulant administration (e.g., ROBINSON and KOLB 1997). 
Either LlFosB could initiate such near-permanent changes or still longer-lasting 
molecular signals, not yet discovered, are involved. 

Recent evidence suggests that induction of ~FosB in striatonigral neurons 
increases an animal's sensitivity to the rewarding and locomotor-activating 
effects of cocaine. This comes from transgenic mice in which LlFosB can be 
induced, selectively within this subset of striatal neuron, of adult animals 
(KELZ et al. 1999). This inducible, tissue-specific system thereby avoids many 
of the complications of traditional mutagenesis systems in which the mutation 
in question occurs at the earliest stages of development and is expressed 
throughout the brain and peripheral tissues. 

The AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) 
glutamate receptor subunit, GluR2, may be one target through which ~FosB 
accumulation increases an animal's sensitivity to cocaine. Induction of LlFosB 
in the inducible transgenic mice mentioned above leads to increased levels of 
GluR2 immunoreactivity in the ventral striatum (KELZ et al. 1999). This could 
reflect a direct effect of ~FosB on the GluR2 gene, since the promoter for 
this gene contains multiple AP-1 sites. However, indirect effects cannot 
be excluded: for example, it is possible that LlFosB regulates the expression 
of GluR2 via intervening proteins (e.g., regulation of another transcription 
factor). Induction of GluR2 by ~FosB is specific to ventral striatum and is not 
seen in the dorsal striatum. Moreover, other glutamate receptor subunits are 
not altered in these regions upon LlFosB accumulation. Overexpression of 
GluR2 within ventral striatum, achieved by viral-mediated gene transfer, 
increases an animal's sensitivity to cocaine, which indicates that GluR2 induc
tion could account for the behavioral changes seen upon LlFosB accumulation 
(KELZ et al. 1999). 

GluR2 has a major effect on the conductance properties of AMP A recep
tor channels.AMPA receptors that contain GluR2 show lower overall currents 
and no Ca2+ permeability compared to receptors that lack GluR2 (SEEBURG et 
al. 1998). Therefore, ilFosB-mediated induction of GluR2 in ventral striatum 
would be expected to cause the formation of a greater number of GluR2-
containing AMP A receptors in these neurons and, consequently, to decrease 
AMP A-mediated currents. Such an electrophysiological effect has been 
demonstrated directly in these neurons after chronic cocaine administration 
(WHITE and KALIVAS 1998). It is not known why a reduction in activity of 
ventral striatal neurons would sensitize an animal to cocaine's effects; such an 
understanding will require a great deal more research at the neural systems 
level. Nevertheless, these results establish a mechanism by which repeated 
exposure to cocaine leads to the accumulation of a long-lived transcription 
factor, which in turn alters the expression of a specific target gene to produce 
features of neural and behavioral plasticity that are associated with drug addic
tion (Fig. 4) (KELZ et al. 1999). 

LlFosB also is induced within striatal regions by chronic exposure to 
antipsychotic drugs (DOUCET et al. 1996; HIROIAND GRAYBIEL 1996; ATKINS et 
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Fig.4. Scheme showing the role of ~osB and GluR2 in modulating psychostimulant
induced neural plasticity. Acute psychostimulant exposure rapidly inhibits the activity 
of ventral striatal neurons, which mediates - in part- the acute rewarding effects of the 
drug. Repeated psychostimulant exposure leads to the accumulation of ~FosB, which 
induces the expression of GluR2. The resulting increase in GluR2-containing AMPA 
receptors leads to reduced overall AMPA-mediated current and Ca2+ fluxes. This 
change in the excitability of the neurons potentiates the acute inhibitory effects of a 
subsequent drug exposure. In this way, the rewarding properties of the drug are 
enhanced via induction of ~osB and of GluR2 

al. 1999). As seen for the induction of c-Fos by acute exposure to antipsychotic 
drugs, the induction of LlFosB by chronic drug exposure occurs in the stri
atopallidal (enkephalin-containing) subset of GABAergic medium spiny 
neuron (HIROI et al. 1996). Also like the acute situation, robust induction of 
LlFosB in dorsal striatum is seen with typical antipsychotic drugs, with much 
lower levels of induction seen with several second generation antipsychotic 
drugs (e.g., risperidone and olanzapine) and little if any induction seen with 
clozapine. Thus, induction of LlFosB in dorsal striatum, which appears to be 
mediated by prolonged antagonism of Drlike dopamine receptors, reflects the 
extrapyramidal liability of antipsychotic drugs. Further work is needed to 
determine whether .1FosB plays a role in the generation of these side effects 
(e.g., tardive dyskinesia). In contrast to the acute situation, however, little 
induction of .1FosB is seen in ventral striatum or prefrontal cortical regions 
after chronic exposure to either typical or second-generation antipsychotic 
drugs (ATKINS et al. 1999) . .1FosB is also induced in striatum upon 6-
hydroxydopamine-induced lesions of midbrain dopamine neurons, although 
few data are yet available about the cellular specificity and functional conse
quences of this response (DOUCET et al. 1996). 
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The induction of ilFosB in striatal regions by both psychostimulants and 
antipsychotic drugs highlights an important consideration: that the functional 
effects of a molecular event depend on the cell type in which it occurs. Such 
a conclusion may seem trivial, but is often overlooked. As stated above, induc
tion of ilFosB in striatonigral neurons of transgenic mice increases their sen
sitivity to cocaine. In a distinct line of mouse, where LlFosB is induced largely 
in striatopallidal neurons, no such change in cocaine sensitivity is observed 
(M.B. Kelz and E.J. Nestler, unpublished observations). Thus, although psy
chostimulants and antipsychotic drugs both induce the same transcription 
factor in the same brain region, the functional consequences of the induction 
differs substantially since it occurs in distinct subsets of neurons. 
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